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eFFecTS oF THe “GReAT ReceSSIoN” oN THe FoReST PRoDucTS 
SecToR IN THe NoRTHeRN ReGIoN oF THe uNITeD STATeS

christopher W. Woodall, William G. luppold, Peter j. Ince, Ronald j. Piva,  
and Kenneth e. Skog1

Abstract.—The forest �ndustry w�th�n the northern reg�on of the Un�ted States has 
demonstrated a notable decl�ne �n terms of employment, number of m�lls, wood 
consumpt�on, and forest harvests s�nce 2000—a downturn exacerbated by the “Great 
Recess�on” of 2007-2009. Longer term �ndustr�al decl�ne (s�nce 2000) has been ev�denced 
by reduct�ons �n secondary product (e.g., furn�ture) and pr�nt paper manufactur�ng, 
wh�ch can be attr�buted to the lack of global compet�t�veness of U.S. wages and ascent 
of electron�c med�a. In contrast, more recent (s�nce 2008), yet sharper decl�nes can be 
found �n �ndustr�es such as compos�te panel product�on that serv�ce the hous�ng �ndustry. 
Desp�te a decade of decl�ne, future prospects for th�s reg�on’s forest �ndustry may be 
v�ewed as pos�t�ve. The reg�on’s forests are predom�nantly w�th�n pr�vate ownersh�p 
and represent some of the world’s most valuable sawt�mber. Coupled w�th the natural 
resource �s a present but underut�l�zed �ndustry w�th spare capac�ty and a h�ghly sk�lled 
work force. 

INTRoDucTIoN
The northern reg�on, wh�ch for the purposes of th�s 
paper broadly �ncludes New England, upper m�d-
Atlant�c, Great Lakes, central hardwood, and eastern 
Pla�ns states, supports 27 percent of the Nat�on’s 
t�mber volume and 46 percent of �ts hardwood resource 
(Sm�th et al. 2009). These hardwood-dom�nated forests 
conta�n over two-th�rds (FIA 2012) of the Nat�on’s 
h�gh-valued select hardwoods (e.g., select wh�te oaks, 
select red oaks, hard maple, ash, and black walnut) 
and accounted for approx�mately 18 percent of the 
Nat�on’s hardwood removals �n 2006 (Sm�th et al. 
2009). These hardwood removals supply a large share 
(48 percent; Sm�th et al. 2009) of U.S. hardwood 
lumber product�on and th�s reg�on �s the pr�nc�ple 
source of h�gh grade hardwood lumber, plywood, and 

veneer product�on. These products, �n turn, are used 
by secondary manufacturers (e.g., k�tchen cab�net, 
m�llwork, and furn�ture manufacturers) domest�cally 
and �nternat�onally. 

Follow�ng the same trends as found across the Un�ted 
States (Woodall et al. 2012a), the northern reg�on 
had decl�nes �n numerous forest products �ndustr�es 
beg�nn�ng �n 2000 followed by a prec�p�tous drop 
�n the wake of the hous�ng construct�on downturn 
(~2006) and recess�on of 2007 to 2009 (Woodall et al. 
2012b). 

Decl�nes �n product�on have been accompan�ed by 
decl�nes �n the number of m�lls and wood consumpt�on 
for saw, pulp, and compos�te panel m�lls w�th�n the 
north central subreg�on (IL, IN, IA, KS, MI, MN, 
MO, NE, ND, SD, WI) of the reg�on and reflect 
recent trends �n these �ndustr�es both nat�onally and 
reg�onally (F�gs. 1 and 2). M�ll numbers and wood 
consumpt�on have generally fallen s�nce 2000 for 
both pulp and compos�te panel sectors, w�th steep 
decl�nes start�ng �n 2005 (F�g. 1). By 2009 there were 
25 percent fewer pulp m�lls process�ng 13 percent less 

1 Research Forester (CWW), U.S. Forest Serv�ce, Northern 
Research Stat�on, 1992 Folwell Ave., St. Paul, MN 55108; 
Econom�st (WGL) and Forester (RJP), U.S. Forest Serv�ce, 
Northern Research Stat�on; Research Forester (PJI) and 
Superv�sory Research Forester (KES), U.S. Forest Serv�ce, 
Forest Products Lab. CWW �s correspond�ng author: to 
contact, call 651-649-5141 or ema�l at cwoodall@fs.fed.us.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 3GTR-NRS-P-105

Figure 1.—Change (percent) in number of pulp and composite wood panel mills since 2000 and wood consumed by pulp and 
composite panel mills, 2000-2009, north-central states (IL, IN, IA, KS, MI, MN, MO, NE, ND, SD, WI).

Figure 2.—Percentage change in number of sawmills and quantity of processed wood since 2000, 2000-2009, north-central 
states (IL, IN, IA, KS, MI, MN, MO, NE, ND, SD, WI).
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pulpwood. These d�sproport�onal decl�nes (percentage 
decl�ne �n m�ll number exceeds percentage decl�ne �n 
feedstock use) suggest a sh�ft �n product�ve capac�ty 
to larger and potent�ally more eff�c�ent m�lls desp�te 
the econom�c downturn. In contrast, 36 percent fewer 
compos�te panel m�lls �n 2009 processed 56 percent 
less wood than peak product�on �n 2005, a d�rect 
consequence of the fall of the hous�ng market. Trends 
�n the sawm�ll sector m�rror those of the compos�te 
panel sector and are l�nked to the pl�ght of the 
hous�ng market (F�g. 2). From 2000 to 2006, sawm�ll 
numbers and wood consumpt�on demonstrated s�m�lar 
percentages of decl�ne. After 2006, the amount of 
wood consumed decreased faster than the decl�ne �n 
m�ll counts. Th�s trend resulted �n 17 percent fewer 
sawm�lls process�ng 26 percent less wood by 2009—
an �nd�cator that the rema�n�ng sawm�lls are runn�ng at 
less than full capac�ty.

Desp�te a decade of decl�ne, future prospects for th�s 
reg�on’s forest �ndustry may be v�ewed as pos�t�ve. 
The reg�on’s forests are predom�nantly w�th�n pr�vate 
ownersh�p and represent tremendous volumes of 
some of the world’s most valuable sawt�mber. The 
forest landowners of the northern reg�on have been 
d�l�gently manag�ng the�r forests for generat�ons as 
ev�denced by the ever-�ncreas�ng volumes for decades 
(USDA 2011). Coupled w�th th�s natural resource �s a 
present but underut�l�zed �ndustry w�th spare capac�ty 
and a h�ghly sk�lled work force. The cont�nued 
development of compet�t�ve secondary �ndustr�es �n 
the Un�ted States to rece�ve th�s reg�on’s h�gh qual�ty 
select hardwoods (e.g., walnut and select oaks) m�ght 
�ncrease reg�onal employment wh�le ma�nta�n�ng 

cr�t�cal pos�t�ve �nternat�onal trade balances. The 
export of hardwood saw logs may prov�de a pos�t�ve 
trade balance today but also represents the offshor�ng 
and loss of sk�lled U.S. labor �nto the future. In total, 
the h�ghly abundant forest resource, m�ll capac�ty, and 
secondary product workforce sk�lls �n the northern 
reg�on prov�de an econom�c opportun�ty to foster 
�ncreased compet�t�veness and evolve beyond the 
downturn prec�p�tated by the hous�ng crash and years 
of offshor�ng the Nat�on’s forest products �ndustry.
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IMPAcT oF THe GReAT ReceSSIoN oN THe  
FoReST PRoDucTS INDuSTRy IN THe WeSTeRN uNITeD STATeS

charles e. Keegan, colin B. Sorenson, Todd A. Morgan, jean M. Daniels, and Steven W. Hayes1 

1 Emer�tus D�rector of Forest Industry Research (CEK), 
Research Econom�st (CBS), D�rector of Forest Industry 
Research (TAM), and Research Forester (SWH), The 
Un�vers�ty of Montana, Bureau of Bus�ness and Econom�c 
Research, M�ssoula, MT 59812; Research Forester (JMD), 
U.S. Forest Serv�ce, Pac�f�c Northwest Research Stat�on. 
CBS �s correspond�ng author: to contact, call 406-243-5113 
or ema�l at col�n.sorenson@bus�ness.umt.edu.

Abstract.—Wood product pr�ces and product�on fell dramat�cally �n 2009 as a severe 
recess�on and mass�ve decl�ne �n U.S. hous�ng led to a global f�nanc�al cr�s�s. In 2009 
and 2010, v�rtually every major western m�ll suffered curta�lments and 30 large m�lls 
closed permanently. Sales value of wood and paper products �n the West dropped from 
$49 b�ll�on �n 2005 to $34 b�ll�on �n 2009. Employment decl�ned by 71,000 workers and 
lumber product�on fell by almost 50 percent from 2005 to 2009. Capac�ty ut�l�zat�on at 
sawm�lls and other t�mber-us�ng fac�l�t�es �n the West fell from more than 80 percent �n 
2005 to just over 50 percent �n 2009 and 2010. W�th the except�on of exports and some 
paper markets, U.S. wood products markets have �mproved l�ttle s�nce the recess�on 
off�c�ally ended �n 2009. Modest �mprovements are expected �n domest�c markets �n the 
short term, but substant�al �mprovements are unl�kely unt�l 2014 or later, as U.S. home 
bu�ld�ng recovers and global demand �ncreases. Much of the West reta�ns the bulk of 
�ts pre-recess�on (2006) capac�ty and m�lls could respond qu�ckly to �ncreased demand 
spurred by econom�c recovery.

NOTE: A longer version of this paper with additional tables, figures, and a full Literature Cited 
section was published in the Forest Products Journal, Vol. 61, No. 8, in July 2012. 

INTRoDucTIoN
The f�rst decade of the 21st century proved tumultuous 
for the global and U.S. econom�es and the western 
forest products �ndustry. Follow�ng a relat�vely m�ld 
recess�on �n 2001, a boom�ng economy, low �nterest 
rates, easy access to cred�t, and real estate speculat�on 
fostered more than 2 m�ll�on U.S. hous�ng starts �n 
2005 and record lumber consumpt�on from 2003 to 
2005 (Western Wood Products Assoc�at�on 2010). 

The falloff �n U.S. hous�ng markets beg�nn�ng �n 
2006 abruptly ended the cred�t-fueled growth that had 
been based on the rap�d �ncrease �n home pr�ces up 
to that po�nt. Th�s per�od was followed by an off�c�al 
recess�on from December 2007 through June 2009 
(Nat�onal Bureau of Econom�c Research 2010), a 
mass�ve decl�ne �n home values and hous�ng-related 
f�nanc�al �nstruments, and ult�mately a global f�nanc�al 
cr�s�s �n the last quarter of 2008. T�ghten�ng cred�t, 
an oversupply of foreclosed homes, and a collapse �n 
speculat�ve hous�ng �nvestment made 2009 through 
2011 the worst years for home bu�ld�ng and wood 
products markets s�nce the Great Depress�on. Hous�ng 
starts h�t a 50-year record low of 554,000 �n 2009, 
w�th only sl�ght �ncreases dur�ng 2010 and 2011. Wood 
product pr�ces and product�on fell dramat�cally dur�ng 
the recess�on and have rema�ned qu�te low throughout 
the post-recess�on “recovery.” 
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IMPAcTS oN THe  
FoReST PRoDucTS INDuSTRy  
IN THe WeST
The Great Recess�on and hous�ng collapse had large-
scale �mpacts on the western forest products �ndustry. 
Value of �ndustry outputs fell 31 percent from $49 
b�ll�on �n 2006 to $34 b�ll�on (fob the produc�ng m�ll) 
�n 2009 (U.S. Census Bureau 2010). Employment 
dropped 29 percent from 249,000 workers �n 2005 to 
177,000 �n 2009 (Table 1) and further to 170,000 �n 
2010, wh�le earn�ngs of workers fell almost 22 percent 
from $12.9 b�ll�on �n 2005 to $10.1 �n 2009 and 2010 
(F�g. 1). 

Every sector of the western forest products �ndustry 
was negat�vely �mpacted by the econom�c downturn. 
The wood products sectors, wh�ch are more heav�ly 
dependent on hous�ng and construct�on than paper 
products, exper�enced the largest �mpacts. Sales value 
of wood products fell from $28 b�ll�on �n 2005 to $14 
b�ll�on �n 2009, wh�le the pr�mary and secondary pulp 
and paper �ndustry was v�rtually unchanged at $21 
b�ll�on (�n current year dollars) over the same per�od. 

Table 1.—Western states forest products industry employment, 2005 vs. 2009

 2005 2009 Net change % change

Pacific coast states
Alaska  1,805   1,465   (340) -19
California  79,513   56,630   (22,883) -29
Hawaii  1,091   984   (107) -10
Oregon  58,858   42,578   (16,280) -28
Washington  44,416   32,612   (11,803) -27
Pacific Coast subtotal  185,683   134,269   (51,414) -28

Interior West states   
Arizona  14,222   7,160   (7,062) -50
Colorado  9,521   7,293   (2,228) -23
Idaho  14,116   10,028   (4,088) -29
Montana   9,783   7,464   (2,319) -24
Nevada  3,358   2,003   (1,355) -40
New Mexico  3,715   2,623   (1,092) -29
Utah  7,282   5,941   (1,341) -18
Wyoming  1,148   629   (519) -45
Interior West subtotal  63,145   43,141   (20,004) -32

Grand Total  248,827   177,410   (71,418) -29

Sources: U.S. Department of Commerce 2012; U.S. Department of Labor 2012; Forest Industries Data Collection System 2012.

luMBeR PRoDucTIoN  
AND TIMBeR HARveST
For at least 50 years before the recent hous�ng collapse, 
the West was the major softwood lumber produc�ng 
reg�on �n the country. Softwood lumber was the largest 
s�ngle component of the �ndustry �n the West, account�ng 
for approx�mately $8 b�ll�on per year or almost 40 percent 
of total value from the pr�mary �ndustry �n 2004 and 
2005. As U.S. hous�ng starts fell by 75 percent and the 
U.S. consumpt�on of softwood lumber dropped by half, 
lumber product�on �n the West fell from more than 19 
b�ll�on board feet (BBF) lumber tally (48 percent of U.S. 
product�on) �n 2005 to an est�mated 10.4 and 11.1 BBF 
�n 2009 and 2010, respect�vely (less than 45 percent of 
U.S. product�on). In 2007, output of softwood lumber 
from the South exceeded output from the West for the 
f�rst t�me s�nce at least 1955. In 2009, lumber product�on 
�n the West was at �ts lowest level �n more than 50 years 
(F�g. 2). Because of the substant�al decl�ne �n both pr�ces 
and product�on, the value of lumber produced by western 
sawm�lls fell by more than 60 percent (�n current year 
dollars) from nearly $8 b�ll�on �n 2004 and 2005 to less 
than $3 b�ll�on �n 2009 and 2010 (U.S. Census Bureau 
2010).
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Figure 1.—Forest products industry worker earnings and employment in the West, 2001-2010.

Figure 2.—New U.S. home construction and western states timber harvest and lumber production, 1959-2010.
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T�mber harvest volume �n the West also fell 
dramat�cally dur�ng the downturn, from more than 13 
BBF Scr�bner �n 2004 and 2005, of wh�ch more than 
70 percent was used to produce lumber, to 7.9 BBF 
�n 2009 (F�g. 2). Dur�ng 2009 and 2010, West-w�de 
harvest and lumber output were at the lowest levels 
s�nce the late 1940s. These extremely low t�mber 
harvest and lumber product�on f�gures are part�cularly 
notable when cons�der�ng U.S. populat�on �n the late 
1940s was less than half of the 2011 populat�on of 
311 m�ll�on people. T�mber harvest fell by just over 
40 percent �n both the Pac�f�c Coast and Inter�or West 
reg�ons from 2005 to 2009, wh�le lumber product�on 
fell more than 45 percent.

loSSeS IN INDuSTRy 
INFRASTRucTuRe: TIMBeR 
PRoceSSING cAPAcITy
At the start of the Great Recess�on �n 2007, annual 
capac�ty to process t�mber �n the West was an 

est�mated 14.4 BBF, and by 2010, capac�ty had 
decl�ned by 10 percent to an est�mated 13 BBF. 
Capac�ty ut�l�zat�on, however, decl�ned much more 
prec�p�tously from around 80 percent dur�ng the 2003 
to 2006 per�od to 64 percent �n 2008 and 56 percent �n 
2010 (Forest Industr�es Data Collect�on System 2012, 
Sm�th and H�serote 2010). 

eXPoRTS
From 2000 to 2009, log exports from the West 
rema�ned relat�vely cons�stent, and Japan was the 
dom�nant dest�nat�on (F�g. 3). Th�s trend began to 
change �n 2009 when the proport�on of log exports 
go�ng to Ch�na began to r�se. By 2011, the volume  
of logs sh�pped to Ch�na had jumped by almost  
600 percent to reach 1.2 BBF Scr�bner, equ�valent to 
14 percent of the West-w�de harvest �n 2010. Th�s log 
export trend �s l�kely to pers�st unt�l domest�c demand 
for wood products returns, Ch�nese demand decreases, 
or pol�cy changes �mpact log exports. 

Figure 3.—Volume of softwood logs exported from western customs districts, 2000 to 2011. 
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FuTuRe ouTlooK
In 2012, U.S. lumber and wood products markets have 
shown l�ttle �mprovement. Modest �mprovements are 
expected �n domest�c wood products markets �n 2013, 
w�th substant�al �mprovements not pred�cted unt�l 2014 
or beyond, cont�ngent upon recovery �n U.S. home 
bu�ld�ng and cont�nued �ncreases �n global demand. 

Low capac�ty ut�l�zat�on rates �n the West suggest the 
poss�b�l�ty of add�t�onal m�ll closures, but because 
much of the reduced output �s due to curta�lments 
rather than permanent closures, the �ndustry reta�ns the 
ab�l�ty to qu�ckly �ncrease product�on at ex�st�ng m�lls 
when market cond�t�ons �mprove.

AcKNoWleDGMeNTS
The authors would l�ke to acknowledge support from 
the U.S. Forest Serv�ce Pac�f�c Northwest and Rocky 
Mounta�n Research Stat�ons’ FIA un�ts and the Inland-
Northwest Forest Products Research Consort�um 
funded through the U.S. Department of Agr�culture 
NIFA Spec�al Grant program for Wood Ut�l�zat�on 
Research.

lITeRATuRe cITeD
Forest Industr�es Data Collect�on System. 2012. 

Informat�on system ma�nta�ned by The Un�vers�ty 
of Montana’s Bureau of Bus�ness and Econom�c 
Research �n cooperat�on w�th the U.S. Forest 
Serv�ce’s Rocky Mounta�n Research Stat�on Forest 
Inventory and Analys�s and Pac�f�c Northwest 
Research Stat�on Forest Inventory and Analys�s.

Nat�onal Bureau of Econom�c Research (NBER). 
2010. US business cycle expansions and 
contractions. Ava�lable at www.nber.org/cycles.
html. (Accessed February 21, 2012).

Sm�th, D.; H�serote, B. 2010. Washington mill 
survey 2008. Ser�es Report #20. Olymp�a, 
WA: Wash�ngton State Department of Natural 
Resources. 98 p.

U.S. Census Bureau. 2010. Annual survey of 
manufactures 2010. Ava�lable at http://factf�nder.
census.gov/servlet/DatasetMa�nPageServlet?_
program=EAS. (Accessed Jan 2012).

U.S. Department of Commerce, Bureau of Econom�c 
Analys�s. 2012. Regional accounts data. Ava�lable 
at www.bea.gov/reg�onal/sp�/default.cfm?selTable
=SA25N&selSer�es=NAICS. (Accessed February 
2012).

U.S. Department of Labor. 2012. Bureau of labor 
statistics. Ava�lable at www.bls.gov/. (Accessed  
June 2012). 

Western Wood Products Assoc�at�on. 2010. Statistical 
yearbook of the Western lumber industry. 
Portland, OR.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 10GTR-NRS-P-105

ReSulTS AND ISSueS eNcouNTeReD  
WHIle INveSTIGATING SouTHeRN FoReST INDuSTRy AND  

MARKeT ReSPoNSeS To cHANGING ecoNoMIc coNDITIoNS

Andrew j. Hartsell, Thomas j. Brandeis, james W. Bentley, consuelo Brandeis, and Donald Hodges1

Abstract.—Recent Forest Inventory and Analys�s (FIA) stud�es revealed the �mpact 
that the recent econom�c downturn had on southern forest �ndustr�es, markets, and 
forests. We used FIA data, t�mber product output (TPO) surveys, and IMpact analys�s for 
PLAN�ng (IMPLAN) output to quant�fy these �mpacts. Th�s analys�s �nvolves compar�ng 
recent changes to the pre-downturn trend. IMPLAN analys�s suggests that the total jobs 
assoc�ated w�th the wood products �ndustry (d�rect, �nd�rect, and �nduced employment) 
fell from 1.2 m�ll�on jobs to 0.97 m�ll�on jobs between 2004 and 2009. TPO results 
�nd�cate that total softwood output decl�ned 22 percent between 2005 and 2009, wh�le 
hardwood total product output fell 30 percent over the same t�me per�od. Data collected 
from FIA Phase 2 plots suggests that landowners are perform�ng less f�nal harvests and 
more th�nn�ngs and other s�lv�cultural treatments. Issues perta�n�ng to correlat�ng annual 
TPO data w�th mov�ng average FIA �nventory data w�ll be d�scussed.

1 Research Forester (AJH), U.S. Forest Serv�ce, Southern Research Stat�on, 4700 Old K�ngston 
P�ke, Knoxv�lle, TN 37919; Superv�sory Research Forester (TJB) and Foresters (JWB and CB), 
U.S. Forest Serv�ce, Southern Research Stat�on; Professor and D�rector Natural Resource Pol�cy 
Center (DH), Un�vers�ty of Tennessee, Knoxv�lle, TN. AJH �s correspond�ng author; to contact, 
call 865-862-2000 or ema�l at ahartsell@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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ASSeSSING FoReST oWNeRSHIP DyNAMIcS  
IN THe uNITeD STATeS: MeTHoDS AND cHAlleNGeS

Brett j. Butler, Brenton j. Dickinson, and jaketon H. Hewes1 

Abstract.—The Nat�onal Woodland Owner Survey (NWOS) �s conducted by the U.S. 
Forest Serv�ce, Forest Inventory & Analys�s (FIA) Program as the soc�al complement to 
�ts b�ophys�cal �nventory. The NWOS �s a�med at understand�ng who owns the forests 
of the Un�ted States, why they own �t, what they have done w�th �t �n the past, and what 
they plan to do w�th �t �n the future. On a recurr�ng bas�s, self-adm�n�stered surveys are 
sent to randomly selected pr�vate forest owners from across the U.S. The sample po�nts 
correspond w�th plot center of the FIA Phase 2 f�eld plots. For the f�rst t�me, �n 2011, 
the NWOS began to resample po�nts that were sampled between 2002 and 2006. If the 
same owner st�ll owned the sample po�nt, they were resurveyed and �f there was a new 
ownersh�p, they were surveyed for the f�rst t�me. These results w�ll prov�de the most 
comprehens�ve exam�nat�on of forest ownersh�p dynam�cs �n the U.S. to date. Top�cs that 
w�ll be explored �nclude parcellat�on and changes �n forest owners’ att�tudes, behav�ors, 
and demograph�cs. Th�s �nformat�on should prove useful to state forestry agenc�es, pol�cy 
makers, nongovernmental organ�zat�ons, forest �ndustry, educators, researchers, forest 
landowner organ�zat�ons, and anyone who �s �nterested �n understand�ng forest owners 
and/or �nteract�ng w�th them. 

INTRoDucTIoN
There are 751 m�ll�on acres of forest land �n the Un�ted 
States and 56 percent of th�s land �s owned by 11 
m�ll�on fam�l�es, �nd�v�duals, corporat�ons, and other 
pr�vate groups (Butler 2008). The collect�ve dec�s�ons 
of these owners w�ll have profound effects on the 
future forest resources. If the forestry commun�ty 
�s �nterested �n understand�ng the factors affect�ng 
the susta�nab�l�ty of forests and des�gn�ng effect�ve 
pol�c�es, programs, and serv�ces that foster th�s 
susta�nab�l�ty, then �t �s �mperat�ve to understand forest 
ownersh�ps and forest ownersh�p dynam�cs. 

1 Research Forester (BJB), U.S. Forest Serv�ce, Northern 
Research Stat�on, 160 Holdsworth Way, Un�vers�ty of 
Massachusetts, Amherst, MA 01003; Research Fellow 
(BJD) and Research Coord�nator (JHH), U.S. Forest 
Serv�ce, Un�vers�ty of Massachusetts Amherst Fam�ly Forest 
Research Center. BJB �s correspond�ng author: to contact, 
call 413-545-1387 or ema�l bbutler01@fs.fed.us.

The U.S. Forest Serv�ce, Forest Inventory and Analys�s 
(FIA) Program conducts �nventor�es of the b�ophys�cal 
forest resource �n order to answer quest�ons related 
to the compos�t�on, extent, health, and trends �n 
th�s resource. As a complement to th�s b�ophys�cal 
�nventory, FIA conducts the Nat�onal Woodland Owner 
Survey to answer the follow�ng quest�ons: 

• Who owns the forests of the Un�ted States? 
• Why do they own forests? 
• How have they used the�r forests �n the past? 
• How do they plan to use the�r forests �n the 

future?

Th�s �nformat�on �s used by pol�cy analysts, 
researchers, nongovernmental organ�zat�ons, forest 
�ndustry, and others �n order to create pol�c�es, 
programs, and serv�ces that more effect�vely and more 
eff�c�ently a�d pr�vate forest owners.

The object�ves of th�s paper are to prov�de some 
background on the Nat�onal Woodland Owner Survey, 
present some of the current challenges, and d�scuss 
some th�ngs be�ng done to overcome these challenges.
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BAcKGRouND
The Nat�onal Woodland Owner Survey has been 
conducted on a per�od�c bas�s for many decades. The 
f�rst nat�onal data on pr�vate forest ownersh�ps comes 
from Josephson and McGu�re (1958). Th�s s�mply 
prov�ded numbers of pr�vate forest ownersh�ps and 
area of pr�vate forest ownersh�p by s�ze of forest 
hold�ngs by reg�on. The next �terat�on of a nat�onal 
survey was conducted by B�rch, Lew�s, and Ka�ser 
(1982). Here more deta�led �nformat�on was collected 
�nclud�ng demograph�cs and methods of land 
acqu�s�t�on along w�th s�ze of forest hold�ngs. The 
f�nest resolut�on was aga�n reg�ons. 

B�rch (1996c) greatly expanded on the prev�ous 
efforts by prov�d�ng state-level summar�es (B�rch 
1996a, 1996b, 1996d) and �nformat�on on ownersh�p 
object�ves, management pract�ces, s�ze of forest 
hold�ngs, and other top�cs. The Nat�onal Woodland 
Owner Survey sw�tched from a per�od�c to an annual 
bas�s �n 2002 (Butler 2008). The most recently 
completed cycle, completed between 2002 and 2006, 
conta�ned many of the same elements as B�rch (1996c) 
and added some add�t�onal elements. L�ke B�rch 
(1996a, 1996b, 1996d), Butler (2008) also prov�ded 
state-level summar�es. 

The most current �terat�on of the Nat�onal Woodland 
Owner Survey was �n�t�ated �n 2011. One major 
advance �s that for the f�rst t�me, the same po�nts on 
the ground are be�ng �ncluded, �.e., po�nt-to-po�nt 
remeasurement w�ll be feas�ble. If the same ownersh�p 
st�ll owns the ground on wh�ch the po�nt �s located, 
then that ownersh�p �s resurveyed, otherw�se the new 
ownersh�p �s surveyed.

MeTHoDS
The Nat�onal Woodland Owner Survey, beg�nn�ng 
w�th B�rch (1996c), �s coupled w�th the nat�onal FIA 
sample des�gn. The FIA sample des�gn (Bechtold and 
Patterson 2005) cons�sts of d�v�d�ng the Un�ted States 
�nto hexagons (approx�mately 6,000 ac/hexagon) 
and randomly locat�ng a sample po�nt w�th�n each 

hexagon. These sample po�nts correspond to plot 
center of the FIA Phase 2 f�eld plots. Twenty to 
fourteen percent of the sample po�nts �n the East and 
10 percent of the sample po�nts �n the West are v�s�ted 
each year result�ng �n 5 to 7- and 10-year �nventory 
cycles, respect�vely. For those sample po�nts that are 
determ�ned to be forested and pr�vately owned, the 
landowner �s �nv�ted to part�c�pate �n the Nat�onal 
Woodland Owner Survey. The ownersh�ps of record 
are determ�ned through county and mun�c�pal property 
tax records. 

The Nat�onal Woodland Owner Survey �s a ma�l-based 
survey that follows the procedures outl�ned by D�llman 
(2009). Follow�ng an �ntroductory postcard, each 
potent�al respondent rece�ves a quest�onna�re, cover 
letter, and bus�ness reply envelope. The next ma�l�ng �s 
a rem�nder/thank you postcard followed by, for those 
who have not responded, another quest�onna�re, cover 
letter, and bus�ness reply envelope. For those who 
st�ll have not responded, a random subset �s contacted 
v�a telephone �n order to fac�l�tate a nonresponse 
b�as assessment. The cooperat�on rate to the Nat�onal 
Woodland Owner Survey between 2002 and 2006 was 
51 percent. 

cuRReNT cHAlleNGeS
A pr�mary object�ve of the Nat�onal Woodland Owner 
Survey �s to mon�tor trends �n forest ownersh�p over 
t�me. Therefore, cons�stency over t�me �s paramount. 
Changes are per�od�cally made to the survey and 
est�mat�on procedures, but only when deemed 
necessary and when the benef�ts suff�c�ently outwe�gh 
the costs. 

Recent work has shown that there was an error �n 
the underly�ng est�mat�on algor�thm for calculat�ng 
numbers of owners (Metcalf 2010). Wh�le the 
�mpact of th�s error on est�mates �s m�n�mal, the 
est�mat�on algor�thms are be�ng reworked. Once th�s 
�s completed, data from the 2002-2006 and the newer, 
2011 and future, surveys w�ll be (re)calculated us�ng 
the adjusted procedures.
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A challenge w�th present�ng results from the Nat�onal 
Woodland Owner Survey �s how to clearly and 
prec�sely report d�fferent un�ts, �.e., ownersh�ps versus 
acres. The un�ts can have profound �mpacts on the 
�nterpretat�on of the results (e.g., F�g. 1). In add�t�on to 
report�ng stat�st�cs �n terms of ownersh�ps and acres, 
the latest �terat�on w�ll, for the f�rst t�me, allow for 
est�mates of the number of owners—an ownersh�p �s 
a legal ent�ty and can, and often does, cons�st of more 
than one owner.

The ab�l�ty to analyze remeasured data �s a large 
opportun�ty and a great challenge. How does one know 
when an ownersh�p has changed? A seem�ngly s�mple 
quest�on that qu�ckly becomes compl�cated. When a 
sample po�nt �s remeasured, the new and old owners 
are recorded �n the database. If the names and ma�l�ng 

addresses are the same, �t �s the same owner. If the 
names and ma�l�ng addresses are completely d�fferent, 
they are d�fferent owners. But often, the d�fferences 
are more subtle (e.g., Bob Sm�th to Bob and Sue 
Sm�th). Therefore, �t w�ll be necessary to quant�fy 
change on a sl�d�ng scale from def�n�tely the same 
owner to def�n�tely d�fferent owners, and thus be able 
to quant�fy and analyze the subtle d�fferences.

NeXT STePS
Next steps w�ll �nclude cont�nued hon�ng of the 
Nat�onal Woodland Owner Survey est�mat�on 
procedures w�th spec�al emphas�s on quant�fy�ng 
change over t�me. Th�s w�ll allow unprecedented 
exam�nat�on of forest ownersh�p dynam�cs.
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Figure 1.—Percentage of family forest acres and family forest owners by size of forest holdings (Butler 2008).
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uSING MulTIPle ReSeARcH MeTHoDS  
To uNDeRSTAND FAMIly FoReST oWNeRS

john Schelhas1

Abstract.—Appl�ed research on fam�ly forest owners ensures that we understand who 
they are, what they do, and why they do �t. Th�s �nformat�on enables us to develop 
pol�cy, management, and outreach approaches that can opt�m�ze the soc�al, econom�c, 
cultural, and env�ronmental benef�ts of pr�vate forests at the landowner, commun�ty, 
and nat�onal levels. The three pr�nc�pal sc�ent�f�c sources of �nformat�on are Nat�onal 
Woodland Owner Survey (NWOS) data, Forest Inventory and Analys�s (FIA) data, and 
�nd�v�dual research efforts focused on spec�f�c geograph�cal areas. NWOS and FIA data 
a�m to be geograph�cally comprehens�ve and are collected �n �ntervals to prov�de t�me 
ser�es data but are also less respons�ve to change �n order to prov�de t�me ser�es data. 
Ind�v�dual research stud�es are ta�lored to spec�f�c quest�ons, but the�r place spec�f�c�ty 
makes general�zat�on d�ff�cult. We need to �dent�fy key management quest�ons, use 
mult�ple research methods and data sources, and work collaborat�vely to max�m�ze the 
effect�veness of our research.

1 Research Forester, U.S. Forest Serv�ce, Southern Research 
Stat�on, 320 Green St., Athens, GA 30602. To contact, call 
706-559-4260 or ema�l at jschelhas@fs.fed.us.

INTRoDucTIoN
Fam�ly forests (somet�mes called Non�ndustr�al 
Pr�vate Forest, or NIPF, owners) represent 40 
percent of the forested acres �n the Un�ted States 
and are part�cularly prevalent �n the Eastern Un�ted 
States, where 83 percent of the forest �s �n pr�vate 
ownersh�p (Butler and Leatherberry 2004). In the 
South, fam�ly forests represent about 95 percent of 
the pr�vate forest owners and 63 percent of the pr�vate 
forest land (B�rch 1996). Fam�ly forests prov�de 
many �mportant pr�vate and publ�c benef�ts. Fam�ly 
forest owners benef�t from the�r forest lands through 
econom�c returns from sales of t�mber and other 
forest products, returns on �nvestments, harvest�ng 
of products for home or farm use, enjoyment of 
recreat�on opportun�t�es, apprec�at�on of aesthet�cs and 
w�ldl�fe, and perpetuat�on of fam�ly legacy. Fam�ly 
forest lands also prov�de publ�c goods related to land 
ownersh�p, t�mber and pulpwood suppl�es, econom�c 
development, b�omass for energy, forest health, 
watersheds, b�od�vers�ty, and global cl�mate change. 

Research on and outreach to fam�ly forest owners can 
enhance these benef�ts, and pr�vate forests have long 
been a key target of publ�c pol�cy and outreach (Best 
and Wayburn 2001).

The study of relat�onsh�ps between people and forests 
�s complex. F�rst, fam�ly forests are subject to myr�ad 
soc�al, econom�c, cultural, pol�t�cal, and b�ophys�cal 
factors and changes. These �nfluences �nclude: (a) the 
ways that people value forests, (b) markets for forest 
products, (c) government pol�c�es and programs that 
prov�de ass�stance to forest owners and restr�ct�ons 
on the�r act�ons, (d) market-based governance 
mechan�sms such as cert�f�cat�on programs, (e) 
long- and short-term env�ronmental changes, and (f) 
chang�ng populat�on and res�dence patterns. Second, 
pr�vate forests can be stud�ed at var�ous scales, 
�nclud�ng the �nd�v�dual fam�ly forest hold�ng; smaller 
soc�al or b�ophys�cal areas such as watersheds or 
commun�t�es; and larger pol�t�cal un�ts such as states, 
reg�ons, and the nat�on. F�nally, people and forests 
are stud�ed by many academ�c d�sc�pl�nes, �nclud�ng 
human d�mens�ons of natural resources, anthropology, 
geography, rural soc�ology, econom�cs, and pol�t�cal 
sc�ence.
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FAMIly FoReST ReSeARcH
Stud�es of fam�ly forest owners have descr�bed the�r 
soc�al and econom�c character�st�cs (B�rch 1996, 
Hartsell and Brown 2002), att�tudes and values (Bl�ss 
and Mart�n 1989, Schelhas and Pfeffer 2009), forest 
management pract�ces �n response to pol�c�es (Brockett 
and Gebhard 1999, Zobr�st and L�ppke 2003), and 
use of government and profess�onal ass�stance (Zhang 
et al. 1998). Other research has exam�ned soc�al 
relat�onsh�ps among forest owners, the dynam�cs 
between commun�t�es and forests, and �nst�tut�ons and 
governance affect�ng people’s �nteract�ons w�th forests 
(G�bson et al. 2000, Lee and F�eld 2005).

As a result of these stud�es, we know that fam�ly 
forest owners are d�verse �n terms of demograph�cs, 
ownersh�p object�ves, and amount and type of 
forest owned (Best and Wayburn 2001). Fam�l�es 
own forests for many reasons, such as aesthet�cs, 
w�ldl�fe, recreat�on, �ncome, and �nvestment, but 
non-commerc�al reasons tend to predom�nate (Koontz 
2001). T�mber harvest �s rarely the ma�n reason for 
own�ng forests, although most owners do harvest and 
sell t�mber (Koontz 2001). Only a small percentage 
of forest owners make use of profess�onal forestry 
ass�stance and/or have wr�tten management plans 
(Butler and Leatherberry 2004). Most have only 
a l�m�ted knowledge of profess�onal forestry, and 
many forest landhold�ngs rece�ve l�ttle systemat�c 
management attent�on (B�rch 1996). Recent research 
has exam�ned d�fferences by owner type and parcel 
character�st�cs (Koontz 2001) and used cluster analys�s 
to group forest owners by s�m�lar�t�es (Majumdar 
et al. 2008). Research �n the Un�ted States on soc�al 
relat�onsh�ps, commun�t�es, and governance has lagged 
beh�nd �nternat�onal research �n these areas (Schelhas 
et al. 2003).

The body of research on fam�ly forests helps us 
to develop conceptual models that l�nk people to 
forests, w�th a cr�t�cal nexus be�ng human behav�or 
and forest cond�t�ons. We know that human forest-
related behav�or �s determ�ned by complex m�xes 
of econom�cs, values, soc�al character�st�cs and 

relat�onsh�ps, �nst�tut�ons, and pol�c�es across scales. 
Env�ronmental cond�t�ons that l�m�t or enable 
var�ous types of forest management and uses at 
part�cular places are also �mportant �n determ�n�ng 
what people do. Complex people-env�ronment 
�nteract�ons over t�me—and forests have a long-term 
temporal d�mens�on—ult�mately produce spec�f�c 
env�ronmental cond�t�ons (hab�tat and b�od�vers�ty, 
b�omass and carbon sequestrat�on, watersheds) and 
human cond�t�ons (well-be�ng of �nd�v�duals and 
commun�t�es, econom�c and rural development). The 
pract�cal value of research �s learn�ng about these 
broad relat�onsh�ps �n a way that helps us to make 
educat�onal, management, and pol�cy �ntervent�ons 
that steer human-forest relat�onsh�ps toward more 
env�ronmentally and soc�ally benef�c�al outcomes or 
�dent�fy tradeoffs.

HoW Do We leARN AND KNoW?
Ult�mately, the sc�ence of people-forest relat�onsh�ps 
�s cumulat�ve—we are able to develop the knowledge 
we need only through mult�ple stud�es of d�fferent 
natures that draw on the full range of data types. It 
�s �mportant for us to step back occas�onally and 
reflect on the goals of our research, the data we are 
collect�ng, and how we can most effect�vely move our 
knowledge forward. For fam�ly forest owners, we have 
three major data sources, each of wh�ch has d�fferent 
strengths and weaknesses.

National Woodland owner Survey 
(NWoS) Data
Today’s NWOS bu�lds on earl�er per�od�c surveys 
of forest owners (e.g., B�rch 1996) and �s now an 
annual survey of forest owners �n 5- and 10-year 
cycles (Butler and Leatherberry 2004). The NWOS 
represents our only comprehens�ve effort to understand 
fam�ly forest owners over t�me. Its value to forestry �s 
s�m�lar to the value of the U.S. Census of Agr�culture 
�n understand�ng farmers (Schelhas et al. 2003). The 
NWOS �s the fundamental source of �nformat�on 
about the character�st�cs and pract�ces of fam�ly 
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forest owners, and how these change over t�me. It has 
l�m�tat�ons that �nclude the follow�ng: (a) quest�ons 
change slowly to enable long�tud�nal stud�es, but l�m�t 
ta�lor�ng to new �ssues, (b) �t has h�stor�cally focused 
pr�mar�ly on owner character�st�cs and pract�ces, and 
not soc�al relat�onsh�ps and governance, (c) both the 
general and forest owner populat�on are suffer�ng from 
survey fat�gue, reduc�ng response rates and forc�ng 
researchers to l�m�t quest�onna�re length. 

Forest Inventory and Analysis (FIA) 
Data
FIA data prov�de a systemat�c sampl�ng of a f�xed set 
of plots, measur�ng topography, s�te cond�t�ons, and 
forest character�st�cs (Majumdar et al. 2009). When 
l�nked to NWOS or other survey data, FIA data add 
the �mportant d�mens�on of env�ronmental data and 
forest character�st�cs. These data are l�m�ted to the 
standard FIA measurements, and l�nk�ng to other data 
�s h�ndered by non-response rates �n surveys and the 
NWOS and by the low dens�ty of FIA plots �n the case 
of more geograph�cally focused surveys.

Individual Research Projects
Researchers at un�vers�t�es and Federal agenc�es 
conduct quest�on-dr�ven research projects. 
These projects at t�mes use data from systemat�c 
mon�tor�ng efforts l�ke NWOS and FIA to answer 
spec�f�c quest�ons, but often collect or�g�nal data. 
The many forest owner surveys w�th econometr�c 
analys�s (Beach et al. 2005) show relat�onsh�ps 
among d�fferent soc�al and econom�c var�ables and 
are �mportant �n understand�ng forest and people 
relat�onsh�ps. Qual�tat�ve research prov�des more 
nuanced understand�ng of values and behav�ors (Bl�ss 
and Mart�n 1989). Projects focus�ng on pol�c�es and 
�nst�tut�ons may use comb�nat�ons of ethnograph�es, 
�nterv�ews, and text analys�s (G�bson et al. 2000). 
What these �nd�v�dually focused projects ga�n �n depth 
and focus, they lose �n breadth; they generally cover 
s�ngle s�tes or a few selected compar�son s�tes, thereby 
h�nder�ng general�zab�l�ty.

FoRMulATING PolIcy- AND MAN-
AGeMeNT-RelevANT QueSTIoNS

The goal of appl�ed research on fam�ly forest owners 
�s to formulate quest�ons relevant to pol�cy and 
management and to draw on the full range of research 
methods and data types to answer them. Two examples 
h�ghl�ght research projects that drew on d�verse 
data sets to answer complex and �mportant pol�cy 
quest�ons.

Kaetzel (2011) used both NWOS and FIA data from 
Alabama, Georg�a, and South Carol�na to conduct 
an analys�s of t�mber ava�lab�l�ty that adjusted 
the stand�ng t�mber accord�ng to forest owners’ 
w�ll�ngness to harvest t�mber. By tak�ng �nto account 
the d�verse values, object�ves, and pract�ces of forest 
owners along w�th the�r t�mber �nventory, Kaetzel 
obta�ned a more ref�ned and useful measurement of 
t�mber supply.

Schelhas and Pfeffer (2009) comb�ned qual�tat�ve 
�nterv�ew�ng and a survey to develop a conceptual 
model of the format�on of forest owner values from 
both global env�ronmental messages and local 
cond�t�ons, and how these values �nteract w�th 
l�vel�hood needs to determ�ne behav�oral outcomes. 
The results prov�de gu�dance to programs that 
encourage fam�ly forest owners to manage forests for 
env�ronmental benef�ts �n buffer zones and corr�dors.

coNcluSIoN
Forestry and soc�al sc�ence researchers are ask�ng 
cr�t�cal quest�ons and collect�ng a great deal of relevant 
data. There are many advantages to us�ng mult�ple 
methods. Comb�n�ng both survey and qual�tat�ve 
research can lead to nuanced understand�ng that can 
be used to develop better quest�onna�res; stat�st�cal 
analys�s of quant�tat�ve data obta�ned from these 
quest�onna�res can then be used to support qual�tat�ve 
f�nd�ngs (Schelhas and Pfeffer 2009). Add�ng forest 
and s�te data adds an �mportant env�ronmental 
component. Yet many research efforts are 
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compartmental�zed by �nst�tut�onal, d�sc�pl�nary, and 
data boundar�es. We can learn more �f we endeavor to 
�dent�fy key management and pol�cy quest�ons, draw 
on mult�ple sources of data, and work collaborat�vely 
�n our research.
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FoReST vAlueS AND THe IMPAcT oF THe FeDeRAl eSTATe TAX 
oN FAMIly FoReSTS

Brenton j. Dickinson, Brett j. Butler, Michael A. Kilgore, Paul catanzaro, john Greene,  
jaketon H. Hewes, David Kittredge, and Mary Tyrrell1

Abstract.—Prev�ous research has suggested that he�rs to fam�ly forest land may sell 
t�mber and/or land �n order to pay state and/or federal estate taxes, wh�ch could result 
�n land use convers�on or other adverse ecolog�cal �mpacts. We est�mated the number 
of M�nnesota fam�ly forest landowners and the assoc�ated acreage that could be subject 
to estate taxes at var�ous exempt�on levels. Us�ng 2011 M�nnesota forest land sale 
transact�onal data we calculated the m�n�mum acreage that would tr�gger the federal 
estate tax at d�fferent hypothet�cal tax exempt�on levels and estate compos�t�ons (percent 
of gross estate whose value �s compr�sed of forest land). Us�ng the U.S. Forest Serv�ce’s 
Nat�onal Woodland Owner Survey data for M�nnesota and populat�on mortal�ty rates, we 
est�mated the number of fam�ly forest ownersh�ps and acres potent�ally affected under 
var�ous scenar�os. 

1 Research Fellow (BJD), U.S. Forest Serv�ce, Un�vers�ty 
of Massachusetts Amherst-Fam�ly Forest Research Center, 
Holdsworth Hall, 160 Holdsworth Way, Amherst, MA 
01003; Research Forester (BJB), U.S. Forest Serv�ce, 
Northern Research Stat�on; Professor (MAK), Un�vers�ty 
of M�nnesota, Dept. of Forest Resources; Extens�on Asst. 
Professor (PC), Un�vers�ty of Massachusetts Amherst, Dept. 
of Env�ronmental Conservat�on; Research Forester (JG), 
U.S. Forest Serv�ce, Southern Research Stat�on; Professor 
(DK), Un�vers�ty of Massachusetts, Amherst, Dept. of 
Env�ronmental Conservat�on; and Execut�ve D�rector (MT), 
Global Inst�tute of Susta�nable Forestry, Yale Un�vers�ty. 
BJD �s correspond�ng author: to contact, call 413-545-6641 
or ema�l at brenton.d�ck�nson@gma�l.com.

INTRoDucTIoN
Of the Un�ted States’ est�mated 751 m�ll�on acres of 
forested land, 35 percent �s owned by fam�l�es and 
�nd�v�duals (Butler 2008). Fam�ly forests, somet�mes 
referred to as non-�ndustr�al pr�vate forests, are owned 
by �nd�v�duals, marr�ed couples, trusts, and other 
un�ncorporated ent�t�es. 

The federal government has taxed the �ntergenerat�onal 
transference of estates through var�ous laws s�nce 
1916 (Jacobson et al. 2007). Some 20 states and the 

D�str�ct of Columb�a also currently �mpose estate and/
or �nher�tance taxes; 12 �mpose estate taxes and s�x 
�mpose �nher�tance taxes. Two �mpose both (M�chael 
2011). The legal env�ronment surround�ng the estate 
tax has been part�cularly dynam�c and uncerta�n over 
the past decade (Greene et al. �n press). 

From the perspect�ve of large landowners �n part�cular, 
the worst case scenar�o for estate tax law �s that 
Congress allows the 2010 Tax Rel�ef Act to sunset, 
caus�ng the estate tax exempt�on and rate to revert to 
2001 levels (Publ�c Law 111-312, 124 Stat. 3296). 
That would mean that owners of estates worth more 
than $1 m�ll�on ($2 m�ll�on for couples) would have 
to pay a rate of 55 percent on estate value over that 
threshold. If Congress extends the current exempt�on 
and rate, owners of estates worth more than $5 m�ll�on 
for �nd�v�duals and $10 m�ll�on for couples (plus 
�nflat�on s�nce 2001) w�ll pay a rate of 35 percent. 

The U.S. Forest Serv�ce expects that fully one-s�xth 
of fam�ly forest land w�ll be transferred over the next 
5 years (USDA Forest Serv�ce 2012). Th�s conclus�on 
�s der�ved �n part by the fact that 19 percent of fam�ly 
forest owners fall w�th�n the ages 65-74 and an 
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add�t�onal 15 percent are 75 or older. Collect�vely, th�s 
group of ret�rement-aged �nd�v�duals owns 44 percent 
of fam�ly forests (Butler 2008). Some estates have had 
to sell parcels of land or t�mber to pay the estate tax 
(Greene et al. 2006). G�ven the area of land expected 
to be transferred �n the near future, th�s ra�ses two 
quest�ons: How many owners and acres of forest land 
w�ll be affected?; and W�ll affected landowners sell 
t�mber and/or land as a result?
 
The object�ve of th�s study was a) to est�mate the 
number of owners and assoc�ated acres that could 
be affected by the federal estate tax; and b) est�mate 
the degree to wh�ch t�mber and land m�ght be sold as 
a result under var�ous tax law scenar�os w�th�n f�ve 
states. 

BAcKGRouND
Greene et al. (2006) attempted to quant�fy the effects 
of the federal estate tax on land ownersh�p patterns 
among fam�ly forest owners. The authors surveyed 
about 1,400 members of two forest owner groups: 
the Nat�onal Woodland Owner Assoc�at�on and the 
Amer�can Tree Farm System. W�th a 33 percent 
response rate, they found that 9 percent of fam�ly 
forest owners were �nvolved �n an estate transfer 
between 1987 and 1997, dur�ng wh�ch there was a 
constant $600,000 exempt�on. Extrapolat�ng, they 
est�mated that 77,200 such transfers take place each 
year �n the Un�ted States. Us�ng average acreage 
owned by fam�ly forest owners, Greene et al. est�mated 
the correspond�ng acreage to be 79.1 m�ll�on per year. 

Extrapolat�ng from average acreage of t�mber �n the�r 
sample that was sold to pay the estate tax, Greene et 
al. est�mated that each year 4,900 estates sell t�mber to 
pay the estate tax, amount�ng to 2.4 m�ll�on acres. The 
authors s�m�larly est�mated that 3,300 fam�ly forest 
owners sell on the order of 1.3 m�ll�on acres annually 
to meet the�r tax l�ab�l�ty. S�nce 29 percent of those 
sold parcels were developed, the authors est�mated 
that about 400,000 acres of fam�ly forest are lost to 
development each year �n such a fash�on.

Wh�le the est�mates made by Greene et al. (2006) 
need to be v�ewed w�th susp�c�on due to l�kely sample 
select�on b�as and other �ssues, they suggest that the 
estate tax has s�gn�f�cant �mpl�cat�ons for the fate 
of fam�ly forests. No subsequent study has tr�ed to 
reproduce or broaden the�r results. In th�s uncerta�n 
legal env�ronment, there �s a need for thorough 
understand�ng of how var�ous permutat�ons of estate 
tax law affect fam�ly forests. 

MeTHoDS
The degree to wh�ch forest land �s affected by the 
estate tax depends �n part on the forest land owners’ 
estate compos�t�ons. Only forest estates worth more 
than $1 and $5 m�ll�on would be affected by “worst 
case” and “status quo” tax scenar�os, respect�vely. 
Assum�ng a worst-case tax scenar�o, an extreme case 
of “all-forest” estate compos�t�on, and us�ng our 
est�mated med�an per-acre pr�ce for M�nnesota parcels 
greater than 100 acres ($975), only plots �n excess 
of 730 acres would be affected by the estate tax. 
Nat�onal Woodland Owner Survey (NWOS) data from 
2006 suggest that an est�mated 1,000 landowners �n 
M�nnesota own such parcels.

The extreme case of “all-forest” estate compos�t�on 
seems h�ghly unl�kely. We must take �nto account 
nonforest components of the estate: hous�ng, 
�nvestments, sav�ngs, and other assets. But we are 
faced w�th a near absence of data. We can only 
exam�ne the affected owners and acres under d�ffer�ng 
assumpt�ons of estate compos�t�on.

We began w�th a p�lot study est�mat�ng forest land 
values �n M�nnesota. We obta�ned a sample of 489 
forest land sales transact�ons �n M�nnesota that �nclude 
the town, county, s�ze of plot, and sales pr�ce.2 These 
sales transact�ons occurred �n 2009 and 2010 and 
represent only un�mproved (no bu�ld�ngs) forested 
tracts, 20 acres or greater �n s�ze. We excluded tracts 
w�th �mprovements because we d�d not want to 

2 Source: M�chael K�lgore, Un�vers�ty of M�nnesota
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conflate forest land value w�th the value of bu�ld�ngs. 
We l�m�ted our sample to parcels of 20 acres or more.

We calculated hypothet�cal m�n�mum acreage 
thresholds, assum�ng a var�ety of per-acre forest land 
values, estate compos�t�ons (percent of total estate that 
�s forest by value), and estate tax exempt�on levels. 
Put another way, we constructed a set of s�mpl�fy�ng 
assumpt�ons about the populat�on of forest land 
owners and then calculated the m�n�mum number of 
acres a landowner would have to own to be affected 
by the estate tax g�ven those assumpt�ons. The 489 
forest land sales transact�ons �nformed the range of 
per-acre pr�ce assumpt�ons and the poss�ble tax law 
scenar�os �nformed the range of tax exempt�on level 
assumpt�ons. We then used 2006 NWOS data from 
M�nnesota landowners to est�mate the number of 
landowners and assoc�ated forested acreage meet�ng 
spec�f�ed acreage thresholds. 

An est�mated 1,700 fam�ly forest owners could be 
affected by the estate tax at a $1 m�ll�on dollar tax 
exempt�on level, assum�ng estates are 50 percent 
forest and g�ven a $975 per-acre pr�ce (F�g. 1). At a 
$5 m�ll�on exempt�on level, the number of potent�ally 
affected ownersh�ps drops to less than 50. The number 
of affected acres �ncreases s�m�larly for h�gher per-acre 
pr�ces, estates w�th lower percent forest (by value), 
and lower tax exempt�on levels (F�g. 2). It �s �mportant 
to real�ze that these graphs �nd�cate est�mated owners 
and acres who might be affected by the estate tax, 
but not all of these landowners are expected to d�e 
(and therefore face the tax) every year. Nor does th�s 
�nformat�on suggest how the fam�l�es w�ll react to the 
tax (e.g., sell land, sell t�mber, or some other act�on). 
 
We can caut�ously draw several conclus�ons. Under 
current estate tax law, �t �s ma�nly landowners who are 
relat�vely cash-r�ch and land-poor who w�ll face the 

estate tax. That �s because there are very few (�f any) 
pr�vately owned tracts of forest land valued near $5 
m�ll�on. If, on the other hand, the estate tax law �s not 
cont�nued at the status quo and �nstead reverts back 
to 2001 levels, many more landowners are expected 
to face the tax, �nclud�ng the relat�vely land-r�ch and 
cash-poor. 

NeXT STePS
To obta�n reasonable est�mates of the number of 
forest land owners who m�ght face the estate tax, we 
need more deta�ls about forest land owners’ estate 
compos�t�ons. Spec�f�cally, we need to know what 
percentage of the�r total estates are composed of 
forest land. We are currently survey�ng M�nnesota 
landowners to request �nformat�on on, among 
other th�ngs, the value of the�r total estate and what 
percentage of that estate value �s forest land. W�th th�s 
�nformat�on, we can ass�gn a more real�st�c range of 
estate compos�t�ons to the analys�s beh�nd F�gures 1 
and 2. 

We also w�ll expand the analys�s to four other 
states—Cal�forn�a, M�ch�gan, North Carol�na, and 
Wash�ngton—follow�ng s�m�lar procedures. There 
appears to be at least some h�gh qual�ty forest land 
sales transact�on data from M�ch�gan, but the types of 
data we seek may not be ava�lable �n all states. In that 
case we w�ll alter our analyt�cal approach and/or select 
d�fferent states. 

Indeed, a prel�m�nary search for forest land sales 
transact�on data suggests a near total lack of 
ava�lab�l�ty. Th�s h�ghl�ghts the need to develop a 
nat�onally cons�stent per�od�c assessment of forest land 
values across the Un�ted States, someth�ng we w�ll 
explore further upon complet�on of th�s analys�s.
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Figure 1.—Numbers of forest land owners potentially affected by the estate tax at varying tax exemption levels with estate = 
50 percent forest and per-acre price = $975.
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Figure 2.—Acres of forest potentially affected by the estate tax at varying estate values with varying estate composition and 
per-acre price.
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NoNTIMBeR FoReST PRoDucT HARveSTING oN FAMIly FoReSTS: 
ReSulTS FRoM THe NATIoNAl WooDlAND oWNeR SuRvey

Marla R. emery, Zhao Ma, Stephanie Snyder, and Brett j. Butler1

Abstract.—The 2002-2006 Nat�onal Woodland Owner Survey asked a ser�es of three 
quest�ons about nont�mber forest products (NTFPs) to assess the current status of 
the�r use on fam�ly forests. We report on responses to those quest�ons. Log�t models 
showed pos�t�ve relat�onsh�ps between NTFP use and other forms of act�ve engagement 
w�th fam�ly forests. H�gher age and lower levels of educat�onal atta�nment correlated 
negat�vely w�th l�kel�hood of gather�ng, although not strongly. A h�story of gather�ng was 
the best pred�ctor of future plans to do so.

1 Research Geographer (MRE), U.S. Forest Serv�ce, Northern Research Stat�on, 705 Spear St., 
Burl�ngton, VT 05403; Ass�stant Professor (ZM), Department of Env�ronment and Soc�ety, Utah 
State Un�vers�ty; Operat�ons Research Analyst (SS) and Research Forester (BJB), U.S. Forest 
Serv�ce, Northern Research Stat�on. MRE �s correspond�ng author: to contact, call 802-951-6771 
or ema�l at memery@fs.fed.us. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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ASSeSSING AND MITIGATING DeNIeD AcceSS oN FIA PloTS

Brett j. Butler and Andrew Hill1

Abstract.—Nat�onally, f�eld crews are den�ed access to approx�mately 11 percent of 
Forest Inventory and Analys�s (FIA) forested plots that are pr�vately owned. The den�ed 
access rate var�es from less than 1 percent �n Alabama, Georg�a, Lou�s�ana, Ma�ne, 
South Carol�na, and V�rg�n�a to more than 30 percent �n Ar�zona, Cal�forn�a, Colorado, 
Montana, New Jersey, Rhode Island, and Texas. The large d�spar�ty �s due, �n part, to 
state laws that govern access. We hypothes�ze that there are also s�gn�f�cant d�fferences �n 
the soc�o-demograph�cs of the pr�vate owners that are �nfluenc�ng access rates. The f�rst 
part of th�s presentat�on w�ll focus on the current patterns of den�ed access rates across 
the Un�ted States and present a model to help expla�n some of �ts causes. There �s a r�ch 
body of l�terature, pr�mar�ly related to surveys, that has theoret�cally and emp�r�cally 
exam�ned ways for max�m�z�ng response rates. Th�s l�terature deals w�th top�cs such 
as personal�zat�on of commun�cat�ons, f�nanc�al and nonf�nanc�al �ncent�ves, modes of 
contacts, and t�m�ng of contacts to name but a few. We bel�eve these f�nd�ngs may be 
very useful for m�n�m�z�ng FIA den�ed access rates. The second part of our presentat�on 
w�ll focus on a l�terature synthes�s and exper�ment that we are conduct�ng to �dent�fy best 
pract�ces for m�n�m�z�ng den�ed access rates.

1 Research Forester (BJB), U.S. Forest Serv�ce, Northern Research Stat�on, 160 Holdsworth Way, 
Un�vers�ty of Massachusetts, Amherst, MA 01003; Research Forester (AH), U.S. Forest Serv�ce, 
Northern Research Stat�on. BJB �s correspond�ng author; to contact, call 413-545-1387 or ema�l at 
bbutler01@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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coMPARISoN oF FoReST AReA DATA  
IN THe cHeSAPeAKe BAy WATeRSHeD

Tonya W. lister and Andrew j. lister1

Abstract.—The Chesapeake Bay, the largest estuary �n the Un�ted States, has been 
des�gnated by execut�ve order as a nat�onal treasure. There �s much �nterest �n mon�tor�ng 
the status and trends �n forest area w�th�n the bay, espec�ally s�nce ma�nta�n�ng forest 
cover �s key to bay restorat�on efforts. The Chesapeake Bay Land Cover Data Ser�es 
(CBLCD), a Landsat-based, mult�-temporal change detect�on raster geograph�c 
�nformat�on system (GIS) product was developed by the U.S. Geolog�cal Serv�ce 
(USGS) to mon�tor land cover change �n the bay. The object�ve of th�s study was to 
assess relat�onsh�ps between the CBLCD dataset and Forest Inventory and Analys�s 
(FIA) est�mates of land use �n order to prov�de a better understand�ng of the nature of 
the CBLCD and �ts potent�al for use �n assess�ng forest cover dynam�cs. Data were 
summar�zed at d�fferent geograph�c scales, and d�fferences between datasets were 
h�ghl�ghted w�th the goal of prov�d�ng �nformat�on that w�ll help users of the CBLCD 
�nterpret f�nd�ngs. Our analyses suggest there �s a strong, pos�t�ve relat�onsh�p between 
the CBLCD forest �nformat�on and that from the FIA data. M�sclass�f�cat�ons can be 
expla�ned by analyses created by �ntegrat�ng the CBLCD data w�th the FIA data and 
standard FIA report�ng tools. 

1 Research Foresters (TWL and AJL), U.S. Forest Serv�ce, 
Northern Research Stat�on, 11 Campus Blvd, Newtown 
Square, PA 19073. TWL �s correspond�ng author: to contact, 
call 610-557-4033 or ema�l at tl�ster01@fs.fed.us.

INTRoDucTIoN
The Chesapeake Bay Watershed, wh�ch �ncludes 
parts of Maryland, Delaware, Pennsylvan�a, New 
York, V�rg�n�a and West V�rg�n�a, conta�ns the largest 
estuary �n the Un�ted States and prov�des hab�tat for 
thousands of spec�es of plants and an�mals. The forests 
�n th�s area prov�de many ecolog�cal serv�ces �nclud�ng  
protect�ng dr�nk�ng water, serv�ng as buffers aga�nst 
sed�mentat�on and nutr�ent enr�chment for estuar�ne 
spec�es, and prov�d�ng econom�c and other benef�ts for 
humans. However, the forests �n the Chesapeake Bay 
Watershed have exper�enced a 2 percent net loss of 
forest land s�nce the 1980s (L�ster and Perdue 2011). 
Claggett et al. (2004) pred�ct s�gn�f�cant perturbat�ons 
of the bay reg�on’s forests �n the com�ng decades, due 
largely to development pressures. 

In recogn�t�on of the �mportance of and current and 
future threats to the bay’s natural resources, Congress 
and several of the states conta�n�ng parts of the 
watershed establ�shed the Chesapeake Bay Program 
partnersh�p �n the early 1980s. Th�s partnersh�p was 
based �n part on an agreement to protect and restore 
the Bay’s ecosystems and has s�nce been reaff�rmed 
and updated. One component of the agreement �s 
that the s�gnator�es w�ll work to establ�sh a system to 
mon�tor the status of and trends �n forest cover. 

The Chesapeake Bay Land Cover Data Ser�es 
(CBLCD) was developed to help w�th these efforts 
to track and mon�tor forest land �n the bay (Iran� and 
Claggett 2010). The CBLCD �s a 30-m Landsat-
based, mult�-temporal geograph�c �nformat�on system 
(GIS) change detect�on dataset produced by the U.S. 
Geolog�cal Survey (USGS 2006). The data ser�es 
was created by merg�ng the Nat�onal Land Cover 
Dataset (NLCD) from the USGS (Homer et al. 2007) 
w�th land cover data from the Nat�onal Ocean�c and 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 30GTR-NRS-P-105

Atmospher�c Adm�n�strat�on’s (NOAA) Coastal 
Change Analys�s Program (C-CAP) (NOAA 2007) and 
�mprov�ng the class�f�cat�on of urban and agr�cultural 
land. The CBLCD can be used to character�ze land 
cover convers�ons for several dates between 1984 
and 2006. It �s not clear, however, how the land cover 
class�f�cat�on system used by the CBLCD, wh�ch �s 
based on that of Anderson et al. 1976, agrees w�th 
that used by other agenc�es, such as the U.S. Forest 
Serv�ce’s Forest Inventory and Analys�s (FIA) 
Program. The FIA Program uses a network of ground 
plots to character�ze land use on all lands along w�th 
tree and s�te �nformat�on assoc�ated w�th forest land. 

The goal of the current study was to assess 
relat�onsh�ps between the CBLCD dataset and FIA 
est�mates of land use �n order to prov�de a better 
understand�ng of the nature of the CBLCD and �ts 
potent�al for use �n assess�ng forest cover dynam�cs.

MATeRIAlS AND MeTHoDS
The or�g�nal class�f�cat�on system used for the 2006 
CBLCD �mage (USGS 2006) was reclass�f�ed �nto 
e�ght categor�es: open water/perenn�al �ce and snow, 
developed open space, developed low-h�gh �ntens�ty, 
barren land, forest �nclud�ng woody wetlands, shrub/
scrub, grassland/herbaceous, pasture/hay/cult�vated 
crops, and emergent herbaceous wetlands.

A GIS was used to �ntersect the U.S. Census Bureau’s 
T�ger L�ne 2010 GIS county boundary f�les w�th a GIS 
f�le of the outl�ne of the Chesapeake Bay Watershed. 
W�th�n each of the count�es that were completely 
w�th�n the watershed, areas of each of the e�ght 
reclass�f�ed CBLCD land cover classes were tabulated. 
W�th�n these same count�es, the area of forest land 
use was calculated from the FIA data us�ng the PC 
EVALIDator tool, and a l�near regress�on analys�s 
w�th accompany�ng R2 values was calculated to assess 
relat�onsh�ps. Next, the �nd�v�dual FIA plots were used 
to character�ze the CBLCD. Locat�ons of the 4,784 
FIA plots w�th�n the watershed (F�g. 1) were used to 
generate 43-m rad�us c�rcular buffers wh�ch were then 

�ntersected w�th the CBLCD. The reclass�f�ed CBLCD 
class w�th max�mum area w�th�n the buffer was 
ass�gned to each FIA plot locat�on. Th�s new attr�bute 
was then �ncorporated �nto the PC EVALIDator 
report�ng tool and was used as a categor�cal var�able 
for conduct�ng cross tabulat�ons of FIA data (M�les 
2009). Cross tabulat�ons �ncluded est�mates of forest 
area by comb�nat�ons of CBLCD class and FIA major 
land use, stock�ng, stand s�ze, and phys�ograph�c 
classes (Woudenberg et al. 2010). In add�t�on, a 
land use matr�x from the PC EVALIDator tool that 
compares FIA major land use (forest, nonforest, and 
water) w�th the equ�valent classes from the CBLCD 
was generated.

ReSulTS AND DIScuSSIoN
An assessment of the relat�onsh�p between the county 
FIA forest use and the CBLCD forest cover area 
est�mates �s shown �n F�gure 2. Summary stat�st�cs 
that descr�be the f�t of the l�near relat�onsh�p �nd�cate 
a strong, pos�t�ve, nearly 1:1 l�near relat�onsh�p 
between the two attr�butes for all count�es �n each 
of the states, w�th R2 values greater than 0.80 �n all 
cases. Th�s suggests that there �s no spat�al trend �n 
the strength of the relat�onsh�p, or spat�al var�at�on �n 
the CBLCD product. The land class matr�x that was 
created to compare forest, nonforest, and water classes 
on FIA-sampled land w�th the equ�valent classes 
from the CBLCD (Table 1) also �nd�cates strong 
agreement, w�th 87 percent agreement between the 
FIA and CBLCD est�mates. Th�s �s further ev�dence 
that there �s a strong correspondence between forest 
�nformat�on from the CBLCD and the land use 
�nformat�on assoc�ated w�th the FIA data. The strength 
of the relat�onsh�p �s somewhat surpr�s�ng g�ven the 
d�fferences �n the def�n�t�ons of the attr�butes. For 
example, FIA def�nes forest land us�ng a comb�nat�on 
of stock�ng, aer�al extent and shape of the land cover 
patch, and an assessment of the ab�l�ty of the land to 
prov�de forest regenerat�on. The CBLCD def�n�t�on 
of forest land �s based on that of the USGS Nat�onal 
Land Cover Dataset (NLCD) (Homer et al. 2007) 
and �ncludes tree canopy cover thresholds �nstead of 
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Figure 1.—Distribution of FIA plots within the Chesapeake Bay. Plot locations are approximate.
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Figure 2.—Comparison of county-level FIA forest land estimates with county-level CBLCD within the Chesapeake Bay 
Watershed. Dashed line represents a 1:1 linear relationship.

Table 1.—land use matrix comparing FIA to collapsed chesapeake Bay land cover Data series (cBlcD) 
cover class data in the chesapeake Bay Watershed

 cBlcD (acres)
FIA (acres) Forest Nonforest Water Total

Forest 21,636,051 1,948,338 21,198 23,605,587
Nonforest 2,981,308 13,679,780 60,660 16,721,748
Water 202,872   97,682 457,811 758,365

Total 24,820,231   15,725,800 539,669 41,085,700
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stock�ng and d�fferent aer�al extent requ�rements for 
�nclus�on �n the forest class. Although the d�st�nct�on 
between land cover and land use can somet�mes 
be stark (e.g., a clearcut w�th no trees can st�ll be 
a forest land use), �t �s clear that �n the case of the 
CBLCD and the FIA data, the major�ty of the land 
cover, as detected by the satell�te, �s also forest land 
use as detected by a ground observer on an FIA plot. 
Generally, �t must be assumed that forest cover maps 
l�ke the CBLCD are surrogates for forest land use 
maps, s�nce forest land use maps are challeng�ng to 
produce and are not w�dely ava�lable.

The area of forest land from the CBLCD classes 
ass�gned to the FIA plots was 5 percent h�gher than 
that der�ved from the FIA forest classes from the same 
plots (Table 1). Th�s �s an expected result g�ven that 
the CBLCD est�mates forest cover and FIA est�mates 
are land use based. For example, the CBLCD may 
ass�gn a forest cover class to treed areas where the 
underly�ng use �s not forest, but rather a treed, low 

dens�ty res�dent�al development. Accuracy stat�st�cs 
from the NLCD 2001 dataset �n Massachusetts and 
Rhode Island show a s�m�lar (almost 8 percent) 
overest�mate of forest, w�th most m�sclass�f�cat�ons 
occurr�ng where the NLCD forest class was actually 
developed for agr�cultural land use (Holl�ster et al. 
2004).

N�nety-two percent of the land FIA plots class�f�ed 
as forest �s also class�f�ed as forest by the CBLCD 
(Table 1). The major�ty of the rema�n�ng 8 percent 
�s class�f�ed as agr�cultural and shrubland (F�g. 3). 
These types of d�fferences may be due to the presence 
of marg�nal agr�cultural lands at var�ous stages of 
success�on �n the area. It �s l�kely that the CBLCD 
class�f�cat�on procedures had d�ff�culty d�st�ngu�sh�ng 
old or fallow f�elds from forest. We had expected to 
see th�s hypothes�s re�nforced by an analys�s of the 
areas of CBLCD classes w�th�n areas class�f�ed as 
FIA forest, part�t�oned by stock�ng class and stand 
d�ameter class (F�g. 4) s�nce one m�ght expect areas 
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Figure 3.—Composition of the FIA forest land estimate by corresponding CBLCD land use class. Error bars represent  
68 percent confidence intervals.
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w�th a h�gher stock�ng class or larger trees to generate 
more of a “forest s�gnal” �n the CBLCD class�f�cat�on 
procedure. Although the data do not suggest that 
forested plots w�th low stock�ng classes are more 
l�kely to be m�sclass�f�ed, the data do suggest that 

there �s generally a large proport�on of med�um and 
h�gher stocked plots �n the forest class. Two notable 
except�ons to th�s pattern, however, are the barren 
and the grassland CBLCD classes, wh�ch also show 
relat�vely h�gh areas of med�um and h�gher stocked 

Figure 4.—Forest land area of select FIA forest class variables including stocking class (a), stand size class (b), and 
physiographic class (c), within each CBLCD land use class. Error bars represent 68 percent confidence intervals.
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stands. Th�s could be expla�ned by the relat�vely large 
areas of small d�ameter stands w�th�n these classes 
(F�g. 4b), suggest�ng that the h�gh stock�ng values are 
due to large numbers of small trees or seedl�ngs. These 
areas may confuse the class�f�cat�on algor�thm as they 
may resemble barren s�tes or grasslands. 

Another �nterest�ng f�nd�ng from our compar�sons 
�s the amount of FIA forest land area m�sclass�f�ed 
as water by the CBLCD (F�g. 3). Wh�le th�s �s a 
fa�rly ser�ous m�sclass�f�cat�on, F�gure 4c suggests 
that the phys�ograph�c classes assoc�ated w�th 
these m�sclass�f�ed areas tend to be wetter (coves, 
floodpla�ns, bottomlands, swamps, ponds) than areas 
assoc�ated w�th other types of m�sclass�f�cat�ons. 
In these areas, the s�gnal �mparted by these wet 
s�tes l�kely led to the confus�on of the class�f�cat�on 
algor�thm.

Our ma�n conclus�on from th�s study �s that, assum�ng 
FIA data are representat�ve of the forest attr�butes 
that Chesapeake Bay land managers want to mon�tor, 
the strong relat�onsh�p between CBLCD and FIA 
data �nd�cates that the CBLCD can be a valuable tool 
for character�z�ng land cover �n the Chesapeake Bay 
Watershed. Our analyses suggest that �n aggregate 
(at the county scale) there �s a strong, pos�t�ve 
relat�onsh�p between the CBLCD forest �nformat�on 
and that from the FIA data. M�sclass�f�cat�ons that 
occurred can be expla�ned by analyses created by 
�ntegrat�ng the CBLCD data w�th the FIA data and 
standard FIA report�ng tools. Results of th�s study 
shed l�ght on the relat�onsh�p between the two land 
class�f�cat�on systems and w�ll prov�de managers w�th 
�nformat�on that can be used to not only �nterpret land 
class changes �n the Chesapeake Bay Watershed, but 
also to help �mprove future vers�ons of the CBLCD 
product. Future work w�ll �nvolve look�ng at spec�es 
assemblage data and the�r effects on relat�onsh�ps 
between CBLCD and FIA data, as well as the 
relat�onsh�p between other land cover products and 
FIA data �n th�s �mportant reg�on.
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ASSeSSMeNT oF lAND uSe cHANGe IN THe coTeRMINouS  
uNITeD STATeS AND AlASKA FoR GloBAl ASSeSSMeNT  

oF FoReST loSS coNDucTeD By THe FooD AND AGRIculTuRAl 
oRGANIZATIoN oF THe uNITeD NATIoNS

Tanushree Biswas, Mike Walterman, Paul Maus, Kevin A. Megown, Sean P. Healey, and c. Kenneth Brewer1

Abstract.—The Food and Agr�cultural Organ�zat�on (FAO) of the Un�ted Nat�ons 
conducted a global assessment for forest change �n 2010 us�ng satell�te �magery from 
1990, 2000, and 2005. The U.S. Forest Serv�ce was respons�ble for assess�ng forest 
change �n the Un�ted States. A polygon-based, strat�f�ed sampl�ng des�gn developed by 
FAO was used to assess change �n forest area w�th�n 10 km by 10 km t�les at every 1° 
from 1990, 2000, and 2006 us�ng Landsat TM and ETM+ data. The assessment �ncluded: 
1) mapp�ng land cover (tree and non-tree) and land use (forest and nonforest) w�th�n these 
t�les for each t�me per�od; 2) a segment-based analys�s of land use trans�t�on between 
1990 and 2000, and 2000 and 2005; 3) report�ng forest change (area) by FAO ecoreg�ons; 
and 4) compar�ng the est�mates from segment-based analys�s of land cover and land use 
change �n the coterm�nous Un�ted States between the study per�ods. The current paper 
summar�zes the est�mates of land use change by FAO ecoreg�ons �n the Un�ted States 
between 1990 and 2000, and 2000 and 2006 based on the survey and compares land 
cover and land use change est�mates for the coterm�nous Un�ted States. Our analys�s 
shows that most forested and nonforested areas rema�ned unchanged dur�ng each t�me 
per�od. Overall rate of forest loss was h�gher between 1990 and 2000 than between 
2000 and 2006. Net forest loss �n the Un�ted States for the ent�re study per�od was 0.79 
percent. The ecoreg�on stratum subtrop�cal hum�d forest showed the h�ghest net forest 
loss, followed by temperate cont�nental forest and temperate mounta�n system. Net forest 
and tree cover change was h�gher �n 1990-2000 than 2000-2006 �n the coterm�nous Un�ted 
States and conf�rmed that land cover change does not necessar�ly �nd�cate land use change. 

1 Remote Sens�ng Spec�al�st (TB), Geospat�al Analyst 
(MW), Remote Sens�ng Spec�al�st (PM), RMIM Program 
Manager (KAM), U.S. Forest Serv�ce, Remote Sens�ng 
Appl�cat�on Center, 2222 West 2300 South, Salt Lake C�ty, 
UT 84119; Ecolog�st (SPH), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on, Ogden, UT; Nat�onal Remote 
Sens�ng Research Program Leader (CKB), U.S. Forest 
Serv�ce, Research and Development, Wash�ngton, DC. TB 
�s correspond�ng author: to contact, call 801-975-3754 or 
ema�l at tb�swas@fs.fed.us.

INTRoDucTIoN
The Remote Sens�ng Appl�cat�on Center conducted a 
survey of land cover and land use change �n the Un�ted 
States (�nclud�ng Alaska) us�ng a forest sampl�ng 
des�gn developed by the Food and Agr�cultural 

Organ�zat�on (FAO) of the Un�ted Nat�ons (R�dder 
2007) for global assessment of forest loss. The survey 
�ncluded a segment-based assessment of land use and 
land cover types w�th�n 10 km by 10 km gr�ds at every 
1° �nterval for 1990, 2000, and 2006 (F�g.1). Land 
cover (tree, woodland, other, and water) and land use 
(agr�culture, bare, bu�lt-up, forest, natural herb, other 
wooded land, wetland, and water) were mapped w�th�n 
these gr�ds (F�g.1). For s�mpl�c�ty of analys�s the land 
cover types were merged �nto two broad classes “Tree” 
and “NonTree” wh�le the land use types were merged 
�nto “Forest” and “NonForest”’ classes to assess 
change and meet FAO’s goal of global assessment 
of forest loss (Table 1). Woodland and other wooded 
land were �ncluded �n “NonTree” and “NonForest,” 
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respect�vely (Table 1). Changes �n land use and land 
cover w�th�n these gr�ds were summar�zed by d�fferent 
ecoreg�ons (Comm�ss�on for Env�ronment Cooperat�on 
2006) �n the Un�ted States between 1990 and 2000, 
and 2000 and 2006. The current paper prov�des an 
overv�ew of the methods and assessment of land use 
change conducted �n the Un�ted States. 

MeTHoDS
We assessed forest loss �n the ent�re Un�ted States 
based on 938 gr�ds prov�ded by FAO (F�g.1). The 
follow�ng sect�on d�scusses the methods used for 
mapp�ng, change detect�on, and val�dat�on of change 
�n the coterm�nous Un�ted States (CONUS) (812 gr�ds) 
and Alaska (126 gr�ds). 

Mapping 
(i) Coterminous United States. The Nat�onal Land 
Cover Database (NLCD) product (30-m resolut�on 
raster, ava�lable from the correspond�ng t�me per�od 

Table 1. cross walk between NlcD land cover types and FAo land use and land cover types

 FAo classes-level I FAo classes-level II
NlcD class (1990, 2000, 2006) land use  land cover  land use  land cover 

Deciduous Forest Forest Tree Forest Tree
Evergreen Forest  Forest Tree Forest Tree
Mixed Forest  Forest Tree Forest Tree
High Intensity Residential Built-Up Other NonForest NonTree
Low Intensity Residential Built-Up Other NonForest NonTree
Commercial Industrial Built-Up Other NonForest NonTree
Open Water  Water Water NonForest NonTree
Orchard/Vineyards Agriculture Other NonForest NonTree
BareRock/Sand/Fallow/Barren Bare Other NonForest NonTree
Pasture/Hay  Natural Herb Other NonForest NonTree
Grassland/Herbaceous Natural Herb Other NonForest NonTree
Emergent Herbaceous Wetlands  Wetlands Other NonForest NonTree
Row Crop/Small Grain Agriculture Other NonForest NonTree
Shrubland Woodland Shrub NonForest NonTree
Transitional Woodland Shrub NonForest NonTree
Urban Built-Up Other NonForest NonTree
Woody Wetland Other Wooded Land Other NonForest NonTree
Quarry, Mine Bare Other NonForest NonTree
Perennial Ice/Snow  Bare Other NonForest NonTree
Dwarf Scrub Other Wooded Land Shrub NonForest NonTree

[1990, 2001, and 2006]) was used for the assessment 
�n the coterm�nous Un�ted States (Fry et al. 2011, 
Homer et al. 2007, Vogelmann et al. 2001). The NLCD 
land cover types corresponded closely to FAO’s land 
cover and land use classes of �nterest by FAO (Table 
1). The segments w�th�n the gr�ds (n=812) were 
class�f�ed based on p�xel (30-m resolut�on) us�ng 
�nformat�on ava�lable from NLCD-der�ved land use 
and land cover product for each t�me per�od (F�g. 1). 

(ii) Alaska. Absence of NLCD product for Alaska 
from all study per�ods led to �ndependent unsuperv�sed 
class�f�cat�on of Landsat TM �magery of 126 gr�ds 
�nto forest and nonforest classes for each t�me per�od. 
Zonal major�ty of area under forest and nonforest 
w�th�n each segment was eventually used to class�fy 
the segments to the dom�nant land use type. 

change Detection 
(i) Land Use. The land use types from each t�me 
per�od from CONUS were merged to forest and 
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nonforest classes (Table 1) to assess change �n the 
Un�ted States across four trans�t�on types: forest to 
nonforest (forest loss), nonforest to forest (forest 
ga�n), forest to forest (no change forest) and nonforest 
to nonforest (no change nonforest). Change �n area 
(ha) under each trans�t�on type was summar�zed by 
each ecoreg�on for 1990 to 2000, and 2000 to 2006. 
A lat�tude correct�on factor was used to account for 
the var�at�on �n area of each segment �n the study area 
based on locat�on relat�ve to the equator (Equat�on 1). 
The correct�on factor was appl�ed to all the segments 
pr�or to assess�ng area under d�fferent land use 
trans�t�ons. 

Lat�tude Correct�on Factor 
= 2*p�*R*cos(lat) / (2*p�*R*cos(lat0)) 

= cos(lat)/cos(lat0)   Eq (1)

(ii) Land Cover. Land cover change was conducted 
only for the coterm�nous Un�ted States across four 
trans�t�on types: tree to non-tree, non-tree to tree, no 
change tree, and no change non-tree. The lat�tude 
correct�on factor was used to summar�ze the area 
est�mates of land cover change w�th�n the four 
trans�t�on types. 

validation 
The val�dat�on exerc�se was conducted only for land 
use change to meet FAO’s goal of est�mate of forest 
loss. A strat�f�ed random sampl�ng approach was 
used to photo �nterpret (PI) a m�n�mum of 20 random 
po�nts w�th�n each land use trans�t�on �n each FAO 
reg�on for each t�me per�od. Google Earth™, Nat�onal 
Agr�cultural Imagery Program �magery from 2000 and 
2006, and ground knowledge of the PI personnel were 
used to val�date the land use trans�t�on of the segment 
that �ntersected w�th the random po�nts. The agreement 
matr�x for val�dat�on was enumerated from the we�ghts 
of sampled po�nts �nstead of actual count of po�nts 
w�th�n each trans�t�on. The we�ght of each sampled 
po�nt w�th�n each stratum was developed as a funct�on 
of the area of the land use change stratum relat�ve to 
the total area and total number of po�nts w�th�n the 
stratum (F�g. 2). The proport�on of agreement and 

d�sagreement �n the land use trans�t�ons observed 
between the PI land use change call and NLCD results 
was used to develop a correct�on factor for the f�nal 
est�mate of area under each trans�t�on type �n each 
FAO reg�on. 

A total of 2,536 po�nts were val�dated for observed 
land use trans�t�ons between 1990 and 2000 w�th 
120 po�nts �n Alaska and the rest �n CONUS. For 
the second t�me per�od 1,280 po�nts were val�dated 
for all the land use trans�t�on types observed �n each 
FAO reg�on between 2000 and 2006. For the f�rst 
t�me per�od sampl�ng for val�dat�on was done w�th�n 
64 land use trans�t�ons before merg�ng the land 
use classes to forest and nonforest and w�thout the 
knowledge of the FAO ecoreg�ons. Us�ng the we�ghts 
of the sampled po�nts �nstead of actual counts also 
accounted for the d�fference �n sampled s�ze under 
each land use trans�t�on between the study per�ods. 

ReSulTS
land use change
Land use change (overall forest loss and forest ga�n) 
was assessed based on the or�g�nal area of segment, 
area corrected by lat�tude, and lat�tude-corrected 
area post-val�dat�on and by d�fferent ecoreg�on (F�g. 
3). These results suggest the �mportance of lat�tude 
correct�on and an accuracy assessment of change, and 
effect of locat�on and relat�ve s�ze of the segments, 
on the overall est�mate of forest loss. Segments from 
Alaska (Ecoreg�on - Polar and Boreal) after the 
lat�tude correct�on had cons�derable �nfluence on the 
overall est�mate and percent forest loss and forest ga�n. 
The f�nal est�mates used to report and summar�ze land 
use change dur�ng th�s study were der�ved from the 
lat�tude correct�on funct�on and val�dat�on.

The results of the survey �nd�cate more nonforested 
area than forested area, w�th most of the forest (28.8% 
�n 1990-2000, 30.8% �n 2000-2006) and nonforest 
(68.6% �n 1990-2000, 68.2% �n 2000-2006) area 
rema�n�ng stable (Table 2). Overall rate of loss of 
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Figure 2.—Calculating the weight of each sample point by land use change strata. 
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forest was h�gher between 1990 and 2000 (1.8%) 
than between 2000 and 2006 (0.63%). Rate of overall 
forest loss was h�gher than forest recovery dur�ng both 
the study per�ods. Overall rate of both forest loss and 
forest ga�n decl�ned by 1.17 percent and 0.44 percent, 
respect�vely (F�g. 3, AreaWTbyLat�tude_val�dated), 
reduc�ng the overall net forest loss �n the Un�ted 
States. Net loss of forest was less than 1 percent 
between 2000 and 2006. G�ven the large proport�on of 
area under stable forest, the observed change �n forest 
area was m�n�mal.

Subtrop�cal hum�d forest reg�on underwent the 
h�ghest net forest loss, followed by the Polar reg�on, 
Subtrop�cal steppe, and temperate mounta�n system. 

Figure 3.—Comparing differences in assessment of forest loss and forest gain, based on the original area of the segments, 
after the latitude correction function on the original segments (AreaWeightedby Latitude) and validation of the latitude 
corrected segments (AreaWTbyLatitude_Validated) within the coterminous United States. 

Table 2.—comparison of overall estimates of area (ha) (validated and weighted by latitude) under different 
land use transitions in the united States between 1990 and 2000, and 2000 and 2006, based on the survey 
grids

land use change  1990-2000  2000-2006

Forest to nonforest 123,927.05 (1.8%) 43,133.15 (0.63%)
No change forest 1,968,040.55 (28.8%) 2,106,957.36 (30.86%)
No change nonforest 4,683,794.57 (68.6%) 4,653,012.52 (68.2%)
Nonforest to forest 51,730.53 (0.8%) 24,389.67 (0.36%)

Total Area  6,827,492.71 6,827,492.71

The pattern was cons�stent for both study per�ods 
(F�g. 4a). Net percent forest loss was h�gher between 
2000 and 2006 than between 1990 and 2000 �n most 
ecoreg�ons except Boreal and Temperate steppe. 
Boreal tundra woodland and Temperate steppe showed 
net forest ga�n between 1990 and 2000 and net forest 
loss between 2000 and 2006, although the percent 
change was small. Percent forest ga�ns �n these 
ecoreg�ons were h�gher than percent forest loss �n 
1990-2000. Percent forest ga�n �n Polar, Subtrop�cal 
hum�d forest, Temperate cont�nental forest, and 
Temperate mounta�n system was lower than percent 
forest loss for each t�me per�od, result�ng �n net forest 
loss (F�g. 4a).
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a.

b.

Figure 4.—(a) Comparing net percentage change in forest (Forest Gain – Forest Loss) between 1990-2000 and 2000-2006 by 
ecoregion; (b) Overall net change in forest area within the United states by FAO ecoregion for the entire study period. 

Overall net forest loss �n the Un�ted States was less 
than 2 percent (F�g. 4b). Net forest area �ncreased 
the most �n Boreal Tundra (4,965.4 ha, Table 3) and 
Boreal mounta�n system (495 ha, Table 3) for 1990-
2000 and 2000-2006. Net forest loss was h�ghest �n 
Subtrop�cal Hum�d Forest (36,255.6 ha, Table 3) and 
Temperate Cont�nental Forest (32,782.9 ha, Table 3) 
followed by Temperate Mounta�n system (14,638.7 ha) 
and Subtrop�cal Steppe (11,546.5 ha, Table 3) w�th net 
percent loss be�ng less than 1 percent. Increased forest 
loss and reduced forest ga�n led to �ncreased forest 
loss �n these reg�ons. A s�m�lar pattern was observed 
�n other reg�ons w�th net loss be�ng less than 9,000 ha 

(1%, F�g. 4b). Accord�ng to the recent Forest Inventory 
and Analys�s report (Sm�th et al. 2009), forest land 
across the Nat�on has �ncreased by 4 percent s�nce 
1987; �t decreased 3 percent between 1953 and 1987. 
In the North reg�on, forest area has �ncreased by nearly 
7 percent wh�le �t decl�ned by 5 percent �n the South 
reg�on s�nce 1953. In the Rocky Mounta�n reg�on 
forest acreage rose by 6 percent whereas �n the Pac�f�c 
Coast reg�on (�nclud�ng Alaska) forested acreage 
decl�ned by 4 percent between 1953 and 2007. These 
trends seem to be cons�stent w�th the patterns observed 
dur�ng th�s survey (F�g. 4b). 
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Table 3.—change in area (ha) under forest gain and forest loss between 1990 and 2000, and 2000 and 
2006 in the united States by FAo region (estimates are based on the segments from the survey grids that 
were corrected for latitude and validated)

FAo ecoregions Forest to Nonforest  Nonforest to Forest  Net change 

Boreal Mountain System -2078.4 2,527.8 449.4
Boreal Tundra Woodland 2,994.1 1,971.3 4,965.4
Polar -10,908.2 3,316.2 -7,592.0
Subtropical Desert 0.0 8.9 8.9
Subtropical Dry Forest -188.9 -0.6 -189.5
Subtropical Humid Forest -11,229.2 -9,391.4 -36,255.6
Subtropical Mountain System -17,845.7 67.0 248.2
Subtropical Steppe -11,229.2 -317.3 -11,546.5
Temperate Continental Forest -17,845.7 -14,937.2 -32,782.9
Temperate Desert -935.0 8.4 -926.6
Temperate Mountain System -11,199.7 -3,438.9 -14,638.7
Temperate Oceanic Forest -1,193.0 -92.8 -1,285.8
Temperate Steppe -1,242.6 -7,212.8 -8,455.4
Tropical Moist Forest -368.3 0.0 -368.3
Segments in Unclassified FAO Region 84.2 150.6 234.8

Overall net change in forest area -79,761.4 -31,387.0 -10,8134.8

land cover change
Land cover change est�mates from the coterm�nous 
Un�ted States showed h�gher est�mates of net change 
�n tree cover (3.2%, 201,761.4 ha �n 1990-2000 and 
0.6%, 40,126.4 ha �n 2000-2006) than net forest 
change (2.2%, 139,067.3 �n 1990-2000 and 0.8%, 
53,267.8 �n 2000-2006) (F�g.5). Both net forest and 
tree cover change was h�gher �n 1990-2000 than 2000-
2006. These est�mates for the coterm�nous Un�ted 
States were calculated pr�or to the val�dat�on and 
hence cannot be used to report actual change. These 
patterns suggest, however, that est�mates calculated 
from land cover change, as opposed to land use 
change, overest�mate change. Area under forest loss 
�ncluded areas w�th ga�n �n tree cover. L�kew�se area 
under forest ga�n �ncluded area w�th convers�on of tree 
to non-tree (loss of tree cover). Stable non-forest area 
�ncluded 1.4% (58850.7 ha) ga�n �n tree cover. Forest 
loss observed between 1990 and 2000, and 2000 and 
2006, showed 82,203 ha and 29,736 ha of pers�stent 
tree cover, respect�vely, and �ncluded ga�n �n tree cover 
as well (19.7 ha and 58.2 ha, respect�vely). These 
patterns pr�mar�ly conf�rm that land cover change 
does not necessar�ly �nd�cate land use change. Unless 

a forest segment has undergone a change �n �ts use to 
a non-forest class, observed change �n the land cover 
type �s only a trans�t�onal state to the next success�onal 
or vegetat�on type. 

coNcluSIoN
Based on the survey conducted w�th�n the FAO gr�ds, 
most of the forested area rema�ned stable between 
1990, 2000, and 2006. Overall forest ga�n and loss 
ranged from less than 1 percent to 2 percent dur�ng 
the study per�ods. Subtrop�cal hum�d forest showed 
the h�ghest net forest loss, followed by temperate 
ocean�c forest. Overall rate of loss of forest was 
h�gher between 1990 and 2000 than between 2000 
and 2006. Account�ng for the lat�tude of the segments 
s�gn�f�cantly altered the est�mate of area under 
d�fferent land use change. Accuracy assessment of the 
land use change further reduced the est�mated area 
under change. Th�s study demonstrated the �mportance 
of a lat�tude correct�on and val�dat�on on actual 
est�mates and �nd�cated that most of the forest area 
w�th�n the surveyed gr�d �n the Un�ted States rema�ned 
stable after 2000. 
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Figure 5.—Comparing net percent change in forest (NonForest to Foreste – Forest to NonForest) and tree (NonTree to Tree 
– Tree to NonTree) between 1999-2000 and 2000-2006 within the coterminous United States. 
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IMAGe-BASeD cHANGe eSTIMATIoN FoR lAND coveR  
AND lAND uSe MoNIToRING 
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Abstract.—The Image-based Change Est�mat�on (ICE) project resulted from the need to 
prov�de est�mates and �nformat�on for land cover and land use change over large areas. 
The procedure uses Forest Inventory and Analys�s (FIA) plot locat�ons �nterpreted us�ng 
two d�fferent dates of �magery from the Nat�onal Agr�culture Imagery Program (NAIP). 
In order to determ�ne a su�table project workflow, �nterpretat�on methods and database 
opt�ons were explored. The results prov�de useful �nformat�on for the change occurr�ng 
between land cover and land use types across two prototype landscapes.
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INTRoDucTIoN
Understand�ng changes �n land use and land cover 
(LULC) over space and t�me prov�des a means to 
evaluate the complex �nteract�ons between human 
and b�ophys�cal systems, to project future cond�t�ons 
(absent pol�cy changes), and to des�gn m�t�gat�on 
and adapt�ve management strateg�es. Understand�ng 
and model�ng LULC change �s evolv�ng �nto a 
foundat�onal element of cl�mate, env�ronmental, 
and susta�nab�l�ty sc�ence. Land use and land cover 
data are core to appl�cat�ons �nclud�ng: carbon 
account�ng, greenhouse gas em�ss�on report�ng, 
b�omass and b�oenergy assessments, hydrolog�c 
funct�on assessments, f�re and fuels management, and 
forest and rangeland health assessments. The lack 
of comprehens�ve and spat�ally-expl�c�t h�stor�cal 
vegetat�on data for the ent�re Un�ted States challenges 

the ab�l�ty of sc�ent�sts and land managers to 
understand cumulat�ve effects of natural d�sturbances 
and human act�v�t�es. By extens�on, our ab�l�ty to 
understand and model future scenar�os �s l�m�ted by 
a lack of �nformat�on about the d�sturbance processes 
that shape land cover changes and land use dec�s�ons 
by pr�vate landowners and publ�c land managers.

A recent resolut�on from the Nat�onal Assoc�at�on of 
State Foresters (NASF) reflects both the �mportance of 
these data and the need to generate rel�able est�mates 
of land cover and land use change. The NASF 
resolut�on suggests an enhanced Forest Inventory and 
Analys�s (FIA) program that pr�or�t�zes the “Use of 
remote �magery to track harvest �ntens�ty, land-use 
change, and land cover change” (NASF State Forester 
Resolut�on 2009-6). The FIA program and the Remote 
Sens�ng Appl�cat�ons Center (RSAC) were spec�f�cally 
�dent�f�ed as partners for accompl�sh�ng th�s. In 2011, 
RSAC �n�t�ated th�s Image-based Change Est�mat�on 
(ICE) project �n response to the NASF resolut�on. 
The spec�f�c object�ves of the project were to: (1) 
develop an eff�c�ent, repeatable workflow that could be 
�mplemented nat�onw�de �n conjunct�on w�th the FIA 
program for assess�ng LULC change from �magery, 
and (2) test and demonstrate the workflow �n two 
d�verse p�lot study areas. 
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MeTHoDS 
The study areas for the ICE project were the states 
of Colorado and Georg�a. They were selected to 
prov�de d�verse and d�ss�m�lar landscapes where 
the effect�veness of photo-based data collect�on for 
�dent�fy�ng and class�fy�ng LULC change could be 
evaluated. LULC change was assessed �n the two 
states by �nterpret�ng two dates of Nat�onal Agr�culture 
Imagery Program (NAIP) �magery w�th�n plots located 
on each state’s base FIA gr�d (Bechtold 2005). The 
c�rcular plots were 1.44 acres (144-foot rad�us) �n s�ze, 
wh�ch ensured full coverage of the FIA subplots. The 
total number of plots �nterpreted for the study was 
17,222 w�th 10,815 �n Colorado and 6,407 �n Georg�a. 

Both Colorado and Georg�a had full, state-w�de 
coverage of NAIP �magery for 2005 that was used 
for the T�me 1 (T1) dataset. The T�me 2 (T2) dataset 
cons�sted of four band (red, green, blue, near-�nfrared) 
NAIP �magery acqu�red �n 2009 for Colorado and 
2010 for Georg�a. The spat�al resolut�on of the �magery 
was 1 meter for all datasets except the 2005 Georg�a 
�magery, wh�ch was 2 meters. The temporal scale of 
approx�mately 5 years was chosen to al�gn w�th the 
FIA panel system and the plot rev�s�t t�mes by FIA 
f�eld personnel.

classification Schemes
The LULC classes for th�s project were based on the 
FIA land cover and land use classes (USDA FS 2011) 
for def�n�ng cond�t�on class as well as those descr�bed 
by Anderson et al. (1976). The class�f�cat�on schemes, 
summar�zed �n Table 1, allowed the newly photo-
�nterpreted data to al�gn w�th prev�ously collected 
FIA plot data. Along w�th the LULC classes, an 
agent of change was recorded for any plots that had a 
change �n LULC between T1 and T2. Th�s prov�ded 
add�t�onal �nformat�on about the type of change that 
may not have been �nferred from the LULC attr�butes. 
The agent of change classes �ncluded: reforestat�on/
afforestat�on, part�al tree harvest, clear cut harvest, 
f�re, development, and other change. 

Photo Interpretation and Data entry 
Interface
Due to the large number of plots to be �nterpreted, �t 
was �mportant to use a data collect�on method that 
allowed for rap�d �mage v�ew�ng, �nterpretat�on, and 
data entry. Two software appl�cat�ons were evaluated 
and compared for th�s purpose: ESRI ArcMap™ and 
M�crosoft Access®. The ESRI ArcMap �nterface was 
set up us�ng a feature dataset w�th�n a f�le geodatabase. 

land cover
   Tree: Deciduous Tree, Evergreen Tree, Uninterpretable Tree
   other vegetation: Shrub, Herbaceous, Nonvascular Vegetation, Uninterpretable Vegetation
   Water and Ice: Water, Ice and Snow
   Barren: Soil/Sand, Rock, Paved Surface, Building Rooftop, Other Barren Land
   uninterpretable 

land use
   Forest:   Forest, Tree Farm
   Rangeland: Rangeland
   Natural/Semi-natural: Wetland/Riparian, River, Lake, Other Natural/Seminatural
   Agriculture: Cropland/Pasture, Orchards/Groves/Vineyards/Nurseries, Confined Feeding Operations, Other 

Agriculture
   Developed: Residential, Recreational, Commercial/Services, Industrial, Transportation/Communications/

Utilities, Strip Mines/Quarries/Gravel Pits, Mixed Urban/Built-up Land, Canals/Reservoirs, Other 
Developed

   uninterpretable

Table 1.—Primary and secondary classes for land cover and land use used in Ice project.
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The feature dataset conta�ned the FIA plots and the 
f�elds to be attr�buted. The reference �magery used was 
prov�ded by �mage serv�ces from the Forest Serv�ce’s 
enterpr�se �nstance of ArcGIS® Image Server. S�nce the 
FIA plot data was already �n an ESRI f�le format, setup 
was relat�vely qu�ck. The ma�n l�m�tat�on of us�ng th�s 
method was the �nab�l�ty to custom�ze the �nterface 
w�thout a programm�ng sk�llset.

The M�crosoft Access �nterface was a mod�f�cat�on 
of pr�or work conducted by Andrew L�ster of the 
Northern Research Stat�on FIA program. The database 
cons�sted of a data entry form attached to a ma�n table 
wh�ch stored the data. One of the greatest advantages 
of us�ng an Access database was the ab�l�ty to eas�ly 
custom�ze the form to meet the project needs. The 
layout of the ICE form allowed the user to v�ew two 
t�meframes of aer�al �magery s�de-by-s�de and enter all 
pert�nent �nformat�on for an �nd�v�dual plot w�th�n a 
s�ngle form. The form layout cons�sted of the �magery 
and data entry f�elds for T1 on the left and the �magery 
and data entry f�elds for T2 on the r�ght (F�g. 1). 
Add�t�onally, by us�ng buttons placed at the top of the 
�mages, the �nterpreters were able to toggle between 
vary�ng �mage scales and band comb�nat�ons. Buttons 
on the form also gave the �nterpreters qu�ck access 
to supplementary �magery ava�lable on B�ng™ and 
Google Maps™.

Another des�gn object�ve for the Access form was to 
ma�nta�n data �ntegr�ty throughout the course of the 
project. To support th�s, features such as predef�ned 
dropdown l�sts for land cover, land use, and agents of 
change were �mplemented. Other qual�ty control (QC) 
features �ncluded a “no change” button to m�n�m�ze 
data entry errors as well as checks for m�ss�ng data 
that prevented the user from proceed�ng unt�l the 
f�elds were attr�buted. Along w�th keep�ng data entry 
cons�stent, these bu�lt-�n QC funct�onal�t�es saved a 
cons�derable amount of t�me. 

To test the eff�c�ency of the two appl�cat�ons, a total 
of 1,000 non-FIA plots were randomly selected from 
the two states. Two �nterpreters used both methods to 

v�ew and attr�bute the plots. The results of the study 
showed that the Access approach was 28 percent more 
t�me eff�c�ent than the ESRI ArcMap approach. Th�s 
�mproved eff�c�ency was attr�buted to faster �mage load 
t�me and the ab�l�ty to custom�ze tools to max�m�ze 
the ease of data entry. As a result of �ts �ncreased 
eff�c�ency and ava�lab�l�ty, the M�crosoft Access 
approach was selected for use �n the project.

Interpretation Methodology
Dur�ng the early development phase of th�s project, 
a study was conducted compar�ng the �nterpretat�on 
of land cover w�th�n polygons versus at a po�nt (�.e., 
the plot center). The polygon method requ�red the 
�nterpreter to evaluate the ent�re plot and mentally 
draw boundar�es around the land cover types. Us�ng 
FIA gu�del�nes for m�n�mum mapp�ng un�ts (MMU), 
polygons represent�ng land cover types were �dent�f�ed 
(USDA FS 2011). The class correspond�ng to the land 
cover polygon located at the plot center was recorded 
by the �nterpreter. The po�nt method had no assoc�ated 
MMU for spec�fy�ng a land cover type. The plot 
center was v�sually assessed by the �nterpreter and 
the land cover class �t �ntersected was recorded for 
the plot. The two methods y�elded d�fferent results �n 
some cases. For example, �f the plot center �ntersected 
an open�ng �n a con�ferous forest, the land cover 
call was evergreen tree for the polygon method and 
herbaceous for the po�nt method. In evaluat�ng the 
two methods, results showed a 31 percent �ncrease �n 
t�me eff�c�ency and a 4 percent �ncrease �n agreement 
among �nterpreters when compar�ng the po�nt to 
the polygon method. One d�sadvantage of us�ng the 
po�nt method �s the lack of contextual �nformat�on at 
the plot level. However, by also record�ng the land 
use class, wh�ch was necessar�ly polygon-based, the 
contextual �nformat�on was made ava�lable. Based 
upon the results of the compar�son, the po�nt method 
was selected for assess�ng the land cover type and 
the polygon method was used to evaluate land use. 
The only attr�bute that used the plot boundary and 
not the center po�nt was the agent of change, wh�ch 
was ass�gned only when there was an LULC change 
anywhere w�th�n the 1.44-acre plot area.
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After complet�ng the stud�es, the �nterpreters began 
�nterpret�ng the actual FIA plots. In order to measure 
cons�stenc�es among �nterpretat�ons, 5 percent of 
the FIA plot locat�ons were randomly selected as 
crosschecks. Half of these plots were repeated by the 
�n�t�al �nterpreter and the other half were assessed 
by both �nterpreters. The FIA panel system, wh�ch 
cons�sts of f�ve panels per state, was used to d�v�de 
the plots between the two �nterpreters, w�th one 
�nterpret�ng two panels and the other �nterpret�ng 
three panels for each state. Photo �nterpretat�on was 
f�rst completed for the state of Colorado followed by 
Georg�a. The two �nterpreters worked �ndependently 
of one another throughout the major�ty of the photo 
�nterpretat�on process. Plots that were d�ff�cult to 
assess were marked for rev�ew and later d�scussed 
between �nterpreters to ref�ne class calls and to 
�mprove cons�stenc�es between them.

ReSulTS AND DIScuSSIoN
The photo �nterpretat�on process for the ICE project 
took an average of 1 m�nute per plot and e�ght-person 
work weeks to complete all plots for Colorado and 
Georg�a. The dom�nant land cover and land use types 
for the state of Colorado were Other Vegetat�on  
(74 percent of �n�t�al total) and Rangeland (32 percent 
of total), respect�vely. For Georg�a, Tree (62 percent 
of �n�t�al total) was the dom�nant land cover class 
w�th Forest (67 percent of total) be�ng the dom�nant 
land use class. Please see F�gure 2 and 3 for more 
�nformat�on on the land cover and land use results.

Changes occurr�ng w�th�n the land use of forests were 
of part�cular �nterest for the ICE project (F�g. 4). 
Results show that 0.45 percent of the Colorado forest 
plots changed to a d�fferent class �n T2. Convers�on to 
rangeland and development had the greatest role �n the 
forest change by mak�ng up 47 percent and 40 percent 
of the forest change, respect�vely. For Georg�a, 1.14 
percent of the forest plots changed land uses �n T2, 
w�th the major�ty of these changes (73 percent) be�ng 
a result of development. Add�t�onal work, �nclud�ng an 
�ntens�f�ed sampl�ng of the changed plots, �s underway 

to better quant�fy the changes. Th�s �nformat�on, 
along w�th other plot spec�f�c �nformat�on (�.e., land 
cover type and agent of change) w�ll be ava�lable �n 
forthcom�ng reports.

The methodology developed for th�s project prov�des 
a rap�d and cost-effect�ve way to assess and est�mate 
LULC changes across large areas and shows 
potent�al for nat�onw�de �mplementat�on. Through 
the �nterpretat�on of FIA plot locat�ons from h�gh 
resolut�on aer�al �magery, �nformat�on regard�ng land 
cover and land use changes that are occurr�ng across 
the Un�ted States can be made access�ble to sc�ent�sts 
and forest managers to ass�st �n the creat�on of 
strateg�es and the mak�ng of �nformed dec�s�ons. 
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Figure 2.—Land cover data summaries for Colorado and Georgia. (A) Comparison of land cover values for T1 and T2 
datasets. (B) Land cover change as a percentage of total plots. (C) Distribution of land cover change by type based on initial 
plot condition.
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Figure 3.—Land use data summaries for Colorado and Georgia. (A) Comparison of land use values for T1 and T2 datasets. 
(B) Land use change as a percentage of all plots. (C) Distribution of land use change by type based on initial plot condition.
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Figure 4.—Summary of changes within forested plots categorized by state. (A) Percent of forested plots that changed to other 
land use classes. (B) Distribution of land use types to which the changed forest plots transitioned.
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FoRecASTING SuSTAINABIlITy:  
GRoWTH To ReMovAlS RATIo DyNAMIcS

Natasha A. james, Robert c. Abt, Karen l. Abt, Raymond M. Sheffield, and Fredrick W. cubbage1

Abstract.—The growth to removals rat�o (G/R) �s often used as a measure of forest 
resource susta�nab�l�ty and as a reference po�nt to forecast future resource susta�nab�l�ty. 
However, l�ttle work has been done to determ�ne �f any relat�onsh�p ex�sts between 
G/R over t�me. Forest Inventory and Analys�s data for 12 southern states were used to 
determ�ne �f any relat�onsh�p ex�sts between G/R at a g�ven po�nt �n t�me and G/R �n the 
future. Ord�nary least squares results �nd�cated a pos�t�ve relat�onsh�p over t�me, mean�ng 
a h�gh G/R rat�o �n the past �s assoc�ated w�th a h�gh G/R rat�o �n the future. However, 
after remov�ng the effects of d�fferences across space through the use of f�xed effects 
analys�s, the results �nd�cated G/R has a negat�ve relat�onsh�p w�th �tself over t�me.

1 Research Econom�st (NAJ), U.S. Forest Serv�ce, Southern 
Research Stat�on, 3041 Cornwall�s Road, Research 
Tr�angle Park, NC 27709; Professor of Forestry (RCA) and 
Professor of Forest Econom�cs and Pol�cy (FWC), North 
Carol�na State Un�vers�ty, Department of Forestry; Research 
Econom�st (KLA) and Superv�sory Research Forester 
(Ret�red) (RMS), U.S. Forest Serv�ce, Southern Research 
Stat�on. NAJ �s correspond�ng author: to contact, call 919-
549-4029 or ema�l at najames@fs.fed.us.

INTRoDucTIoN
The concern of negat�ve anthropogen�c �mpacts on the 
natural env�ronment and the concerns of �nsuff�c�ent 
natural resource ava�lab�l�ty �n the future have led to 
an �nternat�onal agenda to engage �n pract�ces lead�ng 
to resource susta�nab�l�ty and susta�nable development. 
The Montreal Process Cr�ter�a and Ind�cators (MPCI) 
were developed to address susta�nab�l�ty concerns 
of the world’s forests. Adopted by 12 countr�es 
that represent more than 90 percent of the world’s 
temperate and boreal forest, these cr�ter�a and 
�nd�cators def�ne seven broad value cr�ter�a wh�ch are 
measured by var�ous �nd�cators.

Growth to Removals Ratio
Cr�ter�on 2 focuses on ma�nta�n�ng the product�ve 
capac�ty of forest ecosystems. Cr�ter�on and Ind�cator 

2.13 focuses spec�f�cally on the growth to removals 
rat�o (G/R) (Montreal Process Work�ng Group 2009). 
W�th�n the f�eld of forest management, resource 
susta�nab�l�ty �s often measured by G/R wh�ch �s 
calculated by d�v�d�ng the net growth �n �nventory 
volume dur�ng a certa�n t�me per�od by the removals 
(harvest) w�th�n the same t�me per�od. A G/R rat�o 
greater than 1 �nd�cates growth �n �nventory outpaces 
removals and the resource management w�th�n that 
per�od could be cont�nued w�thout deplet�ng �nventory, 
and thus �s cons�dered susta�nable. Although G/R 
presents a useful snapshot of the relat�onsh�p of forest 
growth and removals, �t �s often used as a means 
of determ�n�ng forest susta�nab�l�ty. For example, a 
h�gh G/R rat�o today often �s seen as an �nd�cator of 
a h�gh G/R rat�o �n the future, thus an assurance of 
susta�nab�l�ty.

objective
Th�s study exam�nes G/R for grow�ng stock t�mberland 
of both hardwood and softwood spec�es �n the selected 
areas. G/R �s calculated as the rat�o between net annual 
growth (the d�fference between gross growth and 
mortal�ty) and annual removals for t�mberland. F�gures 
1-3 dep�ct G/R over t�me for each state used �n th�s 
analys�s. Although Kentucky �s part of the southern 
FIA, �t was not �ncluded due to �nsuff�c�ent data.
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Even though �t �s common pract�ce to use a G/R 
rat�o greater than 1 as an �nd�cator of cont�nued 
susta�nab�l�ty �n the future, F�gures 1-3 show a 
relat�onsh�p over t�me where per�ods of low G/R are 

followed by per�ods of h�gh G/R, suggest�ng a cycl�cal, 
negat�ve relat�onsh�p (Sheff�eld 2012). The object�ve 
of th�s study was to �nvest�gate how well G/R �n the 
past expla�ns G/R today.
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Figure 1.—G/R ratio over time for southern states bordering the Gulf of Mexico.
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Figure 3.—G/R ratio over time for interior southern states.

DATA
The data used �n th�s analys�s were extracted from 
the Forest Inventory and Analys�s (FIA) database. 
Data relat�ng to annual removals and net growth were 
collected at the survey un�t level for the 12 southern 
states. Although net growth and annual removals are 
est�mates conta�n�ng the�r own standard errors, for the 
purposes of th�s paper they are both be�ng treated as 
populat�on values. 

H�stor�cally, the FIA Program collected data us�ng 
a 10-year per�od�c survey. In 1998, the Agr�cultural 
Research, Extens�on, and Educat�on Reform Act (PL 
105-185) requ�red an annual �nventory. However, the 
panel des�gn descr�bed by Bechtold and Patterson 
(2005) was �mplemented. Th�s panel des�gn allows 
federal fund�ng for a 10 panel des�gn �n the East. 
Many southern states use a 5 panel des�gn �n wh�ch 20 
percent of plots w�th�n a state are sampled each year, 
creat�ng full �nventory reports �n 5-year cycles (Sm�th 
and Oswalt 2010).

Due to the �ncons�stency �n survey dates, the years 
�n wh�ch surveys took place were d�v�ded �nto the 
follow�ng per�ods:

 Per�od 1: 1970-1978 Per�od 4: 1994-2003
 Per�od 2: 1979-19872 Per�od 5: 2004-2008
 Per�od 3: 1988-1993 Per�od 6: 2009-2010

MeTHoDS
Ord�nary least squares (OLS) analys�s was used to 
determ�ne �f any relat�onsh�p ex�sts between G/R today 
and �n the past. In th�s analys�s, each per�od for each 
state �s a s�ngle observat�on. In add�t�on, f�xed effects 
analys�s was appl�ed wh�ch controls for the average 
d�fferences across space (states) �n order to observe 
only the effects of t�me on G/R. In th�s analys�s, the 
cross sect�on was def�ned as the state and the t�me 

2 Flor�da had 2 surveys dur�ng Per�od 2 (1980 and 1987). 
The 1987 survey data are �ncluded �n Per�od 3. 
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ser�es was def�ned �n per�ods, as shown above. The 
models analyzed for both procedures were: 

Model 1: (G/R)T = f ( (G/R)T-1 )
Model 2: (G/R)T = f ( (G/R)T-2 )
Model 3: (G/R)T = f ( (G/R)T-1, (G/R)T-2 ),

where (G/R)T �s G/R of the current per�od; (G/R)T-1  
�s G/R lagged one per�od; and (G/R)T-2 �s G/R lagged 
two per�ods.

ReSulTS AND DIScuSSIoN
Three OLS models and three f�xed effects models were 
used to exam�ne the relat�onsh�p G/R has w�th �tself 
over t�me. The f�rst model focuses on the relat�onsh�p 
between G/R of the current per�od and the G/R 
lagged one per�od. The second model focuses on the 
relat�onsh�p between G/R of the current per�od and 
the G/R lagged two per�ods. The f�nal model focuses 
on the relat�onsh�p between G/R of the current per�od 
and the G/R lagged one and two per�ods. Results from 
OLS and f�xed effects analys�s are l�sted �n Table 1 and 
Table 2, respect�vely.

In each model the parameter coeff�c�ents are pos�t�ve 
and s�gn�f�cant at the 1 percent level. Th�s result 
suggests G/R has a pos�t�ve relat�onsh�p w�th �tself 
over t�me. However, the R2 values are relat�vely low, 
rang�ng from 0.14-0.24. 

Table 1.—Results from ordinary least Squares 
(olS) analysis of G/R on lagged values of  
G/R for 12 southern states (standard errors in 
parentheses) 

  Model 1 Model 2 Model 3

Constant 0.83 0.96 0.74

(G/R)T-1 0.45***  0.30***
 (0.08)  (0.10)

(G/R)T-2  0.32*** 0.16***
  (0.09) (0.10)

Number of observations 102 78 78

Adjusted R2 0.24 0.14 0.23
Note: ***indicates significance at 1%.

Table 2.—Results from fixed effects analysis G/R 
on lagged values of G/R for 12 southern states 
(standard errors in parentheses)

 Model 1 Model 2 Model 3

Constant  1.91  2.02  2.63

(G/R)T-1 -0.10a  -0.33***
 (0.14)  (0.14)

(G/R)T-2  -0.18  0.21*
  (0.15) (0.14)

Number of cross sections 12 12 12

Time series length 5 4 4

Adjusted R2 0.55 0.66 0.72
a ***indicates significance at 1%, *indicates significance at 20%.

Through the use of f�xed effects analys�s, the average 
d�fferences across states are �solated to determ�ne 
whether G/R at a po�nt �n t�me has �mpl�cat�ons for 
determ�n�ng G/R �n the future. In each model, the 
F stat�st�c (Fstat) �s s�gn�f�cant at the 5 percent level, 
�nd�cat�ng there are group effects across space and that 
OLS would not be expected to produce reasonable 
results. Although the R2 values are h�gher (0.55-
0.72), the relat�onsh�p between G/R today and �ts 
values lagged one per�od and two per�ods (Model 1 
and 2) lack s�gn�f�cance even at the 20 percent level. 
However, when analyzed s�multaneously (Model 3), 
(G/R)T-1 and (G/R)T-2 show a s�gn�f�cant, negat�ve 
relat�onsh�p w�th G/R of the current per�od. Th�s result 
�mpl�es an �nverse relat�onsh�p where the h�gher G/R �s 
�n the past, the lower �t w�ll be �n the future.

coNcluSIoN AND FuTuRe WoRK
The results from th�s study show that when controll�ng 
for the average d�fferences across space, emp�r�cal 
ev�dence suggests that G/R has a negat�ve relat�onsh�p 
w�th �tself over t�me. Th�s analys�s �s just one of many 
steps �n understand�ng G/R. In the South, the G/R �s 
rarely below 1. Future work should �nclude reg�ons 
where G/R �s not as stable. Future analys�s should 
�nclude exam�nat�on of hardwoods and softwoods 
separately, as these rat�os can be d�fferent over t�me.  
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In add�t�on, stronger stat�st�cal analyses such as 
spectral analys�s or Four�er regress�on could be appl�ed 
to determ�ne cycl�cal relat�onsh�ps.
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DeveloPMeNT oF A ReMoTe SeNSING-BASeD SySTeM  
FoR MoNIToRING lANDScAPe cHANGe

c. Kenneth Brewer, Sean P. Healey, Brian Schwind, and Kevin A. Megown1

Abstract.—The Landscape Change Mon�tor�ng System (LCMS) �s an �nteragency 
remote sens�ng-based system under development for mapp�ng and mon�tor�ng land 
cover and land use change �n the Un�ted States. There �s a grow�ng need for landscape 
change �nformat�on that �s coherent across t�me, space, and d�fferent cover types. Wh�le 
a number of relevant datasets ex�st, work �s needed to promote coord�nat�on and f�ll �n 
cr�t�cal gaps. Assessment of ex�st�ng agency �nformat�on requ�rements, data ava�lab�l�ty, 
and �nst�tut�onal act�v�ty suggests the greatest return on efforts to establ�sh a nat�onal 
landscape change mon�tor�ng system w�ll be �n development of a Landsat-based 
�nformat�on system. Character�st�cs that make Landsat data part�cularly well-su�ted 
to comprehens�ve change mon�tor�ng �nclude the longest data record of any synopt�c 
satell�te sensor (1972 to present), relat�vely f�ne spat�al resolut�on (30 m), spectral and 
rad�ometr�c propert�es that enable vegetat�on change detect�on, no-cost ava�lab�l�ty and 
access�b�l�ty, future data cont�nu�ty, and a r�ch h�story of sc�ent�f�c �nvest�gat�on. Current 
act�v�t�es �n the development of LCMS �nclude an �ndependent needs assessment and 
the format�on of a sc�ence team, wh�ch w�ll evaluate and recommend des�gn cr�ter�a and 
ava�lable Landsat-based change detect�on methodolog�es. These developments w�ll be 
descr�bed �n the presentat�on.

1 Program Manager (CKB), U.S. Forest Serv�ce, 1601 N. Kent St., Arl�ngton, VA 22209; Research 
Ecolog�st (SPH), U.S. Forest Serv�ce, Rocky Mounta�n Research Stat�on; (BS and KAM), U.S. 
Forest Serv�ce, Remote Sens�ng Appl�cat�ons Center.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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ATTRIBuTING cAuSAl AGeNTS To NATIoNWIDe MAPS  
oF FoReST DISTuRBANce

Gretchen G. Moisen, Todd A. Schroeder, Karen Schleeweis, chris Toney,  
Warren B. cohen, and Samuel N. Goward1

Abstract.—Currently �n �ts th�rd phase, the North Amer�can Forest Dynam�cs (NAFD) 
project has launched nat�onw�de process�ng of h�stor�c Landsat data to prov�de a 
comprehens�ve annual, wall-to-wall analys�s of U.S. d�sturbance h�story over the last 30+ 
years. Because understand�ng the cause of d�sturbance �s �mportant to quant�fy�ng carbon 
dynam�cs, work �s underway to attr�bute causal agents to these nat�onw�de change maps. 
Develop�ng emp�r�cal models of the d�verse causal agents �n th�s country �nvolves many 
dec�s�ons. Alternat�ve response des�gns (such as vary�ng s�ze, shape, quant�ty, and level of 
deta�l �n tra�n�ng data) are be�ng evaluated �n terms of the�r costs and benef�ts for nat�onal 
mapp�ng appl�cat�ons. Many classes of pred�ctor var�ables such as spectral s�gnatures, 
textural metr�cs, extant geospat�al d�sturbance l�brar�es, and b�ocl�mat�c �nformat�on, are 
be�ng tested for the�r contr�but�on to class�f�cat�on models. Flex�ble model�ng techn�ques, 
such as the Random Forests models used here, are powerful pred�ct�ve tools but must 
be coupled w�th s�mple rule-based models reflect�ng expert knowledge. And dec�s�ons 
about appropr�ate model�ng subpopulat�ons are be�ng made �n l�ght of ava�lable tra�n�ng 
data, d�vers�ty of ecolog�cal zones, and computat�onal eff�c�ency. We w�ll be synthes�z�ng 
results from our �n�t�al exploratory work as well as from p�lot analyses conducted over 10 
Landsat TM scenes represent�ng d�verse causal agents, forest types, and forest prevalence 
levels. We also d�scuss how these causal d�sturbance models w�ll enable extens�ve 
analyses of temporal and spat�al patterns �n causal agents across the Un�ted States. 

1 Research Forester (GGM), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on, 507 25th Street, Ogden, UT 
84401; Research Ecolog�st (TAS), Research Geographer 
(KS), and Ecolog�st (CT), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on; Research Forester (WBC), 
U.S. Forest Serv�ce, Pac�f�c Northwest Research Stat�on; 
Professor (SNG), Un�vers�ty of Maryland, Department of 
Geography. GGM �s correspond�ng author: to contact, call 
801-625-5384 or ema�l at gmo�sen@fs.fed.us.

INTRoDucTIoN
The job of �nventory�ng and mon�tor�ng the nat�on’s 
forests requ�res the U.S. Forest Serv�ce Forest 
Inventory and Mon�tor�ng Program (FIA) to do three 
th�ngs. F�rst, we have to prov�de �nformat�on about 
the status of our forests, quant�fy�ng how much �s out 
there now and where �s �t. Second, we have to prov�de 
�nformat�on about how our forests are chang�ng. And 
f�nally, we have to try to dec�pher trends to descr�be 

what �s happen�ng over the long term. Wh�le strongly 
�nterrelated, the three quest�ons requ�re d�fferent 
techn�ques and data. Address�ng the status �ssue has 
been FIA’s pr�mary focus for many years. We regularly 
produce useful est�mates of forest attr�butes as well as 
accompany�ng maps. Wh�le there are opportun�t�es to 
�mprove prec�s�on �n est�mates, make the maps better, 
ensure compat�b�l�ty between maps and est�mates, and 
�mplement better procedures for small area est�mat�on, 
the top�c of forest status �s already rece�v�ng 
cons�derable attent�on. However, assess�ng change 
and trend both pose larger challenges we are only just 
beg�nn�ng to tackle.

The overarch�ng object�ve of the work we are 
conduct�ng �s to �mprove FIA’s approach to assess�ng 
status, change, and trend through Landsat t�me ser�es. 
Here we br�efly d�scuss forest d�sturbance and the 
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challenges �t poses for mon�tor�ng. We also prov�de 
an overv�ew of the most recent phase of the North 
Amer�can Forest Dynam�cs (NAFD) project w�th 
emphas�s on attr�but�on of causal agents. 

FoReST DISTuRBANce  
AND MoNIToRING
Forest d�sturbance �s becom�ng �ncreas�ngly �mportant 
to the �nventory and mon�tor�ng aud�ence. Although �t 
affects only a small percentage of a g�ven forest each 
year, there are cumulat�ve effects through t�me. It �s a 
compl�cated phenomenon �n that �t can �mpact canopy, 
understory, as well as forest floor. The def�n�t�on of 
d�sturbance changes dramat�cally depend�ng on an 
�nd�v�dual’s perspect�ve and area of expert�se. People 
are hav�ng an �ncreas�ng �nfluence on the frequency 
and sever�ty of d�sturbances across the landscape. 
Consequently, mon�tor�ng �n ways that �mprove our 
understand�ng of the role of d�sturbance �n our forests 
�s �ncreas�ngly �mportant.

D�sturbances brought on by d�fferent causal agents 
vary �n terms of the speed w�th wh�ch they affect a 
forest and the length of t�me that the effects pers�st. 
For example, urban�zat�on doesn’t happen overn�ght, 
but once �t occurs, �t �s permanent. Conversely, floods 
happen qu�ckly, but they can recede equally as fast. 
D�sturbances caused by a var�ety of agents are also 
dramat�cally d�fferent �n terms of the s�ze of area 
affected and the sever�ty or magn�tude of change 
they �nfl�ct on the forest �n that area. For example, 
the death of one tree �s small relat�ve to the area �n 
a 30 m p�xel, but �t �s very severe for that �nd�v�dual 
tree. Urban�zat�on �s also a severe change but occurs 
over much larger areas. Th�nk�ng about d�sturbance �n 
th�s way br�ngs out three key po�nts. F�rst, the t�m�ng 
of observat�on can be cr�t�cal to detect�on. Second, 
the spat�al scale of observat�on on the ground can 
�nfluence our ab�l�ty to detect d�sturbance. And f�nally, 
the techn�ques we use to observe or measure w�ll also 
factor �nto the ab�l�ty to d�scern d�fferent types of 
d�sturbance. Can we really see �t w�th our eyes? Can 
we “see �t” w�th the spectral bands that our remote 
sens�ng �nstrument �s equ�pped w�th?

Understand�ng the d�vers�ty of d�sturbance ra�ses 
�ssues about how forests are mon�tored. The 
advantages of f�eld data collect�on are well understood 
and apprec�ated. FIA produces unb�ased est�mates at 
broad scales, the sampl�ng error �s well understood, 
and the measurement error can be assumed to be 
negl�g�ble for many var�ables that we can phys�cally 
measure (wrapp�ng a tape, observ�ng a spec�es). 
However, these est�mates are not spat�ally expl�c�t 
except at very coarse spat�al gra�ns such as count�es. 
In add�t�on, our �nventory frequency m�ght cause 
us to m�ss some d�sturbance events, �dent�fy�ng 
year of d�sturbance can be problemat�c, and when 
observ�ng from the ground, �t can be d�ff�cult to detect 
d�sturbances that affect only crowns. 

Conversely, us�ng remotely-sensed �nformat�on such 
as dense t�me ser�es of Landsat �magery offers some 
advantages for mon�tor�ng d�sturbance, such as a 16-
day repeat cycle and 40-year h�stor�cal arch�ve. The 
30 m gra�n s�ze and spectral bands are adequate for 
captur�ng many changes �n the landscape, and there �s 
no sampl�ng error because of wall-to-wall coverage. 
In add�t�on, h�stor�c Landsat data can be �nterpreted 
v�sually w�th the a�d of per�od�c photos to g�ve very 
deta�led �nformat�on about forest h�story to augment 
�nformat�on collected on the plots themselves. 
However, measurement error �n the observat�ons 
collected by Landsat can be h�ghly var�able and �s 
often poorly understood.

DISTuRBANce ATTRIBuTIoN  
IN NAFD PHASe 3
Funded under the North Amer�can Carbon Program 
(NACP), the NAFD �s a collaborat�ve project that 
began nearly a decade ago and �n �ts f�rst two phases 
grew to �nclude many partners �nclud�ng Un�vers�ty 
of Maryland, Nat�onal Aeronaut�cs and Space 
Adm�n�strat�on (NASA), FIA, the U.S. Forest Serv�ce 
Pac�f�c Northwest and Northern Research Stat�ons, 
Canad�an and Mex�can partners, and others. Because 
of the NACPs �nterest �n determ�n�ng the role of forest 
dynam�cs �n the North Amer�can carbon balance 
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(USCCSP 2007), the NAFD group was funded to 
study d�sturbance patterns and recovery rates of forests 
across the cont�nent. The approach taken �n NAFD 
phase 1 and 2 was to process a complete t�me ser�es 
(1985-2008) on a sample of Landsat scenes, result�ng 
�n b�enn�al (�n phase 1) and annual (�n phase 2) maps 
of forest d�sturbance (Goward et al. 2008). FIA data 
were used for cal�brat�on and val�dat�on.

A th�rd phase of NAFD was launched �n the summer 
of 2011 and cons�sts of three major components. 
The f�rst component of Phase 3 �nvolves conduct�ng 
an annual, wall-to-wall analys�s of U.S. d�sturbance 
h�story between1985-2010 (Huang et al. 2010). The 

second component �ncludes conduct�ng a deta�led 
val�dat�on of the nat�onal d�sturbance map us�ng 
T�meSync (Cohen et al. 2010). The th�rd component 
cons�sts of explor�ng var�at�ons �n post-d�sturbance 
forest recovery trajector�es us�ng repeat measurements 
from FIA plot data follow�ng Masek et al. 2008. 
Causal agent groups are also be�ng modeled �n the 
f�nal annual d�sturbance product (w�th beg�nn�ng work 
from Schroeder et al. 2011 and Schleewe�s et al., �n 
press). Our p�lot phase, wh�ch began �n January 2012, 
�s des�gned to address a number of �ssues through 
analyses conducted over 10 p�lot Landsat scenes wh�ch 
were chosen to represent a d�verse set of d�sturbance 
reg�mes and forest types across the country (F�g. 1). 

Figure 1.— Ten sample scenes selected for pilot testing causal attribution methods for North American Forest Dynamics 
(NAFD) Project Phase 3. Scenes were selected to capture a variety of causal agents in diverse forest types.

NAFD Phase 3 Attribution Modeling Pilot Sites

FIA Forest Group Type map from Ruefenacht et al. 2008
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Issues be�ng addressed �n th�s p�lot phase �nclude: 
choos�ng the target populat�on, �dent�fy�ng real�st�c 
classes to be modeled, test�ng wh�ch pred�ctor 
var�ables contr�bute to our emp�r�cal models, choos�ng 
between p�xel or polygon model�ng objects, and 
comb�n�ng emp�r�cal and rule-based models for the 
�mproved pred�ct�ons. Results from these p�lot tests 
w�ll be presented �n December 2012.

coNcluSIoN
One take-home message from th�s overv�ew relates to 
FIA and collaborat�on. Increas�ngly, var�ous groups are 
approach�ng FIA request�ng access to plot coord�nates 
to conduct a w�de var�ety of research. What �s d�fferent 
about the NAFD project �s that �t �nvolved FIA as full 
partners �n research and helped to secure fund�ng to 
support our �nvolvement. Th�s has resulted �n more 
than the FIA logo on maps or names of FIA sc�ent�sts 
on numerous publ�cat�ons. It has resulted �n FIA 
expand�ng �ts capac�ty through acqu�s�t�on of new 
tools, and more �mportantly, new people and talent 
w�th�n the organ�zat�on.
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THe NoRTH AMeRIcAN FoReST DyNAMIcS STuDy: A DecADe  
oF leARNING ABouT u.S. FoReST DISTuRBANce

Samuel N. Goward, Warren B. cohen, chengquan Huang, jeffery Masek, Gretchen G. Moisen,  
Rama Nemani, Karen Schleeweis, and Nancy Thomas1

Abstract.—The North Amer�can Forest Dynam�cs (NAFD) study �s a core project of 
the �nteragency North Amer�can Carbon Program. The f�rst step �n the study, a prototype 
analys�s carr�ed out �n the m�d-Atlant�c reg�on, showed the potent�al of comb�n�ng t�me 
ser�es Landsat observat�ons w�th the U.S. Forest Serv�ce Forest Inventory and Analys�s 
(FIA) f�eld measurements. W�th the ass�stance of FIA staff, the �nvest�gators began to 
explore merg�ng the NASA/USGS Landsat observat�ons w�th the FIA measurements �n 
order to evaluate forest d�sturbance dynam�cs �n the Un�ted States �n the next 6 years 
the study demonstrated the d�ff�cult�es encountered �n sampl�ng Landsat locat�ons as a 
means to est�mate U.S. nat�onal rates �n d�sturbance. What was found �s that d�sturbances 
occurr�ng �n spec�f�c Landsat locat�ons dom�nated est�mated nat�onal rates �n g�ven years. 
Further by exam�n�ng Landsat observat�ons every other year, s�gn�f�cant low �ntens�ty 
d�sturbance events were m�ssed. These “lessons learned” have led to NAFD phase 
III, �n wh�ch we w�ll conduct an annual, wall-to-wall analys�s of the coterm�nous U.S. 
d�sturbance rates and underly�ng processes and w�ll explore the potent�al for est�mat�ng 
regrowth rates. Further, we are now develop�ng val�dat�on methodology wh�ch should 
perm�t est�mates of the accuracy and prec�s�on of these nat�onal forest dynam�cs.

Throughout th�s decade of research, the NAFD team has ma�nta�ned a strong partnersh�p 
w�th the FIA and related U.S. Forest Serv�ce act�v�t�es. What began as solely North 
Amer�can Carbon Program sc�ence goal has now developed a strong relat�on between 
NASA research act�v�t�es and U.S. Forest Serv�ce operat�onal respons�b�l�t�es.

1 Professor (SNG), Un�vers�ty of Maryland, Department of Geograph�cal Sc�ences, College Park, 
MD 20742; Research Forester (WBC), U.S. Forest Serv�ce, Pac�f�c Northwest Research Stat�on; 
(CH, KS and NT), Un�vers�ty of Maryland, Department of Geograph�cal Sc�ences; B�ospher�c 
Sc�ences Lab (JM), NASA Goddard Space Fl�ght Center; Research Forester (GGM), U.S. Forest 
Serv�ce, Pac�f�c Northwest Research Stat�on; (RN), NASA Ames Research Center, Moffett F�eld, 
CA. SNG �s correspond�ng author; to contact, call 301-405-2770 or ema�l at sgoward@umd.edu. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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vAlIDATIoN STRATeGy FoR  
NAFD lANDSAT TIMe SeRIeS FoReST cHANGe MAPS

Warren B. cohen, Steve Stehman, Susmita Sen, Peder Nelson, chengquan Huang,  
Karen Schleeweis, and Gretchen G. Moisen1

Abstract.—Landsat t�me ser�es (LTS) conta�n deta�led �nformat�on about land use 
and cover change. To character�ze forest d�sturbance, automated LTS algor�thms are 
now be�ng developed, tested, and appl�ed over large areas. Because these algor�thms 
are used over broad reg�ons and per�ods up to 40 years, obta�n�ng a stat�st�cally val�d 
sample of �ndependent reference data for map val�dat�on �s both costly and proh�b�t�vely 
challeng�ng. We present an alternat�ve strategy based on human �nterpretat�on of the 
LTS for a sample of plots, both as �mage ch�p ser�es and as spectral plots over t�me. In 
add�t�on, we use Google Earth™ h�stor�cal temporal snapshots of h�gh resolut�on �mages 
to prov�de cr�t�cal LTS �nterpretat�on support. 

Our �nterpretat�on system, T�meSync, �s be�ng used for val�dat�on of Vegetat�on Change 
Tracker (VCT) maps for the conterm�nous Un�ted States as part of the North Amer�can 
Forest Dynam�cs (NAFD) project. Because the collect�on of val�dat�on data must precede 
the complet�on of map development, we des�gned a sequent�al two-step strat�f�ed-random 
approach w�th nonforest, und�sturbed forest, and d�sturbed forest map strata. The f�rst 
step of the sample select�on �s based on a prel�m�nary VCT map, w�th approx�mately 
one half of the �ntended number of plots �nterpreted. When the VCT map stab�l�zes, after 
several �terat�ons of the algor�thm’s �mplementat�on, the second step �n the select�on 
process w�ll round out the sample to obta�n the des�red d�str�but�on of plots per stratum. 

Our val�dat�on strategy �ncludes �nterpretat�on of each plot by two separate �nterpreters. A 
th�rd �nterpreter arb�trates d�sagreements to prov�de a f�nal h�gh qual�ty reference dataset, 
wh�ch has bu�lt �n conf�dence scor�ng, based on the �ntegrat�on over all �nterpreters. Once 
the plots are �nterpreted, an agreement matr�x �s constructed to assess VCT map accuracy. 
In our presentat�on, we present the val�dat�on strategy, as descr�bed above, and present 
prel�m�nary results from a set of 10 LTS scenes d�str�buted across the Un�ted States.

1 Research Forester (WBC), U.S. Forest Serv�ce, Pac�f�c Northwest Research Stat�on, Corvall�s, 
OR 97331; State Un�vers�ty of New York (SStehman), Department of Forest and Natural 
Resources Management; Oregon State Un�vers�ty (SSen, PN), Department of Forest Ecosystems 
and Soc�ety; Un�vers�ty of Maryland (CH, KS), College Park, MD; U.S. Forest Serv�ce (GGM), 
Rocky Mounta�n Research Stat�on. WBC �s correspond�ng author: to contact, call 541-750-7322  
or ema�l at wcohen@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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PoST-DISTuRBANce RecoveRy ANAlyZeD FRoM  
ReMoTe SeNSING TIMe SeRIeS AND FIA DATA

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.

jeffrey Masek, Khaldoun Rishmawi, and Samuel N. Goward1

Abstract.—As part of the th�rd phase of the North Amer�can Forest Dynam�cs project 
(NAFD), the fate of all patches d�sturbed between 1972 and 2010 �n the conterm�nous 
Un�ted States �s be�ng �nvest�gated. Wh�le forest success�on encompasses a w�de range 
of ecolog�cal attr�butes, we are part�cularly �nterested �n the accumulat�on rate of 
aboveground b�omass dur�ng recovery from d�sturbance. Prev�ous stud�es have noted the 
relat�ve �nsens�t�v�ty of opt�cal remote sens�ng for measur�ng b�omass �n mature stands. 
However, �t has also been demonstrated that early recovery (e.g., the f�rst 10-20 years 
follow�ng d�sturbance) can be tracked successfully v�a mult�spectral metr�cs. Our goal 
�s to prov�de as much deta�l as poss�ble on the early b�omass recovery rate on a per-
patch bas�s, wh�le also prov�d�ng spat�ally aggregated mean and var�ance of recovery 
rate across U.S. ecoreg�ons. Of part�cular �nterest �s whether recovery rates are chang�ng 
through t�me (e.g., compar�ng the 1980s w�th the 2000s). Changes �n management 
and growth enhancement �n the eastern Un�ted States, as well as �ncreased mult�ple 
�nteract�ng d�sturbances �n the western Un�ted States, suggest the hypothes�s that recovery 
rate d�str�but�ons may not be stat�onary. 

The project �nvolves three approaches for assess�ng recovery rate: 1) emp�r�cal model�ng 
us�ng remeasured FIA plots and Landast spectral trajector�es; 2) phys�cal model�ng of 
observed reflectance us�ng canopy rad�at�ve transfer models parameter�zed w�th FIA 
attr�butes; and 3) correlat�on of t�me-s�nce-d�sturbance w�th contemporary structural 
�nformat�on from L�dar and stereo �mag�ng. One �nnovat�on of the work �s that temporal 
trends �n the Landsat t�meser�es (rather than s�ngle-date reflectances) w�ll be used to 
model contemporary b�omass and b�omass change rate. Th�s presentat�on w�ll rev�ew the 
sc�ence context for character�z�ng post-d�sturbance recovery, and prov�de �n�t�al results 
for a set of p�lot frames across the Un�ted States.

1 Landsat Project Sc�ent�st (JM), NASA, B�ospher�c Sc�ences Lab, Goddard Space Fl�ght 
Center, Greenbelt, MD 20771; Un�vers�ty of Maryland (KR and SNG), College Park, MD. JM �s 
correspond�ng author: to contact, call 301-614-6629 or ema�l at jeffrey.g.masek@nasa.gov.
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NeW FeATuReS ADDeD To evAlIDAToR: RATIo eSTIMATIoN  
AND couNTy cHoRoPleTH MAPS

Patrick D. Miles and Mark H. Hansen1

Abstract.—The EVALIDator Web appl�cat�on, developed �n 2007, prov�des est�mates 
and sampl�ng errors for many user selected forest stat�st�cs from the Forest Inventory and 
Analys�s Database (FIADB). Among the stat�st�cs est�mated are forest area, number of 
trees, b�omass, volume, growth, removals, and mortal�ty. A new release of EVALIDator, 
developed �n 2012, has an opt�on to select two stat�st�cs and generate a rat�o est�mate of 
the pa�r. The new feature can est�mate stat�st�cs such as volume or growth per acre or 
the growth to removals rat�o. Also, the program now makes county choropleth maps of 
all est�mates. We prov�de �nformat�on on the data and methods used along w�th sample 
output from a s�mple query that demonstrates these new features.

1 Research Forester (PDM), U.S. Forest Serv�ce, Northern 
Research Stat�on,1992 Folwell Ave., St. Paul, MN 55108; 
Research Assoc�ate (MHH), Un�vers�ty of M�nnesota. PDM 
�s correspond�ng author: to contact, call 651-649-5146 or 
ema�l at pm�les@fs.fed.us.

INTRoDucTIoN
The Forest Inventory and Analys�s (FIA) Program 
of the U.S. Forest Serv�ce mon�tors the status and 
trends of the Nat�on’s forest resources. FIA del�vers 
data, �nformat�on, and knowledge to the publ�c v�a 
a mult�tude of products, �nclud�ng onl�ne est�mat�on 
tools. FIA’s EVALIDator Web appl�cat�on (http://apps.
fs.fed.us/Eval�dator/tmattr�bute.jsp) can produce 
est�mates for 125 attr�butes fall�ng �nto the 12 groups 
dep�cted �n Table 1. Groups are based on subsets of 
�nventory plots, where each subset �s a val�d sample 
and the attr�butes �n the group are observed on all of 
the plots �n the subset. FIA uses the term “evaluat�on” 
for these subsets of plots and the assoc�ated Phase 
1 strat�f�cat�on that prov�des the sample base for 
the est�mat�on of spec�f�c attr�butes. Area and 
volume est�mates, for example, are based on the 
plots measured �n the current �nventory; removals 
est�mates are based on a smaller set of plots measured 
�n the prev�ous �nventory and then measured aga�n 
�n the current �nventory. The EVAL_TYP column �n 

Table 1 �dent�f�es the evaluat�on used to generate the 
est�mates. Down woody mater�al est�mates are based 
on a small subset of plots on wh�ch forest health 
mon�tor�ng (Phase 3) measurements were taken. The 
r�ght column �n th�s table shows the number of plots �n 
each evaluat�on (for M�nnesota, as an example) where 
a non-zero value for the f�rst attr�bute �n the group 
was observed �n the spec�f�ed �nventory and prov�des 
�nformat�on on the �ntens�ty of the �nventory w�th 
respect to var�ous attr�butes.

In add�t�on to the ab�l�ty to produce populat�on 
est�mates w�th sampl�ng errors for user spec�f�ed 
�nventor�es, the EVALIDator program has the 
flex�b�l�ty to place restr�ct�ons on the est�mates and 
breakdowns of the est�mates �nto user def�ned tables. 
Users can also obta�n the Oracle SQL code that 
produces the est�mates for further mod�f�cat�on. 

MeTHoDS
EVALIDator �s flex�ble w�th many opt�ons selected 
v�a rad�o buttons and dropdown l�sts. In th�s new 
vers�on, once the user selects the attr�bute to be 
est�mated, there �s now a rad�o button to select 
between populat�on est�mate (default) and rat�o 
est�mate. When rat�o est�mate �s selected, the attr�bute 
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Table 1.—The evAlIDator program can produce reports for these types of estimates

  Non-zero plots
evAl_TyP eSTIMATe GRouP Minnesota 2011

EXPALL Area of sampled land 17,711
EXPCURR Area of forest land or timberland 6,208
EXPVOL # trees, # seedlings, volume, biomass or carbon on forest land 6,089
EXPVOL # trees, # seedlings, volume, biomass or carbon on timberland 5,751
EXPGROW Average annual net growth on forest land 5,705
EXPGROW Average annual net growth on timberland 5,459
EXPMORT Average annual mortality on forest land 3,296
EXPMORT Average annual mortality on timberland 3,140
EXPREMV Average annual removals on forest land 544
EXPREMV Average annual removals on timberland 605
EXPDWM Down woody material (#, vol., biomass or carbon) on forest land  xxx
EXPDWM Down woody material (#, vol., biomass or carbon) on timberland  xxx

�n�t�ally selected w�ll be the numerator, and a second 
dropdown l�st of attr�butes appears for the user to 
select the denom�nator. The user then selects the 
evaluat�on(s) (�dent�f�ed by state and �nventory years) 
to be �ncluded �n the est�mate and a class�f�cat�on 
var�able used to break down the est�mate �n the f�nal 
table. For rat�o est�mat�on, an add�t�onal rad�o button 
determ�nes how to apply the class�f�cat�on var�able 
to the table of est�mates, e�ther to both numerator 
and denom�nator (default) or to the numerator but 
the total of all classes �s used for the denom�nator �n 
every class. For rat�o est�mates, there are two opt�ons 
(populat�on est�mates have just one) for the user to put 
more restr�ct�ons on the est�mates through add�t�ons to 
the “where” clause. One opt�on �s appl�ed to both the 
numerator and denom�nator and the other �s appl�ed 
just to the numerator. Once all of these select�ons have 
been made, the program w�ll generate the est�mates 
requested �n a table and a county choropleth map w�ll 
be generated �f county was selected as a class�f�cat�on 
var�able. There �s an opt�on to generate a second 
table that conta�ns est�mates and the�r assoc�ated 
sampl�ng errors. All of the est�mates of rat�os and the�r 
assoc�ated sampl�ng errors are generated follow�ng 
the strat�f�ed rat�o-of-means est�mators (Bechtold and 
Patterson 2005). 

Users of the rat�o est�mates produced by EVALIDator 
need to be aware of three �ssues. F�rst, rat�o est�mat�on 
requ�res that the same evaluat�on be used to est�mate 
both the numerator and denom�nator. Th�s reduces 
the evaluat�on to the smaller of the two. For example, 
when est�mat�ng net growth per acre of forest land, 
the area of forest land est�mate �s based on a smaller 
sample of plots than �s normally used to est�mate 
forest area. For th�s rat�o, only those plots measured 
at two po�nts �n t�me (the EXPGROW evaluat�on) are 
used to est�mate both the numerator and denom�nator. 
Because th�s est�mate of forest land area �s based on 
a somewhat d�fferent sample, �t probably w�ll not 
match other est�mates of forest land area produced by 
EVALIDator or those publ�shed by FIA.

The second �ssue �s that rat�o est�mates of all growth, 
removals, or mortal�ty (GRM) attr�butes are based 
only on the components assoc�ated w�th no change 
�n cond�t�on class�f�cat�on of the land. These GRM 
est�mates exclude d�vers�ons and revers�ons and the 
area assoc�ated w�th the change �n class�f�cat�on. 
Thus, the area est�mate �n the denom�nator of the net 
growth per acre of forest land est�mate �s an est�mate 
of forest land area that was forest at the t�me of the 
f�rst measurement and that rema�ned forest at the 
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t�me of the second measurement. The numerator 
and denom�nator est�mates �n the rat�os usually 
w�ll not match populat�on est�mates obta�ned from 
EVALIDator or those publ�shed �n most FIA reports 
because those �nclude the d�vers�on and revers�on 
components and assoc�ated areas. 

The th�rd �ssue relates to how restr�ct�ons on the 
numerator and denom�nator are appl�ed and how 
breakdowns �n the table of rat�o est�mates are made 
when rat�o est�mates are computed. Table 2 �dent�f�es 
the type of rat�o est�mates and class�f�cat�on var�ables 
that can be der�ved us�ng EVALIDator and prov�des 
�nformat�on as to whether the class�f�cat�on var�able 
�s der�ved from data collected dur�ng the current 
�nventory or, �n the case of GRM, from �nformat�on 
collected dur�ng the prev�ous �nventory (Note: us�ng 
the prev�ous or current class�f�cat�on var�able for 
GRM rat�o est�mates may not be appropr�ate for all 
analyses). In some cases rat�o est�mates are not log�cal 
and the program w�ll not allow the user to produce 

an est�mate. For example, although �t �s poss�ble 
to compute acres of t�mberland per cub�c foot of 
volume, �t �s not log�cal to report these est�mates by 
a class�f�cat�on such as spec�es because area cannot 
be class�f�ed by spec�es. The EVALIDator program 
w�ll not allow the user to select a tree class�f�cat�on 
var�able when an area est�mate has been selected for 
the numerator. These s�tuat�ons are labeled as “not 
poss�ble” �n Table 2.

ReSulTS
Part�al output from a s�mple volume per acre retr�eval 
�s presented �n Table 3. In th�s example the user 
selected “Net volume of l�ve trees �n cub�c feet on 
forest land” as the numerator, “Area of forest land, 
�n acres” as the denom�nator, the 2011 �nventor�es of 
M�nnesota and W�scons�n as the geograph�c area, and 
“County code and name” as the class�f�cat�on var�able. 
The EVALIDator f�rst generates the est�mates �n 
Table 3 and then, �f des�red, may also generate more 

Table 2.—limitations on stand and tree level ratio estimates in evAlIDator

 Stand or Tree    classification variable is Denominator can be
 classification  Numerator Denominator derived from current or based on class total
 variable  estimate estimate  previous inventory rather than grand total

Stand Area Area current YES
Stand Area Volume current YES
Stand Area GRM previous YES
Stand Volume Area current YES
Stand Volume Volume current YES
Stand Volume GRM previous YES
Stand GRM Area previous YES
Stand GRM Volume previous YES
Stand GRM GRM previous YES
Tree Area Area not possiblea not possiblea

Tree Area Volume not possiblea  not possiblea

Tree Area GRM not possiblea not possiblea

Tree Volume Area current NO
Tree Volume Volume current YES
Tree Volume GRM current YES
Tree GRM Area previous NO
Tree GRM Volume previous YES
Tree GRM GRM previous YES

aNot possible - Tree classification variable cannot be applied to area estimate.
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stat�st�cs that �nclude sampl�ng errors, var�ances, and 
number of plots used �n the est�mate. “County code 
and name” was selected as the class�f�cat�on var�able 
so the user also has the opt�on of produc�ng a county 
choropleth map as dep�cted �n F�gure 1.

DIScuSSIoN
The EVALIDator program cont�nues to evolve to 
meet user needs. Th�s latest vers�on �ntroduces two 
new features, rat�o est�mates and county choropleth 
maps. Recent changes to the FIADB have also made 
�t poss�ble to generate populat�on est�mates for 
down woody mater�al. The ab�l�ty to produce rat�o 

Table 3.—All live volume per acre of forest land by county, Minnesota and Wisconsin 2011

county code  Ratio estimate estimate of Numerator estimate of Denominator
and Name (cf/acre) (cubic feet) (acres)

Total 1,244.22 42,739,454,212 34,350,476

27001 Aitkin 1,114.52 922,606,356 827,809

27003 Anoka 1,402.15 91,676,643 65,383

27005 Becker 1,289.74 430,711,212 333,953

… … … …

est�mates for down woody mater�al was not �ncluded 
�n the EVALIDator program due to a pauc�ty of data 
for down woody est�mates. As the FIADB evolves, 
add�t�onal report�ng of forest health mon�tor�ng 
est�mates w�ll be added to the EVALIDator program.

lITeRATuRe cITeD
Bechtold, W.A.; Patterson, P.L., eds. 2005. The 

enhanced Forest Inventory and Analysis 
program – national sampling design and 
estimation procedures. Gen. Tech. Rep. SRS-80. 
Ashev�lle, NC: U.S. Department of Agr�culture, 
Forest Serv�ce, Southern Research Stat�on. 85 p.
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Figure 1.—All live volume per acre of forest land by county, Minnesota and Wisconsin 2011.
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uSING FIeSTA, AN R-BASeD Tool FoR ANAlySTS,  
To looK AT TeMPoRAl TReNDS IN FoReST eSTIMATeS

Tracey S. Frescino, Paul l. Patterson, elizabeth A. Freeman, and Gretchen G. Moisen1

Abstract.—FIESTA (Forest Inventory Est�mat�on for Analys�s) �s a user-fr�endly 
R package that supports the product�on of est�mates for forest resources based on 
procedures from Bechtold and Patterson (2005). The package produces output cons�stent 
w�th current tools ava�lable for the Forest Inventory and Analys�s Nat�onal Program, such 
as FIDO (Forest Inventory Data Onl�ne) and EVALIDator. FIESTA was developed as an 
alternat�ve data retr�eval and report�ng tool that �s funct�onal w�th�n the R env�ronment, 
allow�ng custom�zed appl�cat�ons and compat�b�l�ty w�th other R-based analyses. FIESTA 
generates est�mates and percent sample errors of the est�mates for area, populat�on totals, 
and rat�os, wh�le allow�ng user-def�ned boundar�es, strat�f�cat�on schemes, and data 
f�lters. The features of the tool are demonstrated us�ng temporally sens�t�ve data over 
d�verse areas.

1 Forester (TSF), U.S. Forest Serv�ce, Rocky Mounta�n 
Research Stat�on, Forest Inventory and Analys�s Program, 
507 25th St., Ogden, UT 84401; Stat�st�c�an (PLP), 
Ecolog�st (EAF), and Research Forester (GGM), U.S. 
Forest Serv�ce, Rocky Mounta�n Research Stat�on. TSF 
�s correspond�ng author: to contact, call 801-625-5402 or 
ema�l at tfresc�no@fs.fed.us.

INTRoDucTIoN
Trad�t�onal analyt�cal tools of the Forest Inventory 
and Analys�s (FIA) Program have been developed 
for report�ng state-level est�mates of forest resources. 
The grow�ng popular�ty of the FIA Program, the 
d�verse range of quest�ons and data requests from our 
customers, and the ongo�ng advancements of remote 
sens�ng technology have expanded our analyt�cal 
needs. We now requ�re capab�l�t�es to mon�tor annual 
data trends, report on d�fferent areas of �nterest, and 
�ncorporate d�verse anc�llary data layers for reduc�ng 
est�mat�on var�ances. In essence, we need a flex�ble 
est�mat�on eng�ne that we can use to answer many 
forest est�mat�on quest�ons us�ng many d�fferent 
sources of anc�llary data.

FIeSTA
FIESTA (Forest Inventory Est�mat�on for Analys�s) 
�s a package developed �n the R env�ronment (R 
Development Core Team 2011). R �s a powerful 
stat�st�cal comput�ng and graph�cal program language 
that �s becom�ng more popular w�th�n the natural 
resource analys�s commun�ty. It �s free software that 
prov�des a flex�ble, cross-platform env�ronment for 
stat�st�cal tool development and appl�cat�on through 
R package-bu�ld�ng. The comprehens�ve l�brary of 
contr�buted package appl�cat�ons along w�th R’s base 
funct�ons and extens�ve user-commun�ty prov�des 
powerful resources for analysts �nclud�ng stat�st�cal, 
spat�al, and graph�cal tools. The ma�n object�ve of 
FIESTA �s to prov�de a data-retr�eval and report�ng 
tool for FIA analysts and sc�ent�sts that �s more 
flex�ble than ex�st�ng FIA tools and �s adaptable to 
analysts’ chang�ng needs. 

The major components of the FIESTA package are:

1. Extract�ng data from the FIA database for a user-
def�ned area of �nterest.

2. Acqu�r�ng user-def�ned strat�f�cat�on layers.
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3. Generat�ng area est�mates and standard errors 
w�th�n user-def�ned populat�ons.

4. Generat�ng tree attr�bute and rat�o est�mates: for 
example, the number of aspen trees per acre �n 
the Lodgepole P�ne forest type. 

Spec�f�c features of FIESTA �nclude: extract�ng data 
from the nat�onal or reg�onal FIA Nat�onal Informat�on 
Management System database (NIMS) (Woudenberg 
et al. 2011); allow�ng for user-def�ned populat�ons, 
strata, and data f�lters; ab�l�ty to generate tabled 
est�mates w�th sample error of area, populat�on totals, 
and est�mat�on of rat�os; and prov�d�ng add�t�onal tools 
for data explorat�on and spat�al data man�pulat�on, 
such as frequency tables and bar plots as well as 
raster cl�pp�ng and p�xel or polygon data extract�on. 
FIESTA can be run through a graph�cal user �nterface 
env�ronment or by supply�ng spec�f�c �nput parameters 
def�ned by the user. Because �t �s developed �n R 
programm�ng language, �t also can eas�ly �nteract 
w�th other R funct�ons and packages, open�ng up 
many opportun�t�es for further custom�zat�on and 
development of tools w�th�n FIESTA. 

evAlIDator AND FIeSTA  
coMPARISoN
EVALIDator �s FIA’s Web-based or personal computer 
tool for produc�ng tables of populat�on est�mates 
�nclud�ng sampl�ng errors (th�s tool �s ava�lable 
at www.f�a.fs.fed.us/tools-data/other/default.asp). 
EVALIDator was used to val�date the accuracy of 
output from FIESTA. For example, Table 1 shows a 
compar�son of the output from EVALIDator and the 
output from FIESTA for est�mat�ng cub�c feet per acre 
by forest type �n Montana. The percent d�fference �s 
less than 1 percent for the est�mates, most l�kely from 
round�ng errors. The percent d�fference �n the sampl�ng 
error �s also less than 1 percent �n most cases. The 
larger d�fferences are �n types where the sampl�ng 
error �s already h�gh.

FIeSTA eXAMPleS
FIESTA or�g�nated from a request from the San Carlos 
Apache Ind�an Reservat�on �n southeastern Ar�zona 
to support a cost-effect�ve woodland �nventory to 

Table 1.—comparison of evAlIDator and FIeSTA. The difference in per-acre estimates and sampling error 
of net volume of live trees (at least 5 inches diameter) by forest type on forest land, Montana, 2003-2009. 
Subset of actual table.

 evAlIDator FIeSTA
 estimates estimates Difference evAlIDator FIeSTA Difference
Forest type (ft3/acre) (ft3/acre) estimates (%) error (%) error (%) error (%)

Rocky Mtn. juniper 328.797 327.603 0.363 8.425 8.427 -0.0237
Juniper woodland 358.052 357.705 0.097 23.955 23.281 2.8136
Douglas-fir 1835.605 1820.685 0.813 2.694 2.687 0.2598
Ponderosa pine 963.91 957.834 0.630 5.27 5.264 0.1139
Engelmann spruce 3038.053 3011.842 0.863 6.32 6.301 0.3006
Grand fir 2486.062 2464.538 0.866 18.416 18.325 0.4941
Subalpine fir 1669.218 1654.858 0.860 4.949 4.922 0.5456
Mountain hemlock 3428.542 3402.067 0.772 21.038 21.074 -0.1711
Lodgepole pine 2210.947 2192.483 0.835 3.312 3.304 0.2415
Western hemlock 8401.806 8323.888 0.927 15.173 15.101 0.4745
Western redcedar 4225.783 4196.477 0.694 9.299 9.251 0.5162
Western larch 2722.67 2698.901 0.873 7.252 7.198 0.7446
Limber pine 517.243 513.428 0.738 23.943 24.184 -1.0066
Whitebark pine 1906.364 1888.815 0.921 7.466 7.477 -0.1473



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 76GTR-NRS-P-105

quant�fy woodland resources on �ts 1.8 m�ll�on acres. 
It �s currently d�ff�cult to generate est�mates us�ng 
FIA data for populat�ons other than a state us�ng FIA’s 
est�mat�on tools. W�th FIESTA, �t �s poss�ble to extract 
FIA plots w�th�n a spec�f�c area, such as the San Carlos 
Reservat�on boundary, and produce est�mates based 
on a g�ven strat�f�cat�on layer and the total area of the 
populat�on. 

We generated est�mates of area by forest type 
group�ngs (Table 2) and area, basal area, and trees 
per acre of woodland types us�ng FIA plot data and a 
spat�al layer of b�olog�cal plant commun�t�es that was 
prov�ded for strat�f�cat�on. The result�ng �nformat�on 

Table 2.—Area estimates for San carlos Apache 
Indian Reservation forest type groups

 Number  Sampling
class  of Plots Area (acres) error (%)

Nonforest 173 1,073,858 4
Ponderosa 14 78,786 24
PJandJ 61 378,460 10
Oak 30 161,079 16
Non-stocked 21 123,989 21
Mesquite 5 30,870 45
Cotton/Misc. 2 12,445 71

was helpful for an �n�t�al look at quant�fy�ng the forest 
resources w�th�n the boundary and �dent�fy�ng areas 
or forest types hav�ng h�gh sampl�ng errors that would 
need further sampl�ng to m�n�m�ze var�ance. 

Another top�c of �nterest �n the Western reg�on �s 
look�ng at temporal changes of spec�es d�str�but�ons. 
Th�s �nformat�on �s useful for mon�tor�ng trends and 
potent�al changes �n �nd�v�dual spec�es d�str�but�ons 
through t�me. It �s currently d�ff�cult to generate 
est�mates by year from FIA’s est�mat�on tools, but 
w�th the programm�ng and custom�zat�on features of 
FIESTA, �t �s a s�mple rout�ne that can be appl�ed to 
any spec�es. 

We used FIESTA to look at est�mates of l�ve net 
cub�c-foot volume annually for lodgepole p�ne (P�nus 
contorta) and aspen (Populus tremulo�des) spec�es 
�n Colorado, Montana, and Utah (F�gs. 1 and 2). 
The scale of the f�gures reflects the amount of each 
spec�es �n the respect�ve state. A s�mple funct�on 
was developed to generate bar plots of est�mates by 
�nventory year us�ng the total plots sampled each year 
and a s�mple statew�de strat�f�cat�on scheme. The 
f�gures are useful as �n�t�al data exploratory tools but 
are not conclus�ve ev�dence for real changes on the 
ground.

Figure 1.—Net cubic-foot live volume for lodgepole pine by inventory year for three states in the Interior West: a. Colorado;  
b. Montana; c. Utah.
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STATuS AND FuTuRe oF FIeSTA
The FIESTA package was des�gned as a base program 
for access�ng the FIA NIMS database and generat�ng 
est�mates of forest attr�butes us�ng user-def�ned 
boundar�es, strata, and f�lters.
The funct�onal�ty and eff�c�ency of the base program 
w�ll be per�od�cally analyzed and updated for speed 
and cons�stency. Updates w�ll also occur to reflect 
changes �n the NIMS database schema, �nclud�ng the 
add�t�on of new reference tables or reg�onal tables, 
changes �n var�able names, or general structural 
changes. The base program w�ll be cont�nuously 
augmented w�th add�t�onal data explorat�on tools and 
spat�al tools to ass�st w�th est�mat�on. 

Plans for current and future work w�th FIESTA, 
�ncorporat�ng add�t�onal custom�zed capab�l�t�es and 
tools for d�fferent needs, are as follows:

• Add�ng small area est�mat�on capab�l�t�es to 
generate est�mates for areas w�th�n user-def�ned 
boundar�es that conta�n only a few FIA f�eld-
sampled plots. 

• Add�ng compat�b�l�ty w�th R packages, 
such as ModelMap (Freeman 2009) and 
PresenceAbsence (Freeman and Mo�sen 2008), 
to coord�nate est�mates of FIA attr�butes w�th 
p�xel-based mapp�ng of the same attr�butes.

• Add�ng a mechan�sm to compensate for 
nonresponse w�th�n the FIA sample.

• Add�ng funct�onal�ty to �ntegrate remotely 
sensed observat�ons, such as photo �nterpretat�on 
from large-scale aer�al photographs or 
measurements from Landsat or L�ght Detect�on 
and Rang�ng.

• Explor�ng alternat�ves to the mov�ng average.
• Commun�cat�on w�th Forest Vegetat�on 

S�mulator to generate est�mates of future growth 
s�mulat�ons.
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Figure 2.—Net cubic-foot live volume for aspen by inventory year for three states in the Interior West: a. Colorado;  
b. Montana; c. Utah.
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AReA cHANGe RePoRTING uSING THe DeSKToP FIADB

Patrick D. Miles and Mark H. Hansen1

Abstract.—The est�mat�on of area change between two FIA �nventor�es �s compl�cated 
by the “mapp�ng” of subplots. Subplots can be subd�v�ded or mapped �nto forest and 
nonforest cond�t�ons, and forest cond�t�ons can be further mapped based on d�st�nct 
changes �n reserved status, owner group, forest type, stand-s�ze class, regenerat�on status, 
and stand dens�ty. The boundar�es of these mapped cond�t�ons may change from one 
�nventory to the next, result�ng �n complex geometr�es when the two sets of boundar�es 
are comb�ned. The SUBP_COND_CHNG_MTRX (CMX) table was added �n vers�on 
4.0 of the FIADB to “fac�l�tate the track�ng of area change” between annual �nventor�es. 
The AreaChangeReports form (located w�th�n downloadable FIADB M�crosoft Access 
databases) uses the CMX table to l�nk remeasurement plots from two success�ve annual 
�nventor�es to produce est�mates of area change. An example �s prov�ded to �llustrate 
sh�fts �n land use over a 5-year remeasurement per�od. FIADB databases for each of the 
48 cont�guous states and southeast Alaska, along w�th bu�lt-�n report�ng tools �nclud�ng 
the AreaChangeReports form, are ava�lable for download�ng from the FIADB DataMart 
(http://apps.fs.fed.us/f�adb-downloads/datamart.html) as M�crosoft Access 2007™ 
databases.

1 Research Forester (PDM), U.S. Forest Serv�ce, Northern 
Research Stat�on, 1992 Folwell Ave., St. Paul, MN 55108; 
Research Assoc�ate (MHH), Un�vers�ty of M�nnesota. PDM 
�s correspond�ng author: to contact, call 651-649-5146 or 
ema�l at pm�les@fs.fed.us.

INTRoDucTIoN
FIADB data have been ava�lable on the Web s�nce 
FIADB vers�on 1.0 was developed �n 2001. In�t�ally 
FIADB data were ava�lable for download�ng as 
comma-del�m�ted f�les. In 2007 a small subset of 
FIADB tables, and a few SQL scr�pts for generat�ng 
populat�on est�mates, were ava�lable �n M�crosoft 
Access database format for download�ng from the Web 
(M�les 2008). By 2009, however, all of the FIADB 
tables, along w�th a fully developed report�ng tool for 
generat�ng populat�on est�mates and the�r assoc�ated 
sampl�ng errors, were ava�lable for download�ng as 
MS-Access databases (M�les 2009).

Under the annual �nventory system, subplots can be 
subd�v�ded or “mapped” �nto forest and nonforest 

cond�t�ons, and forest cond�t�ons can be further 
mapped based on d�st�nct changes �n reserved status, 
owner group, forest type, stand-s�ze class, regenerat�on 
status, and stand dens�ty. These subplots, when 
remeasured several years later, are mapped aga�n 
based on the same s�x cr�ter�a �f there �s an obv�ous 
change. The mapp�ng �nformat�on from these two 
�nventor�es �s comb�ned �n the CMX table to form a 
subplot cond�t�on change matr�x. The SUBP_COND_
CHNG_MTRX (CMX) table was added to the FIADB 
(vers�on 4.0) �n 2010. The CMX table fac�l�tates 
the generat�on of area change reports. A deta�led 
explanat�on of th�s process �s prov�ded �n The Forest 
Inventory and Analys�s Database: database descr�pt�on 
and users manual vers�on 4.0 for Phase 2 (pp. 230-240 
�n Woudenberg et al. 2010).

MeTHoDS
Area change est�mates can be computed only for those 
states w�th remeasured data collected under the annual 
�nventory des�gn. Therefore, area change est�mates are 
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currently not ava�lable for Alaska, Ar�zona, Cal�forn�a, 
Colorado, Hawa��, Idaho, Montana, New Mex�co, 
Nevada, Oregon, Utah, Wash�ngton, and Wyom�ng. 
M�crosoft Access databases conta�n�ng FIADB data 
and report�ng tools can be downloaded from the FIA 
DataMart (http://apps.fs.fed.us/f�adb-downloads/
datamart.html).

The AreaChangeBetweenInventor�es report�ng tool 
�s an MS-Access form. Double-cl�ck�ng on the form 
name w�ll �n�t�ate the program and the form �n F�gure 
1 w�ll appear. The user �s requ�red to (1) p�ck an 

evaluat�on or report�ng year, (2) p�ck a class�f�cat�on 
var�able, (3) p�ck a set of plots to be used �n generat�ng 
the est�mate, and (4) spec�fy an add�t�onal f�lter 
�f des�red. In the follow�ng example, a database 
conta�n�ng FIADB data for M�nnesota �s used.

Pick an evaluation
In M�nnesota, annual �nventory plots were f�rst 
remeasured �n 2004 and every year thereafter through 
2011 so there are e�ght d�fferent “evaluat�ons” or 
report�ng years to choose from. For the evaluat�on 
“M�nnesota 2011: 2002-2006 to 2007-2011” 

Figure 1.—AreaChangeBetweenInventories reporting form.
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(h�ghl�ghted �n F�gure 1), plots measured �n 2002-2006 
were remeasured �n 2007-2011.

Pick a classification variable
Class�f�cat�on var�able names are stored �n the MS-
Access table REF_PRC. Only class�f�cat�on var�ables 
based on a cond�t�on character�st�c can be used �n the 
AreaChangeBetweenInventor�es report�ng tool. A l�st 
of these class�f�cat�on var�able names �s prov�ded �n 
Table 1. In F�gure 1 the class�f�cat�on var�able “Land 
use-major” �s h�ghl�ghted.

The FIA �nventory �s des�gned to track changes �n 
forest land. Most of these class�f�cat�on var�ables 
above are not observed on cond�t�ons that are 
nonforest at both measurements. It �s not poss�ble to 
use the FIA data to est�mate th�ngs such as ownersh�p 
class changes on nonforest lands.

Pick the Area of Interest
The set of plots used �n generat�ng the est�mate �s 
e�ther the ent�re set of remeasured plots or a subset 
of those plots (Table 2). “All remeasured plots” �s 
h�ghl�ghted �n F�gure 1 because, �n th�s example, we 
are �nterested �n how land use changed on the ent�re 
land area of M�nnesota. If we were �nterested �n how 
forest land made the trans�t�on between forest-type 

All live stocking
Artificial regen species
Basal area live tree
Disturbance code 1
Disturbance code 2
Disturbance code 3
Forest Service Region

Table 1.–classification variables available in AreachangeBetweenInventories reporting tool

Forest type
Forest-type group
Growing-stock stocking
Land use-forest
Land use-major
National forest

Ownership
Physiographic class
Previous-stand-size
Site index
Site productivity
Slope

Stand origin
Stand treatment code 1
Stand treatment code 2
Stand treatment code 3
Stand-age
Stand-size

groups over the remeasurement per�od, we would have 
selected “Only remeasurement plots that were forest 
land at t�me 1 or t�me 2.”

Specify an Additional Filter
More spec�f�c est�mates may be requ�red �n some 
�nstances. For example, �f a user wanted to determ�ne 
what happened on t�mberland that was �n the jack 
p�ne forest type at the t�me of the prev�ous �nventory, 
the user would enter “AND C_PAST.FORTYPCD 
IN (101)” �n the f�lter textbox. In th�s example no 
add�t�onal f�lter was spec�f�ed.

ReSulTS
A s�mple retr�eval was run (F�g. 1) us�ng the 
AreaChangeReports form. The evaluat�on chosen 
used plots measured �n 2002-2006 and remeasured �n 
2007-2011. The class�f�cat�on var�able selected was 
“Land use–major” and the report was based on all land 
and water. The output from th�s retr�eval �s presented 
�n Tables 3 and 4. Table 3 conta�ns a cross-tabulat�on 
of the number of acres by past and present major land 
use. Table 4 prov�des �nformat�on on the number of 
plots used �n prov�d�ng th�s est�mate. The retr�eval also 
outputs the SQL scr�pt used by the AreaChangeReports 
form to generate the report.

Table 2.–Area of interest options in the AreachangeBetweenInventories reporting tool

1. All land and water
2. Only  land that was forest land at time 1 or time 2
3. Only land that was timberland at time 1 or time 2
4. Only land that was forest land at time 1 and nonforest at time 2
5. Only land that was timberland at time 1 and nonforest at time 2
6. Only land that was nonforest at time 1 and forest land at time 2
7. Only land that was nonforest at time 1 and timberland at time 2
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Table 3.—Acres by past and present major land use, MN, 2002-2006 to 2007-2011

  Present land use - Major
Past land use - Major Total Forest Nonforest Noncensus Water census Water

Total 54,008,529 17,292,981 33,415,843 214,121 3,085,584

Forest 16,335,759 16,096,331 224,383 9,685 5,360

Nonforest 34,289,917 1,125,577 32,945,644 86,916 131,780

Noncensus water 373,750 40,478 135,668 86,484 111,119

Census water 3,009,103 30,595 110,148 31,035 2,837,325

Table 4.—Number of plots by past and present major land use, MN, 2002-2006 to 2007-2011

  Present land use - Major
Past land use - Major Total Forest Nonforest Noncensus Water census Water

Total 17,454 5,274 11,106 64 1,010

Forest 4,976 4,902 69 3 2

Nonforest 11,380 353 10,959 26 42

Noncensus water 113 10 43 26 35

Census water 984 9 35 9 931

The est�mated area of forest land �n 2011, based solely 
on remeasurement plots, �s 17,292,981 acres, wh�ch 
�s close to the est�mate us�ng all plots (17,370,394 
acres) and w�th�n the 0.54 percent sampl�ng error for 
th�s est�mate. Of th�s total, 16.1 m�ll�on acres, or 93.1 
percent, was also forest land �n 2006. Approx�mately 
1.1 m�ll�on acres, or 6.5 percent, was nonforest 5 years 
earl�er, and 0.4 percent was �n census or noncensus 
water. Only 0.2 m�ll�on acres went from be�ng 
class�f�ed as forest land �n 2006 to be�ng class�f�ed as 
nonforest or water �n 2011. More than 98 percent of 
the land that was forested �n 2006 rema�ned forested �n 
2011. The result �s a net �ncrease �n forest land over the 
5-year per�od, from 16.3 m�ll�on acres �n 2006 to 17.3 
m�ll�on acres �n 2011. 

lITeRATuRe cITeD
M�les, P.D. 2008. A simplified Forest Inventory and 

Analysis database: FIADB-Lite. Gen. Tech. Rep. 
NRS-30. Newtown Square, PA: U.S. Department 
of Agr�culture, Forest Serv�ce, Northern Research 
Stat�on. 42 p.

M�les, P.D. 2009. EVALIDatorReports: reporting 
beyond the FIADB. In: McW�ll�ams, W.; Mo�sen, 
G.; Czaplewsk�, R., comps. Forest Inventory and 
Analys�s (FIA) Sympos�um 2008; 2008 October 
21-23; Park C�ty, UT. Proc. RMRS-P-56CD. Fort 
Coll�ns, CO: U.S. Department of Agr�culture, 
Forest Serv�ce, Rocky Mounta�n Research Stat�on. 
24 p.

Woudenberg, S.W.; Conkl�ng, B.L.; O’Connell, B.M.; 
LaPo�nt, E.B.; Turner, J.A.; Waddell, K.L. 2010. 
The Forest Inventory and Analysis Database: 
database description and users manual version 
4.0 for Phase 2. Gen. Tech. Rep. RMRS-GTR-245. 
Fort Coll�ns, CO: U.S. Department of Agr�culture, 
Forest Serv�ce, Rocky Mounta�n Research Stat�on. 
336 p.

The content of this paper reflects the views of the 
author(s), who are responsible for the facts and accuracy 
of the information presented herein.
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THe DeveloPMeNT oF A leGAcy FIA RePoRT SIMulAToR

Stephen P. Prisley, W. Brad Smith, and john W. coulston1

Abstract.—The U.S. Forest Serv�ce Forest Inventory and Analys�s Program (FIA) has 
a long h�story of prov�d�ng cruc�al data on the nat�on’s forest resources. S�nce 1928, 
the Forest Serv�ce has per�od�cally conducted forest �nventor�es and comp�led and 
publ�shed data on the status and trends of the nat�on’s forests. Wh�le more recent data �s 
ava�lable d�g�tally to the publ�c, much of the h�stor�c data are ava�lable only �n hardcopy 
publ�cat�ons, l�m�t�ng �ts ut�l�ty for computer�zed access and analys�s. Th�s presentat�on 
w�ll descr�be a project begun �n 2010 to comp�le �nformat�on extracted from hundreds 
of publ�shed reports �nto a d�g�tal database we refer to as the FIA Legacy DB. Th�s 
database conta�ns tables of publ�shed est�mates for common �nventory parameters, such 
as t�mberland area by state and ownersh�p, grow�ng stock �nventory, growth, removals, 
mortal�ty, and spec�es d�str�but�ons. In add�t�on to data tables conta�n�ng est�mates from 
publ�shed reports, �nterpolat�on rout�nes were developed to prov�de est�mates at common 
years by �nterpolat�on between report years. A set of report�ng tools allows users to 
spec�fy states or comb�nat�ons of states, a t�me per�od, and then select from a var�ety of 
common reports. Example quer�es and reports w�ll demonstrate the ut�l�ty of th�s tool for 
qu�ckly and eas�ly del�ver�ng data prev�ously ava�lable only �n �ncreas�ngly rare hardcopy 
reports.

1 Assoc�ate Professor (SPP), V�rg�n�a Tech, Blacksburg, VA 24060; Research Forester (BS),  
U.S. Forest Serv�ce, Wash�ngton, DC; Superv�sory Research Forester (JWC), U.S. Forest Serv�ce, 
Southern Research Stat�on, Knoxv�lle, TN. SPP �s correspond�ng author; to contact, call  
540-231-7674 or ema�l at pr�sley@vt.edu.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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NoNTIMBeR FoReST PRoDucTS ouTPuT INFoRMATIoN SySTeM

james chamberlain, john Munsell, Stephen P. Prisley, and Tom Hammett1

Abstract.—Nont�mber forest products (NTFPs) are �mportant commod�t�es and cr�t�cal 
components of healthy forests. They have not been suff�c�ently mon�tored to assess 
populat�on status or trends �n the dynam�cs of supply and demand. Over the last decade, 
U.S. Forest Serv�ce Forest Inventory and Analys�s (FIA) of the Southern Research Stat�on 
has reported on the status of NTFPs �n part�cular states through state reports and at the 
nat�onal level through RPA assessment and the Susta�nable Forests reports. In 2011, 
FIA and V�rg�n�a Tech �n�t�ated an effort to develop a nont�mber product output (NTPO) 
�nformat�on system s�m�lar to the t�mber product output (TPO) system. The protocol w�ll 
systemat�cally mon�tor harvested NTFPs. The �n�t�al focus of th�s project �s on med�c�nal 
NTFPs �n central Appalach�a. Th�s work prov�des a start�ng po�nt for develop�ng a 
repl�cable output system that can per�od�cally report on med�c�nal NTFP product�on 
for the ent�re Appalach�an forest reg�on. F�nd�ngs from the analys�s of med�c�nal forest 
products w�ll be �ntegrated �nto a geograph�c �nformat�on system that w�ll spat�ally dep�ct 
b�olog�cal, soc�oeconom�c, �nfrastructure and pol�t�cal aspects of the med�c�nal forest 
products segment. The long-term goal of th�s effort �s to create a mechan�sm whereby 
nont�mber forest products outputs across the nat�on can be tracked regularly and more 
completely valued. Authors w�ll present the status of NTFPs �n the south and report 
progress on development of the NTPO system. We also w�ll encourage d�alogue and 
suggest�ons w�th the aud�ence regard�ng future efforts.

1 Research Sc�ent�st (JC), U.S. Forest Serv�ce, Southern Research Stat�on, Blacksburg VA; 
Professors (JM and TH) and Assoc�ate Professor (SPP), V�rg�n�a Tech, Blacksburg, VA. JC �s 
correspond�ng author; to contact, call 540-231-3611 or ema�l at jchamberla�n@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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NeW APPRoAcHeS To FIA DATA FoR uNDeRSTANDING 
DISTRIBuTIoN, ABuNDANce, AND ReSPoNSe To clIMATe cHANGe

Kai Zhu, Souparno Ghosh, Alan e. Gelfand, and james S. clark

Abstract.—We are us�ng Forest Inventory and Analys�s data to exam�ne ev�dence for 
tree responses to cl�mate change. By compar�ng seedl�ng and tree occurrence data, 
we found that there �s not yet ev�dence that tree populat�ons �n the eastern half of the 
Un�ted States are sh�ft�ng geograph�c ranges to h�gher lat�tude �n response to warm�ng 
temperature. We are develop�ng novel stat�st�cal methods to quant�fy seedl�ng abundance 
�n relat�on to cl�mate and b�ot�c var�ables, and to compare seedl�ng and tree responses. 
We summar�ze how comb�n�ng abundance data for seedl�ngs and trees �s allow�ng us 
to �dent�fy d�fferences �n how trees respond to cl�mate change �n the eastern half of the 
Un�ted States.

1 Ph.D. Cand�date (KZ), N�cholas School of the 
Env�ronment, Duke Un�vers�ty, Box 90328, Durham, 
NC 27708; Postdoctoral Assoc�ate (SG), Department of 
Stat�st�cal Sc�ence, Duke Un�vers�ty; Professor (AEG), 
Department of Stat�st�cal Sc�ence and N�cholas School 
of the Env�ronment, Duke Un�vers�ty; Professor (JSC), 
N�cholas School of the Env�ronment, Department of 
B�ology, and Department of Stat�st�cal Sc�ence, Duke 
Un�vers�ty. KZ �s correspond�ng author: to contact, call  
919-613-8037 or ema�l at ka�.zhu@duke.edu.

INTRoDucTIoN
Forest Inventory and Analys�s (FIA) data prov�de 
ev�dence for the effects of cl�mate var�at�on at 
broad geograph�c scales. We are us�ng FIA data to 
quant�fy relat�onsh�ps between tree d�str�but�ons and 
env�ronmental var�at�on as part of a larger study on the 
consequences of cl�mate change. 

F�rst, to determ�ne whether trees sh�ft ranges to 
track warm�ng cl�mates, we compared geograph�c 
d�str�but�ons of juven�le and adult trees based 
on the assumpt�on that a m�grat�ng populat�on �s 
character�zed by offspr�ng extend�ng beyond adults 
at lead�ng edges and the oppos�te at tra�l�ng edges. 
Through compar�sons of approx�mately 100 spec�es 

hav�ng range l�m�ts w�th�n the eastern Un�ted States 
(all states from M�nnesota south to Lou�s�ana and 
eastward), we found that there �s not yet ev�dence for 
cl�mate-med�ated m�grat�on.

Second, to better �nterpret cl�mate var�ables �mportant 
for recru�tment, we developed a novel zero-�nflated 
stat�st�cal model for seedl�ng counts w�th extreme 
�nc�dence of zero observat�ons. FIA seedl�ng counts 
at plot level conta�n too many zeros to allow accurate 
�nference us�ng current models. Our zero-�nflated 
general model, w�th k layers of zero-�nflat�on (k-ZIG 
model) allows more flex�ble handl�ng of both the 
zero-�nflat�on and the nonzero counts. Whereas current 
zero-�nflated models perform poorly, the k-ZIG model 
shows that seedl�ng abundances can be expla�ned by 
cl�mate desp�te h�gh proport�ons of zeros.

The th�rd area we summar�ze here concerns the 
poss�b�l�ty that trees undergo ontogenet�c n�che 
sh�fts. We quant�f�ed the d�fferences between juven�le 
and adult trees’ cl�mate relat�onsh�ps based on the 
FIA seedl�ng and tree data. We are �n the process of 
determ�n�ng whether there are d�fferent patterns of 
ontogenet�c n�che expans�on and contract�on from 
juven�les to adults.
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RANGe SHIFTS AND  
GeoGRAPHIc DISTRIBuTIoNS
Ant�c�pat�ng whether spec�es’ geograph�c ranges 
can track cl�mate change �s a goal of global change 
research. Mean annual temperatures �ncreased 
substant�ally dur�ng the 20th century �n the M�dwest 
and Northeast, but have only recently begun to show 
substant�al change �n the Southeast, where warm�ng 
summers were balanced by cool�ng w�nters �n the past 
(F�g.1a). When v�ewed �n terms of a cl�mate change 
veloc�ty, �.e., the rat�o of temporal change over spat�al 
grad�ent, reg�ons �n the Northeast and Upper M�dwest 
have undergone cl�mate sh�fts of more than 100 km 
dur�ng the 20th century (F�g. 1b).

Can tree d�str�but�ons keep pace w�th the rap�d cl�mate 
warm�ng? We used FIA data to d�rectly compare 
seedl�ng and tree 5th- and 95th-percent�le lat�tudes for 
approx�mately 100 spec�es for more than 40,000 plots 
across the eastern Un�ted States, and the�r relat�onsh�p 
w�th cl�mate change dur�ng the 20th century (Zhu 
et al. 2012). Our analys�s �s based on the rat�onale 
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Figure 1.—Temperature change in time and space during the 20th century in the eastern United States. Data are extracted 
from 10 decadal mean annual temperatures from the Climate Research Unit dataset, 1901-2000 (Mitchell and Jones 2005). 
Squares in (a) denote the slope of the linear regression of decadal data (red – increasing trend, blue – decreasing trend); 
square size is proportional to the absolute value of the slope. Spatial velocity of temperature change (b) is defined as the 
quotient of the temporal gradient (a) and the north-south directional spatial gradient of temperature distribution (Loarie et al. 
2009). Adapted from Zhu et al. (2012).

that a populat�on that �s m�grat�ng north �n response 
to warm�ng �s expected to have offspr�ng extend�ng 
to h�gher lat�tudes than adults �n reg�ons that have 
warmed over the last century, but not �n reg�ons where 
cl�mate has rema�ned essent�ally constant. L�kew�se, 
a populat�on retreat�ng from a warm�ng southern 
boundary �s expected to have adults south of the 
southern extent of new recru�tment by offspr�ng.

We found that there �s essent�ally no ev�dence that 
lat�tud�nal m�grat�on has yet occurred for more than 
half of the approx�mately 100 tree spec�es �n eastern 
U.S. forests and there �s a substant�al m�grat�on lag 
beh�nd cl�mate change veloc�ty (F�g. 2). In fact, 
results suggest that approx�mately 60 percent of the 
tree spec�es exam�ned show the pattern expected for a 
populat�on undergo�ng range contract�on, rather than 
expans�on, at both northern and southern boundar�es. 
Fewer spec�es show a pattern cons�stent w�th a 
northward sh�ft and fewer st�ll w�th a southward sh�ft. 
Only about 4 percent are cons�stent w�th expans�on at 
both range l�m�ts. Compar�ng results w�th the 20th-
century cl�mate changes that have occurred at the 
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Figure 2.—Temperature change during the 20th century in comparison with latitudinal difference between seedlings and trees 
at northern range boundary. Each crosshair is a species with mean ± standard error. Positive temperature change means 
temperature distribution is moving to the north; negative, moving to the south. Positive northern range boundary change 
means species is consistent with expansion at the northern range limit; negative means contraction. Species above the  
1:1 line (gray dashed) may be tracking temperature change. Adapted from Zhu et al. (2012).
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range boundar�es themselves, we f�nd no cons�stent 
ev�dence that populat�on spread �s greatest �n areas 
where cl�mate has changed most, nor are patterns 
related to seed s�ze or d�spersal character�st�cs. The 
fact that the major�ty of seedl�ng extreme lat�tudes are 
south of those for adult trees should �ncrease concerns 
for the r�sks posed by cl�mate change.

SPecIeS ABuNDANce  
AND clIMATe RelATIoNS
To explore the relat�onsh�p between seedl�ng 
abundance and var�ables that m�ght be espec�ally 
�mportant for recru�tment, we developed a novel 
zero-�nflated stat�st�cal model for seedl�ng counts w�th 
extreme �nc�dence of zero observat�ons. All spec�es 
�n the FIA data are absent �n at least 60 percent of 
seedl�ng plots, and some are absent from more than 90 
percent of seedl�ng plots.

In the stat�st�cal l�terature, zero-�nflated count models, 
�n part�cular, the zero-�nflated Po�sson (ZIP) and 
zero-�nflated negat�ve b�nom�al (ZINB) models, along 
w�th Po�sson and negat�ve b�nom�al hurdle models, 
are commonly used to address th�s problem. However, 
these models struggle to expla�n extreme �nc�dence of 
zeros (e.g., > 80 percent), espec�ally to f�nd �mportant 
covar�ates. In fact, the ZIP may struggle even when 
the proport�on �s not extreme. To redress th�s problem 
we developed the class of k-ZIG models (Ghosh et al. 
2012). These models allow more flex�ble model�ng of 
both the zero-�nflat�on and the nonzero counts. The 
models are f�tted w�th�n a Bayes�an framework. 

For the FIA data, we f�t the model for seedl�ng 
abundance of two representat�ve spec�es: red maple 
(Acer rubrum) and yellow-poplar (Liriodendron 
tulipifera), w�th 62.7 and 93.8 percent of zeros, 
respect�vely. We used cl�mate (w�nter temperature and 
annual prec�p�tat�on) and b�ot�c var�ables (basal areas 
of conspec�f�c and all spec�es) as covar�ates. Whereas 
current ZIP and ZINB models perform poorly, the 
k-ZIG model shows that, desp�te h�gh proport�ons of 
zeros, the seedl�ng counts could be expla�ned by both 
types of var�ables.

SPecIeS’ ReSPoNSeS  
To clIMATe cHANGe
B�ogeograph�c responses of plant spec�es to cl�mate 
change are determ�ned by the requ�rements of 
juven�les, wh�ch can l�m�t spread to new env�ronments. 
However, most models of cl�mate response are 
cal�brated to adults, wh�ch may not reflect the cl�mate 
that determ�ned the�r or�g�nal establ�shment. Desp�te 
a large l�terature on ontogenet�c n�che sh�fts �n 
an�mals, there �s l�ttle d�rect ev�dence for plants that 
could prov�de �ns�ght on the consequences of cl�mate 
change for m�grat�on potent�al. Us�ng the FIA data, we 
bu�lt a spec�es d�str�but�on model to jo�ntly quant�fy 
juven�le and adult trees’ abundance d�str�but�ons 
�n relat�onsh�p w�th the two most commonly used 
cl�matolog�cal var�ables, temperature and prec�p�tat�on. 
To accommodate the m�smatch between f�ne-scale 
b�olog�cal processes and coarse-scale cl�mate var�ables 
we �ntroduced an aggregat�on approach to cl�mate 
cal�brat�on. The f�tted model allowed us to compare 
d�fferences between juven�les and adults �n cl�mate 
relat�onsh�ps.

Adults and juven�les of a g�ven spec�es respond 
d�fferently: some spec�es showed broader cl�mate 
cal�brat�ons for adults, whereas others showed broader 
cl�mate cal�brat�on for juven�les. The d�fferences 
could be partly because of ontogenet�c n�che sh�fts 
and partly because of other factors that �mpact cl�mate 
response. For example, Amer�can hornbeam (Carpinus 
caroliniana) juven�les tend to be abundant �n cold and 
dry cl�mates relat�ve to adults (F�gs. 3a,b). The relat�ve 
recru�tment �ntens�ty, �.e., the rat�o of seedl�ng counts 
over tree basal areas, also shows cold and dry cl�mate 
benef�ts juven�les wh�le warm and wet cl�mate benef�ts 
adults (F�g. 3c). F�nally, the 90-percent volume 
under the f�tted surface w�th�n the geograph�c range 
suggests a broader cl�mat�c n�che for juven�les than 
adults (F�g. 3d). Th�s pattern could be cons�stent w�th 
ontogenet�c n�che contract�on, but there are alternat�ve 
explanat�ons as well.

Both types of ontogenet�c n�che d�fferences could have 
�mportant ecolog�cal �mpl�cat�ons. N�che expans�on 
would be suggested when adult n�ches are broader 
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Figure 3.—Comparison of juvenile vs. adult of American hornbeam (Carpinus caroliniana) abundance surfaces as an example 
of ontogenetic niche shift. (a) is the observed (red bubble) and fitted (gray surface) seedling counts on log scale, with all 
available climate (yellow box) in the eastern United States. (b) is the observed (red bubble) and fitted (gray surface) tree 
basal areas on log scale, with the same climate boundary (yellow box). (c) is the relative recruitment intensity, defined as the 
ratio of seedling counts over tree basal areas on log scale. Warm colors show high values, cold colors show low values, and 
black dashed line shows zero references. It was calculated only within the available climate, superimposed with the actual 
geographic range mapped into the climatic space (green box). (d) is the 90 percent volume under the fitted surface within the 
geographic range (green box), where a large contour suggests a flat surface, and a small contour suggests a peaked surface. 
It approximates different climatic niche requirements for juveniles (red) and adults (blue).
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than juven�le n�ches. Th�s expans�on could be expected 
�f adults �ntegrated over fluctuat�ng w�ndows for 
juven�le establ�shment �n the past, wh�le juven�les 
more narrowly reflect the current cl�mate cond�t�ons. 
Seedl�ngs can have narrower n�che requ�rements 
ow�ng to l�m�ted root systems, low carbon reserves, 
and reduced photosynthet�c capac�ty. In contrast, n�che 
contract�on could be suggested by adult n�ches that 
appear narrower than those of juven�les. Contract�on 
could occur �f seeds can establ�sh �n s�nk populat�ons, 
where they ult�mately do not replace themselves due 
to compet�t�on or herb�vory. We are exam�n�ng a large 
number of spec�es across the eastern Un�ted States 
to determ�ne how cl�mate cal�brat�ons of both adults 
and juven�les are �mpacted by cl�mate change and the 
emerg�ng role of new compet�t�ve env�ronments and 
natural enem�es.
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INveSTIGATING FoReST INveNToRy  
AND ANAlySIS-collecTeD TRee-RING DATA FRoM uTAH  

AS A PRoXy FoR HISToRIcAl clIMATe

R. justin DeRose, W. Shih-yu (Simon) Wang, and john D. Shaw1

Abstract.—Increment cores collected as part of the per�od�c �nventory �n the 
Intermounta�n West were exam�ned for the�r potent�al to represent growth and be a 
proxy for cl�mate (prec�p�tat�on) over a large reg�on (Utah). Standard�zed and crossdated 
t�me-ser�es created from p�nyon p�ne (n=249) and Douglas-f�r (n=274) �ncrement cores 
d�splayed spat�otemporal patterns �n growth d�fferences both between spec�es and by 
reg�on w�th�n Utah. However, the between-spec�es �nterrelat�onsh�p of growth was 
strong over much of the state and �nd�cated both spec�es respond s�m�larly to cl�mate 
var�at�ons. Indeed, p�nyon p�ne and Douglas-f�r exh�b�ted a s�gn�f�cant and spat�ally 
coherent response to �nstrumental prec�p�tat�on data. Prev�ous water year (5-month 
lag) exh�b�ted the strongest relat�onsh�p to tree-r�ng �ncrement for both spec�es. Results 
suggest �ncrement cores collected by Forest Inventory and Analys�s are excellent prox�es 
for h�stor�cal prec�p�tat�on. 

1 Research Ecolog�st (RJD), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on, 507 25th St., Ogden UT 84401; 
Ass�stant Professor (SW), Department of Plants, So�l and 
Cl�mate, Utah State Un�vers�ty; Analys�s Team Leader 
(JDS), U.S. Forest Serv�ce, Rocky Mounta�n Research 
Stat�on. RJD �s correspond�ng author: to contact, call  
801-625-5795 or ema�l at rjderose@fs.fed.us. 

INTRoDucTIoN
Tree-r�ng data have long been recogn�zed as 
trustworthy prox�es for h�stor�cal cl�mate cond�t�ons 
because of the�r potent�al sens�t�v�ty to part�cular 
cl�mate factors and the�r prec�se annual resolut�on 
(Fr�tts 1976). The spat�al representat�on of tree-
r�ng chronolog�es for the western Un�ted States, 
however, �s sparse and can be exceed�ngly l�m�ted for 
part�cular areas such as the Great Bas�n. Due to the 
gr�dded nature of the Forest Inventory and Analys�s 
(FIA) sampl�ng des�gn, forest data are collected at 
a spat�al dens�ty unparalleled by any stat�on data or 
dendrochronolog�cal data. As a result, �ncrement cores 
collected by the Intermounta�n West FIA dur�ng the 
Per�od�c Inventory (~1990s) represent a potent�ally 
valuable source of dendro-cl�mat�c data. 

The convent�onal preparat�on of tree-r�ng chronolog�es 
sens�t�ve to cl�mate requ�res careful select�on of 
spec�es and s�tes (e.g., elevat�on), sample repl�cat�on 
of �nd�v�dual trees w�th�n s�tes, crossdat�ng, and f�nally 
chronology development (Fr�tts 1976). As a result, 
creat�ng an extens�ve spat�al coverage of tree-r�ng data 
for paleocl�mate reconstruct�on or growth analys�s 
can be expens�ve and t�me-consum�ng, just�fy�ng 
an exam�nat�on of poss�ble alternat�ves. Prev�ous 
research has �nd�cated that p�nyon p�ne (Pinus edulis 
Engelm.) and Douglas-f�r (Pseudotsuga menziessii 
var. glauca) exh�b�t substant�al tree-r�ng sens�t�v�ty, 
mak�ng these spec�es cand�dates for proxy cl�mate 
data. There are, however, two �mportant d�fferences 
between convent�onally collected chronolog�es and the 
FIA-collected �ncrement cores. These d�fferences can 
be thought of as trade-offs �n the qual�ty or quant�ty 
of proxy cl�mate �nformat�on. F�rst, a convent�onal 
tree-r�ng s�te �s subject�vely sampled to max�m�ze 
both the cl�mate s�gnal and chronology length, 
and has assoc�ated stat�st�cal representat�on �ssues 
(Carrer 2011). In contrast, the FIA gr�d represents a 
systemat�c random sample for mak�ng populat�on-
level �nferences. The trade-offs are (1) the d�fferences 
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�n temporal length of the resultant proxy t�me-ser�es 
(convent�onal are longer, FIA shorter) and (2) the 
degree to wh�ch a cl�mate s�gnal �s expressed at a 
part�cular po�nt (convent�onal should be very sens�t�ve; 
FIA data should reflect normal grow�ng cond�t�ons 
w�th�n the spec�f�cat�ons of the sampl�ng). Second, 
convent�onal chronolog�es cons�st of mult�ple, 
averaged ser�es, wh�ch requ�re �ntense �nvestment 
�n t�me and resources for each sampl�ng po�nt. 
In contrast, �ncrement cores from FIA plots were 
collected as part of a standard�zed protocol on plots  
~5 km apart. G�ven the relat�vely h�gh spat�al dens�ty 
of FIA data �n a state or reg�on, tree-r�ng ser�es 
comb�ned w�th�n a certa�n d�stance m�ght reasonably 
correspond to the var�ab�l�ty of tree-r�ng �ncrement 
recorded �n convent�onal chronolog�es.

In th�s study we explore the potent�al of us�ng FIA-
collected �ncrement cores for stud�es of spat�otemporal 
patterns of growth and as poss�ble prox�es for 
h�stor�cal cl�mate. Spec�f�cally, we asked whether 
p�nyon p�ne and Douglas-f�r tree-r�ng ser�es from Utah 
(1) d�splay �nd�v�dual var�at�on �n r�ng w�dth, both 
w�th�n and between spec�es and (2) have a pred�ctable 
relat�onsh�p w�th �nstrumental prec�p�tat�on data. 

MeTHoDS
To address the study quest�ons two data sets were 
constructed from the ava�lable �ncrement cores �n Utah 
(F�g. 1), one for two-needle p�nyon p�ne (n=249) and 
one for Douglas-f�r (n=274). Increment cores were 
mounted, sanded, and d�g�t�zed follow�ng convent�onal 

Figure 1.—Representation (%) of species in the Utah FIA tree-ring data set and all plot locations (blue triangles). Red asterisk 
indicates pinyon pine and Douglas-fir used in this study. 
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dendrochronolog�cal methods before crossdat�ng 
w�th the nearest ava�lable chronolog�es. Dated ser�es 
were then detrended us�ng the “super smoother” 
(Fr�edman 1984) �n program ARSTAN (Cook et 
al. 2007) and exported as �nd�v�dual standard�zed 
ser�es. The ser�es were used �n comb�nat�on w�th the�r 
j�ttered coord�nates (Note: the term “fuzzswapped” �s 
used w�th�n FIA to denote the process that decouples 
actual spat�al locat�ons from landowner �nformat�on) 
to create gr�dded maps, after wh�ch we appl�ed the 
Cressman (1959) object�ve �nterpolat�on scheme at 
1/8° (long�tude by lat�tude) gr�d spac�ng over the 
Utah FIA network. The Cressman scheme does not 
�nclude a f�rst-guess f�eld, wh�ch has the d�sadvantage 
of potent�ally creat�ng spur�ous values, as a result 
of �nterpolat�on. The advantage, however, �s that the 
gr�dded result completely reflects the t�me-ser�es and 
�s not b�ased by the f�rst guess, wh�ch �s �mposs�ble to 
construct for tree-r�ng data. We gr�dded the data w�th 
a 1/8° sett�ng (F�g. 2a) us�ng four rad�� of �nfluence: 
1/8°, 1/4°, 1/2°, and 1° from �nner rad�us to outer 

rad�us. An �nverse-square d�stance (1/r2) we�ght�ng 
centered at the s�te was then appl�ed to the data. 

To exam�ne the spat�otemporal relat�onsh�p between 
the FIA data and gr�dded �nstrumental prec�p�tat�on 
data, a po�nt-by-po�nt correlat�on map was computed 
between each gr�d po�nt of the FIA data and the 
gr�dded �nstrumental prec�p�tat�on data (1950-
1995). Contours were smoothed by averag�ng over 
the nearest ne�ghbors. To exam�ne the coherence 
between the FIA tree-r�ng data, wh�ch reflect the 
grow�ng season, and the seasonal cl�mate cycle, we 
calculated the cross-correlat�on between the FIA data 
and prec�p�tat�on, both averaged over Utah. A 12-
month prec�p�tat�on average w�th a 1-month t�me-lag, 
from year-12 (prev�ous calendar year) to year+12 
(next calendar year) was calculated to exam�ne lags 
�n the relat�onsh�p between prec�p�tat�on and the FIA 
data (F�g. 3c). Observed prec�p�tat�on was obta�ned 
from the stat�on-based, 1/8°-resolut�on gr�dded data 
constructed by Maurer et al. (2002) beg�nn�ng �n 1949.

Figure 2.—Contour plots of root mean square (RMS)*10 (to visually accentuate variability) between all pinyon pine (n=249) 
and Douglas-fir (n=274) tree-ring data. Blue dots indicate FIA plot locations. Lower panel depicts the Utah domain average 
(37°-42°N latitude and 108°-114°W longitude) tree-ring index (mm), 1850-1995. 
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Figure 3.—Contour plots of point-to-point correlations between pinyon pine (PP) and Douglas-fir (DF) gridded tree-ring data 
for (a) 1700-1799, (b) 1800-1899, (c) 1900-1995, and (d) the1700-1995. Bold contours indicate significance at the 99-percent 
level. 
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ReSulTS AND DIScuSSIoN
P�nyon p�ne and Douglas-f�r were two of the most 
represented spec�es �n the Utah tree-r�ng data set (F�g. 
1), and grow v�rtually throughout the state (F�g. 2; 
note the ev�dent p�nyon p�ne northern range l�m�t). 
Although the total�ty of tree-r�ng data could not be 
crossdated, the prel�m�nary data shown here�n �ncluded 
30 percent of the p�nyon p�ne and 83 percent of the 
Douglas-f�r samples ava�lable for Utah. Ongo�ng work 
seeks to �ncrease the representat�on of both spec�es and 
other spec�es �n Utah and the other Intermounta�n West 
states (Ar�zona, New Mex�co, Colorado, Wyom�ng, 
Idaho, Montana, and Nevada). 

Spatiotemporal Patterns of Growth
Contours of the root mean square (RMS) of tree-
r�ng w�dth �nd�cated substant�al var�ab�l�ty �n growth 
for both spec�es (F�g. 2). P�nyon p�ne had a larger 
range of var�ab�l�ty �n growth than Douglas-f�r, 
wh�ch was expected, cons�der�ng that p�nyon p�ne 
�nhab�t low-elevat�on, dry s�tes. However, there was 
notable correspondence between �ncreas�ng RMS and 
�ncreas�ng elevat�on for both spec�es (F�g. 2). Th�s 
pattern was espec�ally prevalent for both spec�es �n 
the central and east-central part of the state (�.e., Book 
Cl�ffs) and the Wasatch Mounta�ns, wh�ch run roughly 
north-south through the state (F�g. 2). Doma�n average 
r�ng w�dth exh�b�ted str�k�ng s�m�lar�ty between 
spec�es; the pluv�als of the late1860s and early1980s 
were ev�dent, as were the droughts of the 1880s, late 
1890s, late1930s, and late1970s. These drought-pluv�al 
cycles are cons�stent w�th those that have preva�led 
�n Utah (Wang et al. 2012). Although occupy�ng 
somewhat d�fferent ecolog�cal n�ches, p�nyon p�ne 
and Douglas-f�r exh�b�ted s�m�lar�t�es �n �nterannual 
growth that suggested both spec�es were su�table for 
spat�otemporal analyses of growth. However, �n the 
northern t�er of Utah (greater than 41°N lat�tude), 
where only Douglas-f�r were analyzed, the RMS was 
reduced substant�ally. Th�s result h�nted at potent�al 
larger reg�onal patterns of growth that could be dr�ven 
only by cl�mate. 

Inter-species correspondence
Although both p�nyon p�ne and Douglas-f�r 
chronolog�es have been prev�ously recogn�zed as 
hav�ng tree-r�ng growth sens�t�v�ty to prec�p�tat�on 
(Watson et al. 2009, Woodhouse et al. 2006), further 
test�ng was necessary to determ�ne whether the 
FIA data were also sens�t�ve. Indeed, po�nt-by-
po�nt correlat�on between the two gr�dded datasets 
revealed strong spat�otemporal relat�onsh�ps 
between the two spec�es. There was an �ncrease �n 
s�gn�f�cant correlat�ons (bold l�nes) from 1700-1799 
(F�g. 3a), where strongest coherence was �n the 
southwest, to 1800-1899 (F�g. 3b) where the U�nta 
Bas�n and the southeast mounta�ns become strongly 
correlated. Dur�ng the per�od 1900-1995 (F�g. 3c) 
the relat�onsh�ps become s�gn�f�cantly correlated for 
nearly all the mounta�nous port�on of the state. By 
look�ng at the ent�re tree-r�ng record (1700-1995, F�g. 
3d) the southwest, Grand Sta�rcase, southeast, and 
western U�nta Bas�n areas were h�ghly s�gn�f�cant. 
It �s noteworthy that there were no areas of negat�ve 
correlat�on between these two spec�es (F�g. 3). F�nally, 
although p�nyon p�ne and Douglas-f�r occupy d�fferent 
ecolog�cal n�ches, the�r strong �nterrelat�onsh�ps, 
part�cularly for certa�n reg�ons, suggested tree-r�ng 
�ncrement responded s�m�larly to cl�mat�c dr�vers. 

FIA Tree-rings as  
Precipitation Proxy
If the strong growth �nterrelat�onsh�p between p�nyon 
p�ne and Douglas-f�r was caused by cl�mate, one 
would expect a s�m�lar�ty between the spec�es �n 
the response to that dr�ver. Therefore, we exam�ned 
the po�nt-to-po�nt relat�onsh�p between gr�dded 
�nstrumental prec�p�tat�on and tree-r�ng w�dth from 
1949 to 1995 for both spec�es. Results showed 
h�ghly s�gn�f�cant relat�onsh�ps for both spec�es and 
coherent spat�al relat�onsh�ps between spec�es (F�g. 
4). For example, both spec�es exh�b�ted the�r strongest 
relat�onsh�ps to prec�p�tat�on �n the southwest and 
western U�nta bas�n areas of Utah. Add�t�onally, both 
spec�es showed lower correspondence to prec�p�tat�on 
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�n the bas�ns and western desert, where data were 
l�m�t�ng. The peak correlat�on coeff�c�ents between 
r�ng w�dth and prec�p�tat�on for both spec�es occurred 
around lag-5 month, w�th a broad peak �n s�gn�f�cance 
centered over the water year (prev�ous August through 
current July), wh�ch strongly �nd�cated that water year 

prec�p�tat�on dr�ves tree-r�ng �ncrement �n th�s reg�on. 
Th�s f�nd�ng strongly supports us�ng the gr�dded tree-
r�ng data sets as a prec�p�tat�on proxy, augment�ng 
the currently l�m�ted stat�on data-based gr�dded 
prec�p�tat�on data sets. 

Figure 4.—Contour plots of point-to-point correlations of the gridded pinyon pine and Douglas-fir data sets to precipitation 
reanalysis data (left panels) and the correlation between Utah domain (37°-42°N latitude and 108°-114°W longitude) average 
tree-ring index and monthly precipitation data from 1949-1995, lagged from 12 months previous (-12) to 12 months following 
(12). Bold contours indicate significance at the 99-percent level. 
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uNlocKING THe clIMATe RIDDle IN FoReSTeD ecoSySTeMS

Greg c. liknes, christopher W. Woodall, Brian F. Walters, and Sara A. Goeking1

Abstract.—Cl�mate �nformat�on �s often used as a pred�ctor �n ecolog�cal stud�es, where 
temporal averages are typ�cally based on cl�mate normals (30-year means) or seasonal 
averages. Wh�le ensemble project�ons of future cl�mate forecast a h�gher global average 
annual temperature, they also pred�ct �ncreased cl�mate var�ab�l�ty. It rema�ns to be seen 
whether forest ecosystems w�ll respond more to changes �n mean cl�mate cond�t�ons or 
changes �n cl�mate var�ab�l�ty. Our object�ve was to compare the relat�ve �mportance of 
cl�mate mean versus var�ab�l�ty metr�cs as pred�ctors of tree mortal�ty and regenerat�on. 
Us�ng the 4-km PRISM and 32-km NARR cl�mate datasets, both mean and var�ab�l�ty 
metr�cs were der�ved for Forest Inventory and Analys�s (FIA) plot locat�ons across the 
eastern Un�ted States. Tree mortal�ty and seedl�ng abundance data were obta�ned from 
FIA plots that were v�s�ted tw�ce �n the years from 2000 to 2010. A number of stat�st�cal 
approaches (�nclud�ng correlat�on analys�s, and an algor�thm�c method, Random Forests) 
were used to exam�ne the relat�ve �mportance of mean versus var�ab�l�ty of cl�mate data 
�n the context of evaluat�ng changes �n tree and seedl�ng attr�butes. 

1 Research Phys�cal Sc�ent�st (GCL), Research Forester 
(CWW) and Forester (BFW), U.S. Forest Serv�ce, Northern 
Research Stat�on, 1992 Folwell Ave, St. Paul, MN 55108; 
B�olog�cal Sc�ent�st (SAG), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on. GCL �s correspond�ng author: 
to contact, call 651-649-5192 or ema�l at gl�knes@fs.fed.us.

INTRoDucTIoN
The cl�mate system plays an essent�al role �n 
forested ecosystems, controll�ng �nputs of energy 
and mo�sture and sett�ng constra�nts that �ntersect 
w�th spec�es’ ecolog�cal n�ches to determ�ne forest 
commun�ty compos�t�on and structure. As such, 
cl�mate �nformat�on �s often used �n models of 
spec�es’ ecolog�cal n�ches or cl�mate envelopes. In 
add�t�on, spat�al and temporal var�ab�l�ty of cl�mate 
can �nform �nvest�gat�ons of tree mortal�ty and 
regenerat�on dynam�cs �n forested ecosystems. Such 
stud�es typ�cally use temporal averages represent�ng 
cl�mate normals (30-year averages) or seasonal means. 
Cl�mate change project�ons pred�ct not only a sh�ft 
�n mean cl�mate reg�mes �n many locat�ons, but also 
�ncreased var�ab�l�ty. If trees are locally adapted to a 
part�cular cl�mate, �ncreased var�ab�l�ty could lead to 

�ncreased mortal�ty or decreased regenerat�on. Us�ng 
forest �nventory data from the eastern Un�ted States, 
we �nvest�gated whether cl�mate var�ab�l�ty prov�des 
more explanatory power of tree mortal�ty and seedl�ng 
abundance than cl�mate means by apply�ng class�cal 
correlat�on analys�s and the Random Forests algor�thm 
(Bre�man 2001a). 

MeTHoDS
Forest data from the U.S. Forest Serv�ce’s Forest 
Inventory and Analys�s (FIA) database (Woudenberg 
et al. 2010) were analyzed. The analys�s was restr�cted 
to plots �n the eastern Un�ted States that had been 
v�s�ted tw�ce dur�ng annual �nventor�es between 2000 
and 2010, and more than 23,000 plots were ava�lable 
for the analys�s. The two cont�nuous response 
var�ables, volume mortal�ty (m3 ha-1) and change �n 
seedl�ng abundance (stems ha-1), were calculated 
from d�fferences �n adjacent t�me per�ods. Other FIA 
data were used as add�t�onal pred�ctor var�ables, such 
as stand age, relat�ve dens�ty, l�ve/dead b�omass, 
Lorey’s he�ght, and d�sturbance h�story (Table 1). It 
should be noted that plots were rev�s�ted several years 
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apart (mode = 5 years, range = 1 to 10 years), and 
�t �s therefore not poss�ble to know when mortal�ty 
occurred (ak�n to censor�ng �n surv�val analys�s) or 
how changes to seedl�ngs abundance were d�str�buted 
across the t�me �nterval.

Monthly cl�mate data were used from the PRISM 
dataset (Daly 2002), �nclud�ng m�n�mum and 
max�mum da�ly temperature (Tm�n and Tmax, 
respect�vely) and total prec�p�tat�on. Tm�n and 
Tmax were averaged to obta�n a monthly average 
temperature. In add�t�on, temperature and prec�p�tat�on 
data from the North Amer�can Reg�onal Reanalys�s 
Project (NARR) (Mes�nger et al. 2006) were 
assembled �n order to create a second, comparable 
monthly cl�mate dataset.

To �nvest�gate the relat�ve explanatory power of 
mean cl�mate and cl�mate var�ab�l�ty, mean and 
�nterannual standard dev�at�on were calculated from 
the monthly data for both total prec�p�tat�on and 

Table 1.—Summary of analysis methods, response variables, climate predictor variables, and forest stand 
metrics used to assess the relationships between climate means, climate variability, and tree mortality 
and regeneration

 Analysis Method
 Source variable Random Forests correlation

Response variables FIADB volume mortality x x
 FIADB seedling abundance change x x

Climate predictor variables NARR  mean annual temperature x x
  interannual temperature standard deviation x x
  mean annual precipitation x x
  interannual precipitation standard deviation x x

 PRISM mean annual temperature x x
  interannual temperature standard deviation x x
  mean annual precipitation x x
  interannual precipitation standard deviation x x

Stand predictor variables FIADB stand age x 
  relative density x 
  live biomass x 
  dead biomass x 
  Lorey’s height x 
  disturbance code 1 x 
  disturbance code 2 x 
  disturbance code 3 x 

average temperature. As prev�ously stated, the exact 
t�m�ng of tree mortal�ty and changes �n seedl�ng 
dens�ty �s unknown relat�ve to plot observat�ons, 
and furthermore, forest responses are known to 
lag cl�mat�c cond�t�ons, somet�mes by a number 
of years. As a result, s�x d�fferent lag per�ods were 
�nvest�gated, rang�ng from 1 to 6 years preced�ng the 
�n�t�al plot observat�on (F�g. 1). The endpo�nt of each 
cl�mate averag�ng �nterval was the m�dpo�nt of the 
FIA observat�on �nterval. G�ven the unknown t�m�ng 
of mortal�ty or seedl�ng change, th�s endpo�nt �s a 
comprom�se and can result �n a cl�mate t�me �nterval 
that �s e�ther offset (precedes) or overlaps w�th the 
forest response. Cl�mate means and standard dev�at�on 
were calculated for each of the s�x averag�ng per�ods 
for both temperature and prec�p�tat�on, result�ng 
�n 24 cl�mate var�ables from both the PRISM and 
NARR datasets. In turn, correlat�on coeff�c�ents were 
calculated for each cl�mate var�able �n relat�on to 
volume mortal�ty and seedl�ng abundance change  
(for 96 var�able pa�rs).
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Figure 1.—Depiction of time periods used to average climate variables relative to repeated forest inventory observations. Six 
different lag periods ranging from 1 to 6 years preceding the first inventory observation were used to calculate annual means 
and interannual standard deviation.

All var�ables, except seedl�ng abundance change, 
were found to be non-normal and were transformed 
us�ng the Box-Cox method (R v. 2.13, “car” package, 
bcPower funct�on; We�sberg 2005). Pearson product 
correlat�ons were calculated for the transformed 
data. Plots w�th non-zero mortal�ty were �ncluded 
�n the mortal�ty correlat�on analys�s (59 percent 
of all ava�lable plots). Plots w�th less than 10 cm 
of floodwater or snow cover were �ncluded �n the 
seedl�ng analys�s �n order to avo�d observat�on b�as; 
outl�ers and plots w�th zero change were removed, 
and 61 percent of all ava�lable plots rema�ned for the 
seedl�ng analys�s.

Wh�le cons�derable debate ex�sts between proponents 
of class�cal stat�st�cal methods and newer algor�thm�c 
methods (e.g., Bre�man 2001b), we cons�dered such 
methods to be a useful exploratory tool to �nvest�gate 
the relat�ve �mportance of cl�mate pred�ctor var�ables. 
The Random Forests algor�thm has appeal�ng features, 
such as automat�c cons�derat�on of �nteract�ons 
between var�ables, accommodat�on of nonl�near 
relat�onsh�ps, and bu�lt-�n analys�s of var�able 
�mportance. We bu�lt pred�ct�ve models of mortal�ty 

and seedl�ng dens�ty change us�ng Random Forests (R 
v. 2.13, “randomForest” package) (L�aw and W�ener 
2002). A total of e�ght models were constructed 
(all poss�ble comb�nat�ons of mortal�ty vs. seedl�ng 
change, NARR vs. PRISM, and temperature vs. 
prec�p�tat�on, Table 1).

ReSulTS
Correlat�on analys�s resulted �n very few stat�st�cally 
s�gn�f�cant coeff�c�ents relat�ng cl�mate var�ables to 
tree mortal�ty, w�th �nterannual standard dev�at�on of 
prec�p�tat�on the only except�on (PRISM dataset; 3, 
4, 5, and 6-year lag per�ods; coeff�c�ents range from 
0.017 to 0.018). Wh�le nearly all seedl�ng/cl�mate 
correlat�on coeff�c�ents were s�gn�f�cant (except�ons 
were �nterannual standard dev�at�on of temperature 
for both PRISM and NARR; 1, 2, 3, and 4-year lag 
per�ods), none exceeded 0.11. A few other patterns are 
apparent, such as a general �nsens�t�v�ty of correlat�on 
coeff�c�ents to the lag per�od, a h�gher correlat�on of 
seedl�ng change to prec�p�tat�on than to temperature, 
and �ncons�stency �n the relat�ve magn�tude of 
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correlat�ons for mean and var�ab�l�ty cl�mate metr�cs. It 
should be noted, the cl�mate mean var�ables followed a 
b�-modal d�str�but�on and a more robust transformat�on 
may be requ�red for an adequate compar�son.

Importance measures from the Random Forests 
analys�s �nd�cate standard dev�at�on of both 
temperature and prec�p�tat�on are frequently better 
pred�ctors than the correspond�ng mean (Table 2). 
Add�t�onally, the top cl�mate pred�ctors often prov�de 
better or at least comparable �nformat�on to the three 
h�ghest ranked FIA stand metr�cs. The most �mportant 
stand metr�cs for the four mortal�ty models and the 
two temperature/seedl�ng models were cons�stently 
Lorey’s he�ght, stand age, and l�ve b�omass (�n var�ous 
orders), wh�le the most �mportant stand metr�cs for 
the seedl�ng change models �nvolv�ng prec�p�tat�on 
�ncluded d�sturbance h�story rather than stand age. The 
d�fference �n �mportance between mean and standard 
dev�at�on of cl�mate var�ables der�ved from PRISM 
was cons�stently larger than the d�fference der�ved 
us�ng NARR data.

DIScuSSIoN
Our �ntent was to �nvest�gate whether cl�mate 
var�ab�l�ty data prov�des more �nformat�on about tree 
mortal�ty and regenerat�on �n forested ecosystems 
when compared cl�mate mean data. We present 
�n�t�al results toward that a�m, us�ng more than 
23,000 remeasured �nventory plots spann�ng a 
var�ety of cl�mat�c reg�mes �n the eastern Un�ted 
States. Wh�le correlat�on analys�s d�d not �nd�cate 
that var�ab�l�ty prov�des more �nformat�on than mean 
values, the Random Forests algor�thm does �nd�cate 
�nterannual standard dev�at�on of both temperature and 
prec�p�tat�on may be better pred�ctors of mortal�ty and 
seedl�ng regenerat�on than annual mean values. 

Future work w�ll �nclude a class�c regress�on approach 
to model�ng tree mortal�ty and seedl�ng regenerat�on 
�n an attempt to reconc�le the seem�ngly contrad�ct�ng 
results from the correlat�on and Random Forests 
analyses. In add�t�on, more robust t�me ser�es methods 
w�ll be appl�ed �n order to quant�fy var�ab�l�ty at 
numerous t�me scales. For example, �nterannual 

Table 2.—variable importance measures for eight Random Forests models of tree mortality and seedling 
abundance change using climate mean, climate standard deviation (SD), and forest inventory data (stand 
metrics) as predictors. Temperature (Temp) and total precipitation (PPT) data were derived from two 
different datasets (PRISM and NARR). Importance is measured by the increase in mean square error 
when a variable is removed from the model. values are based on the climate variables with the highest 
importance score and the three most important stand metrics.

% Increase in MSe

Tree Mortality
Climate Variable Mean SD Lorey’s Height Stand Age Live Biomass

PRISM Temp 15.17 24.58 24.35 19.03 18.66
NARR Temp 16.16 17.25 26.77 18.39 18.66
PRISM PPT 17.21 22.10 20.59 24.74 16.05
NARR PPT 18.91 22.18 20.85 26.87 17.04

Seedling change
Climate Variable Mean SD Lorey’s Height Stand Age Live Biomass Disturbance Code 1

PRISM Temp 7.88 17.03 14.24 10.64 11.19 -----
NARR Temp 12.37 13.74 22.86 12.75 10.78 -----
PRISM PPT 9.26 23.60 9.88 ----- 9.48 10.59
NARR PPT 18.83 16.34 10.09 ----- 9.27 7.95
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seasonal var�ab�l�ty could be an �nformat�ve pred�ctor, 
as well as decadal or even �ntra-annual var�ab�l�ty. 
A nat�onw�de, cons�stent protocol for gather�ng forest 
�nventory �nformat�on across a large cl�mate grad�ent 
�n the Un�ted States presents great opportun�ty 
for unlock�ng the complex�ty of cl�mate/forest 
�nteract�ons. The FIA program �s beg�nn�ng to 
assemble remeasurement data on a regular return 
�nterval (e.g., 5-10 years). Th�s work represents an 
early attempt to connect temporally r�ch cl�mate data 
w�th observat�ons of change �n the Nat�on’s forested 
ecosystems.
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ADAPT, Move, oR DIe: FIA DATA IN ASSeSSMeNTS  
oF FoReST TRee GeNeTIc DeGRADATIoN RISK  
FRoM clIMATe cHANGe AND oTHeR THReATS

Kevin M. Potter, Barbara S. crane, and William W. Hargrove1

Abstract.—Chang�ng cl�mat�c cond�t�ons may pose a severe threat to forest tree spec�es, 
forc�ng three potent�al populat�on-level responses: 1) tolerat�on/adaptat�on, 2) movement 
to su�table env�ronmental cond�t�ons, or 3) ext�rpat�on. All could have negat�ve genet�c 
consequences. It w�ll be �mportant, therefore, to safeguard ex�st�ng adaptedness and to 
create cond�t�ons conduc�ve for future product�v�ty and evolut�on. To eff�c�ently conserve 
the genet�c var�at�on of spec�es, �t �s necessary to understand where cl�mate change 
pressure w�ll be greatest, and what spec�es and populat�ons are more h�ghly pred�sposed 
to genet�c degradat�on from cl�mate change and other threats. Forest Inventory and 
Analys�s (FIA) data represent an unmatched resource for conduct�ng broad-scale, 
spat�ally expl�c�t assessments of the r�sk posed by cl�mate change and other threats 
to the genet�c �ntegr�ty of forest tree populat�ons and spec�es. We used FIA data to 1) 
generate 4 km2 resolut�on maps pred�ct�ng the genet�c pressure that could be �mposed by 
cl�mate change on forest tree spec�es; and 2) comp�le �nformat�on about the b�olog�cal 
attr�butes and genet�c d�vers�ty of �nd�v�dual spec�es. The f�rst assessment tool, Forecasts 
of Cl�mate-Assoc�ated Sh�fts �n Tree Spec�es (ForeCASTS), has generated cl�mate 
change pressure maps for more than 300 North Amer�can tree spec�es and quant�f�es 
potent�al cl�mate change genet�c pressure, as def�ned by the stra�ght-l�ne M�n�mum 
Requ�red Movement (MRM) d�stance from the ex�st�ng locat�ons of each spec�es to the 
nearest favorable future hab�tat. The second assessment tool, the Forest Tree Genet�c 
R�sk Assessment System (FORGRAS) framework, ranks the pred�spos�t�on of forest 
tree spec�es to genet�c degradat�on, based on demograph�c and occurrence �nformat�on, 
ecolog�cal and l�fe-h�story tra�ts, spec�es-spec�f�c project�ons of cl�mate change pressure, 
and pred�ct�ons of pest and pathogen suscept�b�l�ty. Both assessment tools should 
be valuable for sc�ent�sts and managers attempt�ng to determ�ne wh�ch spec�es and 
populat�ons to target for mon�tor�ng efforts and for proact�ve gene conservat�on and 
management act�v�t�es.

1 Research Ass�stant Professor (KMP), North Carol�na State Un�vers�ty, Department of Forestry 
and Env�ronmental Resources, Research Tr�angle Park, NC 27709; Genet�c�st (BSC), U.S. Forest 
Serv�ce, Southern Reg�on; Research Ecolog�st (WWH), U.S. Forest Serv�ce, Southern Research 
Stat�on. KMP �s correspond�ng author: to contact, ema�l at kev�npotter@fs.fed.us. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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TRee SPecIeS MIGRATIoN  
IN THe PAcIFIc coASTAl uNITeD STATeS

Heather lintz, Andrew N. Gray, Andrew yost, and vincente Monleon1

Abstract.—We analyzed mean changes �n long�tude, lat�tude, and elevat�on for tree 
spec�es �n the Pac�f�c coastal Un�ted States (Cal�forn�a, Oregon, and Wash�ngton). Our 
analyses show that spec�es m�grat�on d�stance and d�rect�on �s h�ghly var�able, and 
P�nus mont�cola and Cornus nuttall�� are lead�ng the pack �n polar oppos�te d�rect�ons. 
All drought tolerant spec�es are mov�ng northward. Tree spec�es produc�ng the greatest 
seed abundance are mov�ng the farthest. The d�stance and d�rect�on of m�gratory 
grad�ents correspond to changes �n both means and anomal�es of summer relat�ve 
hum�d�ty, summer vapor pressure def�c�t, summer grow�ng season length, and summer 
prec�p�tat�on. 

1 Ass�stant Professor Sen�or Research (HL), Oregon Cl�mate Change Research Inst�tute,  
326 Strand Hall, Corvall�s, OR 97330; Research Ecolog�st (ANG), U.S. Forest Serv�ce, Pac�f�c 
Northwest Research Stat�on; Forest Ecolog�st (AY), Oregon Department of Forestry, Salem, OR; 
Resource Mon�tor�ng and Assessment Program (VM), U.S. Forest Serv�ce, Pac�f�c Northwest 
Research Stat�on. HL �s correspond�ng author: to contact, ema�l at hl�ntz@coas.oregonstate.edu. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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eMeRAlD ASH BoReR MoDelING MeTHoDS  
FoR FuTuRe FoReST PRojecTIoNS

Ryan D. DeSantis, W. Keith Moser, Robert j. Huggett, jr., Ruhong li, David N. Wear, and Patrick D. Miles1

Abstract.—The emerald ash borer (Agrilus planipennis Fa�rma�re; EAB) �s a nonnat�ve 
�nvas�ve �nsect that has caused cons�derable damage to ash (Fraxinus spp.) �n North 
Amer�ca. Unl�ke �nvas�ve organ�sms that can be m�t�gated, conta�ned, controlled, or 
even erad�cated, EAB cont�nues to spread across North Amer�ca. The loss of the North 
Amer�can ash resource �s poss�ble cons�der�ng l�terature suggests close to 100 percent 
probab�l�ty of host tree mortal�ty. We modeled future spat�al and temporal changes �n 
forest compos�t�on from 2010 to 2060 w�th and w�thout ash mortal�ty ant�c�pated from 
EAB spread for the purpose of exam�n�ng ant�c�pated effects of EAB on tree spec�es 
compos�t�on. To forecast m�dwest and northeast Un�ted States future forest cond�t�ons, 
we ut�l�zed Forest Inventory and Analys�s (FIA) data, the extent of EAB �n the Un�ted 
States and Canada, est�mated EAB spread rate, est�mated EAB host mortal�ty probab�l�ty, 
and models of human populat�on, energy, consumpt�on, land use, and econom�cs. We 
found that �n most cases, EAB w�ll not substant�ally affect the ecosystem funct�on of 
future forests measured by FIA because ash compr�ses a small proport�on of m�dwest 
and northeast U.S. forests, and �t w�ll be replaced by assoc�ated spec�es. Although the 
trans�t�on from ash to other spec�es could take decades, forests may eventually recover 
when assoc�ated spec�es replace ash.

1 Postdoctoral Research Assoc�ate (RDD), Un�vers�ty of 
M�ssour� Department of Forestry and U.S. Forest Serv�ce, 
Northern Research Stat�on, 1992 Folwell Avenue, St. 
Paul, MN 55108; Research Foresters (WKM and PDM), 
U.S. Forest Serv�ce, Northern Research Stat�on; Research 
Ass�stant Professor (RJH) and Research Assoc�ate (RL), 
North Carol�na State Un�vers�ty Department of Forestry 
and Env�ronmental Resources; Research Forester (DNW), 
U.S. Forest Serv�ce, Southern Research Stat�on. RDD �s 
correspond�ng author: to contact, call 651-649-5130 or 
ema�l at desant�sr@m�ssour�.edu.

INTRoDucTIoN
Knowledge of host tree suscept�b�l�ty r�sk and 
temporal and spat�al knowledge of �nsect spread rates 
are �mportant for efforts to help m�t�gate adverse 
econom�c and ecolog�cal effects of �nvas�ve �nsects 
on forests (e.g., Tob�n et al. 2004). Consequently, 
model�ng EAB spread can dr�ve the dec�s�onmak�ng 
process and could help w�th detect�ng, mon�tor�ng, 

and slow�ng EAB spread (Prasad et al. 2010). EAB 
ash �nfestat�on has negat�vely affected the econom�c, 
ecolog�cal, aesthet�c, and cultural �nterests of a 
var�ety of stakeholders �nclud�ng forest land owners, 
landowners �n urban areas, tree nurser�es, and Nat�ve 
Amer�can tr�bes (e.g., us�ng black ash (Fraxinus nigra 
Marsh.) as a cultural resource for basket weav�ng) 
(Poland and McCullough 2006). Pr�vate landowners 
can protect �nd�v�dual ash trees w�th var�ous chem�cal 
treatments but there does not appear to be any effect�ve 
broad-scale treatment to m�t�gate the effects of EAB. 
Project�ons of future forest compos�t�on would be 
benef�c�al for forest resource management �n North 
Amer�can forests w�th ash, espec�ally cons�der�ng 
the econom�c and ecolog�cal consequences. Research 
�nd�cates the effects of EAB on North Amer�can 
forests w�th ash may already be v�s�ble �n FIA data 
(Pugh et al. 2011). We used FIA data and EAB current 
range, est�mated spread rate, and host mortal�ty 
data to project future EAB spread and subsequent 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 108GTR-NRS-P-105

ash mortal�ty. In th�s paper, we br�efly descr�be our 
model�ng structure, prov�de some �ns�ght �nto the 
�ntens�ty and trajectory of the �mpact of EAB, and 
d�scuss consequences for future stand development.

MoDelING MeTHoDS
Th�s document �s part of an effort to forecast the effect 
of current and future soc�etal and natural resource 
trends on the structure and compos�t�on of future 
forests and to project how those effects alter forest 
ecosystem serv�ces (Sh�fley et al. 2012). These efforts 
forecasted future forest cond�t�ons for 20 states �n 
the Northern Research Stat�on reg�on by assess�ng 
current forest cond�t�ons and recent forest changes 
(USDA Forest Serv�ce 2012). Forecasts were created 
�n 5-year �ncrements for the per�od 2010-2060 and 
project�ons of future forests were based on FIA forest-
type groups (Wear et al. �n press) wh�ch were used to 
group forest types developed from mult�ple sources 
�nclud�ng l�sts from FIA and the Soc�ety of Amer�can 
Foresters. Forecast�ng used a scenar�o approach w�th 
a range of plaus�ble futures respons�ve to human 
populat�on d�str�but�ons, global econom�c cond�t�ons, 
energy and technology use, cl�mate (comb�nat�ons 
of three Intergovernmental Panel on Cl�mate Change 
[IPCC] scenar�os and four General C�rculat�on Models 
[GCMs]; hereafter referred to as “storyl�nes”), t�mber 
harvest�ng, land use change, other d�sturbance factors, 
and natural success�on.

By �ncorporat�ng EAB effects �nto one of the 
storyl�nes (the A2 CGCM 3.1 storyl�ne as descr�bed 
�n USDA Forest Serv�ce 2012), we projected forest 
changes from 2010 to 2060 w�th and w�thout the 
ant�c�pated effects of EAB. We ass�gned an EAB 
spread rate of 20 km/year (Prasad et al. 2010) and 
a host mortal�ty probab�l�ty est�mate of 100 percent 
(Herms et al. 2010) w�thout any ash regenerat�on, �n 
order to model the future effects of EAB �nfestat�on 
on black, green (Fraxinus pennsylvanica Marsh.), and 
wh�te ash (Fraxinus americana L.) �n m�dwest and 
northeast U.S. forests. Data from the U.S. Department 
of Agr�culture, An�mal and Plant Health Inspect�on 
Serv�ce (APHIS), Plant Protect�on and Quarant�ne 

program and the Canad�an Food Inspect�on Agency 
were used to �dent�fy the core �nfested area of U.S. 
count�es and Canad�an reg�onal mun�c�pal�t�es 
where EAB was detected by 31 December 2010. We 
forecasted a 20 km/year spread rate from th�s core 
�nfested area from 2010 to 2060 (F�g. 1). Ash �s found 
throughout the m�dwest and northeast Un�ted States 
but the h�ghest concentrat�ons are located �n Ma�ne, 
M�ch�gan, M�nnesota, New York, Pennsylvan�a, and 
W�scons�n, so th�s �s where we focused our analyses. 
Ash mortal�ty was appl�ed for each �nventory un�t 
when �t was subsumed by EAB spread, and project�ons 
commenced �n 2015 because the range of EAB 
as of 31 December 2010 was appl�ed to the 2015 
project�ons. Our project�ons of future forests were 
carr�ed out through 2060, but the ant�c�pated EAB 
spread encompassed the ent�re m�dwest and northeast 
Un�ted States by 2050 (F�g. 2). Here, we compare 
results of a non-EAB (“standard”) scenar�o to results 
of the same scenar�o w�th the projected EAB effects 
�ncluded (“EAB”).

ReSulTS
Future forest project�ons suggested a decrease �n 
the number of all trees ≥2.54 cm diameter at breast 
he�ght (d.b.h.) by 2060 w�th the standard model. The 
EAB model projected a larger decrease over the same 
per�od, and �t projected the loss of ash �n all 20 states 
to occur by 2050 (Table 1, F�g. 2). Volume project�ons 
suggested substant�al var�at�on across states (Table 
2). The standard model projected smaller volume 
decreases �n most forest-type groups than d�d the EAB 
model (Table 3). Th�s trend was apparent w�th forest-
type groups where ash was a major component such 
as elm-ash-cottonwood (E-A-C), but th�s was not the 
case w�th forest-type groups where ash was a m�nor 
component, such as spruce-f�r. However, �n Ma�ne 
the standard model projected larger volume decreases 
�n E-A-C than d�d the EAB model, �n M�nnesota 
the standard model projected larger decreases �n the 
oak-h�ckory forest-type group (O-H) than d�d the 
EAB model, and �n Pennsylvan�a the standard model 
projected larger decreases �n O-H than d�d the EAB 
model.
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Figure 1.—United States counties and Canadian regional municipalities where EAB was detected by 31 December 2010 
are shown in purple and were based on data from USDA Animal and Plant Health Inspection Service, Plant Protection and 
Quarantine program and Canadian Food Inspection Agency. The projected EAB spread rate of 20 km/year is shown in 5-year 
intervals in dark red lines, whereby the innermost (from center) dark red spread line corresponds with 2020 and outermost 
2050.
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Figure 2.—Using dates when EAB spread subsumes each inventory unit (black lines within each state), the projected  
mortality of ash due to EAB is shown for each midwest and northeast FIA inventory unit. EAB spread in New York, Vermont, 
New Hampshire, and Maine was influenced by EAB infestations in Ontario and Québec, Canada regional municipalities.  
EAB spread was not influenced by EAB infestations in Tennessee, Kentucky, or Virginia or in other Canadian locations.  
This projection assumed EAB spread caused ash mortality once the spread subsumed each inventory unit.

Table 1.—Total number of all trees ≥2.54 cm d.b.h. on forest land in billions by state, year, and model. See 
text for model descriptions.

 Standard model eAB model
 2010 number of all trees 2060 number of all trees Percent change 2060 number of all trees Percent change
State ≥2.54 cm d.b.h. (billions) ≥2.54 cm d.b.h. (billions) (2010 to 2060) ≥2.54 cm d.b.h. (billions) (2010 to 2060)

Maine 23.32 20.87 -11 20.54 -12
Michigan 14.03 12.25 -13 11.25 -20
Minnesota 13.06 11.37 -13 9.97 -24
New York 12.19 11.54 -5 10.93 -10
Pennsylvania 8.35 7.27 -13 6.94 -17
Wisconsin 10.92 9.56 -12 8.67 -21
Total 81.87 72.86 -11 68.30 -17
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Table 2.—Total volume of all trees ≥12.70 cm d.b.h. on forest land in million cubic meters, by state, year, 
and model. See text for model descriptions.

 Standard model eAB model
 2010 percent of total   Percent  Percent
State land area in forest land 2010 volume 2060 volume volume change 2060 volume volume change

Maine 89 721.53 765.77 6 735.67 2
Michigan 55 893.47 970.97 9 927.14 4
Minnesota 33 512.51 634.39 24 591.84 15
New York 63 1,121.59 1,197.25 7 1,152.14 3
Pennsylvania 58 1,002.02 986.75 -2 984.24 -2
Wisconsin 48 658.13 817.09 24 766.66 16
Total 53 4909.25 5372.22 9 5157.69 5

Table 3.—Total volume of trees ≥12.70 cm d.b.h. on forest land in million cubic meters, and percent 
change in total volume of trees on forest land, by state, forest-type group, and model. See text for model 
descriptions.
Maine
 Percent change
 2010-2060
 2010 total Standard EAB
Forest-type group volume model model

White-red-jack-pine 77.38 0 1
Spruce-fir 212.64 11 4
Oak-hickory 18.30 13 5
Elm-ash-cottonwood 11.54 -45 -23
Maple-beech-birch 308.64 10 5
Aspen-birch 67.19 -13 -9

Michigan
 Percent change
 2010-2060
 2010 total Standard EAB
Forest-type group volume model model

White-red-jack-pine 100.58 52 49
Spruce-fir 109.21 -6 -9
Oak-hickory 150.92 1 0
Elm-ash-cottonwood 84.98 -7 -28
Maple-beech-birch 313.00 8 6
Aspen-birch 105.35 2 -9

Minnesota
 Percent change
 2010-2060
 2010 total Standard EAB
Forest-type group volume model model

White-red-jack-pine 49.70 21 23
Spruce-fir 79.76 5 -3
Oak-hickory 91.12 -23 -8
Elm-ash-cottonwood 52.00 115 39
Maple-beech-birch 53.77 -18 -26
Aspen-birch 170.84 48 44

New york
 Percent change
 2010-2060
 2010 total Standard EAB
Forest-type group volume model model

White-red-jack-pine 90.04 22 3
Spruce-fir 35.84 17 33
Oak-hickory 167.49 71 46
Elm-ash-cottonwood 57.72 -79 -83
Maple-beech-birch 663.28 1 3
Aspen-birch 29.89 -57 -61

Pennsylvania
 Percent change
 2010-2060
 2010 total Standard EAB
Forest-type group volume model model

White-red-jack-pine 26.46 16 15
Spruce-fir 1.32 -25 -25
Oak-hickory 538.25 1 -3
Elm-ash-cottonwood 14.62 55 -15
Maple-beech-birch 364.00 -8 -1
Aspen-birch 10.37 61 53

Wisconsin
 Percent change
 2010-2060
 2010 total Standard EAB
Forest-type group volume model model

White-red-jack-pine 80.51 126 114
Spruce-fir 40.27 10 4
Oak-hickory 182.85 4 7
Elm-ash-cottonwood 58.27 23 2
Maple-beech-birch 180.86 -4 -7
Aspen-birch 88.20 11 -1



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 112GTR-NRS-P-105

DIScuSSIoN
There was l�ttle or no d�fference �n the number of 
all trees ≥2.54 cm d.b.h. and volume between the 
standard and EAB models �n states where ash was 
not an �mportant genus (e.g., Ma�ne, 2 percent of 
total grow�ng stock volume) (Table 4). D�fferences 
between the standard and EAB models were greater 
�n states where ash was a more prom�nent genus (e.g., 
M�nnesota, 8 percent of total grow�ng stock volume). 
For example, the effect of ash mortal�ty on d�fferences 
between the EAB and standard models was most 
apparent �n M�nnesota and least apparent �n Ma�ne 
because ash contr�buted a much larger port�on of the 
total grow�ng-stock volume �n M�nnesota than �t d�d 
�n Ma�ne. Th�s led to a greater d�fference between 
the standard and EAB models �n M�nnesota than �n 
Ma�ne. Ash represented a larger component of forest 
and was predom�nately found �n E-A-C forests �n 
M�nnesota, so the major�ty of changes �nvolved forest 
types �n the E-A-C forest-type group. S�m�larly, 
M�nnesota volume d�ffered between the standard and 
EAB models (Tables 2 and 3). Ash represented a very 
small component of forest and was more prevalent �n 
O-H than E-A-C forests �n Ma�ne, so most changes 
�n forest types d�d not �nvolve forest types �n E-A-C 
forests. Therefore, �n Ma�ne the projected number of 
all trees ≥2.54 cm d.b.h. and volume were similar for 
both the standard and EAB models, �nd�cat�ng that 
the EAB model d�d not appear to substant�ally alter 
Ma�ne’s E-A-C project�ons trajectory. Ma�ne O-H 

volume trends between the standard and EAB model 
results were s�m�lar as well. Ma�ne standard and 
EAB model results for E-A-C and O-H forests were 
probably s�m�lar because ash represented a very small 
proport�on of total grow�ng stock. The forest changes 
pred�cted by the standard model were based on trends 
observed between FIA �nventor�es pr�or to 2010. For 
the standard model, those trends greatly �nfluenced the 
probab�l�ty of forest compos�t�onal changes, �nclud�ng 
trans�t�on�ng �nto or out of forest type-groups w�th ash 
such as E-A-C or O-H. For example, the M�nnesota 
standard model projected an �ncrease �n E-A-C volume 
because E-A-C volume �ncreased between recent 
pr�or �nventor�es. L�kew�se, the Ma�ne standard model 
projected a decrease �n E-A-C volume because E-A-C 
volume decreased between recent pr�or �nventor�es. 
For the same reason, the M�ch�gan standard model 
projected a decrease �n E-A-C forests. Cons�der�ng 
EAB has been establ�shed �n M�ch�gan s�nce the early 
1990s (S�egert et al. 2007), the decrease between 
recent �nventor�es may have been partly due to EAB 
effects on ash.

We summar�zed the effects of EAB on the number and 
volume of ash trees for the broad category of forest-
type groups and the large scale of states. It �s �mportant 
to cons�der geograph�c d�fferences �n the compos�t�on 
of each forest-type group s�nce we analyzed changes 
by forest-type group. For example, ash does not 
compr�se a substant�al amount of any forest-type group 

Table 4.—Total volume of growing-stock trees and total volume of ash growing stock ≥12.70 cm d.b.h. on 
forest land, in million cubic meters, by state.

 2010 total trees 2010 ash trees 2010 ash percentage
State growing-stock volume growing-stock volume of growing-stock volume

Maine 673.66 14.87 2
Michigan 827.05 40.08 5
Minnesota 443.82 35.11 8
New York 1032.29 76.11 7
Pennsylvania 939.29 46.54 5
Wisconsin 601.61 37.15 6

Total 4517.71 249.86 6
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�n Ma�ne, M�nnesota E-A-C �s compr�sed ma�nly 
of green and black ash, and ash m�ght compr�se a 
larger port�on of O-H than E-A-C �n other states. Our 
model�ng suggested the trans�t�on from ash to other 
spec�es could progress slowly as ash �s replaced by a 
var�ety of assoc�ated spec�es, desp�te our assumpt�on 
that EAB w�ll cause 100 percent ash mortal�ty. Our 
model�ng suggested that EAB effects �n non-urban 
forests measured by FIA may not cause forest-type 
group changes because assoc�ated spec�es not prone 
to EAB �nfestat�on have the potent�al to offset the loss 
of ash trees and the�r assoc�ated volume. On the other 
hand, EAB �nfestat�on could lead to canopy gaps and 
fac�l�tate an �ncrease �n nat�ve and nonnat�ve �nvas�ve 
plant spec�es (Gandh� and Herms 2010). Ult�mately, 
our model�ng may not apply to urban areas not 
measured by FIA, where there could be a larger  
�mpact due to the extens�ve d�str�but�on of urban ash.
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eXPANSIoN AND coNTRAcTIoN TeNSIoN ZoNeS  
IN WeSTeRN u.S. PINoN-juNIPeR WooDlANDS  

uNDeR PRojecTeD clIMATe cHANGe

jacob Gibson, Gretchen G. Moisen, Tracey S. Frescino, and Thomas c. edwards, jr.1

eXTeNDeD ABSTRAcT
Populat�ons of p�ñons and jun�pers across the �nter�or west have been h�ghly dynam�c 
over the last two centur�es, undergo�ng an overall expans�on but punctuated w�th reg�onal 
mortal�ty. Accumulat�ng demograph�c stud�es across the �nter�or west �nd�cate the 
dr�vers of expans�on and contract�on of populat�ons are compounded by reg�onal land 
use legac�es, but have an underly�ng cl�mat�c component. The key �mpl�cat�on �s that 
p�ñon and jun�per d�str�but�ons respond to cl�mat�c var�at�on across spat�al and temporal 
scales by expans�on from, and contract�on to, areas of long-term pers�stence relat�ve 
to the�r centur�al (p�ñons) and m�llenn�al (jun�pers) l�fe spans. Ind�v�dual�st�c cl�mat�c 
tolerances among p�ñon and jun�per spec�es lead to temporally dynam�c assemblages 
�n the landscape that vary reg�onally. Fa�lure to recogn�ze spec�es-spec�f�c zones of 
contract�on, expans�on, and pers�stence across the landscape and across reg�ons has 
led to controvers�al management pract�ces developed for certa�n spec�es under certa�n 
cond�t�ons but extrapolated to d�fferent spec�es under d�sparate cond�t�ons (Romme et 
al. 2009). Contrast�ng demograph�cs between expand�ng, contract�ng, and pers�st�ng 
populat�ons of p�ñons and jun�pers enables local�zed f�eld class�f�cat�ons of these spec�es-
spec�f�c zones and the�r emergent woodland types. However, d�fferent�al mortal�ty rates 
among p�ñons and jun�pers dur�ng the last decade �nd�cate d�str�but�on-w�de sh�fts �n co-
occurrence have already begun �n response to contemporary cl�mate change (Breshears 
et al. 2009). Needed, therefore, �s a s�m�lar class�f�cat�on of woodlands at a scale 
relevant to global cl�mate change (e.g., W�ens et al. 2009) to a�d �n �dent�fy�ng reg�onal 
conservat�on pr�or�t�es and prov�de context for extrapolat�ng management pract�ces, such 
as regenerat�on prescr�pt�ons. 

The response of woody plant d�str�but�ons to cl�mate can be eluc�dated �n a var�ety of 
ways, and both p�ñons and jun�pers have prov�ded model systems for emp�r�cal and 
exper�mental �nvest�gat�ons. Yet the phys�olog�cal mechan�sms underly�ng mortal�ty 
are far from �ntegrated at the whole-tree level (e.g., Plaut et al. 2012). Although 
mechan�st�cally l�nk�ng �nd�v�dual trees to global cl�mate change forecasts �s �nfeas�ble �n 
th�s regard (Sala et al.), strong emp�r�cal relat�onsh�ps between growth rates and cl�mate 
over the last century have been found across the greater geograph�c breadth of several 
western con�fer spec�es, �nclud�ng P. edulis, and have been extrapolated to forecast 
cl�mates (W�ll�ams et al. 2010). A s�m�lar techn�que �s to emp�r�cally relate the probab�l�ty 
of the current presence/absence of a spec�es to current cl�mat�c cond�t�ons often referred 
to as spec�es d�str�but�on models (SDMs, Gu�san and Z�mmermann 2000). Such models 
may then be extrapolated to forecast cl�mate change scenar�os (Iverson et al. 2008, 
Refheldt et al. 2008). 
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There are many �nterwoven techn�cal and conceptual challenges to the process of 
creat�ng SDMs that have rece�ved leg�t�mate cr�t�c�sm. Techn�cally, the development of 
SDMs rel�es on stat�st�cal techn�ques challenged by the ava�lab�l�ty of presence/absence 
observat�ons and by the ava�lab�l�ty of relevant pred�ctor var�ables at an appropr�ate scale 
(e.g., We�ns et al. 2009). Th�s s�tuat�on �s compl�cated further by the degree to wh�ch 
the potent�al d�str�but�on �s real�zed. Although a spec�es current d�str�but�on may be 
modeled w�th prefect stat�st�cal accurac�es, such a stat�c SDM may not be amenable to the 
appl�cat�on of cl�mate change scenar�os that may �ntroduce no-analog cl�mate cond�t�ons 
for wh�ch no emp�r�cal relat�onsh�ps currently ex�st for model�ng purposes. A stat�st�cally 
accurate SDM that �s bu�lt w�th appropr�ate var�ables w�ll be �nd�cat�ve of geograph�c 
sh�fts �n the cl�mat�c cond�t�ons �n wh�ch a spec�es �s currently most compet�t�ve, but 
�ntroduces the added complex�ty of the processes by wh�ch spec�es track th�s sh�ft w�th 
respect to b�ot�c, topograph�c, and edaph�c �nteract�ons. Because sess�le spec�es must 
track cl�mate through complet�on of the l�fe cycle, �t �s necessary to cons�der the nested 
nature of l�fe stage-spec�f�c n�che d�mens�ons (�.e., the regenerat�on n�che, Jackson et al. 
2009). To address these �nterwoven challenges, we develop a nested scale, l�fe h�story-
based framework for organ�z�ng the vast and var�ed research address�ng the l�fe h�story of 
p�ñons and jun�pers to gu�de an emp�r�cal approach to bu�ld, parameter�ze, and �nterpret 
spec�es-spec�f�c d�str�but�on models. B�ot�c �nteract�ons mod�fy the overarch�ng �nfluence 
of cl�mate on p�ñon and jun�per d�str�but�ons, lead�ng to lagged or accelerated responses 
of �nd�v�duals, landscape populat�ons, and cont�nental d�str�but�ons. D�scordance between 
cl�mat�c su�tab�l�ty and spat�al d�str�but�on generates zones under pressure of expans�on or 
contract�on but held �n tens�on by spat�al constra�nts and b�ot�c �nteract�ons. We del�neate 
these tens�on zones under forecast cl�mate change scenar�os of the 21st century.

Techn�cal challenges surround�ng th�s process are m�n�m�zed by us�ng presence/absence 
observat�ons from the Forest Inventory and Analys�s Program (FIA) (McRoberts et al. 
2005) that ma�nta�ns a systemat�c �nventory of forests across the U.S w�th an underly�ng 
probab�l�st�c des�gn. We �nvest�gated numerous env�ronmental pred�ctor var�ables 
hypothes�zed as related to the spec�es d�str�but�ons and chose the s�mplest express�ons 
of seasonal temperature and mo�sture to avo�d problems assoc�ated w�th forecast 
cl�mat�c cond�t�ons hav�ng no contemporary analog. We used Random Forests (RF) 
(Br�eman 2001; Cutler et al. 2007), a commonly employed stat�st�cal tool for d�str�but�on 
forecast�ng. 

Conceptual challenges are m�n�m�zed by work�ng w�th presence observat�ons from across 
the ent�rety of each spec�es d�str�but�on, thereby sampl�ng the breadth of the real�zed 
d�str�but�on (Pearman et al. 2008). Absences are drawn from a b�olog�cally mean�ngful, 
spat�ally def�ned sample frame (e.g., Zarnetske et al. 2007). Th�s sample frame addresses 
the �mpl�cat�on of geograph�c d�sequ�l�br�um between spec�es d�str�but�ons and the 
current cl�mate by l�m�t�ng model development to areas where the spec�es has actually 
had a l�kely opportun�ty to grow and excludes areas where the spec�es has l�kely never 
had an opportun�ty to grow. Th�s constra�nt �n absence select�on avo�ds overf�tt�ng 
models, wh�ch typ�cally leads to h�gher decay rates �n forecast probab�l�t�es. In�t�al 
modeled d�str�but�ons are l�m�ted to th�s model-bu�ld�ng doma�n and are evaluated �n 
the�r ab�l�ty to descr�be the current, observed d�str�but�on. The �n�t�al d�str�but�on models 
are appl�ed to forecast cl�mate change scenar�os through l�fe stage-spec�f�c thresholds 
w�th�n spat�al constra�nts. The model�ng doma�n and spat�al constra�nt are based on a 
rev�ew of quaternary d�str�but�on dynam�cs �n conjunct�on w�th current demograph�c and 
d�spersal stud�es. The l�fe stage thresholds are emp�r�cally est�mated by relat�ng FIA plot 
measures of seedl�ngs and mortal�ty w�th modeled cl�mat�c su�tab�l�ty w�th�n the context 
of rev�ewed l�fe h�story stud�es. 
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These spec�es-spec�f�c models were appl�ed to two cl�mate change scenar�os, follow�ng 
the Intergovernmental Panel on Cl�mate Change (IPCC) storyl�nes A2a and B2a, 
represent�ng extreme and moderate global change at the t�me of publ�cat�on (H�jmans 
et al. 2005). We use the Hadley Center Coupled Atmosphere-Ocean Global C�rculat�on 
Model (HadCM3 GCM) as the bas�s of the cl�mate project�ons. Cl�mate change scenar�os 
were appl�ed at three 30-year t�me steps over the 21st century. After the �n�t�al d�str�but�on 
�s set for each spec�es, the l�fe stage thresholds and spat�al constra�nts determ�ne the 
ab�l�ty for d�str�but�ons to track forecasted cl�mate change. The emergent d�str�but�on 
�s composed of a sequence of poss�ble local ext�nct�on, recru�tment, and susta�ned 
populat�ons expected from a nested-n�che model (Jackson et al. 2009). The var�ety of 
poss�ble states across the forecast cl�mate probab�l�t�es of each spec�es are collapsed 
�nto classes of contract�on, pers�stence, and expans�on. W�th a spat�al resolut�on of 1 
km, these classes des�gnate spat�al zones reflect�ve of d�str�but�on behav�or at both a 
landscape/ mult�-decadal scale and at a cont�nent/ centur�al scale. Sh�fts �n the landscape 
are measured as changes �n modeled elevat�on bands and correspond to sh�fts �n the 
alt�tud�nal zonat�on of l�fe zones. Cont�nental sh�fts �n d�str�but�on are measured as 
changes �n modeled lat�tud�nal and long�tud�nal d�str�but�on and correspond to reg�onal 
zones of expans�on, contract�on, or pers�stence. We present the modeled expans�on and 
contract�on as �nd�cat�ve of pressures correspond�ng to the lead�ng and tra�l�ng edge 
dynam�cs of these d�str�but�ons. The assemblage of these spec�es d�str�but�on models,  
�n turn, �s class�f�ed �nto zones of spec�es �ncrease, decrease, or turnover.
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PRojecTeD TReNDS IN FoReST HABITAT clASSeS  
uNDeR clIMATe AND lAND uSe cHANGe SceNARIoS

Brian G. Tavernia, Mark D. Nelson, Brian F. Walters, and chris Toney1

Abstract.—W�ldl�fe spec�es have d�verse and somet�mes confl�ct�ng hab�tat 
requ�rements. To support d�verse w�ldl�fe commun�t�es, natural resource managers 
need to manage for a var�ety of hab�tats across a large area and to create long-term 
management plans to ensure th�s var�ety �s ma�nta�ned. In these efforts, managers would 
benef�t from assessments of potent�al cl�mate and land use change effects on hab�tats. As 
part of the U.S. Forest Serv�ce’s Northern Forest Futures Project (NFFP), we assessed 
climate and land use driven changes in the areas of forest (≥66% canopy cover) and 
woodland (66% > canopy cover ≥ 10%) habitat across the Northeast and Midwest 
by 2060. Our assessments were made us�ng NFFP project�ons based on three future 
storyl�nes developed by the Intergovernmental Panel on Cl�mate Change (IPCC). The 
total area of forest and woodland hab�tat �s currently 173.4 m�ll�on acres and �s evenly 
spl�t between forest and woodland (49% and 51%, respect�vely). Our assessments suggest 
that total forest and woodland hab�tat area w�ll decrease �n the future, but the magn�tude 
of hab�tat loss d�ffered among IPCC storyl�nes, rang�ng from 5.9 to 11 m�ll�on acres. 
Regardless of storyl�ne, forest hab�tat was projected to ga�n area and woodland hab�tat 
was projected to lose area. As a result, forest was projected to represent a sl�ght major�ty 
of the total hab�tat area (55% vs. 45% for woodland). Projected decl�nes �n woodland 
hab�tat represent a cont�nuat�on of h�stor�cal trends and have the potent�al to negat�vely 
affect woodland-dependent w�ldl�fe v�a reduced patch s�zes, patch �solat�on, and edge 
effects. 
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Forester (MDN) and Forester (BFW), U.S. Forest Serv�ce, 
Northern Research Stat�on; and B�olog�cal Sc�ent�st (CT), 
U.S. Forest Serv�ce, Rocky Mounta�n Research Stat�on. 
BGT �s correspond�ng author: to contact, call 301-497-5654 
or ema�l at btavern�a@gma�l.com. 

INTRoDucTIoN
 A s�gn�f�cant challenge �n natural resources 
management �s prov�d�ng suff�c�ent hab�tat for w�ldl�fe 
spec�es that have d�verse and somet�mes confl�ct�ng 
hab�tat needs (Noon et al. 2009). Su�tes of spec�es 
are assoc�ated w�th part�cular forest hab�tat classes 
character�zed by d�fferent compos�t�ons, ages, and 
structures (Patton 2011). For example, some spec�es 
(e.g., Cerulean warbler, Setophaga cerulea) are 
assoc�ated w�th mature, dec�duous forests wh�le others 

(e.g., K�rtland’s warbler, Setophaga kirtlandii) are 
found �n d�sturbance-dependent, early success�onal, 
con�ferous hab�tat. Successful conservat�on and 
management of spec�es w�th d�fferent hab�tat 
assoc�at�ons requ�res management plans that are large 
scale and long term �n scope; such plans are necessary 
to ensure that d�verse hab�tat needs are s�multaneously 
met and ma�nta�ned through t�me (Hamel et al. 2005). 

Efforts to conserve d�verse groups of w�ldl�fe would 
benef�t from assessments of projected cl�mate and 
land use change effects on a su�te of forest hab�tat 
classes. The Northern Forests Futures Project (NFFP), 
a jo�nt effort by the U.S. Forest Serv�ce and several 
partners, �s project�ng and assess�ng the potent�al 
�mpacts of cl�mate and land use changes on forest 
extent, compos�t�on, and structure across 20 states �n 
the Northeast and M�dwest. As part of the NFFP effort, 
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we used project�ons of 2060 forest cond�t�ons and 
anc�llary datasets to assess potent�al changes �n areas 
of forest and woodland hab�tat classes. 

DATA AND MeTHoDS
Us�ng a w�ldl�fe-hab�tat matr�x developed by 
NatureServe (2011), we �dent�f�ed s�x current forest 
and woodland hab�tat classes: forest-hardwood, forest-
con�fer, forest-m�xed, woodland-hardwood, woodland-
con�fer, and woodland-m�xed. NatureServe def�nes 
forest habitats as having ≥66 percent total canopy 
cover and woodland hab�tats as hav�ng 40 to 66 
percent canopy cover. Savanna, another NatureServe 
hab�tat assoc�ated w�th tree cover, �s def�ned as hav�ng 
between 10 and 40 percent cover by trees and shrubs. 
Savanna �s a rare ecosystem �n northern forests and 
should not be confused w�th early success�onal stages 
of woodland or forest hab�tats, wh�ch also exh�b�t 
canopy cover of 10 to 40 percent. Therefore, we coded 
canopy of 10 to 40 percent as woodland. Canopy 
cover thresholds also are used to separate hab�tat 
compos�t�on w�th�n both forest and woodland classes. 
Areas are labeled as hardwood or con�fer when >66 
percent of the forest or woodland canopy cons�sts 
of hardwood or con�fer tree spec�es, respect�vely. 
Hab�tats are labeled as m�xed when ne�ther hardwood 
nor con�fer tree cover exceeds 66 percent of the total 
canopy cover. 

We used NFFP project�ons to assess potent�al cl�mate 
and land use dr�ven changes �n the areas of the s�x 
hab�tat classes from 2010 to 2060. NFFP’s project�ons 
of future forest cond�t�ons were based on current data 
and h�stor�cal trends from the U.S. Forest Serv�ce’s 
Forest Inventory and Analys�s (FIA) Program. FIA 
does not prov�de est�mates of canopy cover, so we 
used a computer algor�thm to der�ve est�mates of 
canopy cover from FIA data, enabl�ng us to crosswalk 
NFFP area project�ons to forest and woodland hab�tat 
classes. Deta�ls of the methods used to der�ve canopy 
cover est�mates are prov�ded by Toney et al. 2009 and 
Nelson et al. (�n th�s proceed�ngs). 

NFFP projected future forest cond�t�ons under cl�mate 
and land use change scenar�os cons�stent w�th the 
Intergovernmental Panel on Cl�mate Change’s (IPCC) 
A1B, A2, and B2 storyl�nes. A1B assumes rap�d 
econom�c growth, a global populat�on that peaks 
�n the m�ddle of the 21st century and then decl�nes, 
and m�xed energy use from foss�l and non-foss�l fuel 
resources; A2 assumes that the global populat�on 
cont�nues to grow throughout the century and that 
econom�c development w�ll be reg�onally or�ented; 
and B2 assumes reg�onal and local econom�c growth 
w�th per cap�ta �ncome s�m�lar to A2 but assumes 
projected populat�on growth that �s lower than the 
other scenar�os (USDA Forest Serv�ce 2012). For 
each storyl�ne, cl�mate cond�t�ons were projected 
us�ng mult�ple General C�rculat�on Models (GCMs) to 
exam�ne model-based uncerta�nty. 

ReSulTS
Across the Northeastern and M�dwestern U.S., the 
current total area of all forest and woodland hab�tat 
classes (as def�ned above) �s 173.4 m�ll�on acres (Table 
1). The reg�on �s dom�nated by the forest-hardwood 
(41% of forest hab�tat) and woodland-hardwood 
(34%) hab�tat classes w�th no other class exceed�ng 10 
percent of forest hab�tat. Forest land �s about evenly 
spl�t between the groups of forest and woodland 
hab�tat classes (49% and 51%, respect�vely). 

Projected changes �n hab�tat for IPCC storyl�nes 
d�d not d�ffer across GCMs, poss�bly because NFFP 
projected hab�tat cond�t�ons over a relat�vely short 50-
year t�me per�od. For th�s reason, we d�d not strat�fy 
assessments results by GCMs. 

Loss of total forest and woodland hab�tat area was 
projected under all three IPCC storyl�nes although the 
magn�tude ranged from 5.9 m�ll�on acres under B2 to a 
loss of 11 m�ll�on acres under A1B (Table 1). Patterns 
of change for hab�tat classes were cons�stent across 
all three IPCC storyl�nes (Table 1). All three forest 
hab�tat classes ga�ned area; percent ga�ns were greatest 
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Table 1.—Area (millions of acres) and percent change of six forest and woodland habitat classes across 
the Northeast and Midwest.a

 Total Forest- Forest- Forest- Woodland- Woodland- Woodland-
IPcc Storyline Habitat Hardwood conifer Mixed Hardwood conifer Mixed

Baseline 173.4 70.4 4.3 10.8 59.5 16.7 11.7

A1B 162.4 73.1 5.2 11.4 48.5 14.3 9.9
 (-6.4%) (3.8%) (20.9%) (5.6%) (-18.5%) (-14.4%) (-15.4%)

A2 164.1 74.3 5.0 11.6 48.7 14.5 10.1
 (-5.4%) (5.5%) (16.3%) (7.4%) (-18.2%) (-13.2%) (-13.7%)

B2 167.5 74.9 5.0 12.1 50.6 14.6 10.2
 (-3.4%) (6.4%) (16.3%) (12.0%) (-15.0%) (-12.6%) (-12.8%)

a Estimates are provided for 2010 baseline conditions and for 2060 based on the A1B, A2, and B2 storylines from the Intergovernmental 
Panel on Climate Change (IPCC). Changes in habitat classes between 2010 and 2060 were driven by projected land use changes, forest 
succession, and forest harvest. See text for explicit definitions of forest habitat classes.

for forest-con�fer and least for forest-hardwood. 
Conversely, all three woodland hab�tat classes lost 
area; percent losses were greatest for woodland-
hardwood and least for woodland-con�fer. Forest 
hab�tat classes were projected to �ncrease relat�ve to 
woodland hab�tat classes as a percent of total hab�tat 
(55% versus 45%, respect�vely).

DIScuSSIoN AND coNcluSIoN
Our assessments suggest that the total area of forest 
and woodland hab�tat classes w�ll decrease across the 
Northeast and M�dwest by 2060. Th�s loss �n total 
forest and woodland hab�tat acreage has the potent�al 
to negat�vely affect w�ldl�fe populat�ons. Although 
we d�d not d�rectly assess spat�al patterns of hab�tat 
loss, reduced hab�tat area can lead to smaller and 
more �solated forest patches. These patches support 
fewer �nd�v�duals and are less l�kely to rece�ve 
�mm�grants from other areas, �ncreas�ng the l�kel�hood 
of local ext�nct�ons and decreas�ng the l�kel�hood of 
recolon�zat�on or populat�on rescue. Smaller forest 
patches �n th�s reg�on of North Amer�ca are also more 
exposed to negat�ve ecolog�cal �nfluences (e.g., nest 
predators) from surround�ng nonforest land uses, 
contr�but�ng to local populat�on decl�nes. If hab�tat 
loss �s w�despread, reg�onal decl�nes and ext�nct�ons 
may result. These effects may be of more �mmed�ate 
concern for woodland hab�tat classes than forest 

hab�tat classes, wh�ch are projected to �ncrease �n 
area. Nevertheless, land convers�on to nonforest land 
use types ult�mately constra�ns the area and spat�al 
d�str�but�on of all forest and woodland hab�tat classes. 
Our assessments suggest that uncerta�nty about future 
demograph�c, econom�c, and technolog�cal cond�t�ons 
(as represented by d�fferent IPCC storyl�nes) 
contr�butes to uncerta�nty about the extent of hab�tat 
loss. Pol�cy (e.g., promot�ng growth near ex�st�ng 
urban centers) and f�nanc�al mechan�sms (e.g., tax 
deduct�ons result�ng from conservat�on easements) 
m�ght be used to l�m�t the negat�ve effects of land use 
change on forest w�ldl�fe.  

Researchers have reported decades-long decl�nes �n 
the area of early success�onal forest hab�tat across 
the Northeast and M�dwest (Tran� et al. 2001). These 
decl�nes have been attr�buted to a number of d�fferent 
causes �nclud�ng forest maturat�on of abandoned 
farmland, altered forest management pract�ces, forest 
ownersh�p patterns that d�scourage harvest, d�srupted 
natural d�sturbance reg�mes (e.g., f�re suppress�on), 
and land use convers�on (Tran� et al. 2001). Assum�ng 
that early success�onal forests can be character�zed as 
hav�ng more open canop�es, project�ons of woodland 
hab�tat classes �n our assessment suggested that 
decl�nes of th�s hab�tat type may cont�nue �nto the near 
future. We found that all woodland hab�tat classes 
decl�ned and that reg�onal hab�tat became dom�nated 
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by forest hab�tat classes. These projected decl�nes 
may negat�vely affect not only woodland-assoc�ated 
spec�es but also spec�es typ�cally assoc�ated w�th forest 
hab�tats that are dependent on woodland areas dur�ng 
certa�n t�mes of the year (e.g., Streby et al. 2011, V�tz 
and Rodewald 2006). Ult�mately, the future status 
of w�ldl�fe spec�es dependent on young forests or 
woodland hab�tat w�ll depend on the scale, type, and 
frequency of anthropogen�c and natural d�sturbances 
occurr�ng �n landscapes across the Northeast and 
M�dwest. These d�sturbance patterns w�ll be affected 
by future management dec�s�ons (e.g., type of 
forest harvest) as well as chang�ng soc�oeconom�c 
(e.g., chang�ng ownersh�p patterns) and ecolog�cal 
cond�t�ons (e.g., cl�mate change). 
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SITe PRoDucTIvITy –  
cuRReNT eSTIMATeS, cHANGe, AND PoSSIBle eNHANceMeNTS  

FoR THe NoRTHeRN ReSeARcH STATIoN

Scott A. Pugh1

Abstract.—S�te product�v�ty (SP) �s the �nherent capac�ty to grow crops of �ndustr�al 
wood. SP �dent�f�es the potent�al growth �n cub�c feet/acre/year and �s based on the 
culm�nat�on of mean annual �ncrement of fully stocked natural stands. Changes �n SP 
were summar�zed for t�mberland and the assoc�ated effects on net growth and removal 
est�mates were �nvest�gated us�ng data from the Forest Inventory and Analys�s program 
from the early to late 2000s. Change �n area by SP class ranged from 4.8 to 19.6 percent, 
depend�ng on the state. Actual changes on the ground are not th�s common. Net growth 
cred�ted to unproduct�ve-to-product�ve change var�ed from 0.0 to 11.2 percent of total 
net growth depend�ng on the state; removals due to product�ve-to-unproduct�ve change 
var�ed from 0.0 to 38.7 percent of total removals, depend�ng on the state. A compar�son 
of SP der�ved from current methods versus complement�ng w�th net growth �nformat�on 
shows 12.5 percent of currently class�f�ed unproduct�ve area could be class�f�ed 
product�ve and 10.3 percent of forest land area could rece�ve a more product�ve SP class. 
Art�f�c�al change �n SP class should be m�n�m�zed, espec�ally for s�tes that are marg�nally 
product�ve or unproduct�ve. Restr�ct�ng new calculat�ons of SP when val�d measurements 
already ex�st w�ll lessen erroneous change.

1 Forester (SAP), U.S. Forest Serv�ce, Northern Research 
Stat�on, 410 MacInnes Dr�ve, Houghton, MI 49931.  
To contact, call 906-482-6303 ext. 17 or ema�l at  
spugh@fs.fed.us.

INTRoDucTIoN
Forest s�te product�v�ty (SP) �s the �nherent capac�ty 
to grow crops of �ndustr�al wood. SP �dent�f�es the 
potent�al growth �n cub�c feet (ft3)/acre/year and �s 
based on the culm�nat�on of mean annual �ncrement 
of fully stocked natural stands (U.S. Forest Serv�ce 
2010). By def�n�t�on, forest land ass�gned a SP less 
than 20 ft3/acre/year �s unproduct�ve. T�mberland �s 
product�ve, �.e., capable of produc�ng at least  
20 ft3/acre/year, so changes �n SP status affect net 
growth and removal est�mates on t�mberland. Th�s 
study’s object�ves �nclude summar�z�ng changes �n SP 
and the assoc�ated effects on annual net growth and 
removals. Follow�ng these results, the study focuses 
on ways to �mprove SP ass�gnments us�ng observed 

net growth est�mates and l�m�t art�f�c�al change �n SP 
ass�gnments. 

Data from the Forest Inventory and Analys�s program 
of the Northern Research Stat�on (NRS-FIA), U.S. 
Department of Agr�culture, Forest Serv�ce, were 
compared from the early to late 2000s (Table 1). NRS-
FIA uses s�te �ndex (SI), the most commonly accepted 
measurement, to est�mate SP. SI represents the average 
total he�ght �n feet that dom�nant and codom�nant trees 
are expected to atta�n �n fully stocked, even-age stands 
at a spec�f�c base age (usually 50 years for NRS-FIA 
states). Changes �n SI can represent magn�tudes of 
change �n SP. For eastern wh�te p�ne (Pinus strobus 
L.), an SI of 48-59 feet represents an SP of 50-84 ft3/
acre/year, and an SI of 60-74 feet represents an SP of 
85-119 ft3/acre/year. NRS-FIA uses seven SP classes 
expressed �n ft3/acre/year as follows: class 1 at 225+, 
class 2 at 165-224, class 3 at 120-164, class 4 at 85-
119, class 5 at 50-84, class 6 at 20-49, class 7 at 0-19.
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Region State

Total 
forest-

to-forest 
area

Forest-to-
forest area 
changed 
SP class

Total net 
growth

Net growth on 
unproductive-
to-productive 

area
Total 

removals

Removals on 
productive-to-
unproductive 

area

  million 
acres

percent million 
ft3/year

percent million 
ft3/year

percent

Western NRS-FIA Illinois 4.4 19.6 214.9 0.0 66.1 13.2
Indiana 4.5 10.7 274.0 0.0 89.0 0.0
Iowa 2.7 10.3 79.1 0.0 40.6 0.0
Kansas 1.9 9.5 36.6 0.0 12.9 28.6
Michigan 19.1 10.6 695.1 0.6 337.5 2.2
Minnesota 15.9 17.1 384.9 3.4 255.7 3.1
Missouri 14.4 12.3 464.2 2.3 174.4 2.8
Nebraska 1.1 9.5 21.7 2.5 14.2 1.9
North Dakota 0.7 8.1 6.8 11.2 2.6 38.7
South Dakota 1.7 9.5 38.2 6.1 25.5 0.1
Wisconsin 16.1 11.8 563.8 0.5 308.9 1.6

Western NRS-FIA 82.6 12.8 2,779.3 1.2 1,327.4 3.4

eastern NRS-FIA Connecticut 1.7 7.4 93.4 4.6 17.2 0.0
Delaware 0.3 13.9 15.2 0.0 13.8 7.4
Maine 17.5 11.4 663.2 0.6 587.7 0.0
Maryland 2.4 15.7 145.5 0.0 56.8 0.0
Massachusetts 2.9 10.2 176.0 0.9 40.2 2.0
New Hampshire 4.7 7.4 185.9 0.1 100.0 0.2
New Jersey 1.9 9.0 81.9 4.0 24.2 14.8
New York 18.3 9.5 617.8 1.0 288.9 0.0
Ohio 7.7 11.0 393.6 0.0 182.7 0.0
Pennsylvania 16.1 4.8 762.9 0.1 374.7 1.3
Rhode Island 0.3 7.1 18.0 9.7 2.7 0.0
Vermont 4.5 8.1 195.0 0.0 102.1 0.0
West Virginia 11.7 8.9 608.5 0.9 248.1 3.4

Eastern NRS-FIA 90.3 9.1 3,956.8 0.7 2,039.0 0.9

NRS-FIA NRS-FIA 172.9 10.8 6,736.2 0.9 3,366.4 1.9

Table 1.—change in SP class and effects on net growth and removal estimates for growing stock on 
timberland, by state, NRS-FIA 2005-2010
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MeTHoDS
Site Productivity via NRS-FIA
NRS-FIA crews measure d�ameter at breast he�ght 
(d.b.h.) and he�ght of a su�table SI tree to represent 
each forested cond�t�on on a plot. Th�s �nformat�on 
�s used to est�mate SI and subsequently SP; data �s 
ma�nta�ned �n the Nat�onal Informat�on Management 
System (NIMS). An acceptable SI tree should meet 
minimum requirements of size (≥5 inches d.b.h.), age 
(15 to 120 years), qual�ty, and spec�es. Crews may 
reuse a prev�ous SI tree. Crews have the opt�on to 
reject prev�ous trees �f they do not meet the m�n�mum 
requ�rements. Th�s opt�on �s usually employed 
when there �s an assessment d�fference between the 
prev�ous and current crew. If no prev�ous val�d tree 
ex�sts, the crew should collect data from a new tree 
pend�ng ava�lab�l�ty. W�th no su�table trees, a default 
or est�mated SP class �s ass�gned later �n NIMS. 
For the western NRS-FIA states2, an average SI 
and assoc�ated SP are ass�gned for the spec�es most 
frequently observed for the f�eld forest type and 
phys�ograph�c class of the cond�t�on �n quest�on. For 
the eastern NRS-FIA states2, a default SP class of 6 �s 
ass�gned and the default class �s also ass�gned when 
the calculat�on of SI and SP �nd�cate an unproduct�ve 
status (class 7) but the crew �n the f�eld class�f�ed the 
cond�t�on as product�ve. Unproduct�ve ass�gnments 
by crews for eastern NRS-FIA states also supersede 
product�ve ass�gnments �nd�cated by SI and SP 
calculat�ons.

Somet�mes more than one val�d SI tree �s ava�lable 
from prev�ous �nventor�es and th�s c�rcumstance 
often results �n d�fferent SPs. The su�table tree w�th 
the h�ghest SP should be pr�or�t�zed (the rule used �n 
NIMS) but the crews do not have the SP �nformat�on. 
At t�mes, crews have chosen the tree assoc�ated w�th 
the relat�vely lower SP and deleted the other formerly 
val�d ones.

2 Western NRS-FIA states �nclude IL, IN, IA, KS, MI, MN, 
MO, NE, ND, SD, and WI. Eastern NRS-FIA states �nclude 
CT, DE, ME, MD, MA, NH, NJ, NY, OH, PA, RI, VT, and 
WV.

Analysis
Th�s study exam�ned changes �n SP and effects of th�s 
change from the 2005 (2001-2005) to 2010 �nventory 
(2006-2010). Structured Query Language (SQL) 
determ�ned est�mates. Area by SP for each state was 
compared. Average annual net growth of grow�ng 
stock on t�mberland was est�mated for unproduct�ve-
to-product�ve change. W�th a change to product�ve 
status, the volumes of assoc�ated trees are cred�ted, 
not only the average annual net growth between 
�nventor�es. Average annual removals of grow�ng 
stock on t�mberland were est�mated for product�ve-to-
unproduct�ve change. Volumes of trees cut s�nce the 
prev�ous �nventory and volumes of trees st�ll l�v�ng 
�n the recent �nventory are cred�ted w�th changes to 
unproduct�ve status. Only l�v�ng trees are �ncluded 
�n the effects on removals presented �n th�s study. To 
potent�ally �mprove SP class ass�gnments, a new class 
was ass�gned us�ng the net growth of grow�ng stock 
for each cond�t�on of the 2010 �nventory when the 
net growth �nd�cated a h�gher SP than the normally 
employed methods. To m�n�m�ze art�f�c�al change �n 
SP class, the study determ�ned where measurements 
of SI could be proh�b�ted when val�d measurements 
were prev�ously acqu�red. Th�s �s currently feas�ble 
when a one-forest-cond�t�on plot occurred �n a 
prev�ous �nventory (t�me 1) and rema�ns a one-forest-
cond�t�on plot �n the next �nventory (t�me 2). Lack of 
acceptable SI trees can contr�bute to changes �n SP so 
the study �dent�f�ed how often SP was est�mated versus 
calculated from SI.

ReSulTS
change
Work�ng w�th the forest-to-forest areas (forest at t�me 
1 to forest at t�me 2) from the 2005 to 2010 �nventory, 
change �n area by SP class and state ranged from 4.8 
to 19.6 percent (Table 1). Across NRS-FIA states, 
10.8 percent of area changed SP class w�th 2.3 percent 
chang�ng by two or more SP classes. Th�rty-four 
percent of unproduct�ve area changed to product�ve 
(460,000 acres) and less than 0.5 percent of product�ve 
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area changed to unproduct�ve (393,000 acres). Net 
growth cred�ted to unproduct�ve-to-product�ve change 
var�ed from 0.0 to 11.2 percent of average annual 
total net growth, and removals due to product�ve-to-
unproduct�ve change var�ed from 0.0 to 38.7 percent 
of average annual total removals, depend�ng upon the 
state.

complementing with Net Growth
Work�ng w�th the forest-to-forest areas from the 
2005 to 2010 �nventory, a compar�son of SP der�ved 
from current methods versus complement�ng current 
methods w�th net growth �nformat�on shows that 12.5 
percent (260,000 acres) class�f�ed as unproduct�ve 
could be class�f�ed product�ve and 10.3 percent of 
forest land area (18.4 m�ll�on acres) could rece�ve a 
more product�ve SP class ass�gnment across NRS-FIA 
states (Table 2). Results var�ed by reg�on; 14.3 and 
6.2 percent of currently classed unproduct�ve area 
could be classed product�ve �n the western and eastern 
NRS-FIA states, respect�vely. A more product�ve class 
could be ass�gned to 5.6 and 14.7 percent of forest 
land area �n the western and eastern NRS-FIA states, 
respect�vely.

consistency
Across the NRS-FIA states for the 2010 �nventory, 
76 percent of forest-to-forest plots were one-forest-
cond�t�on plots at t�me 1 and t�me 2 and had prev�ously 
val�d SI trees. In the 2010 �nventory, about 95 and 
79 percent of SP ass�gnments were der�ved from SI 
trees for the western and eastern NRS-FIA states, 
respect�vely. Rema�n�ng SPs were est�mated or 
ass�gned a default SP class value.

DIScuSSIoN
change
Est�mates of change �n acreage by SP are substant�al 
for some states. Actual changes �n acreage by SP 
are not as common on the land as pred�cted �n the 
est�mates, but est�mates change, usually from us�ng 
d�fferent SI trees or obta�n�ng an acceptable SI tree for 

the f�rst t�me. In many cases there are only marg�nally 
acceptable trees or no acceptable tree (McRoberts 
1996). Subsequently, th�s �ncreases the chance of 
choos�ng d�fferent SI trees for a g�ven plot and 
cond�t�on over t�me. In some states, art�f�c�al change �n 
SP status accounts for substant�al port�ons of average 
annual net growth and/or removals on t�mberland. For 
net growth, the volume per tree cred�ted w�th a change 
to product�ve status �s usually many t�mes more than 
the average annual change �n volume cred�ted w�th no 
change. Removal est�mates are �mpacted by count�ng 
the volumes of l�v�ng trees assoc�ated w�th a change to 
unproduct�ve status. The most not�ceable �mpacts are 
usually assoc�ated w�th states that have relat�vely low 
total removals.

complementing with Net Growth
Complement�ng current methods w�th net growth 
est�mates can �dent�fy product�ve areas that are 
currently class�f�ed unproduct�ve. Barr�ng no major 
s�te qual�ty changes, hold�ng SP class as product�ve 
on these s�tes would decrease effects on net growth 
and removal est�mates for t�mberland. Net growth 
est�mates also �dent�fy areas that should probably be 
des�gnated at h�gher SP classes. Th�s �s most ev�dent �n 
the eastern NRS-FIA states where more �nvest�gat�on 
�s warranted. More study �s also requ�red for some 
spec�es �n the western NRS-FIA states where SP �s 
used when calculat�ng volume, wh�ch subsequently 
�nfluences net growth. Inaccurate values of SP can 
confound net growth est�mates. Benef�ts of these 
poss�ble enhancements should be we�ghed aga�nst the 
cost of �mplementat�on. Ma�nta�n�ng a steady SP class 
over t�me on marg�nally product�ve or unproduct�ve 
areas prov�des the greatest benef�t.

consistency
SI tree collect�on on one-forest-cond�t�on plots at t�me 
1 and t�me 2 w�th prev�ously val�d SI trees should be 
proh�b�ted to m�n�m�ze erroneous changes �n SP. Based 
on observat�ons between the 2005 and 2010 �nventory, 
cons�stency could be ensured on about 76 percent of 
forest-to-forest plots. 
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Table 2.—change from unproductive to productive and increase in productivity using average annual net 
growth of growing stock versus SI, by state, NRS-FIA 2005-2010

Region State

unproductive  
forest-to-forest area 

using SI

unproductive area 
using SI but productive 

using net growth

Forest-to-forest area 
more productive using 
net growth vs. using SI

  thousand acres percent percent

Western NRS-FIA Illinois 14.9 0.0 5.4
Indiana 0.0 0.0 3.7
Iowa 40.8 46.2 4.4
Kansas 102.9 3.8 2.0
Michigan 247.5 29.4 7.9
Minnesota 488.5 11.9 5.3
Missouri 175.9 16.2 3.7
Nebraska 94.3 0.0 6.4
North Dakota 214.7 1.0 2.3
South Dakota 87.3 13.5 14.6
Wisconsin 155.3 23.1 5.2

Western NRS-FIA 1,622.3 14.3 5.6

eastern NRS-FIA Connecticut 8.5 0.0 22.4
Delaware 3.6 0.0 17.8
Maine 178.8 3.1 11.7
Maryland 5.3 0.0 11.3
Massachusetts 41.2 0.0 19.7
New Hampshire 25.5 12.7 11.6
New Jersey 13.6 0.0 14.4
New York 41.4 0.0 13.8
Ohio 5.3 0.0 15.0
Pennsylvania 57.7 18.3 18.9
Rhode Island 0.0 0.0 16.8
Vermont 20.2 0.0 14.0
West Virginia 55.2 16.0 14.4

Eastern NRS-FIA 456.4 6.2 14.7

NRS-FIA NRS-FIA 2,078.6 12.5 10.3
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When mult�ple SI trees are ava�lable for a cond�t�on, 
NIMS and subsequent publ�c reports use the tree w�th 
the h�ghest assoc�ated SP. Follow�ng th�s precedent, 
only trees w�th the h�ghest SP should be sent to the 
f�eld. Otherw�se, f�eld crews can unknow�ngly chose 
a d�fferent tree wh�ch can change the ass�gned SP 
class. Some SP values are est�mated or ass�gned a 
default value when there are no su�table SI trees. The 
number of s�tes w�thout su�table trees should decrease 
by measur�ng the same plots over t�me. After su�table 
trees are acqu�red, new SP values and assoc�ated 
classes can be used �n most subsequent �nventor�es.
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The content of this paper reflects the views of the author(s), who are 
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THe MyTH oF A BuSINeSS-AS-uSuAl BASelINe:  
A RevIeW oF FoReST INveNToRy PRojecTIoNS

Stephen P. Prisley, W. Brad Smith, and john W. coulston1

Abstract.—W�th the advent of forest carbon account�ng schemes that compare projected 
forest carbon sequestrat�on aga�nst a basel�ne, there �s an �ncreas�ng demand to project 
forest �nventor�es �nto the future. Often, the des�red compar�son basel�ne �s termed 
“bus�ness as usual”, �mply�ng there �s a known or ant�c�pated trajectory of forest growth 
and harvests that w�ll occur and aga�nst wh�ch we can compare alternate management 
scenar�os. Th�s ra�ses the quest�on “how well can we project forest �nventor�es �nto the 
future?” The U.S. Forest Serv�ce has decades of exper�ence w�th develop�ng nat�onal 
project�ons of forest �nventor�es for the Resources Plann�ng Act (RPA) per�od�c 
assessments.

We have comp�led some of the project�ons made �n the 1965, 1974, 1982, and 1993 
RPA assessments, �nclud�ng t�mberland area by reg�on and ownersh�p, and t�mberland 
grow�ng stock, net growth, removals, and mortal�ty by reg�on and softwood/hardwood. 
These project�ons are compared w�th �nterpolated Forest Inventory and Analys�s data 
for the same reg�ons and years. D�fferences between projected and measured values are 
expressed as RMSEs to quant�fy the performance of project�ons by length of project�on, 
spat�al resolut�on (nat�onal versus reg�onal), and quant�ty be�ng projected (area, growth, 
removals, mortal�ty, �nventory). 

Results demonstrate the challenge of mak�ng project�ons based on extrapolat�on of 
recent trends. We also d�scuss some of the pr�mary reasons for d�screpanc�es between 
project�ons and real�ty.

1 Assoc�ate Professor (SPP), V�rg�n�a Tech, Blacksburg, VA 24060; Research Forester (BS),  
U.S. Forest Serv�ce, Wash�ngton, DC; Superv�sory Research Forester (JWC), U.S. Forest Serv�ce, 
Southern Research Stat�on. SPP �s correspond�ng author; to contact, call 540-231-7674 or ema�l at 
pr�sley@vt.edu. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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uNDeRSTANDING TReNDS IN oBSeRvATIoNS oF FoReST 
DISTuRBANce AND THeIR uNDeRlyING cAuSAl PRoceSSeS

Karen Schleeweis, Samuel N. Goward, chengquan Huang, jeffrey Masek, and Gretchen G. Moisen1

Abstract.—Est�mates of forest canopy areal extent, conf�gurat�on, and change have 
been developed from satell�te-based �magery and ground-based �nventor�es to �mprove 
understand�ng of forest dynam�cs and how they �nteract w�th other Earth systems 
across many scales. The number of these types of stud�es has grown �n recent years, yet 
few have assessed the mult�ple change processes underly�ng observed forest canopy 
dynam�cs across large spat�o-temporal extents. To support these types of assessments, a 
more deta�led and �ntegrated understand�ng of the geograph�c patterns of forest change 
processes across the cont�guous Un�ted States (CONUS) �s needed.

Th�s work uses forest age est�mates from U.S. Forest Serv�ce ground �nventory data and a 
novel data set from the North Amer�can Forest Dynam�cs project, wh�ch prov�des a dense 
temporal record (1984-2005) of forest canopy h�story across the Un�ted States, as well as 
anc�llary geospat�al data sets on forest change processes (w�nd, �nsect, f�re, harvest, and 
convers�on to suburban/urban land uses) across the CONUS. Forest area �s est�mated and 
causal processes of forest change are shown through t�me across mult�ple scales. 

1 Research Geographer (KS), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on, 324 25th St., Ogden, UT 
84401; Professor (SNG, CH), Department of Geograph�cal 
Sc�ences, Un�vers�ty of Maryland; Research Sc�ent�st (JM), 
NASA Goddard Space Fl�ght Center; Research Forester 
(GGM), U.S. Forest Serv�ce, Rocky Mounta�n Research 
Stat�on. KS �s correspond�ng author: to contact, call  
301-405-7910 or ema�l at ska1@umd.edu.

INTRoDucTIoN
For more than half a century, decadal snapshots of 
forest canopy character�st�cs have been ava�lable from 
the Forest Inventory and Analys�s (FIA) Program. 
Annual FIA �nventor�es and remote-sens�ng satell�te 
�magery have recently begun to meet the need for data 
that are cons�stent across large spat�al and temporal 
extents, at f�ner spat�al and temporal gra�ns (Cohen 
and Goward 2004, G�llesp�e 1999). However, we 
st�ll lack data and understand�ng regard�ng the causal 
processes underly�ng observed forest canopy changes. 
It �s �mportant to know not just where and when forest 

canopy losses occur, but also the underly�ng process 
to help determ�ne whether the losses are temporary or 
permanent and how the process �nfluences other Earth 
systems across many scales (Reams et al. 2010).

Natural (f�re, w�nd, �nsect) and human-managed 
(harvest) forest d�sturbances and forest land 
convers�on affect m�ll�ons of hectares of forest land, 
but the spat�al and temporal trends of these phenomena 
are not well documented (Sm�th and Darr 2004). 
Although data are ava�lable on a s�ngle process for 
stat�c po�nts �n t�me, there are few that focus on 
mult�ple processes through t�me (B�rdsey and Lew�s 
2003). A current synthes�s on the trends of spec�f�c 
forest canopy change processes �nclud�ng f�re, �nsects, 
w�nd storms, harvests, and forest land convers�on �s 
lack�ng at f�ne spat�al and temporal resolut�ons. Th�s 
work demonstrates the need for th�s �nformat�on below 
a coarse reg�onal-decadal resolut�on and attempts to 
create an �ntegrated geograph�c model of all these 
phenomena.
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MeTHoDS
To synthes�ze data on forest canopy change and 
causal processes across d�fferent stud�es, common 
spat�al boundar�es must be used. We used the s�x 
h�stor�cal FIA reg�ons of the Northeast (NE), North 
Central (NC), Southeast (SE), South Central (SC), 
Intermounta�n West (IW), and Pac�f�c (PAC) (see map 
�nsert, F�g. 2). These boundar�es allow for compar�son 
of newer data sets w�th h�stor�cal data ava�lable only at 
coarse reg�onal scales. 

More than 20 years of forest age h�story data from FIA 
�nventor�es and the North Amer�can Forest Dynam�cs 
(NAFD) project are d�scussed �n the context of the 
underly�ng forest causal processes that they m�ght 
have captured. NAFD prov�des a comprehens�ve 
look at forest d�sturbance rates for areas sampled 
b�enn�ally across the conterm�nous Un�ted States 
at a 30-m resolut�on from 1985 to 2005 (Goward 
et al. 2008). Forest age, often used as a proxy for 
d�sturbance h�story, has been collected by FIA on more 
than 125,000 ground plots (0.7 ha) la�d out on a 5-km 
sampl�ng gr�d across the conterm�nous Un�ted States. 
One-tenth of these plots are remeasured each year �n 
the western Un�ted States. One-seventh to one-tenth 
of them are rev�s�ted each year �n the eastern Un�ted 
States. However, measurement frequency and spat�al 
sampl�ng schemes var�ed through t�me and across 
reg�ons pr�or to 1999 (G�llesp�e 1999). 

To �nterpret the reg�onal forest change est�mates �n the 
context of poss�ble underly�ng causal processes, we 
comp�led tabular data of forest area affected by each 
process to �llustrate the�r trends through t�me. To judge 
the need for f�ner spat�al and temporal resolut�on data 
we ut�l�ze NAFD forest h�story maps and geospat�al 
data on recent �nsect �nfestat�ons, harvests, forest f�res, 
w�nd storms, and suburban/urban convers�on of forest 
land (Table 1). These data are assembled �nto a s�ngle 
geograph�c �nformat�on system geodatabase to enable 
mult�-scale analys�s on the patterns of forest change 
processes and forest canopy changes, and the�r overlap 
through t�me and space. 

ReSulTS 
The more than 20 years of forest h�story captured 
�n both FIA and NAFD data show some s�m�lar�t�es 
across reg�ons (F�g. 1). In general, NAFD d�sturbance 
rates are h�gher than FIA est�mates w�th�n reg�ons, 
w�th the except�on of the SE reg�on. 

Reg�onal trends for forest f�re, �nsect �nfestat�ons, 
suburban�zat�on, harvest, and canopy cover changes 
vary by decade and reg�on (F�g. 2). Reg�onal-decadal 
scale stat�st�cs on change processes were found 
to have l�m�ted ut�l�ty �n expla�n�ng s�m�lar-scale 
canopy change trends. Coarse-scale observat�ons 
and report�ng confounded the s�gnatures of local�zed 
canopy change events that overlap �n space and t�me. 
Data �ncons�stenc�es through t�me and space ra�sed 
quest�ons on the rel�ab�l�ty of the data. Compar�ng 
d�fferent data sources for both forest f�res and 
suburban�zat�on revealed large d�fferences �n area 
est�mates that may have �mpl�cat�ons for end users. 

Assembl�ng ava�lable geospat�al data �nto a s�ngle 
geodatabase produced a better �ntegrated geograph�c 
model prov�d�ng �ns�ghts �nto the frequency and 
overlap of mult�ple forest change processes across 
the CONUS (F�g. 3). Mapp�ng each change process 
�nd�v�dually revealed a un�que s�gnature of local 
spat�o-temporal var�ab�l�ty, suggest�ng that no one 
sampl�ng scheme w�ll adequately capture the canopy 
change result�ng from all of the processes. Overlay 
analys�s suggests that because of the l�m�ted number 
and locat�on of NAFD samples, the benef�t of the 
NAFD data occurs not �n aggregate calculat�ons but �n 
the new perspect�ve they offer on forest h�story events 
at the scale of landscapes and �nd�v�dual patches. 
Data gaps and �ncons�stenc�es through space and t�me 
�n the var�ous data on forest change processes make 
quant�tat�ve l�nkages w�th NAFD maps and wall-to-
wall analys�s d�ff�cult. For example, data on harvest 
area suggest harvest�ng affects more forest area �n the 
CONUS than any other process; however, �ts spat�al 
and temporal character�st�cs were found to be the most 
poorly character�zed.
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change process
Measurement 

method Data source
            Spatial
    Grain        extent

               Temporal
    Grain                    extent

Fires Landsat, NDVI 
change

MTBS  
http://MTBS.gov

30-m grid national annual 1984-2007

Hurricanes and 
tornadoes

Ground 
measurements-

wind speed

U.S. National 
Hurricane Center  

http://www.nhc.noaa.
gov/pastall.html

lines national annual 1851-2008

Suburbanization/
urbanization

Decadal census 
– number of 
new housing 

units

Theobald 2005 100-m grid national decadal 1940-2030

Suburbanization/
urbanization

Landsat, Land 
use change

NLCD Retrofit 
Change Data  

http://www.mrlc.gov/
changeproduct.php

30-m grid national decadal 1992-2001

Suburbanization/
urbanization

Landsat, Land 
use change

NLCD 2001/2006 
Land cover change 
http://www.mrlc.gov/

nlcd2006_downloads.
php

30-m grid national 5 years 2001-2006

Harvests Timber Product 
Output Surveys

USFS FIA http://
srsfia2.fs.fed.us/php/
tpo_2009/tpo_rpa_

int2.php

county 
polygons 

or >

sampled 
-national

5- to 
10- year 
cycles

1997-2007

Pests and 
pathogens

Digitized aerial 
sketches of 

insect damage

U.S. Forest Health 
Program  

http://www.fs.fed.us/
r3/resources/health/

fid_surveys.shtml

polygon  
<1 ha

sampled 
-national

annual WA and OR: 1984-
2005; CA: 1994-2008; 
AZ: 2000-2009; NM: 
1998-2009; states in 

the NC and NE regions: 
1997-2009; NV, UT, and 
southern ID: 1991-2008; 

Northern ID, MT, ND: 
2000-2008; most of 

Wyoming, CO, SD, NE, 
KS: 1994-2009

Southern Pine 
Beetle

Aerial Spot 
Detection 
Surveys

Williams and Birdsey 
2003

county 
polygons

SE and 
SC 

states 
(except  

OK)

annual 1987-2004

Table 1.—Data used to build an integrated geodatabase of forest change processes



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 134GTR-NRS-P-105

Figure 1.—Averaged annual forest change rates from FIA stand age, reported in the most recent inventory data and NAFD 
forest history maps over two decades for six regions of CONUS.

Figure 2.—Averaged annual rates calculated as a percentage of total forest area in the region using total forest area per 
region from Smith et al. (2009). Reported areas for individual disturbance processes are not mutually exclusive and can lead 
to double counting.
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DIScuSSIoN
Rates of forest canopy d�sturbance vary w�th 
d�ffer�ng underly�ng causal processes. Th�s work 
found est�mated d�sturbance rates from FIA and 
NAFD observat�ons of forest stand age d�ffer. The 
d�ffer�ng est�mates may be related to the d�fferent 
methodolog�es used by FIA and NAFD and the�r 
capab�l�ty to capture d�fferent underly�ng causal 
processes. The spat�al and temporal patterns of the 
underly�ng causal processes are necessary to �nterpret 
rates of forest canopy from d�fferent remote sens�ng 
and ground �nventory data products.

Est�mates of canopy change and change processes 
have trad�t�onally been ava�lable at decadal-reg�onal 
scales, wh�ch h�nder analyses of smaller-scale 
ecolog�cal processes and canopy observat�ons w�th�n 

a landscape matr�x. Est�mates of forest area affected 
by �nd�v�dual change process, assembled from tabular 
data, revealed trends that vary both w�th�n and across 
reg�ons through t�me. However, the coarse resolut�on 
of these data made l�nkages w�th reg�onal-scale canopy 
change observat�ons from FIA and NAFD problemat�c. 
 
Consol�dat�ng the many data on forest change 
processes �nto one geospat�al database allowed for 
both aggregate calculat�ons and preservat�on of 
�nformat�on on local patterns. F�ner-scale observat�ons 
of canopy change and causal processes revealed new 
�ns�ghts �nto these dynam�c processes. However, data 
gaps and �ncons�stenc�es preclude robust quant�tat�ve 
analys�s. Th�s work represents a f�rst step towards a 
more �ntegrated geograph�c model of forest change 
processes and canopy change observat�ons. 

Figure 3.—Overlap of five forest change processes (fire, harvest, insects, windstorms, and suburbanization) over roughly two 
decades. Specifics on temporal and spatial characteristics of data vary with each change process and are available in Table 1.
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IMPRovING AuToMATeD DISTuRBANce MAPS  
uSING SNoW-coveReD lANDSAT TIMe SeRIeS STAcKS

Kirk M. Stueve, Ian W. Housman, Patrick l. Zimmerman, Mark D. Nelson, jeremy Webb,  
charles H. Perry, Robert A. chastain, Dale D. Gormanson, chengquan Huang,  

Sean P. Healey, and Warren B. cohen1

Abstract.—Snow-covered w�nter Landsat t�me ser�es stacks are used to develop a 
nonforest mask to enhance automated d�sturbance maps produced by the Vegetat�on 
Change Tracker (VCT). Th�s method explo�ts the enhanced spectral separab�l�ty between 
forested and nonforested areas that occurs w�th suff�c�ent snow cover. Th�s method 
resulted �n s�gn�f�cant �mprovements �n Vegetat�on Change Tracker outputs at the 95 
percent conf�dence �nterval. An est�mated 34 percent of the world’s forests rece�ve 
suff�c�ent snowfall to use th�s method.
NOTE: A longer version of this paper with additional tables, figures, and a full literature 
cited section was published in Remote Sensing of Environment, Vol. 115, Issue 12, in 
December 2011.

1 Research Sc�ent�st (KMS), U.S. Forest Serv�ce, Northern 
Research Stat�on; Remote Sens�ng Spec�al�st (IWH), U.S. 
Forest Serv�ce, Remote Sens�ng Appl�cat�ons Center, 2222 
West 2300 South, Salt Lake C�ty, UT 84119; Research 
Stat�st�c�an (PLZ), U.S. Forest Serv�ce, Northern Research 
Stat�on; Research Forester (MDN), U.S. Forest Serv�ce, 
Northern Research Stat�on; Remote Sens�ng Spec�al�st 
(JW), U.S. Forest Serv�ce, Remote Sens�ng Appl�cat�ons 
Center; Research So�l Sc�ent�st (CHP), U.S. Forest Serv�ce, 
Northern Research Stat�on; Change Detect�on Spec�al�st 
(RAC), U.S. Forest Serv�ce, Remote Sens�ng Appl�cat�ons 
Center; Superv�sory Forester (DDG), U.S. Forest Serv�ce, 
Northern Research Stat�on; Assoc�ate Research Professor 
(CH), Department of Geograph�cal Sc�ences, Un�vers�ty of 
Maryland; Research Forester (SPH), U.S. Forest Serv�ce, 
Rocky Mounta�n Research Stat�on; Research Forester 
(WBC), U.S. Forest Serv�ce, Pac�f�c Northwest Research 
Stat�on. IWH �s the correspond�ng author: to contact, call 
801-975-3366 or ema�l at �housman@fs.fed.us.

INTRoDucTIoN
The extens�ve Landsat arch�ve �s �ncreas�ngly be�ng 
leveraged to ga�n an understand�ng of land cover/land 
use change dynam�cs by offer�ng �ns�ght �nto the 
spat�al and temporal aspects of forest d�sturbances. 
The Vegetat�on Change Tracker (VCT) �s an automated 

change detect�on method that uses grow�ng season 
Landsat t�me ser�es stacks (LTSSs) to detect forest 
d�sturbances (Huang et al. 2010a). Its eff�cacy �s 
h�ghly dependent on forest dens�ty, abruptness of the 
onset of d�sturbance, and presence of agr�cultural and 
wetland areas (Thomas et al. 2011). 

STuDy AReA
VCT was appl�ed to quant�fy landscape-level patterns 
of forest d�sturbances from 1985 to 2008 �n the Lake 
M�ch�gan and Lake Super�or bas�ns. Th�s study area 
was chosen to ga�n an understand�ng of the �mpacts of 
forest d�sturbances on the water qual�ty of the Great 
Lakes. These bas�ns are pr�mar�ly composed of forests 
(�ntact and d�sturbed), cropland, pastureland, wetlands, 
and urban areas. The level of forest fragmentat�on 
generally decreases along a south-to-north grad�ent. 
A var�ety of anthropogen�c as well as natural 
d�sturbances occur throughout the study area. These 
d�sturbances �nclude harvest, urban development, 
�nsect mortal�ty, storm damage, and f�re (Schulte et al. 
2007, Stueve et al. 2011). 
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MeTHoDS
In the course of th�s study, �t was observed that VCT 
often �ncorrectly class�f�ed nonforested wetlands and 
agr�cultural areas as d�sturbances due to the�r dense 
vegetat�on cover and h�gh �nter-annual var�ab�l�ty. To 
m�t�gate th�s error, a mod�f�ed VCT workflow was 
developed and employed that �ncorporates w�nter 
Landsat �magery. Th�s vers�on of VCT �s referred 
to as VCTw due to �ts ut�l�zat�on of snow-covered 
w�nter Landsat t�me ser�es stacks (LTSSw) for the 
creat�on of a nonforest mask. The VCTw approach 
uses the VCT cloud mask�ng method (Huang et al. 
2010b). Due to s�m�lar�t�es of clouds and snow cover 
�n the spectral/temperature data space, the VCT cloud 
mask�ng method cons�stently �dent�f�es nonforested 
snow-covered areas as clouds (F�g. 1). Areas that are 
cons�stently �dent�f�ed as clouds and that do not show 
a long-term recovery trend throughout an LTSSw are 
�ncluded �n a nonforest mask. Forested and d�sturbed 
p�xels from the standard VCT product that fall w�th�n 
the nonforest mask are recoded to nonforest (F�g. 2). 
The full VCTw flowchart can be found �n F�gure 3.

We produced standard VCT and VCTw change 
products for nearly 25 m�ll�on hectares w�th�n the 
Lake Super�or and Lake M�ch�gan dra�nage bas�ns. 
An accuracy assessment of the VCT and VCTw 
change products was conducted through a two-stage 
sampl�ng des�gn across three geograph�c reg�ons us�ng 
techn�ques d�scussed by Nusser and Klass (2003), as 
well as Stehman et al. (2003). Due to the var�ab�l�ty 
�n typ�cal d�sturbance type and s�ze throughout the 
bas�ns, the study area was d�v�ded �nto three reg�ons. 
The three accuracy assessment reg�ons were the lower 
Lake M�ch�gan bas�n (LLMB), upper Lake M�ch�gan 
bas�n (ULMB), and the lower Lake Super�or bas�n 
(LLSB). (The upper Lake Super�or bas�n (ULSB) 
made up the Canad�an port�on of the Lake Super�or 
bas�n. The ULSB could not be �ncluded �n th�s 
val�dat�on due to a lack of cons�stent aer�al reference 
�magery.) Aer�al photography spann�ng the analys�s 
per�od served as the reference �magery. The standard 
VCT year of d�sturbance classes were b�nned �nto two 
d�sturbance classes to match the temporal resolut�on 
of the reference �magery. These classes were d�sturbed 
early (1985-1999) (D1) and d�sturbed late (2000-2008) 
(D2). The rema�n�ng classes were pers�st�ng forest 
(PF), nonforest (PNF), and water (PW).

Figure 1.—Spectral-temperature space for a summer Landsat TM scene with clouds (left plot), and a cloud-free snow-covered 
winter scene (right plot). The cloud masking model misclassifies snow as clouds due to their similar bright/cold spectral/
thermal signature. 
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Figure 2.—Example of commission of wetland (right center of panels) and agricultural areas (lower left portion of panels) by 
VCT. VCT initially classified these areas as persisting forest/forest disturbance. They were then recoded to nonforest.
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Figure 3.—Flowchart of all major steps of the VCTw workflow. Larger components depicted as different colors are running 
VCT using the standard protocol (green), creating a nonforest mask using VCT’s cloud masking algorithm (blue), and applying 
nonforest mask and minimum mapping unit (red) to create the final VCTw product.

Because the aer�al �magery had to be manually geo-
referenced, the f�rst stage of the sample des�gn was 
�ntended to opt�m�ze our reference �mage preparat�on 
t�me. Therefore, the pr�mary sampl�ng un�t (PSU) 
corresponded w�th the footpr�nt of a 7.5-arc m�nute 
quadrangle. A s�mple random sample of 7.5-m�nute 
quadrangles that fell ent�rely w�th�n the bas�n was 
taken based on approx�mate reg�on area. Th�rty-f�ve 
PSUs were selected �n the LLMB and ULMB, and 17 
were selected �n the LLSB. The secondary sampl�ng 
un�t (SSU) corresponded to �nd�v�dual p�xels. A 
strat�f�ed random sample was taken us�ng the f�ve 

VCTw classes as strata. The number of SSUs var�ed 
between strata and reg�on (Table 1). Each SSU was 
photo-�nterpreted to determ�ne the proper d�sturbance 
or pers�st�ng land cover class. 

ReSulTS
The b�nned VCT d�sturbance year product obta�ned 
an overall accuracy of 86.3 percent, wh�le the b�nned 
VCTw d�sturbance year product y�elded a stat�st�cally 
s�gn�f�cant �mprovement at the 95 percent conf�dence 
�nterval w�th an overall accuracy of 91.2 percent. The 
d�fference between VCT and VCTw var�ed across 
the study reg�ons (F�g. 4). The most pronounced 
�mprovement occurred �n the LLMB, l�kely because 
the LLMB conta�ns the largest proport�on of the 
agr�cultural nonforested areas �n wh�ch standard VCT 
erred wh�le VCTw was able to d�scern. The proport�on 
of agr�cultural areas �n the ULMB and LLSB �s lower 
than �n the LLMB. 

Table 1.—Number of SSus from each stratum 
within each region
  PNF PF PW D1 D2

LLSB 9 9 2 10 10

ULMB 5 5 2 6 6

LLMB 7 7 2 8 8
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Figure 4.—Overall accuracy of VCT (diamonds) and VCTw 
(squares) with 95 percent confidence interval bars. 

DIScuSSIoN
In th�s study, VCTw was used to create a s�gn�f�cantly 
�mproved landscape-level forest d�sturbance map 
us�ng LTSSw. VCTw �s a robust, pract�cal approach 
for m�t�gat�ng m�sclass�f�cat�on of wetlands and 
agr�cultural areas as forest/forest d�sturbance �n any 
area w�th suff�c�ent snowfall. Because th�s method 
uses the VCT cloud mask�ng method, �t eas�ly f�ts �nto 
the standard VCT workflow. Alternate approaches 
have proved effect�ve, but generally requ�re substant�al 
model cal�brat�on data (Walterman et al. 2008). VCTw 
requ�res no cal�brat�on data and m�n�mal add�t�onal 
t�me to �mplement. An est�mated 34 percent of the 
world’s forests rece�ve suff�c�ent snow to �mplement 
VCTw. Forested reg�ons that do not rece�ve rel�able 
yearly snowfall would requ�re an alternate approach. 
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ADDING vAlue To THe FIA INveNToRy: coMBINING FIA DATA AND 
SATellITe oBSeRvATIoNS To eSTIMATe FoReST DISTuRBANce 

Todd A. Schroeder, Gretchen G. Moisen, Sean P. Healey, and Warren B. cohen1

Abstract.—In add�t�on to be�ng one of the pr�mary dr�vers of the net terrestr�al carbon 
budget, forest d�sturbance also plays a cr�t�cal role �n regulat�ng the surface energy 
balance, promot�ng b�od�vers�ty, and creat�ng w�ldl�fe hab�tat. W�th cl�mate change and an 
ever grow�ng human populat�on po�sed to alter the frequency and sever�ty of d�sturbance 
reg�mes across the globe, �mproved mon�tor�ng of forest d�sturbance, espec�ally at the 
landscape scale has taken on renewed �mportance. Because forest d�sturbance man�fests 
at a var�ety of spat�al and temporal scales and has vary�ng �mpacts wh�ch affect the 
canopy, understory, and forest floor, effect�ve mon�tor�ng w�ll l�kely requ�re a compos�te 
approach where local�zed f�eld data collected by the Forest Inventory and Analys�s (FIA) 
Program are comb�ned w�th repeat observat�ons from remote sens�ng satell�tes such as 
Landsat. As Landsat offers nearly 40 years of well cal�brated and systemat�cally collected 
�magery at no cost, �t �s now econom�cally feas�ble to mon�tor year to year trends �n forest 
d�sturbance over large areas. In add�t�on to �ts use �n mapp�ng forest change, Landsat 
data can also serve as a valuable backdrop for collect�ng deta�led human �nterpretat�ons 
of d�sturbance. When collected over a des�gn-based sample such as FIA plots, these 
manually der�ved �nterpretat�ons offer a wealth of potent�al uses rang�ng from map 
val�dat�on to est�mat�on of new d�sturbance-related attr�butes. Here satell�te observat�ons 
and FIA data are used to est�mate the area �mpacted by several types of forest d�sturbance 
occurr�ng �n the U�nta Mounta�ns of northern Utah. Th�s study a�ms to evaluate two types 
of satell�te observat�ons �n the context of FIA’s est�mat�on procedure, �nclud�ng the use of 
human �nterpretat�ons as an augmented response var�able and the use of d�sturbance maps 
for strat�f�ed var�ance reduct�on.   

1 Research Ecolog�st (TAS) and Research Foresters (GGM 
and SPH), U.S. Forest Serv�ce, Rocky Mounta�n Research 
Stat�on, 507 25th Street, Ogden, UT 84401; Research 
Forester (WBC), U.S. Forest Serv�ce, Pac�f�c Northwest 
Research Stat�on. TAS �s correspond�ng author: to contact, 
call 801-625-5690 or ema�l at tschroeder@fs.fed.us.

INTRoDucTIoN
The U.S. Forest Serv�ce Forest Inventory and Analys�s 
(FIA) Program �s requ�red to produce t�mely and 
accurate est�mates of a w�de range of forest attr�butes. 
These attr�butes, wh�ch often �nclude forest area 
and volume, are used to prov�de �nformat�on on the 
current status and health of forests over vary�ng 
geograph�cal extents. Typ�cally, areal est�mates 
der�ved from �nventory plots are used to quant�fy 

how much forest there �s wh�le maps der�ved from 
remote sens�ng �magery are used to del�neate forest 
locat�on and extent. Report�ng populat�on est�mates 
wh�ch descr�be a forests current cond�t�on has long 
been a pr�mary funct�on of FIA. W�th cl�mate change 
and populat�on growth po�sed to alter the rate and 
sever�ty w�th wh�ch forests are d�sturbed, a renewed 
emphas�s has been placed on determ�n�ng how much 
forest �s chang�ng, where �t’s chang�ng, and what’s 
chang�ng �t. Mon�tor�ng the status and trends of 
forest d�sturbance can be challeng�ng for �nventory 
programs as they typ�cally have long temporal gaps 
between plot remeasurements (e.g., FIA remeasures 
plots every 5 years �n the east and every 10 years �n 
the west) l�kely result�ng �n m�ssed d�sturbance events. 
But because small amounts of d�sturbance occur each 
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year �t �s also �mportant that measurements be made 
frequently and over large areas. Thus there �s potent�al 
for nat�onal forest �nventor�es to �mprove the�r change-
mon�tor�ng capab�l�t�es by �ncorporat�ng more frequent 
measurements of d�sturbance from remote sens�ng 
satell�tes such as Landsat.

MoNIToRING  
FoReST DISTuRBANce  
WITH lANDSAT IMAGeRy
W�th a 40+ year h�stor�cal arch�ve and a 16-day 
repeat cycle, Landsat �magery offers an excellent 
platform for mon�tor�ng forest d�sturbance over 
large areas. The 30 m spat�al gra�n and 7 spectral 
bands are capable of captur�ng many types of forest 
d�sturbance, espec�ally those that �mpact the upper 
canopy. W�th the ent�re Landsat arch�ve now freely 
ava�lable, �t �s now econom�cally feas�ble to mon�tor 
d�sturbance through t�me us�ng dense stacks of �mages. 
The free ava�lab�l�ty of �mages has also resulted �n 
the development of several new algor�thms wh�ch 
are capable of produc�ng maps of d�sturbance �n 
an automated manner. Two of these algor�thms, the 
Vegetat�on Change Tracker or VCT (Huang et al. 
2010) and the Landsat-based detect�ons of trends �n 
d�sturbance and recovery, or LandTrendr (Kennedy 
et al. 2010), are be�ng tested and appl�ed over large 
reg�ons. For example, the North Amer�can Forest 
Dynam�cs (NAFD) project �s currently us�ng VCT to 
produce a wall-to-wall, seamless forest d�sturbance 
map for the conterm�nous Un�ted States. G�ven the 
�ncreased ava�lab�l�ty and seamless coverage of these 
maps, �t �s �mportant to determ�ne �f these nat�onal 
products can help FIA �mprove the t�mel�ness and 
accuracy w�th wh�ch they mon�tor and est�mate forest 
d�sturbance. Early attempts at us�ng d�sturbance maps 
to strat�fy FIA var�ables have been met w�th m�xed 
results, although �t �s poss�ble th�s has more to do w�th 
var�able def�n�t�on and lack of remeasured data than 
poor map qual�ty. Thus, a more comprehens�vely-
def�ned d�sturbance response var�able (e.g., one that �s 
measured annually and �ncludes all d�sturbance types) 
wh�ch �s more �n tune w�th the satell�te perspect�ve 
m�ght y�eld �mproved strat�f�cat�on results.

One new strategy for collect�ng measurements of 
d�sturbance comes through the use of a human 
�nterpreter to analyze yearly t�me ser�es of Landsat 
�mages (Cohen et al. 2010). When analyzed w�th 
per�od�c, h�gh resolut�on �magery from Google Earth, 
these human �nterpretat�ons y�eld h�ghly accurate 
records of t�m�ng and cause of most natural and 
anthropogen�c d�sturbance events. If these human-
�nterpreted measurements of d�sturbance are made 
over a stat�st�cally based set of sample locat�ons, such 
as FIA plots, they can be used for est�mat�on purposes 
just l�ke any other FIA var�able. The object�ve of th�s 
study �s to explore the ut�l�ty of augment�ng FIA plots 
w�th these human-�nterpreted measurements for the 
purpose of est�mat�ng the area �mpacted by several 
d�fferent types of d�sturbance. In test�ng potent�al 
�mprovements to the d�sturbance response var�able, we 
w�ll also test whether maps from VCT and LandTrendr 
can be used to �mprove the prec�s�on of the der�ved 
d�sturbance est�mates. 

STuDy AReA
The study area cons�sts of the non-overlapp�ng port�on 
(or Th�essen scene area, TSA) of Landsat scene path 
37 row 32, wh�ch covers the U�nta Mounta�ns of 
northern Utah (F�g. 1). Approx�mately 56 percent of 
the study area �s forested and �ncludes broad expanses 
of con�fer, m�xed dec�duous and pure aspen stands at 
h�gh elevat�ons, and sparse p�nyon-jun�per woodlands 
on dr�er, lower elevat�on slopes. Accord�ng to the U.S. 
Forest Serv�ce forest type map (Ruefenacht et al. 2008) 
the major�ty of forest w�th�n the study area falls �n 
f�ve major group types. These �nclude p�nyon-jun�per 
(18 percent), aspen/b�rch (12 percent), f�r/spruce/
hemlock (12 percent), lodgepole p�ne (10 percent) and 
Douglas-f�r (3 percent). The d�vers�ty of forest types 
and land management object�ves �n th�s reg�on have 
led to a number of known d�sturbance events �nclud�ng 
harvests, f�res, �nsects, and mechan�cal treatments 
such as cha�n�ng. The broad array of d�sturbances, 
along w�th the presence of both dense and sparse 
forest types, makes th�s area an excellent locat�on for 
evaluat�ng FIA’s potent�al use of satell�te observat�ons 
of d�sturbance.
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Figure 1.—Uinta Mountains study area with Vegetation Change Tracker (VCT) and LandTrendr forest disturbance.

MeTHoDS
Satellite Disturbance observations
The annual FIA plots (n=802) fall�ng w�th�n the 
boundary of the study area were quer�ed and loaded 
�nto a GIS for analys�s. The plots conta�n�ng at least 
one forest cond�t�on class (n=478) were �dent�f�ed so 
that a human �nterpreter could analyze and record the 
d�sturbance h�story of each plot. The �nterpretat�on 
process, s�m�lar to the one outl�ned �n Cohen et al. 
(2010), enta�led s�multaneously v�ew�ng the full t�me 
ser�es of Landsat �mages (acqu�red annually between 

1987 and 2010) so that both the �mmed�ate plot area 
and �ts surround�ng ne�ghborhood could be eas�ly 
surveyed for changes and support�ng context. In a 
separate w�ndow, spectral trajector�es for the plot 
were d�splayed us�ng a number of d�fferent bands and 
�nd�ces. To a�d the �nterpretat�on of the Landsat data, 
the �nterpreter used the h�gh resolut�on, mult�-date 
�mages found �n Google Earth. These h�gh resolut�on 
�mages covered several dates and were �nstrumental 
�n detect�ng the f�rst s�gns of stress-related crown 
mortal�ty, such as from d�sease, �nsects, and drought. 
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Taken together, the mult�-scale �nformat�on from 
Landsat and Google Earth allowed the �nterpreter to 
accurately record the year and type of d�sturbances 
found on the FIA plots. 

Satellite Disturbance Maps
Both VCT and LandTrendr have been successfully 
used to map d�sturbances across a broad range of 
forested ecosystems. Although the goal of both 
algor�thms �s to �nfer change on the ground from 
changes �n the spectral s�gnal captured by mult�ple 
Landsat �mages, both do so �n d�fferent ways. For 
example, VCT �s des�gned to locate abrupt forest 
d�sturbances such as f�re and harvest�ng, whereas 
LandTrendr �s des�gned to detect both abrupt events as 
well as slower, longer-term changes across all lands. 
Here we used each algor�thm to generate maps of 
d�sturbance for the study area us�ng Landsat �mages 
acqu�red annually between 1987 and 2009. Because 
LandTrendr maps d�sturbance across all lands, a forest 
cover map (Ruefenacht et al. 2008; see �nset map F�g. 
1) was used to remove d�sturbance from nonforested 
areas. For cons�stency, the VCT map was also merged 
w�th th�s forest cover map. Add�t�onally, the t�me 
per�od of mapped d�sturbance was restr�cted to 1995-
2009 to better co�nc�de w�th the measurement w�ndow 
of the annual FIA plots. 

ReSulTS
Satellite and FIA  
Disturbance observations
The �mage �nterpretat�on process �dent�f�ed a total 
of 129 d�sturbance events between 1995 and 2009. 
These 129 satell�te d�sturbances were grouped �nto 
10 categor�es as shown by the blue bars �n F�gure 2. 
The most prevalent d�sturbance types were �nsect and 
�nsect/d�sease wh�ch together accounted for more than 
75 percent of the total observat�ons. From the satell�te 
perspect�ve, these two classes represent d�st�nct 
patterns of crown mortal�ty wh�ch were d�st�ngu�shable 
�n the a�r photos. The �nsect label �nd�cates the 
v�s�ble presence of red attack damage l�kely caused 

by mounta�n p�ne beetle, whereas the �nsect/d�sease 
label reflects cond�t�ons where dead gray crowns 
were observed, but the exact cause of death could not 
be �nferred. The �mportance of the h�gh resolut�on 
a�r photos was apparent, as more than half of these 
chron�c stress related d�sturbances were only detect�ble 
�n Google Earth. F�res were the next most abundant 
(11 percent) d�sturbance type, followed by harvest�ng 
(7 percent) and mechan�cal treatments such as cha�n�ng 
and brush saw (2 percent). Not surpr�s�ngly, the types 
and frequency of d�sturbances detected by FIA were 
s�m�lar to those observed by satell�te �nterpretat�on 
(see red bars �n F�g. 2). In total, FIA detected 86 
d�sturbance events, of wh�ch the major�ty (72 percent) 
belonged to the �nsect and d�sease categor�es. S�nce 
FIA plots are f�eld measured, we expect the�r �nsect 
and d�sease classes to be more accurate than those 
der�ved by satell�te �nterpretat�on. Add�t�onally, FIA 
was also able to detect smaller-scale �mpacts such as 
from an�mal graz�ng and weather, wh�ch could not 
be p�cked up from the satell�te perspect�ve. Over the 
14-year per�od of observat�on (1995-2009), both the 
satell�te and FIA measurements showed a not�ceable 
trend of �ncreas�ng d�sturbance w�th t�me as seen �n 
F�gure 3a and 3b (note d�fferent y axes). Desp�te the 
temporal s�m�lar�t�es, �t �s �mportant to note that �n 
most cases FIA and the satell�te captured d�fferent 
d�sturbance events. Th�s results �n cons�derably more 
d�sturbance when the data sets are comb�ned than was 
found only by FIA (F�g. 3c). 

Figure 2.—Frequency of disturbance types observed by FIA 
and satellite interpretation.
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Figure 3.—Frequency of disturbance observed by (a) FIA 
interpretation, (b) satellite interpretation, and (c) FIA and 
satellite combined. 

a

b

c

Satellite Disturbance Maps
Both the VCT and LandTrendr algor�thms were 
used to der�ve forest d�sturbance maps for the study 
area. The algor�thms produced not�ceably d�fferent 
spat�al (F�g. 1) and temporal (F�g. 4) patterns, w�th 
LandTrendr f�nd�ng nearly tw�ce as much d�sturbance 
as VCT. Desp�te these d�fferences, both maps resulted 
�n s�m�lar accuracy metr�cs when compared w�th the 
satell�te �nterpretat�ons of d�sturbance (VCT overall 
accuracy 87 percent, kappa = 0.42; LandTrendr overall 
accuracy 86 percent, kappa = 0.38). Unfortunately, 
comb�n�ng the two d�sturbance maps d�d l�ttle to 
�mprove accuracy (comb�ned overall accuracy 86 
percent, kappa = 0.43). 

Figure 4.—Area of disturbance (in hectares) mapped by 
Vegetation Change Tracker (VCT) and LandTrendr.

coNcluSIoN
The est�mat�on and strat�f�cat�on results are currently 
be�ng f�nal�zed and w�ll be presented at the FIA 
Sc�ence Sympos�um �n December 2012. Nonetheless, 
we bel�eve the data gathered so far h�ghl�ghts the 
potent�al �mportance of augment�ng FIA measurements 
w�th satell�te observat�ons of d�sturbance. 
Undoubtedly, the comb�nat�on of these data sets w�ll 
lead to larger est�mates of d�sturbance than would 
otherw�se be obta�ned from FIA data alone. In add�t�on 
to �mprov�ng est�mates of d�sturbance, we also bel�eve 
better d�sturbance h�stor�es w�ll help enhance the 
overall analys�s capab�l�ty of the FIA plot data. 
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uSING FoReST INveNToRy DATA AloNG WITH SPATIAl lAG 
AND SPATIAl eRRoR ReGReSSIoN To DeTeRMINe THe IMPAcT 
oF SouTHeRN PINe PlANTATIoNS oN SPecIeS DIveRSITy AND 

RIcHNeSS IN THe ceNTRAl GulF coASTAl PlAIN

Andrew j. Hartsell1

Abstract.—Th�s study �nvest�gates the �mpacts of southern yellow p�ne plantat�ons 
on spec�es evenness and r�chness �n the gulf coastal pla�n. Th�s process �nvolves us�ng 
spat�al lag and spat�al error regress�on techn�ques us�ng GeoDa software and U.S. 
Forest Serv�ce’s Forest Inventory and Analys�s data. The results �nd�cate that �ncreas�ng 
plantat�on area �s negat�vely correlated to spec�es evenness and r�chness. Prel�m�nary 
results �nd�cate that for every 10 percent �ncrement �ncrease �n southern yellow p�ne 
plantat�on area, Shannon’s E decreases by 0.02 and spec�es r�chness decl�nes by 1.6 
spec�es. However, these models account for less than 50 percent of the data’s var�ance, an 
�nd�cat�on that the models are �ncomplete and more research �s needed.

1 Research Forester, U.S. Forest Serv�ce, Southern Research 
Stat�on, 4700 Old K�ngston P�ke, Knoxv�lle TN 37919. To 
contact, call 865-862-2032 or ema�l at ahartsell@fs.fed.us.

INTRoDucTIoN
B�od�vers�ty, synonymous w�th b�olog�cal d�vers�ty, 
can be def�ned as “the var�ety and var�ab�l�ty among 
l�v�ng organ�sms and the ecolog�cal complexes �n 
wh�ch they occur” (OTA 1987). Humans perce�ve 
reg�ons w�th a mult�tude of d�verse spec�es to have 
more value than those that don’t (Ehrl�ch 1991, W�lson 
1993). Poss�ble reasons that spec�es d�vers�ty �s valued 
by humans are: larger number of plant spec�es means 
a greater var�ety of crops and l�fe; greater spec�es 
d�vers�ty helps assure natural susta�nab�l�ty for all l�fe 
forms; d�verse ecosystems can better w�thstand and 
recover from a var�ety of d�sasters; and f�nally the 
planets complex systems, ecolog�cal networks, and 
energy flows are dependent upon numerous organ�sms 
and �nteract�ons (Gaston 1996, SCBD 2006, W�lson 
1993). 

However, global b�od�vers�ty may be threatened 
by anthropogen�c sources. The ma�n factors 
respons�ble for potent�al b�od�vers�ty loss �nclude: 

land use change; hab�tat change such as forest 
fragmentat�on and convers�on; �nvas�ve al�en spec�es; 
overexplo�tat�on; and pollut�on. Plantat�ons, wh�ch are 
art�f�c�ally regenerated forests that are often composed 
of genet�cally mod�f�ed or al�en spec�es, sat�sfy two 
of these factors. It �s �mportant that sc�ence ascerta�ns 
the pos�t�ve and negat�ve �mpacts of th�s management 
reg�me to fac�l�tate publ�c d�scourse and plann�ng.

STuDy AReA
The �n�t�al study area was l�m�ted to the states of 
Texas, Lou�s�ana, M�ss�ss�pp�, and Alabama. Only 
count�es �n those states hav�ng the major�ty of the�r 
area �n the gulf coastal pla�n, as def�ned by Ba�ley 
(1998), were cons�dered. Th�s populat�on was th�nned 
further by two more factors. F�rst, the M�ss�ss�pp� 
R�ver and �ts assoc�ated alluv�al bas�n b�sect the study 
area. Count�es �n th�s reg�on were removed. Second, 
any county w�th less than 200,000 acres of forest land 
was removed from the dataset due to FIA’s sampl�ng 
�ntens�ty. Th�s assures that at least 30 forested plots 
are �n each county, prov�d�ng a reasonable est�mate 
of spec�es d�vers�ty and r�chness at the county level. 
Add�t�onally, any “�sland” count�es that were �solated 
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Figure 1.—Study area.

Spec�es r�chness (R) �s the number of d�fferent spec�es 
found �n a reg�on or study area. For th�s study, spec�es 
r�chness �s a count of all tree spec�es found �n each 
county. Spec�es r�chness does not take �nto account  
the relat�ve abundance d�str�but�ons of spec�es.

Spatial Statistics
Detecting Spatial Autocorrelation
One of the most common ways of detect�ng spat�al 
autocorrelat�on �n group-level data �s the Moran’s I 
stat�st�c. Moran’s I �s a we�ghted correlat�on coeff�c�ent 
used to detect departures from randomness such as 
clusters. The formula for Moran’s I �s:

I = ∑i∑jwij (xi − μ)(xj − μ)/ ∑i (xi − μ)2 

where: μ �s the mean of the x var�able
wij are the elements of the spat�al we�ghts matr�x.

and not attached to the larger study area were also 
removed. The f�nal dataset was composed of data from 
158 count�es (F�g. 1).

DeFINITIoNS AND coNcePTS
Measuring Biodiversity
Shannon-W�ener (Shannon’s) evenness �ndex (E) and 
d�vers�ty �ndex (H) come from �nformat�on theory and 
measure the order and d�sorder w�th�n a populat�on 
(Shannon and Weaver 1971). Shannon’s d�vers�ty 
�ndex �s der�ved by calculat�ng the proport�on of 
spec�es i relat�ve to the total number of spec�es (pi ), 
 and then mult�ply�ng by the natural logar�thm of 
th�s proport�on (ln pi ). The result �s summed across 
species, and multiplied by −1:

H = −∑ pi ln pi  
R

i = 1
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Geographically Weighted Regression:  
Spatial lag and Spatial error Models
Geograph�cally we�ghted regress�on (GWR) can be 
performed �n the presence of spat�al autocorrelat�on. 
GWR accounts for d�st�nct�ons between spat�al 
s�m�lar�ty between the dependent and �ndependent 
var�ables. Ord�nary least squares (OLS) and other 
s�mple stat�st�cs do not do th�s. The bas�c formula  
for GWR �s:

y = χβ + e�

where:  χ is an n×p matr�x of regressors
 β is a p×1 vector of unknown parameters
 e �s unobserved scalar random var�ables (errors).

Spat�al lag models (SLM) and spat�al error models 
(SEM) are two types of GWR. Spat�al lag models 
produce a spat�ally lagged var�able on the r�ght 
hand s�de of a regress�on equat�on. A spat�al error 
model (SEM) cons�ders the est�mat�on of max�mum 
l�kel�hood of a spat�al regress�on model that �ncludes a 
spat�al autoregress�ve error term on the r�ght hand s�de 
of the regress�on equat�on.

MeTHoDS
Spec�es r�chness, Shannon’s E, total forest area, 
and percent of forest area �n southern yellow p�ne 
plantat�ons (SYP) were computed for each county 

�n the study area. Ord�nary least squares (OLS) 
analys�s was performed on the both Shannon’s E and 
spec�es r�chness us�ng GeoDa vers�on 0.95 software 
(OpenGeoDa vers�on 1.2 �s now ava�lable from the 
GeoDa Center at Ar�zona State Un�vers�ty). Moran’s 
I was calculated to determ�ne �f spat�al dependence 
was an �ssue. If the data was determ�ned to be spat�ally 
autocorrelated, then a ser�es of LaGrange mult�pl�er 
(LM) test stat�st�cs were computed. The results of the 
LM would then �nd�cate wh�ch GWR model, spat�al 
lag model or spat�al error model, would be used �n the 
f�nal analys�s.

ReSulTS
Shannon’s evenness �ndex (E) was the f�rst dependent 
var�able �nvest�gated. The OLS regress�on of 
Shannon’s E was performed us�ng percent of forest 
land per county �n southern yellow p�ne plantat�ons 
(PCT_SYP_PL) as one �ndependent var�able, and 
a dummy var�able that �nd�cated �f a county was on 
the east s�de of the M�ss�ss�pp� R�ver. The average 
Shannon’s evenness �ndex was 0.695 (Table 1). The 
R2 and adjusted R2 were 0.368 and 0.360, respect�vely. 
The F-stat�st�c and assoc�ated p-value �nd�cated that 
the model was stat�st�cally s�gn�f�cant. All three 
pred�ctor var�ables, the �ntercept and two �ndependent 
var�ables, were s�gn�f�cant as well. 

Table 1.—Results of ordinary least squares analysis on species evenness index using percent southern 
yellow pine plantations per county and location flag 

Dependent Variable: SHANNoNS_e Number of Observations: 158
Mean dependent var: 0.694942 Number of Variables: 3
S.D. dependent var: 0.0565841 Degrees of Freedom: 155

R-squared: 0.368228 F-statistic: 45.1709
Adjusted R-squared: 0.360076 Prob(F-statistic): 3.49482e-016 
Sum squared residual: 0.319599 Log likelihood: 265.867
Sigma-square: 0.00206193 Akaike info criterion: -525.734
S.E. of regression: 0.0454085 Schwarz criterion: -516.546
Sigma-square ML: 0.00202278
S.E. of regression ML: 0.0449753

variable coefficient Std. error t-Statistic Probability
CONSTANT 0.7422254 0.01048335 70.80043 0.0000000
PCT_SYP_PL -0.002851605 0.0003366784 -8.469818 0.0000000
EAST_FLAG 0.03198344 0.007769342 4.116622 0.0000623
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Tests for mult�coll�near�ty, normal�ty, and 
heteroskedast�c�ty proved to be �ns�gn�f�cant 
(Table 2). However, Moran’s I proved to be h�ghly 
s�gn�f�cant (p value =0.000000) �nd�cat�ng that 
spat�al autocorrelat�on was an �ssue w�th the data. 
The f�rst two tests (LM-error and LM-lag) were both 
s�gn�f�cant, �nd�cat�ng that the robust models are more 
appropr�ate. The robust vers�ons were to be cons�dered 
only �f the standard vers�ons were s�gn�f�cant. In 

th�s �nstance, both LM-lag and LM-error were 
s�gn�f�cant, so the robust vers�ons were then used. 
The Robust LM-error stat�st�c was not s�gn�f�cant (p 
value=0.8675), but the Robust LM-lag stat�st�c was 
(p value=0.0087). Therefore, a spat�al lag model �s 
needed to remove any spat�al autocorrelat�on. Table 3 
shows the results of the spat�al lag regress�on model on 
Shannon’s evenness.

Table 2.—Regression diagnostics on ordinary least squares analysis of Shannon’s species evenness index

ReGReSSIoN DIAGNoSTIcS 
MULTICOLLINEARITY CONDITION NUMBER 5.998419
TEST ON NORMALITY OF ERRORS
TEST DF VALUE PROB
Jarque-Bera 2 0.2463868 0.8840927

DIAGNoSTIcS FoR HeTeRoSKeDASTIcITy 
RANDOM COEFFICIENTS
TEST DF VALUE PROB
Breusch-Pagan test 2 1.014434 0.6021692
Koenker-Bassett test 2 1.02169 0.5999884

SPecIFIcATIoN RoBuST TeST
TEST DF VALUE PROB
White 5 N/A N/A

DIAGNoSTIcS FoR SPATIAl DePeNDeNce 
FOR WEIGHT MATRIX:  Queen (row-standardized weights)
TEST MI/DF VALUE PROB
Moran’s I (error) 0.277114 5.5791937 0.0000000
Lagrange Multiplier (lag) 1 33.2970224 0.0000000
Robust LM (lag) 1 6.8814084 0.0087097
Lagrange Multiplier (error) 1 26.4434443 0.0000003
Robust LM (error) 1 0.0278303 0.8675084
Lagrange Multiplier (SARMA) 2 33.3248527 0.0000001

Table 3.—Spatial lag regression model on Shannon’s species evenness index

Spatial Weight: Queen
Dependent Variable: SHANNoNS_e Number of Observations: 158
Mean dependent var: 0.694942 Number of Variables: 4
S.D. dependent var: 0.0565841 Degrees of Freedom: 154
Lag coeff. (Rho): 0.510154

R-squared: 0.518880 Log likelihood: 282.131 
Sq. Correlation: - Akaike info criterion: -556.262 
Sigma-square: 0.00154043 Schwarz criterion: -544.012 
S.E. of regression: 0.0392483

variable coefficient Std. error z-value Probability
W_SHANNONS_E 0.5101542 0.07463184 6.83561 0.0000000
CONSTANT 0.3820561 0.05341811 7.152183 0.0000000
PCT_SYP_PL -0.002135705 0.0003113954 -6.8585 0.0000000
EAST_FLAG 0.01523912 0.007230402 2.107645 0.0350616



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 154GTR-NRS-P-105

The same process was repeated for spec�es r�chness 
(R). The OLS regress�on on spec�es r�chness �ncluded 
another �ndependent var�able, the amount of forest 
land �n a county. Th�s var�able was labeled Forest_K, 
as each whole un�t represents 1,000 acres of forest 
land. The average spec�es r�chness for the study area 
was 50.5 (Table 4), �nd�cat�ng that each county �n the 
study area has an average of 50 d�st�nct tree spec�es 
greater than 1.0 �nch d�ameter at breast he�ght (d.b.h.). 
The R2 was 0.298 and the adjusted R2 was 0.284, 

�nd�cat�ng that less than 30 percent of the dataset’s 
var�at�on was captured �n the model. However, the 
model and all var�ables were stat�st�cally s�gn�f�cant. 

Tests for mult�coll�near�ty and normal�ty �nd�cated 
that ne�ther was a problem. However, both tests for 
heteroskedast�c�ty revealed that var�ances may not 
be equal. Furthermore, Moran’s I shows that the data 
are spat�ally dependent (Table 5). The LM stat�st�cs 
�nd�cated that the Robust LM-lag was �ns�gn�f�cant. 

Table 4.—Results of ordinary least squares analysis on Shannon’s species richness using percent 
southern yellow pine plantations per county, amount of forested acres per county, and location flag

Dependent Variable: RIcHNeSS Number of Observations: 158
Mean dependent var: 50.5506 Number of Variables: 4
S.D. dependent var: 8.09715 Degrees of Freedom: 154

R-squared: 0.297692 F-statistic: 21.759
Adjusted R-squared: 0.284011 Prob(F-statistic): 8.38957e-012
Sum squared residual: 7275.27 Log likelihood: -526.734
Sigma-square: 47.242 Akaike info criterion: 1061.47
S.E. of regression: 6.87328 Schwarz criterion: 1073.72
Sigma-square ML: 46.046
S.E. of regression ML: 6.78572 

variable coefficient Std. error t-Statistic Probability 
CONSTANT 36.267 2.222544 16.31779 0.0000000
PCT_SYP_PL -0.1072605 0.05378244 -1.994341 0.0478798
EAST_FLAG 3.60517 1.195587 3.015397 0.0030027
FOREST_K 0.04105437 0.005197799 7.898414 0.0000000

Table 5.—Regression diagnostics on ordinary least squares analysis of Shannon’s species richness index

REGRESSION DIAGNOSTICS 
MULTICOLLINEARITY CONDITION NUMBER 9.475663
TEST ON NORMALITY OF ERRORS
TEST DF VALUE PROB
Jarque-Bera 2 3.64542 0.1615873

DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST DF VALUE PROB
Breusch-Pagan test 3 11.23643 0.0105138
Koenker-Bassett test 3 13.29254 0.0040448

SPECIFICATION ROBUST TEST
TEST DF VALUE PROB
White 9 N/A N/A

DIAGNOSTICS FOR SPATIAL DEPENDENCE
FOR WEIGHT MATRIX:  Queen (row-standardized weights)
TEST MI/DF VALUE PROB
Moran’s I (error) 0.432723 8.6153092 0.0000000
Lagrange Multiplier (lag) 1 51.3552467 0.0000000
Robust LM (lag) 1 0.0432789 0.8352011
Lagrange Multiplier (error) 1 64.4791145 0.0000000
Robust LM (error) 1 13.1671467 0.0002849
Lagrange Multiplier (SARMA) 2 64.5223934 0.0000000



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 155GTR-NRS-P-105

Therefore, a spat�al error model must be created to 
counter these �ssues. Ansel�n notes that the spat�al error 
model �s also useful for reduc�ng heteroskedast�c�ty as 
well (Ansel�n 1992, 2005). A spat�al error regress�on 
was performed to correct for these �ssues (Table 6).

The R2 �mproved to 0.56, but as w�th the SLM model, 
th�s �s a pseudo stat�st�c and probably not d�rectly 
comparable to OLS R2. The best way to determ�ne an 
�mprovement of goodness of f�t over the OLS model 
�s to compare LL, AIC, and SC. For the SLE model on 
spec�es r�chness, all three �mproved. 

DIScuSSIoN
The results of th�s study �nd�cate that the area of 
southern yellow p�ne plantat�ons �n a county has a 
negat�ve �mpact on spec�es evenness and r�chness. 
Based on the spat�ally lagged regress�ons, Shannon’s 
evenness (E) w�ll decrease by 0.02 for every 10 
percent �ncrement �ncrease �n SYP plantat�on area. 
L�kew�se, spec�es r�chness w�ll drop by 1.6 spec�es for 
the same change �n plantat�on area.

However, wh�le both models are stat�st�cally 
s�gn�f�cant, they fa�l to account for over half of 
the var�at�on �n the dataset. Th�s �nd�cates that 
there are explanatory var�ables not accounted 
for. Further research needs to be performed to 

Table 6.—Spatial error regression model on Shannon’s species evenness index

Spatial Weight: Queen
Dependent Variable: RIcHNeSS Number of Observations: 158
Mean dependent var: 50.550633 Number of Variables: 3
S.D. dependent var: 8.097153 Degree of Freedom: 155
Lag coeff. (Lambda): 0.675756

R-squared: 0.559861 R-squared (BUSE): - 
Sq. Correlation: - Log likelihood: -500.089426 
Sigma-square: 28.857203 Akaike info criterion: 1006.18 
S.E. of regression: 5.37189 Schwarz criterion: 1015.366637 

variable coefficient Std. error z-value Probability
CONSTANT 39.73594 2.177353 18.24966 0.0000000
PCT_SYP_PL -0.1636192 0.04842778 -3.378622 0.0007286
FOREST_K 0.04129515 0.004798334 8.606143 0.0000000
LAMBDA 0.6757558 0.06527036 10.35318 0.0000000

determ�ne what these var�ables may be. Poss�ble 
sources are: populat�on est�mates, road dens�t�es, 
land fragmentat�on patterns, or other soc�oeconom�c 
factors.
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INcoRPoRATING evoluTIoNARy RelATIoNSHIPS  
INTo ReGIoNAl ASSeSSMeNTS oF FoReST BIoDIveRSITy  

AcRoSS FoReST INveNToRy AND ANAlySIS PloTS

Kevin M. Potter and christopher W. Woodall1

Abstract.—Evolut�onary d�vers�ty metr�cs may be more b�olog�cally mean�ngful 
�nd�cators of forest b�od�vers�ty than trad�t�onal measures such as spec�es r�chness, 
wh�ch treat all spec�es as equally �mportant. Th�s �s because measures that account 
for evolut�onary relat�onsh�ps among spec�es should be better surrogates of funct�onal 
d�vers�ty w�th�n forest commun�t�es, g�ven that taxonom�cally d�st�nct spec�es should 
contr�bute more to the d�vers�ty present w�th�n a commun�ty. One measure, phylogenet�c 
d�vers�ty, has been l�nked to a var�ety of plant ecosystem processes, goods and serv�ces, 
support�ng the argument that �t �s a more useful conservat�on cr�ter�on for management 
dec�s�ons. To �nvest�gate patterns of forest funct�onal b�od�vers�ty across the Un�ted 
States, we calculated plot-level evolut�onary d�vers�ty measures on approx�mately 
125,000 Forest Inventory and Analys�s plots. Most measures were not well-correlated 
w�th spec�es r�chness, wh�le others were decoupled w�th �t at small and med�um scales. 
Phylogenet�c d�vers�ty was cons�stently better correlated than spec�es r�chness w�th 
most plot-level measures of forest product�v�ty, �nclud�ng trees per acre and relat�ve 
dens�ty, although the results var�ed by reg�on. Us�ng data remeasured over t�me on a 
subset of the forest �nventory plots, we detected broad-scale patterns of phylogenet�c 
d�vers�ty change that were cons�stent w�th the expected early effects of cl�mate change. 
Spec�f�cally, phylogenet�c d�vers�ty change was greater among seedl�ngs than trees, was 
assoc�ated �n some locat�ons w�th lat�tude and elevat�on, and was greater among spec�es 
w�th h�gh d�spersal capac�ty. These f�nd�ngs demonstrate that demograph�c �nd�cators of 
evolut�onary d�vers�ty can ref�ne our understand�ng of cl�mate change �mpacts on forest 
commun�ty b�od�vers�ty and funct�on across broad reg�ons. The �mportance, stat�st�cal 
power, and geograph�c extent of such �nd�cators w�ll �ncrease as repeated measurements 
occur on all 125,000 �nventory plots across the Un�ted States.

1 Research Ass�stant Professor (KMP), North Carol�na State Un�vers�ty, Research Tr�angle  
Park, NC 27709; Research Forester (CWW), U.S. Forest Serv�ce, Northern Research Stat�on. 
KMP �s correspond�ng author: to contact, call 919-549-4071 or ema�l at kpotter@ncsu.edu. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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ReceNT TReNDS IN MAPle AND oAK-HIcKoRy DISTRIBuTIoN  
FoR THe uNITeD STATeS

Michael Farrell1

Abstract.—Many researchers pred�ct that cl�mate change w�ll cause maple-dom�nated 
forests to move northward and be replaced w�th oaks and h�ckor�es throughout much of 
the�r current range. Whereas there �s strong ev�dence that the cl�mate has been chang�ng 
and w�ll cont�nue to do so, the current trends �n these spec�es abundance and d�str�but�on 
over the past 30 years are �n d�rect contrast w�th many stated pred�ct�ons. To date, human 
management has played a much larger role than cl�mate �n shap�ng the d�str�but�on of 
these tree spec�es throughout the northeast. Th�s presentat�on ut�l�zes Forest Inventory 
and Analys�s (FIA) data for 25 states �n the eastern Un�ted States to exam�ne the d�ameter 
d�str�but�ons for sugar and red maples, oaks, and h�ckor�es s�nce the 1980s. Oaks and 
h�ckor�es have had trouble regenerat�ng throughout the�r establ�shed range whereas 
shade-tolerant sugar and red maples have been rap�dly �nvad�ng oak-h�ckory forest types. 
In fact, both sugar and red maples are becom�ng establ�shed much more rap�dly along 
the southern and central states than they are �n the northeast. Red maple �s becom�ng 
even more dom�nant than sugar maple �n almost every state, espec�ally those along 
the southern and western ranges of sugar maple. Th�s presentat�on explores the FIA 
data for the past 30 years on a state-level to determ�ne what the future compos�t�on of 
maples, oaks, and h�ckor�es could be �n the eastern Un�ted States �f these trends cont�nue. 
Impl�cat�ons for the maple syrup �ndustry are explored, �nclud�ng where and what k�nd of 
trees w�ll be tapped �n the future. 

1 Extens�on Assoc�ate, Cornell Un�vers�ty, 157 Bear Cub Lane, Lake Plac�d, NY 12946.  
To contact, call 518-523-9337 or ema�l at mlf36@cornell.edu. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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ANAlySIS oF uRBAN AND NATuRAl FoReST coMPoSITIoN  
AcRoSS THe uNITeD STATeS

Mark j. Ambrose1

Abstract.—It has been suggested that urban forestry tree plant�ng pract�ces are creat�ng 
a homogenous urban forest, w�th the same l�m�ted number of spec�es dom�nat�ng 
urban landscapes across North Amer�ca. There �s also concern about urban forests as 
pathways for �nvas�ve pests and pathogens to adjacent natural forests. However, to date 
urban forest �nventory data have been l�m�ted and data collected from d�fferent c�t�es 
were often �ncompat�ble. To beg�n to address the �ssue of urban forest compos�t�on, 
tree spec�es data were obta�ned 150 U.S. and Canad�an c�t�es wh�ch had conducted 
�nventor�es for use w�th the �-Tree Eco (UFORE) or �-Tree Streets (STRATUM) models 
or wh�ch ma�nta�ned comprehens�ve street tree databases. Relat�ve basal area of each 
tree spec�es was calculated by c�ty and land use class and (where poss�ble) for each c�ty 
as a whole. Those data were comb�ned w�th data from nearby natural forests from the 
U.S. Forest Serv�ce Forest Inventory and Analys�s (FIA) Program. The data were then 
analyzed us�ng PC-ORD to determ�ne wh�ch c�t�es’ urban forests were most s�m�lar to 
one another (us�ng cluster analys�s) and how spec�es compos�t�on related to large-scale 
env�ronmental var�ables (us�ng non-metr�c mult�-d�mens�onal scal�ng). Env�ronmental 
and geograph�c explanatory var�ables used �ncluded lat�tude, long�tude, elevat�on, total 
annual prec�p�tat�on, and plant hard�ness zone.

Prel�m�nary analys�s of urban forest data alone showed that urban forests as a whole 
clustered by spec�es compos�t�on data along rough geograph�c and cl�mat�c l�nes. More 
�ntens�vely managed port�ons of the urban forest (e.g., street trees) tended to cluster �n 
ways less closely related to geography and cl�mate. Analyses of the urban data together 
w�th natural forest data �nd�cate that urban forests are generally more s�m�lar to one 
another than they are to nearby natural forests. Street tree populat�ons were most s�m�lar 
�n the�r spec�es compos�t�ons wh�le other components of the urban forest showed greater 
var�at�on. The more �ntens�vely managed segments of the urban forest were also less 
s�m�lar to adjacent natural forests. Urban forests also tend to resemble the natural forests 
of the eastern Un�ted States more than they resemble western forests.

1 Research Ass�stant, North Carol�na State Un�vers�ty, Research Tr�angle Park, NC. To contact,  
call 919-549-4078 or ema�l mambrose@fs.fed.us. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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TecHNIcAl ASPecTS oF THe FoReST cARBoN INveNToRy  
oF THe uNITeD STATeS: ReceNT PAST AND NeAR FuTuRe

christopher W. Woodall, james e. Smith, Grant M. Domke, Sean P. Healey,  
john W. coulston, and Andrew N. Gray1

Abstract.—The Forest Inventory and Analys�s program of the U.S. Forest Serv�ce has 
expl�c�tly assumed respons�b�l�ty for prov�d�ng an �nventory of the U.S. forests’ carbon 
stocks and stock change to the U.S. Env�ronmental Protect�on Agency for numerous years 
to meet obl�gat�ons to the Un�ted Nat�ons Framework Convent�on on Cl�mate Change. 
Recent �mprovements, plans for the future, and �mpl�cat�ons regard�ng use of the U.S. 
�nventory both nat�onally and at the project scale are d�scussed.

1 Research Forester (CWW), U.S. Forest Serv�ce, Northern 
Research Stat�on, 1992 Folwell Ave., St. Paul, MN; 
Research Plant Phys�olog�st (JES) and Research Forester 
(GMD), U.S. Forest Serv�ce, Northern Research Stat�on; 
Research Forester (SPH), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on; Superv�sory Research Forester 
(JWC), U.S. Forest Serv�ce, Southern Research Stat�on; 
Research Ecolog�st (ANG), U.S. Forest Serv�ce, Pac�f�c 
Northwest Research Stat�on. CWW �s correspond�ng author: 
to contact, call 651-649-5141 or ema�l at cwoodall@fs.fed.us.

It appears unl�kely that the 112th Congress of 
the Un�ted States w�ll approve �ncent�ves for the 
commod�t�zat�on of b�ogen�c carbon (C) (�.e., “cap 
and trade”), so where should the sc�ence of forest C 
account�ng head �n the near future? In�t�al vers�ons of 
the 2012 Farm B�ll coupled w�th the Nat�onal Forest 
System Cl�mate Change Performance Scorecard 
h�ghl�ght areas of current and future research �n C 
account�ng. The Forest Inventory and Analys�s (FIA) 
Program of the U.S. Forest Serv�ce has adopted 
several areas of pr�or�ty research �n the area of carbon: 
reduct�on of the uncerta�nty assoc�ated w�th FIA’s 
C est�mates; downscal�ng of nat�onal C est�mates 
to the nat�onal forest or m�d-level; and ref�nement 
of b�omass est�mat�on procedures. Th�s represents a 
substant�ve course of act�on to �mprove the sc�ence of 
C account�ng and to meet user demands. 

Over the past year (2011-2012), the major changes 
to the account�ng of U.S. forest C �nvolved adopt�on 
of the Component Rat�o Method (CRM) approach 
(Domke et al. 2012) to b�omass/C est�mat�on and 
�ncorporat�ng stand�ng dead tree measurements 
�n the nat�onal �nventory (�.e., annual Phase 2) 
(Woodall 2012). Incorporat�ng stand�ng dead tree 
measurements greatly �mproved the sens�t�v�ty of the 
nat�onal �nventory to stand-level dynam�cs (Woodall 
et al. 2012a). FIA �s encouraged that �ncorporat�ng a 
nat�onal downed dead wood �nventory (Woodall et al. 
2008) �n the 2012 Nat�onal Greenhouse Gas Inventory 
(NGHGI) may �mpart the same pos�t�ve effect. In 2013 
and beyond, �t �s hoped that many aspects of the FIA 
nat�onal �nventory of forest health �nd�cators (Woodall 
et al. 2011) may ref�ne C est�mat�on. Somet�mes the 
cast�ng of a forest health �nd�cator �n a d�fferent l�ght 
can greatly �nform the est�mat�on of a C stock such as 
found w�th components of the forest floor (Woodall 
et al. 2012c). Th�s process of “stepp�ng through” each 
forest C pool w�th the object�ve to �ncrease est�mate 
prec�s�on and l�nk�ng the est�mates to recently der�ved 
emp�r�cal �nformat�on (�.e., Phase 3 �nventory) �s a 
tremendous benef�t to C and b�omass account�ng.

Ref�ned C stock est�mates at the nat�onal scale may 
benef�t the NGHGI, but can th�s be downscaled 
to our nat�onal forests and other comparable 
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scales? Est�mates of Nat�onal Forest System C 
stocks (Heath et al. 2011) are now a requ�rement 
of cl�mate change scorecard report�ng for nat�onal 
forests �n the Un�ted States. Because an �ntent�on 
of the scorecard �s to understand and cons�der the 
effects of management act�v�t�es on carbon budgets 
at the scale of a nat�onal forest, the uncerta�nty 
(somet�mes > 5 percent sampl�ng error) assoc�ated 
w�th a “downscaled” NGHGI may not appropr�ately 
�nform such management act�v�t�es. Ongo�ng research 
�nto “downscal�ng” NGHGI to �nform m�d-level 
act�v�t�es (W�lson et al. �n rev�ew, Coulston et al. 
th�s proceed�ngs) may �mprove the stat�st�cal power 
(Westfall et al., �n rev�ew) to detect management/
d�sturbance effects on C budgets. Whereas the 
techn�ques used to develop the NGHGI sat�sfy 
requ�rements under Un�ted Nat�ons Framework 
Convent�on on Cl�mate Change (U.S. EPA 2012),  
new areas of research are needed to downscale 
NGHGI to empower land managers �nterested �n 
m�t�gat�ng cl�mate change. 

As renewable b�omass �s an emerg�ng top�c �n regards 
to energy and econom�c development (Woodall 
et al. 2012b), the draft 2012 Farm B�ll language 
requests more �nformat�on on the supply of renewable 
forest b�omass �n the Un�ted States. In add�t�on to 
C account�ng, �t should be recogn�zed that forest 
C accountants are also b�omass experts. The FIA 
program has already �n�t�ated a nat�onal effort to 
�mprove the model�ng of �nd�v�dual tree b�omass/C 
attr�butes (Coulston et al. th�s proceed�ngs). Th�s 
same dr�ve should be reflected �n non-l�ve tree pools. 
Ref�n�ng the est�mat�ons of stand�ng dead tree, downed 
dead, and understory components should benef�t 
more comprehens�ve b�omass assessments. Domke 
et al. (2011) found that b�omass est�mates could 
be �mproved by ref�n�ng the decay reduct�ons and 
structural deduct�ons for stand�ng dead trees. Such 
a research approach across the many d�verse pools 
assoc�ated w�th C account�ng w�ll benef�t renewable 
b�omass est�mat�on.

F�nally, all of these techn�cal �mprovements do not 
occur �n �solat�on w�th�n the FIA program. State and 
un�vers�ty partners �n concert w�th an array of federal 
partners (e.g., USGS and NASA) are cr�t�cal to the 
development and appl�cat�on of C/b�omass account�ng. 
Only through partnersh�p can FIA’s ref�ned approaches 
to C/b�omass mon�tor�ng be leveraged to meet the 
expectat�ons of our d�verse user commun�ty.
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ReceNT cHANGeS IN THe eSTIMATIoN oF STANDING DeAD TRee 
BIoMASS AND cARBoN STocKS IN THe u.S. FoReST INveNToRy

Grant M. Domke, christopher W. Woodall, and james e. Smith1

Abstract.—Unt�l recently, stand�ng dead tree b�omass and carbon (C) has been est�mated 
as a funct�on of l�ve tree grow�ng stock volume �n the U.S. Forest Serv�ce, Forest 
Inventory and Analys�s (FIA) Program. Trad�t�onal est�mates of stand�ng dead tree 
b�omass/C attr�butes were based on merchantab�l�ty standards that d�d not reflect dens�ty 
reduct�ons or structural loss due to decompos�t�on common �n stand�ng dead trees. In 
1999, the FIA program began cons�stent nat�onw�de sampl�ng of stand�ng dead trees. 
That data may now be used to supplant prev�ous approaches to stand�ng dead b�omass 
and C stock est�mat�on. The object�ve of th�s study was to �ncorporate dens�ty reduct�ons 
and structural loss adjustments �nto stand�ng dead tree b�omass/C est�mat�on procedures 
and assess d�fferences �n est�mates at mult�ple spat�al scales. The results suggest that 
account�ng for dens�ty reduct�ons and structural loss �n stand�ng dead trees substant�ally 
decreases est�mates of stand�ng dead tree b�omass and C at tree, plot, and reg�onal 
scales. Incorporat�ng dens�ty reduct�ons and structural loss adjustments may �mprove the 
accuracy of stand�ng dead tree b�omass and C est�mates �n the U.S. forest �nventory as 
well as the cons�stency w�th FIA f�eld methods and documentat�on. 

1 Research Foresters (GMD and CWW), U.S. Forest 
Serv�ce, Northern Research Stat�on, 1992 Folwell Ave. 
St. Paul, MN 55108; Plant Phys�ology/Model�ng (JES), 
U.S. Forest Serv�ce, Northern Research Stat�on. GMD �s 
correspond�ng author: to contact, call 651-649-5138 or 
ema�l at gmdomke@fs.fed.us.

INTRoDucTIoN
Stand�ng dead tree carbon (C) �s part of the dead 
wood C pool recogn�zed �n the Land Use, Land Use 
Change, and Forestry (LULUCF) sect�on of the U.S. 
Nat�onal Greenhouse Gas Inventory produced annually 
by the U.S. Env�ronmental Protect�on Agency. Forest 
ecosystem C est�mates �n the LULUCF are based on 
the nat�onal forest �nventory conducted by the U.S. 
Forest Serv�ce, Forest Inventory and Analys�s (FIA) 
Program. Unt�l recently, stand�ng l�ve and dead tree 
(SDT) b�omass and C est�mates were calculated by 
FIA us�ng the same procedures. It has been recogn�zed 
that the dens�ty of dead wood generally decreases w�th 
each stage of b�omass decay (Krank�na and Harmon 
1995, Sandstrom et al. 2005) and that structural losses 
(e.g., slough�ng and breakage) occur throughout the 

decompos�t�on process (Aakala et al. 2008, Cl�ne 
et al. 1980, Raphael and Morr�son 1987). Th�s 
paper br�efly descr�bes the process of �ncorporat�ng 
dens�ty reduct�on factors (DRFs) and structural loss 
adjustments (SLAs) �nto stand�ng dead tree b�omass 
and C est�mates (for a complete descr�pt�on, see 
Domke et al. 2011). The study object�ves were: 1) 
exam�ne the d�str�but�on of SDTs across decay classes 
�n the FIA database; 2) test the d�fferences between 
unadjusted and adjusted stand�ng dead tree b�omass 
and C est�mates (�.e., �ncorporat�on of DRFs and 
SLAs); and 3) suggest ref�nements of proposed SDT 
b�omass and C est�mat�on procedures and future 
research d�rect�ons.

MeTHoDS
DRFs for SDTs were developed us�ng stand�ng and 
down dead wood samples categor�zed by decay 
class and d�v�ded �nto subsect�ons where wood d�sks 
were cut from each end and volume and we�ght 
measurements (wet and dry) were taken to determ�ne 
the dens�ty of wood and bark (Harmon et al. 2011). 
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DRFs were calculated as the rat�o of the average 
current decayed dens�ty (current mass/volume) of the 
p�ece of dead wood to average undecayed (l�ve tree 
mass/volume) dens�ty for each spec�es and decay class 
(Table 1). 

Prel�m�nary SLAs for tops and branches and 
belowground b�omass were est�mated us�ng qual�tat�ve 
descr�pt�ons from the FIA f�eld gu�de (USDA Forest 
Serv�ce 2010) and other stud�es document�ng structural 
loss by decay class and tree component (Cl�ne et 
al. 1980, Krank�na and Harmon 1995, Vanderwel et 
al. 2006). Prel�m�nary SLAs for bark b�omass were 
est�mated from data collected as part of Harmon et 
al.’s (2011) study. Merchantable stem deduct�ons 
due to rough, rotten, or m�ss�ng cull were accounted 
for �n the convers�on from gross to sound volume 
(Woudenberg et al. 2010) so no add�t�onal SLAs—
w�th the except�on of bark b�omass—were est�mated 
for bole or stump components (Table 1). 

Regional case Study
The most abundant SDT spec�es �n the Lake States 
(M�ch�gan, M�nnesota, and W�scons�n) and Pac�f�c 
Northwest (Oregon and Wash�ngton) were selected 
to compare d�fferences �n unadjusted and adjusted 
b�omass and C stock est�mates. Wh�le the two spec�es 
selected (quak�ng aspen [Populus tremuloides M�chx.] 
and Douglas-f�r [Psuedotsuga menziesii (M�rb.) 
Franco], respect�vely) may not be representat�ve of 
all spec�es �n the�r respect�ve reg�ons, they are both 
extremely common �n the FIA database and prov�de a 
sound start�ng po�nt for cons�derat�on. 

F�eld data for each reg�on and spec�es were taken  
from the FIA database. All stand�ng dead (SD) aspen 
and Douglas-f�r trees w�th a d�ameter at breast he�ght  
≥ 12.7 cm were included in the analysis. A total of 
9,369 SD aspen trees were sampled on 3,975 plots 
�n the Lake States from 2005-2009, and 10,144 SD 
Douglas-f�r trees were sampled on 2,825 plots �n the 
Pac�f�c Northwest from 2001-2009. 

Mean d�fferences �n tree-level b�omass est�mates for 
the component rat�o method (CRM), CRM+DRFs, 
and CRM+DRFs+SLAs were compared by d�ameter 
class for each tree spec�es. Mean d�fferences of tree 
level b�omass est�mates for each approach were not 
tested for stat�st�cal s�gn�f�cance for two reasons. 
F�rst, �nformat�on was not ava�lable to est�mate the 
uncerta�nty of the tree level b�omass pred�ct�ons. 
Second, d�fferences between est�mates for �nd�v�dual 
trees on the same plot were expected to be h�ghly 
correlated. Techn�ques for accommodat�ng these 
correlat�ons, part�cularly w�th d�fferent numbers of 
trees per plot, are beyond the scope of th�s study.

Est�mates of plot-level SDT b�omass were calculated 
us�ng the three approaches and compared for the two 
spec�es and reg�ons. The uncerta�nty of mean plot-
level est�mates can be attr�buted to two sources, the 
uncerta�nty of �nd�v�dual tree-level est�mates and 
plot-to-plot sampl�ng var�ab�l�ty. The uncerta�nty 
of the tree-level est�mates �s generally regarded by 
nat�onal forest �nventory programs as negl�g�ble 
relat�ve to the sampl�ng var�ab�l�ty and, therefore, 
was �gnored for these analyses. Mean d�fferences �n 

 Density Reduction Factors Structural loss Adjustment Factors
Decay class Quaking aspen Douglas-fir Top Bark Bole Stump Roots

1 0.970 0.892 1.00 0.92 1.00 1.00 1.00
2 0.750 0.831 0.50 0.66 1.00 1.00 0.95
3 0.540 0.591 0.20 0.39 1.00 1.00 0.80
4 0.613 0.433 0.10 0.21 1.00 1.00 0.65
5 0.613 0.433 0.00 0.00 1.00 1.00 0.50

Table 1.—Density reduction factors by species and preliminary SlA for each decay class by tree 
component for all tree species in the FIA database; table adapted from Domke et al. (2011)
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plot-level est�mates were calculated �n three steps. 
F�rst, the est�mate for each tree was calculated 
us�ng each approach. Second, plot level d�fferences 
were calculated as the d�fference between the CRM 
est�mate of the plot total and the CRM+DRFs and 
CRM+DRFs+SLAs est�mates of the plot total. Mean 
plot-level d�fferences were calculated as the mean 
over all plots of the prev�ously calculated plot-
level d�fferences. A t-test was used to determ�ne the 
stat�st�cal s�gn�f�cance �n the mean d�fferences; �n 
effect, the test was a pa�red t-test because �t focused 
on mean d�fferences rather than d�fferences of means. 
The null hypotheses were that the mean d�fferences 
between est�mates of C stocks were not s�gn�f�cantly 
different from zero (α = 0.01). 

ReSulTS
The d�str�but�ons of SD aspen and Douglas-f�r trees 
tended toward a normal d�str�but�on centered around 
the th�rd decay class (see Domke et al. 2011). Nearly 
29 percent of SD aspen were m�ss�ng branches and an 
add�t�onal 16 percent lacked top and branch b�omass. 
For Douglas-f�r stems �n the Pac�f�c Northwest, only 5 
percent of sample trees had m�ss�ng tops and branches 
and more than 73 percent of stems had at least some 
top, branch, and bark b�omass present.

The d�fference �n �nd�v�dual tree b�omass est�mates 
was compared by d�ameter class �n F�gure 1. Bole and 
stump b�omass est�mates were qu�te s�m�lar for the 
CRM+DRFs and CRM+DRFs+SLAs for both study 
spec�es across d�ameter classes (d�fferences were 
due to SLAs for bark b�omass �n each component), 
but substant�ally less than the CRM est�mates. The 
CRM+DRFs+SLAs produced an almost un�form trend 
for top and branch b�omass across d�ameter classes, 
wh�le belowground b�omass trends �ncreased more or 
less cons�stently w�th the other two methods. 

Mean plot-level d�fferences �n tree component b�omass 
for the three est�mat�on procedures were stat�st�cally 
s�gn�f�cantly d�fferent for both spec�es across the two 
reg�ons. The CRM+DRFs and CRM+DRFs+SLAs 

decreased plot-level SD bole b�omass est�mates for 
aspen by 35 percent (65.8 kg) and 42 percent (78.1 
kg), respect�vely across the Lake States (Table 2). 
In the Pac�f�c Northwest, the CRM+DRFs reduced 
plot-level SD Douglas-f�r bole b�omass by 32 percent 
(595.0 kg) and the CRM+DRFs+SLAs reduced bole 
b�omass by 36 percent (672.7 kg) (Table 2). For results 
on �nd�v�dual trees and reg�onal populat�on est�mates, 
see Domke et al. (2011).

DIScuSSIoN
Forest �nventor�es �n the Un�ted States have 
trans�t�oned from a t�mber focus toward a more 
hol�st�c sampl�ng of forest ecosystem attr�butes such 
as C stocks of stand�ng dead trees. L�kew�se, the 
est�mat�on procedures assoc�ated w�th the chang�ng 
�nventory need to be �nclus�ve of tree attr�butes 
beyond those requ�red by the forest products �ndustry. 
Develop�ng SDT b�omass and C stock est�mates w�th�n 
the construct of an �nventory system trad�t�onally 
des�gned to est�mate grow�ng stock volume requ�res: 
1) the development of a SDT decay class system 
wh�ch �s both qual�tat�ve for ease of use �n the f�eld 
and quant�tat�ve to account for structural loss by tree 
component and spec�es; 2) the development of DRFs 
for SDT spec�es �n each decay class, w�th spec�f�c 
emphas�s on advanced decay classes; and 3) the 
development of a flex�ble SDT est�mat�on procedure 
wh�ch �ncorporates �n�t�al SLAs and DRFs and allows 
for cont�nual ref�nement.
 
SDTs are an �mportant part of the dead wood forest 
ecosystem C pool recogn�zed by the �nternat�onal 
commun�ty. In an effort to �mprove the accuracy of 
b�omass and C stock est�mates that are used �n var�ous 
facets of the nat�onal forest �nventory, prel�m�nary 
DRFs and SLAs have been developed for SDTs. 
These adjustments reflect the current state of the 
sc�ence on SDT b�omass/C est�mat�on and result �n 
s�gn�f�cantly lower plot-level b�omass est�mates, and 
thus, substant�al d�fferences �n reg�onal SDT b�omass 
and C stock est�mates. The results from th�s study 
suggest that �ncorporat�on of the SDT adjustments w�ll 
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Diameter c CRM CRM + DRF CRM +DRF +SLA Diameter c CRM CRM + DRF CRM +DRF +SLA Diameter c CRM CRM + DRF CRM +DRF +SLA
13 9.600610784 7.568823409 4.78878 13 39.29831 37.67888 13 3.343056 2.633066 2.524537
38 38.15783559 29.33056066 17.90667 38 174.0484 166.3818 38 10.98881 8.444377 8.073066
64 116.557756 88.60733742 52.28909 64 557.2621 531.6483 64 26.95705 20.47612 19.53648
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Figure 1.—Mean (with standard errors) SD biomass (oven-dry kg) by tree species (quaking aspen on left, Douglas-fir on right; 
note the y-axis scale differs by species), estimation method, and d.b.h. class for: a) bole, b) top and branches, c) stump, and d) 
belowground components; adapted from Domke et al. (2011).
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substant�ally reduce est�mates of dead wood b�omass 
and C stocks across spat�al-scales and tree spec�es of 
the Un�ted States. Wh�le the prel�m�nary est�mates 
offer a sound start�ng po�nt for SDT b�omass and C 
est�mat�on, more work �s necessary to ref�ne SLAs 
(perhaps by spec�es and reg�on) for each decay class 
used �n nat�onal �nventory f�eld sampl�ng.
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THe clIMATe cHANGe PeRFoRMANce ScoRecARD  
AND cARBoN eSTIMATeS FoR NATIoNAl FoReSTS

john W. coulston, Kellen Nelson, christopher W. Woodall, David Meriwether, and Gregory A. Reams1

Abstract.—The U.S. Forest Serv�ce manages 20 percent of the forest land �n the Un�ted 
States. Both the Cl�mate Change Performance Scorecard and the rev�sed Nat�onal Forest 
Management Act requ�re the assessment of carbon stocks on these lands. We present c�rca 
2010 est�mates of carbon stocks for each nat�onal forest and recommendat�ons to �mprove 
these est�mates. 
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INTRoDucTIoN
The cl�mate change performance scorecard �s the 
mechan�sm through wh�ch the U.S. Forest Serv�ce 
seeks to �ncrease �ts capac�ty to respond to cl�mate 
change (U.S. Forest Serv�ce 2011). Under th�s 
parad�gm, there are four d�mens�ons (organ�zat�onal 
capac�ty, engagement, adaptat�on, and m�t�gat�on) 
that span a range of �mportant components relevant 
to cl�mate change (F�g. 1). Here we focus on the 
m�t�gat�on and susta�nable consumpt�on d�mens�on 
w�th part�cular focus on carbon (C) assessment 
and stewardsh�p �n support of the cl�mate change 
performance scorecard.

The rev�sed regulat�ons (Code of Federal Regulat�ons: 
36 CFR 219, 2012) for �mplement�ng the Nat�onal 
Forest Management Act also �nclude requ�rements 
for assessments of C stocks for each new nat�onal 
forest plan or plan rev�s�on. Long-term C storage 
�s descr�bed as a “regulat�ng” ecosystem serv�ce of 

forests, rangelands, and grasslands. Plans must �nclude 
components that prov�de for soc�al and econom�c 
susta�nab�l�ty, tak�ng �nto account the ecosystem 
serv�ces and reasonably foreseeable r�sks. Respons�ble 
off�c�als should use the assessment of C stocks to 
understand (1) how the plan area plays a role �n 
sequester�ng and stor�ng C and (2) how d�sturbances, 
management, and resource uses �nfluenced C stocks �n 
the past and may affect them �n the future.

Quant�fy�ng and track�ng changes �n C stocks are key 
object�ves for the U.S. Forest Serv�ce on Nat�onal 
Forest System (NFS) lands, wh�ch account for 20 
percent of U.S. forest land. The Forest Inventory 
and Analys�s (FIA) Program prov�des a cons�stent 
mon�tor�ng and assessment framework across all lands 
and ownersh�ps, wh�ch can be used to cons�stently 
est�mate C stocks across landscapes. Through reg�onal 
or local partnersh�ps between FIA and NFS, the base 
FIA sample can be �ntens�f�ed to �ncrease the prec�s�on 
of est�mates at the NFS adm�n�strat�ve forest level. 

Several stud�es have prov�ded C est�mates for nat�onal 
forests at the reg�on, state, and �nd�v�dual forest spat�al 
scales (e.g., Heath et al. 2011). In some cases, these 
approaches have rel�ed on est�mat�ng the areal extent 
of each nat�onal forest (the populat�on of �nterest) and 
therefore can be �mproved by (1) expl�c�tly def�n�ng 
the areal extent of the populat�ons of �nterest, and (2) 
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Figure 1.—The four dimensions and ten elements of the U.S. Forest Service climate change performance scorecard (source 
U.S. Forest Service 2011).

�nclud�ng �nventory plot �ntens�f�cat�ons on NFS lands. 
Our goal here �s to �ncorporate these �mprovements 
and �dent�fy add�t�onal areas for �mprovement 
�n support of C est�mates for the cl�mate change 
performance scorecard, for forest plann�ng, and for 
mon�tor�ng

MeTHoDS
To construct C est�mates for each nat�onal forest, we 
used f�eld-based observat�ons from FIA and �ntens�f�ed 
nat�onal forest data collected us�ng FIA protocols 
(Southern and Eastern NFS reg�ons). Most nat�onal 
forest �ntens�f�cat�ons were e�ther 2x or 3x the �ntens�ty 
of the standard FIA sample. The area of each nat�onal 
forest was obta�ned from the Automated Lands Project 

(ALP) geospat�al database ava�lable through the 
corporate U.S. Forest Serv�ce C�tr�x env�ronment. The 
2001 NLCD percent tree canopy cover data (Homer 
et al. 2007) were obta�ned from the Mult�-Resolut�on 
Land Character�st�cs consort�um.

The standard FIA post-strat�f�ed est�mator was used 
to est�mate populat�on totals and the standard error 
of the est�mates (Bechtold and Patterson 2005). The 
populat�on total was                                where At was 
the populat�on area as def�ned by the ALP database, 
Wh was the we�ght of each h stratum, and Ӯh was the 
w�th�n strata average from the plot level observat�ons. 
The strata we�ghts were developed from the NLCD 
percent tree canopy cover data us�ng an automated 
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strat�f�cat�on rout�ne. Wh = Ah/At where Ah �s the area of 
the populat�on �n stratum h. The standard error of the 
est�mate was then S.E(Ŷ) = 

where n was the total number of plots �n the 
populat�on, nh was the number of plots �n each stratum, 
and v(Ӯh) was the var�ance of the plot level values 
w�th�n each h stratum. Est�mates of the follow�ng 
C pools were made for each adm�n�strat�ve forest: 
down dead wood, l�tter, overstory trees above ground, 
overstory trees below ground, stand�ng dead wood, 
so�l organ�c carbon, understory story trees above 
ground, and understory trees below ground. Plot level 
est�mates of forest C stocks were a comb�nat�on of 

emp�r�cally measured tree/s�te attr�butes comb�ned 
w�th a ser�es of �nd�v�dual tree/s�te models (see USEPA 
2012 for methods). To est�mate stocks at aggregate 
levels (NFS adm�n�strat�ve reg�on and for all NFS 
lands), bas�c error propagat�on techn�ques were used.

ReSulTS
Across all pools there are approx�mately 10.88 b�ll�on 
tons (0.4 percent sampl�ng error) of C stored on NFS 
lands. The major�ty of the C �s stored �n nat�onal 
forests �n the western Un�ted States (F�g. 2). Th�s 
f�nd�ng �s pr�mar�ly due to the larger areal extents 
of these forests. For example, the Tongass Nat�onal 
Forest �n southern Alaska stores 1.17 b�ll�on tons 

Figure 2.—Estimates of total C stocks (i.e., all pools) in thousands of tons for each administrative forest.
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(1.9 percent sampl�ng error) of C and occup�es about 
16.8 m�ll�on acres. On a per acre bas�s, NFS lands 
on average have a C dens�ty of 57 tons per acre; the 
lowest dens�ty occurs �n southern Cal�forn�a and the 
h�ghest dens�ty occurs �n the Pac�f�c Northwest reg�on 
(F�g 3). 

The Pac�f�c Northwest reg�on has an average total 
C dens�ty of approx�mately 103 tons per acre (1.06 
percent sampl�ng error) (Table 1). These substant�al 
stocks are pr�mar�ly dr�ven by h�ghly product�ve 
forests (e.g., large overstory trees) comb�ned w�th 
cons�derable �nput to detr�tal forest components w�th 
concom�tantly slow decay rates (e.g., C �n so�l organ�c 
carbon and dead wood). The Eastern reg�on has the 

Figure 3.—Estimates of total C density (i.e., all pools) in tons C per acre for each administrative forest.

second h�ghest C dens�t�es (87 tons per acre, 0.56 
percent sampl�ng error) pr�mary dr�ven by storage �n 
organ�c so�ls (50 tons per acre, 0.68 percent sampl�ng 
error).

DIScuSSIoN
The �ntent of the cl�mate change performance 
scorecard �s to �ncrease the capac�ty of the U.S. Forest 
Serv�ce to respond and adapt to cl�mate change (U.S. 
Forest Serv�ce 2011). The rev�sed plann�ng regulat�ons 
�nclude requ�rements to assess and susta�n C �n forest, 
rangeland, and grassland management. Mon�tor�ng 
C stocks and fluxes �s a fundamental step toward 
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Northern 2.51 12.25 17.91 4.1 2.97 15.09 0.8 0.09 55.71
 (1.22%) (0.69%) (1.47%) (1.46%) (3.08%) (3.08%) (1.01%) (1.01%) (0.78%)

Rocky Mountain 1.88 9.38 12.35 2.77 1.87 10.65 0.61 0.07 39.59
 (1.17%) (0.87%) (1.52%) (1.51%) (3.06%) (0.98%) (1.6%) (1.6%) (0.91%)

Southwestern 1.02 8.33 7.71 1.74 1.04 8.02 0.79 0.09 28.73
 (1.87%) (0.89%) (1.76%) (1.74%) (3.98%) (0.89%) (1.24%) (1.24%) (1.02%)

Intermountain 1.52 9.29 8.94 2.02 1.8 10.84 0.79 0.09 35.3
 (1.85%) (1.01%) (1.88%) (1.87%) (3.34%) (1.07%) (1.39%) (1.39%) (1.08%)

Pacific Southwest 4.03 10.99 23.57 5.19 1.77 13.94 0.92 0.1 60.5
 (1.61%) (0.87%) (1.79%) (1.79%) (4.72%) (0.84%) (1.53%) (1.53%) (1.14%)

Pacific Northwest 6.26 14.02 37.56 8.45 3.28 31.76 1.12 0.12 102.58
 (1.09%) (0.76%) (1.8%) (1.79%) (3.23%) (0.69%) (0.71%) (0.71%) (1.06%)

Southern 2.71 4.33 22.81 4.69 0.53 22.68 1.13 0.13 59.01
 (0.76%) (0.57%) (1.28%) (1.27%) (5.28%) (0.64%) (0.4%) (0.4%) (0.7%)

Eastern 2.81 7.91 21 4.27 0.66 49.7 0.67 0.07 87.11
 (0.72%) (0.97%) (1.01%) (0.97%) (3.05%) (0.68%) (0.43%) (0.43%) (0.56%)

Alaska 3.02 10.58 17.49 3.96 1.9 20.09 0.59 0.07 57.69
 (2.43%) (1.67%) (2.94%) (2.91%) (5.26%) (1.8%) (2.06%) (2.06%) (1.89%)

Table 1.—carbon density estimates (tons c/acre) and sampling errors (percent, in parentheses) for each 
carbon pool and administrative region

carbon Pool

National Forest 
System Region

Down 
dead 
wood litter

overstory 
trees above 

ground

overstory 
trees below 

ground

Standing 
dead  
wood

Soil 
organic 
carbon

understory 
trees above 

ground

understory 
trees below 

ground
Total 

carbon

these goals. Here we prov�de basel�ne est�mates of C 
stocks by nat�onal forest. However, for brev�ty, we 
have presented summar�zed results by NFS reg�on. 
Regardless, all pool est�mates (c�rca 2010) are 
ava�lable by nat�onal forest. Cont�nued mon�tor�ng of 
C stocks w�ll allow the U.S. Forest Serv�ce to track the 
changes �n �nd�v�dual pools �n response to d�sturbance 
and management. FIA prov�des a cons�stent framework 
for prov�d�ng these est�mates �n support of the cl�mate 
change performance scorecard and forest plann�ng. 

In th�s paper we presented solut�ons to two 
shortcom�ngs �n FIA-based carbon est�mates for 
nat�onal forests. These solut�ons �ncluded expl�c�tly 
def�n�ng the areal extent of the populat�ons of �nterest 
and �nclud�ng NFS �ntens�f�ed data �n the eastern 
Un�ted States. We also �ncorporated �mprovements 
�n est�mat�ng C �n the stand�ng dead pool. The 
stand�ng dead C est�mates ava�lable through FIA’s 
database were model based and developed by Sm�th 
et al. (2003) and are not based on d�rect summar�es 

of observed stand�ng dead tree measurements. The 
alternat�ve used here was to est�mate stand�ng dead 
C from observed data on stand�ng dead trees and 
�ncorporat�ng appropr�ate decay reduct�on factors 
(Domke et al. 2011); however, th�s approach, although 
now a part of the nat�onal greenhouse gas �nventory 
(USEPA 2012), �s not slated to be fully �ncorporated 
�n the FIA comp�lat�on procedures unt�l early �n 2013. 
We �ncorporated the Domke et al. (2011) methods 
for th�s analys�s for each plot where stand�ng dead 
tree data were ava�lable. An effort �s underway to 
rev�s�t each C pool del�neated w�th�n FIA’s �nventory 
system to �mprove the accuracy and prec�s�on of 
est�mates (Woodall 2012). Th�s �nvestment should 
y�eld reduct�ons �n total uncerta�nty when coupled w�th 
other efforts descr�bed subsequently.

The second area of �mprovement �s �n the ALP 
geospat�al database, wh�ch was used to def�ne the 
populat�ons and the�r areal extents. As descr�bed �n 
the methods sect�on, populat�on totals and sampl�ng 
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errors are developed by mult�ply�ng per acre est�mates 
of each pool by the total area and the total area 
squared, respect�vely. However, reported acreages �n 
the ALP database often d�ffer from reported acreages 
�n the Land Area Report of areal extent (U.S. Forest 
Serv�ce 2012). The total calculated area from the ALP 
data �s approx�mately 880,000 acres lower than the 
acreages reported �n the Land Area Report. G�ven 
the magn�tude of th�s d�screpancy, the total C stored 
on nat�onal forests may be 50 m�ll�on tons larger 
than reported here just because of the accuracy of 
the boundary layer. Also note that the ALP boundary 
layer �s used �n part to determ�ne strata we�ghts. 
Clearly, �f the boundary �s not correctly reflected, 
the strata we�ghts may be �ncorrect because they are 
determ�ned by spat�al overlay of the ALP layer and the 
NLCD percent tree canopy cover layer. Errors from 
�ncorrectly spec�fy�ng the populat�on are not reflected 
�n the reported sampl�ng errors. Typ�cally one assumes 
that the populat�on �s def�ned w�thout error. Increased 
prec�s�on of nat�onal forest boundar�es and geograph�c 
extents w�ll make th�s assumpt�on more tenable.  

The th�rd area of �mprovement �s to ensure that the 
NFS funded �ntens�f�ed data are �ncorporated �nto the 
publ�c FIA database and state-level est�mates. Several 
NFS reg�ons have �nvested �n these �ntens�f�cat�ons 
so that the prec�s�on of est�mates w�ll meet the�r 
�nd�v�dual requ�rements. Typ�cally, �ntens�f�cat�ons 
have been e�ther 2x or 3x the base FIA sample. 
The bas�c rule of thumb �s that a 4x �ntens�f�cat�on 
w�ll reduce the w�dth of the 95 percent conf�dence 
�nterval of an est�mate by half. Clearly, these 
�ntens�f�cat�ons w�ll have a substant�al �nfluence on 
the sampl�ng errors. However, to date the Northern 
Research Stat�on FIA un�t �s the only program that 
�ncorporates �ntens�f�ed nat�onal forest data �nto state-
level est�mates and treats each nat�onal forest as an 
�nd�v�dual populat�on. Other FIA un�ts should take 
the opportun�ty to �ncorporate these �ntens�f�ed data 
�nto state-level est�mates and treat nat�onal forests 
as �nd�v�dual populat�ons, wh�ch w�ll �ncrease the 
prec�s�on of both FIA’s trad�t�onal state-level est�mates 
and est�mates for nat�onal forests.

In conclus�on, the FIA program �s a foundat�onal 
component of Forest Serv�ce research, and data 
collected as part of the FIA program can be used to 
est�mate C storage on NFS lands. Prov�d�ng these 
est�mates �n a cons�stent way to our NFS partners 
w�ll allow for t�mely report�ng of C storage �n 
support of the cl�mate change performance scorecard 
and forest plann�ng. We have �dent�f�ed three areas 
of �mprovement �n support of th�s effort. These 
�mprovements requ�re efforts from both FIA and the 
NFS reg�ons, but w�ll foster more accurate, more 
comprehens�ve, and t�mel�er est�mates of C.
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ASSeSSING eSTIMATIoN TecHNIQueS FoR  
MISSING PloT oBSeRvATIoNS IN THe u.S. FoReST INveNToRy

Grant M. Domke, christopher W. Woodall, Ronald e. McRoberts, james e. Smith, and Mark A. Hatfield1

Abstract.—The U.S. Forest Serv�ce, Forest Inventory and Analys�s Program made a 
trans�t�on from state-by-state per�od�c forest �nventor�es—w�th report�ng standards largely 
ta�lored to reg�onal requ�rements—to a nat�onally cons�stent, annual �nventory ta�lored 
to large-scale strateg�c requ�rements. Lack of measurements on all forest land dur�ng 
the per�od�c �nventory, along w�th access �ssues and m�s�dent�f�cat�on of forest plots as 
nonforest, have resulted �n plot-level data gaps spread �n the FIA database. In th�s study, 
we exam�ned several approaches that compensate for m�ss�ng observat�ons w�th respect 
to the dev�at�on and prec�s�on of strat�f�ed est�mates of carbon stocks per un�t area us�ng 
data from the FIA database. Prel�m�nary est�mates of l�ve tree carbon stocks per un�t area 
calculated us�ng all m�ss�ng data approaches were well w�th�n one standard error of the 
basel�ne est�mates for the Lake States study reg�on. 

INTRoDucTIoN
Forest ecosystem carbon (C) stocks and stock change 
have been documented by the Intergovernmental 
Panel on Cl�mate Change (IPCC) us�ng 1990 as 
a basel�ne reference for all IPCC reports. In the 
Un�ted States, est�mates of forest C stocks and 
stock change are obta�ned from data collected 
and ma�nta�ned by the U.S. Forest Serv�ce, Forest 
Inventory and Analys�s (FIA) program. Over the 
course of the IPCC mon�tor�ng per�od, the FIA 
program made a trans�t�on from state-by-state per�od�c 
�nventor�es—w�th report�ng standards largely ta�lored 
to reg�onal requ�rements—to nat�onally cons�stent, 
annual �nventor�es ta�lored to large-scale strateg�c 
requ�rements (Bechtold and Patterson 2005). Lack 
of measurements on all forest land dur�ng the 
per�od�c �nventory, along w�th access �ssues and 
m�s�dent�f�cat�on of forest plots as nonforest due to 

1 Research Forester (GMD and CWW), Mathemat�cal 
Stat�st�c�an (REM), and Forester (MAH), U.S. Forest 
Serv�ce, Northern Research Stat�on, 1992 Folwell Ave., 
St. Paul, MN 55108; Plant Phys�ology/Model�ng (JES), 
Northern Research Stat�on, Durham, NH. GMD �s 
correspond�ng author: to contact, call 651-649-5138 or 
ema�l at gmdomke@fs.fed.us.

poor aer�al �magery, have resulted �n plot-level data 
gaps throughout the FIA database. These data gaps 
contr�bute to large d�fferences �n est�mates of carbon 
stock change between per�od�c and annual �nventor�es. 
In th�s study, we exam�ned several approaches that 
compensate for m�ss�ng observat�ons w�th respect 
to the accuracy and prec�s�on of strat�f�ed est�mates 
of carbon stocks per un�t area us�ng data from the 
FIA database. The object�ves of the study were to: 
1) �dent�fy patterns of m�ss�ngness �n the FIA data; 
2) exam�ne approaches for replacement; 3) assess 
approaches under �ncreas�ng levels of m�ss�ngness; 
and 4) document strateg�es for replacement �n per�od�c 
and annual forest �nventory data w�th�n the context of 
Nat�onal Greenhouse Gas Inventory.

MeTHoDS
Data
Data came from base �ntens�ty FIA plots measured �n 
each of the two most recent annual �nventory cycles 
(2002-2006 and 2007-2011) �n the Lake States reg�on 
(M�ch�gan, M�nnesota, and W�scons�n). These plots are 
quas�-systemat�cally d�str�buted approx�mately every 
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2,428 hectares across the 48 conterm�nous states of the 
U.S. Each plot compr�ses a ser�es of smaller plots (�.e., 
subplots) where tree- and s�te-level attr�butes—such as 
d�ameter at breast he�ght (d.b.h.) and tree he�ght—are 
measured at regular temporal �ntervals (Bechtold and 
Patterson 2005).

Because the prec�s�on standards establ�shed by 
the FIA program are rarely sat�sf�ed w�th the base 
�ntens�ty plot sample s�ze, the est�mat�on process �s 
enhanced through strat�f�cat�on. Strat�f�cat�on �s used 
to reduce the var�ance of attr�butes, such as C stocks, 
by port�on�ng the populat�on �nto strata (Bechtold and 
Patterson 2005). Each FIA plot �s ass�gned to a stratum 
us�ng the Nat�onal Land Cover Database (Homer et al. 
2004) or other Forest Serv�ce databases (Ruefenacht et 
al. 2008). In the Lake States reg�on, strata are ass�gned 
based on percent canopy cover (�.e., 0-5, 6-50,  
51-65, 66-80, and 81-100 percent). Strata are typ�cally 
grouped �nto est�mat�on un�ts wh�ch are determ�ned by 
a comb�nat�on of sampl�ng �ntens�ty (�.e., number of 
plots) and geograph�cal boundar�es (Woudenberg et al. 
2010). 

Stratified estimates of aboveground live tree ( ≥12.7 
cm d.b.h.) C per un�t area,    , and var�ance, Var(   ), 
were calculated follow�ng Cochran (1977):

and

where j = 1,…, J denoted stratum,      was the we�ght 
for the jth stratum, calculated as the proport�on of 
p�xels ass�gned to the stratum,      was the mean carbon 
per un�t area for plots ass�gned to the jth stratum, and  
     was the w�th�n-stratum var�ance for the jth stratum.

Missing Data Strategies
Strateg�es used to compensate for m�ss�ng plot 
observat�ons �n forest �nventory est�mat�on generally 
fell �nto two categor�es, �gnor�ng plots w�th m�ss�ng 
observat�ons or replac�ng m�ss�ng observat�ons. In 
th�s study, we exam�ned f�ve approaches: 1) treat 
plots w�th m�ss�ng observat�ons as �f they had not 
been selected for the sample (IGNORE); 2) replace 
m�ss�ng plot observat�ons w�th the observat�on for the 
same plot from the prev�ous �nventory ( PREVIOUS); 
3) replace m�ss�ng observat�ons w�th the stratum 
mean (STRATUM); 4) randomly draw from a pool 
(nearest ne�ghbors) of observed plots most s�m�lar to 
the plot w�th the m�ss�ng observat�on (NEAREST); 
and 5) compute the expected values for m�ss�ng plot 
observat�ons by repeatedly updat�ng max�mum-
l�kel�hood parameter est�mates and �mput�ng expected 
values unt�l convergence �s ach�eved (EM). Each 
approach was further d�v�ded (beyond strata) by 
ownersh�p doma�n to account for d�fferences �n forest 
land management wh�ch may result �n d�fferent C 
est�mates. Th�s subd�v�s�on also accounts for b�as �n 
�nstances when all m�ss�ng plot observat�ons fall on 
a part�cular ownersh�p (e.g., den�ed access on pr�vate 
forest land).  

Analysis and comparisons
The C est�mates generated by each m�ss�ng data 
approach were compared to the base est�mates 
(BASE) by stratum and stratum+ownersh�p (�.e., 
publ�c and pr�vate). Strat�f�ed base est�mates of     and 
Var(   ) were calculated us�ng observat�ons for all base 
�ntens�ty plots across the f�ve canopy-cover strata. Th�s 
BASE est�mate served as the standard for compar�son 
for est�mates obta�ned w�th the techn�ques that 
compensate for m�ss�ng plot observat�ons. Est�mates 
were f�rst compared v�sually by generat�ng a graph 
of the d�str�but�on for the BASE est�mates and the 
d�str�but�ons of the d�fferent m�ss�ng data approaches. 
Est�mates for the m�ss�ng data approaches were then 
compared w�th the BASE est�mates and each other 
for proport�ons of m�ss�ng plot observat�ons rang�ng 
from 0 to 25 percent, wh�ch encompassed the range 
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ReSulTS
Prel�m�nary analyses were restr�cted to 12,323 base 
�ntens�ty plots where at least one access�ble forest land 
cond�t�on (�.e., area class�f�cat�on on each plot such 
as forest type or ownersh�p group used for analyt�cal 
purposes) was present dur�ng the annual �nventory 
per�od. The proport�on of m�ss�ng base �ntens�ty 
plots for the most recent �nventory was 5 percent �n 
M�nnesota, 6 percent �n W�scons�n, and more than 11 
percent �n M�ch�gan. Nearly all m�ss�ng observat�ons 
(94 percent) were due to pr�vate landowners deny�ng 
f�eld crews access to lands w�th the rema�n�ng plots 
deemed hazardous by f�eld crews (3 percent) or 
sk�pped due to seasonal access (3 percent). The 
d�str�but�on of m�ss�ng plot observat�ons by county 
suggests that den�ed access areas are not un�formly 
d�str�buted throughout the study reg�on (F�g. 1). 

Projection: Albers Equal Area Conic
Source: USDA Forest Service
Geographic base data are provided by ESRI.
By: G.M.Domke, Printed July 2012
Disclaimer: Information displayed on this map
was derived from multiple sources.
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Figure 1.—Proportion of missing plot observations due to denied access by county in the Lake States region of the U.S. for the 
most recent FIA inventory period, 2007-2011. 

of nonresponse �n the FIA program reported by 
Patterson et al. (2012). Spec�f�cally, the proport�on was 
calculated as the rat�o of the number of plots class�f�ed 
as m�ss�ng (�.e., hazardous, den�ed access, sk�pped) to 
the total number of plots selected for measurement. A 
Monte Carlo procedure (McRoberts 2003) was used 
to s�mulate random den�ed access on pr�vate forest 
lands to compare the dev�at�on and prec�s�on of the 
mean values produced by each m�ss�ng data approach 
at each level of m�ss�ngness (0-25 percent) aga�nst the 
BASE est�mates of    . In the �n�t�al analys�s, standard 
errors of the mean est�mates produced by the m�ss�ng 
data approaches at each m�ss�ngness level were used 
to compare w�th the BASE est�mates. Mean est�mates 
greater than one standard error from the BASE 
mean were cons�der s�gn�f�cantly d�fferent from the 
BASE est�mate. All analyses were conducted us�ng R 
stat�st�cal software (R Development Core Team 2012) 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 180GTR-NRS-P-105

Table 1.—Stratum statistics for the most recent FIA inventory (2007-2011) in the lake States
 live tree c per unit area (Mg ha-1)
 2006 2011
State and Stratum Weight Number of plots Mean Mean Standard error

Michigan 1.00 4,454 28.36 28.80 0.42
   Canopy cover 0 - 5 0.64 391 9.77 12.42 0.90
   Canopy cover 6 - 50 0.07 600 11.66 12.24 0.65
   Canopy cover 51 - 65 0.04 415 20.03 20.50 1.02
   Canopy cover 66 - 80 0.10 1,264 26.63 27.46 0.66
   Canopy cover 81 - 100 0.15 1,784 41.22 40.85 0.74

Minnesota 1.00 3,966 17.24 18.04 0.32
   Canopy cover 0 - 5 0.63 370 8.85 10.59 0.82
   Canopy cover 6 - 50 0.03 97 9.45 11.05 1.36
   Canopy cover 51 - 65 0.03 202 11.42 13.42 1.01
   Canopy cover 66 - 80 0.12 1,231 16.29 17.15 0.56
   Canopy cover 81 - 100 0.19 2,082 20.21 20.53 0.47

Wisconsin 1.00 3,903 23.51 25.23 0.39
   Canopy cover 0 - 5 0.60 686 10.25 11.86 0.56
   Canopy cover 6 - 50 0.02 135 11.53 12.44 1.32
   Canopy cover 51 - 65 0.03 182 10.98 15.31 1.22
   Canopy cover 66 - 80 0.08 619 19.88 21.31 0.82
   Canopy cover 81 - 100 0.27 2,281 30.19 31.86 0.55

Lake States 1.00 12,323 23.24 24.21 0.22

more eff�c�ent than the other two approaches �n�t�ally 
evaluated. Assum�ng the PREVIOUS and EM 
approaches perform comparably to the STRATUM 
and NEAREST techn�ques, the l�kely outcome of the 
�n�t�al phase of th�s study w�ll be that the IGNORE 
approach �s opt�mal for deal�ng w�th m�ss�ng plot 
observat�ons (at current nonresponse levels �n the 
study area) due to den�ed access �n annual forest 
�nventory data. Th�s approach has mer�t assum�ng the 
d�str�but�on of m�ss�ng plot observat�ons �s random. 
If not, an alternat�ve approach and/or subd�v�s�on of 
strata or doma�n may be necessary to account for b�as 
from m�ss�ng plot observat�ons due to den�ed access. 
Furthermore, all m�ss�ng data approaches must be 
exam�ned across the range of potent�al nonresponse 
�n order to evaluate wh�ch approach or approaches 
may be useful at the nat�onal level. Assess�ng the 
d�str�but�on of m�ss�ng plot observat�ons and the range 
of nonresponse �s �mportant s�nce �t �s l�kely there 
are patterns of m�ss�ngness �n the per�od�c �nventory, 
albe�t for a var�ety of d�fferent reasons, wh�ch may 

Strat�f�ed base est�mates of     �ncreased w�th 
�ncreas�ng canopy cover for the most recent �nventory 
per�od �n each of the three Lake States (Table 1). 
Prel�m�nary est�mates calculated us�ng the IGNORE, 
STRATUM, NEAREST approaches, at current 
m�ss�ngness levels, were w�th�n one standard error 
of the BASE est�mate of     us�ng observat�ons for 
all plots. Th�s suggests there were no stat�st�cally 
s�gn�f�cant d�fferences among est�mates obta�ned us�ng 
the m�ss�ng data approaches �n�t�ally �nvest�gated 
�n the study. That sa�d, the IGNORE approach was 
computat�onally more eff�c�ent than the STRATUM 
approach, wh�ch was more eff�c�ent than the 
NEAREST approach. 

DIScuSSIoN
Early results suggest there are a number of strateg�es 
for deal�ng w�th m�ss�ng plot observat�ons �n annual 
forest �nventory data. The IGNORE approach at 
current nonresponse levels was computat�onally 
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requ�re s�m�lar subd�v�s�ons to account for b�as. Wh�le 
the �n�t�al analyses focused on a few approaches 
us�ng annual �nventory data, the full su�te of m�ss�ng 
data approaches w�ll be evaluated us�ng the annual 
�nventory and then appl�ed to the per�od�c �nventory 
to assess whether any of the m�ss�ng data approaches 
better al�gn est�mates for forest C stocks and stock 
change between per�od�c and annual �nventor�es �n the 
Un�ted States. 
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GAIN-loSS eSTIMATIoN oF coMPoNeNTS oF cHANGe  
IN FoReST cARBoN: AN eXAMPle FRoM oReGoN

Andrew N. Gray, Thomas R. Whittier, and David l. Azuma1

Abstract.—Increases �n carbon d�ox�de �n the atmosphere are thought to be a ma�n cause 
of changes �n global temperature and sea level. There �s thought to be a large carbon 
(C) s�nk on lands �n the Northern Hem�sphere, but the amounts and causes are not well 
known. Forests are a focus of efforts to understand changes �n carbon storage over t�me 
because they accumulate larger amounts of carbon than other terrestr�al ecosystems. 
Current “stock-change” est�mates of forest carbon flux are based on a comb�nat�on of 
f�eld measurements, surveys, remote sens�ng class�f�cat�ons, and models. The goal of 
th�s study was to attempt to �mprove on ex�st�ng carbon account�ng methods by us�ng 
the “ga�n-loss” method and d�rectly track�ng components of change �n tree carbon 
across a large reg�on w�th strong env�ronmental grad�ents us�ng f�eld measurements. We 
used repeated Forest Inventory and Analys�s (FIA) measurements on permanent plots 
to quant�fy tree carbon flux due to land use change, d�sturbance, and harvest on 1,067 
plots across Oregon. Land use change resulted �n a net �ncrease of 1.1 x 105 ha of forest 
land �n Oregon between 1986 and 1997. However, there was a net loss of 3.4 Tg of l�ve 
tree C because most of the losses were on product�ve west-s�de forests and most of the 
ga�ns were on east-s�de jun�per woodlands. L�ve woody C decreased s�gn�f�cantly �n 
eastern Oregon (-14.4 Tg), w�th mortal�ty and harvest exceed�ng growth. Much of the 
mortal�ty and subsequent harvest was assoc�ated w�th severe defol�at�on by western 
spruce budworm. However, C stores �ncreased s�gn�f�cantly �n western Oregon (19.2 Tg) 
due to large accumulat�ons from growth on publ�c lands, and harvest be�ng balanced by 
growth on pr�vate lands. Patterns of C dens�ty assoc�ated w�th stand age d�ffered by s�te 
product�v�ty class and forest type. The �ncrease �n C dens�ty w�th stand age was greater 
on more product�ve s�tes due to h�gher growth rates �n young stands, but contr�but�on of 
those s�tes to growth decreased as harvest rates �ncreased w�th stand age. We demonstrate 
that ga�n-loss account�ng from a probab�l�st�c f�eld sample can produce deta�led est�mates 
of carbon flux that �dent�fy causes and components of change, and have the potent�al to 
produce more cons�stent est�mates than comb�n�ng alternat�ve approaches.
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Un�vers�ty; Research Forester (DLA), U.S. Forest Serv�ce, Pac�f�c Northwest Research Stat�on. 
ANG �s correspond�ng author; to contact, call 541-750-7252 or ema�l at agray01@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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MANAGING FoR clIMATe BeNeFITS IN DRy MIXeD-coNIFeR 
FoReSTS: TRAcKING THe cARBoN IMPlIcATIoNS  

oF Fuel TReATMeNTS AT lANDScAPe ScAle

jeremy S. Fried, Theresa jain, jonathan Sandquist, and larry D. Potts1

Abstract.—Bu�ld�ng on the stat�st�cally representat�ve sample of a complex of forest 
types, often descr�bed as dry m�xed con�fer, prov�ded by over 5000 annual Forest 
Inventory and Analys�s (FIA) plots �n seven western states, we modeled mult�ple �nd�ces 
of ex�st�ng f�re hazard and the extent to wh�ch �mplementat�on of mechan�cally focused 
fuels management programs could substant�ally �mprove these �nd�ces w�th respect to 
a range of object�ves. Des�gn of the gener�c/styl�zed fuel treatments tested �n th�s study 
was gu�ded my mult�ple, somet�mes confl�ct�ng object�ves: 1) leave beh�nd a healthy, 
res�l�ent stand; 2) reduce surface f�re �ntens�ty; and/or 3) reduce crown f�re potent�al, 
though results var�ed by pretreatment stand structure and forest type. Fuel treatment 
costs, �nclud�ng costs of on-s�te act�v�t�es and transportat�on of harvested mater�als, and 
y�elds and values of merchantable and energy wood result�ng from treatments under 
alternat�ve pol�cy scenar�os were modeled or calculated, allow�ng est�mat�on, by forest 
type, ecoreg�on, landowner class, stand dens�ty and s�ze class of: 1) the area over wh�ch 
fuel treatment �s capable of ach�ev�ng one or more object�ves and at what cost [or net 
revenue]; 2) the amount of carbon that fuel treatment can move �nto long-term storage 
as harvested wood products or �nto ut�l�zat�on as foss�l-carbon-em�ss�on offsett�ng 
b�oenergy; 3) the amount of l�ve tree carbon rema�n�ng at r�sk �n treated stands and 
the l�kel�hood of that carbon leav�ng the l�ve-tree pool �n the event of a f�re; and 4) the 
potent�al carbon dynam�cs of post-f�re recovery that �ncludes salvage harvest �n treated or 
untreated stands. Results reveal that less than half of the dry m�xed-con�fer forest would 
benef�t from the k�nds of fuel treatments s�mulated �n th�s study; however, nearly all the 
acres w�th potent�al benef�t are on federal lands, and most can be treated so as to generate 
net revenue, useful products and carbon benef�ts. Although markets for energy wood 
are essent�ally absent �n some reg�ons where these forest types occur, most of the value 
der�ved from effect�ve treatments flows from the sale of merchantable wood products, 
so markets for energy wood are rarely the determ�n�ng factor as to fuel treatment 
feas�b�l�ty. Wh�le clearly l�nked to f�re �nc�dence and return �nterval, the extent to wh�ch 
fuel treatments produce net carbon benef�ts also depends on how post-treatment carbon 
accumulat�on capac�ty �s �mpacted by stock�ng reduct�on, the reduct�on �n mortal�ty 
ach�eved �n the event of f�re, and assumpt�ons about the feas�b�l�ty of post-f�re salvage 
harvest.

1 Research Forester (JSF), U.S. Forest Serv�ce, Pac�f�c Research Stat�on; Research Forester (TJ) 
and Forestry Techn�c�an (JS), U.S. Forest Serv�ce, Rocky Mounta�n Research Stat�on; Informat�on 
Technology Spec�al�st (LDP), U.S. Forest Serv�ce, Pac�f�c Research Stat�on. JSF �s correspond�ng 
author: to contact, call 503-808-2058 or ema�l at jsfr�ed@fs.fed.us. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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MAPPING FoReST SoIl oRGANIc MATTeR  
oN NeW jeRSey’S coASTAl PlAIN

Brian j. clough, edwin j. Green, and Richard G. lathrop1

Abstract.—Manag�ng forest so�l organ�c matter (SOM) stocks �s a v�tal strategy for 
reduc�ng the �mpact of anthropogen�c carbon d�ox�de em�ss�ons. However, the SOM pool 
�s h�ghly var�able, and develop�ng accurate est�mates to gu�de management dec�s�ons 
has rema�ned a d�ff�cult task. We present the results of a spat�al model des�gned to map 
so�l organ�c matter for all forested land �n the Coastal Pla�n phys�ograph�c prov�nce of 
New Jersey. SOM stocks from 60 sampl�ng locat�ons, d�str�buted across the reg�on �n 
a strat�f�ed random des�gn based on vegetat�on type and dra�nage class, were used �n a 
kr�g�ng model that �ncorporated several �nd�ces der�ved from Landsat Themat�c Mapper 
data as pred�ctor var�ables. Th�s model reduced mean squared error at val�dat�on plots 
(n=26) by 10 to 23 percent when compared to kr�g�ng models that d�d not use a pred�ctor 
var�able. Our results suggest that th�s approach, comb�n�ng SOM �nventory and remote 
sens�ng data �n a geostat�st�cal framework, �s a useful method for reduc�ng uncerta�nty �n 
forest SOM est�mates.

1 Graduate Ass�stant (BJC) and Professors (EG and RGL), 
Department of Ecology, Evolut�on and Natural Resources, 
School of Env�ronmental and B�olog�cal Sc�ences, Rutgers 
Un�vers�ty, 14 College Farm Rd., New Brunsw�ck, NJ 
08901. BJC �s correspond�ng author: to contact, ema�l at 
bclough84@gma�l.com.

INTRoDucTIoN
Forest �nventory data have been an �mportant tool �n 
est�mat�ng forest carbon (C) stocks (B�rdsey 1992). 
The w�despread ava�lab�l�ty of spat�ally expl�c�t, 
plot-level forest �nventory data has allowed landscape 
ecolog�sts to employ a var�ety of spat�al model�ng 
techn�ques to calculate forest C stocks at the landscape 
scale. Much progress has been made �n est�mat�ng 
aboveground carbon, but belowground carbon storage 
�s st�ll poorly documented. 

Comb�n�ng geostat�st�cal analys�s w�th plot �nventory 
data and remotely sensed covar�ates may represent 
an effect�ve method for mapp�ng so�l organ�c matter 
d�str�but�on. In geostat�st�cs, the spat�al covar�ance 
among est�mates at sampl�ng locat�ons �s quant�f�ed, 
and stat�st�cal approaches such as var�ogram analys�s 

are used to model the spat�al pattern of the var�able 
of �nterest (Isaaks and Sr�vastava 1989). The creat�on 
of a spat�ally expl�c�t model of covar�ance prov�des 
a quant�tat�vely r�gorous framework for �nterpolat�ng 
values across response surfaces. The results of such 
�nterpolat�on models are “raster�zed,” mak�ng them 
�deal for up-scal�ng plot-level data to broad scales, and 
they avo�d the �ssues �ntroduced by spat�al aggregat�on 
and a priori assumpt�ons �n other approaches to 
scal�ng SOM. 

The development of metr�cs for �nferr�ng forest so�l 
organ�c matter stocks from Landsat �magery presents 
a fru�tful l�ne of research, and a rel�able methodology 
would be of cons�derable �nterest to b�ogeochem�sts 
and cl�mate change pol�cy-makers. Format�on of forest 
so�l organ�c matter (SOM) �s controlled by a var�ety 
of factors, �nclud�ng forest cover type, topography, 
and d�sturbance (Chap�n et al. 2002). The w�despread 
ava�lab�l�ty of landscape-scale remote sens�ng data, 
largely funded by governmental agenc�es such as the 
U.S. Geolog�cal Survey (USGS), prov�des researchers 
w�th tools to collect data on such factors at broad 
scales. 
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In th�s study, we report on a model to �nterpolate SOM 
across forests of the Coastal Pla�n reg�on of New 
Jersey. The model �ncorporates so�l �nventory and 
normal�zed d�fference vegetat�on �ndex (NDVI) data 
to map SOM across a gr�d cover�ng the ent�re study 
reg�on. Kr�g�ng w�th external dr�ft (KED), also referred 
to as “kr�g�ng w�th a trend model” �n the l�terature 
(Goovaerts 1999), was used as the framework for 
�ncorporat�ng secondary �nformat�on �nto the SOM 
�nterpolat�on. Our study has three object�ves: (1) 
Establ�sh a relat�onsh�p between SOM and NDVI to 
val�date the latter as a pred�ctor var�able for mapp�ng 
SOM d�str�but�on, (2) Demonstrate that �ncorporat�ng 
NDVI �n an �nterpolat�on model reduces uncerta�nty of 
pred�ct�on est�mates relat�ve to a model that does not 
�ncorporate any secondary �nformat�on, and (3) Apply 
our model to generate a map of SOM d�str�but�on for 
New Jersey’s Coastal Pla�n phys�ograph�c prov�nce. 

STuDy AReA
Th�s study was conducted on the Coastal Pla�n 
phys�ograph�c prov�nce of New Jersey. Three major 
upland forest commun�t�es dom�nate the reg�on: (1) 
Pinus rigida M�ll. forest, (2) Quercus L. spp. forest, 
and (3) m�xed commun�t�es that span a grad�ent 
between the two pure types. On the �nner coastal 
pla�n, these commun�t�es m�x w�th other hardwood 
spec�es such as Fagus grandifolia Ehrh. and Carya 
Nutt. spec�es. Forested wetlands are common along 
r�ver courses or �n low areas. Most of these wetlands 
are hardwood swamps dom�nated by Acer rubrum 
L., Liquidambar styraciflua L., and Nyssa sylvatica 
Marsh. However, forested Sphagnum bogs w�th pure 
stands of Chamaecyparis thyoides (L.) B.S.P. are also 
present across the landscape. 

So�ls �n the reg�on are largely typ�c Hapludults and 
Quartz�sappamments of mar�ne or alluv�al or�g�n 
(Tedrow 1986). Podzol�zat�on occurs �n some so�ls, 
ow�ng to l�tter �nputs r�ch �n tann�ns and other 
recalc�trant organ�c compounds (Tedrow 1998). So�ls 
range from very poorly to excess�vely dra�ned and 
are pr�mar�ly sandy �n texture. However, clayey and 

mucky so�ls are frequent �n wet areas. Mean annual 
temperature �s 54 °C and average annual ra�nfall �s 
1055 mm. 

MeTHoDS
E�ghty-s�x plots were establ�shed throughout all forests 
on New Jersey’s Coastal Pla�n, us�ng a strat�f�ed 
random sampl�ng des�gn based on dom�nant forest 
type and dra�nage class. So�l was collected w�th�n each 
plot at three depths: 0-10 cm, 10-20 cm, and 20-30 
cm. At each depth �nterval bulk dens�ty was sampled 
us�ng the core method (Blake and Hartge 1986), and a 
second sample was taken for laboratory analys�s.  
The analyt�cal samples were a�r dr�ed for at least 48 
hours, wh�le the bulk dens�ty samples were dr�ed 
at 105 °C. Both were s�eved to 2 mm, and the f�ne 
fract�on mater�al was ground �nto powder w�th a 
mortar and pestle and homogen�zed. So�l organ�c 
matter content was est�mated us�ng loss-on-�gn�t�on at 
400 °C for 24 hours. So�l organ�c matter stock (t/ha) 
was then calculated for each plot us�ng the calculated 
bulk dens�ty and grav�metr�c so�l organ�c matter 
content data. 

Cloud-free Landsat TM scenes (courtesy of USGS) 
were extracted for a s�ngle date dur�ng the study,  
July 14, 2011, and t�led �nto a mosa�c of the study 
reg�on. We generated raster f�les for two �nd�ces 
calculated from the Landsat data: NDVI and tasseled 
cap band 2 (TC2). Both are related to photosynthet�c 
act�v�ty, and have been shown to correlate w�th net 
pr�mary product�v�ty (Asrar et al. 1984), so �t was 
reasonable to expect a relat�onsh�p w�th SOM. Values 
of NDVI were extracted for all 86 sampl�ng plots, and 
the complete raster f�les were collated and reta�ned to 
�nterpolate SOM across the study reg�on. 

The 86 plots were randomly d�v�ded �nto a pred�ct�on 
set (60 plots) and a val�dat�on set (26 plots). To 
test �f �ncorporat�ng remote sens�ng covar�ates as 
pred�ctor var�ables reduces uncerta�nty, we compared 
two un�var�ate models, un�versal kr�g�ng (UK) and 
ord�nary kr�g�ng (OK) to three mult�var�ate models: 
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NDVI only (NDVI), tasseled cap only (TC), and both 
NDVI and tasseled cap data (NDVI+TC). Mult�var�ate 
�nterpolat�on of SOM was accompl�shed us�ng a 
un�versal kr�g�ng procedure w�th a trend model that 
allows for dependency between the response var�able 
and a chosen set of pred�ctors. Th�s approach, also 
referred to as ”kr�g�ng w�th external dr�ft” (KED), 
der�ves pred�ct�ons of the response var�able by 
extend�ng the covar�ance matr�x of the kr�g�ng system 
to �ncorporate the pred�ctor var�ables (Goovaerts 
1999). Each model was used to �nterpolate SOM on 26 
val�dat�on plots, and the sum of squared error (SSE) 
between pred�cted and observed values of SOM was 
computed for each model from 50 s�mulat�ons. 

To ensure that the compos�t�on of the model�ng data 
set d�d not overly �nfluence model results, a new 
set of val�dat�on plots was randomly selected at the 
beg�nn�ng of each tr�al. Model performance was 
assessed by compar�ng the mean SSE of each model 
for all 50 tr�als. The results of the best kr�g�ng model 
were used to �nterpolate values of SOM dens�ty for all 
cells �n a 90 m2 gr�d cover�ng the full extent of forested 
land on New Jersey’s Coastal Pla�n. All geostat�st�cal 
analys�s was accompl�shed �n the R stat�st�cal 
comput�ng env�ronment (R Development Core Team 
2008), us�ng the gstat package (Pebesma 2004). 

ReSulTS
All three mult�var�ate models (NDVI, TC, NDVI+TC) 
reduced mean sum of squared error by at least 5 
percent when compared to the two un�var�ate models. 
The model wh�ch used NDVI as the only pred�ctor 
had the lowest mean SSE wh�le the ord�nary kr�g�ng 
model had the h�ghest SSE (Table 1). NDVI reduced 
mean SSE by 17 and 22 percent, respect�vely, when 
compared to UK and OK. NDVI also outperformed 
TC, reduc�ng mean SSE by 12 percent, and prov�ded 
sl�ght �mprovement when compared to the full model 
(NDVI+TC). These results are probably expla�ned 
by the h�gher correlat�on of SOM stock w�th the 
normal�zed d�fference vegetat�on �ndex data than 
w�th the tasseled cap �ndex (F�g. 1). In general, our 

results demonstrate that �ncorporat�ng remote sens�ng 
covar�ates as pred�ctor var�ables reduces uncerta�nty �n 
reg�onal SOM est�mates by at least 17 percent. 

The model�ng data set that produced the lowest 
squared error was used for generat�ng a map of SOM 
d�str�but�on for the ent�re study reg�on. Our f�tted 
var�ogram suggests a range of spat�al covar�ance 
among data po�nts of approx�mately 12,500 m (F�g. 
2). However, note that cons�derable var�at�on �s 
unaccounted for by th�s model. The spat�al pattern, 
ow�ng to the fa�rly small sample s�ze �n the model�ng 
data set (n=60), �s not well def�ned. Add�t�onally, 
the large nugget effect of the var�ogram �nd�cates 
s�gn�f�cant m�croscale spat�al var�ab�l�ty below the 
resolut�on of our sampl�ng reg�me. Due to the weakly 
f�tt�ng var�ogram model, we observed only weak 
correlat�on between observed and pred�cted results at 
the 26 val�dat�on plots (F�g. 3). Although th�s model 
performs better than e�ther un�var�ate model (r = 0.15 
for UK and r = 0.05 for OK us�ng the same data set), 
there �s st�ll s�gn�f�cant uncerta�nty ow�ng to the small 
sample s�ze �n the model�ng data set. 

The model tends to pred�ct h�gher SOM dens�ty 
on the �nter�or port�ons of the Coastal Pla�n and 
decl�n�ng SOM stocks to the southeast (F�g. 4). These 
pred�ct�ons are cons�stent w�th our knowledge of the 
reg�on, where the �nland so�ls tend to be more nutr�ent 
r�ch and less excess�vely dra�ned. 

Table 1.—Mean sum of squared error (SSe) of 
each model, and percent reduction by the best 
performing model (NDvI).

  Reduction in
  mean SSe when
  compared to “best”
 Mean SSe model (percent)

Univariate models  
  Universal kriging (UK) 1984734 0.17
  Ordinary kriging (OK) 2118974 0.22

Multivariate (KED) models  
  NDVI only (NDVI) 1657018 0
  TC only (TC) 1883040 0.12
  Both predictors (NDVI+TC) 1686912 0.02
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Figure 2.—Semivariogram for the 60 modeling plots. The 
open circles represent the binned empirical values of 
semivariance. The solid line is a spherical variogram model 
fitted with a restricted maximum likelihood optimization 
routine (partial sill = 0.09, range=12,500, nugget = 0.31). 

Figure 3.—Observed vs. predicted soil organic matter 
content at 26 independent validation plots. The dotted line 
represents a 1:1 relationship between the two variables. 

Figure 1.—Relationship between (a) soil organic matter stock (SOM) and normalized difference vegetation index (NDVI), and 
(b) SOM and tasseled cap band 2 (TC) at all 86 sampling locations. 
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Figure 4.—Result of a KED interpolation for a 90-m2 grid covering all forests in New Jersey’s Coastal Plain. Our study region 
is defined by the outline. Note that the model predicts higher SOM stocks on the inner portion of the Coastal Plain, where soils 
tend to be less nutrient- poor. 
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DIScuSSIoN
Includ�ng so�l sampl�ng �n large-scale forest 
�nventor�es, such as the Forest Inventory and Analys�s 
Program, w�ll greatly �ncrease the spat�al coverage 
and ava�lab�l�ty of data on belowground carbon 
stocks. Incorporat�ng NDVI reduced uncerta�nty �n 
forest SOM est�mates by 17 to 23 percent w�th a 
relat�vely small set of model�ng plots (n=60) desp�te 
cons�derable error between measured and pred�cted 
values at the val�dat�on plots. Large coord�nated efforts 
to sample forest SOM, where sampl�ng dens�ty �s 
�ncreased and the range of var�at�on �n SOM can be 
better character�zed by the data set, would prov�de 
�mproved performance. Our model framework w�ll 
l�kely be an effect�ve means for model�ng SOM on 
a var�ety of forested landscapes, though appropr�ate 
pred�ctor var�ables w�ll have to be selected on a 
case-by-case bas�s. In general, pred�ctor var�ables 
should be selected based on local knowledge of the 
env�ronmental factors that are most l�kely to dr�ve 
var�at�on �n SOM stocks.

Comb�n�ng so�l �nventor�es w�th remotely sensed 
data and geostat�st�cal analys�s represents an effect�ve 
framework for quant�fy�ng the SOM pool at broad 
spat�al scales. Interpolat�on methods such as kr�g�ng, 
wh�ch prov�de a stat�st�cally r�gorous framework 
for def�n�ng spat�al patterns, prov�de an appeal�ng 
alternat�ve to trad�t�onal approaches for �ncorporat�ng 
belowground C �nto landscape-scale forest carbon 
budgets. These methods are espec�ally useful when 
pred�ctor var�ables der�ved from raster�zed remote 
sens�ng data sets are �ncorporated �nto the models. 
Our results conf�rm that such an approach const�tutes 
an effect�ve method for reduc�ng uncerta�nty of so�l 
organ�c matter stock est�mates and would be a useful 
add�t�on to forest �nventory projects. 
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BeecH STATuS IN NeW eNGlAND’S AFTeRMATH FoReSTS

George l. Mccaskill and Randall S. Morin1

Abstract.—Amer�can beech (Fagus grandifolia) �s one of the three most dom�nant 
tree spec�es occupy�ng the northern hardwoods forest of New England. We stud�ed 
Ma�ne, New Hampsh�re, Vermont, and New York to capture those areas w�th h�gher 
concentrat�ons of beech. The status of beech �n the northern hardwood forests �s 
�mportant because of the long-term �mpacts of beech bark d�sease (BBD) (Neonectria 
ssp.) on the compos�t�on and regenerat�on of aftermath forests w�th�n the reg�on. We 
assessed the current cond�t�ons of beech trees at the stand level by compar�ng 2011  
Forest Inventory and Analys�s survey data w�th the prev�ous survey conducted on the 
same set of plots (2006). To understand the current �mpacts of BBD on forests, we 
compared the number of grow�ng-stock trees, number of rough cull trees, number of 
rotten cull trees, number of stand�ng dead trees, and number of mortal�ty trees w�th an 
�mportant assoc�at�ve spec�es, sugar maple (Acer saccharum). To evaluate the �mpacts 
of BBD on stand regenerat�on, we also assessed the number of sapl�ng-s�ze trees of 
Amer�can beech and three of �ts close assoc�ates, sugar maple, yellow b�rch (Betula 
alleghaniensis), and eastern hemlock (Tsuga canadensis). Beech trees had 40 percent 
of the�r stock�ng class�f�ed as defect�ve or dead; sugar maple stock�ng had less than 15 
percent. Mortal�ty tree numbers for Amer�can beech were h�ghest �n the larger d�ameter 
trees (11.0 �nches d�ameter at breast he�ght and larger) where BBD had been detected for 
less than 37 years, but were more equally d�str�buted �n older aftermath forests where 
BBD had been present for more than 60 years. The number of beech sapl�ngs �ncreased 
wh�le the numbers of �ts three assoc�ate tree spec�es d�d not change s�gn�f�cantly. Net 
growth of beech was �ncreas�ng as a proport�on of net growth for sugar maple. 

1 Research Foresters (GLM, RSM), U.S. Forest Serv�ce, 
Northern Research Stat�on, 11 Campus Blvd., Su�te 200, 
Newtown Square, PA 19073; GLM �s correspond�ng  
author: to contact, call 610-557-4045 or ema�l at 
georgemccask�ll@fs.fed.us.

INTRoDucTIoN
Amer�can beech (Fagus grandifolia Ehrh.) �s an 
�mportant component of the northern hardwood forests 
of the Northeast. It �s more shade tolerant than most 
of �ts assoc�ates and can qu�ckly regenerate �n the 
form of sprouts (Jones and Raynal 1987). Unl�ke �ts 
common assoc�ates, beech has been �mpacted by the 
beech bark d�sease (BBD). BBD �s an �nsect-fungus 
complex �nvolv�ng the scale �nsect (Cryptococcus 
fagisuga L�nd�nger) and the exot�c canker fungus 
Neonectria faginata (M.L. Lohman and A.M.J. 
Watson; Castlebury, Rossman and Hyten) or the nat�ve 

Neonectria ditissima (Tul. & C. Tul.). BBD has been 
spread by the scale �nsect throughout New England 
s�nce the early 1930s (Ehrl�ch 1934). Three stages of 
BBD development have been �dent�f�ed (Sh�go 1972). 
The stages are the advanc�ng front where forests w�th 
concentrat�ons of beech trees are degraded by the scale 
�nsect dur�ng bark feed�ng and subsequent �nfect�on 
of Neonectria spp., the k�ll�ng front where forests 
have w�despread beech mortal�ty as a result of the 
effects of BBD accompan�ed by h�gh populat�ons of 
the scale �nsect, and f�nally the aftermath zone where 
BBD-related mortal�ty and scale �nsect numbers have 
decl�ned and greater numbers of smaller beech trees 
occupy the stand (Cale et al. 2012, Munck and Manlon 
2006). Th�s analys�s has focused on forest cond�t�ons 
w�th�n the aftermath zone. As the fungal-�nsect 
complex progresses toward �ts southern and western 
l�m�ts, how can we analyze Forest Inventory and 
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Analys�s (FIA) data to �dent�fy the current cond�t�ons 
of maple-beech-b�rch (northern hardwood) aftermath 
forests for any g�ven locale? Can these same data be 
used to project temporal changes to BBD aftermath 
forests and the�r �mportant assoc�ate tree spec�es?

DATA AND MeTHoDS
Th�s assessment focused on �dent�fy�ng FIA �nventory 
attr�butes from the 2006 and 2011 surveys that can be 
used to determ�ne the present stand-level cond�t�ons 
of BBD-�nfected beech forests w�th�n the northern 
hardwood reg�on (Bechtold and Patterson 2005). 
BBD-�nfected stands were strat�f�ed by the number of 
years s�nce f�rst detect�on. County-level records of the 
year of �n�t�al scale �nsect establ�shment were prov�ded 
by the U.S. Forest Serv�ce, Northeastern Area State 
and Pr�vate Forestry, and are ava�lable onl�ne (Jones 
et al. 2011). These county-level data were not based 
upon the FIA systemat�c survey; therefore, sl�ght 
�ncons�stenc�es may ex�st between years and reg�ons 
concern�ng scale �nsect detect�ons. Two pr�or stud�es 
have used these data to exam�ne the relat�onsh�p 
between the spread of the scale �nsect and beech 
dens�ty (Mor�n et al. 2005, 2007). The northern New 
England reg�on was stud�ed because the BBD complex 
has been act�ve there longer than anywhere else �n the 
U.S. (F�g. 1). Areas �n Ma�ne, New Hampsh�re, New 
York, and Vermont were broken down �nto areas where 
scale had been detected for less than 37 years, areas 
where scale had been detected from 37 to 60 years, 
and areas where scale had been detected for longer 
than 60 years (Mor�n et al. 2007). We compared the 
number of grow�ng-stock trees, number of rough (form 
defect) cull trees, number of rotten (decay defect) cull 
trees, number of stand�ng dead trees, and mortal�ty 
expressed as tree numbers to make compar�sons 
between Amer�can beech and an �mportant assoc�at�ve 
spec�es, sugar maple (Acer saccharum Marsh.). We 
also compared net growth between these two spec�es. 
On the landscape level, we compared these attr�butes 
as a whole w�th�n the northern New England reg�on 
and by state (Ma�ne, New Hampsh�re, New York, and 
Vermont). These data were strat�f�ed by two broad 

d�ameter classes: all trees greater than or equal to 
7.0 �nches d�ameter at breast he�ght (d.b.h.) versus 
all trees greater than or equal to 11.0 �nches d.b.h. 
Acreage was strat�f�ed by year of scale detect�on 
w�th�n a g�ven county. All trees greater than 7.0 �nches 
d.b.h. were chosen �nstead of 5.0 �nches to reduce the 
�nfluence of sprout st�mulat�on caused by BBD on 
overall beech tree numbers. The number of sapl�ngs 
(all trees between 1.0 and 5.0 �nches d.b.h.) was 
used to evaluate BBD �mpacts on regenerat�on wh�le 
exam�n�ng poss�ble �nteract�ons between beech and 
three of �ts close assoc�ates, sugar maple, yellow b�rch 
(Betula alleghaniensis Br�tt.), and eastern hemlock 
(Tsuga canadensis Carr.).

ReSulTS
Aftermath Forests
New England reg�on: Beech �nventory showed that 
40 percent of all beech trees (5.0 �nches d.b.h. and 
greater) are class�f�ed as rough and rotten cull trees or 
stand�ng dead. By compar�son, less than 15 percent of 
sugar maple trees are cull or dead (F�g. 2).

Years of Beech
Scale Infestation

<37

37 - 60

>60

Figure 1.—Years of scale insect infestation by county in New 
England (ME, NH, NY, VT), 2011.
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Figure 2.—Number of sugar maple versus beech trees 11.0 
inches d.b.h. and greater in percent on forest land in New 
England (ME, NH, NY, VT), 2006 versus 2011.

Infection classes 
New York, and to a lesser degree, Vermont made up 
most of the areas �nfected for less than 37 years. New 
Hampsh�re, Vermont, and to a lesser degree, Ma�ne 
conta�n acreages �nfected from 37 to 60 years. F�nally, 
Ma�ne, and to a lesser degree, New Hampsh�re make 
up most of the acreages �nfected for longer than 60 
years. Below are the numbers of defected or dead 
trees as a percentage of total tree numbers, �nclud�ng 
grow�ng-stock trees (Table 1).

Mortality and Standing Dead
Mortal�ty trees d�ffer from all stand�ng dead trees 
because they represent only those trees that d�ed s�nce 
the last measurement (5 years). The mortal�ty trees 
also �nclude fallen trees or recently burned mater�al. 
The greatest proport�on of mortal�ty beech trees were 
found �n areas �nfected for less than 37 years when 
count�ng trees of 11.0 �nches d.b.h. or greater. In 
those same areas, when the count �ncluded trees w�th 
d�ameters of 7.0 �nches or greater, the mortal�ty levels 
were lower, wh�ch was comparable to northern New 
England beech numbers as a whole (F�g. 3).

Table 1.—Numbers of rough, rotten, mortality, and 
standing dead beech trees as percentage of total 
trees; classified by years since first scale insect 
detection.

  Tree
Infection class Attribute count (%)

Infection <37 Years Standing dead trees 25
 Mortality trees 6
 Rough cull trees 8
 Rotton cull trees 6

Infection ≥37 and ≤60 Years Standing dead trees 21
 Mortality trees 1
 Rough cull trees 7
 Rotton cull trees 12

Infection >60 Years Standing dead trees 28
 Mortality trees 3
 Rough cull trees 8
 Rotton cull trees 7
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Figure 3.—Number of beech trees 7.0 and 11.0 inches d.b.h. 
and greater in percent on forest land in New England (ME, 
NH, NY, VT), 2006 versus 2011.

Regeneration
The number of sapl�ngs �ncreased �n BBD-�nfested 
acreage because beech sprout�ng was st�mulated by 
the BBD complex. Sugar maple and hemlock numbers 
d�d not stat�st�cally change (F�g. 4). In Ma�ne, beech 
regenerat�on had a lower proport�on of the total sapl�ng 
numbers where h�gher yellow b�rch and hemlock stock 
were grow�ng.

Net Growth
The net growth of beech trees as a proport�on of sugar 
maple growth �s �ncreas�ng. The largest proport�ons 
were found �n the younger aftermath forests (F�g. 5).

DIScuSSIoN
W�th the k�ll�ng front comes the beg�nn�ng of the 
aftermath forests. The effects are f�rst seen on the 
largest beech trees (d.b.h. >16 �nches). Gaps are 
created when these larger beech trees fall (snap) as 
a result of wood defects created by BBD �nfect�on. 
The new open�ngs are f�lled by beech sapl�ngs as 
a result of BBD-st�mulated sprout�ng and by some 
released yellow b�rch and hemlock trees. The beech 
sprouts form “th�ckets” creat�ng understory shad�ng 
wh�le crowd�ng out sugar maple (Gravel et al. 2011). 
Some researchers bel�eve sugar maple sapl�ngs are 
suppressed by poss�ble tox�c effects of h�gher levels 
of beech leaf leachate excreted from these dense 
th�ckets, coupled w�th focused deer brows�ng (Hane et 
al. 2003, Runkle 2007). Scale populat�ons eventually 
decl�ne as aftermath cond�t�ons become prevalent 
(Cale et al. 2012). The beech th�ckets grow and cause 
�ncreased shad�ng, creat�ng a nursery env�ronment 
for young hemlock trees. The aftermath stand w�ll 
conta�n greater numbers of smaller, defect�ve beech 
trees. These smaller d�ameter beech trees w�ll produce 
fewer sprouts than the larger d�ameter beech trees 
exposed to the k�ll�ng front (Jones and Raynal 1987). 
The �mpact of greater numbers of beech sapl�ngs on 
the regenerat�on of sugar maple, yellow b�rch, and 
hemlock �n upper New England �s not yet clear based 
upon current FIA �nventory data. But �n areas where 
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Figure 4.—Number of saplings (million trees) between 
1.0 and 5.0 inches d.b.h. in percent on forest land in New 
England (ME, NH, NY, and VT), 2006 versus 2011.

Figure 5.—Annual net growth of growing-stock trees 7.0 
inches d.b.h. and greater (cubic feet) in percent by species 
(beech, sugar maple) on forest land in New England (ME, 
NH,NY,VT), 2006 versus 2011.
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larger numbers of yellow b�rch and eastern hemlock 
sapl�ngs are grow�ng, there may be a defense aga�nst 
st�mulated beech sprout�ng through st�ff compet�t�on 
for l�ght and mo�sture.

coNcluSIoNS
The cond�t�on of the northern hardwood forest var�es 
based upon the number of years BBD has been 
�nfect�ng an area. Forests that have been �nfested for 
less than 37 years tend to have h�gher numbers of 
stand�ng dead trees w�th�n the larger d�ameter classes 
as a result of h�gh tree mortal�ty dur�ng the k�ll�ng 
front phase. They also tend to have an equal number 
of rough and rotten cull trees. Sprout numbers are 
h�gh as BBD-�nduced breakage preva�ls �n the larger 
beech trees. Beech forests �nfected from 37 to 60 
years had fewer stand�ng dead, fewer rough cull trees, 
and greater numbers of rotten cull trees, result�ng �n 
down woody debr�s accumulat�on. Beech mortal�ty 
�s no longer concentrated �n the larger d�ameter trees. 
Where BBD has been present for longer than 60 years, 
beech forests tend to have larger numbers of stand�ng 
dead trees �n the smaller d�ameter classes and fewer 
rotten cull trees as breakage occurs earl�er. The BBD-
generated sprouts �n�t�ated dur�ng the k�ll�ng front are 
now �nfected pole-s�ze trees, fac�ng death at a much 
earl�er age than the�r parents. Tree mortal�ty occurs 
across the d�ameter classes, and the number of beech 
sprouts tends to be lower �n these smaller d�ameter 
beech trees.

lITeRATuRe cITeD
Bechtold, W.A.; Patterson, P.L., eds. 2005. The 

enhanced forest inventory and analysis 
program-national sampling design and 
estimation procedures. Gen. Tech. Rep. SRS-80. 
Ashev�lle, NC: U.S. Department of Agr�culture, 
Forest Serv�ce, Southern Research Stat�on. 85 p.

Cale, J.A.; Letkowsk�, S.K.; Teale, S.A.; Castello, J.D. 
2012. Beech bark disease: an evaluation of the 
predisposition hypothesis in an aftermath forest. 
Forest Pathology. 42: 52-56.

Castlebury, L.A.; Rossman, A.Y.; Hyten, A.S. 2006. 
Phylogenetic relationships of Neonectria/
Cylindrocarpon on Fagus in North America. 
Canad�an Journal of Botany. 84: 1417-1433.

Ehrl�ch, J. 1934. The beech bark disease: a Nectria 
disease of Fagus, following Cryptococcus Fagi. 
Canad�an Journal of Research. 10: 593-692.

Gravel, D.; Beaudet, M.; Mess�er, C. 2011. Sapling 
age structure and growth series reveal a shift 
in recruitment dynamics of sugar maple and 
American beech over the last 40 years. Canad�an 
Journal of Forest Research. 41: 873-880.

Hane, E.N.; Hamburg, S.P.; Barber, A.L.; Plaut, 
J.A. 2003. Phytotoxicity of American beech 
leaf leachate to sugar maple seedlings in a 
greenhouse experiment. Canad�an Journal of 
Forest Research. 33: 814-821.

Jones, R.H.; Raynal, D.J. 1987. Root sprouting in 
American beech: production, survival, and the 
effect of parent tree vigor. Canad�an Journal of 
Forest Research. 17: 539-544.

Jones, W.; Twery, M.; L�ehold, A. 2011. Beech bark 
disease. Forest Health Protect�on Web s�te, U.S. 
Forest Serv�ce. http://na.fs.fed.us/fhp/bbd.

Mor�n, R.S.; L�ebhold, A.M.; Gottschalk, K.W.; 
Luzader, E. 2005. Mapping host-species 
abundance of three major exotic forest pests. 
Res. Pap. NE-726. Newtown Square, PA: U.S. 
Department of Agr�culture, Forest Serv�ce, 
Northeastern Research Stat�on.

Mor�n, R.S.; L�ebhold, A.M.; Tob�n, P.C.; Gottschalk, 
K.W.; Luzader, E. 2007. Spread of beech bark 
disease in the eastern United States and its 
relationship to regional forest composition. 
Canad�an Journal of Forest Research. 37: 726-736.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 198GTR-NRS-P-105

Munck, I.A.; Manlon, P.D. 2006. Landscape-level 
impact of beech bark disease in relation to slope 
and aspect in New York State. Forest Sc�ence.  
52: 503-510. 

Runkle, J.R. 2007. Impacts of beech bark disease 
and deer browsing on the old-growth forest. 
Amer�can M�dland Natural�st. 157: 241-249.

Sh�go, A.L. 1972. The beech bark disease today  
in the northeastern U.S. Journal of Forestry.  
70: 286-289.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 199GTR-NRS-P-105

eSTIMATING TRee cAvITy DISTRIBuTIoNS  
FRoM HISToRIcAl FIA DATA

Mark D. Nelson and charlotte Roy1

Abstract.—Tree cav�t�es prov�de �mportant hab�tat features for a var�ety of w�ldl�fe 
spec�es. We descr�be an approach for us�ng h�stor�cal FIA data to est�mate the number 
of trees conta�n�ng cav�t�es dur�ng the 1990s �n seven states of the Upper M�dwest. We 
est�mated a total of 280 m�ll�on cav�ty-conta�n�ng trees. Iowa and M�ssour� had the 
h�ghest percentages of cav�ty-conta�n�ng trees; M�ch�gan and M�nnesota had the lowest. 
The percentage of trees conta�n�ng cav�t�es was h�gher for the hard hardwood spec�es 
group and dead trees, and �t generally �ncreased w�th �ncreas�ng d�ameter at breast he�ght. 
Abundance of cav�t�es decreased w�th �ncreas�ng cav�ty entrance d�ameter and �ncreas�ng 
aboveground cav�ty he�ght.

1 Research Forester (MDN), U.S. Forest Serv�ce, Northern 
Research Stat�on, 1992 Folwell Ave., St. Paul, MN 55108; 
Research Sc�ent�st (CR), M�nnesota Department of Natural 
Resources. MDN �s correspond�ng author: to contact, call 
651-649-5104 or ema�l at mdnelson@fs.fed.us. 

INTRoDucTIoN
Forest Inventory and Analys�s (FIA) data (Woudenberg 
et al. 2010) span several decades and are eas�ly quer�ed 
to est�mate status and trends of coarse-scale hab�tat 
character�st�cs, such as area of young hardwood 
forest or old softwood forest. These data also �nclude 
attr�butes of tree spec�es and tree s�ze (and, for some 
state �nventor�es, cav�ty entrance d�ameters, and 
cav�ty he�ghts above ground), wh�ch can prov�de f�ner 
scale hab�tat �nformat�on for many forest-assoc�ated 
vertebrate spec�es.

Cav�ty ava�lab�l�ty �s thought to l�m�t populat�ons 
of many secondary cav�ty nesters. Although 
pr�mary cav�ty nesters excavate the�r own cav�t�es 
(e.g., woodpeckers, nuthatches, fl�ckers, and 
ch�ckadees), secondary cav�ty users depend upon 
ex�st�ng cav�t�es formed from tree �njury or through 
excavat�on by pr�mary cav�ty nesters. Secondary 

cav�ty users �nclude wood duck (Aix sponsa), 
hooded merganser (Lophodytes cucullatus), common 
goldeneye (Bucephala clangula), Amer�can kestrel 
(Falco sparverius), eastern blueb�rd (Sialia sialis), 
prothonotary warbler (Protonotaria citrea), tree 
swallow (Tachycineta bicolor), great crested flycatcher 
(Myiarchus crinitus), boreal owl (Aegolius funereus), 
barred owl (Strix varia), house wren (Troglodytes 
aedon), fly�ng squ�rrels (Glaucomys spp.), Amer�can 
deer mouse (Peromyscus maniculatus), weasels 
(Mustela spp.), f�sher (Martes pennant), Amer�can 
marten (Martes Americana), and raccoon (Procyon 
lotor). The s�ze and locat�on of tree cav�t�es determ�ne 
the�r su�tab�l�ty for each w�ldl�fe spec�es. 

Cav�ty format�on and presence �s related to tree 
spec�es, s�ze (d�ameter at breast he�ght-d.b.h., he�ght), 
and status (l�ve, dead). Such relat�onsh�ps have been 
used w�th FIA data to est�mate tree cav�ty abundance 
for mature second-growth t�mberland �n M�ssour� (Fan 
et al. 2003) and to develop models for cav�ty-nest�ng 
waterfowl �n hardwood forests of the north central 
Un�ted States (Denton et al. 2012). However, strateg�c 
est�mates of tree cav�t�es are lack�ng for the major�ty 
of cav�ty-dependent w�ldl�fe spec�es, across most 
forests �n the M�dwest.
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Attr�butes of tree cav�ty d�ameter and cav�ty he�ght 
above ground h�stor�cally were recorded �n some states 
�n the northern FIA reg�on. We analyzed cav�ty data 
from seven cont�guous M�dwestern States to produce 
est�mates of h�stor�cal numbers of cav�ty trees, by tree 
spec�es group, tree d�ameter, cav�ty s�ze, and cav�ty 
pos�t�on. 

DATA AND MeTHoDS
Tree cav�ty data were quer�ed from h�stor�cal North 
Central FIA per�od�c f�eld �nventory plots from seven 
M�dwestern States dur�ng 1989-1998. The �nventory 
years were 1998 for Ill�no�s and Ind�ana, 1990 for 
Iowa and M�nnesota, 1993 for M�ch�gan, 1989 for 
M�ssour�, and 1996 for W�scons�n. Tree cav�ty data no 
longer are collected �n th�s FIA reg�on.

The follow�ng text from the 1998 FIA f�eld manual 
descr�bes data collect�on protocols:

At each sample po�nt, exam�ne all l�ve and 
stand�ng-dead trees, > 5.0” D.B.H., for cav�t�es 
that could be used for nest�ng, rest�ng or 
storage by b�rds or mammals. To qual�fy as a 
cav�ty, an entrance hole must be 1.0” or larger 
�n the ma�n stem, fork, or large l�mb. (A l�mb 
must be greater than 8.0” DOB.)

For the largest cav�ty record a two-d�g�t code. 
[Only one cav�ty–the largest-was recorded for 
each cav�ty tree, regardless of the number of 
cav�t�es present.] The f�rst d�g�t �nd�cates the 
s�ze of the cav�ty. Cav�ty s�ze �s the d�ameter 
of the largest ball that could f�t through the 
entrance hole [by 1-�nch categor�es, through 
9+ �nches (Table 1)]. The second d�g�t 
�nd�cates the locat�on of the cav�ty on the tree 
[above-ground, �n feet, aggregated �nto n�ne 
he�ght categor�es (Table 1)].

We tabulated the total number of trees sampled and the 
number of those trees conta�n�ng one or more cav�t�es, 
by tree status (l�ve, dead), tree d.b.h., and major 
spec�es group: (1) p�nes; (2) other softwoods–spruce, 
f�r, hemlock, etc.; (3) soft hardwoods-cottonwood, 
aspen, elm, basswood, soft maple, etc.; and (4) hard 
hardwoods–oak, h�ckory, beech, walnut, hard maple, 
etc. (Woudenberg et al. 2010: see Append�x F for 
complete l�st of spec�es.). Tree records were om�tted 
when status was absent or populated w�th unknown 
codes (n = 8,427; 1.1 percent), and when trees were 
down-dead (n = 10,915; 1.4 percent) or stumps (n = 
39,772; 5.2 percent). For counts of trees w�th cav�t�es, 
tree records were excluded when cav�ty codes d�d not 
reveal both cav�ty entrance d�ameter and cav�ty he�ght 
above ground (n = 91; 0.01 percent).

Table 1.—Percentage of cavity-containing trees, by cavity entrance diameter and aboveground cavity 
height during the 1990s, upper Midwest

cavity
entrance Aboveground cavity height (feet)
Dia. (in.) 0-1 2-5 6-9 10-19 20-29 30-39 40-49 50-59 60+ Total

 1 5.5 6.6 4.6 3.9 1.2 0.4 0.1 0.0 0.2 22.5
 2 5.5 5.1 4.4 5.0 2.2 0.7 0.3 0.1 0.1 23.4
 3 4.7 3.0 3.1 4.2 2.2 0.8 0.2 0.1 0.1 18.5
 4 3.6 1.7 1.4 2.1 1.3 0.7 0.5 0.0 0.0 11.4
 5 2.0 0.8 0.7 1.1 0.6 0.2 0.1 0.0 0.0 5.6
 6 2.0 0.7 0.6 0.7 0.5 0.3 0.1 0.0 0.0 4.8
 7 0.9 0.3 0.2 0.3 0.2 0.1 0.0 0.0 0.0 2.0
 8 0.6 0.3 0.1 0.2 0.1 0.1 0.0 0.0 0.0 1.6
 9+ 4.5 1.6 1.2 1.5 0.9 0.3 0.1 0.0 0.1 10.2

 Total 29.3 20.0 16.4 19.1 9.4 3.6 1.4 0.3 0.5 100.0
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Numbers of all live and standing dead trees ≥ 5 inches 
d.b.h. on t�mberland were est�mated us�ng standard 
FIA est�mators v�a FIA’s onl�ne EVALIDator tool 
(http://apps.fs.fed.us/Eval�dator/tmattr�bute.jsp). In 
br�ef, counts of trees on each sample plot, proport�on 
of each plot �n forest, and number of plots �n each 
stratum were used �n a strat�f�ed est�mat�on procedure 
to produce est�mates of total number of trees (Scott 
et al. 2005). Numbers of cav�ty trees were est�mated 
by mult�ply�ng the est�mates of numbers of l�ve and 
stand�ng dead trees t�mes the proport�on of sampled 
trees conta�n�ng cav�t�es, by comb�nat�ons of tree 
d�ameter, major spec�es group, and l�ve/dead status. 
No est�mates of uncerta�nty (e.g., standard errors) 
were computed for th�s prel�m�nary study because 
populat�on est�mates of numbers of trees were 
we�ghted by the proport�on of cav�ty trees �n another 
database, w�th some m�smatch �n tree records.

ReSulTS
A total of 709,638 trees were sampled �n th�s study; 
one or more cav�t�es were observed �n 25,424 trees. 
Nearly half of all cav�t�es were observed 0 to 5 feet 
above ground, one-th�rd were 6 to 19 feet above 
ground, and the rema�nder were more than 20 feet 

above ground. Nearly two-th�rds of cav�t�es were 1 to 
3 �nches �n d�ameter. Cav�ty abundance decreased w�th 
�ncreas�ng cav�ty d�ameter (Table 1). 

Percentage of cav�ty-conta�n�ng trees var�ed by state, 
rang�ng from 1.7 percent and 2.8 percent �n M�ch�gan 
and M�nnesota, respect�vely, to 6.5 percent and 7.8 
percent �n M�ssour� and Iowa, respect�vely. Stand�ng 
dead trees made up 11 percent of all trees and 15 
percent of cav�ty trees. The proport�on of total trees 
conta�n�ng cav�t�es was 3.4 percent for l�ve, 5.0 percent 
for dead, and 3.6 percent for l�ve and dead trees 
comb�ned. The largest absolute numbers of cav�t�es �n 
l�ve trees were recorded �n soft and hard hardwood tree 
spec�es and �n trees of 9.0 to 16.9 �nches d.b.h. The 
hard hardwood major spec�es group also conta�ned the 
largest percentages of cav�t�es relat�ve to total number 
of l�ve trees recorded for that group (4.9 percent). One 
or more tree cav�t�es were recorded �n more than 29 
percent of the largest d�ameter l�ve trees (41.0+ �nches 
d.b.h.) (F�g. 1). Relat�ve to the total number of trees 
by d�ameter class, cav�ty-conta�n�ng trees were less 
abundant �n small-d�ameter trees (<11 �nches d.b.h.), 
s�m�lar �n abundance for trees of 11 to 12.9 �nches 
d.b.h., and more abundant for larger trees (13.0+ 
�nches d.b.h.) (F�g. 1). 
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Figure 1.—Distribution of non-cavity and cavity-containing trees within each tree d.b.h. class during the 1990s, Upper Midwest.
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Based on the sample, we est�mated a total of 11.3 
billion live trees and 1.6 billion dead trees ≥ 5 inches 
d.b.h. for the seven states dur�ng the 1990s, of wh�ch 
225 m�ll�on l�ve trees (2.0 percent) and 55 m�ll�on 
dead trees (3.4 percent) were est�mated to conta�n one 
or more cav�t�es.

DIScuSSIoN AND coNcluSIoNS
Us�ng h�stor�cal FIA data, we est�mated a total of 
280 m�ll�on cav�ty-conta�n�ng trees �n the seven-
state reg�on dur�ng the 1990s. The number of cav�ty 
trees as a percentage of all trees generally �ncreased 
w�th �ncreas�ng d.b.h. Dead trees and l�ve trees �n 
the hard hardwood spec�es group both conta�ned 
h�gher percentages of cav�t�es relat�ve to total tree 
abundance of hard hardwoods, wh�ch may expla�n 
var�ab�l�ty among states. The two states w�th the 
h�ghest percentages of cav�ty-conta�n�ng trees, Iowa 
and M�ssour�, both have <1 percent of all trees �n 
softwoods; the two states w�th the lowest percentages 
of cav�ty-conta�n�ng trees, M�ch�gan and M�nnesota, 
both have >20 percent of all trees �n softwoods.

Almost half of all cav�t�es had entrance d�ameters 
smaller than 3 �nches; about half of all cav�t�es 
were located less than 6 feet above ground. These 
character�st�cs are unsu�table for many w�ldl�fe 
spec�es. We acknowledge that some entrances deemed 
cav�t�es from the ground may not have been actual 
cav�t�es (just knots or scars), and some cav�t�es may 
not have been observed from the ground, desp�te the�r 
presence, espec�ally at greater he�ghts above ground: 
tree cav�t�es on FIA plots �n the Pac�f�c Northwest 
are frequently m�ssed by f�eld crews (Tara Barrett, 
personal commun�cat�on). 

Th�s study expands the geograph�c extent addressed 
�n Fan et al. (2003) and �ntroduces potent�al 
enhancements to the approach descr�bed �n Denton 
et al. (2012): cav�ty probab�l�t�es were expanded to 
�nclude both softwood and hardwood trees, both l�ve 
and dead, for a w�der range of tree d�ameters, and from 
a larger sample of trees. 

Work �s underway to est�mate standard errors for 
h�stor�cal tree cav�ty data and to ref�ne models of tree 
cav�ty probab�l�t�es that can be appl�ed to current and 
future FIA data for wh�ch cav�ty observat�ons are no 
longer recorded. Ongo�ng collect�on of FIA tree cav�ty 
data could detect changes �n cav�ty probab�l�t�es. 
Add�t�onal stud�es are be�ng conducted to est�mate 
abundance of cav�t�es meet�ng spec�es-spec�f�c w�ldl�fe 
hab�tat requ�rements.
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BuIlDING IMPRoveD MoDelS oF SuGAR MAPle MoRTAlITy

charles H. Perry and Patrick l. Zimmerman1

Abstract.—The decl�ne of sugar maple (Acer saccharum Marsh.) �n the northern 
Un�ted States �s caus�ng concern, and several stud�es have �dent�f�ed so�l propert�es that 
are l�nked to the observat�on of dead/dy�ng trees. Unfortunately, the sample of trees 
support�ng these stud�es �s purpos�ve �n nature; so�l propert�es are assessed only on those 
plots where dead trees are observed. In th�s study, we used the U.S. Forest Serv�ce’s 
Forest Inventory and Analys�s database (FIADB) to conduct an exploratory analys�s of a 
broader populat�on of sugar maple (l�ve and dead) across a w�de range of so�l types. Th�s 
populat�on of plots has a h�ghly skewed, zero-�nflated d�str�but�on: the number of plots �n 
the sample w�thout dead trees �s an order of magn�tude greater than the number of plots 
w�th dead trees. One effect�ve method of analys�s �s a hurdle—or cond�t�onal—model 
approach. In the f�rst phase, the response var�able �s the presence or absence of dead 
sugar maple and the �nferent�al space �s the ent�re populat�on of plots w�th sugar maple 
trees. The second phase uses the relat�ve abundance of dead sugar maple as the response 
var�able; �n th�s case, �nference �s restr�cted to those plots where dead sugar maple trees 
are observed. In both sets of models, basal area and geology are s�gn�f�cant pred�ctors 
of dead sugar maple, but the most s�gn�f�cant so�l var�ables vary between these two 
�nferent�al spaces. Our study h�ghl�ghts �mportant analyt�cal cons�derat�ons when us�ng 
FIADB for analys�s of forest health cond�t�ons and presents s�mple methods to create a 
more comprehens�ve space for stat�st�cal �nference.

1 Research So�l Sc�ent�st (CHP), U.S. Forest Serv�ce, 
Northern Research Stat�on, 1992 Folwell Avenue,  
St. Paul, MN 55108; Ph.D. Cand�date (PLZ), Un�vers�ty  
of M�nnesota, M�nneapol�s, MN. CHP �s correspond�ng 
author: to contact, call 651-649-5191 or ema�l at 
charleshperry@fs.fed.us.

INTRoDucTIoN
Several stud�es of sugar maple (Acer saccharum 
Marsh.) mortal�ty ex�st (e.g., Horsley et al. 2000, Long 
et al. 2009), but most evaluat�ons focus on an area of 
known decl�ne from Pennsylvan�a to New Hampsh�re. 
Sampl�ng of sugar maple decl�ne �n these and related 
stud�es tends to be purpos�ve �n nature and evaluates 
only those plots w�th dead sugar maple.

The U.S. Forest Serv�ce Forest Inventory and Analys�s 
Program (FIA) collects f�eld data to descr�be the 
status and trends of forests across the Un�ted States. It 
focuses on l�ve trees and l�ve-tree observat�ons vastly 

outnumber those of dead trees �n the FIA database 
(FIADB). To w�t, the rat�o of l�ve-tree to dead-tree 
observat�ons for the complete 2011 5-year �nventory of 
the Great Lakes states of M�nnesota, W�scons�n, and 
M�ch�gan was 5.8:1.2 However, the �nventory �s not 
b�ased systemat�cally aga�nst dead trees. Dead trees 
are recogn�zed as part�cularly �mportant ecolog�cally 
(Woodall et al. 2009), and stand�ng dead trees are the 
subject of spec�f�c report�ng s�nce F�eld Gu�de 2.0 was 
publ�shed �n 2004 (USDA Forest Serv�ce 2004). 

Jo�nt observat�ons of l�ve and dead trees conta�n 
�mportant ecolog�cal �nformat�on and �ncreas�ng 
the s�ze of the sample populat�on also �ncreases the 
result�ng �nferent�al space. However, a jo�nt analys�s 
of l�ve and dead trees �n FIADB y�elds a zero-�nflated 
populat�on, and stat�st�cal �nference wh�ch does not 

2 Calculat�ons may be made us�ng FIA’s onl�ne tools 
ava�lable at http://f�atools.fs.fed.us. 
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account for zero-�nflat�on �s l�kely to be erroneous 
(Mart�n et al. 2005). Zero-�nflat�on often can be 
accommodated by hurdle and m�xture models when 
the add�t�onal zeros are “true zeros” (Mart�n et al. 
2005). Hurdle models (also known as cond�t�onal 
models) treat the problem �n two stages: f�rst, the 
analyst determ�nes the probab�l�ty of a spec�es or 
property be�ng present or absent �n a b�nary outcome; 
second, and cond�t�onal on �ts presence, the relat�ve 
abundance of sa�d spec�es/property �s found (Cameron 
and Tr�ved� 1998). M�xture models attempt to answer 
the same two quest�ons �n one model, but the result�ng 
parameters are more challeng�ng to �nterpret (Mart�n et 
al. 2005).

In th�s paper, we outl�ne the appl�cat�on of a hurdle 
model approach to sugar maple mortal�ty �n the 
northern Un�ted States. Twenty states were �ncluded 
�n the analys�s: Connect�cut, Delaware, Ill�no�s, 
Ind�ana, Iowa, Ma�ne, Maryland, Massachusetts, 
M�ch�gan, M�nnesota, M�ssour�, New Hampsh�re, New 
Jersey, New York, Oh�o, Pennsylvan�a, Rhode Island, 
Vermont, West V�rg�n�a, and W�scons�n. Our study 
h�ghl�ghts �mportant analyt�cal cons�derat�ons when 
us�ng FIADB for analys�s of forest health cond�t�ons 
and presents s�mple methods to create a more 
comprehens�ve space for stat�st�cal �nference.

MeTHoDS
Forest and so�l �nventory plots �n the Northern Un�ted 
States were jo�ned and extracted from the FIADB 
(Woudenberg et al. 2010). These data were collected 
between 2000 and 2006. Plots were �ncluded �n the 
analys�s �f at least three sugar maple trees w�th d.b.h. 
greater than 5 �nches were measured on the plot.

Plot �nformat�on �ncluded state and county, and 
lat�tude, and long�tude. Plot lat�tude and long�tude 
were used to l�nk plots to spat�ally expl�c�t geolog�c 
databases descr�b�ng the or�g�n of surface mater�al 
(Fullerton et al. 2003). Forest-level attr�butes �ncluded 
the basal area of l�ve and dead sugar maple, ecolog�cal 
subsect�on, forest-type group, stand age, stand-s�ze 

code (a class�f�cat�on of the predom�nant d�ameter 
class of l�ve trees), slope, aspect, phys�ograph�c 
class (e.g., xer�c, mes�c, or hydr�c), and the presence/
absence of d�sturbance on the plot. So�l plot 
�nformat�on focused on the su�te of so�l chem�stry 
var�ables extracted from m�neral so�l samples (O’Ne�ll 
et al. 2005, Woodall et al. 2010) and the�r der�vat�ves. 

Stat�st�cal analyses were conducted �n three stages: (0) 
ord�nary l�near regress�on on all plots to demonstrate 
the �mpact zero-�nflat�on; 1) log�st�c regress�on on 
the presence and absence of dead sugar maple; and 
2) ord�nary l�near regress�on of those plots w�th 
dead sugar maple. G�ven the exploratory nature 
of our �nvest�gat�on us�ng the su�te of var�ables 
ava�lable �n FIADB, analyses were completed us�ng 
stepw�se techn�ques �n R (R Development Core Team 
2011). Appropr�ate var�able transformat�ons were 
suggested by Box-Cox analyses. Zeroes cannot be 
log transformed, so a very small number (0.001) was 
added to var�ables as requ�red. 

ReSulTS
Stage 0
A total of 219 plots were selected that met the def�ned 
cr�ter�a of at least three sugar maple trees and the 
collect�on of so�l chem�stry data. A number of terms 
were ava�lable as pred�ctors (Table 1). Our f�rst 
effort was d�rected at model�ng the fract�on of dead 
sugar maple basal area as the response �n a mult�ple 
regress�on model. If successful, th�s would be a s�mple 
and complete model of sugar maple mortal�ty. Th�s 
�nvest�gat�on collapsed because of the zero-�nflated 
d�str�but�on; too many plots had zero dead sugar maple 
(F�g. 1).

Stage 1
G�ven our trouble w�th the zero-�nflated fract�on of 
dead sugar maple basal area �n stage 0, we adopted 
hurdle model�ng. Us�ng the hurdle model, we modeled 
the data �n two stages. In stage 1, we modeled the 
presence or absence of dead sugar maple us�ng log�st�c 
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Table 1.—variables available to predict sugar maple death across the northern united States

Site characteristics Soil characteristics

Latitude, Longitude  {lat, lon} pH
Drought index  {di} sqrt(ECEC)  {secec}
Ecoprovince  {eco} log(Ca:Al ratio)  {lca.al}
Forest-type group  {forest} log(Mg:Al ratio)  {lmg.al}
Basal area  {ba} log(Mg:Mn ratio)  {lmg.mn}
Stand age  {age} log(Exchg. K percentage)  {lekp}
Stand-size class  {size} log(Exchg. Na percentage)  {lesp}
Site class  {site.class} log(Exchg. Ca percentage)  {lecp}
Slope  {slope} log(Exchg. Mg percentage)  {lemp}
Aspect  {aspect} log(Exchg. Al percentage)  {leap}
Disturbance  {dist} 
Geology  {geo}
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Figure 1.—Histograms of the observed dead fraction of sugar maple basal area on all plots (A) before and (B) after logarithmic 
transformations.
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regress�on. In stage 2 (below), we modeled abundance 
g�ven dead trees were present. Model�ng presence or 
absence was accompl�shed us�ng the b�nom�al fam�ly 
of glm(). As before, 219 plots were ava�lable to 
parameter�ze the model, and the same terms were used 
as pred�ctors (Table 1).

Exploratory b�nom�al models were bu�lt us�ng two 
start�ng po�nts: 1) �ntercept only; and 2) a full model. 
Stepw�se regress�on found the best model us�ng AIC 
as the select�on cr�ter�a. S�m�lar models were selected 
from d�fferent start�ng po�nts. The coeff�c�ents of the 
most plaus�ble stage 1 model are �ncluded �n Table 2.

The �nterpretat�on of the �ntercepts �n log�st�c 
regress�on �s done us�ng log-odds. Each un�t �ncrease 
�n basal area �ncreases the odds of dead basal area by 
a factor of 1.02. Each 10x �ncrease �n Mg:Mn reduces 
the odds of dead basal area to 55 percent of that for the 
or�g�nal landscape. A t�ll landscape reduces the odds of 
dead basal area to 50 percent of that for other glac�al 
landscapes. A nonglac�al landscape reduces the odds of 
dead basal area to 10 percent of that for a glac�al (non-
t�ll) landscape.

Stage 2
In the second stage of the hurdle model, we modeled 
the amount of dead sugar maple basal area found on 
those plots that have dead sugar maple. We focused on 
the 58 po�nts where dead sugar maple was observed 
(F�g. 2), represent�ng 26 percent of the populat�on of 
plots w�th sugar maple. The parameters from the most 
plaus�ble model (below) are �ncluded �n Table 3.

Table 2.—Parameters for the most plausible model 
of sugar maple death using logistic regression 
with all plots

variable coefficient estimate  Std. error Z Pr(>|z|)

ba 0.0197 0.0057 3.47 0.0005
lmg.mn -0.5959 0.2198 -2.71 0.0067 
geo:glacial -0.3715 0.5001 -0.74 0.4576
geo:till -1.0628 0.3698 -2.87 0.0041 
geo:non-glacial -2.5894 0.5593 -4.63 3.67e-06
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Figure 2.—Histogram of the observed dead fraction of sugar 
maple basal area for those plots with dead trees.

Table 3.—Parameters for the most plausible model 
of sugar maple death using linear regression with 
only those plots including dead trees

variable
coefficient estimate Std. error t value Pr(>|t|)

Intercepta -0.675 0.587 -1.150 0.257
lat 0.018 0.014 1.334 0.190
secec 0.077 0.031 2.473 0.018
lca.al 0.027 0.013 2.066 0.046
lmg.mn -0.018 0.011 -1.636 0.110
lesp 0.080 0.022 3.674 0.001
lemp -0.078 0.033 -2.362 0.023
forest (MBB) -0.110 0.077 -1.428 0.162
forest (OH) 0.213 0.085 2.501 0.017
forest (Other) -0.140 0.104 -1.340 0.188
age 0.002 0.001 1.660 0.105
size (Medium) 0.055 0.042 1.318 0.196
size (Small) 0.157 0.115 1.366 0.180
site.class (4) 0.025 0.103 0.244 0.808
site.class (5) 0.187 0.107 1.743 0.089
site.class (6) 0.111 0.111 1.004 0.322
dist 0.065 0.056 1.164 0.252
geo:nonglacial 0.045 0.098 0.455 0.652
geo:till 0.089 0.039 2.245 0.031
ba -0.001 0.001 -2.543 0.016
aThe model intercept includes forest (AB), size (Large), site (3),  
and geo (glacial, not till). Multiple R-squared: 0.6118, Adjusted  
R-squared: 0.4177, F-statistic: 3.152 on 19 and 38 DF,   
p-value: 0.001269. 
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The exploratory model developed �n Stage 2 presents 
results aff�rm�ng and challeng�ng prev�ous evaluat�ons 
of sugar maple decl�ne. R�s�ng Mg levels (lmg.mn 
and lemp) are assoc�ated w�th decl�nes �n death, but 
contrary to expectat�ons, �ncreases �n other forms of 
m�neral so�l nutr�t�on ava�lable to trees (lecec, lca.al, 
and lesp) are assoc�ated w�th �ncreas�ng death of sugar 
maple (Horsley et al. 2000, Long et al. 2009). 

DIScuSSIoN AND coNcluSIoNS
Stat�st�cal �nference �n a hurdle model approach 
�s compl�cated by the use of two stages of model 
bu�ld�ng. In stage 1, we analyzed the full dataset us�ng 
log�st�c regress�on, and log (odds) can be d�ff�cult to 
�nterpret. The model developed �n the second stage �s 
constructed more traditionally―by linear regression―
so �nterpretat�on of the result�ng coeff�c�ents �s 
relat�vely stra�ghtforward. Add�t�onally, wh�le these 
two sets of models are s�m�lar, they are not �dent�cal.

Our emphas�s here �s to outl�ne a process whereby 
more comprehens�ve datasets (namely those 
�nclud�ng both l�ve and dead trees) can be used to 
evaluate the l�kel�hood of sugar maple death across 
the spec�es’ range, so add�t�onal �nterpretat�ons are 
be�ng set as�de for more thorough cons�derat�on �n a 
subsequent manuscr�pt. G�ven our use of AIC, mult�-
model �nference w�ll be a useful tool for assess�ng 
pred�ctors w�th�n and potent�ally between the two 
stages (Burnham and Anderson 2002). Our key po�nt 
�s that hurdle models offer an opportun�ty to model 
comprehens�ve, zero-�nflated datasets, l�ke those 
collected by FIA, where the zero-�nflat�on results from 
the presence of true zeros �n the dataset (Mart�n et al. 
2005).
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uTIlITy oF TRee cRoWN coNDITIoN INDIcAToRS  
To PReDIcT TRee SuRvIvAl  

uSING ReMeASuReD FoReST INveNToRy AND ANAlySIS DATA
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Abstract.—The cond�t�on of tree crowns �s an �mportant �nd�cator of tree and forest 
health. Crown cond�t�ons have been evaluated dur�ng surveys of Forest Inventory and 
Analys�s (FIA) Phase 3 (P3) plots s�nce 1999. In th�s study, remeasured data from  
39,357 trees �n the northern Un�ted States were used to assess the probab�l�ty of surv�val 
among var�ous tree spec�es us�ng the su�te of crown cond�t�on var�ables. Log�st�c 
regress�on procedures were employed to assess the �mportance of �nd�v�dual crown 
cond�t�on var�ables alone and �n comb�nat�on for pred�ct�ng tree surv�val. Results of the 
regress�on analyses �nd�cated that crown d�eback was the most �mportant crown cond�t�on 
var�able for pred�ct�ng tree surv�val for all spec�es comb�ned and for the 10 �nd�v�dual 
spec�es �n the study. Add�t�onally, one-way analys�s of var�ance (ANOVA) results 
�dent�f�ed d�fferences among the ab�l�ty of d�fferent tree spec�es to surv�ve vary�ng levels 
of crown d�eback. The results prov�de stat�st�cal ev�dence for select�ng crown d�eback as 
one of the crown cond�t�on var�ables to be collected on a subset of Phase 2 plots (P2+) 
start�ng �n 2012. 

1 Research Forester (RSM), Northern Research Stat�on,  
11 Campus Blvd., Su�te 200, Newtown Square, PA 19073; 
Forest Health Coord�nator (JS), U.S. Forest Serv�ce, 
Northeastern Area State & Pr�vate Forestry; Mathemat�cal 
Stat�st�c�an (KCR), U.S. Forest Serv�ce, Southern Research 
Stat�on. RSM �s correspond�ng author: to contact, call  
610-557-4054 or ema�l at rsmor�n@fs.fed.us.

INTRoDucTIoN
An �mportant �nd�cator of the health of a tree �s the 
cond�t�on of �ts crown. The U.S. Forest Serv�ce Forest 
Inventory and Analys�s (FIA) Program uses v�sual 
assessments of tree crown cond�t�on to mon�tor trends 
�n forest health. Trees w�th v�gorous, healthy crowns 
tend to have h�gher growth rates. By contrast, trees 
w�th damaged or degraded crowns have a reduced 
capac�ty for photosynthes�s and slower growth rates. 
Many stressors can cause crown degradat�on �nclud�ng 
�nsects, d�sease, weather events, senescence, and 
compet�t�on or other stand cond�t�ons (Kenk 1993). 
Add�t�onally, trees w�th unhealthy crowns are more 

suscept�ble to mortal�ty (Kulman 1971, Lawrence et al. 
2002).

Assessments of tree crown cond�t�ons have been 
conducted as part of the U.S. Forest Serv�ce Forest 
Health Mon�tor�ng (FHM) Program s�nce 1990 
and as a part of FIA s�nce 1999 (R��ters and Tkacz 
2004). Prel�m�nary analyses of crown cond�t�on data 
through the FHM program demonstrated the data’s 
ut�l�ty �n class�fy�ng tree health and l�kel�hood of 
surv�vorsh�p, w�th crown d�eback as the best �nd�cator 
of crown cond�t�on (Ste�nman 2000). The crown 
health indicators for live overstory trees (d.b.h. ≥ 5.0 
�n) that have been cons�stently collected s�nce 2001 
are uncompacted l�ve crown rat�o (UNCR), crown 
l�ght exposure (CL), crown dens�ty (CDEN), crown 
d�eback (CDBK), and fol�age transparency (TRANS) 
(Schomaker et al. 2007). Results from crown cond�t�on 
data have been presented as frequency stat�st�cs for 
�nd�v�dual crown �nd�cators (e.g., Randolph et al. 
2010), summar�es of tree health by spec�es �n FIA 
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5-year reports (e.g., W�dmann et al. 2012), and more 
spec�f�c analyses �nvest�gat�ng changes �n forest health 
(e.g., Mor�n et al. 2004, W�ll-Wolf and Jovan 2009).

To �ncrease the eff�c�ency of f�eld data collect�on, 
FIA �s evaluat�ng the analyt�cal ut�l�ty of numerous 
var�ables such as collected as �nd�cators of forest 
health. Here, we assess the �mportance of crown 
�nd�cators �nd�v�dually and �n comb�nat�on for 
pred�ct�ng tree surv�val; the study object�ve �s to 
prov�de stat�st�cal ev�dence for choos�ng crown 
cond�t�on �nd�cators for cont�nued �nclus�on �n FIA 
data collect�on. Th�s study focuses only on the ut�l�ty 
of the crown cond�t�on var�ables for pred�ct�ng tree 
surv�val and does not explore other appl�cat�ons.

MeTHoDS
A three-phase forest �nventory and mon�tor�ng effort 
�s �mplemented by the FIA program w�th�n the U.S. 
Forest Serv�ce (Bechtold and Patterson 2005). Phase 
1 (P1) �s the development of a post-strat�f�cat�on 
scheme us�ng remotely-sensed data. The second phase 
(P2) enta�ls measur�ng sample plots on the ground for 
the usual su�te of forest mensurat�on var�ables such 
as tree spec�es, d.b.h., he�ght, forest type, stand age, 
etc. Overstory trees (d.b.h. ≥ 5.0 in.) are measured on 
four 24-ft radius subplots; saplings (1.0 ≤ d.b.h. < 5.0 
�n.) are recorded on four m�croplots of 6.8-ft rad�us 
each. Phase three (P3) occurs on a 1/16th subset of 
the P2 plots, where add�t�onal data are collected on 
forest health �nd�cators, �nclud�ng the crown cond�t�on 
var�ables.

In th�s study, remeasured data from 39,357 trees �n 
the northern Un�ted States (2001-2005 to 2006-2010) 
were used to assess the probab�l�ty of surv�val among 
var�ous tree spec�es us�ng the su�te of crown cond�t�on 
var�ables. Tree spec�es w�th at least 1,000 remeasured 
trees were �ncluded �n the �nd�v�dual spec�es models. 
Surv�val of an �nd�v�dual tree �s a d�screte event where 
each remeasured tree can only have the value of 1 
(l�ve) or 2 (dead); removed trees were not �ncluded. 

The probab�l�ty of surv�val was modeled us�ng the 
log�st�c equat�on:

P(1) = 1 / (1 + e(b’x) )

where b’x �s a l�near comb�nat�on of parameters b and 
�ndependent var�ables x, and e �s the base of the natural 
logar�thm. The PROC LOGISTIC procedure (SAS 
Inst�tute 2009) was used to est�mate the parameters 
of the log�st�c regress�on us�ng max�mum l�kel�hood 
methods. Add�t�onally, one-way analys�s of var�ance 
(ANOVA) tests were used to test the effect of CDBK 
on tree surv�val. Tests were conducted for all trees 
comb�ned and for f�ve the most abundant spec�es 
�nd�v�dually: red maple, sugar maple, northern wh�te-
cedar, balsam f�r, and quak�ng aspen. The Student-
Newman-Kuels test was employed to determ�ne 
s�gn�f�cant d�fferences �n surv�vorsh�p among CDBK 
classes.

ReSulTS
All parameters l�sted �n Table 1 are s�gn�f�cant 
(α=0.05) and many are highly significant (p-value 
<0.0001 �nd�cated by an *). For all spec�es comb�ned, 
we found all crown var�ables to be h�ghly s�gn�f�cant 
�n pred�ct�ng surv�val; for each spec�es �nd�v�dually, 
we found CDBK to be h�ghly s�gn�f�cant. The area 
under the rece�ver operat�ng character�st�c (ROC) 
curve �s prov�ded for the class�f�cat�on models as an 
�nd�cator of class�f�cat�on accuracy (Table 2). To judge 
the relat�ve �mportance of the var�ables, standard errors 
are l�sted �n Table 1 and Ch�-square values are g�ven �n 
Table 2.

Parameter est�mates conform to expectat�ons �n nearly 
all cases. The coeff�c�ent of CDBK �s negat�ve �n all 
cases (Table 1), �nd�cat�ng decreas�ng surv�val w�th 
�ncreas�ng CDBK. S�m�larly, the coeff�c�ent of TRANS 
�s negat�ve �n the most s�gn�f�cant cases, �nd�cat�ng 
decreas�ng surv�val w�th �ncreas�ng TRANS. The 
coeff�c�ents of the other var�ables are all pos�t�ve, 
except for CL �n the models for balsam f�r and eastern 
hemlock (Table 1), wh�ch �nd�cates �ncreas�ng surv�val 
w�th �ncreases �n those var�ables.
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Table 1.—estimated parameters for survival models. All parameters are significant at the 95 percent level 
of confidence (α = 0.05)

 Sample variable
Species Size (n) cDBK uNcR cDeN cl TRANS

All species 39,357 -0.0371 (0.00185)* 0.0165 (0.00113)* 0.0290 (0.00168)* 0.0821 (0.0180)* -0.0118 (0.00183)*
Red maple 4,459 -0.0464 (0.00672)* 0.0340 (0.00486)* 0.0356 (0.00582)* 0.5933 (0.0978)* 0.0221 (0.00985)
Sugar maple 3,003 -0.0423 (0.00945)* 0.0219 (0.00651) 0.0525 (0.00900)* 0.4488 (0.1291) 0.0308 (0.0153)
Northern white-cedar 1,962 -0.0436 (0.00594)*   0.3484 (0.1054)
Balsam fir 1,603 -0.1127 (0.0166)* 0.0260 (0.00361)* 0.0264 (0.00560)* -0.1965(0.0483)*
Quaking aspen 1,536 -0.0622 (0.0109)* 0.0233 (0.00585)* 0.0320 (0.00556)*
White oak 1,336 -0.0775 (0.0124)*   0.4609 (0.1686)
Paper birch 1,290 -0.0265 (0.00754)  0.0268 (0.00613)* 0.2979 (0.0725)*
Northern red oak 1,092 -0.0655 (0.0150)*   0.5081 (0.1727) -0.0474 (0.00779)*
Eastern white pine 1,027 0.0661 (0.0149)* 0.0275 (0.00748)  0.4159 (0.1391)
Eastern hemlock 1,009 -0.0908 (0.0178)*
CDBK is crown dieback, UNCR is uncompacted live crown ratio, CDEN is crown density, CL is crown light exposure, and TRANS is foliage 
transparency.
Standard errors are given in parentheses.
* indicates significance (p <0.0001).

Table 2.—Receiver operating characteristic (Roc) curve area and chi-square values for the parameter 
estimates in Table 1

 chi-Square Statistic
 variable
Species Roc curve Area cDBK uNcR cDeN cl TRANS

All species  0.7176 403 215 298 21 42
Red maple 0.8059 48 49 37 37 5
Sugar maple  0.8015 20 11 34 12 4
Northern white-cedar  0.7200 54   11
Balsam fir  0.7557 46 52 22 17
Quaking aspen  0.7075 32 16 33
White oak  0.7532 39   7
Paper birch  0.7015 12  19 17
Northern red oak  0.7805 19   9 37
Eastern white pine  0.7699 20 14  9
Eastern hemlock 0.7340 26
CDBK is crown dieback, UNCR is uncompacted live crown ratio, CDEN is crown density, CL is crown light exposure, and TRANS is foliage 
transparency.

The Ch�-square stat�st�cs �n Table 2 reveal that the 
most �mportant var�able for all spec�es comb�ned and 
most spec�es �nd�v�dually �s CDBK. The second most 
�mportant var�able for all spec�es comb�ned �s CDEN, 
and �t �s also the most �mportant for sugar maple, 
quak�ng aspen, and paper b�rch. Among �nd�v�dual 
spec�es the rank�ngs of �mportance of the var�ables �s 
�ncons�stent except that CDBK �s the most �mportant 
�n most models.

One-way ANOVA analyses �nd�cate that the proport�on 
of trees that surv�ved unt�l remeasurement decreased 
as CDBK �ncreased (F�gs. 1 and 2). For all spec�es 

comb�ned, the proport�on of surv�v�ng trees for 
each CDBK class �s s�gn�f�cantly d�fferent from all 
others. For most �nd�v�dual spec�es, the proport�on 
of surv�vors �n the greater than 50 percent CDBK 
class �s s�gn�f�cantly d�fferent from all other classes, 
but for balsam f�r and quak�ng aspen, proport�on of 
surv�v�ng trees �n the 26 to 50 CDBK class �s s�m�lar 
to the greater than 50 percent CDBK class. Based 
on the proport�on of surv�v�ng trees �n the 26 to 50 
and greater than 50 CDBK classes, sugar maple and 
northern wh�te-cedar appear to be able to tolerate h�gh 
levels of CDK better than red maple, balsam f�r, and 
quak�ng aspen (F�g. 2).
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Figure 1.—Proportion of trees that were alive at remeasurement in crown dieback classes from time 1 measurement. Bars 
labeled with the same letter (A-E) are not significantly different (ANOVA, Student-Newman-Keuls test, a = 0.05).

Figure 2.—Proportion of trees that were alive at remeasurement in crown dieback classes from time 1 measurement, by 
species. Bars labeled with the same letter (A-E) are not significantly different (ANOVA, Student-Newman-Keuls test, a = 0.05).
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DIScuSSIoN
Results of the log�st�c regress�on analys�s for all 
spec�es comb�ned �nd�cate that the crown cond�t�on 
var�ables are all s�gn�f�cant pred�ctors of surv�val, but 
CDBK was the most �mportant var�able. It should be 
noted, however, that even though UNCR was not a 
s�gn�f�cant pred�ctor of surv�vab�l�ty for all spec�es, by 
way of establ�sh�ng the base of the l�ve crown UNCR 
forms the bas�s for assess�ng all of the other crown 
cond�t�on var�ables and therefore must always be 
assessed. Add�t�onally, results of the log�st�c regress�on 
analyses for �nd�v�dual spec�es �nd�cate that CDBK �s 
the only crown cond�t�on var�able that �s a s�gn�f�cant 
pred�ctor of surv�val for all 10 spec�es �n th�s study. 
Based on d�fferences �n the proport�on of surv�vors 
among �nd�v�dual spec�es, CDBK �s also a useful 
metr�c for assess�ng the ab�l�ty of d�fferent spec�es to 
tolerate and surv�ve vary�ng levels of crown health. 

The results of th�s study prov�de stat�st�cal ev�dence 
for select�ng CDBK as one of the crown cond�t�on 
var�ables to be collected on a subset of Phase 2 plots 
(termed P2+) beg�nn�ng �n 2012. The P2+ sample 
w�ll be larger than the P3 sample. Therefore, mov�ng 
the CDBK �nd�cator from P3 to P2+ w�ll �ncrease 
stat�st�cal power for th�s l�ne of research. Add�t�onal 
research that �s suggested by the results of th�s study 
�nclude look�ng at success�ve measures of CDBK on 
surv�v�ng trees to determ�ne whether crown health 
recovery has occurred and pred�ct�ng future mortal�ty 
based on CDBK values. There �s also great potent�al �n 
us�ng crown d�eback as a means to parse FIA report�ng 
attr�butes (e.g., volume) of l�ve trees �nto healthy and 
unhealthy categor�es.
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responsible for the facts and accuracy of the information presented herein.
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TeMPoRAl TReNDS oF FoReST INTeRIoR coNDITIoNS  
IN THe uNITeD STATeS

Kurt Riitters and james Wickham1

Abstract.—Nature’s benef�ts der�ved from forest �nter�or env�ronments cannot be 
susta�ned �f the natural cap�tal of forest �nter�or area �s not susta�ned. We analyzed the 
spat�al patterns of forest loss and ga�n for the conterm�nous Un�ted States from 2001 to 
2006 to determ�ne whether forest �nter�or env�ronments were ma�nta�ned at f�ve spat�al 
scales. A 1.1 percent net loss of total forest area translated to net losses of 3.2 percent 
to 10.5 percent of forest �nter�or area over spat�al scales of 4.41 ha to 5,310 ha. At the 
65.6-ha scale, the reduct�on of forest �nter�or area was 50,000 km2—almost double the 
net loss of total forest area. The geograph�cally pervas�ve d�screpancy between total 
forest loss and forest �nter�or loss �nd�cates a w�despread sh�ft of the extant forest to more 
fragmented cond�t�ons, even �n reg�ons exh�b�t�ng small net changes �n extant forest area. 
Forest dynam�cs could be mon�tored spat�ally to better understand the potent�al �mpacts 
of fragmentat�on on the susta�nab�l�ty of forest �nter�or.

1 Research Ecolog�st (KR), U.S. Forest Serv�ce, Southern 
Research Stat�on, 3041 Cornwall�s Road, Research Tr�angle 
Park, NC 27709; and Research B�olog�st (JW), Nat�onal 
Exposure Research Laboratory, U.S. Env�ronmental 
Protect�on Agency. KR �s correspond�ng author: to contact, 
call 919-549-4015 or ema�l kr��tters@fs.fed.us.

INTRoDucTIoN
Most forests are naturally extens�ve, and as they 
become fragmented a var�ety of phys�cal and 
b�olog�cal mechan�sms beg�ns to l�m�t the�r capab�l�ty 
to support the ecolog�cal attr�butes and funct�ons 
that depend on �nter�or env�ronments (Laurance 
2008, Murc�a 1995, R�es et al. 2004). Cont�nental 
to global forest mon�tor�ng tends to focus on trends 
�n the absolute area of forest, but forest �nter�or �s 
a contextual attr�bute that depends on the spat�al 
arrangement of forest area at mult�ple spat�al scales 
(R��tters et al. 1997). Trend assessments should 
account for the �n�t�al spat�al patterns and the patterns 
of forest loss and ga�n to more accurately reflect 
trends �n forest �nter�or area (Kurz 2010, W�ckham 
et al. 2008). R��tters and W�ckham (2012) analyzed 

the spat�al patterns of forest loss and ga�n for the 
conterm�nous Un�ted States from 2001 to 2006 to 
determ�ne whether forest �nter�or env�ronments were 
ma�nta�ned at f�ve spat�al scales. Th�s paper h�ghl�ghts 
the results and calls for spat�al mon�tor�ng of forest 
dynam�cs us�ng land cover maps to better understand 
the potent�al �mpacts of fragmentat�on on forest 
cond�t�ons. 

MeTHoDS
Forest �nter�or was measured on the 2001 and 2006 
Nat�onal Land Cover Database (NLCD) land cover 
maps (Fry et al. 2011), wh�ch �dent�fy 16 land cover 
classes at a spat�al resolut�on of 0.09 ha/p�xel. The 
16 NLCD land cover classes were comb�ned �nto two 
general�zed classes called forest (the NLCD dec�duous, 
evergreen, m�xed forest, and woody wetlands classes), 
and nonforest (all other NLCD classes). At each date, 
the spat�al context of each forest p�xel was measured 
by �ts forest area dens�ty (FAD), def�ned as the 
proport�on of all p�xels �n a surround�ng f�xed-area 
ne�ghborhood that were forest. A g�ven forest p�xel 
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was called forest interior if FAD ≥ 0.9. The analysis 
was repeated at f�ve spat�al scales w�th ne�ghborhood 
s�zes† of 4.41, 15.2, 65.6, 590, and 5,310 ha (R��tters 
et al. 2002). Thus, maps of FAD at a spat�al resolut�on 
of 0.09 ha/p�xel were produced for each date and 
ne�ghborhood s�ze. The correspond�ng maps of forest 
�nter�or compr�sed the subset of all extant forest p�xels 
wh�ch met the cr�ter�on def�n�ng forest �nter�or.

To relate forest area ga�ns and losses to the dynam�cs 
of forest �nter�or area from 2001 to 2006, the NLCD 
forest maps from 2001 and 2006 were overla�d, on a 
p�xel-by-p�xel bas�s, upon the maps of FAD. P�xels 
that were forest �n 2001 but not �n 2006 represented 
forest area loss, and p�xels that were forest �n 2006 
but not �n 2001 represented forest ga�n. P�xels of 
forest loss were evaluated �n relat�on to FAD �n 2001 
to determ�ne whether forest area losses were also 
remov�ng forest �nter�or. P�xels of forest ga�n were 
evaluated �n relat�on to FAD �n 2006 to evaluate 
whether forest area ga�ns were add�ng forest �nter�or. 
The d�fferences between gross ga�ns and gross losses 
for FAD ≥ 0.9 represent the net changes of forest 
�nter�or area.

ReSulTS
The total forest area†† �n 2001 was 2,352,000 km2. 
Forest area losses and ga�ns were 54,000 km2 and 

† Rounded to three s�gn�f�cant d�g�ts; exact s�zes were 4.41, 
15.21, 65.61, 590.49, and 5,314.41 ha. 
†† Area est�mates d�ffer from off�c�al stat�st�cs because of 
d�fferences �n the def�n�t�ons of forest. 

Table 1.—change in forest interior area in the conterminous united States from 2001 to 2006 for five 
neighborhood sizes

Neighborhood Forest Interior Area
Sizea (ha) 2001 (1,000 km2) 2006 (1,000 km2) change (1,000 km2) change (%)

 4.41 1,419 1,374 -45 -3.2
 15.2 1,151 1,102 -49 -4.3
 65.6 867 817 -50 -5.8
 590 523 482 -41 -7.8
 5,310 277 248 -29 -10.5
 a Rounded to three significant digits.

27,000 km2, respect�vely, result�ng �n a net loss 
of 27,000 km2 (1.1 percent of total forest area). In 
compar�son, the net loss of forest �nter�or area was 
at least 29,000 km2 w�th a max�mum loss of 50,000 
km2 for the 65.6-ha ne�ghborhood s�ze (Table 1). 
The rate of loss of forest �nter�or area �ncreased w�th 
ne�ghborhood s�ze and was approx�mately 3 to 9 t�mes 
larger than the rate of loss of total forest area.

The d�sproport�onate loss rates are expla�ned by the 
patterns of or�g�nal forest area, forest loss area, and 
forest ga�n area �n relat�on to FAD �n 2001 and 2006 
(F�g. 1). Overall forest losses tended to follow the 
d�str�but�on of all forest area �n relat�on to FAD �n 
2001, but the area lost at h�gh FAD values exceeded 
the area ga�ned by 2006 at h�gh FAD values. As a 
result, a smaller percentage of the extant forest area 
qual�f�ed as forest �nter�or �n 2006. Reg�onal analyses 
of 36 ecolog�cal prov�nces (Ba�ley 1995) showed that 
these observat�ons were typ�cal of a w�de range of 
�n�t�al forest cond�t�ons (R��tters and W�ckham 2012). 

In terms of total forest area, most of the naturally 
forested ecolog�cal sect�ons (Cleland et al. 2007) 
exh�b�ted a net loss wh�le net ga�ns were concentrated 
�n sect�ons where forest �s not the dom�nant land cover 
(F�g. 2a). In compar�son, for the 65.6-ha ne�ghborhood 
s�ze there was a net loss of forest �nter�or area �n 175 
of 190 ecolog�cal sect�ons, and 74 sect�ons exh�b�ted 
losses greater than 5 percent (F�g. 2b). In naturally 
forest-dom�nated reg�ons, forest �nter�or area losses 
greater than 5 percent were typ�cal �n the Pac�f�c 
Northwest and Southeast but were less common 
elsewhere. The Intermounta�n and Great Pla�ns 
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reg�ons had relat�vely low total forest area and the 
forest �nter�or area changes there had relat�vely l�ttle 
�nfluence on nat�onal stat�st�cs. The nearly nat�onal 
extent of d�fferences between total forest loss and 

forest �nter�or loss (F�g. 2) suggests a w�despread sh�ft 
�n the spat�al pattern of the extant forest to a more 
fragmented cond�t�on, �nclud�ng reg�ons exh�b�t�ng 
relat�vely small net changes �n extant forest area.

Figure 1.—The area distributions of initial forest, forest gains, and forest losses in relation to forest area density in 2001 or 
2006 for three representative neighborhood sizes. Top row: initial forest area in relation to initial forest area density in 2001 
(triangles) for neighborhood sizes of (a) 4.41 ha, (b) 65.6 ha, and (c) 5,310 ha. Bottom row: gross forest area lost in relation 
to initial forest area density in 2001 (open circles) and gross forest area gained in relation to final forest area density in 2006 
(closed circles), for neighborhood sizes of (d) 4.41 ha, (e) 65.6 ha, and (f) 5,310 ha. The net change for each value of forest 
area density is the difference between gross loss and gross gain. Forest interior area for each data series includes the three 
symbols to the right of the dotted vertical reference lines.

Figure 2.—Net change in forest area from 2001 to 2006. (a) All forest. (b) Forest interior in a 65.6-ha neighborhood. Ecological 
sections are shaded and State boundaries are shown for comparison. In the inset map, forest-dominated ecological sections 
are those that contained more than 50 percent forest in 2001.
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DIScuSSIoN
The unavo�dable dependence of perce�ved pattern 
on measurement scale requ�res analys�s of forest 
�nter�or at mult�ple spat�al scales. Knowledge of forest 
�nter�or at a s�ngle scale �s requ�red to understand the 
ecolog�cal attr�butes and funct�ons wh�ch �nteract 
w�th the forest env�ronment at that scale. A mult�ple-
scale analys�s can �nform a w�der range of ecolog�cal 
quest�ons and �dent�f�es the range of spat�al scales over 
wh�ch forest �nter�or can be sa�d to ex�st. Furthermore, 
from an �nventory perspect�ve forest �nter�or may 
exh�b�t net ga�ns, net losses, or equ�l�br�um depend�ng 
on the scale at wh�ch �t �s measured. Thus, a mult�ple-
scale analys�s �s more useful than a s�ngle-scale 
analys�s when the goal �s to assess forest �nter�or as a 
gener�c constra�nt affect�ng many ecolog�cal attr�butes 
and funct�ons.

The recent spat�al patterns of forest ga�ns and losses 
have not ma�nta�ned forest �nter�or area �n the 
conterm�nous Un�ted States. Forest losses tended to 
follow the d�str�but�on of all forest area �n relat�on to 
FAD �n 2001, �nd�cat�ng that preservat�on of forest 
�nter�or was not usually an �mportant cons�derat�on 
when forest was removed. Conversely, forest ga�ns 
tended to occur where the ga�ns d�d not create new 
forest �nter�or, �nd�cat�ng that creat�on of forest �nter�or 
was not usually an �mportant cons�derat�on when 
forest was added. The d�spersed and non-compensat�ng 
patterns of forest losses and ga�ns resulted �n rates of 
net change of forest �nter�or area that were at least 3 
t�mes larger than the rate of net change of total forest 
area. Wh�le the �dent�ty of forest �nter�or �s naturally 
scale-dependent, the mult�-scale analys�s showed that 
the non-compensat�ng pattern of forest loss and ga�n 
was exh�b�ted over a w�de range of spat�al scales from 
4.41 ha to 5,310 ha. If the recent patterns of change 
cont�nue, the extant forest �nter�or area w�ll become 
smaller �n the future. As a result, ma�nta�n�ng the 
benef�ts der�ved from forest �nter�or env�ronments 
w�ll become more d�ff�cult and fewer opt�ons w�ll be 
ava�lable to natural resource managers.

Some degree of forest fragmentat�on �s a natural 
cond�t�on, and the loss of �nter�or forest per se does 
not �mply an anthropogen�c cause. Our analys�s d�d 
not d�st�ngu�sh between natural and anthropogen�c 
loss and ga�n, nor d�d �t compare cond�t�ons �n 2001 
w�th the patterns of potent�al natural vegetat�on absent 
human �nfluences. Knowledge of potent�al natural 
vegetat�on �s helpful for understand�ng spec�f�c 
�mpacts of fragmentat�on, but �t �s not essent�al when 
evaluat�ng trends of forest �nter�or area w�th�n the 
human dom�nated era. More �nformat�on �s needed to 
evaluate quant�tat�vely the relat�ve �mportance of the 
causes of fragmentat�on �n d�fferent parts of the Un�ted 
States. As a f�rst approx�mat�on, the pr�nc�pal dr�vers 
of forest area change appear to be human act�v�t�es �n 
the East and �ntense, yet relat�vely local (relat�ve to the 
scale of the study area), b�ot�c and ab�ot�c d�sturbances 
�n the West (R��tters and W�ckham 2012).

Nat�onal land cover maps prov�de the synopt�c 
perspect�ve needed to �dent�fy �nd�cators of forest 
�nter�or cons�stently over large reg�ons through 
t�me. These are coarse-scale �nd�cators of dependent 
ecolog�cal changes, yet the spec�f�c �mpacts of 
forest �nter�or loss w�ll naturally depend upon 
local c�rcumstances such as the vegetat�on type 
exper�enc�ng the forest loss, the prox�mate causes 
of loss, and anthropogen�c land uses �n the v�c�n�ty. 
Some of those deta�ls can be �ncorporated by spat�ally 
l�nk�ng the synopt�c maps of forest �nter�or and other 
contextual pattern �nformat�on (e.g., land cover 
adjacency metr�cs) to �n s�tu �nventory systems such 
as Forest Inventory and Analys�s that prov�de better 
themat�c resolut�on of forests and land uses (R��tters 
et al. 2011). Susta�nable natural resource stewardsh�p 
must account for fluxes �n the natural cap�tal that 
prov�des the des�red benef�ts, and th�s research has 
demonstrated how forest patterns could be mon�tored 
to better understand the �mpact of human act�v�t�es on 
the susta�nab�l�ty of forest �nter�or.
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MoNIToRING TReNDS AND BuRN SeveRITy (MTBS): MoNIToRING 
WIlDFIRe AcTIvITy FoR THe PAST QuARTeR ceNTuRy  

uSING lANDSAT DATA

Mark Finco, Brad Quayle, yuan Zhang, jennifer lecker, Kevin A. Megown, and c. Kenneth Brewer1

Abstract.—The Mon�tor�ng Trends �n Burn Sever�ty (MTBS) project �s mapp�ng the 
extent, s�ze, and sever�ty of all large f�res greater than 1,000 acres �n the west and 500 
acres �n the east over the conterm�nous Un�ted States (CONUS), Alaska, and Hawa��. In 
2012 the project reached a m�lestone, complet�ng the mapp�ng for all f�res between 1984 
and 2010. The MTBS project produces geospat�al and tabular data us�ng a cons�stent 
protocol for f�re trend analys�s at a range of spat�al, temporal, and themat�c scales. Th�s 
paper rev�ews the object�ves of the MTBS project, descr�bes the data sets and �nformat�on 
prov�ded, and presents results of the analys�s of the 1984-2010 MTBS data set for the 
Un�ted States. 

1 Contract Leader (MF), Program Leader (BQ), Graduate 
Intern (YZ), Group Leader (JL), Program Leader (KAM), 
U.S. Forest Serv�ce, Remote Sens�ng Appl�cat�ons Center, 
2222 West 2300 South, Salt Lake C�ty, UT 84119; Remote 
Sens�ng Program Manager (CKB), U.S. Forest Serv�ce, 
Research and Development - Quant�tat�ve Sc�ences Staff, 
Wash�ngton, DC. MF �s correspond�ng author: to contact, 
call 801-975-3767 or ema�l at mf�nco@fs.fed.us.

INTRoDucTIoN
The Mon�tor�ng Trends �n Burn Sever�ty (MTBS) 
project has mapped all large w�ldland f�res �n the 
conterm�nous Un�ted States, Alaska, and Hawa�� 
from 1984 through 2010 us�ng Landsat �magery. 
Th�s 5-year project was completed �n Apr�l 2012 by 
analysts at the U.S. Forest Serv�ce, Remote Sens�ng 
Appl�cat�ons Center and the U.S. Geolog�cal Survey, 
Earth Resources Observat�on and Sc�ence Center. 
Th�s paper presents the f�rst analys�s of the complete 
1984-2010 data set and presents broad-scale trends 
observed �n the MTBS data record. Over th�s per�od, 
14,945 f�res were mapped �n the conterm�nous Un�ted 
States (CONUS), Alaska, and Hawa��. In add�t�on, th�s 
paper demonstrates how MTBS data can be used to 
compare d�fferent reg�ons of the country �n terms of 
f�re frequency, burned area, and burn sever�ty. 

MeTHoDS
For the purposes of th�s short paper, Geograph�c 
Area Coord�nat�on Center (GACC) boundar�es are 
used to def�ne the geograph�c reg�ons. These GACC 
reg�ons are def�ned by an �nteragency f�re management 
organ�zat�on made up of Federal and state w�ldland 
f�re d�rectors and have been chosen because the 
author�z�ng body for the MTBS project was the 
execut�ve-level W�ldland F�re Leadersh�p Counc�l. 
Undoubtedly there are more ecolog�cally relevant 
alternat�ves to th�s tessellat�on of the Un�ted States. 

Burn Severity Mapping
Burn sever�ty �n the MTBS project refers to “degree 
to wh�ch a s�te has been altered or d�srupted by f�re; 
loosely, a product of f�re �ntens�ty and res�dence t�me” 
(Nat�onal W�ldf�re Coord�nat�ng Group 2005). Burn 
sever�ty �s mapped by the MTBS project us�ng Landsat 
Themat�c Mapper and Enhanced Themat�c Mapper 
Plus data and the d�fferenced Normal�zed Burn Rat�o 
(dNBR) (E�densh�nk et al. 2007). Analysts use dNBR 
�mages to del�neate f�re per�meters and to determ�ne 
the dNBR thresholds for d�st�ngu�sh�ng between 
sever�ty classes based on both sc�ent�f�c protocol and 
exper�ence (Schw�nd 2008). For each f�re, burned area 
�s class�f�ed �nto one of four burn sever�ty classes: 
unburned to low, low, moderate, or h�gh (F�g. 1). 
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Figure 1.—Example of a burn severity map developed by the MTBS project.

Data and Analysis Methods
MTBS Fires Analyzed
The object�ve of the MTBS project �s to prov�de a 
cons�stent and cont�nuous source of 30-m resolut�on 
burn sever�ty data for all f�res greater than 1,000 acres 
�n the western CONUS and 500 acres �n the eastern 
CONUS, but many f�res smaller than these s�ze l�m�ts 
were mapped (MTBS 2012). For cons�stency �n our 
analys�s, th�s paper adheres to the or�g�nal s�ze l�m�ts. 
The number of f�res was thus reduced to 13,400 and 

burned area to about 110 m�ll�on acres over the  
27-year data record. 

The MTBS data record also conta�ns both documented 
w�ldland f�res and prescr�bed f�res, as noted �n the 
MTBS f�re occurrence database. Because th�s paper’s 
focus �s on the potent�al �nfluences of b�ophys�cal, 
geograph�c, and cl�mat�c factors on natural f�re 
behav�or, only w�ldland f�res were analyzed. Exclud�ng 
prescr�bed f�res further reduced the number of f�res to 
10,874 and burned area to about 104.6 m�ll�on acres. 
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Analysis Methods
The burned area and burn sever�ty �nformat�on for all 
large w�ldland f�res was comp�led �n a database along 
w�th other attr�butes, such as f�re name, type, and 
�gn�t�on date. Tabular and geograph�cal summar�es 
were generated from th�s database. Th�s database �s 
publ�cly access�ble through a Web portal at www.mtbs.
gov/data/search.html. Stat�st�cal summar�es ava�lable 
through the Web portal �nclude burn sever�ty by state, 
GACC, vegetat�on cover type, and adm�n�strat�ve 
ownersh�p. 

The MTBS database was used to aggregate large 
w�ldland f�res on a yearly bas�s to der�ve trends of 
f�re frequency, s�ze, and burn sever�ty for each of 
the 11 reg�ons (R Core Team 2012). In th�s paper 
we compare trends �n large f�re frequency and s�ze 
for the Eastern Great Bas�n GACC and the Southern 
Cal�forn�a GACC. We selected the Northwest GACC 
and Southwest GACC for compar�son of trends �n 
burn sever�ty. 

NATIoNAl AND ReGIoNAl  
WIlDFIRe TReNDS 
Between 1984 and 2010 approx�mately 22 percent of 
the area burned �n CONUS was �n the unburned to 
low burn sever�ty class, 42 percent �n the low class, 
23 percent �n the moderate class, and 12 percent �n the 
h�gh class. The follow�ng four f�gures show nat�onal 
and reg�onal w�ldland f�re trends �n f�re frequency, 
s�ze, and burn sever�ty.

Fire Frequency and Size
The MTBS project mapped 10,137 large w�ldland 
f�res w�th a total burned area of about 79.5 m�ll�on 
acres �n CONUS between 1984 and 2010. Generally, 
both f�re frequency and s�ze exh�b�ted trends between 
1984 and 2010 towards a larger number of f�res and 
greater burned area desp�te large annual fluctuat�ons 
(F�g. 2). The Nat�on exper�enced the largest f�re year 
�n 2006 �n terms of both frequency and burned area, 
reach�ng a frequency of 843 f�res and burned area of 

Figure 2.—Large fire frequency and size for CONUS, 1984-2010. 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 225GTR-NRS-P-105

8.8 m�ll�on acres. Outs�de of 2006, the years w�th the 
largest number of f�res were, �n descend�ng order, 2000 
(701), 2007 (562), and 1999 (555). The years w�th 
greatest burned area �n descend�ng order were 2007 (8 
m�ll�on acres), 2000 (5.6 m�ll�on acres), and 1996 (4.8 
m�ll�on acres). The trend of burned area has a pos�t�ve 
correlat�on (R2 = 0.835) w�th f�re frequency. The 
largest mean f�re s�ze, 14,000 acres, occurred �n 2007. 
The smallest, 3,600 acres, was �n 1997. The 27-year 
mean f�re s�ze was about 2,500 acres and frequency 
was approx�mately 375 f�res per year. 

We compared trends �n large f�re frequency and s�ze 
between the Eastern Great Bas�n GACC (EGB) and 
the Southern Cal�forn�a GACC (SC) (F�g. 3). Although 
these reg�ons have few b�ophys�cal s�m�lar�t�es, us�ng 
these two GACCs demonstrates how MTBS data 
can capture the var�ab�l�ty �n f�re act�v�ty and acres 
burned between reg�ons. Wh�le beyond the scope of 
th�s paper, compar�son and evaluat�on of results can be 
made �n the context of land cover and adm�n�strat�ve 
ownersh�p; �mmed�ate and long-term effects of 
weather, cl�mate, and ecolog�cal cond�t�ons; and land 
management strateg�es. 

Figure 3.—Large fire frequency and size in the EGB and SC, 1984-2010. 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 226GTR-NRS-P-105

The EGB showed a small �ncreas�ng trend �n f�re 
frequency �n the EGB, wh�le the SC d�d not show an 
obv�ous trend towards greater number of f�res. The 
burned area �n both GACCs sl�ghtly �ncreased from 
1984 to 2010. The EGB had a larger burned area and 
greater number of f�res �n most of the years than SC. 
The EGB also had a w�der range �n terms of both 
burned area and frequency, wh�ch parallels the cycl�cal 
nature of the f�re seasons �n that part of the country. 

In the EGB, the largest burned area was about 2.56 
m�ll�on acres �n 2007 and the smallest burned area 
was about 0.027 m�ll�on acres �n 1993. The h�ghest 
f�re frequency, 121 f�res, occurred �n 2006. The lowest 
number of f�res was n�ne �n 1993. In the SC, the largest 
burned area was �n 2003 (0.8 m�ll�on acres), and the 
smallest was about 0.014 m�ll�on acres �n 1991. The 
year 1996 had the largest f�re frequency w�th 61 f�res 
and 1991 had the smallest w�th 5. The mean f�re s�ze 
�ncreased �n recent years and reached the h�ghest �n 
2007 �n both GACCs (the same year of the largest 
mean f�re s�ze �n CONUS): about 25,000 acres �n the 
EGB, and 24,000 acres �n the SC. The overall mean 
f�re s�ze over 27 years �s sl�ghtly h�gher �n the EGB 

Figure 4.—Percentage of severely burned area (area with moderate or high burn severity) (scale on left axis) and total burned 
area (scale on right axis) in the Northwest GACC, 1984-2010. 

(about 10,000 acres) than �n the SC (about 8,500 
acres), both be�ng much h�gher than that of CONUS 
(2,500 acres). Approx�mately 53 f�res occur annually 
�n the EGB and about 31 �n the SC. The f�re frequency 
�s more correlated w�th burned area �n the EGB (R2 = 
0.696) than �n the SC (R2 = 0.325), �nd�cat�ng a more 
stable yearly mean f�re s�ze �n the EGB and ep�sod�c 
occurrences of megaf�re act�v�ty �n SC. The trends of 
burned area and frequency �n both GACCs do not fully 
correspond (R2 = 0.183 for burned area; R2 = 0.095 for 
frequency). Notable outl�ers were found �n 1991 and 
2000 for frequency, and �n 2003 for burned area. 

Regional Differences  
in Burn Severity
Burn sever�ty trends were analyzed and compared for 
the Northwest GACC (NW) (F�g. 4) and the Southwest 
(SW) GACC (F�g. 5). The mean percentage of 
severely burned area (moderate or h�gh burn sever�ty) 
�n the NW was 32 percent, sl�ghtly above the CONUS 
average (28 percent) and s�gn�f�cantly h�gher than that 
of the SW, wh�ch was about 24 percent. The NW also 
showed a w�der range and fluctuat�on �n the percentage 
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Figure 5.—Percentage of severely burned area (area with moderate or high burn severity) (scale on left axis) and total burned 
area (scale on right axis) in the Southwest GACC, 1984-2010. 

of severely burned area. In the SW, the total burned 
area showed an �ncreas�ng trend throughout the 
data record wh�le �n the NW, the total burned area 
decreased �n the 1980s and early 1990s, and then 
greatly �ncreased thereafter. In both GACCs, total 
burned area fluctuated more sharply from year to year 
�n more recent years.

Because of the h�gher proport�on of forest and b�omass 
�n the NW, that reg�on burned more severely than 
the SW. The SW showed a trend toward lower burn 
sever�ty; 2002 was an anomaly. Trends �n burn sever�ty 
and burned area d�d not correspond between the NW 
and SW, wh�ch �s l�kely due to d�fferent weather and 
cl�mate patterns, vegetat�on compos�t�on, and f�re 
management. The R2 between the burned area and the 
sum of the percentage of area �n the moderate and h�gh 
burn sever�ty classes was 0.202 for the NW and 0.085 
for the SW. In both GACCs, the years w�th h�gher 
burn sever�ty were not necessar�ly the years w�th 
larger burned areas. For example, �n the NW, the most 
severely burned year was 1995, when the percentage 
of severely burned area was 54 percent, but the area 
burned �n that year was among the smallest, only about 
0.052 m�ll�on acres. 

DIScuSSIoN
For sc�ent�sts �nterested �n understand�ng reg�onal and 
nat�onal trends �n w�ldland f�re, the MTBS dataset 
has no peer. As w�th any data set, however, a clear 
understand�ng of how the MTBS data were created and 
what f�res are �ncluded �s �mportant before analyz�ng 
trends. W�thout th�s knowledge, the trends observed 
could be an art�fact of the data selected for analys�s or 
the data generat�on process.

When appropr�ately f�ltered, the data show clear 
fluctuat�ons and trends �n f�re frequency, s�ze, and 
burn sever�ty, both nat�onw�de and between reg�ons. 
Our analys�s showed a trend toward �ncreas�ng f�re 
s�ze (though very cycl�cal), but not such a clear trend 
toward �ncreas�ng f�re sever�ty. Compar�son of f�re 
frequency, s�ze, and sever�ty for d�fferent geograph�c 
areas h�ghl�ghts what we hypothes�ze to be b�ophys�cal 
and cl�mat�c d�fferences between the reg�ons �n th�s 
t�me per�od. Further analys�s �s requ�red to substant�ate 
these causal relat�onsh�ps.
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APPRoAcHeS FoR lANDScAPe-ScAle  
FoReST cARBoN ASSeSSMeNT 

Richard Birdsey, yude Pan, Kris johnson, Fangmin Zhang, and jing chen1

Abstract.—Increas�ngly, publ�c and pr�vate forest landowners need to est�mate the�r 
carbon stocks and analyze the �mpacts of alternate management plans. Here we descr�be 
approaches des�gned to work at landscape scales: one �nvolves est�mat�ng carbon stocks 
from ex�st�ng Forest Inventory and Analys�s (FIA) data; another �nvolves downscal�ng 
results from a cont�nental-scale b�ogeochem�stry model known as InTEC; and the th�rd 
uses L�dar remote sens�ng to prov�de h�gh resolut�on b�omass maps. Comb�n�ng FIA 
data w�th a b�ogeochem�stry model g�ves the most useful �nformat�on for analyz�ng 
causes of h�stor�cal trends, wh�le the b�omass maps support �mplementat�on of 
management dec�s�ons. Appl�cat�on of these approaches �s �llustrated by p�lot stud�es 
�n the eastern Un�ted States. Analys�s of FIA data for northern W�scons�n revealed that 
pr�vate landowners held more than half of the forest carbon but that the rate of carbon 
sequestrat�on had slowed dramat�cally over two decades. Causes of the decl�ne were 
hypothes�zed to �nclude �ncreased harvest�ng, ag�ng forests, and �ncreas�ng d�sturbances. 
The InTEC model for the same reg�on revealed trends over a much longer h�stor�cal 
per�od as well as prov�d�ng �nformat�on about changes �n so�l C that are lack�ng �n the 
FIA data analys�s. The effects of long-term forest age dynam�cs and h�gher �nter-annual 
cl�mate var�ab�l�ty became ev�dent, and the model results suggest a s�gn�f�cant �ncrease 
of so�l C stocks. Us�ng th�s �nformat�on base, we �dent�f�ed several ways to �ncrease 
landscape-scale average forest carbon stocks: allow some forests to reach full matur�ty 
and h�ghest carbon stocks; manage other forests to max�m�ze carbon uptake and transfer 
of harvested carbon �nto wood products; and avo�d convers�on of ex�st�ng forests to 
nonforest land uses. Strateg�c �mplementat�on of these k�nds of management dec�s�ons 
can be fac�l�tated w�th h�gh resolut�on b�omass maps. 

1 Program Manager (RB) and Research Sc�ent�st (YP), U.S. Forest Serv�ce, Northern Research 
Stat�on, 11 Campus Blvd., Su�te 200, Newtown Square, PA 19073; Un�vers�ty of Toronto  
(FZ and JC), Ontar�o, Canada. RB �s correspond�ng author: to contact, call 610-557-4092 or  
ema�l at rb�rdsey@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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ANAlySIS oF THe DeFoReSTATIoN PRoBleM  
IN TRoPIcAl lATIN AMeRIcA

jorge Malleux1

Abstract.—The dr�v�ng forces of land use changes have been analyzed and d�scussed 
for a long t�me w�th d�fferent solut�ons proposed and �mplemented. Unfortunately the 
reduct�on of natural forest cover cont�nues �n the same d�rect�on, generat�ng an �ncreas�ng 
alarm all around the world among sc�ent�st and pol�t�c�ans, related to the cl�mate change 
awareness and strateg�es for �ts reduct�on and m�t�gat�on. Th�s paper d�scusses the causes 
of deforestat�on, causes and effects �n trop�cal Lat�n Amer�ca. 

1 Internat�onal Consultant, Peru; to contact, ema�l at 
jmalleux@gma�l.com.

INTRoDucTIoN
Th�s paper d�scusses the causes of deforestat�on �n 
trop�cal Lat�n Amer�ca. 

Deforestat�on �s an �ssue that has long been a concern 
of the �nternat�onal commun�ty, espec�ally �n the 
trop�cs. It �s �ncreas�ngly �mportant to prov�de updated 
and rel�able �nformat�on based on accountable and 
transparent procedures. There �s st�ll much work to be 
done to develop standard�zat�on of terms, def�n�t�ons, 
and procedures for the evaluat�on of changes �n 
forested areas at the nat�onal and local levels.

The forest cover of any area �s referred to as the 
phys�cal presence at a part�cular t�me of cont�nuous 
or fragmented vegetat�on, def�ned as forest, wh�ch �s 
a type of woody vegetat�on w�th a m�n�mum he�ght 
of 5 m at matur�ty, w�th a m�n�mum coverage of 10 
percent of the canopy on the so�l surface. W�th�n th�s 
class�f�cat�on are dense forest (>40 percent coverage), 
open (between 10 and 40 percent coverage), or 
fragmented forest �n �solated stands but wh�ch 
collect�vely cover extens�ons reach�ng a m�n�mum of 
0.5 ha.

In ecolog�cal terms, the most �mportant concept �s the 
forest’s ab�l�ty to meet m�n�mum product�on of goods 

and serv�ces, �.e., the protect�on of so�l, conservat�on 
of water sources, regulat�on of the water system, 
w�ldl�fe hab�tat, recreat�on, conservat�on of b�olog�cal 
b�od�vers�ty (understood as the total var�ety of genet�c 
stra�ns), spec�es and ecosystems that ex�st �n the nature 
and are able to surv�ve �n a susta�ned way.

Th�s document �s only a part of th�s broad and complex 
problem of the relat�onsh�p of deforestat�on to spec�f�c 
soc�oeconom�c parameters. Once both aspects of 
def�n�t�on and concepts of class�f�cat�on of forests are 
standard�zed or formal�zed for a part�cular purpose, the 
�mmed�ate problem �s how to measure or evaluate the 
parameters that serve to �ntegrate a rel�able database 
that �s structured for a part�cular purpose or agenda, 
such as the FRA, Kyoto, Convent�on of B�od�vers�ty, 
Reduc�ng Em�ss�ons from Deforestat�on and forest 
Degradat�on (REDD), and the susta�nable forest 
management procedures, generat�ng �nformat�on 
of the f�rst order, so the accuracy and rel�ab�l�ty 
of the �nformat�on may have fa�rly broad range of 
cons�stency and rel�ab�l�ty.

MeTHoDS
Based on �nformat�on prov�ded by 14 report�ng 
countr�es for the FAO-FRA program (between 1980 
and 2010), 71 references were pre-selected. Parameters 
for evaluat�ng the �nformat�on cons�stency (IC) were 
g�ven a value from 0 to 5 and a spec�f�c we�ght or 
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�mportance. Based on the calculat�on of coverage 
and/or changes of the forest cover, the follow�ng 
parameters were cons�dered:

a:  Qual�ty of the source of �nformat�on: P1 = 0.15
b.  Deta�l �nformat�on: P2.20  

Cons�stency and back: P3, 40
d.  Age: P4 0.25
IC.  We�ghted rel�ab�l�ty �ndex =  

(a * b * p1 + p2 + + c * d * p3 + p4)

The sum of mult�ply�ng the score of each parameter 
by �ts spec�f�c we�ght g�ves a f�nal score wh�ch can 
be up to 5. These f�nal scores are grouped �nto three 
categor�es:

A:  0 to 3.0: low, removed or held �n reserve �n case 
there �s no other better reference 

B:  3.1 to 4.0: means, we choose the most recent or 
cons�stent

C:  > 4: h�gh �s used d�rectly 

To do a qu�ck analys�s on the relat�onsh�p of these 
parameters to annual deforestat�on rates, some major 
macroeconom�c parameters at the country level 
for 14 countr�es of trop�cal Lat�n Amer�ca were 
�dent�f�ed. However, to br�ng the analys�s to smaller 
or manageable contexts, seven Braz�l�an states from 
the Amazon reg�on were selected, w�th a total of 129 
d�str�cts and about 60 soc�oeconom�c parameters, 
out of wh�ch only 26 were cons�dered s�gn�f�cant. 
These 26 parameters were analyzed us�ng l�near and 
logar�thm�c correlat�on w�th the annual deforestat�on 
rates (2000-2005), y�eld�ng R2 values, �nd�cat�ng the 
degree of correlat�on between deforestat�on rates 
recorded for each country and the seven Amazon�an 
Braz�l�an states.

ReSulTS
Of the 14 countr�es evaluated �n terms of the rel�ab�l�ty 
of the �nformat�on prov�ded ( IC), 10 values were 
above 3.1. and 4 countr�es had rates above 4. Th�s 
�s an �nd�cat�on that there �s st�ll a lot of work to do 

to collect more rel�able and cons�stent �nformat�on 
regard�ng forest deforestat�on. The results of th�s 
analys�s are expressed �n terms of R2 values. 

As shown �n Table 1, the factor that �s the most 
�nfluent�al �n deforestat�on �s the populat�on dens�ty, 
part�cularly the rural populat�on, wh�ch should be 
understood as the necess�ty of l�v�ng space and food, 
wh�ch �s stronger than the need to conserve the 
env�ronment, espec�ally �n soc�et�es where there are no 
val�d alternat�ves through job opportun�t�es, �ncome to 
fund the fam�ly basket, and so on. A second �nfluent�al 
factor, but �n a favorable manner to the preservat�on 
of forests, �s the annual growth of gross domest�c 
product, wh�ch means �mproved job opportun�t�es 
for people, better pr�ces for agr�cultural products, 
and �ncreased consumpt�on, part�cularly for rural 
populat�ons.  

At the Subnational level
From the seven states of the Braz�l�an Amazon, 
numerous soc�oeconom�c parameters were 
cons�dered, �nclud�ng: total populat�on from urban, 
rural, agr�cultural land, pastures, forests, secondary 
forests, product�on and product�v�ty agr�cultural state 
�nvestment �n development projects, agr�cultural 
mach�nery, etc. These were analyzed for the�r 
relat�onsh�p or correlat�on w�th the average rate of 
deforestat�on for the per�od 2000-2005; results are 
shown �n Tables 2 and 3.

Table 1.—Factors related to forest conservation

 R2 for linear Influence over
Parameters correlation Forest conservation

Rural Population  
   Density 0.626 Negative

Gross Domestic  
   Product (GDP)   0.2486 Positive

Percent of  
   Rural Population  0.2103 Negative

Annual Growing  
   Population Rate  0.1514 Negative
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 AcRe AMAZoNAS M.GRoSSo PARA RoNDoNIA TocANTINS ToTAl

HA/FARMeR 
(AGR & Gl) v -0.322 -0.374 -0.297 -0.125 -0.583 -0.281 -0.142

HA/FARMeR 
(AGR) u 0.271 -0.383 0.029 -0.390 -0.506 -0.388 -0.040

PRODUCTION 
$/HA (AGR & GL) Bj 0.163 -0.304 0.187 -0.436 0.271 -0.181 0.218

PRODUCTION 
$/HA (AGR) BK -0.333 0.238 0.032 0.059 -0.294 -0.640 0.110

PRODUCTION 
$/FARMER Bl -0.237 0.108 0.164 -0.482 -0.204 -0.500 0.065

PRODUCTION 
AGR+GL  
$/FARMER

By -0.257 -0.074 -0.038 -0.273 -0.543 -0.231 -0.092

PRODUCTION 
AGR. $/FARMER BZ 0.241 -0.024 -0.004 -0.273 -0.538 -0.243 0.062

PRoDucTIoN 
$/HA  Gl cA -0.250 -0.245 -0.179 -0.274 -0.542 -0.218 -0.137

ANNuAl 
INcoMe  
$/FARMeR

BX -0.194 -0.447 -0.008 -0.261 -0.531 -0.237 0.060

MUNICIPAL 
INVESTMENT 
$/FARMER

cB -0.110 0 0.023 0 0 -0.367 0

MUNICIPAL 
INVESTMENT 
$/RURAL 
HABITANT

cc 0.040 0 0.135 0 0 -0.268 0

POPULATION 
DENSITY   
HAB./KM2

F 0.375 -0.370 0.231 -0.192 -0.249 -0.551 -0.130

ANNUAL YIELD 
$/AGR BR 0.229 0.019 -0.113 0.125 -0.472 0.165 -0.027

ANNUAL YIELD 
$/AGRL BS 0.220 0.061 0.181 -0.491 0.276 -0.175 0.138

Table 2.—R2 values, parameters are positive for the conservation of the forest
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AcRe AMAZoNAS M.GRoSSo PARA RoNDoNIA TocANTINS ToTAl

AGR&G  
LINVESTMENT $/HA BN 0.475 0.080 0.131 0.058 -0.012 0.040 -0.010

AGR INveSTMeNT 
$/HA Bo -0.143 0.057 -0.112 0.500 -0.390 0.391 -0.027

Gl INveSTMeNT 
$/HA BP 0.526 0.593 0.128 -0.086 0.096 0.043 0.266

AGRI & GL ANNUAL 
YELD $/HA BQ 0.623 -0.103 0.202 -0.256 0.114 0.100 0.060

NUMBER OF 
TRACTORS/HA 
AGRI & GL

BT 0.043 0.187 0.322 -0.070 -0.199 0.108 0.086

NUMBER OF 
TRACTORS/HA 
AGR

Bu -0.259 0.184 -0.104 0.358 -0.408 0.170 -0.039

NUMBER OF 
TRACTORS/GL Bv -0.115 -0.055 0.267 -0.158 -0.156 0.085 0.062

% oF FAlloW 
FoReST/ AGR W -0.397 -0.091 0.096 0.609 -0.247 0.618 0.086

% OF FALLOW 
FOREST/AGRIC  
& GL

X -0.135 -0.022 0.149 -0.255 -0.140 0.264 0.068

POPULATION 
ANNUAL GROWTH G -0.067 0.251 0.336 0.155 0.295 -0.131 0.157

% oF RuRAl 
PoPulATIoN j -0.322 0.117 0.183 0.370 0.564 0.274 0.163

LIFE STOCK 
INVESTMENT $/HA BM 0.226 0.423 0.106 -0.344 0.153 -0.070 0.018

Table 3.—R2 values, parameters turn out to be negative for the conservation of the forest

F�gures 1 and 2 show that some soc�oeconom�c 
�ndexes are h�ghly s�gn�f�cant for forest conservat�on, 
part�cularly those related to the per cap�ta Nat�onal 
Gross Product (NGP) and the product�v�ty of �ncome-
generat�ng act�v�t�es, to benef�t the local populat�on.

On the other hand, populat�on dens�ty, type of 
�nvestments, and populat�on growth are work�ng 
aga�nst forest conservat�on and actually st�mulat�ng 
deforestat�on.

DIScuSSIoN
There �s no s�ngle cause for deforestat�on. In any case 
th�s does not occur �n �solat�on but there are several 

factors that together establ�sh a context qu�te complex, 
�nclud�ng:

• Extreme poverty and lack of job opportun�t�es 
and fam�ly �ncome suff�c�ent for econom�cally 
d�sadvantaged people

• Lack of pol�c�es and leg�slat�on and strateg�es or 
pol�cy m�stakes of the occupat�on of forest areas 
�n the hum�d trop�cs

• Insuff�c�ent capac�ty �n dec�s�onmak�ng of the 
forest author�ty �n the occupat�on and use of the 
forest land

• Lack of plann�ng on land use, use of 
�nappropr�ate technolog�es, and def�c�enc�es �n 
the use of land and forest.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 235GTR-NRS-P-105

Figure 1.—National gross product per inhabitant by annual 
deforestation rate.

Figure 2.—Population density by annual deforestation rate.
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A GIS-BASeD Tool FoR eSTIMATING TRee cANoPy coveR oN 
FIXeD-RADIuS PloTS uSING HIGH-ReSoluTIoN AeRIAl IMAGeRy

Sara A. Goeking, Greg c. liknes, erik lindblom, john chase, Dennis M. jacobs, and Robert Benton1

Abstract.—Recent changes to the Forest Inventory and Analys�s (FIA) Program’s 
def�n�t�on of forest land prec�p�tated the development of a geograph�c �nformat�on 
system (GIS)-based tool for eff�c�ently est�mat�ng tree canopy cover for all FIA plots. 
The FIA def�n�t�on of forest land has sh�fted from a dens�ty-related cr�ter�on based on 
stock�ng to a 10 percent tree canopy cover threshold. Th�s def�n�t�onal change requ�red 
a cons�stent method of est�mat�ng tree canopy cover, wh�ch �s now a core FIA var�able, 
us�ng a comb�nat�on of f�eld-based and �mage-based assessments. In order to accompl�sh 
the �mage-�nterpretat�on task for thousands of plots annually, the FIA program, work�ng 
�n collaborat�on w�th the Remote Sens�ng Appl�cat�ons Center, developed a GIS-based 
canopy cover tool. Des�gn cons�derat�ons for the tool �nclude the follow�ng: des�red 
prec�s�on of the tree canopy cover est�mate, seamless use across reg�ons, compat�b�l�ty 
w�th the ex�st�ng Forest Serv�ce stream�ng �mage technology, and ease-of-use for �mage 
�nterpreters. Data from th�s �mage �nterpretat�on effort w�ll not only serve the needs of 
FIA, but w�ll also be used to update the Nat�onal Land Cover Dataset tree canopy cover 
data layer. 

1 B�olog�cal Sc�ent�st (SAG), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on, 507 25th Street, Ogden, UT 
84401; Research Phys�cal Sc�ent�st (GCL), U.S. Forest 
Serv�ce, Northern Research Stat�on; Programmer (EL) and 
Project Manager (RB), U.S. Forest Serv�ce, Remote Sens�ng 
Appl�cat�ons Center; GIS/Remote Sens�ng Spec�al�st (JC), 
U.S. Forest Serv�ce, Pac�f�c Northwest Research Stat�on; 
Research Forester (DMJ), U.S. Forest Serv�ce, Southern 
Research Stat�on. SAG �s correspond�ng author: to contact, 
call 801-625-5193 or ema�l at sgoek�ng@fs.fed.us.

INTRoDucTIoN
W�th the release of Forest Inventory and Analys�s 
(FIA) F�eld Gu�de 5.0, the FIA program began 
collect�ng canopy cover �nformat�on (spec�f�cally, 
percent canopy cover) on all plots. To complement 
the new f�eld-based canopy cover protocols, the 
nat�onal pref�eld task team des�gned an �mage-based 
canopy cover protocol for plots that are w�thheld from 
f�eld v�s�ts v�a the pref�eld process (�.e., plots that 
are obv�ously nonforest). The pref�eld canopy cover 
assessment protocol �s appl�ed at tens of thousands 
of plots annually and �nvolves dozens of �mage 

�nterpreters. Therefore, �t was necessary to develop a 
user-fr�endly, geograph�c �nformat�on system (GIS)-
based tool that fac�l�tates eff�c�ent �mage-based 
�nterpretat�on and documentat�on of percent canopy 
cover. Dur�ng �nventory year 2012, the canopy cover 
tool was used to ass�gn a percent canopy cover at 
all FIA plots �n support of an update of the Nat�onal 
Land Cover Dataset (NLCD) canopy cover data. 
Th�s paper presents the development h�story, des�gn 
cons�derat�ons, and pract�cal advantages of the canopy 
cover tool. 

MeTHoDS
collaboration
FIA’s nat�onal pref�eld task team, wh�ch �ncludes 
members from the four FIA reg�ons, �dent�f�ed 
the need for a GIS-based canopy cover tool and 
prepared a funct�onal needs assessment. Subsequent 
tool development was supported by the Techn�ques 
Research Band �n collaborat�on w�th the Forest 
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Serv�ce’s Remote Sens�ng Appl�cat�ons Center 
(RSAC). The RSAC and the FIA program have had 
a longstand�ng partnersh�p apply�ng remote sens�ng 
technology to the nat�onal forest �nventory of the 
Un�ted States. In add�t�on, RSAC has expert�se and 
exper�ence develop�ng software tools to ass�st w�th 
�mage �nterpretat�on, such as D�g�tal Mylar (Clark 
et al. 2004). The project team, wh�ch cons�sted of a 
programmer and a project manager from RSAC and 
the nat�onal pref�eld team from FIA, collaborat�vely 
developed a spec�f�cat�on document based on FIA’s 
needs assessment. A number of add�t�onal FIA 
personnel served as software testers. The project 
followed a rap�d appl�cat�on development parad�gm 
w�th �terat�ve vers�ons of the software prepared by 
RSAC and promptly tested by FIA staff. One of the 
agreements �n th�s partnersh�p was the del�very of the 
tool’s source code to the FIA program, wh�ch w�ll 
prov�de flex�b�l�ty to adapt the tool to other resource 
sett�ngs or dot gr�d des�gns.

Design considerations
Mult�ple �mage-based methodolog�es were cons�dered 
and tested (see Goek�ng and L�knes 2009), and a 
dot gr�d approach was selected due to favorable 
repeatab�l�ty performance and m�n�mal tra�n�ng 
requ�rements. The quest�on of dot gr�d sample s�ze 
was �nvest�gated us�ng stat�st�cal methods, and �t was 
determ�ned that 100 dots would prov�de a su�table 
comprom�se between prec�s�on and �nterpretat�on t�me. 
Dots were to be f�t w�th�n a c�rcle of 43.9-m rad�us, 
wh�ch conta�ns all four subplots �n the FIA plot des�gn. 
Add�t�onally, the dot gr�d was to be rotated clockw�se 
15 degrees �n order to reduce al�gnment w�th cultural 
features. The f�nal dot arrangement uses an �nteger 
spac�ng (8 m) between dots, result�ng �n 109 dots �n 
the 43.9-m c�rcle (F�g. 1).

Software Development
Because all FIA �mage �nterpreter personnel have 
exper�ence us�ng ArcGIS® products (e.g., ArcMap™) 

Figure 1.— Screen capture of dot grid overlain on NAIP imagery using the FIA canopy cover tool. Red crosshairs indicate 
non-tree dots, green indicate tree dots, and yellow indicate dots that have not yet been classified. This example illustrates a 
situation where the plot does not meet the FIA definition of forest land yet includes a substantial amount of tree canopy cover.
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and the software can seamlessly ut�l�ze �magery from 
RSAC’s ImageServer (V�nes 2007), the canopy tool 
was developed as an ArcMap™ add-�n us�ng C# 
and ArcObjects® �n ArcGIS® 10. The add-�n can 
be hosted at a network locat�on, and users therefore 
automat�cally use the latest vers�on of the software 
each t�me they restart the ArcMap™ appl�cat�on. 
Th�s reduces the techn�cal support effort requ�red to 
ensure all users have the same vers�on of software 
and enables the use of the software tool at the Forest 
Serv�ce’s Enterpr�se Data Center.

Work�ng from the bas�c funct�onal�ty outl�ned �n a 
spec�f�cat�on document, a prototype of the tool was 
developed. Image �nterpreters from all four FIA 
reg�ons tested several �terat�ons of the tool, work�ng 
toward consensus wh�le st�ll meet�ng the workflow 
requ�rements �n each reg�on. Part�cular attent�on was 
pa�d to opt�m�z�ng eff�c�ency of the �nterpretat�on 
process. A summary of the tool’s components appears 
�n Table 1.

Icon utility Functionality

Select layer/ 
Select plot

Dropdown menus that specify the plot layer and individual plot to which other operations will be 
applied.

Generate dots Creates the 109-dot grid for the currently selected plot.

All no tree Single click operation that assigns all no tree attributes to the current plot’s dot grid.

Select based on 
location

Out-of-the-box ArcMap tools used to select dots; default tools included are select by polygon 
(left) and select by lasso/freehand (right).

Attribute dots Assign either tree (left) or not tree (middle) to currently selected dots. Another option allows 
users to distinguish between tally trees (left) and non-tally trees (right).

Select based on 
attributes: Invert 
select/ select null

Custom selection tools; either selects all dots not currently selected and makes all currently 
selected dots not selected (left) or selects all dots that have not yet been assigned a tree/not 
tree value (right).

Undo Removes the last assigned tree/not tree attribute. Successive clicks of this button step through 
older attribute assignments and remove them.

Confidence Dropdown box that allows user to indicate how confident they are in the percent canopy for the 
current plot. Options are high (default) and low; a low confidence value prompts the user for a 
low confidence reason (e.g., clouds).

Done User can indicate they have completed work on a plot. Saves attribute information for the 
currently selected plot and zooms to the next plot in the plot dropdown list.

Percent canopy Calculates and reports the percent canopy cover based on dots that have been attributed. Also 
reports the number of dots that have not yet been attributed.

Options Launches a dialog that allows the user to specify the following parameters:    
Plot key: Specifies an attribute field in the plot layer used to uniquely identify plots (e.g., CN, 

or a concatenation of state, county, plot). The values of this key populate the “Select plot” 
dropdown list.    

Data frame reprojection: Specifies behavior of data frame in the event imagery or plots are in 
different projections.    

Dot layer projection: Specifies the output projection of dot grids.    
Zoom level: Defines the display scale when application moves to a new plot; default is 1:1000.    
Attribute levels: Option to turn off distinction between tally and non-tally trees.    
Symbology: Option to load custom symbology.    
Canopy cover button: Option to disable the informational Percent Canopy Cover button.    
Big undo: Option to delete all dot files in the directory of the currently active layer and to reset 

the associated plot file to its original state by deleting the canopy cover attributes.    
Dot output folder: User-specified location for storage of dot layers.    
Current data frame: Specifies to which data frame tool operations apply.

Table 1.—Summary of functions within the canopy cover tool. Note that the options function permits 
flexibility in defining parameters that may vary across FIA regions or resource applications.
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Practical Advantages  
and Applicability
There are several pract�cal advantages of both the 
tool’s user-fr�endly des�gn and the s�mpl�c�ty of the 
dot gr�d protocol. F�rst, the ab�l�ty to host the tool at 
a network locat�on �s cr�t�cal for m�n�m�z�ng software 
support and troubleshoot�ng. Second, the tool requ�res 
only m�n�mal GIS exper�ence and techn�cal tra�n�ng, 
wh�ch �s a s�gn�f�cant advantage over object-or�ented 
�mage segmentat�on methods. Th�rd, no f�eld data 
are requ�red. Wh�le some assessments of tree canopy 
cover rely on mapped-plot data �nclud�ng tree s�ze and 
locat�on (see Toney et al. 2009), th�s approach requ�res 
only h�gh-resolut�on �magery along w�th e�ther a 
po�nt shapef�le or comma-separated value f�le of plot 
locat�ons. As w�th any photo-�nterpreted evaluat�on 
of tree cover, however, photo �nterpretat�on sk�lls and 
fam�l�ar�ty w�th reg�onal vegetat�on are requ�red for 
accurate and repeatable percent canopy cover values.

A fourth advantage �s the ab�l�ty to assess repeatab�l�ty 
and sampl�ng error. The tool’s v�s�ble output �ncludes 
a new shapef�le, wh�ch conta�ns each of the 109 dots 
�n each plot’s dot gr�d, as well as the tree/no tree 
attr�bute for each dot. Therefore, mult�ple �nterpreters 
can evaluate qual�ty control plots us�ng cons�stent dot 
locat�ons and �magery. Further, the ex�stence of dot 
gr�ds allows stra�ghtforward calculat�on of sampl�ng 
error. In contrast, wh�le census-based approaches (e.g., 
�mage segmentat�on, wh�ch produces polygons) have 
no sampl�ng error, they do have m�sclass�f�cat�on and 
boundary errors that are d�ff�cult to quant�fy. F�nally, 
datasets represent�ng dot gr�ds are relat�vely small �n 
s�ze, parallel �n structure g�ven that each plot always 
conta�ns the same number of dots and attr�butes, and 
generally eas�er to manage than polygon outputs 
produced by �mage segmentat�on.

The stra�ghtforward des�gn of the canopy cover 
tool lends �tself to appl�cat�ons �n other projects and 
resource sett�ngs. The tool’s pr�nc�pal requ�rement �s 
a po�nt shapef�le or comma-separated values (CSV) 
f�le, where�n each po�nt or record represents one plot 
and conta�ns a un�que �dent�f�er �n the attr�bute table. 

Based on user-ass�gned dot gr�d values, canopy cover 
�s calculated for each sample plot and stored �n th�s 
attr�bute table. RSAC has made ava�lable an adaptable 
vers�on of the tool called Image Sampler, wh�ch �s 
part of the D�g�tal Mylar toolk�t (USDA FS 2012). 
Th�s vers�on of the tool allows the user to spec�fy 
whether the dots should be randomly or systemat�cally 
arranged w�th�n an area of �nterest, and also allows for 
a user-def�ned class�f�cat�on scheme.

DIScuSSIoN
A new GIS-based tool fac�l�tates the determ�nat�on of 
percent canopy cover, wh�ch �s a cr�t�cal component 
�n FIA’s new def�n�t�on of forest land, us�ng a dot gr�d 
and h�gh-resolut�on �magery. A partnersh�p between 
RSAC and FIA successfully led to del�very of a 
funct�onal tool w�th�n a few months’ t�me. 

The canopy cover tool was used to ass�gn percent 
canopy cover to tens of thousands of FIA plots for 
the 2012 �nventory year. The result�ng data w�ll not 
only populate the canopy cover var�able for non-
v�s�t plots �n the nat�onal FIA database, but w�ll also 
be used �n the update of the NLCD percent canopy 
cover layer, wh�ch �s currently under development 
as a collaborat�on among several nat�onal agenc�es. 
In future �nventory years, percent canopy cover w�ll 
cont�nue to be ass�gned at all non-v�s�ted FIA plots 
us�ng th�s method. The determ�nat�on of percent 
canopy cover at all FIA plots w�ll allow FIA to al�gn 
w�th �nternat�onal cover-based def�n�t�ons of forest 
land and also mon�tor trends �n tree cover on nonforest 
lands.
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BuIlDING cAPAcITy FoR PRovIDING cANoPy coveR  
AND cANoPy HeIGHT AT FIA PloT locATIoNS  

uSING HIGH ReSoluTIoN IMAGeRy AND leAF-oFF lIDAR

Rachel Riemann, jarlath o’Neil-Dunne, and Greg c. liknes1

Abstract.—Tree canopy cover and canopy he�ght �nformat�on are essent�al for est�mat�ng 
volume, b�omass, and carbon; def�n�ng forest cover; and character�z�ng w�ldl�fe hab�tat. 
The amount of tree canopy cover also �nfluences water qual�ty and quant�ty �n both 
rural and urban sett�ngs. Tree canopy cover and canopy he�ght are currently collected 
at FIA plots e�ther �n the f�eld or by dot-gr�d �nterpretat�on of d�g�tal aer�al �magery. 
These techn�ques can be t�me consum�ng and costly. The Un�vers�ty of Vermont’s Spat�al 
Analys�s Laboratory has developed an automated approach us�ng Object-Based Image 
Analys�s (OBIA) techn�ques for extract�ng canopy cover, canopy he�ght, and land 
cover from read�ly ava�lable h�gh resolut�on aer�al �magery and leaf-off L�DAR. We 
used datasets generated by the OBIA approach for 10 d�fferent count�es spread across 4 
states, represent�ng a range of cond�t�ons. Canopy cover, canopy he�ght, and land cover 
�nformat�on were computed for each FIA plot, at scales of 144-foot-rad�us (plot c�rcle) 
and 3,280-foot-(1-km)-rad�us, and compared to FIA est�mates at the plot level. Results 
are d�scussed �n terms of the comparat�ve assessment of the three canopy cover data 
sources (�nclud�ng what �s m�ss�ng when nonforest plot data are not ava�lable), and the 
prognos�s for us�ng the OBIA techn�ques to extract th�s type of �nformat�on at the county 
and state levels. Acqu�r�ng tree canopy cover data us�ng the OBIA approach would allow 
FIA to apply a cons�stent method for acqu�r�ng canopy cover to both v�s�t and non-v�s�t 
plots, and even potent�ally �ncrease the rel�ab�l�ty of the canopy cover data ava�lable. Th�s 
approach also prov�ded valuable data on canopy he�ght for FIA plots not v�s�ted �n the 
f�eld and add�t�onal data on landscape context for all FIA plots, �mprov�ng capac�ty to 
character�ze and analyze forest character�st�cs w�th respect to local levels of urban�zat�on.

1 Research Forester/Geographer (RR), U.S. Forest Serv�ce,  
Northern Research Stat�on, c/o USGS, 425 Jordan Rd.,  
Troy, NY 12180; D�rector (JOD), Spat�al Analys�s Lab,  
Un�vers�ty of Vermont; and Research Phys�cal Sc�ent�st  
(GCL), U.S. Forest Serv�ce, Northern Research Stat�on.  
RR �s correspond�ng author: to contact, call 518-285-5607 
or ema�l at rr�emann@fs.fed.us. 

INTRoDucTIoN
The �mportance of �nformat�on on tree cover, 
�rrespect�ve of land use, has been recogn�zed by the 
U.S. Forest Serv�ce’s Forest Inventory and Analys�s 
(FIA) Program for some t�me. In 2010 FIA dec�ded to 
add �t as a standard var�able, to be collected �n the f�eld 

for all v�s�ted plots, and v�a photo�nterpretat�on at the 
pref�eld stage for all non-v�s�t plots, w�th some overlap 
for qual�ty assurance (QA) to assess the relat�onsh�p 
between the two. Once the protocol �s fully 
�mplemented, these data w�ll prov�de FIA w�th tree 
canopy cover data on all plots, prov�d�ng a much more 
complete and cons�stent est�mate of tree canopy cover 
�nformat�on than �s currently ava�lable. Data collected 
v�a these two methods are d�rectly relevant to the 1/6-
acre plot cluster and thus the other �nventory var�ables 
collected on the plot. There are some l�m�tat�ons w�th 
th�s data, however. Data from v�s�ted (mostly forest) 
and non-v�s�ted (mostly nonforest) plots are collected 
by d�fferent methods and at d�fferent scales, potent�ally 
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result�ng �n systemat�c d�fferences �n measurement 
qual�ty between the two populat�ons. These effects 
w�ll be unknown unt�l enough QA overlap data are 
ava�lable for analys�s. Furthermore, collect�ng tree 
canopy cover data �n th�s manner �s labor �ntens�ve. 
If sem�-automated or fully automated approaches to 
determ�n�ng canopy cover are ava�lable that prov�de 
data at s�m�lar scales and w�th s�m�lar est�mates and 
standard errors, �t could make the protocol more 
eff�c�ent �n the long term. 

Another source of tree canopy cover �nformat�on 
has been developed by O’Ne�l-Dunne et al. (2009) 
us�ng a comb�nat�on of h�gh resolut�on aer�al �magery 
and L�DAR (L�ght Detect�on And Rang�ng) data. It 
has been used to generate c�tyw�de and countyw�de 
est�mates of ex�st�ng tree canopy cover for resource 
managers (e.g., O’Ne�l-Dunne and Pellet�er 2011). 
Th�s approach leverages the vast amounts of h�gh 
resolut�on remotely sensed data ava�lable through the 
Nat�onal Agr�cultural Imagery Program (NAIP) along 
w�th L�DAR data acqu�red by federal, state, and local 
governmental organ�zat�ons. Object-Based Image 
Analys�s (OBIA) techn�ques are used to extract seven-
class land-cover datasets w�th an overall accuracy 
exceed�ng 90 percent. The comb�nat�on of spectral 
(�magery) and he�ght (L�DAR) data �n conjunct�on 
w�th OBIA techn�ques enables features to be extracted 
us�ng the same elements of �mage �nterpretat�on used 
by photo�nterpreters (see Olson 1960).

Our four pr�mary goals �n th�s study were to (1) 
compare plot-level est�mates of tree canopy cover 
obta�ned from the OBIA techn�que w�th those obta�ned 
by FIA v�a ground �nventory �n the f�eld and v�a 
photo�nterpretat�on �n pref�eld procedures, (2) compare 
plot-level est�mates of stand he�ght w�th those obta�ned 
by FIA �n the f�eld, (3) exam�ne the canopy cover and 
canopy he�ght character�st�cs of forest vs. nonforest 
plots, and (4) �llustrate the type of landscape context 
�nformat�on that �s ava�lable for each plot from the 
OBIA approach. 

MeTHoDS
Of the 10 count�es for wh�ch OBIA data are already 
ava�lable, only 6 were �ncluded �n th�s paper: 
Allegheny and Lancaster Count�es �n Pennsylvan�a, 
and Anne Arundel, Montgomery, Pr�nce Georges, 
and Howard Count�es �n Maryland. The s�x count�es 
range from 16 percent forested �n Lancaster, PA, to 
40 percent forested �n Pr�nce Georges, MD. Spec�es 
compos�t�on �s pr�mar�ly hardwoods. 

Our study was based on FIA f�eld plots v�s�ted from 
2006 to 2011. Tree he�ght was ava�lable on all forested 
plots. Because canopy cover var�ables were just 
�ntroduced last year, only a subset of these plots had 
canopy cover data. At the t�me of th�s study, about 
20 percent of forested plots had f�eld canopy data, 
collected �n 2011. A d�fferent subset (~20 percent of all 
plots) had photo�nterpreted (PI) canopy cover collected 
us�ng �magery from 2007 to 2010. Of the 369 plots �n 
the 6 count�es for wh�ch data were ava�lable at the t�me 
of th�s paper, we had PI percent canopy cover data for 
75 plots (all count�es) and f�eld-collected canopy cover 
data for 19 plots (MD count�es only). FIA canopy 
he�ght and f�eld canopy cover were calculated as the 
mean of all l�ve trees on the forested cond�t�ons on the 
1/6-acre plot. FIA photo�nterpreted canopy cover was 
est�mated us�ng a 100-po�nt dot gr�d over a 1.5-acre 
(144-foot-rad�us) area surround�ng each plot. 

The �magery used for all the count�es �n the study 
cons�sted of NAIP 4-band 1-m data from 2009 to 
2011. The L�DAR was sourced from a broad range of 
federal, state, and local agenc�es. The var�ous L�DAR 
datasets were s�m�lar �n that they had a nom�nal post 
spac�ng of 0.6 m to 1.4 m, had ground po�nts class�f�ed 
(LAS class = 2), and were acqu�red dur�ng leaf-off 
cond�t�ons. D�g�tal Elevat�on Models (DEM) and 
Normal�zed D�g�tal Elevat�on Models (nDSM) were 
generated from the L�DAR data. The L�DAR surface 
models, �magery, and anc�llary GIS datasets (e.g., road 
centerl�nes) were �ntegrated �nto the OBIA system, 
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wh�ch was bu�lt us�ng the eCogn�t�on® software 
platform. W�th�n eCogn�t�on®, a rule-based expert 
system was used to extract seven classes of land cover 
at a nom�nal resolut�on of 1 m: (1) tree canopy, (2) 
grass/shrubs, (3) bare so�l, (4) water, (5) bu�ld�ngs, 
(6) roads/ra�lroads, and (7) other paved surfaces. 
The rule-based expert system was bu�lt us�ng the 
Cogn�t�on Network Language (CNL), wh�ch �s the 
underly�ng programm�ng language for eCogn�t�on®. 
In th�s approach, �mage process�ng, segmentat�on, 
class�f�cat�on, and morphology algor�thms are 
�terat�vely appl�ed, thereby success�vely bu�ld�ng 
contextual �nformat�on, wh�ch can then be used to 
�mprove the class�f�cat�on. To effect�vely process the 
b�ll�ons of data po�nts mak�ng up the �magery and 
L�DAR and support �terat�ve process�ng approach, 
the OBIA system was bu�lt on 64-b�t comput�ng 
arch�tecture and the process�ng load was d�str�buted to 
mult�ple cores.

Follow�ng the development of the land cover dataset, 
the FIA plot data were �ntegrated �nto the OBIA 
system. A separate rule-based expert system �terat�vely 

processed each FIA plot, extract�ng canopy coverage, 
topograph�c, and land cover �nformat�on.

OBIA est�mates of canopy he�ght and canopy cover 
were calculated at two d�fferent ne�ghborhood s�zes 
for each FIA plot: a 144-foot-rad�us area around 
plot center (1.5 acres), represent�ng the plot c�rcle 
encompass�ng all four subplots, and a 3,280-foot-
rad�us area around plot center (776 acres). OBIA 
est�mates were calculated as the mean canopy he�ght 
and canopy cover of all tree canop�es greater than 8 
feet �n he�ght. FIA and OBIA est�mates were compared 
us�ng l�near regress�on (r-squared). 

ReSulTS
OBIA canopy cover est�mates are strongly correlated 
to the FIA photo�nterpreted tree canopy est�mates 
(r2 = 0.91), but relat�ve to the FIA data they tend to 
overest�mate canopy values. OBIA and f�eld-collected 
tree canopy est�mates exh�b�ted a poor correlat�on  
(r2 = 0.07) (F�g 1). 
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Figure 1.—Comparison of OBIA-based canopy cover information with FIA canopy cover information. OBIA information is 
derived from an automated classification procedure using NAIP high resolution aerial imagery and LiDAR data. FIA canopy 
cover information is either observed in situ or estimated from a NAIP image using a dot grid.
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Agreement between FIA canopy he�ght and L�DAR-
der�ved OBIA he�ght for forested plots �s poor, w�th 
an r-squared of 0.23 (F�g. 2). Add�t�onal �nvest�gat�on 
needs to be done to determ�ne �f th�s �s due to a 
locat�onal m�smatch between FIA plot locat�ons and 
the OBIA data or �f the d�fference �n collect�on dates 
between L�DAR and FIA f�eld v�s�ts accounts for 
the d�fferences (or some comb�nat�on of both). It �s 
l�kely that the leaf-off nature of the L�DAR data �s 
at least partly to blame, part�cularly �n dec�duous 
forests where the morpholog�cal prof�le of the trees 
(tall, th�n, w�th few branches) results �n relat�vely few 
L�DAR returns w�th the 0.6- to 1.4-m post spac�ng. 
FIA currently has no �nformat�on on tree he�ghts on 
nonforest plots. Based on the OBIA data, nonforest 
plots have trees rang�ng from 10 to 60 feet �n he�ght 

(F�g. 2), �nformat�on not ava�lable from the FIA 
photo�nterpreted data for nonforest plots. 
 
The OBIA data prov�de �nformat�on on tree canopy 
cover and stand (mean tree) he�ghts for all plots. From 
th�s �nformat�on we can summar�ze character�st�cs for 
both forest and nonforest plots for these s�x count�es. 
For example, �n Lancaster County, the average canopy 
cover for the ent�re county �s 23 percent, w�th an 
average he�ght of 17 feet. Break�ng th�s down, we 
f�nd that the averages are 68 percent canopy cover 
and 37 feet h�gh for forested plots, and 12 percent 
canopy cover and 12 feet h�gh for nonforest plots. For 
a county that �s 85 percent nonforest, th�s represents 
cons�derable tree canopy cover for wh�ch very l�ttle 
FIA data ex�st. Table 1 presents th�s �nformat�on for s�x 
count�es. 

Figure 2.—Comparison of OBIA-based canopy height information with FIA canopy height information. OBIA-based heights are 
derived from a LiDAR point cloud while FIA height information is obtained using field methodology.
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 Percent canopy cover canopy Height
 All Plots Forested Plots Nonforest Plots All Plots Forested Plots Nonforest Plots
county Mean Se (n) Mean Se (n) Mean Se (n) Mean Se (n) Mean Se (n) Mean Se (n)

Anne Arundel 49 5.3 (41) 76 7.1 (13) 36 5.5 (28) 33 2.6 (41) 45 3.1 (13) 28 2.9 (28)
Montgomery 46 4.8 (53) 75 4.7 (22) 26 4.9 (31) 25 3.3 31 5.5 20 1.4
Prince Georges 51 5.3 (53) 83 19.0 (19) 33 5.6 (34) 33 2.6 46 10.6 25 4.3
Allegheny 49 3.5 (84) 68 5.0 (37) 34 3.7 (47) 28 1.2 33 1.8 24 1.4
Lancaster 23 3.1 (107) 68 6.7 (20) 12 2.3 (85) 17 1.6 37 2.8 12 1.5
Howard 54 6.6 (28) 79 8.0 (11) 38 7.2 (17) 33 2.1 40 1.9 28 2.7

Table 1.—Summary of tree canopy cover and canopy height statistics for forest vs. nonforest plots from 
the oBIA data  
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The OBIA datasets also prov�de �nformat�on on the 
land cover context or ne�ghborhood �n wh�ch the plot 
occurs. Th�s context can be �mportant to understand�ng 
the status of an �nd�v�dual plot. For example, plots �n 
the study area w�th relat�vely low canopy cover w�th�n 
the 1.5-acre c�rcle were found to have substant�ally 
more canopy cover w�th�n the larger 776-acre c�rcle 
(F�g. 3). And plots w�th 100 percent canopy cover 
w�th�n the 1.5-acre c�rcle were found to conta�n other 
land uses w�th�n the larger 776-acre context area. 

DIScuSSIoN AND coNcluSIoNS
The OBIA datasets offer several opportun�t�es. F�rst, 
the OBIA datasets prov�de an alternat�ve assessment 
of the photo�nterpreted and f�eld-collected tree 
canopy cover values. Second, �t �s an opportun�ty 
to prov�de cons�stent tree canopy cover �nformat�on 

Figure 3.—Summary of the land cover context around individual plots in Anne Arundel County at two scales. Plots are sorted 
by the proportion of canopy cover present within the 144-foot- radius area. 

Individual Plots

for both v�s�ted and non-v�s�ted plots at a scale 
relevant to the FIA plot data w�thout add�t�onally 
�mpact�ng the FIA pref�eld process. As can be seen 
�n Table 1, the magn�tude of tree canopy cover �n 
nonforest areas supports the need to gather th�s 
�nformat�on, whether v�a pref�eld �nterpretat�on or 
the OBIA approach. Th�rd, the OBIA datasets offer 
an opportun�ty to gather canopy he�ght �nformat�on 
on all plots, not just those v�s�ted �n the f�eld. 
F�nally, and equally �mportantly, these datasets can 
prov�de landscape context �nformat�on �mportant 
for understand�ng local urban�zat�on pressures for 
each FIA plot at a scale and accuracy not poss�ble 
from NLCD data sources and w�th an eff�c�ency not 
poss�ble from photo�nterpretat�on. The OBIA data 
prov�de �nformat�on about the larger ne�ghborhood 
and therefore can show us how well the FIA plot �s 
representat�ve of �ts surround�ng area. 
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OBIA approaches to land cover and FIA metr�c 
extract�on have been shown to be eff�c�ent when 
appl�ed to large datasets, prov�d�ng those datasets 
have somewhat cons�stent propert�es. Although OBIA 
systems requ�re a great deal of expert�se to des�gn and 
deploy, they are cost effect�ve over large areas due 
to econom�es of scale. Furthermore, �n add�t�on to 
comput�ng plot metr�cs, the OBIA approach prov�des 
a means by wh�ch to conduct a complete census, 
wh�ch �s �ncreas�ngly �mportant as development 
pressures stemm�ng from urban�zat�on and natural 
resource explo�tat�on fragment the forested landscape. 
The greatest barr�er to the OBIA approach �s the 
ava�lab�l�ty of data. Although NAIP data are acqu�red 
for each state as�de from Alaska at least every 3 years, 
there �s no nat�onally coord�nated L�DAR program. 
For states that do have comprehens�ve coverage, 
the L�DAR data are typ�cally ava�lable for only a 
s�ngle po�nt �n t�me and are frequently leaf-off to 
create terra�n DEMs. The approach used �n th�s study 
allowed us to take advantage of leaf-off L�DAR for 
est�mat�ng tree canopy cover and he�ght to generate 
data comparable to current FIA est�mates. 
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cANoPy coveR eSTIMATeS FoR INDIvIDuAl TRee ATTRIBuTeS

james A. Westfall and Randall S. Morin1

Abstract.—In most forest �nventory data, �t �s not feas�ble to est�mate the canopy 
coverage of trees hav�ng certa�n character�st�cs due to the lack of �nformat�on on crown 
s�ze. In th�s study, data from the Forest Inventory and Analys�s (FIA) program was used 
to ass�gn crown s�zes to �nd�v�dual trees us�ng publ�shed crown w�dth models. Th�s 
process effect�vely l�nks trees to area such that canopy cover area est�mates can be made 
us�ng doma�ns that �nclude tree-level attr�butes (e.g., canopy cover of red maple hav�ng 
total height ≥80 feet). Advantages of implementing this approach are 1) estimation can 
proceed as w�th any other est�mate of area der�ved from FIA data, and 2) canopy cover 
est�mates prov�de d�fferent �nformat�on than class�cal �nd�cators such as number of trees. 
A d�sadvantage �s the need to d�ssolve overlapp�ng crowns after the tree-level doma�n �s 
selected. Two examples are prov�ded to �llustrate appl�cat�ons of the method. 

1 Research Foresters (JAW, RSM), Northern Research 
Stat�on, 11 Campus Blvd., Su�te 200, Newtown Square,  
PA 19073. JAW �s correspond�ng author: to contact, call 
610-557-4043 or ema�l at jameswestfall@fs.fed.us.

INTRoDucTIoN
Tree canopy cover �s the proport�on of an area covered 
by the vert�cal project�on of tree crowns (Jenn�ngs et 
al. 1999). Canopy cover plays a cr�t�cal role �n def�n�ng 
current and future forest character�st�cs v�a �mpacts 
on understory spec�es compos�t�on and structure 
(Canham et al. 1990). Canopy cover �s often a pr�mary 
�nd�cator of w�ldf�re r�sk and behav�or of both modeled 
and actual w�ldf�res (Agee and Sk�nner 2005). 
Add�t�onally, amounts and types of canopy cover 
and structure �nfluence hab�tat su�tab�l�ty for many 
forest-dwell�ng vertebrate spec�es (Massé and Côté 
2009). A key factor �n stud�es of the aforement�oned 
relat�onsh�ps between canopy cover and forest-related 
phenomena �s that relevant analyses often focus on 
spec�f�c aspects of canopy cover, e.g., cover of trees 
hav�ng certa�n character�st�cs such as spec�es, d�ameter 
at breast-he�ght (d.b.h.), and total he�ght (Abrahamson 
and Gohn 2004). Thus, expans�on of research results to 
landscape-scale assessments can be d�ff�cult.

Area coverage est�mates for tree-level attr�butes 
are usually not feas�ble from forest �nventory data 
due to the lack of �nformat�on on how much area 
�s represented by an �nd�v�dual tree. Alternat�vely, 
the area occup�ed by each �nventory tree can be 
approx�mated from the plot data us�ng techn�ques 
such as Th�essen polygons or crown w�dth models 
(Bechtold 2003). Apply�ng crown w�dth models to 
forest �nventory data w�th mapped tree locat�ons 
allows for spat�al representat�on of canopy cover wh�le 
also allow�ng for gaps between trees. Because the 
crown w�dth approach �s spec�f�c to �nd�v�dual trees, 
there �s an expl�c�t relat�onsh�p that l�nks area coverage 
to tree-level attr�butes. In th�s paper, we present 
methodology to est�mate the area coverage of v�rtually 
any tree-level attr�bute(s) ava�lable �n forest �nventory 
data.

MeTHoDS
A three-phase forest �nventory and mon�tor�ng effort 
�s �mplemented by the Forest Inventory and Analys�s 
(FIA) program w�th�n the U.S. Forest Serv�ce 
(Bechtold and Patterson 2005). Phase 1 (P1) �s the 
development of a post-strat�f�cat�on scheme us�ng 
remotely-sensed data. The second phase (P2) enta�ls 
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measur�ng sample plots on the ground for the usual 
su�te of forest mensurat�on var�ables such as tree 
spec�es, d.b.h., he�ght, forest type, stand age, etc. 
Overstory trees (d.b.h. ≥5.0 in.) are measured on four 
24-ft radius subplots; saplings (1.0 ≤ d.b.h. ≤ 4.9 in.) 
are recorded on four m�croplots of 6.8-ft rad�us each. 
Phase 3 (P3) occurs on a subset of the P2 plots, where 
add�t�onal data on forest health �nd�cators are collected 
(e.g., down woody mater�al). To evaluate the eff�cacy 
of the methods presented below, one full cycle of data 
from Pennsylvan�a was used (data collected between 
2006 and 2010). 

To est�mate the amount of canopy cover for each 
tree measured �n the �nventory, the crown w�dth 
models descr�bed by Bechtold (2003) were used. 
When spec�es were encountered that were not l�sted 
�n Bechtold (2003), coeff�c�ents for spec�es of s�m�lar 
form were used. For th�s analys�s, the model us�ng 
d.b.h. and crown rat�o as �nput var�ables was used.

[1] CRβ̂Dβ̂Dβ̂β̂CW 3
2

210
^ +++=

where:          = est�mated crown w�dth (feet)
 D = d.b.h. (�nches)
 CR = crown rat�o
        = spec�es-spec�f�c coeff�c�ents

Spat�al representat�on of plot canopy cover was 
accompl�shed by center�ng c�rcles of est�mated crown 
w�dth at the tree locat�on recorded dur�ng the plot 
v�s�t. To assess cover of overstory trees (d.b.h. 5.0+ 
�nches), overlapp�ng crowns from ne�ghbor�ng trees 
were comb�ned such that crown overlap was accounted 
for, �.e., the cover as �t would appear as v�ewed 
from above. A geograph�c �nformat�on system (GIS) 
was employed to d�ssolve the boundar�es between 
�nd�v�dual tree crowns �n order to create polygons 
of non-overlapp�ng crown cover for each FIA plot 
cond�t�on (F�g. 1). A key po�nt �n the analyt�cal method 
�s that crowns extend�ng beyond the sample plot 
boundary are �ncluded �n the total canopy cover for the 
plot. It �s surm�sed that, on average, th�s w�ll account 
for crown areas of nonsampled trees extend�ng �nto the 
plot that are not expl�c�tly accounted for.

^CW

3-0β̂

Figure 1.—Maps of (A) individual tree crowns on an FIA plot, and (B) dissolved polygons of crown cover on an FIA plot.
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Figure 2.—Maps of (A) dissolved polygons of sapling crown 
cover on an FIA plot, (B) microplot tree cover above sapling 
cover, and (C) sapling cover remaining after tree cover is 
accounted for.

Wh�le the models presented by Bechtold (2003) 
were fitted to subplot trees (d.b.h. ≥5.0 in.), these 
same models were used to quant�fy sapl�ng (d.b.h. 
1.0 to 4.9 �nches) crown cover on the m�croplot area. 
At th�s po�nt, there are est�mates of overstory and 
sapl�ng tree cover on forested port�ons of subplots 
and m�croplots, respect�vely. These cannot s�mply 
be summed to obta�n the total cover as 1) overstory 
trees may part�ally/wholly obscure sapl�ng cover, 
and 2) the overstory and sapl�ng cover est�mates are 
on a d�fferent area bas�s. To reconc�le total cover 
at the subplot level, the amount of overstory cover 
for trees whose stems occur w�th�n the m�croplot 
was calculated. Also, the amount of sapl�ng cover 
rema�n�ng v�s�ble once overstory trees were accounted 
for was quant�f�ed. Th�s was accompl�shed by us�ng 
GIS to remove the sapl�ng cover that had m�croplot 
tree crown cover grow�ng above (F�g. 2). The rat�o of 
rema�n�ng sapl�ng cover to overstory m�croplot cover 
was used to est�mate the amount of sapl�ng cover that 
would be v�s�ble �f sapl�ngs were measured over the 
ent�re subplot area—produc�ng an est�mate of cover 
for all trees and sapl�ngs comb�ned. Due to the use 
of crown area occurr�ng outs�de plot boundar�es and 
the method of est�mat�ng the contr�but�on of sapl�ngs, 
the area of crown cover exceeded the forested area 
of the subplot �n some cases. When th�s phenomenon 
occurred, the cover est�mate was constra�ned to the 
forested area. As the plot �s the pr�mary sampl�ng un�t, 
plot-level cover est�mates were obta�ned by summ�ng 
over subplots.

Under standard FIA protocols, the total he�ght of 
sapl�ngs �s measured only on P3 plots. To fac�l�tate 
analyses related to vert�cal structure, tree he�ghts for 
sapl�ngs on non-P3 plots were pred�cted from l�near 
models developed us�ng observed sapl�ng he�ght 
data obta�ned on P3 plots. Due to the relat�vely small 
amount of model f�tt�ng data ava�lable, coeff�c�ents 
were est�mated for hardwood and softwood spec�es 
categor�es (Table 1).
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Table 1.—linear regression analysis results for equation [2] by major species group. RMSe is the  
square-root of mean squared error.

Species Group n (Std. error) (Std. error) R2 RMSe

Hardwood 1481 9.3057 (0.3424) 5.4529 (0.1332) 0.53 5.7

Softwood 33 2.0837 (1.5163) 5.3902 (0.5501) 0.76 3.4

θ̂0 θ̂1

[2]  

where:         = est�mated sapl�ng he�ght (feet)

 D = d.b.h. (�nches)

        = coeff�c�ents est�mated from the data

Dθ̂θ̂Ĥ 10S +=

SĤ

10-θ̂

Computat�on of area of forest land, area of crown 
cover w�th�n forest land, and the proport�on of forest 
land area hav�ng canopy cover was accompl�shed 
us�ng the standard FIA methods documented �n Scott 
et al. (2005). 

Two example analyses are presented to �llustrate the 
ut�l�ty of the method for assess�ng contemporary 
forestry �ssues l�ke forest health and w�ldl�fe hab�tat. 
F�rst, beech bark d�sease k�lls or �njures Amer�can 
beech (Fagus grandifolia Ehrh.). The est�mated tree 
cover suscept�ble to the d�sease was est�mated for trees 
of 8.0 �nches d.b.h. and larger, as these are the most 
suscept�ble to mortal�ty (Houston and O’Br�en 1983). 
The second example assesses hab�tat ava�lab�l�ty for 
the cerulean warbler (Dendroica cerulean). Jones and 
Robertson (2001) found that successful nest�ng of 

Attribute Area (Se) (Se)

Total canopy cover 14,821,653.7 (150,823.1) 0.899 (0.007)

Beech bark disease 422,893.6 (25,637.3) 0.029 (0.002)

Cerulean warbler habitat 4,149,383.5 (91,977.7) 0.280 (0.005)

Table 2.—estimates with standard errors (Se) for area (acres) and proportion of all forested  
canopy cover      )ˆ(R

R̂

cerulean warblers most often occurred where crown 
cover occurred at 19.7 to 39.4 feet w�th add�t�onal h�gh 
cover above 59.1 feet. In the absence of crown shape 
models, est�mates of canopy area were calculated for 
trees hav�ng he�ght of 19.7 to 39.4 feet when there also 
ex�sted at least one tree hav�ng he�ght of 59.1 feet or 
greater on the same subplot.

ReSulTS
A prel�m�nary analys�s was conducted to est�mate 
the proport�on of forest area �n Pennsylvan�a hav�ng 
tree cover. The area of forest land was est�mated to 
be 16,482,968.6 acres w�th a standard error (SE) of 
156,471.9 acres. The est�mated area of tree cover 
was 14,821,653.7 acres (SE = 150,823.1) (Table 2). 
The resultant proport�on     was 0.899 (SE = 0.007). 
The roughly 10 percent of forest land area w�thout 
tree cover �s due to gaps between tree canop�es (9.0 
percent), w�th a modest contr�but�on (1.0 percent) from 
forested areas hav�ng no tree or sapl�ng cover (e.g., 
areas only hav�ng seedl�ngs).

R̂
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The canopy cover of Amer�can beech hav�ng d.b.h. 
8.0 �nches and larger was est�mated to be 422,893.6 
acres (SE = 25,637.3). Wh�le th�s area est�mate �s 
�nformat�ve, �t �s also useful to assess th�s area �n 
context of total canopy cover. The correspond�ng 
proport�on of ex�st�ng canopy cover th�s area 
represents �s 422,893.6/14,821,653.7 = 0.0285 (SE = 
0.0017). Thus, approx�mately 3 percent of the canopy 
cover �n Pennsylvan�a �s potent�ally at r�sk due to 
beech bark d�sease.

Us�ng the cr�ter�a outl�ned above for cerulean 
warbler hab�tat, the est�mated area of canopy cover 
was 4,149,383.5 acres (SE = 91,977.7). Put �n the 
context of total canopy cover, the proport�on of area 
conta�n�ng des�rable cond�t�ons for cerulean warbler 
�s 4,149,383.5 /14,821,653.7 = 0.2800 (SE = 0.0054). 
Th�s outcome suggests that more than one-fourth of 
forest land area hav�ng canopy cover �n Pennsylvan�a 
may be su�table for cerulean warbler.

DIScuSSIoN
Est�mates of canopy cover prov�de a d�fferent 
v�ewpo�nt than class�cal �nd�cators such as forest 
land area or numbers of trees. An example �s the 
d�fference between area of forest land and area of 
forest land w�th canopy cover. At f�rst glance, one may 
assume that all forest has canopy cover. However, 
th�s study has shown there to be an approx�mate 10 
percent d�fference �n these two character�st�cs. Starker 
contrasts are seen when compar�ng d�fferent metr�cs 
for �dent�cal doma�ns of tree var�ables. FIA est�mates 
for number of Amer�can beech trees hav�ng d.b.h. 
≥8.0 inches as a proportion of all trees is 0.0056. The 
proport�on of canopy cover �s roughly f�ve t�mes larger 
than the proport�on of trees (0.0285).
 
Forest managers should cons�der add�ng canopy 
cover area to the�r portfol�o of analyt�cal metr�cs. 
Canopy est�mates prov�de new �nformat�on that has 
largely been unava�lable �n the past and may suggest 
alternat�ve management strateg�es. The �nd�v�dual 
tree crown s�ze pred�ct�ons can be added to most 

ex�st�ng forest �nventory data and est�mat�on can 
proceed �n a manner s�m�lar to other est�mates such 
as area by forest type, stand s�ze, etc. A d�sadvantage 
�s th�s method �s not eas�ly �mplementable �n standard 
analyt�cal tools such as FIA’s FIDO or EVALIDator 
software. Th�s �s due to the need to perform the 
d�ssolut�on of overlapp�ng crowns, wh�ch must be 
accompl�shed after spec�f�cat�on of the doma�n of 
�nterest. Th�s exerc�se takes approx�mately 5 to 
15 m�nutes, depend�ng on the number of trees �n 
the doma�n. However, the add�t�onal effort may 
be worthwh�le �n cases where canopy cover �s of 
part�cular �mportance.
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RelATING FIA DATA To HABITAT clASSIFIcATIoNS  
vIA TRee-BASeD MoDelS oF cANoPy coveR

Mark D. Nelson, Brian G. Tavernia, chris Toney, and Brian F. Walters1

Abstract.—W�ldl�fe spec�es-hab�tat matr�ces are used to relate l�sts of spec�es w�th 
abundance of the�r hab�tats. The Forest Inventory and Analys�s Program prov�des data on 
forest compos�t�on and structure, but these attr�butes may not correspond d�rectly w�th 
def�n�t�ons of w�ldl�fe hab�tats. We used FIA tree data and tree crown d�ameter models 
to est�mate canopy cover, from wh�ch we ass�gned FIA cond�t�ons to NatureServe forest 
and woodland hab�tat doma�ns and Nat�onal Land Cover Dataset (NLCD) forest classes 
w�th�n the 20-state northern FIA reg�on. Hardwood and softwood types were most 
abundant for FIA, least abundant for NLCD, and �ntermed�ate for NatureServe classes. 
NatureServe hardwood types were evenly d�str�buted between forest and woodland, but 
softwood types were more abundant �n NatureServe woodland than forest. M�xed types 
were substant�ally more abundant for NLCD, �ntermed�ate for NatureServe (equally 
d�str�buted between forest and woodland), and least abundant for FIA. Area of woody 
wetlands, wh�ch were def�ned only for NLCD, exceeded area of NLCD softwoods. These 
hab�tat ass�gnments are useful for est�mat�ng current and potent�al future abundance of 
hab�tats for forest-assoc�ated terrestr�al vertebrate w�ldl�fe spec�es �n the reg�on. 

1 Research Forester (MDN) and Forester (BFW), U.S. Forest 
Serv�ce, Northern Research Stat�on, 1992 Folwell Ave.,  
St. Paul, MN 55108; Sc�ence Coord�nator (BGT), Integrated 
Waterb�rd Management and Mon�tor�ng Program, USGS 
Patuxent W�ldl�fe Research Center; B�olog�st (CT), U.S. 
Forest Serv�ce, Rocky Mounta�n Research Stat�on. MDN 
�s correspond�ng author: to contact, call 651-649-5104 or 
ema�l at mdnelson@fs.fed.us.

INTRoDucTIoN
Strateg�c est�mates of w�ldl�fe hab�tat abundance can 
be obta�ned from forest compos�t�on and structure 
data prov�ded by the Forest Inventory and Analys�s 
(FIA) Program (Woudenberg et al. 2010). FIA 
data spann�ng several decades are eas�ly quer�ed to 
est�mate status and trends of coarse-scale hab�tat 
character�st�cs, l�ke area of young hardwood forest or 
old softwood forest. However, FIA attr�butes are not 
d�rectly relatable to w�ldl�fe spec�es-hab�tat matr�ces, 
such as those developed by NatureServe (2011). 
Furthermore, spat�ally expl�c�t landscape metr�cs are 
requ�red for assess�ng hab�tat qual�ty for many w�ldl�fe 

spec�es but are not ava�lable d�rectly from FIA plot 
data. Landscape metr�cs typ�cally are obta�ned from 
anc�llary geospat�al datasets such as the Nat�onal Land 
Cover Database of 2006 (NLCD) (Fry et al. 2011), but 
NLCD forest classes are def�ned d�fferently from FIA 
forest types. There �s an opportun�ty for �ncreas�ng 
the ut�l�ty of FIA data by relat�ng �t to spec�es-hab�tat 
relat�onsh�ps and to anc�llary datasets used for 
assess�ng hab�tats.

Tree canopy cover thresholds are used to character�ze 
NatureServe forest and woodland hab�tat doma�ns 
and NLCD forest land cover classes, but h�stor�cal 
and current FIA data do not �nclude est�mates of tree 
canopy cover. Therefore, we adapted a procedure 
descr�bed by Toney et al. (2009) to est�mate tree 
canopy cover from FIA tree data, wh�ch we used to 
ass�gn NatureServe and NLCD classes to cond�t�ons 
�n the FIA Database (FIADB; Woudenberg et al. 
2010). The NatureServe system def�nes canopy 
cover thresholds that separate forest from woodland, 
w�th subcategor�es of hardwood, con�fer, and m�xed 
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classes, result�ng �n s�x hab�tat types (Table 1). 
S�m�larly, NLCD forest land cover �s separated �nto 
dec�duous, evergreen, and m�xed forest classes based 
on canopy cover thresholds. Canopy cover thresholds 

for NatureServe and NLCD d�ffer from one another. 
NLCD’s woody wetland class was �ncluded �n th�s 
study as an add�t�onal forest class, but �s not based 
upon a canopy cover threshold (Table 2).

Table 1.—NatureServe habitat domains (adapted from NatureServe 2011) 

code Habitat Domain Description

0 No data

Forest Woody vegetation at least 6 m tall (usually much taller) with a fairly continuous and 
complete (two-thirds or greater) canopy closure.

1 Forest-Hardwood Angiosperms comprise over two-thirds of the canopy.

2 Forest-Conifer Gymnosperms comprise over two-thirds of the canopy.

3 Forest-Mixed Composed of both hardwood and conifer trees, neither dominating as much as two-thirds 
of the canopy.

Woodland Crowns often not interlocking; tree canopy discontinuous (often clumped), averaging 
between 40 and 66 percent overall cover [Modified to include tree canopy between 10 
and 40 percent (Savanna), per recommendations from NatureServe.]

4 Woodland-Hardwood Angiosperms comprise over two-thirds of the canopy.

5 Woodland-Conifer Gymnosperms comprise over two-thirds of the canopy.

6 Woodland-Mixed Stand composed of both hardwood and conifer trees, neither dominating as much as two-
thirds of the canopy.

-- Savanna Mosaic of trees or shrubs and grassland; between 10 and 40 percent cover by trees and 
shrubs.

Table 2.—National land cover Dataset (2006) forest cover classes (adapted from NatureServe 2011) 

code land cover class Description

0 No data

41 Deciduous Forest Areas dominated by trees generally greater than 5 m tall, and greater than 20 percent 
of total vegetation cover. More than 75 percent of the tree species shed foliage 
simultaneously in response to seasonal change.

42 Evergreen Forest Areas dominated by trees generally greater than 5 m tall, and greater than 20 percent of 
total vegetation cover. More than 75 percent of the tree species maintain their leaves all 
year. Canopy is never without green foliage.

43 Mixed Forest Areas dominated by trees generally greater than 5 m tall, and greater than 20 percent 
of total vegetation cover. Neither deciduous nor evergreen species are greater than 75 
percent of total tree cover.

90 Woody Wetlands Areas where forest or shrub land vegetation accounts for greater than 20 percent of 
vegetative cover and the soil or substrate is periodically saturated with or covered with 
water.
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DATA AND MeTHoDS
A canopy cover model�ng approach (Toney et al.  
2009) was used to est�mate canopy cover for trees  
(≥ 5 inches d.b.h., on subplots), if present, or saplings 
(1 to 4.9 �nches d.b.h., on m�croplots) on forested FIA 
cond�t�ons w�th�n 20 states of the Upper M�dwest and 
Northeast, dur�ng the �nventory per�od 2004-2008. 
These states �nclude Connect�cut, Delaware, Ill�no�s, 
Ind�ana, Iowa, Ma�ne, Maryland, Massachusetts, 
M�ch�gan, M�nnesota, M�ssour�, New Hampsh�re, 
New Jersey, New York, Oh�o, Pennsylvan�a, Rhode 
Island, Vermont, W�scons�n, and West V�rg�n�a. FIA 
forest land �s def�ned as hav�ng “…at least 10 percent 
cover (or equ�valent stock�ng) by l�ve trees of any 
s�ze, �nclud�ng land that formerly had such tree cover 
and that w�ll be naturally or art�f�c�ally regenerated” 
(Woudenberg et al. 2010). 

Canopy cover est�mat�on was based on tree spec�es-
spec�f�c pred�cted crown d�mens�ons, and tree stem 
locat�on coord�nates recorded by f�eld crews w�th�n 
FIA subplots and m�croplots. Tree and sapl�ng crown 
w�dth pred�ct�ons are based on Bechtold (2003) and 
Bragg (2001). An opt�onal spat�al stat�st�c (R�pley’s K) 
�ncluded as a pred�ctor �n Toney et al. (2009) was not 
used for canopy cover model�ng �n the present study. 
Because FIA plots may conta�n mult�ple cond�t�ons, 
tree and sapl�ng canopy cover est�mates were we�ghted 
based on cond�t�on proport�on and appended to the 
CONDITION table �n a M�crosoft Access database.

All forested cond�t�ons w�th more than 0 percent 
est�mated canopy cover were ass�gned a NatureServe 
forest or woodland hab�tat type and an NLCD forest 
land cover class us�ng tree or sapl�ng canopy cover 
thresholds def�ned �n Tables 1 and 2, respect�vely, 
w�th m�nor mod�f�cat�ons. NatureServe w�ldl�fe 
hab�tat categor�es are d�st�nct from those developed 
by NatureServe and others for the U.S. Nat�onal 
Vegetat�on Class�f�cat�on (FGDC 2008). That 
class�f�cat�on def�nes a “Forest to Open Woodland” 
class that �ncludes all forest stands w�th tree canopy 
cover >10 percent, �nclud�ng stands where the sapl�ng 
layer �s the dom�nant layer (e.g., regenerat�ng stands) 

(Faber-Langendoen et al. 2012). Cond�t�ons w�th 
canopy cover below the m�n�mum thresholds �n Tables 
1 and 2 were ass�gned to NatureServe woodland 
or NLCD forest class, respect�vely. Canopy cover 
between 10 and 40 percent �s def�ned as “Savanna” 
�n NatureServe’s hab�tat doma�ns (Table 1), but 
was grouped w�th woodland �n th�s study because 
sparse canopy cover �n th�s reg�on �s predom�nately 
assoc�ated w�th young/regenerat�ng woodland or forest 
(NatureServe, personal commun�cat�on).

A small number of forested FIA cond�t�ons conta�ned 
no trees or sapl�ngs. Thus, no canopy cover est�mates 
were ava�lable for these cond�t�ons, and canopy 
cover could not be used to ass�gn hab�tat or land 
cover classes to those cond�t�ons. Dur�ng a plot v�s�t, 
a f�eld crew can look beyond subplot boundar�es 
to determ�ne some cond�t�on attr�butes v�a v�sual 
�nterpretat�on, �nclud�ng those cond�t�ons conta�n�ng 
no trees at the t�me of f�eld data collect�on. For 
cond�t�ons w�th no trees or sapl�ngs (�.e., est�mated 
canopy cover = 0), hab�tat and land cover classes 
were recoded to val�d classes us�ng other FIA 
cond�t�on attr�butes, �nclud�ng ALSTKCD–“a code 
�nd�cat�ng the stock�ng of the cond�t�on by l�ve trees, 
�nclud�ng seedl�ngs”; FORTYPCD–“the forest type 
used for reported purposes, pr�mar�ly der�ved us�ng a 
computer algor�thm, except when less than 25 percent 
of the plot samples a part�cular forest cond�t�on”; 
and PHYSCLCD–“the general effect of landform, 
topograph�cal pos�t�on, and so�l on mo�sture ava�lable 
to trees” (Woudenberg et al. 2010).

NatureServe:
If ALSTKCD = 5 (nonstocked), then ass�gn cond�t�on 

to “0”.
Else, �f ALSTKCD = 4 (poorly stocked, 10-34 

percent), ass�gn to “Woodland”.
 �f FORTYPCD �s between 500 and 998, ass�gn to 

code “Woodland Hardwood”. (4)
 �f FORTYPCD <400, ass�gn to code “Woodland 

Con�fer”. (5)
 �f FORTYPCD �s between 400 and 499, ass�gn to 

code “Woodland M�xed”. (6)
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Else, �f ALSTKCD �s between 1 and 3 (overstocked, 
fully stocked, med�um stocked; 35-100+ 
percent), ass�gn to “Forest”.

 �f FORTYPCD �s between 500 and 998, ass�gn to 
code “Forest Hardwood”. (1)

 �f FORTYPCD <400, ass�gn to code “Forest 
Con�fer”. (2)

 �f FORTYPCD �s between 400 and 499, ass�gn to 
code “Forest M�xed”. (3)

NLCD2006:
If PHYSCLCD �s between 30 and 39 (hydr�c s�te), 

ass�gn to code “90” (Woody Wetlands).
Else, �f ALSTKCD = 5 (nonstocked), then ass�gn 

cond�t�on to “0”.
Else, �f FORTYPCD �s between 500 and 998, ass�gn to 

code “41” (Dec�duous Forest).
 �f FORTYPCD <400, ass�gn to code “42” 

(Evergreen Forest).
 �f FORTYPCD �s between 400 and 499, ass�gn to 

code “43” (M�xed Forest).

An attr�bute was added to the Access database 
CONDITION table to record wh�ch method was used 
to determ�ne the NatureServe and NLCD cond�t�on 
ass�gnment: 1 = tree canopy cover, 2 = sapl�ng canopy 
cover, 0 = other FIA cond�t�on attr�butes. FIA’s PC-
EVALIDator tool was rev�sed to �nclude NatureServe 
and NLCD categor�es as row and column var�ables. 
PC-EVALIDator was used to est�mate forest land area 
for NatureServe forest and woodland classes, NLCD 
forest and woody wetland land cover classes, and 
FIA forest type group aggregat�ons-softwoods (100-
390), m�xed (400), and hardwoods (500-990) (F�g. 1). 
D�fferent class names have s�m�lar, but not �dent�cal, 
mean�ng among FIA, NatureServe, and NLCD (�.e., 
softwood/con�fer/evergreen, hardwood/hardwood/
dec�duous, respect�vely); we used FIA’s term�nology 
for label�ng compar�sons.
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Figure 1.—Canopy cover distribution on FIA forested conditions, 2004-2008, Midwest and Northeast.
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ReSulTS
F�gure 1 portrays the d�str�but�on of pred�cted canopy 
cover across the reg�on. Because all FIA forested 
cond�t�ons were ass�gned labels, total area was 
essent�ally equ�valent across all three class�f�cat�on 
systems (F�g. 2). Canopy cover of 0 to 10 percent 
was est�mated for 4.7 percent of all forest land, most 
of wh�ch was def�ned as nonstocked. Hardwood 
and softwood types were most abundant for FIA, 
least abundant for NLCD, and �ntermed�ate for 
NatureServe. NatureServe hardwood types were 
evenly d�str�buted between forest and woodland, but 
softwood types were more abundant �n NatureServe 
woodland than forest. M�xed types were substant�ally 
more abundant for NLCD, �ntermed�ate for 
NatureServe (equally d�str�buted between forest 
and woodland), and least abundant for FIA. Woody 
wetlands were def�ned only for NLCD; total area of 

NLCD woody wetlands exceeded NLCD softwoods 
(F�g. 2). No stat�st�cal val�dat�ons were performed for 
th�s study.

DIScuSSIoN AND coNcluSIoN
The method presented here prov�des an operat�onal 
approach to pred�ct�ng per cond�t�on tree canopy cover 
from FIA tree data. The result�ng class�f�cat�ons were 
used to ass�gn FIA cond�t�ons to NatureServe forest 
and woodland hab�tat doma�ns and NLCD forest 
land cover classes, for wh�ch populat�on est�mates 
were produced. Although FIA’s forest land def�n�t�on 
requ�res a m�n�mum of 10 percent canopy cover, a 
small area of FIA forest land was character�zed by 
canopy cover below th�s threshold. Such cond�t�ons 
l�kely occur shortly after full canopy removal (e.g., 
harvest, w�ldf�re), but before regenerat�ng seedl�ngs 
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have establ�shed s�gn�f�cant canopy. Tree canopy cover 
pred�ct�ons allowed FIA data to be used w�th w�ldl�fe 
spec�es-hab�tat matr�ces and anc�llary hab�tat datasets 
that are based on canopy cover thresholds. Cho�ce 
of hab�tat class�f�cat�on systems can affect result�ng 
est�mates of hab�tat abundance. Result�ng ass�gnments 
of FIA data to NatureServe hab�tats were used to 
est�mate hab�tat abundance. 
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DeNSIoMeTeRS AND cANoPy DeNSITy MeASuReMeNTS

Kenneth W. Stolte, Stanley j. Zarnoch, and Robert l. eaton1

Abstract.—The product�v�ty and v�tal�ty of forest ecosystems are dependent on the 
cond�t�on of tree canop�es. Canopy cover and dens�ty are components �n est�mat�ons 
of tree growth eff�c�ency, f�sh and w�ldl�fe hab�tat, urban tree cover, compos�t�on 
of understory vegetat�on, so�l eros�on suscept�b�l�ty, pollutant depos�t�on, and other 
ecolog�cal factors. We found that a s�mple mod�f�cat�on of a convex dens�ometer w�th 
standard�zed protocols el�m�nated two of three mult�pl�cat�ve measurement error factors 
and �mproved repeatab�l�ty among observers. We tested th�s mod�f�cat�on us�ng Forest 
Inventory and Analys�s (FIA) plot protocols under three scenar�os �n three geograph�cal 
areas of North Carol�na. One scenar�o cons�sted of 23 North Carol�na State Un�vers�ty 
undergraduate forestry students’ measurements on three subplots �n a p�ne seed orchard 
(p�edmont geograph�c area). Another was the evaluat�on of pre- and post-harvest of 60 
plots of loblolly p�ne �n Croatan Nat�onal Forest (coastal pla�n geograph�c area). The 
th�rd was the adequate number of po�nts on an FIA subplot to measure canopy dens�ty 
on two FIA subplots �n each of e�ght long-term vegetat�on mon�tor�ng plots �n p�ne and 
m�xed-hardwood forests at Coweeta Exper�mental Forest (mounta�nous geograph�c area). 
We found that the var�ance components due to persons, po�nts on subplots, and az�muth 
pos�t�on of po�nts was 5.3, 34.3, and 60.3 percent, respect�vely, �nd�cat�ng observer 
d�fferences were a very small percentage of the overall measurement var�ance. We 
observed decrease �n average canopy dens�ty from 90 percent to 64 percent �n 60 plots 
at Croatan NF follow�ng an average th�nn�ng �ntens�ty of 42 percent of the number of 
trees �n all plots. Th�s shows the mod�f�ed dens�ometer reflects known changes �n canopy 
dens�ty. Four of seven sample po�nts tested on FIA subplots were found to be adequate 
for measurement of canopy dens�ty at Coweeta Exper�mental Forest �n western North 
Carol�na. Measurements on only four of the seven po�nts reduces the amount of t�me 
needed for data collect�on. These mod�f�cat�ons of a convex dens�ometer meet cr�ter�a 
for a good �nd�cator: h�gh s�gnal/no�se rat�o; appl�cable to large areas of d�fferent forest 
types; d�rectly related to crown cond�t�on; and log�st�cally feas�ble (e.g., we�ght, cost, 
t�me on plot).

1 Research Ecolog�st (KWS), U.S. Forest Serv�ce, Southern Research Stat�on, 3041 Cornwall�s 
Road, Research Tr�angle Park, NC 27709; Mathemat�cal Stat�st�c�an (SJZ) and B�olog�cal Sc�ent�st 
(RLE), U.S. Forest Serv�ce, Southern Research Stat�on. KWS �s correspond�ng author; to contact 
call 919-549-4022, or ema�l at kstolte@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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THe NATIoNAl PIcTuRe oF NoNNATIve PlANTS  
IN THe uNITeD STATeS AccoRDING To FIA DATA

Sonja N. oswalt and christopher M. oswalt1

Abstract.—Data collected by the U.S. Forest Serv�ce Forest Inventory and Analys�s 
Program was assembled from each reg�on of the Un�ted States. Occurrence, measured 
as the percentage of forested subplots w�th�n a county w�th observed nonnat�ve �nvas�ve 
plant (NNIP) spec�es, was calculated across the cont�nental Un�ted States and Hawa��. 
Each reg�on, and �n some cases each state, ma�nta�ns a spec�f�c watch l�st to constra�n 
mon�tor�ng to only the most �mportant NNIP spec�es w�th�n a g�ven area. Therefore, 
occurrence �s based on reg�onally �mportant spec�es and �s �ncons�stent across the Un�ted 
States. NNIP can be found �nvad�ng forests across all of the Un�ted States. Eastern U.S. 
forests, however, currently exh�b�t h�gh levels of NNIP occurrence. Major U.S. travel 
corr�dors and areas of cons�derable forest fragmentat�on that are often coupled w�th the 
large human populat�on �n the eastern Un�ted States can be �mportant dr�vers of NNIP 
d�str�but�ons. Travel corr�dors are known to play a profound role �n the spread and growth 
of �nvas�ve plants. That fact �s ev�dent �n maps of NNIP spec�es where many major U.S. 
�nterstates are apparent. For example, the I-85 corr�dor from V�rg�n�a to Alabama �s an 
area of �ntense �nvas�ve plant abundance. When forests are d�v�ded �nto smaller and 
smaller parcels (fragmented), the b�olog�cal d�vers�ty of nat�ve an�mals and plants �s 
d�m�n�shed, water cycles are altered, and often nonnat�ve �nvas�ve plants are �ntroduced. 
Th�s could help expla�n the h�gh degree of plant �nvas�ons �n the heav�ly agr�culture 
dom�nated landscapes of the m�ddle southern and m�ddle western Un�ted States. 

1 Forester (SNO) and Research Forester (CMO), U.S. Forest 
Serv�ce, Southern Research Stat�on, 4700 Old K�ngston 
P�ke, Knoxv�lle, TN 37919. SNO �s correspond�ng author: 
to contact, call 865-862-2000 or ema�l at soswalt@fs.fed.us.

INTRoDucTIoN
Invas�ve plants �n the Un�ted States are an expens�ve 
problem both econom�cally and env�ronmentally. In 
the�r last update on the econom�c �mpact of �nvas�ve 
spec�es (plants and other organ�sms) �n the Un�ted 
States, P�mentel et al. (2005) suggest that the cost of 
prevent�on and erad�cat�on of nonnat�ve �nvas�ve plant 
(NNIP) spec�es �n crop, pasture, and forest sett�ngs 
�s approx�mately $27 b�ll�on every year. In fact, the 
cost of combat�ng just the �nvas�ve tree Melaleuca 
quinquefolia �n the state of Flor�da was est�mated at 
between $3 and $6 b�ll�on dollars �n 2005 (P�mentel et 
al. 2005). 

The env�ronmental �mpacts of nonnat�ve �nvas�ve 
plants are hard to quant�fy. Many �mpacts are 
d�ff�cult or �mposs�ble to measure �n the f�eld or to 
d�rectly attr�bute to NNIP because of the relat�ve 
lack of controlled exper�ments related to NNIP and 
the complex�ty of co-occurr�ng NNIP. For example, 
most �nvas�on b�olog�sts accept that NNIP cause 
d�srupt�ons �n the ecolog�cal systems they �nhab�t, 
whether by d�rectly alter�ng so�l chem�stry (e.g., 
Ch�nese tallowtree [Triadica sebifera]) (Bruce et 
al. 1995, Cameron and Spencer 1989), through 
compet�t�on w�th nat�ve spec�es (e.g., Japanese 
honeysuckle [Lonicera japonica]), or by h�nder�ng 
regenerat�on �n forested sett�ngs (e.g., Nepalese 
browntop [Microstegium vimineum]) (Oswalt et al. 
2007). However, wh�le w�dely acknowledged, the 
env�ronmental costs of those �mpacts have not been 
quant�f�ed �n a cons�stently appl�ed manner that can 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 263GTR-NRS-P-105

be scaled up for the nat�on. Add�t�onally, we are just 
now beg�nn�ng to recogn�ze the need for valuat�on of 
ecosystem serv�ces, b�od�vers�ty, and aesthet�cs, and 
therefore would be hard-pressed to place a dollar value 
on the env�ronmental �mpacts even �f we were able to 
d�rectly measure and sum them nat�onally. Many of 
the env�ronmental �mpacts of NNIP may be secondary 
and v�rtually �mposs�ble to quant�fy. For example, 
the secondary �mpacts of herb�c�des used to control 
NNIP or the secondary �mpacts of altered regenerat�on 
pathways on w�ldl�fe spec�es that use affected forests 
cannot eas�ly be measured.

One step towards a better understand�ng of the �mpacts 
of NNIP at the nat�onal level �s the task of �dent�fy�ng 
where �nvas�ve spec�es occur on forest land. 
Mon�tor�ng plants known to be potent�ally �nvas�ve 
�n forested env�ronments enables land managers and 
pol�cymakers to �dent�fy “hotspots” where efforts 
for erad�cat�on and control m�ght be concentrated. 
Mon�tor�ng the same spec�es over t�me can help to 
�dent�fy spec�es that are expand�ng �n extent versus 
spec�es that have reached a stas�s. Mon�tor�ng may 
also help to �dent�fy some spec�es that have spread to 
the po�nt that ext�rpat�on could be cons�dered a fut�le 
effort, and thus resources can be d�rected at efforts that 
m�ght lead to more success. F�nally, collect�ng NNIP 
data �n conjunct�on w�th forest �nventory data can 
shed l�ght on the env�ronmental factors contr�but�ng to 
the �nvas�b�l�ty of part�cular s�tes, as well as allow�ng 
for some understand�ng of the potent�al relat�onsh�ps 
between the presence or absence of NNIP and the 
b�od�vers�ty of the s�te �n quest�on.

G�ven the �mportance of mon�tor�ng NNIP on U.S. 
forest land, reg�ons �n the Forest Inventory and 
Analys�s Program of the U.S. Forest Serv�ce have 
�mplemented efforts to track NNIP. Prev�ous efforts 
by �nd�v�dual reg�ons have been un�que and spec�f�c to 
those un�ts, thus no cons�stent method for �dent�fy�ng 
and track�ng NNIP has been appl�ed nat�onw�de (Rud�s 
et al. 2004). Efforts are underway to establ�sh some 
mod�cum of cons�stency �n measurement; however, 
for th�s paper we use data collected and comp�led 

by each reg�onal off�ce. Our object�ves were to map 
NNIP nat�onw�de and report spat�al patterns observed 
as a result of the comp�lat�on and mapp�ng effort. 
Add�t�onally, we d�scuss d�ff�cult�es �n evaluat�ng 
�nvas�ve spec�es at a nat�onal scale.

MeTHoDS
Data collected by the U.S. Forest Serv�ce Forest 
Inventory and Analys�s (FIA) Program were assembled 
from each reg�on of the Un�ted States. Occurrence, 
measured as the percent of forested subplots w�th�n a 
county w�th observed NNIP spec�es, was calculated 
across the cont�nental Un�ted States and Hawa��. 
Each reg�on and, �n some cases, each state ma�nta�ns 
a spec�f�c watch l�st to constra�n mon�tor�ng to only 
the most �mportant NNIP spec�es w�th�n a g�ven area. 
Therefore, occurrence �s based on reg�onally �mportant 
spec�es and �s �ncons�stently measured across the 
Un�ted States.

The data used �n the analys�s spans 1999 to 2010, 
depend�ng on the state and reg�on. Data from the 
Pac�f�c Northwest were collected from 1999 to 2009, 
though data from Alaska spans 2004 to 2009 and data 
from Hawa�� were collected �n 2010. Data from the 
Intermounta�n West spans 1999 to 2009 wh�le northern 
data were collected from 2007 to 2010 and southern 
data were collected from 2001 to 2010.

Each reg�on uses a d�st�nct program for collect�ng 
�nvas�ve spec�es data, though plans are underway 
to prov�de a nat�onally cons�stent method for future 
surveys. For th�s paper, data collect�on methods 
d�ffered by reg�on and, �n some cases, state. Data were 
normal�zed to m�n�m�ze d�fferences between reg�ons 
by calculat�ng the number of forested subplots present 
�n a county, the number of forested subplots w�th at 
least one �nvas�ve spec�es present, and by generat�ng 
a “percent �nvaded” stat�st�c so that count�es across 
the country could be compared �n a cons�stent 
manner. County and reg�onal compar�sons are based 
on v�sual observat�ons of mapped data. Rud�s et 
al. (2004) descr�be data collect�on methods for the 
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var�ous reg�ons, and spec�f�c data collect�on deta�ls are 
ava�lable through the FIA webs�te at http://www.f�a.
fs.fed.us/l�brary/f�eld-gu�des-methods-proc/.

ReSulTS AND DIScuSSIoN
The percentage of forested subplots conta�n�ng one 
or more NNIP was h�ghest �n the North Central, 
Northeast, and South Central subreg�ons of the Un�ted 
States w�th �nvas�ves affect�ng 56, 48, and 45 percent 
of subplots, respect�vely (F�g. 1). The Intermounta�n 
reg�on had the smallest proport�on of subplots w�th 
NNIP at 5 percent. In general, forested subplots east 
of the M�ss�ss�pp� R�ver had h�gher �nc�dences of 
�nvas�ve plant occurrences than those �n the western 
half of the country (F�g. 2).

Concentrat�ons of �nvas�ve plants appear �n areas 
dom�nated by agr�culture �nclud�ng the delta reg�on of 
the Lower M�ss�ss�pp� Valley �n Arkansas, M�ss�ss�pp�, 
and Lou�s�ana, as well as along the I-85 travel corr�dor 
from V�rg�n�a to Alabama, the bluegrass reg�on of 
Kentucky, heav�ly populated areas �n the North and 
Northeast, and the area around Spokane, Wash�ngton 
(F�g. 2). A small concentrat�on occurs along the gulf 
coast �n Texas and Lou�s�ana, wh�ch reflects large 
populat�ons of Ch�nese tallowtree. 

Major U.S. travel corr�dors and areas of cons�derable 
forest fragmentat�on that are often coupled w�th the 
large human populat�on �n the eastern Un�ted States 
can be �mportant dr�vers of NNIP d�str�but�ons. Travel 
corr�dors are known to play a profound role �n the 

Figure 1.—Percentage of forested subplots containing at least one nonnative invasive plant, by subregion.
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Figure 2.—National map showing percentage of forested subplots with a nonnative invasive plant (NNIP), calculated at the 
county level. Forest/nonforest mask applied to the contiguous 48 states.

spread and growth of �nvas�ve plants. When forests are 
d�v�ded �nto smaller and smaller parcels (fragmented), 
the b�olog�cal d�vers�ty of nat�ve an�mals and plants 
�s d�m�n�shed, water cycles are altered, and often 
nonnat�ve �nvas�ve plants are �ntroduced. Th�s could 
help expla�n the h�gh degree of plant �nvas�ons �n the 
landscapes of the m�dsouth and m�dwest Un�ted States 
that are heav�ly dom�nated by agr�culture. 

In the southern Un�ted States, much of the noted 
occurrence of NNIP on forested land �s due to the 
ub�qu�tous presence of Japanese honeysuckle and 
nonnat�ve pr�vets (Ligustrum L.), part�cularly at the 
forest edge. When Japanese honeysuckle �s removed 
from analys�s, the NNIP s�tuat�on �n the south 
looks far less d�re, and hotspots of other spec�es are 
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detectable (F�g 3). In the northern reg�on, the presence 
of nonnat�ve roses (Rosa spp.) accounts for much of 
the w�despread �nvas�on. In the Pac�f�c Northwest, 
cheatgrass (Bromus tectorum) �s fa�rly ub�qu�tous. 
Thus, one quest�on th�s map and br�ef analys�s ra�ses 
�s, should we cont�nue to mon�tor NNIP that are so 
ub�qu�tous as to be cons�dered natural�zed and that 
we have no real�st�c expectat�on of exterm�nat�ng 
from the system, and does the overwhelm�ng presence 
of those spec�es mask ev�dence of other �nvas�ons? 
From a budgetary standpo�nt, �s �t cost effect�ve to 
cont�nue to mon�tor such ub�qu�tous spec�es, or should 
mon�tor�ng dollars be focused on spec�es that are 
less common now, but are cons�dered very l�kely to 
become problemat�c �n the future? At the very least, �t 
�s worth cons�der�ng remov�ng ub�qu�tous spec�es from 
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analyses �n order to uncover potent�ally more “tell�ng” 
patterns. 

D�ffer�ng methods between reg�ons l�m�t the 
conclus�ons that may be drawn from a nat�onal map, 
and g�ven d�fferences �n phys�ography and cl�mate, 
perhaps the nat�onal scale �sn’t the best scale for 
evaluat�ng nonnat�ve �nvas�ve plants. Establ�sh�ng 
cons�stency �n methodology should help. However, 
an overv�ew l�ke th�s does g�ve an �nd�cat�on of where 
part�cularly problemat�c areas ex�st and g�ves nat�onal 
leaders the opportun�ty to rev�ew where prevent�on 
educat�on and erad�cat�on dollars m�ght be best spent. 
Thus, as we move forward w�th the FIA �nvas�ve 
spec�es program, �t w�ll be cont�nually �mportant to 
d�scuss whether the spec�es we are mon�tor�ng are the 
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Figure 3.—Map of the southern United States showing the percentage of forested subplots with a nonnative invasive plant 
(NNIP), excluding Japanese honeysuckle, calculated at the county level. Forest/nonforest mask applied to the contiguous 48 
states. Data from Louisiana was unavailable at the time of analysis.

plants most worthy of our t�me and money, �f we are 
answer�ng the quest�ons we set out to answer w�th the 
program, and f�nally, how we can use th�s �nformat�on 
to make forward progress �n combatt�ng the negat�ve 
�mpacts of �nvas�ve plants �n our forests.
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DISTRIBuTIoN AND occuPANcy oF INTRoDuceD SPecIeS:  
A BASelINe INveNToRy FRoM PHASe 3 PloTS  

AcRoSS THe couNTRy

Bethany K. Schulz and W. Keith Moser1

Abstract.—Invas�ve plant spec�es have s�gn�f�cant negat�ve �mpacts �n many ecosystems 
and are found �n many forests around the world. Although not all �ntroduced spec�es 
become �nvas�ve, there are numerous examples of spec�es escap�ng cult�vat�on and 
�nvad�ng natural ecosystems years or even decades after the�r �n�t�al �ntroduct�on. 
Reg�onal d�str�but�ons of �nvas�ve spec�es are �nfluenced by cl�mat�c and phys�cal 
cond�t�ons; w�th�n the landscape, fragmentat�on, d�sturbance, and surround�ng land 
use are �mportant factors. Inventory data can help descr�be the d�str�but�on (reported 
as constancy) and occupancy, (reported as relat�ve r�chness and cover of �ntroduced 
spec�es) �n forested ecosystems. Vegetat�on data from 1690 Phase 3 forest �nventory plots 
collected by the U.S. Forest Serv�ce’s Northern and Pac�f�c Northwest Research Stat�ons’ 
FIA un�ts are used to exam�ne and compare the d�str�but�on and occupancy of �ntroduced 
spec�es. Introduced spec�es were common �n forests; 388 spec�es were recorded and 
61 percent of all plots had at least one �ntroduced spec�es. Where �ntroduced spec�es 
occurred, the�r mean relat�ve r�chness was 10.7 percent and mean relat�ve cover was 8 
percent. However, th�s var�ed across reg�ons, level of fragmentat�on, and d�stance from 
roads. Reg�ons w�th h�gh proport�ons of forest edge plots had h�gher overall constancy 
and occupancy of �ntroduced spec�es. The most commonly recorded �ntroduced spec�es �n 
our analys�s was mult�flora rose, however, common spec�es var�ed by ecolog�cal reg�on. 
The most commonly recorded spec�es are h�ghl�ghted by reg�on, w�th examples of how 
these results can �nform managers who have l�m�ted budgets for �nvas�ve plant control.

1 Research Ecolog�st/Vegetat�on Ind�cator Adv�sor (BKS), 
U.S. Forest Serv�ce, Pac�f�c Northwest Research Stat�on, 
161 East 1st Ave., Anchorage, AK 99501; Research Forester 
(WKM), U.S. Forest Serv�ce, Northern Research Stat�on. 
BKS �s correspond�ng author: to contact, call 907-743-9424 
or ema�l at bschulz@fs.fed.us.

INTRoDucTIoN
Tens of thousands of plant spec�es have been 
�ntroduced to the Un�ted States, often �ntent�onally. 
Although the major�ty of �ntroduced spec�es are 
not problemat�c, many have escaped cult�vat�on to 
become �nvas�ve, produc�ng reproduct�ve offspr�ng 
at a d�stance from the�r or�g�nal �ntroduct�on (e.g., 
>328 ft. �n less than 50 years for taxa spread�ng 
by seed) (Mack 2003, R�chardson et al. 2000). A 

subset of �nvas�ve plant spec�es can have s�gn�f�cant 
negat�ve �mpacts on ecosystems and are found �n many 
forests around the world. These spec�es are capable 
of transform�ng the ecosystems by exclud�ng nat�ve 
spec�es v�a compet�t�on or by exud�ng substances tox�c 
to other plants, and alter�ng water, nutr�ent, and f�re 
reg�mes, and are hence referred to as “transformers” 
(R�chardson et al. 2000). D�rect effects on nat�ve plant 
populat�ons have cascad�ng �nd�rect effects on other 
b�ota �n the �nvaded commun�t�es. 

Although not all �nvas�ve spec�es become ecosystem 
transformers, many natural�zed �ntroduced spec�es 
(capable of reproduct�on w�thout further human 
cult�vat�on, but not spread�ng beyond or�g�nal s�te) 
can become �nvas�ve years or even decades after 
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the�r �n�t�al �ntroduct�on. (Mack 2003). In�t�ally 
ben�gn spec�es can slowly expand the�r presence 
w�thout not�ce or recogn�zable �mpacts. Once they are 
w�despread, control of these spec�es becomes d�ff�cult 
and expens�ve. 

Many surveys are conducted to mon�tor for known 
transformer spec�es. These surveys are often 
�mplemented along roads�des, tra�ls, waterways, 
and areas subjected to d�sturbance—both human-
�nduced and natural. Focus�ng on spec�es that are 
new to the area and have been evaluated for �nvas�ve/
transform�ng propert�es ensures that managers make 
the most eff�c�ent use of l�m�ted resources ava�lable 
for �nvas�ve spec�es control. From year to year, the l�st 
of spec�es may change as more �s learned about the 
d�str�but�on and �nvas�veness of �nd�v�dual spec�es. 
These surveys are �nvaluable, but cannot prov�de a 
systemat�c measure of the d�str�but�on throughout the 
range of forested ecosystems of the Un�ted States. A 
reg�onal perspect�ve can help land managers evaluate 
the�r local cond�t�ons and pr�or�t�ze projects for 
effect�veness. 

The d�str�but�on of �nvas�ve spec�es �n forests �s 
�nfluenced by the prox�mal ecosystem and land use 
patterns, d�sturbance �ntens�ty and d�str�but�on, and 
cl�mate. Forest �nventory data can help def�ne the 
d�str�but�on and occupancy of such spec�es �n forested 
ecosystems. Introduced and �nvas�ve spec�es are 
common �n the forests of the northeastern Un�ted 
States. Schulz and Gray (�n press) found two-th�rds 
of Phase 3 plots �n the U.S. Forest Serv�ce’s Forest 
Inventory and Analys�s (FIA) �nventory had at least 
one �ntroduced spec�es present. Fragmentat�on and 
ecolog�cal prov�nce were �mportant pred�ctors of the 
occupancy (percent r�chness and cover) of �ntroduced 
spec�es. We expand upon those analyses to �nclude 
data from the Pac�f�c Northwest to further exam�ne 
and compare the d�str�but�on of �ntroduced spec�es 
�n relat�on to forest fragmentat�on, d�stance from 
�mproved roads, and ecolog�cal d�v�s�ons. The most 
abundant spec�es are h�ghl�ghted by reg�on.

STuDy AReA
Twenty-four states �n the northeastern and m�dwestern 
reg�ons of the Un�ted States and three states �n the 
Pac�f�c Northwest are �ncluded �n the study area. Data 
collected on 1,690 Phase 3 plots were used �n th�s 
analys�s. Approx�mate plot locat�ons �n the cont�guous 
Un�ted States are shown �n F�gure 1. (Alaska plots are 
not shown.)

MeTHoDS
Data were collected by the Northern (NRS) and Pac�f�c 
Northwest (PNW) Research Stat�ons’ FIA Programs 
between 2001 and 2008 as part of the Phase 3 (P3) 
Vegetat�on D�vers�ty and Structure Ind�cator (VEG). 
VEG �ncludes a complete census of vascular plants 
on the forested port�on of each subplot (Schulz et al. 
2009). F�eld crews cert�f�ed for VEG data collect�on 
record each plant spec�es and est�mate percent cover 
over the ent�rety of each of four 24-ft rad�us subplots. 
Cover of each unknown spec�es �s also est�mated and 
samples are collected for later �dent�f�cat�on. Some 
plants rema�n un�dent�f�ed �f they were present �n 
very early or late stages of development or only a few 
�nd�v�dual plants were on s�te. Plants not ult�mately 
�dent�f�ed to the spec�es level were not �ncluded �n th�s 
analys�s; we assume that the proport�ons of nat�ve to 
�ntroduced spec�es among unknown plants are s�m�lar 
to that for known spec�es.

Spec�es or�g�ns were ass�gned accord�ng to the 
Natural Resource Conservat�on Serv�ce’s PLANTS 
database (USDA NRCS 2010). Ecolog�cal d�v�s�ons, 
as descr�bed by Cleland et al. (1997) were used 
to d�st�ngu�sh reg�ons w�th broad cl�mat�c and 
phys�ograph�c zones. The systemat�c random sample 
des�gn of the FIA �nventory results �n some plots 
straddl�ng mult�ple vegetat�on cond�t�ons def�ned by 
s�gn�f�cant d�fferences �n land use, forest type, stand 
s�ze class, and forest/nonforest cond�t�on (Bechtold 
and Patterson 2005). Each plot was ass�gned one of 
three levels of fragmentat�on based on the number 
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Figure 1.— Approximate location of FIA Phase 3 plots where VEG has been collected in the contiguous United States with an 
initial visit from 2001 through 2008. Shaded areas of map represent labeled ecological divisions.

and types of cond�t�on classes ass�gned. If the plot 
was 100 percent forest and was determ�ned to be a 
s�ngle cond�t�on, �t was des�gnated as an “�ntact” stand. 
Plots that were 100 percent forest, but had more than 
one cond�t�on ass�gned, were des�gnated as “mult�ple 
cond�t�on.” Plots that were less than 100 percent 
forest were des�gnated as “forest edge”, although only 
forested port�ons of these plots were sampled, the�r 
prox�m�ty to nonforest land �ncreases the�r potent�al 
exposure to �ntroduced plant spec�es flour�sh�ng on 
nonforested lands. Th�s ass�gnment creates a coarse 
f�lter for fragmentat�on �n that some “�ntact” forest 
may, �n fact, be adjacent to forest edge or be conta�ned 
w�th�n small parcels of remnant forest and the forest �n 

some plots labeled “edge” could be adjacent nonforest 
plant commun�t�es unaffected by �nvas�ve spec�es. 
Other var�ables cons�dered �ncluded d�stance from 
�mproved roads, lat�tude, and long�tude.

The numbers of nat�ve and �ntroduced spec�es per fully 
forested subplot were comp�led for all plots regardless 
of level of fragmentat�on. Constancy (the presence 
of at least one �ntroduced spec�es) and measures of 
occupancy (relat�ve r�chness and relat�ve cover of 
�ntroduced spec�es) were computed at the plot level 
at the s�te. The relat�ve r�chness �s s�mply the number 
of �ntroduced spec�es d�v�ded by the total number of 
all spec�es �dent�f�ed to spec�es per plot. The relat�ve 
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cover of �ntroduced spec�es �s the sum of subplot cover 
of all �ntroduced spec�es d�v�ded by the sum of subplot 
cover of all spec�es. Est�mates and var�ances for each 
category were computed us�ng the rat�o of means 
methods descr�bed �n Schulz et al. (2009).

ReSulTS
S�xty-one percent of the 1690 plots had at least 
one �ntroduced spec�es. Where �ntroduced spec�es 
occurred, the�r mean relat�ve r�chness was 10.7 
percent, and the�r mean relat�ve cover was 8 percent. 
We found 386 spec�es of nonnat�ve plants. We 
�ncluded two nat�ve grasses—reed canarygrass 
(Phalaris arundinacea L.) and common reed 
(Phragmites australis (Cav.) Tr�n. ex Steud.)—because 
�nvas�ve populat�ons are genet�cally d�st�nct from 
relat�vely rare nat�ve populat�ons (Olson and Cholewa 
2009). 

The d�str�but�on of �ntroduced spec�es on Phase 3 
�nventory plots var�ed by ecolog�cal d�v�s�on (Table 
1). The Warm Cont�nental D�v�s�on had the lowest 
constancy and occupancy of �ntroduced spec�es and the 
h�ghest proport�on of �ntact plots. The Pra�r�e D�v�s�on, 
w�th the h�ghest proport�on of edge plots, had the 
h�ghest constancy and relat�vely h�gh occupancy.  
Constancy and occupancy var�ed pred�ctably w�th 
d�stance from �mproved roads (F�g. 2). Results from 
Alaska d�ffered substant�ally from other reg�ons: 
constancy of �ntroduced spec�es was only 4.4 percent, 
and when they occurred, the�r mean relat�ve r�chness 
average was 2.2 percent, and mean relat�ve cover of 
less than 1 percent; 74 percent of all plots were greater 
than 1 m�le from an �mproved road. Compar�sons 
between the Pac�f�c Northwest and the northeastern 
Un�ted States were l�m�ted to the lower 48 States. 

Table 1.—ecological divisions represented in the sample, with total number of plots, number of plots 
by level of fragmentation, overall constancy of introduced plant species, and mean occupancy when 
introduced species are present. 

 level of Fragmentation occupancy
 Total  Intact Multi edge constancy Mean relative richness (Se) Mean relative cover (Se)
Division number of plots percent percent percent

Warm Continental 538 352 64 122 48.7  7.7 (0.4) 4.0 (0.6)
Hot Continental 571 296 46 229 77.8 12.0 (0.4) 10.9 (0.7)
Subtropical 70 33 4 33 64.3  8.6 (0.9) 6.5 (1.6)
Marinea 173 96 21 56 60.7 11.7 (1.0) 6.3 (1.3)
Prairie 87 27 5 55 86.2 10.9 (0.9) 10.0 (1.6)
Temperate Steppe 93 55 10 28 82.8 13.8 (1.0)  9.2 (1.7)
a Washington and Oregon only
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Figure 2.— Constancy (a) and occupancy (b) as a function of the distance of plots from improved roads; error bars represent 
plus and minus one standard error.
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Desp�te not be�ng found west of the Rocky Mounta�ns, 
mult�flora rose (see Table 2 for sc�ent�f�c and common 
names) rema�ned the most commonly recorded spec�es 
�n th�s expanded analys�s, w�th a constancy of over 20 
percent of all 1690 plots. When the data were comp�led 
reg�onally at the ecolog�cal-d�v�s�on level, there were 
some surpr�ses among the most commonly recorded 
spec�es (Table 2). Although many of the l�sted spec�es 
are known to be problemat�c transformers, several, 
�nclud�ng broadleaf hellebor�ne and wall-lettuce, are 
natural�zed spec�es cons�dered ben�gn �n the past.

DIScuSSIoN
Full spec�es census prov�des opportun�t�es to mon�tor 
any spec�es present on FIA plots. Our results f�nd 
�ntroduced spec�es to be qu�te common �n the forests 
of the lower 48 Un�ted States. Although some spec�es 
were w�dely planted (e.g., mult�flora rose) most of 
these spec�es can be cons�dered �nvas�ve, �n that �t �s 
unl�kely that they were planted �n most of the stands 
sampled by FIA. Although many known transformer 

Table 2.—The three most commonly recorded introduced species by ecological division with constancies 
(percentage of plots in each division where the species was recorded)

    Division constancy
ecological Division N plots Scientific Name common Name (percent)

Warm Continental  538 Hieracium aurantiacum L. orange hawkweed 8.0
  Phleum pretense L. timothy 4.8
  Epipactis helleborine (L.) Crantz broadleaf helleborine 4.6

Hot Continental  571 Rosa multiflora Thunb. multiflora rose 49.4
  Lonicera japonica Thunb. Japanese honeysuckle 16.8
  Alliaria petiolata (M. Bieb.) Cavara & Grande garlic mustard 13.7

Subtropical 70 Lonicera japonica Thunb. Japanese honeysuckle 48.6
  Rosa multiflora Thunb. multiflora rose 17.1
  Microstegium vimineum (Trin.) A. Camus Japanese stiltgrass 8.6

Marinea 173 Mycelis muralis (L.) Dumort. wall-lettuce 28.9
  Rubus laciniatus Willd. cutleaf blackberry 16.2
  Digitalis purpurea L. purple foxglove 15.6

Prairie 87 Rosa multiflora Thunb. multiflora rose 47.1
  Morus alba Michx. white mulberry 17.2
  Torilis arvensis (Huds.) Link spreading hedgeparsley 16.1

Temperate Steppe 93 Tragopogon dubius Scop. yellow salsify 39.8
  Bromus tectorum L. cheatgrass 23.6
  Hypericum perforatum L. common St. Johnswort 19.3
a Washington and Oregon only

spec�es were captured �n the Phase 3 VEG sample, 
there were some surpr�ses concern�ng the most 
common spec�es by ecolog�cal reg�on comp�led. 
For example, orange hawkweed �s found on forest 
edge plots of many forest types, but �n �ntact forests, 
�t �s found most often �n aspen stands; broadleaf 
hellebor�ne was found most often �n �ntact sugar 
maple stands �n the Ad�rondack Mounta�n prov�nce. 
These results could �nform the development of l�sts of 
spec�es to target �n local and other l�st-based �nvas�ve 
spec�es efforts, such as the nat�onal FIA �nventory, and 
focus research attent�on to �nvas�ve spec�es cons�dered 
to be ben�gn but are more w�despread than prev�ously 
thought. 
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uPDATING THe SouTHeRN NoNNATIve PlANT WATcH lIST:  
THe FuTuRe oF NNIP MoNIToRING IN THe SouTH

christopher M. oswalt, Sonja N. oswalt, and lewis Zimmerman1

Abstract.—The Southern Research Stat�on (SRS) Forest Inventory and Analys�s (FIA) 
Program began mon�tor�ng nonnat�ve �nvas�ve plant (NNIP) spec�es �n 2001 �n response 
to a grow�ng des�re to track potent�al forest health threats on Un�ted States forest 
land. The SRS-FIA NNIP program has produced s�gn�f�cant results and contr�buted 
cons�derably to the understand�ng of the d�str�but�on and spread of NNIP �n the southern 
Un�ted States. However, opportun�t�es to �mprove NNIP mon�tor�ng �n the South do 
ex�st. Spec�f�cally, the SRS-FIA program mon�tors only a select number of NNIP 
spec�es. G�ven the �mportance of mon�tor�ng nonnat�ve �nvas�ve plants �n southern 
forests coupled w�th the emergence of newly detected plant �nvaders, the emergence of 
prev�ously known �nvas�ve plants as problemat�c spec�es, and �ncomplete knowledge 
of accurately pred�ct�ng exot�c �nvas�ves, the select l�st of NNIP requ�red updat�ng. The 
SRS-FIA watch l�st was thoroughly rev�ewed w�th respect to potent�al removal of some 
spec�es from the l�st of mon�tored plants. For example, a recent analys�s found that out 
of over 33,000 subplots, some plant spec�es were detected on 3 or fewer subplots. Wh�le 
such small detect�on rates do not �nd�cate a lack of needed mon�tor�ng, w�th l�m�ted 
resources, the SRS-FIA program must rev�ew the �mportance of mon�tor�ng such spec�es 
�n the future. The watch l�st must also reflect current knowledge and account for newly 
d�scovered �mportant southern forest �nvaders. Both sc�ent�sts and land managers have 
�dent�f�ed numerous reg�onally and nat�onally �mportant nonnat�ve �nvas�ve plant spec�es 
not currently on the SRS-FIA watch l�st. A group of reg�onal and nat�onal NNIP experts 
(�nternal and external to FIA) were assembled w�th the task of evaluat�ng and updat�ng 
the SRS-FIA watch l�st. The proposed new watch l�st for SRS-FIA �s presented.

1 Research Forester (CMO), Forester (SNO), and B�olog�cal 
Sc�ent�st (LZ), U.S. Forest Serv�ce, Southern Research 
Stat�on, 4700 Old K�ngston P�ke, Knoxv�lle, TN 37919. 
CMO �s correspond�ng author: to contact, call 865-862-2000 
or ema�l at coswalt@fs.fed.us.

INTRoDucTIoN
G�ven the �mportance of mon�tor�ng nonnat�ve 
�nvas�ve plants (NNIP) �n southern forests coupled 
w�th the emergence of newly detected plant �nvaders, 
the emergence of prev�ously known �nvas�ve plants 
as problemat�c spec�es, and �ncomplete knowledge of 
accurately pred�ct�ng exot�c �nvas�ves, the Southern 
Research Stat�on (SRS) Forest Inventory and Analys�s 
(FIA) Program must per�od�cally evaluate the select 
l�st of nonnat�ve �nvas�ve plants that are mon�tored 

by the program. The SRS-FIA watch l�st should be 
thoroughly rev�ewed w�th respect to potent�al removal 
of some spec�es from the l�st of mon�tored plants. For 
example, Oswalt and Oswalt (2011) found that out of 
over 33,000 subplots, some plant spec�es were detected 
on 3 or fewer subplots. Wh�le such small detect�on 
rates do not �nd�cate a lack of needed mon�tor�ng, 
w�th l�m�ted fund�ng and l�m�ted t�me for adequately 
tra�n�ng personnel on the �dent�f�cat�on of spec�es, 
the SRS-FIA program must rev�ew the �mportance of 
mon�tor�ng such spec�es �n the future. The watch l�st 
must also reflect current knowledge and account for 
newly d�scovered �mportant southern forest �nvaders. 
M�ller et al. (2010) �dent�f�ed numerous reg�onally and 
nat�onally �mportant nonnat�ve �nvas�ve plant spec�es 
not currently on the SRS-FIA watch l�st. The SRS-FIA 
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watch l�st has been stable for approx�mately 10 years 
(2001-2011). A rev�ew of the watch l�st at th�s t�me 
was cons�dered necessary.

MeTHoDS
A three-step approach was def�ned pr�or to the formal 
evaluat�on by a team of nat�onal and reg�onal experts 
�nclud�ng Chr�stopher M. Oswalt (Lead, SRS-FIA), 
Sonja N. Oswalt (SRS-FIA), Z�mmerman (SRS-FIA), 
J�m M�ller (SRS, Auburn, AL), Nancy Fraley (Nat�onal 
Park Serv�ce, Ashv�lle, NC), Chr�s Brown (Texas 
Forest Serv�ce, College Stat�on, TX), Dav�d D�ck�nson 
(Georg�a Forestry Comm�ss�on, Carrolton, GA), Jay 
Frost (SRS-FIA), and Rebekah Wallace (Un�vers�ty 
of Georg�a, T�fton, GA). F�rst, a l�st of spec�es for 
potent�al removal from the watch l�st was developed 
through a quant�tat�ve assessment of occurrence. Next, 
through a comprehens�ve assessment of potent�al 
spec�es, the team developed a l�st of cand�date spec�es 
for add�t�on to the watch l�st. A f�nal proposed watch 
l�st was then developed by the team for subm�ss�on to 
the U.S. Forest Serv�ce Reg�onal Management Team 
w�th SRS-FIA programmat�c overs�ght. 

In an attempt to address the potent�al removal of 
plant spec�es from the watch l�st, all ava�lable data 
(2001 through 2010 for most southern states) were 
assembled from the Southern Nonnat�ve Invas�ve 
Plant data Extract�on Tool (SNIPET) ava�lable at 
http://srsf�a2.fs.fed.us/SNIPET/. Any spec�es w�th 
less than 50 total observat�ons across all data were 
cons�dered cand�dates for removal from the watch l�st. 
Each cand�date spec�es be�ng cons�dered for removal 
or add�t�on was d�scussed �n deta�l by the team. 
Removals and add�t�ons to the l�st were evaluated 
us�ng the follow�ng general cr�ter�a: (1) the plant 
spec�es �s cons�dered a known �nvader of forested 
systems; (2) the plant spec�es �s cons�dered to be a 
reg�onally s�gn�f�cant �nvader (or h�ghly l�kely to 
become reg�onally s�gn�f�cant) of forests; and (3) the 
plant spec�es can be �nvas�ve to any stage of forest 
development. 

ReSulTS AND DIScuSSIoN
Cand�date spec�es for removal �ncluded Russ�an ol�ve 
(Elaeagnus angustifolia), g�ant reed (Arundo donax), 
Engl�sh �vy (Hedera helix), Ch�nese s�lvergrass 
(Miscanthus sinensis), and trop�cal soda apple 
(Solanum viarum). Cand�date spec�es for add�t�on to 
the watch l�st were pr�mar�ly from the spec�es l�sted �n 
M�ller et al. (2010). 

The follow�ng dec�s�ons were made w�th respect to 
each cand�date spec�es for removal:

(1) Russ�an ol�ve—pr�mar�ly due to d�ff�culty 
�n f�eld �dent�f�cat�on, Russ�an ol�ve w�ll be 
comb�ned w�th autumn ol�ve (E. umbellata) to 
form the Elaeagnus group. 

(2) G�ant reed—due to low occurrence (3 subplots 
out of over 33,000) coupled w�th be�ng found 
pr�mar�ly on nonforest cond�t�ons, g�ant reed 
w�ll be removed from the watch l�st. 

(3) Engl�sh �vy—although observed �nfrequently, 
an �ncreas�ng number of observat�ons over t�me 
suggests the need for cont�nued mon�tor�ng. 
Engl�sh �vy rema�ns on the watch l�st. 

(4) Ch�nese s�lvergrass—although observed 
�nfrequently, an �ncreas�ng number of 
observat�ons over t�me along w�th potent�al uses 
of Miscanthus spp. as a b�oenergy crop suggests 
the need for cont�nued mon�tor�ng. Ch�nese 
s�lvergrass rema�ns on the watch l�st.

(5) Trop�cal soda apple—due to low occurrence 
coupled w�th be�ng found pr�mar�ly on nonforest 
cond�t�ons, trop�cal soda apple w�ll be removed 
from the watch l�st.

Two plant spec�es, Braz�l�an peppertree (Schinus 
terebinthifolius) and camphortree (Cinnamomum 
camphora), were elevated from the Flor�da-only 
watch l�st to the reg�onal watch l�st. A total of 15 
spec�es were added to the watch l�st from M�ller et 
al. (2010). A new spec�es group, Tamarix spp., was 
added due to �ncreas�ng ev�dence of saltcedar (Tamarix 
ramosissima) �nvas�ons �n the western areas of the 
southern reg�on. 
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The new SRS-FIA watch l�st (Table 1) conta�ns a 
total of 49 spec�es (or spec�es groups) that w�ll be 
mon�tored on all southern FIA plots beg�nn�ng �n 
October 2012 w�th the �mplementat�on of the vers�on 
6.0 f�eld gu�de. 
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Table 1.—Southern Research Station Forest Inventory and Analysis 6.0 nonnative invasive plant watch list
Scientific name common name

Ailanthus altissima Tree of heaven
Akebia quinata  Five-leaf akebia, chocolate vine
Albizia julibrissin  Mimosa
Alliaria petiolata  Garlic mustard
Ampelopsis brevipedunculata  Amur peppervine
Ardisia crenata  Coral ardisia, Hen’s eyes
Bambusa Group 
    Phyllostachys aurea  Golden bamboo
    Phyllostachys spp. Other invasive bamboos
    Bambusa spp. Other invasive bamboos
Berberis thunbergii  Japanese barberry
Broussonetia papyrifera  Paper mulberry
Celastrus orbiculatus  Oriental bittersweet
Cinnamomum camphora  Camphortree
Dioscorea Group 
    D. bulbifera  Air yam
    D. oppositifolia  Chinese yam
    D. alata  Water yam
Elaeagnus Group:  
    E. umbellata  Autumn olive 
    E. angustifolia  Russian olive
Elaeagnus pungens  Thorny elaeagnus
Eragrostis curvula  Weeping lovegrass
Euonymus alatus  Winged burning bush
Euonymus fortunei  Winter creeper
Firmiana simplex  Chinese parasoltree
Frangula alnus  Glossy buckthorn
Hedera Group 
    H. helix  English ivy
    H. hibernica  Atlantic ivy
    H. colchica  Colchis ivy
Imperata cylindrica  Cogongrass
Lespedeza Group 
    L. bicolor  Shrubby lespedeza
    L. thunbergii  Thunberg’s lespedeza
Lespedeza cuneata  Chinese lespedeza
Ligustrum Group 1 
    L. sinense  Chinese privet
    L. vulgare  European privet
    L. obtusifolium Border privet
    L. ovalifolium California privet
Ligustrum Group 2 
    L. japonicum  Japanese privet
    L. lucidum  Glossy privet

Scientific name common name

Liriope Group 
    L. muscari  Big blue lilyturf
    L. spicata  Creeping liriope, Monkey grass
    Ophiopogon muscari 
Lonicera Group 
    L. tatarica  Tatarian honeysuckle
    L. maackii  Amur honeysuckle
    L. morrowii  Morrow’s honeysuckle
    L. fragrantissima  Sweet-breath-of-spring, 
    L. x bella  Bell’s honeysuckle
Lonicera japonica  Japanese honeysuckle
Lygodium japonicum  Japanese climbing fern
Mahonia bealei  Leatherleaf mahonia
Melia azedarach  Chinaberry
Microstegium vimineum  Nepalese browntop
Miscanthus sinensis  Chinese silvergrass
Nandina domestica  Sacred bamboo
Paulownia tomentosa  Princesstree
Polygonum cuspidatum  Japanese knotweed
Poncirus trifoliata  Trifoliate orange
Pueraria montana  Kudzu
Pyrus calleryana  Bradford pear
Rosa Group 
    Rosa multiflora  Multiflora rose
    R. bracteata  Macartney rose
    R. laevigata  Cherokee rose
    Rosa spp. Other nonnative roses
Schedonorus phoenix  Tall fecsue
Schinus terebinthifolius  Brazilian pepper
Securigera varia  Crownvetch
Spiraea japonica  Japanese meadowsweet
Tamarix spp.  Saltcedar
Triadica sebifera  Tallowtree, Popcorntree
Vernicia fordii  Tungoil tree
Vinca Group 
    V. minor  Common periwinkle
    V. major  Bigleaf periwinkle
Wisteria Group 
    W. sinensis  Chinese wisteria
    W. floribunda  Japanese wisteria

Indented species are identified within a group.
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INvASIve PoTeNTIAl oF INvASIve PlANTS IN THe FoReST  
oF THe SouTHeRN ReGIoN, uNITeD STATeS

Dawn lemke, john W. coulston, Philip Hulme, clint Paterson, and jennifer A. Brown1

Abstract.—Al�en plants �ntroduced for commerc�al or landscap�ng use have caused 
substant�al problems as �nvaders of natural and managed ecosystems. The magn�tude of 
the problem has dramat�cally �ncreased over the past few decades w�th accelerated land 
d�sturbance, land use changes, and global and �nternal transportat�on. In the southern 
reg�on of the Un�ted States, �nvas�ve plants are one of the threats to the long-term 
susta�nab�l�ty of our forest ecosystems along w�th cl�mate change and land use change. 
We assessed the potent�al d�str�but�on of �nvas�ve plants �n forests of the southern 
reg�on us�ng data from the �nvas�ve spec�es component of the U.S.Forest Serv�ce Forest 
Inventory and Analys�s (FIA) Program and freely ava�lable d�g�tal data �nclud�ng 
elevat�on, cl�mate, and land use. Us�ng an ensemble model�ng approach, we �ntegrated 
max�mum entropy algor�thms, log�st�c regress�on, random forest, boosted regress�on 
trees, and support vector mach�ne. Areas of agreement between models were cons�dered 
areas of h�gh probab�l�ty. Th�s suggests the �mportance of adapt�ve management and 
long-term mon�tor�ng programs and the need for further development of methods for 
assess�ng probable future cl�mate cond�t�ons. We have used th�s approach to evaluate the 
relat�ve �mportance of dependent var�ables and the appl�cat�on and select�on of model�ng 
techn�ques.

1 Ph.D. Cand�date and Research Assoc�ate (DL), Canterbury 
Un�vers�ty, New Zealand and Alabama A&M Un�vers�ty, 
Normal, AL; Superv�sory Research Forester (JWC), U.S. 
Forest Serv�ce, Southern Research Stat�on; Professor of 
Plant B�osecur�ty (PH), L�ncoln Un�vers�ty, New Zealand; 
Research Assoc�ate (CP), Alabama A&M Un�vers�ty; 
Professor of Stat�st�cs (JAB), Canterbury Un�vers�ty,  
New Zealand. DL �s correspond�ng author: to contact,  
call 256-372-4562, or ema�l at dawn.lemke@aamu.edu.

INTRoDucTIoN
Invas�ve spec�es pose a major threat to the 
susta�nab�l�ty of natural ecosystems through b�ot�c 
homogen�zat�on and loss of b�od�vers�ty, w�th negat�ve 
consequences for both soc�al and econom�c systems 
(M�ller et al. 2012). Invas�ve spec�es are cons�dered 
a major component of global env�ronmental 
change (V�tousek et al. 1997). Ident�fy�ng areas of 
potent�al �nvas�on �s an �mportant part of ecosystem 
management, and one tool that can be appl�ed to th�s 
�s spec�es d�str�but�on models (SDMs) (Gall�en et al. 

2010). SDMs can be used to pred�ct spat�al patterns of 
potent�al b�olog�cal �nvas�ons and pr�or�t�ze locat�ons 
for early detect�on and control of �nvas�on outbreaks. 
SDMs comb�ne concepts from ecology and natural 
h�story w�th more recent developments �n stat�st�cs and 
geospat�al �nformat�on systems (Frankl�n 2009). In 
th�s paper we focused on two quest�ons spec�f�c to the 
appl�cat�on of SDMs: 1) Wh�ch model�ng techn�que(s) 
�s most appropr�ate for th�s study?; and 2) Do 
env�ronmental determ�nates rema�n cons�stent among 
models? To address these quest�ons we developed 
SDMs for 22 plants �nvas�ve to the forests of the 
southern reg�on of the Un�ted States us�ng f�ve SDM 
methods.

MeTHoDS
Invas�ve plants cons�dered for th�s study �ncluded all 
spec�es w�th more than 100 plot occurrences �n the 
�nvas�ve plant component of the FIA database (USDA 
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FS 2007) (Table 1). Twenty-two env�ronmental 
var�ables der�ved from the nat�onal land cover 
database, d�g�tal elevat�on models, and B�ocl�m data 
were used (full deta�ls g�ven �n Lemke et al. 2011) 
(Table 2). Env�ronmental var�ables were checked 
for �ntercorrelat�on and the stat�st�cal package R 
was used to develop the follow�ng f�ve models for 
each spec�es: max�mum entropy algor�thms, log�st�c 
regress�on, random forest, boosted regress�on trees, 
and support vector mach�ne (R Core Team 2012). 
Data were down sampled to g�ve a 1:4 rat�o (for every 
occurrence locat�on, four random absence records 
were selected) for log�st�c regress�on, random forest, 
boosted regress�on trees, and support vector mach�ne 
models to balance the data. Models were der�ved 
us�ng a manual backward select�on method where 
var�ables that had l�ttle or no �mpact on the model 
were removed based on the results of 10 model runs 
(Lemke et al. 2011). The key var�ables �n determ�n�ng 
the occurrence of each spec�es were �dent�f�ed by the�r 

percent contr�but�on to the f�nal model and w�th a 
jack-kn�fe test on ga�n and �nfluence on the area under 
the curve (AUC). Th�s approach ass�sted �n reduc�ng 
a model that over f�ts. Three techn�ques were used to 
assess model rel�ab�l�ty: the performance of test and 
tra�n�ng data, the om�ss�on rate, and AUC. Data were 
randomly spl�t w�th 30 percent �n test and 70 percent 
�n tra�n�ng datasets for the reg�onal models and were 
run 10 t�mes w�th random select�ons. The om�ss�on 
rate was calculated us�ng a threshold value def�ned 
by the max�m�zed sum of sens�t�v�ty and spec�f�c�ty. 
Models w�th an om�ss�on rate less than 0.25 and an 
AUC of greater than 0.75 were cons�dered acceptable. 
Ensemble models were bu�lt for each spec�es that 
had more than one acceptable model us�ng only the 
acceptable models. When more than 75 percent of 
the models agreed �n occurrence, these areas were 
cons�dered h�ghly l�kely to be �nvaded, when less than 
25 percent of the models agreed �n occurrence, these 
areas were cons�dered h�ghly unl�kely to be �nvaded, 

Table 1.—comparison of five species distribution modeling techniques (boosted regression trees [BRT], 
logistic regression [lR], maximum entropy algorithms [Me], random forest [RF], and support vector 
machine [SvM]) for 22 species invasive to the forest of the Southern region. An omission rate (oR) less 
than 0.25 and an area under the curve (Auc) of greater than 0.75 were considered acceptable models, 
shown in bold.
 BRT lR Me RF SvM
Species n Auc oR Auc oR Auc oR Auc oR Auc oR

Tree of heaven (Ailanthus altissima) 854 0.88 0.14 0.81 0.18 0.88 0.13 0.89 0.43 0.80 0.17
Silktree (Albizia julibrissin) 677 0.76 0.32 0.69 0.42 0.76 0.24 0.72 0.80 0.59 0.49
Princesstree (Paulownia tomentosa) 231 0.81 0.22 0.73 0.23 0.80 0.26 0.79 0.67 0.64 0.33
Chinaberry (Melia azedarach) 468 0.87 0.20 0.79 0.16 0.86 0.22 0.86 0.52 0.82 0.29
Tallowtree (Triadica sebifera) 930 0.93 0.14 0.88 0.22 0.93 0.13 0.94 0.30 0.89 0.22
Autumn olive (Elaeagnus umbellate) 327 0.88 0.16 0.75 0.20 0.98 0.19 0.89 0.44 0.82 0.17
Privets (Ligustrum L.) 7580 0.81 0.23 0.72 0.31 0.77 0.21 N/A 0.62 0.29
Bush honeysuckles (Diervilla spp.) 499 0.89 0.22 0.74 0.38 0.89 0.18 0.90 0.40 0.84 0.18
Nandina (Nandina Thumb.) 143 0.81 0.21 0.77 0.36 0.80 0.38 0.81 0.67 0.73 0.35
Nonnative roses (Rosa spp.)   3031 0.87 0.18 0.76 0.21 0.85 0.16 0.88 0.46 0.74 0.35
Climbing yams (Dioscorea L.)  120 0.78 0.35 0.62 0.31 0.83 0.22 0.79 0.52 0.61 0.31
English ivy (Hedera helix) 104 0.85 0.29 0.79 0.33 0.84 0.21 0.88 0.58 0.81 0.36
Japanese honeysuckle (Lonicera japonica) 15931 0.82 0.21 0.69 0.23 0.72 0.20 N/A 0.71 0.30
Kudzu (Pueraria spp.) 280 0.79 0.33 0.71 0.24 0.82 0.30 0.82 0.64 0.62 0.28
Periwinkles (Vinca spp.) 115 0.74 0.42 0.67 0.47 0.74 0.42 0.77 0.77 0.61 0.20
Nonnative wisterias (Wisteria spp.) 113 0.78 0.35 0.75 0.25 0.80 0.30 0.74 0.80 0.65 0.23
Tall fescue (Schedonorus phoenix (Scop.) Holub) 810 0.85 0.22 0.72 0.28 0.82 0.25 0.85 0.52 0.62 0.32
Nepalese browntop (Microstegium vimineum) 1740 0.86 0.15 0.73 0.22 0.83 0.12 0.86 0.51 0.56 0.21
Japanese climbing fern (Lygodium japonicum) 1299 0.93 0.11 0.89 0.15 0.92 0.08 0.97 0.27 0.90 0.08
Garlic mustard (Alliaria petiolata) 105 0.95 0.17 0.82 0.11 0.97 0.19 0.97 0.19 0.94 0.13
Shrubby lespedeza (Lespedeza frutescens) 964 0.82 0.35 0.67 0.39 0.79 0.30 0.79 0.68 0.54 0.19
Chinese lespedeza (Lespedeza cuneata) 1909 0.77 0.26 0.62 0.39 0.76 0.27 0.78 0.66 0.53 0.10
Percent of acceptable models 86% 59% 45% 55% 91% 68% 90% 5% 36% 50%
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and when the model agreement was between 25 and 75 
percent the area was cons�dered moderately l�kely to 
be �nvaded.

ReSulTS
The results are reported �n two components: model 
compar�sons, and the �nfluence and relevance of the 
dependent var�ables (env�ronmental). Most spec�es had 
at least one acceptable model as assessed by both test 

Tree of heaven 3 1 0 4 2 4 2 2 0 2 3 2 1 0 0 1 1 0 1 0 1 1
Silktree 4 0 0 4 2 3 2 2 1 2 4 3 1 0 2 3 1 0 0 0 0 5
Princesstree 3 4 1 4 2 3 2 3 0 1 2 2 2 0 0 1 1 0 0 1 0 1
Chinaberry 3 0 0 5 2 3 3 3 2 3 2 0 0 0 0 5 0 1 0 0 0 0
Tallowtree 1 0 0 5 2 2 5 3 1 1 3 2 0 0 0 0 3 0 0 0 0 0
Autumn olive 4 0 0 3 3 4 1 1 0 4 2 4 0 0 0 1 2 0 1 0 0 1
Privets 3 0 1 3 1 1 1 2 1 2 1 3 0 0 0 4 0 0 0 0 0 1
Bush honeysuckles 4 0 0 4 1 4 2 2 1 2 2 3 0 0 0 3 2 0 0 0 0 1
Nandina 2 0 0 5 3 3 1 2 2 3 1 5 2 0 1 2 1 0 0 0 0 4
Nonnative roses 4 0 0 4 1 1 2 3 0 1 2 0 0 0 0 4 5 0 1 0 0 1
Climbing yams 4 1 0 4 1 1 0 3 1 3 4 4 1 1 0 0 0 1 0 2 0 0
English ivy 1 0 0 4 1 1 1 0 2 0 1 5 2 0 2 1 0 0 0 1 0 5
Japanese honeysuckle 3 0 0 3 0 0 3 1 2 2 4 1 1 0 0 3 1 0 0 0 0 1
Kudzu 3 0 1 3 2 1 2 3 1 4 4 3 1 1 2 3 1 0 0 1 0 5
Periwinkles 1 4 0 3 2 2 3 1 0 4 3 4 0 1 0 3 2 2 0 1 0 2
Nonnative wisterias 2 0 0 5 0 0 0 0 4 1 0 4 2 2 2 3 3 0 0 1 0 5
Tall fescue 4 0 0 4 2 4 2 4 0 3 2 0 0 0 0 3 2 0 1 0 0 1
Nepalese browntop 3 0 0 4 2 3 4 4 0 2 4 2 0 0 0 1 1 0 1 0 0 1
Japanese climbing fern 1 0 0 5 5 2 2 3 1 1 1 0 0 0 0 0 0 0 0 0 0 0
Garlic mustard 3 0 0 3 1 2 0 2 2 1 2 2 0 0 0 1 1 0 0 0 0 1
Shrubby lespedeza 4 1 0 4 3 4 3 4 2 2 3 0 0 1 0 2 4 0 1 2 0 0
Chinese lespedeza 3 0 0 4 3 4 1 3 1 1 3 0 0 0 0 1 2 0 4 1 0 1
BRT (%) 73 9 0 95 36 45 23 41 14 45 59 64 27 18 18 50 18 9 5 5 0 18
LR (%) 14 14 0 23 5 0 50 0 45 9 32 23 0 5 0 86 59 5 32 0 0 77
ME (%) 59 5 0 95 14 41 32 59 14 41 41 64 14 5 23 45 32 0 5 27 0 27
RF (%) 100 15 0 100 95 95 65 90 20 90 90 20 5 0 0 10 30 0 0 5 0 25
SVM (%) 50 9 14 95 45 68 27 55 18 36 23 55 14 0 0 14 14 5 5 9 5 23
Overall (%) 58 10 3 81 38 49 39 48 22 44 48 45 12 6 8 42 31 4 9 9 1 34
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Table 2.—Number of models using each of 22 environmental variables across five species distribution 
modeling techniques (boosted regression trees [BRT], logistic regression [lR], maximum entropy 
algorithms [Me], random forest [RF], and support vector machine [SvM]) for 22 species invasive to the 
forests of the Southern region

AUC and om�ss�on rates w�th the except�on of kudzu, 
per�w�nkles, shrubby lespedeza and Ch�nese lespedeza 
(Table 1). Only one spec�es, garl�c mustard, had f�ve 
accepted models, and four spec�es (tree of heaven, 
tallowtree, autumn ol�ve, and Japanese cl�mb�ng 
fern) had four acceptable models (log�st�c regress�on, 
max�mum entropy algor�thms, boosted regress�on 
trees, and support vector mach�ne). Overall, boosted 
regress�on tree and max�mum entropy algor�thms 
produced the strongest models w�th 59 percent of 
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models cons�dered acceptable (Table 1). M�n�mum 
temperature was the most useful of the dependent 
var�ables, occurr�ng �n 81 percent of the models, 
followed by elevat�on (58 percent) and ra�nfall �n the 
wettest month (49 percent) ( Table 2). Every spec�es 
used m�n�mum temperature �n at least three of the 
models and elevat�on �n at least one of the models 
(Table 2). Seven var�ables (d�stance to roads and 
r�vers, proport�on of grass and p�ne, and change �n 
forest and p�ne) contr�buted �nformat�on to less than 
10 percent of the models (Table 2). Tree of heaven was 
the only spec�es to use the dependent var�able change 
�n p�ne, and d�stance to r�ver was only used �n the 
support vector mach�ne models for three spec�es. On 
average, the log�st�c regress�on models use the fewest 
number of var�ables (f�ve) and random forest models 
use the h�ghest number (n�ne). Log�st�c regress�on 
d�ffered from the other methods �n the select�on of 
var�ables, w�th few log�st�c models us�ng m�n�mum 
temperature (23 percent) and elevat�on (14 percent), 
but �nstead be�ng dom�nated by land use (Table 2). 
Eleven ensemble models (comb�n�ng 2 or more 
models) were developed. 

DIScuSSIoN
The goal of th�s study was to assess the �mpact of 
var�able and model select�on �n SDMs, by compar�ng 
the cons�stency of the �ndependent env�ronmental 
var�ables across models, and the cons�stency of models 
across spec�es. These �ssues are fundamental to all 
SDMs but of part�cular �nterest to �nvas�ve spec�es. 
Invas�ve spec�es often have expand�ng d�str�but�ons, 
and l�m�ted �nformat�on �s ava�lable on th�s spec�es, 
result�ng �n less def�ned models. Through �dent�fy�ng 
agreement between model�ng techn�ques and var�ables 
select�on, we can have greater conf�dence �n models. 

The area of d�str�but�on of a spec�es �s determ�ned by 
�ts ecolog�cal and evolut�onary h�story. Many factors 
affect spec�es d�str�but�on, but the most �mportant 
are the l�m�ts of the spec�es’ tolerances and needs for 
certa�n ab�ot�c cond�t�ons, the su�te of other spec�es 
w�th wh�ch �t �nteracts, and the potent�al for d�spersal 
and colon�zat�on w�th�n a g�ven t�me per�od (Soberón 

and Peterson 2005). Abo�t�c cond�t�ons can be used 
to def�ne the potent�al d�str�but�on (the focus of 
our work), w�th spec�es �nteract�ons and d�spersal 
constra�nts def�n�ng the real�zed d�str�but�on. Many 
stud�es have found large-scale env�ronmental factors 
can produce strong SDMs (Frankl�n 2009). Overall 
we found s�m�lar results, w�th the env�ronmental 
var�ables used �n th�s study useful �n pred�ct�ng the 
spec�es potent�al d�str�but�on w�th 40 percent of 
the models cons�dered good (test AUC > 0.75 and 
test om�ss�on rate < 0.25). Phys�ograph�c var�ables 
dom�nated the model over land use var�ables, 
suggest�ng these d�str�but�ons are dr�ven by spec�es 
tolerances. M�n�mum temperature was the dom�nate 
var�able suggest�ng many of these spec�es are l�m�ted 
by the extreme temperatures of w�nter or length of 
grow�ng season and compet�t�on w�th other spec�es 
�n that n�che. Elevat�on, the second most dom�nate 
var�able, has some correlat�on w�th temperature and 
was selected over temperature for �nclus�on �n some 
models, wh�le �n others �t was selected �n conjunct�on 
w�th temperature. By select�ng �n conjunct�on w�th 
temperature, �t may ass�st �n more narrowly def�n�ng 
cl�mat�c cond�t�ons assoc�ated w�th the spec�es or 
forest commun�t�es that occupy the area. When 
used w�thout temperature, elevat�on �s l�kely a 
representat�on of cl�mat�c cond�t�ons, w�th elevat�on 
�ntegrat�ng both aspects of temperature (h�gh elevat�on, 
cooler temperature) and ra�nfall. Some of the f�ner-
scale character�st�cs such as slope and d�stance to 
r�vers were not w�dely used �n models, suggest�ng 
the models may apply across a reg�onal scale but not 
necessary at a local scale. Many of these relat�onsh�ps 
are nonl�near, w�th spec�es hav�ng preferences for 
the �ntermed�ate temperatures and elevat�ons. The 
two models that gave the strongest results (boosted 
regress�on and max�mum entropy algor�thms) capture 
nonl�near relat�onsh�ps well. Log�st�c regress�on �s 
not des�gned to assess b�modal relat�onsh�ps, and as 
such, many of the models do not �ntegrate temperature, 
ra�nfall and elevat�on-based var�ables, �nstead focus�ng 
on land cover character�st�cs. Our results were s�m�lar 
to other stud�es (El�th et al. 2006), w�th max�mum 
entropy algor�thms com�ng out as one of the strongest 
model�ng techn�ques. 
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INvASIve PlANT MoNIToRING FoR NoRTHeRN u.S. FoReSTS

William H. McWilliams, Randall S. Morin, Katherine johnson, W. Keith Moser, and james A. Westfall1

Abstract.—Invas�ve plants are mon�tored through canopy cover est�mates for a l�st of 
spec�es developed by FIA for the northern reg�on of the U.S. that �s �ntegrated w�th a 
nat�onal l�st. Nearly all of the �nvas�ve plants on the NRS-FIA l�st are exot�c spec�es, but 
a few nat�ve spec�es are l�sted. H�ghly �nvas�ve nat�ve spec�es such as rh�zomatous fern 
are absent, mak�ng the l�st l�m�ted �n scope. Some useful appl�cat�ons �nclude descr�b�ng 
all vegetat�on other than trees, compet�ng vegetat�on, as well as �nd�ces for “�nvas�ve-
ness,” “nat�ve-ness,” and others. The major advantage of the �nvas�ve survey �s a fourfold 
�ncrease �n sample s�ze. The pr�mary d�sadvantage �s that the l�st of �nvas�ve spec�es does 
not �nclude several �mportant nat�ve spec�es at the reg�onal level. The �nvas�ve protocols 
offer a flex�ble system for est�mat�ng occurrence and abundance that can be segmented to 
address a w�de array of quest�ons.

1 Research Forester (WHM), U.S. Forest Serv�ce, Northern 
Research Stat�on, 11 Campus Blvd., Su�te 200, Newtown 
Square, PA 19073; Research Foresters (RSM, WKM, and 
JAW) and Forester (KJ), U.S. Forest Serv�ce, Northern 
Research Stat�on. WHM �s correspond�ng author: to contact, 
call 610-557-4050 or ema�l at wmcw�ll�ams@fs.fed.us.

INTRoDucTIoN
Understand�ng the compos�t�on and cover of the 
forest understory helps expla�n future forest canopy 
compos�t�on and structure, part�cularly the number 
of establ�shed seedl�ngs and the character of other 
vegetat�on. An underly�ng object�ve �s to descr�be 
where the more �nvas�ve spec�es are and the�r �mpact 
on nat�ve forest flora. Th�s �nformat�on �s �mportant for 
managers and pol�cy makers evaluat�ng broad-scale 
forest health, as well as sc�ent�sts work�ng on forest 
dynam�cs models that requ�re �nformat�on on forest 
vegetat�on. 

The h�story of �nvas�ve plant survey for Northern 
Research Stat�on Forest Inventory and Analys�s (NRS-
FIA) �ncludes methods that have changed over t�me 
and space, but th�s has been m�n�m�zed through careful 

f�eld manual preparat�on, tra�n�ng, and attent�on to 
the need for “trend.” Invas�ve trees have been part of 
the standard FIA tree l�st for many decades, �nclud�ng 
�mportant spec�es l�ke tree-of-heaven (Ailanthus 
altissimma), Norway maple (Acer plataniodes), and 
paulown�a (Paulownia tomentosa). Invas�ve plants 
survey efforts began �n earnest dur�ng the 1990s and 
have cont�nued to develop reg�onally and nat�onally 
s�nce then. For NRS-FIA, the methodology and l�st of 
�nvas�ve plants has been relat�vely cons�stent over t�me 
and space. Exot�c and nat�ve spec�es are �ncluded �n 
the �nvas�ve plant survey.

MeTHoDS
NRS-FIA ceased collect�on of Phase 3 (P3) data �n 
2011 for budgetary reasons. To ma�nta�n some of 
the P3 �nd�cators �nto the future, a mod�f�ed su�te 
of �nd�cators, referred to as Phase 2+ (P2+), was 
developed for the 2012 f�eld season. The sampl�ng 
�ntens�ty for P2+ �s one plot per 24,000 acres, a level 
that falls between the 1/96,000 acres for P3 samples 
and 1/6,000 for standard Phase 2 (P2) samples. 
Th�s sampl�ng �ntens�ty �s based on the max�mum 
number of plots that can be measured �n a 3-month 
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leaf-on summer w�ndow. The P2+ des�gn �ncludes 
measurement of a vegetat�on prof�le and adult trees 
on the 24-ft rad�us subplots, as well as seedl�ngs 
and sapl�ngs on 6.8-foot rad�us m�cro-plots (USDA 
Forest Serv�ce 2012). Th�s paper focuses the �nvas�ve 
survey �n the context of other measures of vegetat�on 
character.

The P2+ des�gn �ncludes the follow�ng components for 
vegetat�on other than adult trees: 

1. Invas�ve plant areal canopy cover
2. Percentage canopy cover for vegetat�on growth 

hab�ts (trees, shrubs, woody v�nes, forbs, fern, 
and gram�no�ds) on a 24-ft rad�us plot �n four 
he�ght classes

3. Advance tree seedl�ng regenerat�on (ATSR) 
on 6.8-ft rad�us plot �n s�x he�ght classes w�th 
a browse �mpact code (USDA Forest Serv�ce 
2012) 

Invas�ve plants are mon�tored by collect�ng canopy 
cover for a l�st that �ncludes exot�c and nat�ve 
spec�es. NRS-FIA has adopted a l�st of �nvas�ve 
plants developed by screen�ng var�ables accord�ng 
to methodology of Morse et al. (2004). The l�st was 
developed for the northern Un�ted States reg�on and �s 
�ntegrated w�th a nat�onal l�st (Table 1). The def�n�t�ons 
and convent�ons used �n nam�ng spec�es are adapted 
from the USDA Natural Resources Conservat�on 
Serv�ce, Plants Database (NRCS 2012). 

In 2012, one-e�ghth of the forested sample cond�t�ons 
are be�ng v�s�ted as P2+ samples and beg�nn�ng �n 
2013, the percentage w�ll be expanded to �nclude up to 
one-fourth of the cond�t�ons.

ReSulTS AND DIScuSSIoN
Perhaps the most �mportant �nd�cators of forest 
understory health are spec�es compos�t�on and 
abundance. Vegetat�on other than trees �s v�tal for 
w�ldl�fe food and cover, tree seedl�ng development, 
and nat�ve plant d�vers�ty. Compet�ng vegetat�on 
often �nh�b�ts nat�ve tree regenerat�on (Jackson and 

Species common name

Microstegium vimineum Japanese stiltgrass, 
 Nepalese browntop
Phalaris arundinacea  reed canarygrass
Phragmites australis  common reed, phragmites
 
Alliaria petiolata  garlic mustard
Centaurea biebersteinii  spotted knapweed
Cirsium arvense  Canada thistle
Cirsium vulgare bull thistle
Cynanchum louiseae  Louise’s or black swallow-wort
Cynanchum rossicum  European swallow-wort
Euphorbia esula  leafy spurge
Hesperis matronalis  Dame’s rocket
Lysimachia nummularia  creeping jenny
Lythrum salicaria  purple loosestrife
Polygonum cuspidatum  Japanese knotweed
Polygonum x bohemicum  (P. cuspidatum x  
 P. sachalinense hybrid)
Polygonum sachalinense  giant knotweed
 
Berberis thunbergii  Japanese barberry
Berberis vulgaris  common barberry
Elaeagnus umbellata  autumn olive
Frangula alnus  glossy buckthorn
Ligustrum vulgare  European privet
Lonicera maackii  Amur honeysuckle
Lonicera tatarica  Tatarian bush honeysuckle
Lonicera x bella  Showy fly honeysuckle
Lonicera morrowii  Morrow’s honeysuckle
Rhamnus cathartica  common buckthorn
Rosa multiflora  multiflora rose
Spiraea japonica  Japanese meadowsweet
Viburnum opulus  European cranberrybush
 
Acer platanoides  Norway maple
Ailanthus altissima  tree-of-heaven
Albizia julibrissin  silktree
Elaeagnus angustifolia  Russian olive
Melaleuca quinquenervia  punktree
Melia azedarach  Chinaberry
Paulownia tomentosa  princesstree
Robinia pseudoacacia  black locust
Tamarix ramosissima  saltcedar
Triadica sebifera  tallow tree
Ulmus pumila  Siberian elm
 
Celastrus orbiculatus  oriental bittersweet
Hedera helix  English ivy
Lonicera japonica  Japanese honeysuckle

Table 1.―List of NRS-FIA invasive plants
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F�nley 2005). Understory flora can �nclude both 
�nvas�ve and non-�nvas�ve plants, as well as exot�c 
and nat�ve spec�es, thus compl�cat�ng the analys�s 
of �mpacts. Comb�n�ng �nvas�ve survey data w�th 
vegetat�on prof�le est�mates of cover and advance tree 
seedl�ng regenerat�on (ATSR) data prov�des a useful 
character�zat�on of forest understory vegetat�on. To 
�llustrate, the follow�ng l�st shows a s�mple, but useful, 
breakdown of commonly found spec�es: 

• Nat�ve/non-�nvas�ve: w�tch-hazel (Hamamelis 
virginiana), lowbush blueberry (Vaccinium 
angustifolium)

• Nat�ve/�nvas�ve: hay-scented fern (Dennstaedtia 
punctilobula), grape v�ne, (Vitis vinifera)

• Exot�c/non-�nvas�ve: dandel�on (Taraxacum 
officinale)

• Exot�c/�nvas�ve: Garl�c mustard (Alliaria 
officialis), Japanese st�ltgrass (Micriostegium 
vimineum), or�ental b�ttersweet (Celastrus 
orbiculatus), and tree-of-heaven

The NRS-FIA �nvas�ve spec�es and vegetat�on prof�le 
tall�es address a broad range of needs. However, some 
f�lter�ng �s suggested for conc�se analyses, e.g., screen 
out the nat�ve spec�es from the l�st of �nvas�ve plants. 
The vegetat�on �nd�cator and �ts use are well descr�bed 
by Schulz and others (2009).

Nearly all of the �nvas�ve plants on the NRS-FIA 
l�st are exot�c spec�es (USDA Forest Serv�ce 2012), 
but some nat�ve spec�es are �ncluded, such as black 
locust (Robinia pseudoacacia). Some h�ghly �nvas�ve 
nat�ve spec�es, such as rh�zomatous fern �n the M�d-
Atlant�c reg�on, are absent thus l�m�t�ng scope. Th�s 
compl�cates the analys�s, but does not preclude 
development of �nd�ces of “�nvas�ve-ness,” and 
“nat�ve-ness” of understory vegetat�on. To �llustrate, 
F�gure 1 dep�cts the �nvas�ve survey nested w�th�n the 
vegetat�on prof�le and �ncludes most of the growth 
hab�ts encountered. The computat�ons are relat�vely 
s�mple, but cover est�mates must be adjusted to 
account for overlap s�nce total cover can be greater 
than 100 percent:

• Vegetat�on other than trees = total cover minus 
cover of tally trees

• Invas�ve-ness = �nvas�ve plant cover/vegetat�on 
other than trees

• Nat�ve-ness = nat�ve plant cover/vegetat�on 
other than trees.

Other potent�al analyses �nclude �nd�ces for spec�al 
stud�es of ecoreg�ons, major forest types or spec�es, or 
areas of forest health concern. Assessments of w�ldl�fe 
hab�tat, b�omass, forage ava�lab�l�ty, graz�ng potent�al, 
fuel load�ngs, and potent�al s�te product�v�ty are other 
poss�ble uses.

The advantages of the �nvas�ve survey �nclude:

1. The methodology and l�st of �nvas�ve plants �s 
cons�stent over t�me and space

2. The results can be used w�th results from other 
FIA reg�ons to f�ll nat�onal needs; reg�onal l�sts 
w�ll d�ffer

3. Est�mates of �nvas�veness, nat�ve-ness, and other 
�nd�ces of �nterest can be der�ved

S�nce the �nvas�ve plant protocols are nested w�th�n 
the 24-foot rad�us subplot used for vegetat�on and tree 
mon�tor�ng, there are further advantages assoc�ated 
w�th the P2+ framework:

4. Fourfold �ncrease �n sample s�ze, allow�ng f�ner-
scale est�mates and geo-spat�al products

5. Cost reduct�on by l�m�t�ng the t�me for 
measur�ng vegetat�on and �nvas�ve plants to 1 
hour

6. Integrat�on of all measurements of vegetat�on, 
�nclud�ng trees 

7. S�mpl�f�cat�on of tra�n�ng and spec�es 
�dent�f�cat�on

8. Allows development of new �mproved methods 
of est�mat�ng the compet�ng vegetat�on layer, 
e.g., ass�gn�ng more we�ght to woody v�nes that 
are found above 16 feet
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Tally Tree (> 5.0 inches DBH)

Non-Tally
Tree (> 5.0 inches DBH)

Tally Tree (>= 1.0 inch length
and < 5.0 inches d.b.h.

Tally Tree (<1.0 inch HT)

Vine (Woody)

Vine (Non-woody)

Shrub (> 0.5 meters)

Shrub (< 0.5 meters)

Exotic

Graminoid

Forb

Fern

Legend

Sample footprint

24.0 feet

16.0 feet

Figure 1.―Example of NRS-FIA nested vegetation samples, including the vegetation profile and exotic/invasive survey for a 
single FIA subplot.
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D�sadvantages of the �nvas�ve plant survey are 
generally l�m�ted to the techn�que that was used to 
def�ne “�nvas�ve,” a common �ssue �n plant surveys:

1. The l�st �s not complete and �gnores several 
�mportant reg�onal spec�es wh�ch l�m�ts full 
account�ng of the �mpact on nat�ve flora 

2. The l�st �ncludes only three nat�ve spec�es
3. The l�st �ncludes spec�es that are rare on forest 

land, e.g., purple loosestr�fe (Lythrum salicaria) 
that �s a wetland obl�gate, and bull th�stle 
(Cirsium vulgare) that occurs pr�mar�ly on land 
other than forest

The �nvas�ve protocols offer a flex�ble system for 
est�mat�ng occurrence and abundance that can be 
ut�l�zed to address a w�de array of quest�ons. The 
system w�ll prov�de for core nat�onal products and 
novel reg�onal analyses.
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NoNNATIve INvASIve PlANT INveNToRy  
IN THe NoRTHeRN ReSeARcH STATIoN: PATTeRNS AND TReNDS

Abstract.—Nonnat�ve �nvas�ve plants (NNIPs) are an �mportant component of su�te 
of b�olog�cal d�sturbances that are �nfluenc�ng forests �n the 24 state reg�on of the 
Northern Research Stat�on (NRS) of the U.S. Forest Serv�ce. Along w�th locally h�gh 
deer populat�ons and nonnat�ve earthworms, NNIPs have the potent�al to �mpact the 
b�od�vers�ty of the ground flora, s�te product�v�ty, w�ldl�fe hab�tat, and the compos�t�on 
and structure of forests, present and future. Northern Research Stat�on Forest Inventory 
and Analys�s Program (FIA) has several sets of data that can be used to evaluate NNIP. A 
select l�st of 25 spec�es were measured on 100 percent of the panels �n the 11 m�dwestern 
states from 2005 through 2006. About 20 percent of all plots were �nventor�ed for the 
presence of 43 spec�es from 2007 through 2010 for all 24 states of NRS-FIA. Our 
presentat�on d�scusses the results and the sl�ghtly d�fferent methodolog�es between 
the 2005-6 and 2007+ �nventor�es, and exam�nes the �mpl�cat�ons spec�f�cally for tree 
regenerat�on and future stand development.
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1 Research Forester (WKM), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell Ave., 
St. Paul, MN 55108; Natural Resource Spec�al�st (CMK), U.S. Forest Serv�ce, Northern Research 
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SAMPlING FoReST ReGeNeRATIoN AcRoSS NoRTHeRN u.S. 
FoReSTS: FIllING A voID IN ReGeNeRATIoN MoDel INPuT

William H. McWilliams, charles D. canham, Randall S. Morin, Katherine johnson,  
Paul Roth, and james A. Westfall1

Abstract.—The Forest Inventory and Analys�s Program of the Northern Research 
Stat�on (NRS-FIA) has �mplemented new Advance Tree Seedl�ng Regenerat�on (ATSR) 
protocols that �nclude measurements of seedl�ngs down to 2 �nches �n he�ght. The 
add�t�on of ATSR protocols �s part of an evaluat�on of NRS-FIA Phase 3 �nd�cator 
var�ables to �ncrease sampl�ng �ntens�ty from 1/96,000 acres to 1/24,000 acres per sample 
locat�on. The sampl�ng scheme for understory vegetat�on cons�sts of (1) est�mat�ng 
canopy-cover percent for s�x vegetat�on growth hab�ts on 24-foot-rad�us subplots �n 
four he�ght classes and as an aer�al v�ew and (2) measur�ng tree sapl�ngs and seedl�ngs 
on 6.8-foot-rad�us m�croplots. The Pennsylvan�a Regenerat�on Study has used ATSR 
and compet�ng vegetat�on measurements to evaluate regenerat�on for 16.7 m�ll�on acres 
of northern hardwood and m�xed-oak forest. The f�nd�ngs revealed that only about half 
the State’s forest had adequate advance regenerat�on for replacement of canopy spec�es 
�f the overstory were removed. The ATSR protocols prov�de est�mates of the number 
of seedl�ngs by spec�es and he�ght class, as well as a flex�ble method for evaluat�ng 
regenerat�on adequacy. The level of deta�l of the measurements �s expected to prov�de 
�nput that has not been ava�lable �n the past for models that requ�re tree regenerat�on 
�nformat�on. 

1 Research Forester (WHM), U.S. Forest Serv�ce, Northern 
Research Stat�on, 11 Campus Blvd., Su�te 200, Newtown 
Square, PA, 19073; Sen�or Sc�ent�st (CDC), Inst�tute of 
Ecosystem Stud�es; NRS-FIA Research Foresters (RSM 
and JAW) and Forester (KJ); Forest Program Manager 
(PR), Inventory and Mon�tor�ng Program, Pennsylvan�a 
Department of Conservat�on, Bureau of Forestry. WHM 
�s correspond�ng author: to contact, call 610-557-4050 or 
ema�l at wmcw�ll�ams@fs.fed.us.

INTRoDucTIoN
The Forest Inventory and Analys�s Program of 
the Northern Research Stat�on (NRS-FIA) ceased 
collect�on of Phase 3 (P3) data �n 2011 for budgetary 
reasons. Based on an evaluat�on of costs, t�me, and 
eff�c�enc�es, a mod�f�ed su�te of ex�st�ng P3 var�ables 
and new Advance Tree Seedl�ng Regenerat�on (ATSR) 
protocols were �mplemented �n 2012. The sampl�ng 

�ntens�ty for the mod�f�ed su�te w�ll be as h�gh as 
1/24,000 acres, wh�ch �s between 1/96,000 acres for 
P3 samples and 1/6,000 for standard Phase 2 (P2) 
samples, referred to as Phase 2+ (P2+). Th�s �ntens�ty 
�s based on the max�mum number of plots that can be 
measured �n a 3-month leaf-on summer w�ndow. As of 
th�s wr�t�ng, the 2012 f�eld season �s just beg�nn�ng. In 
2012, one-e�ghth of the forested sample cond�t�ons are 
be�ng v�s�ted as P2+ samples; �n 2013 and beyond, the 
sample w�ll be expanded to �nclude up to one-fourth of 
the cond�t�ons.

Th�s paper focuses on the ATSR sample methodology. 
More spec�f�cally, ATSR sampl�ng protocols, 
prel�m�nary results, and appl�cat�ons for assess�ng 
forest regenerat�ve capac�ty are d�scussed along w�th 
the ut�l�ty for use �n eco-process and other models that 
requ�re regenerat�on �nformat�on.
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MeTHoDS
The sampl�ng scheme �ncludes (1) est�mat�ng 
canopy-cover percent for s�x vegetat�on growth 
hab�ts on 24-foot-rad�us subplots �n four he�ght 
classes (Vegetat�on Prof�le) and as an aer�al v�ew, 
and (2) measur�ng tree sapl�ngs and tree seedl�ngs 
on 6.8-foot-rad�us m�croplots. The study des�gn for 
the P2+ Vegetat�on Prof�le was adapted from and 
�ntegrated w�th the nat�onal P3 Vegetat�on D�vers�ty 
and Structure protocols (USDA Forest Serv�ce 
2012). The seedl�ng protocols were adapted from the 
Pennsylvan�a Regenerat�on Study (PRS)—a 12-year 
study of regenerat�ve capac�ty for forests under h�gh 
deer browse cond�t�ons (McW�ll�ams et al., �n press; 
Westfall and McW�ll�ams 2011). The underly�ng 
ecolog�cal and s�lv�cultural relat�onsh�ps used for 
evaluat�ng regenerat�on are descr�bed by Brose et al. 
(2008) and Marqu�s (1994). The approach for ATSR 
evaluat�on was developed dur�ng debate w�th�n the 
env�ronmental commun�ty over the �mpact of deer on 
forest regenerat�on (Frye 2006).

Tree seedl�ngs are def�ned as all stems at least 2 
�nches tall and up to 1 �nch �n d�ameter at breast he�ght 
(d.b.h.) that have surv�ved for at least a year. The 
ATSR sample prov�des the number of establ�shed and 
compet�t�ve seedl�ngs by length class (2 to 6 �nches, 
6 �nches to 1 foot, 1 to 3 feet, 3 to 5 feet, 5 to 10 
feet, and greater than 10 feet). In add�t�on, a browse 
�mpact code (f�ve levels from very low to very h�gh) 
�s recorded for access�ble forest land for all four 
subplots. The code was developed for wh�te-ta�led 
deer (Odecoleus virginianus Z�mmerman) and may be 
adaptable for other ungulates. Other herb�vores (such 
as hare and rodents) �mpact tree seedl�ngs, but are 
not spec�f�cally addressed �n the est�mate of browse 
�mpact.

The ATSR protocols recogn�ze that all seedl�ngs are 
not the same. The study uses an “establ�shed” and 
“compet�t�ve” class for heavy seeded spec�es, such as 
oak, walnut, and h�ckory (F�g. 1). The determ�nat�on 
of seedl�ng establ�shment and compet�t�ve status for 

Figure 1.—Advance tree seedling regeneration seedling count guide (USDA Forest Service, Northern Research Station 2012).
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large seeded spec�es depends on the d�ameter at root 
collar, a better pred�ctor of the future status than he�ght 
for these spec�es (Brose et al. 2008). Only a s�ngle 
dom�nant stem �s counted when mult�ple sprouts are 
encountered. Undetached branches covered w�th so�l, 
or layered stems, are not counted.

When comb�ned w�th an est�mate of “compet�ng 
vegetat�on” from the Vegetat�on Prof�le and the browse 
�mpact code, the m�croplots can be evaluated for 
regenerat�on adequacy us�ng thresholds for the number 
of seedl�ngs by length class. The thresholds are 
determ�ned by the level of browse, �.e., more seedl�ngs 
are needed when browse �mpacts are h�gher. Samples 
are further screened for l�ght levels conduc�ve to 
seedl�ng development (from 40 to 75 percent stocked 
w�th adult trees).

ReSulTS
The underly�ng assumpt�on for analys�s of advance 
regenerat�on �s that forest stands encountered w�ll 

eventually have overstory removal or mortal�ty and 
need advance regenerat�on to replace adult trees. Past 
results of the PRS have prov�ded v�tal �nformat�on for 
planners and �nter-agency dec�s�ons on amel�orat�ng 
the �mpacts of deer on forest regenerat�on. ATSR �s 
used along w�th the tally of sapl�ngs for full evaluat�on 
of advance regenerat�on. Sapl�ngs are def�ned as 
trees larger than 1 �nch d.b.h. up to 4.9 �nches. In 
Pennsylvan�a, �t was found that only about half of 
the forest land that �s rece�v�ng adequate l�ght for 
establ�shment and development of regenerat�on had 
adequate regenerat�on (F�g. 2) ( McW�ll�ams et al., �n 
press). These results are subject to conf�dence �ntervals 
of +/- 4 percentage po�nts at the 95-percent conf�dence 
level or +/- 2 percentage po�nts at the 67 percent level.

The results of the 2012 measurements w�ll be the f�rst 
NRS-FIA-w�de dataset conta�n�ng these new protocols. 
The full basel�ne measurements should be complete 
follow�ng the 2017 f�eld season. At that po�nt, full 
character�zat�on of regenerat�on adequacy across the 
NRS-FIA reg�on w�ll be poss�ble.

Figure 2.—Percent and number (in parentheses) of samples adequately stocked with advance tree seedling and sapling 
regeneration for canopy replacement species and samples 40 to 75 percent stocked with trees, Pennsylvania, 2006 to 2010.

44 (36) 47 (154)

48 (102)

51 (119)

51 (86) 38 (26)
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DIScuSSIoN AND coNcluSIoNS
Seedl�ngs less than 1 foot tall have not prev�ously been 
�ncluded as a core var�able �n NRS-FIA �nventor�es 
and seedl�ng he�ght has not been recorded. The new 
sample prov�des a flex�ble method for evaluat�ng 
regenerat�on adequacy for dom�nant spec�es subject 
to study assumpt�ons, e.g., that overstory removal w�ll 
occur. An advantage of the new P2+ samples �s that all 
vegetat�on measurements are taken from the 24-foot or 
6.8-foot-rad�us plots. Th�s approach �ntegrates P2 and 
P2+ measurements together for �mproved analyses of 
overstory and understory cond�t�ons.

The �mplementat�on of P2+ samples across the NRS-
FIA reg�on w�ll cover 175.8 m�ll�on acres of forest 
compared to 16.7 m�ll�on acres for Pennsylvan�a. The 
expanded study area �ncludes the Central Hardwood, 
Lake State, M�d-Atlant�c, and New England areas; and 
four Pla�ns States. Needed for reg�ons and forest types 
outs�de the M�d-Atlant�c are protocols and algor�thms 
for analyz�ng and apply�ng ecolog�cal thresholds 
for the number of seedl�ngs by he�ght class requ�red 
for adequate regenerat�on to replace adult trees. 
The complex�ty and d�vers�ty of the Pennsylvan�a 
exper�ence should prov�de a useful template for other 
NRS-FIA areas. For example, spruce-f�r forests of 
Ma�ne w�ll need to use gu�del�nes for s�ze and dens�ty 
of regenerat�on of var�ous spec�es before overstory 
removal or destruct�on, such as those suggested by 
Seymour (1992, p. 236). The approach should also be 
adaptable to cond�t�ons �n the Southern Appalach�an 
Mounta�ns, P�edmont, and Coastal Pla�n because 
advance regenerat�on �s �mportant for pred�ct�ng future 
stand compos�t�on there. Add�t�onal research can be 
�ncorporated �nto the analyses to better match forest 
compos�t�on and s�lv�cultural systems of �nterest.

The level of deta�l of the measurements �s expected 
to prov�de �nput for eco-process and other models 
that has not been ava�lable �n the past (Canham et 
al. 2006). Th�s �ncludes any model that attempts 
to character�ze or project future cond�t�ons based 
on an �nventory of vegetat�on and trees, �nclud�ng 
regenerat�on. Seedl�ng he�ght and compet�t�ve status 
are cr�t�cal for address�ng �mpacts of herb�vory and 
the status of advance regenerat�on. The study w�ll also 
prov�de �nput for develop�ng regenerat�on modules 
for �nd�v�dual tree project�on models, such as the 
Forest Vegetat�on St�mulator (Crookston and D�xon 
2005). Further study by McD�ll (th�s proceed�ngs) 
�s address�ng the ab�l�ty to d�scern rel�able trend 
�nformat�on from the results.
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INFoRMATIoN FoR FoReST PRoceSS MoDelS:  
A RevIeW oF NRS-FIA veGeTATIoN MeASuReMeNTS

charles D. canham and William H. McWilliams1

Abstract.—The Forest and Analys�s Program of the Northern Research Stat�on (NRS-
FIA) has re-des�gned Phase 3 measurements and �ntens�f�ed the sample �ntens�ty 
follow�ng a study to balance costs, ut�l�ty, and sample s�ze. The sampl�ng scheme cons�sts 
of est�mat�ng canopy-cover percent for s�x vegetat�on growth hab�ts on 24-foot-rad�us 
subplots �n four he�ght classes and as an aer�al v�ew, and measur�ng tree sapl�ngs and 
seedl�ngs on 6.8-foot-rad�us m�croplots. In the past two years, all of the bas�c submodels 
�n SORTIE, an �nd�v�dual-tree d�stance-dependent model, were parameter�zed for the 50 
most common tree spec�es �n the eastern U.S. by us�ng FIA data. A s�gn�f�cant challenge 
for modelers �s that goodness of f�t measures, such as the coeff�c�ent of determ�nat�on, 
for the result�ng growth models are often relat�vely low. Opportun�t�es for us�ng NRS-
FIA data for broad-scale models �nclude use of a non-spat�al model of seedl�ngs as a 
funct�on of basal area of the ent�re subplot, ab�l�ty to use a mortal�ty model for seedl�ngs, 
and �mprovement �n knowledge of the �mpact of the spec�es of ne�ghbor�ng trees. The 
major benef�t of the new NRS-FIA sample des�gn �s a fourfold �ncrease �n sample s�ze 
and �ntegrat�on of all vegetat�on measurements on the subplot (�.e., adult trees, compet�ng 
vegetat�on, and seedl�ngs). The pr�mary l�m�tat�on of us�ng FIA samples �s that the 
subplots are too small for full analys�s of d�stance-dependent seedl�ng d�spers�on around 
parent trees.

1 Sen�or Sc�ent�st (CDC), Inst�tute of Ecosystem Stud�es, 
M�llbrook, NY 12545; Research Forester (WHM), U.S. 
Forest Serv�ce, Northern Research Stat�on. CDC �s 
correspond�ng author: to contact, call 845-677-7600 or 
ema�l at ccanham@ecostud�es.org.  

INTRoDucTIoN
Broad-scale models of forest dynam�cs prov�de 
project�ons of future cond�t�ons that are used by 
pol�cymakers, managers, and sc�ent�sts to understand 
and �mplement major dec�s�ons. It �s challeng�ng to 
prov�de forest modelers w�th �nformat�on from forest 
�nventor�es because model structure requ�rements vary 
w�dely. Prom�nent approaches �nclude �nd�v�dual-tree 
d�stance-�ndependent tree, growth/y�eld (Crookston 
and D�xon 2005), �nd�v�dual-tree d�stance-dependent 
tree (Pacala et al.1996) and �mputat�on (Wear 2002) 
models. The Forest Inventory and Analys�s Program of 
the Northern Research Stat�on (NRS-FIA) vegetat�on 
measurements are rev�ewed us�ng SORTIE (Pacala et 

al.1996) to exempl�fy complex model needs. SORTIE 
stands for a model of trees as they “take over” a s�te 
(not an acronym). SORTIE �s an ecolog�cal process 
model that has been parameter�zed us�ng NRS-FIA 
measurements (Canham et al. 2006). Broad-scale 
models that �ncorporate or “scale up” f�ner models of 
ecosystem processes to the scale of FIA are a cr�t�cal 
need expressed by cl�ents, part�cularly for project�ng 
future cond�t�ons. The conclus�ons should be useful 
to others work�ng at large scales, such as the Forest 
Vegetat�on S�mulator (D�xon 2002). 

In th�s paper, we focus on models that “m�m�c” growth 
and compos�t�on change for forest trees, or “process” 
models. The goal �s to emphas�ze needs for models of 
tree recru�tment, or regenerat�on models. The SORTIE 
model �s used here to �llustrate requ�rements for 
models that operate at f�ner scale than FIA, because 
�t �ncludes bas�c components needed for most process 
models, �nclud�ng a complex set of submodels.
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MeTHoDS
NRS-FIA vegetation Sample
NRS-FIA ceased collect�on of Phase 3 (P3) data �n 
2011 for budgetary reasons. Based on an evaluat�on 
of costs, t�me, and eff�c�enc�es, a mod�f�ed su�te 
of P3 var�ables and new Advance Tree Seedl�ng 
Regenerat�on (ATSR) protocols were �mplemented 
�n 2012. The sampl�ng �ntens�ty for the mod�f�ed 
su�te w�ll be up to 1/24,000 acres, wh�ch �s between 
1/96,000 acres for P3 samples and 1/6,000 for standard 
P2 samples, referred to as Phase 2+ (P2+). Th�s 
�ntens�ty �s based on the max�mum number of plots 
that can be measured �n a 3-month leaf-on summer 
w�ndow. The new P2+ des�gn �ncludes measurement 
of a Vegetat�on Prof�le and adult trees on the 24-foot-
rad�us subplots and seedl�ngs and sapl�ngs on a 6.8-
foot-rad�us m�croplot (USDA Forest Serv�ce 2012).

All P2 and P2+ measurements are now �ntegrated 
�n a nested sample for all vegetat�on, �nclud�ng 
merchantable trees (greater than 5 �nches �n d�ameter 
at breast he�ght [d.b.h.]) (F�g. 1). The sampl�ng 
scheme �ncludes est�mat�ng canopy-cover percent 
for s�x vegetat�on growth hab�ts on four 24-foot-
rad�us subplots �n four he�ght classes and an aer�al 
v�ew canopy cover est�mate; measur�ng tree sapl�ngs 
�nclud�ng total he�ght on 6.8-foot-rad�us m�croplots; 
and measur�ng tree seedl�ngs on 6.8-foot-rad�us 
m�croplots �n s�x he�ght classes (USDA Forest Serv�ce 
2012). The P2+ Vegetat�on Prof�le measurements 
are used to character�ze vegetat�on compos�t�on and 
structure, and to develop an est�mate of percent cover 
for compet�ng vegetat�on. The compet�ng vegetat�on 
�nformat�on �s used along w�th the seedl�ng and sapl�ng 
measurements to evaluate regenerat�ve capac�ty. 

SoRTIe Primer
SORTIE �s a spat�ally expl�c�t, �nd�v�dual-based 
process model of forest dynam�cs that emphas�zes 
ne�ghborhood tree dynam�cs (Pacala et al.1996). 
Over the past decade, SORTIE has been �mproved to 
operate as an object-or�ented, open-source platform for 
s�mulat�ng forest dynam�cs. The model can eas�ly be 
mod�f�ed, and the source code, executable programs 
for both W�ndows and L�nux platforms, manuals 

for programmers and users, sample parameter f�les, 
and sample output are all ava�lable on the SORTIE 
Web s�te (www.sort�e-nd.org). Development of the 
model has been t�ghtly l�nked to stat�st�cal methods to 
parameter�ze the model from f�eld data, part�cularly 
the landscape-level data ava�lable from the FIA 
sample-plot network (�.e., Canham et al. 2006). 

In the past two years, all of the bas�c submodels �n 
SORTIE have been parameter�zed for the 50 most 
common tree spec�es �n the eastern U.S. by us�ng FIA 
data from the ent�re eastern U.S. (Lou�s�ana north to 
M�nnesota and eastward). Th�s �ncludes funct�ons 
for seedl�ng recru�tment, and growth and surv�val of 
seedl�ngs, sapl�ngs, and adult trees. The recru�tment 
funct�ons �nclude effects of cl�mate, and �nd�rectly 
�ncorporate the effects of shad�ng (us�ng basal area 
of adult trees w�th�n the �mmed�ate ne�ghborhood 
of the seedl�ng m�croplots w�th�n each FIA subplot 
as a surrogate). Seed product�on and d�spersal are 
not modeled as separate steps, but as �n the or�g�nal 
SORTIE model are subsumed w�th�n the seedl�ng 
recru�tment funct�ons. The growth and surv�val 
funct�ons for sapl�ngs and adult trees �ncorporate 
effects of compet�t�on, cl�mate, a�r pollut�on (N 
depos�t�on) (�.e., Canham et al. 2006).

Reg�onal-scale results are generated for current 
forest structure, compos�t�on, and env�ronmental 
character�st�cs of randomly selected FIA plots, us�ng 
current cl�mate (from b�l�near �nterpolat�on of PRISM 
cl�mate data) and N depos�t�on, based on a reg�onal, 
spat�ally-expl�c�t model of total wet and dry N 
depos�t�on (Weathers et al. 2006). S�nce the FIA plots 
used to �n�t�al�ze the �nd�v�dual runs represent spec�f�c 
locat�ons and known total areas of forestland, var�at�on 
�n the reg�onal-scale results can be mapped, and can 
be broken out by sub-reg�on (�.e., states, count�es), 
forest type, or mapped as a funct�on of any of the axes 
of env�ronmental var�at�on (cl�mate, N depos�t�on, 
so�ls) l�nked to the FIA plots. The model arch�tecture �s 
currently be�ng extended to allow �nteract�ons among 
FIA plots embedded w�th�n a reg�on (to allow, for 
�nstance, model�ng seed d�spersal based on reg�onal 
abundance of tree spec�es).
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Figure 1.—Example of NRS-FIA forested subplot depicting nested vegetation samples, 2012 (continued on next page).
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Figure 1 (continued).—Example of NRS-FIA forested subplot depicting nested vegetation samples, 2012.
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SORTIE �s an �nd�v�dual-tree d�stance-dependent 
model that s�mulates l�ght, tree b�rth, growth, and 
mortal�ty for seedl�ngs, sapl�ngs, and merchantable 
trees (Canham et al. 1994). SORTIE cons�sts of four 
submodels: seedl�ng recru�tment (reproduct�on) 
funct�on, resource ava�lab�l�ty (l�ght) (Beaudet 
et al. 2020), tree growth (Pacala et al. 1994), and 
tree mortal�ty (Kobe et al. 1996). SORTIE allows 
development of “behav�ors” to f�t the user’s forest 
populat�on or eco-type of �nterest. Canham et al. 
(2006) parameter�zed SORTIE for use �n New 
Hampsh�re and Vermont us�ng NRS-FIA data. 
Actual tree growth �s a funct�on of potent�al d�ameter 
growth us�ng scalars that quant�fy growth based on 
�n�t�al d�ameter, local env�ronmental cond�t�ons, and 
crowd�ng by ne�ghbor trees.

The focus for th�s d�scuss�on �s the seedl�ng 
recru�tment submodel and assoc�ated needs from 
FIA. Seedl�ng recru�tment models can be compl�cated 
cons�der�ng that they track seed product�on, d�spersal, 
predat�on, germ�nat�on, and mortal�ty. To s�mpl�fy 
model needs, us�ng seedl�ngs above a m�n�mum 
threshold allows a focus on seedl�ngs that have 
germ�nated �n the current year (R�bbens et al. 1994). 
The FIA m�n�mum s�ze for count�ng seedl�ngs �s 6 
�nches long for con�fers and 1 foot for dec�duous 
spec�es. Canham et al. (2006) modeled seedl�ng 
d�spers�on as a funct�on of the prox�m�ty of parent 
trees. Spec�f�cally, NRS-FIA seedl�ng counts and adult 
tree basal area were merged w�th cl�mate var�ables 
w�th NRS-FIA sample locat�ons. 

DIScuSSIoN AND coNcluSIoNS
Opportun�t�es for us�ng NRS-FIA data for broad-
scale models �nclude use of a non-spat�al model of 
seedl�ngs as a funct�on of basal area of the ent�re 
subplot, ab�l�ty to use a mortal�ty model for seedl�ngs, 
and �mprovement �n knowledge of the �mpact of the 
spec�es of ne�ghbor�ng trees. The NRS-FIA sample 
des�gn �ncludes several var�ables assoc�ated w�th 
SORTIE needs (F�gs. 1 and 2).

In the past, the NRS-FIA m�n�mum seedl�ng s�ze 
threshold �ncluded cohorts from mult�ple years and 
excluded mortal�ty of seedl�ngs before ach�ev�ng the 
m�n�mum s�ze. Th�s threshold �s no longer a l�m�tat�on 
because the Advance Tree Seedl�ng Regenerat�on 
(ATSR) measurement protocols �nclude all seedl�ngs 
that germ�nated and surv�ved �n the past year. Another 
challenge for modelers �s that the coeff�c�ent of 
determ�nat�on of the growth models �s relat�vely low. 
The pr�mary l�m�tat�on of us�ng FIA samples �s that 
the subplots are too small for full analys�s of d�stance-
dependent seedl�ng d�spers�on around parent trees.

Other benef�ts of the new NRS-FIA sample des�gn 
are a fourfold �ncrease �n sample s�ze and that all 
vegetat�on measurements are �ntegrated on the subplot 
(�.e., adult trees, compet�ng vegetat�on and seedl�ngs). 
Although not ut�l�zed yet, the �nformat�on on seedl�ng 
he�ght and browse pressure should allow for f�ner 
model ref�nement. The he�ght class breakdown has 
part�cular value for ref�n�ng seedl�ng recru�tment 
models. The �nformat�on could also be used to 
�mprove the seedl�ng component of FIA’s stock�ng 
and forest type algor�thm that uses seedl�ngs to pred�ct 
future stock�ng. The bas�c challenge for modelers �s 
to cont�nue to seek methods for f�ner scale models to 
�ntegrate w�th FIA var�ables.
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Figure 2.—SORTIE submodels and associated FIA vegetation measurements, 2012 (continued on next page). 
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Figure 2 (continued).—SORTIE submodels and associated FIA vegetation measurements, 2012. 
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TRANSITIoNING FRoM PHASe 3 veGeTATIoN DATA To PHASe 2+ 
veGeTATIoN DATA IN THe NoRTHeRN ReSeARcH STATIoN

W. Keith Moser, Katherine johnson, cassie M. Kurtz, cassandra olson, and William H. McWilliams1

Abstract.—Phase 3 (P3) vegetat�on d�vers�ty and structure was measured �n the Northern 
Research Stat�on (NRS), U.S. Forest Serv�ce, �nterm�ttently between 2000 and 2010. 
Vary�ng �n �ntens�ty and locat�on, these data prov�de a gl�mpse of nat�ve and �nvas�ve 
plants across port�ons of 24 states. Between 2007 and 2010, all NRS states were sampled 
largely on the same schedule and �ntens�ty. In 2011, an NRS-Forest Inventory and 
Analys�s team evaluated a new sampl�ng protocol (NRS Phase 2+ [P2+]), wh�ch �ncludes 
vegetat�on compos�t�on and structure var�ables from the Phase 2 vegetat�on prof�le 
and the �nvas�ve plants protocols, comb�ned w�th a regenerat�on sampl�ng scheme f�rst 
developed for the Pennsylvan�a “Regenerat�on Study.” To compare the P3 and P2+ sets 
of var�ables, our presentat�on w�ll apply NRS P2+ vegetat�on prof�le, �nvas�ve plants, and 
advance tree seedl�ng regenerat�on var�ables to the prev�ously collected P3 vegetat�on 
d�vers�ty and structure data and we w�ll d�scuss the �mpl�cat�ons for customers of  
these data.

1 Research Forester (WKM), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell 
Avenue, St. Paul, M�nnesota 55108; B�olog�cal Sc�ent�st (KJ), Natural Resource Spec�al�st (CMK), 
Ecolog�st (CO), and Research Forester (WHM), U.S. Forest Serv�ce, Northern Research Stat�on. 
WKM �s correspond�ng author; to contact, call 651-649-5155 or ema�l at wkmoser@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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DeveloPMeNT AND APPlIcATIoNS  
oF THe lANDFIRe FoReST STRucTuRe lAyeRS

chris Toney, Birgit Peterson, Don long, Russ Parsons, and Greg cohn1

Abstract.—The LANDFIRE program �s develop�ng 2010 maps of vegetat�on and 
w�ldland fuel attr�butes for the Un�ted States at 30-meter resolut�on. Currently ava�lable 
vegetat�on layers �nclude ca. 2001 and 2008 forest canopy cover and canopy he�ght 
der�ved from Landsat and Forest Inventory and Analys�s (FIA) plot measurements. 
The LANDFIRE canopy cover layer for the conterm�nous Un�ted States �s the f�rst of 
�ts k�nd developed w�th FIA tree measurements as the source of ground reference data. 
The mapp�ng process �s based on regress�on tree models w�th FIA plot values as the 
dependent var�ables (canopy cover, canopy he�ght), us�ng pred�ctor var�ables der�ved 
from reflectance, terra�n, and a Shuttle Radar Topography M�ss�on-based he�ght metr�c. 
Base vegetat�on maps are updated beg�nn�ng w�th a set of annual d�sturbance maps that 
comb�ne extant f�re sever�ty mapp�ng w�th Landsat t�me-ser�es d�sturbance and polygon 
data descr�b�ng management act�v�t�es on Federal and state lands. FIA plot data are used 
�n the Forest Vegetat�on S�mulator to model d�sturbance effects on forest vegetat�on 
for each d�sturbance type and sever�ty class. Updated 2010 products are scheduled for 
del�very dur�ng early 2013. The 2010 products �nclude a new tree l�st layer �n wh�ch stand 
structure �s dep�cted expl�c�tly by approx�mat�ng a representat�ve l�st of trees occurr�ng at 
each 30-m p�xel. The tree l�st layer prov�des a more deta�led character�zat�on of canopy 
fuel structure than �s ava�lable w�th standard LANDFIRE products, fac�l�tat�ng new 
appl�cat�ons and research �n f�re behav�or and f�re effects s�mulat�on.

1 B�olog�st (CT), U.S. Forest Serv�ce, Rocky Mounta�n 
Research Stat�on, 5775 U.S. West H�ghway 10, M�ssoula, 
MT 59808; Sc�ent�st (BP), ASRC Research and Technology 
Solut�ons; Ecolog�st (DL), Research Ecolog�st (RP), and 
Forestry Techn�c�an (GC), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on. CT �s correspond�ng author: to 
contact, call 406-829-6980 or ema�l at chr�stoney@fs.fed.us.

INTRoDucTIoN
The LANDFIRE program, now �n �ts second update 
phase, produces more than 20 d�fferent 30-meter 
raster layers of vegetat�on structure and compos�t�on, 
f�re behav�or, and f�re reg�mes for all of the major 
ecosystems �n the Un�ted States (more �nformat�on �s 
ava�lable at www.landf�re.gov). The layers descr�be 
vegetat�on and w�ldland fuel across all lands, and are 
des�gned to fac�l�tate nat�onal and reg�onal plann�ng 
and report�ng of f�re management act�v�t�es. Th�s 
program has collaborated closely w�th the Forest 

Inventory and Analys�s (FIA) Program s�nce 2004 and 
FIA data are a cr�t�cal component of several vegetat�on 
and fuel layers developed by LANDFIRE.

Th�s paper focuses on a subset of LANDFIRE layers 
dep�ct�ng forest structure that were based heav�ly on 
FIA f�eld measurements. Forest canopy cover �s the 
proport�on of the forest floor covered by a vert�cal 
project�on of the tree crowns. Canopy he�ght �s the 
representat�ve he�ght above ground level of the taller 
trees compos�ng the upper canopy layer. Canopy cover 
and he�ght are key var�ables requ�red for model�ng f�re 
behav�or spat�ally (F�nney 2004).

The LANDFIRE canopy cover layer for the 
conterm�nous Un�ted States �s the f�rst of �ts k�nd 
developed w�th FIA tree measurements as the 
source of ground reference data, and �s pa�red w�th 
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an �ntegrated canopy he�ght layer. Here we g�ve an 
overv�ew of the mapp�ng process along w�th current 
appl�cat�ons �n w�ldland f�re management and 
research. We also descr�be a new LANDFIRE layer 
under development �n wh�ch stand structure �s dep�cted 
expl�c�tly by approx�mat�ng a representat�ve l�st of 
trees occurr�ng at each 30-m p�xel.

FIelD ReFeReNce DATA
Tree canopy cover est�mates for FIA plots were 
based on pred�cted crown d�mens�ons, us�ng stem 
coord�nates recorded by f�eld crews to map the 
locat�ons of trees w�th�n the subplots and m�croplots 
(F�g. 1) (Toney et al. 2009). Canopy he�ght was the 
basal area-we�ghted average he�ght of the dom�nant, 
codom�nant, and open-grown trees �n each plot. 
Plot records were f�ltered based on FIA d�sturbance 
attr�butes and locat�on-spec�f�c Landsat �mage dates 
to obta�n canopy cover/canopy he�ght tra�n�ng s�tes. 
Some plots were om�tted from the tra�n�ng set �f they 
had s�gn�f�cant d�sturbances (such as cutt�ng, f�re, or 
w�nd) recorded after the most recent locat�on-spec�f�c 
�mage date �n the mult�-temporal Landsat mosa�cs 
descr�bed below.

Figure 1.—Example of mapping the modeled crowns of trees in an FIA plot using stem coordinates recorded by field crews.

PRoDucTIoN MAPPING PRoceSS
canopy cover and canopy Height
Forest canopy cover and he�ght were produced us�ng 
several dates of Landsat �magery and der�ved layers as 
pred�ctor var�ables. Landsat �mages from leaf-off, leaf-
on, and spr�ng (U.S. Geolog�cal Survey 2001) were 
used, along w�th texture �mages der�ved from tasseled-
cap �mages of the three dates. Elevat�on, slope, and 
aspect were also used (U.S. Geolog�cal Survey 2005). 
A Shuttle Radar Topography M�ss�on-der�ved metr�c 
(Kellndorfer et al. 2004) was �ncluded �n the canopy 
he�ght model�ng.

Regress�on tree models were f�t us�ng Cub�st software 
(RuleQuest [n.d.]). Model pred�ct�ons were appl�ed to 
all 30-m p�xels w�th�n the LANDFIRE forest mask. 
The output layers were v�sually checked for seam 
l�nes and presence of clouds and other art�facts from 
the �magery. Problem source data were el�m�nated or 
local�zed rev�s�ons were made.

A des�gn requ�rement for the canopy cover layer 
was to map a stat�st�cal d�str�but�on of cover values 
cons�stent w�th the d�str�but�on expected for spat�al f�re 
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model�ng. Canopy cover rarely exceeds 70 percent �n 
western U.S. forest types (Scott and Re�nhardt 2005, 
Stratton 2006) but �s h�gher �n mult�-stor�ed forests of 
the eastern Un�ted States. The d�str�but�on of stem-
mapped FIA canopy cover was cons�stent w�th the 
d�str�but�on as evaluated �n f�re behav�or models.

Updat�ng from the 2001 base vegetat�on maps 
(Vogelmann et al. 2011) beg�ns w�th a set of 
annual d�sturbance maps that comb�ne f�re sever�ty 
mapp�ng w�th Landsat t�me-ser�es d�sturbance 
(Huang et al. 2010) and polygon data descr�b�ng 
management act�v�t�es on Federal and state lands. 
Products ava�lable for f�re sever�ty mapp�ng �nclude 
Mon�tor�ng Trends �n Burn Sever�ty (MTBS) (U.S. 
Forest Serv�ce and U.S. Geolog�cal Survey 2012), 
Rap�d Assessment of Vegetat�on Cond�t�on after 
W�ldf�re (U.S. Forest Serv�ce 2011), and Burned Area 
Reflectance Class�f�cat�on (U.S. Forest Serv�ce and 
U.S. Geolog�cal Survey [n.d.]). D�sturbance effects 
on forest vegetat�on are modeled for each d�sturbance 
type and sever�ty class us�ng FIA plot data �n the 
Forest Vegetat�on S�mulator. 

Tree list layer
The tree l�st layer �s composed of a themat�c raster 
map �n wh�ch each 30-meter p�xel �s ass�gned a tree 
l�st �dent�f�er, along w�th a lookup table of tree data 
for each �dent�f�er. The tree l�st �nformat�on �ncludes 
spec�es, s�ze, status, and dens�ty from the FIA plot 
records. Product�on of the tree l�st layer �nvolves 
post-process�ng the ex�st�ng class�f�ed Landsat 
(LANDFIRE vegetat�on type, canopy cover, canopy 
he�ght) by nearest ne�ghbor �mputat�on w�th�n spec�f�c 
landscape strata. The vegetat�on-based strat�f�cat�on 
def�nes subsets of plots el�g�ble for �mputat�on to 
p�xels w�th�n each stratum on the map. At each p�xel, 
a nearest ne�ghbor search of the el�g�ble plots �s 
done �n a normal�zed Eucl�dean space of var�ables 
descr�b�ng geography (x, y coord�nates), terra�n 
(elevat�on, slope, transformed aspect), and vegetat�on 
(cont�nuous canopy cover, canopy he�ght). The tree l�st 
approach prov�des much greater deta�l character�z�ng 
forest structure attr�butes (cf. W�lson et al. 2012). For 
example, rather than a s�ngle canopy he�ght value, a 

d�str�but�on of tree he�ghts �s presented, fac�l�tat�ng use 
of these layers as �nputs to spec�al�zed models or more 
�n-depth analys�s. 

PRoDucT AvAIlABIlITy
Canopy cover (F�g. 2) and canopy he�ght products 
from LANDFIRE for 2001 and 2008 are currently 
ava�lable for download at www.landf�re.gov. Canopy 
cover and he�ght for 2010 are scheduled for del�very 
dur�ng early 2013. The tree l�st product for 2010 �s also 
scheduled for early 2013, but ava�lab�l�ty �s by request 
w�th an FIA conf�dent�al�ty agreement.

APPlIcATIoNS
The LANDFIRE vegetat�on structure layers have been 
w�dely used s�nce 2005 �n f�re model�ng for �nc�dent 
support as well as plann�ng. The layers are used for 
s�mulat�ons �n the W�ldland F�re Dec�s�on Support 
System (http://wfdss.usgs.gov) and the F�re Program 
Analys�s System (http://www.fpa.n�fc.gov). Nonf�re 
land management appl�cat�ons are also a major use 
(e.g., http://www.conservat�ongateway.org/top�c/
appl�cat�ons).

The LANDFIRE tree l�st layer represents a new 
approach for fuel mapp�ng, prov�d�ng deta�l s�m�lar 
to what m�ght be ach�eved w�th L�ght Detect�on and 
Rang�ng mapp�ng, but w�th the benef�t of wall-to-
wall coverage cons�stent w�th the other LANDFIRE 
layers. Th�s approach has s�gn�f�cant potent�al for 
new appl�cat�ons and analys�s. For example, the tree 
l�st layer can be used to prov�de real�st�c �nputs to 
new, phys�cs-based 3D f�re behav�or models (e.g., 
FIRETEC), �n wh�ch canopy fuels can be represented 
as d�screte ent�t�es such as �nd�v�dual trees (L�nn et al. 
2005) (F�g. 3).

AcKNoWleDGMeNTS
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comments that �mproved the manuscr�pt.
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Figure 2.—LANDFIRE 2008 tree canopy cover mapped from FIA plot data and Landsat.

Figure 3.—Application of the LANDFIRE tree list layer as fuels input to the dynamic 3D fire model, FIRETEC. At each forested 
pixel, tree data from the tree list layer look-up table were expanded to the pixel scale and draped over the LANDFIRE elevation 
layer. The simulation area is 1 km2, centered on Mann Gulch in the Helena National Forest, about 25 miles north-northeast of 
Helena, MT.
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cHARAcTeRIZING eNvIRoNMeNTAl cHANGe IN INTeRIoR AlASKA 
(1982-2012) uSING MulTI-TeMPoRAl, MulTI-ScAle  

ReMoTe SeNSING DATA AND FIelD MeASuReMeNTS 

Hans-erik Andersen and Robert Pattison1

Abstract.—We �nvest�gate how vegetat�on �n the Tanana Valley of �nter�or Alaska 
(120,000 km2) has responded to a chang�ng cl�mate over the preced�ng three decades 
(1982-2012). Expected �mpacts �nclude: 1) dry�ng of wetlands and subsequent 
encroachment of woody vegetat�on �nto areas prev�ously dom�nated by herbaceous and 
bryo�d vegetat�on types, 2) changes �n forest compos�t�on result�ng from success�on 
processes w�th�n burned areas, 3) mortal�ty and defol�at�on from �ncreased �nsect act�v�ty 
attr�butable to a warm�ng cl�mate, 4) effects on tree growth attr�butable to drought stress 
and/or reduced photosynthet�c capac�ty, and 5) expans�on of woody vegetat�on at the 
tree l�ne. To character�ze and quant�fy these changes occurr�ng over the full range of 
env�ronmental cond�t�ons present �n th�s vast reg�on, we plan to use a un�que resource of 
mult�-temporal and mult�-scale remote sens�ng data to analyze changes observed between 
1) f�eld data and large-scale photographs collected �n 1982 over a select�on of �nventory 
plots w�th�n the western Tanana Valley reg�on, and 2) low-alt�tude a�rborne d�g�tal 
�magery collected over these same �nventory plots �n 2012. Deta�led stand- and plant-
level changes observed over 40-ha remeasured photo plots w�ll be scaled up and used to 
�nform an analys�s of changes �n vegetat�on cond�t�on observed �n spectral trajector�es 
obta�ned from a t�me ser�es of Landsat Themat�c Mapper/Enhanced Themat�c Mapper 
Plus �magery over th�s 30-year per�od. 

1 Research Forester (HEA), U.S. Forest Serv�ce, Pac�f�c 
Northwest Research Stat�on, Un�vers�ty of Wash�ngton, 
Seattle, WA 98117; Research Ecolog�st (RP), U.S. Forest 
Serv�ce, Pac�f�c Northwest Research Stat�on. HEA �s 
correspond�ng author: to contact, call 206-221-9034 or 
ema�l at handersen@fs.fed.us.  

INTRoDucTIoN
The �mpacts of cl�mate change on the cond�t�on and 
product�v�ty of vegetat�on are l�kely to be part�cularly 
s�gn�f�cant �n the boreal forest reg�ons of the world, 
such as �nter�or Alaska, where observed rates of 
temperature change over the last three decades are 
s�gn�f�cantly h�gher than �n other terrestr�al b�omes. 
H�gh northern lat�tudes have exper�enced the strongest 
warm�ng trend dur�ng the era of satell�te observat�ons 
(1972-present), lead�ng to a var�ety of cl�mate-dr�ven 

changes �n vegetat�on growth and mortal�ty (e.g., 
Wolken et al. 2011). These �mpacts are h�ghly var�ed 
across the reg�on’s w�de range of env�ronmental 
(e.g., hydrolog�cal, elevat�on) grad�ents. The 
changes occurr�ng �n �nter�or Alaska have �mportant 
�mpl�cat�ons for local commun�ty subs�stence through 
�mpacts on w�ldl�fe (Kof�nas et al. 2010) and b�omass 
for energy (Fresco and Chap�n 2009). Due to the vast 
spat�al extent and lack of �nfrastructure �n the reg�on, 
there has been very l�ttle systemat�c repeated sampl�ng 
as typ�f�ed by the permanent plots, such as those of 
the Forest Inventory and Analys�s Program, that can 
be found �n other reg�ons. As a result, �ns�ghts about 
changes �n �nter�or Alaska have come from local�zed 
f�eld stud�es and broad-scale remote sens�ng efforts, 
often carr�ed out �ndependently (Holl�ngsworth et al. 
2010, Parent and Verbyla 2010).
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oBjecTIveS
In th�s study, we are �nvest�gat�ng how vegetat�on 
�n �nter�or Alaska has changed over three decades 
(1982-2012) and l�nk those changes to sh�fts �n 
cl�mate reg�me dur�ng that t�me. We w�ll develop a 
h�erarch�cal approach to evaluat�ng vegetat�on change 
us�ng a un�que resource of mult�-temporal and mult�-
scale remote sens�ng data along w�th remeasured 
f�eld plots over a 17,000-km2 area �n the v�c�n�ty of 
Fa�rbanks, AK (F�g. 1). We expect changes �n cl�mate 
to be man�fested �n a var�ety of ways that w�ll be 
v�s�ble across mult�ple scales of observat�on. Expected 
ecolog�cal �mpacts �nclude: 1) dry�ng of wetlands and 
subsequent encroachment of woody vegetat�on �nto 
areas prev�ously dom�nated by herbaceous and bryo�d 
vegetat�on types, 2) �ncrease �n dec�duous vegetat�on 
postf�re due to �ncreased f�re sever�ty, 3) tree mortal�ty 
and defol�at�on due to �ncreased �nsect act�v�ty 
attr�butable to a warm�ng cl�mate, 4) �mpacts on tree 
growth attr�butable to drought stress and/or reduced 
photosynthet�c capac�ty, and 5) expans�on of woody 
vegetat�on at tree l�ne. A un�que feature of th�s study 
w�ll be that we w�ll cap�tal�ze on the permanent plot 
remeasurements to prov�de more robust �ns�ghts �nto 
changes. 

APPRoAcH
F�eld data and large-scale photographs collected for 
a prev�ous �nventory of the Tanana Valley �n �nter�or 
Alaska carr�ed out �n the early 1980s w�ll be compared 
w�th f�eld data and low-alt�tude a�rborne d�g�tal 
�magery collected over plots �n 2010 �n a prev�ous 
study and �n 2012 (F�g. 1). Deta�led stand- and 
plant-level changes observed at f�eld plots and 40-ha 
remeasured photo plots w�ll be scaled up and used to 
�nform an analys�s of changes �n vegetat�on cond�t�on 
observed �n spectral trajector�es obta�ned from a 
t�me ser�es of Landsat Themat�c Mapper/Enhanced 
Themat�c Mapper Plus (TM/ETM+) �magery over th�s 
30-year per�od. 

Remeasurement of  
Adaptive Infrared Imaging 
Spectroradiometer Field Data
We plan to rev�s�t a subset of seven Adapt�ve Infrared 
Imag�ng Spectrorad�ometer (AIRIS) f�eld plots �n the 
v�c�n�ty of Fa�rbanks to conf�rm and clar�fy patterns 
seen at broader scales (repeat a�r photography and 
satell�te) and to assess feas�b�l�ty of remeasur�ng f�eld 
plots over a broader geograph�c range �n the future 
(F�g. 1). Rev�s�ted plots w�ll be pr�or�t�zed by those 
that: 1) are �n areas that are near roads (to reduce 
sampl�ng costs), 2) have undergone the greatest change 
(�ncrease or decrease) �n Normal�zed D�fference 
Vegetat�on Index (NDVI) across the study area, and 
3) have not been burned (to s�mpl�fy analyses for th�s 
study). Each AIRIS f�eld plot cons�sted of 19 sample 
po�nts d�str�buted un�formly throughout the 8-ha photo 
plot area. F�eld data from the 1982-1983 �nventory are 
read�ly ava�lable (MS Access database), as are scanned 
cop�es of the f�eld manual w�th deta�led sampl�ng 
notes, and photos taken on the plot. Monuments were 
placed at all plots to make them eas�er to f�nd. 

Remeasurement of  
AIRIS Photo Plots
We w�ll refly 30 AIRIS photo plots �n the v�c�n�ty 
of Fa�rbanks w�th low-alt�tude (large-scale) d�g�tal 
stereo �magery, to character�ze stand- and plant-
level processes of change, �nclud�ng shrub and tree 
establ�shment, mortal�ty, spec�es replacement or 
success�on, and changes �n surface hydrology, for 
assessment of �mpacts on carbon flux and hab�tat. 
Forest-type polygons �nterpreted �n the 1982 and 
2012 photos w�ll prov�de a large footpr�nt (40 ha) to 
compare w�th changes observed �n a t�me ser�es of 
satell�te �magery. Several of the AIRIS photo plots 
w�th�n the proposed study area have already been 
reflown for a prev�ous project. 
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Figure 1.—Location of AIRIS photo plots (black dots) and AIRIS field plots (green) within Tanana Valley, interior Alaska. 
Black rectangle in upper left area of main map shows proposed 17,000-km2 study area for this project; red dots indicate the 
accessible AIRIS field plots to be visited. Inset graphics show Landsat TM imagery and low-altitude aerial photos from the 
mid-1980s and late-2000s. Photo-interpreted forest type polygons within the 1982 8-ha photo plot are also shown. Note 
terrestrialization and shrinkage of pond area, as well as burned areas evident in Landsat TM imagery.
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Time-Series Analysis of  
changes in Satellite Imagery
All f�eld-v�s�ted (~7) and reflown photo plots (~30) 
w�ll be also be exam�ned w�th a 30-year t�me- ser�es 
analys�s of changes �n key spectral �nd�ces (e.g., 
NDVI) from Landsat TM/ETM+ us�ng T�meSync 
(Cohen et al. 2010). Th�s analys�s w�ll allow us to 
compare how these f�eld and photo plots f�t �nto other 
reg�onw�de satell�te-based stud�es of changes �n key 
�nd�ces (Parent and Verbyla 2010) and w�ll prov�de 
a foundat�on for reg�onw�de (�.e., “wall-to-wall”) 
assessment of changes to the ent�re Tanana Valley 
by us�ng the 30-year Landsat TM/ETM+ record w�th 
other approaches such as Landsat-based Detect�on of 
Trends �n D�sturbance and Recovery (LandTrendr) 
(Kennedy et al. 2010) �n the future. 
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The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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A MoDel FoR QuANTIFyING FoReST vARIABleS  
oveR lANDScAPeS WITH uNceRTAIN FoReST AReAS

Andrew o. Finley, Sudipto Banerjee, and David W. MacFarlane1

Abstract.—We are �nterested �n pred�ct�ng one or more cont�nuous forest var�ables 
(e.g., b�omass, volume, age) at a f�ne resolut�on (e.g., p�xel level) across a spec�f�ed 
doma�n. G�ven a def�n�t�on of forest/nonforest, th�s pred�ct�on �s typ�cally a two-step 
process. The f�rst step pred�cts wh�ch locat�ons are forested. The second step pred�cts 
the value of the var�able for only those forested locat�ons. Rarely �s the forest/nonforest 
status pred�cted w�thout error. However, the uncerta�nty �n th�s pred�ct�on �s typ�cally not 
propagated through to the subsequent pred�ct�on of the forest var�able of �nterest. Fa�lure 
to acknowledge th�s error can result �n b�ased est�mates of forest var�able totals w�th�n 
a doma�n. In response to th�s problem, we offer a model�ng framework that w�ll allow 
propagat�on of th�s uncerta�nty. Here we env�s�on two latent processes generat�ng the 
data. The f�rst �s a cont�nuous spat�al process wh�le the second �s a b�nary spat�al process. 
The cont�nuous spat�al process controls the spat�al assoc�at�on structure of the forest 
var�able of �nterest, wh�le the b�nary process �nd�cates presence of a poss�ble nonzero 
value for the forest var�able at a g�ven locat�on. The proposed models are appl�ed to 
geo-referenced Nat�onal Forest Inventory (NFI) data and spat�ally co�nc�d�ng remotely 
sensed pred�ctor var�ables. Due to the large number of observed locat�ons �n th�s dataset, 
we seek d�mens�on reduct�on not just �n the l�kel�hood, but also for unobserved stochast�c 
processes. We demonstrate how a low-rank pred�ct�ve process can be adapted to our 
sett�ng and reduce the d�mens�onal�ty of the data and ease the computat�onal burden.

1 Ass�stant Professor (AOF), M�ch�gan State Un�vers�ty, Departments of Forestry and Geography, 
East Lans�ng, MI 48824; Professor (SB), Un�vers�ty of M�nnesota; Assoc�ate Professor (DWM), 
M�ch�gan State Un�vers�ty. AOF �s correspond�ng author: to contact, call 517-432-7219 or ema�l  
at f�nleya@msu.edu.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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RelATIoNSHIP BeTWeeN cRoWN DIeBAcK AND DRouGHT  
IN THe SouTHeASTeRN uNITeD STATeS

Michael K. crosby, Zhaofei Fan, Martin A. Spetich, Theodor D. leininger, and Xingang Fan1

Abstract.—Forest Health and Mon�tor�ng (FHM) and Palmer’s Drought Sever�ty Index 
(PDSI) data were obta�ned for 11 states �n the southeastern Un�ted States to assess the 
relat�onsh�p between drought and crown d�eback. Correlat�on analyses were performed 
at the spec�es group and ecoreg�on levels w�th�n the study area. The results �nd�cate a 
negat�ve correlat�on between drought and crown d�eback w�th�n 3 to 5 years of the onset 
of drought cond�t�ons.

1 Post-doctoral Research Assoc�ate (MKC) and Ass�stant 
Professor (ZF), Forest and W�ldl�fe Research Center, 
M�ss�ss�pp� State Un�vers�ty, Box 9681 M�ss�ss�pp� State, 
MS 39762-9681; Research Forest Ecolog�st (MAS) and 
Project Leader (TDL), U.S. Forest Serv�ce, Southern 
Research Stat�on; Ass�stant Professor (XF), Department 
of Geography and Geology, Western Kentucky Un�vers�ty. 
MKC �s correspond�ng author: to contact, call 662-325-1527 
or ema�l at mkc34@msstate.edu.

INTRoDucTIoN
Crown d�eback, a crown health �nd�cator collected 
dur�ng Phase 3 sampl�ng by the Forest Health and 
Mon�tor�ng (FHM) Program of the U.S. Forest 
Serv�ce, prov�des an early �nd�cat�on of tree stress 
by est�mat�ng the amount of death that has occurred 
�n a tree crown (Schomaker et al. 2007). We seek to 
use crown d�eback as a f�rst �nd�cat�on of the �mpacts 
of drought on forests �n the southeastern Un�ted 
States. Reg�onal d�fferences �n crown d�eback such as 
elevated crown d�eback �n maple spec�es (Acer spp.) 
throughout the northeastern Un�ted States and red 
oak spec�es (Quercus, sect�on Lobatae) �n the Ozark 
H�ghlands (Fan et al. 2008, Randolph 2009) �nd�cate 
that trees may react d�fferently to sources of stress. 
Typ�cally, hardwood spec�es w�ll shed leaves to avo�d 
drought stress wh�le p�ne spec�es typ�cally have less 
leaf area from the outset (Barnes et al. 1998). In the 
southeast, Randolph (2009) found that oak spec�es had 
h�gher levels of crown d�eback than p�nes. Further, 
denser oak stands exh�b�t a h�gher suscept�b�l�ty to 

drought �n some areas of Alabama, Georg�a, and 
V�rg�n�a that could lead to an �ncrease �n mortal�ty 
(Klos et al. 2009) or �ncreased suscept�b�l�ty to damage 
from f�res or �nsects.

Mon�tor�ng the suscept�b�l�ty to damage over a large 
scale �s an �mportant f�rst step �n understand�ng the 
�nteract�on between cl�mate and forests. To th�s end, 
we wanted to determ�ne the relat�onsh�p between 
crown d�eback and drought w�th�n var�ous spec�es 
groups by forest type and ecoreg�on. Our hypothes�s 
was that relat�onsh�ps w�ll vary among the selected 
groups and g�ve an overall �mpress�on of the �mpact of 
drought on southeastern U.S. forests.

MeTHoDS
Crown d�eback, plot locat�on (�.e., lat�tude and 
long�tude), and �nventory year were extracted from 
FHM �nventory data obta�ned from the U.S. Forest 
Serv�ce for all trees w�th a d�ameter at breast he�ght 
(d.b.h.) greater than 5 �nches for ava�lable states �n 
the southeastern Un�ted States (Alabama, Arkansas, 
Flor�da, Georg�a, Kentucky, Lou�s�ana, North Carol�na, 
South Carol�na, Texas, Tennessee and V�rg�n�a). 
PDSI data (Palmer 1965), a commonly used �ndex for 
assess�ng drought, were obta�ned from the Nat�onal 
Cl�mat�c Data Center of the Nat�onal Ocean�c and 
Atmospher�c Adm�n�strat�on to determ�ne the sever�ty 
and durat�on of drought across the southeastern Un�ted 
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States. FHM and PDSI data were then d�splayed �n a 
geograph�c �nformat�on system (GIS) and jo�ned so 
that PDSI values were extracted to the FHM plot. Th�s 
allowed for a completed dataset of crown d�eback and 
PDSI for each tree record �n the dataset. The data were 
then extracted by spec�es group w�th�n each forest type 
and then by ecoreg�on. It was then poss�ble to assess 
the relat�onsh�p between crown d�eback and PDSI 
across forest types and ecoreg�ons for each spec�es 
group. 

ReSulTS
The p�ne spec�es group d�d not y�eld any s�gn�f�cant 
relat�onsh�ps w�th PDSI, forest type, or ecoreg�on. 
The red oak, wh�te oak (Quercus sect�on Quercus), 
and other hardwood spec�es groups all exh�b�ted 
s�gn�f�cant relat�onsh�ps w�th forest type, w�th p�ne, 
oak/p�ne, and oak/h�ckory hav�ng elevated levels 
of crown d�eback. PDSI and ecoreg�on were also 
s�gn�f�cant explanatory var�ables for red oak and wh�te 
oak spec�es groups w�th the h�ghest levels of crown 
d�eback occurr�ng �n areas �mpacted by drought (Table 
1). These prel�m�nary f�nd�ngs can be used to further 
ref�ne models to mon�tor crown health w�th �nd�cators 
of drought.
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Serv�ce Forest Health Mon�tor�ng Program (# 
SO-EM-F-10-01) and NASA v�a subcontract 
(WKU5162201000110070670) from Western 
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Table 1.—The most significant variables for assessing crown dieback in the southeastern united States 
by species group

Species Group Significant variables crown Dieback (%)

Red Oaks Pine, Oak/Pine, and Oak/Hickory forest types 19.7

Eastern Broadleaf Forest (Oceanic), Outer Coastal Plain Mixed Forest, 
Lower MS Riverine Forest, Ouachita Mixed Forest/Meadow Ecoregions

26.7

3-Year Cumulative PDSI ≥1.28 36.8

White Oaks Prairie Parkland Ecoregion 33.2

Pine, Oak/Hickory, and Oak/Gum/Cypress forest types 39.6

7-Year Cumulative PDSI < -1.802 64.8

Other Hardwoods Pine, Oak/Pine forest types 42.6
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ASSeSSING FoReST MoRTAlITy PATTeRNS uSING clIMATe  
AND FIA DATA AT MulTIPle ScAleS

Michael K. crosby, Zhaofei Fan, Xingang Fan, Theodor D. leininger, and Martin A. Spetich1

Abstract.—Forest Inventory and Analys�s (FIA) and PRISM cl�mate data from 1991-
2000 were obta�ned for 10 states �n the southeastern Un�ted States. Mortal�ty was 
calculated for each plot, and annual values for prec�p�tat�on and max�mum and m�n�mum 
temperature were extracted from the PRISM data. Data were then strat�f�ed by upland/
bottomland for red oak spec�es, and class�f�cat�on and regress�on tree (CART) analys�s 
was used to determ�ne the �nfluence of cl�mate var�ables on mortal�ty at ecoreg�on 
prov�nce and sect�on levels. The results presented here w�ll prov�de a bas�s for future 
research on the causal factors related to red oak mortal�ty.

1 Post-doctoral Research Assoc�ate (MKC) and Ass�stant 
Professor (ZF), M�ss�ss�pp� State Un�vers�ty, Forest and 
W�ldl�fe Research Center, Box 9681, M�ss�ss�pp� State, 
MS 39762-9681; Ass�stant Professor (XF), Department of 
Geography and Geology, Western Kentucky Un�vers�ty; 
Project Leader (TDL) and Research Forest Ecolog�st 
(MAS), U.S. Forest Serv�ce, Southern Research Stat�on. 
MKC �s correspond�ng author: to contact, call 662-325-1527 
or ema�l at mkc34@msstate.edu.

INTRoDucTIoN
Increased mortal�ty �n red oak spec�es (Quercus, 
sect�on Lobatae) has been attr�buted to a var�ety of 
factors rang�ng from b�ot�c (e.g., oak borers [Fan et 
al. 2008]) to ab�ot�c (e.g., drought [Law and Gott 
1987]). Such w�despread loss of these spec�es could 
lead to compos�t�onal changes �n forests across the 
southeastern Un�ted States. Wh�le prev�ous stud�es 
have sought to relate cl�mat�c factors to �ncreased 
levels of mortal�ty, few have cons�dered the changes 
�n mortal�ty patterns at f�ner scales of analys�s such 
as the ecoreg�on prov�nce level and sect�on level. 
Analyz�ng the relat�onsh�p between cl�mat�c factors 
and mortal�ty at �ncreas�ngly f�ner scales could allow 
for new �ns�ghts �nto chang�ng mortal�ty trends for 
red oak spec�es across the reg�on. Thus, we assessed 
changes �n mortal�ty for upland and bottomland red 
oak spec�es by: 1) determ�n�ng the trends �n mortal�ty; 
and 2) us�ng class�f�cat�on and regress�on tree (CART) 

to determ�ne the relat�onsh�ps between mortal�ty and 
cl�mate var�ables at ecoreg�on prov�nces and sect�ons 
for both upland and bottomland red oak spec�es. The 
results of these analyses w�ll help gu�de future research 
endeavors across the reg�on as we seek to understand 
causal factors related to mortal�ty for all spec�es �n the 
southeastern Un�ted States.

MeTHoDS
Data �nclud�ng lat�tude, long�tude, spec�es codes, and 
basal areas of l�ve and dead trees (red oaks) were 
extracted from the Forest Inventory and Analys�s 
(FIA) database for 10 states �n the southeastern 
Un�ted States for wh�ch �nventory data were ava�lable 
between 1991-2000 (Oklahoma, Arkansas, Kentucky, 
Tennessee, M�ss�ss�pp�, Alabama, Georg�a, Flor�da, 
South Carol�na, and V�rg�n�a). Geograph�c �nformat�on 
system (GIS) software was then used to extract total 
annual prec�p�tat�on, max�mum temperature, m�n�mum 
temperature, and temperature range from PRISM 
(Oregon State Un�vers�ty 2012) for 2 years preced�ng 
each �nventory year as well as ecoreg�on prov�nce and 
sect�on codes. Mortal�ty was calculated as a percentage 
of dead basal area for each spec�es type that occurred 
w�th�n each plot by d�v�d�ng dead basal area by total 
basal area of the plot. The data were then d�v�ded 
based on s�tes upon wh�ch each spec�es typ�cally 
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occurs (e.g., upland or bottomland [Table 1]) for red 
oak spec�es. Th�s was done �n an effort to determ�ne 
both the scale and degree of d�fference between the 
two groups. R stat�st�cal software was ut�l�zed to 
perform kernel smooth�ng us�ng the ”stats” package (R 
Core Team 2012) to allow for the determ�nat�on of a 
spat�al trend �n mortal�ty, and CART analys�s us�ng the 
“rpart” package (Therneau et al. 2012) to determ�ne 
the relat�onsh�p between mortal�ty and cl�mate 
var�ables at the ecoreg�on prov�nce and sect�on levels 
(Table 2).

Table 1.—list of upland and bottomland red oak 
species extracted from 1991-2000 Forest Inventory 
and Analysis (FIA) data for 10 southeastern states

 common Name Scientific Name

Upland Scarlet oak Quercus coccinea
 Southern red oak Quercus falcata
 Blackjack oak Quercus marilandica
 Northern red oak Quercus rubra
 Black oak Quercus velutina
  Bluejack oak Quercus incana

Bottomland Cherrybark oak Quercus pagoda
 Water oak Quercus nigra
 Nuttall oak Quercus texana
 Willow oak Quercus phellos
 Shumard oak Quercus shumardii

 code Section Province

 A Arkansas Valley Southeastern Mixed Forest

 B Atlantic Coastal Flatlands Outer Coastal Plain Mixed Forest

 C Blue Ridge Mountains Central Appalachian Broadleaf Forest-Coniferous Forest-Meadow

 D Boston Mountains Ozark Broadleaf Forest-Meadow

 E Central Ridge/Valley Eastern Broadleaf Forest (Oceanic)

 F Coastal Plain/Flatwood, Lower Outer Coastal Plain Mixed Forest

 G Coastal Plain, Middle Southeastern Mixed Forest

 H Florida Coastal Lowlands, Eastern Outer Coastal Plain Mixed Forest

 I Florida Coastal Lowlands, Western Outer Coastal Plain Mixed Forest

 J Interior Low Plateau, Highland Rim Eastern Broadleaf Forest (Continental)

 K Interior Low Plateau, Shawnee Hills Eastern Broadleaf Forest (Continental)

 L Mid Coastal Plain, Western Southeastern Mixed Forest

 M Mississippi Alluvial Basin Lower Mississippi Riverine Forest

 N North Cumberland Mountains Central Appalachian Broadleaf Forest-Coniferous Forest-Meadow

 O North Cumberland Plateau Eastern Broadleaf Forest (Oceanic)

 P Northern Ridge/Valley Central Appalachian Broadleaf Forest-Coniferous Forest-Meadow

 Q Ouachita Mountains Ouachita Mixed Forest-Meadow

 R Ozark Highlands Eastern Broadleaf Forest (Continental)

 S Southern Appalachian Piedmont Southeastern Mixed Forest

 T Southern Cumberland Mountains Eastern Broadleaf Forest (Oceanic)

 U Southern Cumberland Plateau Southeastern Mixed Forest

 V Southern Ridge/Valley Southeastern Mixed Forest

 W Southern Unglaciated Allegheny Plateau Eastern Broadleaf Forest (Oceanic)

 X Upper Gulf Coastal Plain Eastern Broadleaf Forest (Continental)

Table 2.—ecoregion sections used in analysis of mortality at the ecoregion province and section levels
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ReSulTS
The h�ghest level of mortal�ty �n upland red oak 
spec�es occurred from coastal areas of southern 
Alabama northeastward through port�ons of the 
Appalach�an Mounta�ns. Port�ons of the Ozark 
H�ghlands showed 10-15 percent mortal�ty wh�le 
coastal areas of South Carol�na ranged from 25-30 
percent. At the ecoreg�on prov�nce level, CART results 
showed that the f�rst spl�t occurred at prov�nces, w�th 
the Eastern Broadleaf (Ocean�c) prov�nce hav�ng the 
h�ghest level of mortal�ty (~25 percent). The second 

spl�t was for current (�nventory year) prec�p�tat�on 
where 54 percent mortal�ty levels were assoc�ated w�th 
prec�p�tat�on less than 1053 mm, below the m�n�mum 
value for average annual prec�p�tat�on w�th�n the 
prov�nce. Analys�s at the ecoreg�on sect�on level was 
s�m�lar, w�th sect�ons located �n the eastern port�on of 
the study area be�ng assoc�ated w�th h�gher levels of 
mortal�ty. A second spl�t occurred w�th prec�p�tat�on 
values less than 1051 mm (below m�n�mum average 
values), w�th a th�rd spl�t �nd�cat�ng a few sect�ons 
w�th mortal�ty values approach�ng 60 percent (F�g. 1).

Figure 1.—Upland red oak species (a) spatial trend for mortality, (b) CART model at the ecoregion province level ,  
and (c) CART model at the ecoregion section level.
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The north to south spat�al trend for bottomland red 
oak spec�es was s�m�lar to the upland spec�es, w�th 
the h�ghest mortal�ty values (rang�ng from 25 to 
35 percent) occurr�ng across northern port�ons of 
Alabama, across Tennessee and Kentucky, and �n 
south-central port�ons of V�rg�n�a. The f�rst spl�t �n 
the CART analys�s at the prov�nce level occurred for 
the prev�ous year’s average annual temperature range 
w�th h�gher mortal�ty assoc�ated w�th ranges exceed�ng 

13.16 °C. A second spl�t was assoc�ated w�th m�n�mum 
average temperatures greater than 12.36 °C, although 
only 11 samples met th�s cr�ter�on. The CART model 
for the sect�on level matches the prov�nce level but  
has a spl�t for prev�ous year’s temperature range of 
less than 13.16 °C that shows mortal�ty values near  
19 percent for sect�ons �n the eastern part of the study 
area (F�g. 2)

Figure 2.—Bottomland red oak species (a) spatial trend for mortality, (b) CART model at the ecoregion province level,  
and (c) CART model at the ecoregion section level.
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DIScuSSIoN
The most notable f�nd�ngs are the changes �n mortal�ty 
between the two scales of analys�s. The prov�nce level 
analys�s for upland red oak spec�es shows a spl�t for 
wh�ch the h�ghest mortal�ty levels are assoc�ated w�th 
one prov�nce; however, when analys�s occurs at the 
sect�on level, many sect�ons across the eastern port�on 
of the study area show h�gher levels of mortal�ty than 
those for sect�ons �n the west (e.g., Ozark H�ghlands). 
The number of sect�ons that appear from w�th�n 
prov�nces not assoc�ated w�th �ncreased levels of 
mortal�ty �n the prov�nce level analys�s �llustrates 
the �mportance of the �ncreased level of deta�l that 
occurs at the sect�on level. The sect�ons are assoc�ated 
w�th deta�led env�ronmental and b�olog�cal features 
(e.g., dom�nant forest cover) that prov�de a means of 
assess�ng d�fferences across the reg�on (McNab and 
Avers 1994). At f�ner scales, �t �s l�kely that m�cro-
cl�mat�c �nfluences are hav�ng a greater �mpact on 
mortal�ty than at larger scales. Kabr�ck et al. (2007) 
found that ecolog�cal land types, determ�ned at the 
stand scale, can be useful for determ�n�ng areas where 
mortal�ty �s l�kely to be greatest by �dent�fy�ng areas 
that are less su�table for the support of healthy forests.

Also notable are the d�fferences �n mortal�ty between 
upland and bottomland red oak spec�es. The only 
cl�mate var�able of �mportance for upland spec�es was 
average annual prec�p�tat�on �n the same year �n wh�ch 
the �nventory occurred wh�le for bottomland spec�es, 
the most �nfluent�al var�able was average annual 
temperature range. These f�nd�ngs po�nt to the poss�ble 
�mportance of extreme temperatures dur�ng some 
months of the year, wh�ch could act to stress trees �n 
the �mpacted areas. The bottomland red oak ecoreg�on 
sect�ons w�th �ncreased mortal�ty �nd�cate some local 
or poss�bly reg�onal �nfluences such as assoc�ated 
forest or so�l types, elevat�on, and/or aspect. Oak 
mortal�ty events related to stand and s�te factors such 
as these can also vary across phys�ograph�c reg�ons 
(Oak et al. 1996).

The d�fferent var�ables that �nfluence the level of 
mortal�ty for upland and bottomland red oaks vary at 
the scale of analys�s but could also vary temporally. It 
has been establ�shed that drought can greatly �nfluence 
red oak spec�es mortal�ty (Fan et al. 2012). Add�t�onal 
research could also assess var�ables such as tree 
age and grow�ng season versus nongrow�ng season 
prec�p�tat�on. The analys�s performed here shows that 
there ex�sts at least some f�ne scale �nteract�on between 
mortal�ty and cl�mate var�ables. Future research 
w�ll analyze the aforement�oned var�ables as well as 
compare them to mortal�ty trends �n add�t�onal t�me 
per�ods. 
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INcoRPoRATING locAl STATISTIcS BASeD SPATIAl  
WeIGHT MATRIX INTo SIMulTANeouS AuToReGReSSIve MoDel  

To PReDIcT THe DISTRIBuTIoN oF NoNNATIve INvASIve SHRuBS 
IN THe uPPeR MIDWeST

Weiming yu, Zhaofei Fan, and W. Keith Moser1

Abstract.—In th�s study, we extended the spat�al we�ght matr�x def�ned by Get�s and 
Aldstadt to a more general case to pred�ct the d�str�but�on of �nvas�ve shrubs among the 
Upper M�dwest count�es �n a s�multaneous autoregress�ve (SAR) model context. The 
mod�f�ed spat�al we�ght matr�x performs better than the or�g�nal spat�al we�ght matr�x 
s�nce �t adjusts we�ghts of observat�ons based on the d�stance from other observat�ons 
but st�ll ma�nta�ns the locally adapt�ve nature of the latter. Both the s�mulat�on study 
and the appl�cat�on to the Forest Inventory and Analys�s (FIA) plot data for �nvas�ve 
shrubs collected �n 2005-2006 proved that the mod�f�ed spat�al we�ght matr�x outperform 
�ts or�g�nal case �n d�agnost�c stat�st�cs (e.g., AIC) and resultant �nvas�on maps. Our 
results prov�ded further ev�dence that m�sspec�f�cat�on of spat�al autocorrelat�on 
structure �n spat�al data w�ll result �n m�s�nterpretat�on of real ecolog�cal processes and 
b�as est�mat�on of coeff�c�ents for �mportant covar�ates �nvolved. The geograph�cal 
d�str�but�on of �nvas�ve shrubs �n the Upper M�dwest was s�gn�f�cantly assoc�ated w�th 
lat�tude; local clusters (a group of count�es) of h�gh abundance/presence of �nvas�ve 
shrubs was s�gn�f�cantly determ�ned by TRPF (a rat�o of road dens�ty to percent of forest 
cover at the county level), a var�able reflect�ng the �ntens�ty of human d�sturbance. 
Both the mult�ple l�near regress�on model and the SAR model w�th the or�g�nal spat�al 
we�ght matr�x �ncorporated tended to overest�mate the effect of forest type (commun�ty) 
on �nvas�ve shrubs. However, the SAR model w�th the mod�f�ed spat�al we�ght matr�x 
showed that d�str�but�on of �nvas�ve shrubs among forest types was only marg�nally 
d�fferent at the s�gn�f�cance level of p = 0.05. Th�s result conforms to the plot level study 
and �s favorably supported by the data. As a conclus�on, the SAR model �ncorporat�ng the 
mod�f�ed spat�al we�ght matr�x prov�des an appl�cable solut�on to map spat�al data and 
est�mate spat�al autocorrelat�on structure and covar�ate effect �n ecolog�cal stud�es.

1 Assoc�ate (WY) and Ass�stant Professor (ZF), M�ss�ss�pp� State Un�vers�ty, Department of 
Forestry, Thompson Hall, P.O. Box 9681, M�ss�ss�pp� State Un�vers�ty, M�ss�ss�pp� State, MS 
39762-9681; Research Forester (WKM), U.S. Forest Serv�ce, Northern Research Stat�on.  
ZF �s correspond�ng author: to contact, call 662-325-5809 or ema�l at zfan@cfr.msstate.edu. 
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PRojecTING clIMATe cHANGe IMPAcTS  
oN DoWN WooDy MATeRIAlS IN THe eASTeRN u.S. FoReSTS

Zhaofei Fan, christopher W. Woodall, and Stephen R. Shifley1

Abstract.—Down woody mater�al (DWM) �s dead b�omass that or�g�nates from tree/
plant mortal�ty �n forest ecosystems. DWM �s an �nd�cator of forest ecosystem health 
and can be used to evaluate f�re r�sk, w�ldl�fe hab�tat, and forest carbon stocks. Total 
DWM and components (coarse woody debr�s, f�ne woody debr�s, l�tter, and duff) are 
measured on the Forest Inventory and Analys�s (FIA) Phase 3 plots. In th�s study we 
employed a two-stage model�ng strategy to comb�ne the Phase 2 and Phase 3 plots to 
map the d�str�but�on of major DWM components across the eastern Un�ted States. We 
f�rst used data from the Phase 3 plots to develop a set of sem�parametr�c penal�zed spl�ne 
funct�ons to est�mate DWM components based on a set of covar�ates that were measured 
for both the Phase 3 and the Phase 2 plots. Then we used the der�ved spl�ne models to 
est�mate DWM components for all Phase 2 plots and map the d�str�but�on of DWM 
components at selected resolut�ons that are pert�nent to management needs. We used 
mult�var�ate class�f�cat�on and regress�on tree to evaluate the �mpact of cl�mat�c var�ables 
on d�str�but�onal patterns of DWM components. By �ntegrat�ng des�gn-based �nformat�on 
and model-ass�sted �nference th�s approach �mproves the eff�c�ency of the est�mators of 
DWM components compared to the des�gn-based est�mators. F�nally, we explored the 
ecolog�cal �mpl�cat�ons of current patterns of DWM (by components) for major forest 
cover types and ecoreg�ons �n the eastern Un�ted States and d�scussed the potent�al 
�mpacts of management pract�ces on hardwood forest ecosystems.

1 Ass�stant Professor (ZF), M�ss�ss�pp� State Un�vers�ty, Department of Forestry, Thompson Hall, 
P.O. Box 9681, M�ss�ss�pp� State Un�vers�ty, M�ss�ss�pp� State, MS 39762-9681; Research Forester 
(CWW and SRS), U.S. Forest Serv�ce, Northern Research Stat�on. ZF �s correspond�ng author:  
to contact, call 662-325-5809 or ema�l at zfan@cfr.msstate.edu.  
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SPReAD oF cHINeSe TAlloW IN eAST TeXAS uSING FIA DATA

Zhaofei Fan1

Abstract.—Ch�nese tallow tree (Triadica sebifera [L.] Small) �s an �nvas�ve spec�es that 
�s replac�ng nat�ve ecosystems �n areas of eastern Texas. It �s �mperat�ve that the spat�al 
pattern of the spread of th�s spec�es be �dent�f�ed, as well as causal mechan�sms. To that 
end, we seek to determ�ne factors that contr�bute to the spread of Ch�nese tallow us�ng 
autolog�st�c regress�on. We also attempt to �dent�fy current locat�ons and spread rates 
across eastern Texas us�ng Forest Inventory Analys�s (FIA) data w�th�n major forest 
types. D�stance to roads, d�sturbances (natural and anthropogen�c), and low slope were 
�dent�f�ed as major factors for the occurrence of Ch�nese tallow. The h�ghest probab�l�ty 
of occurrence and spread rate of Ch�nese tallow were found �n the oak/gum/cypress 
forest type. Cont�nued d�sturbance, from harvest events or natural d�sasters w�ll allow 
the spec�es to cont�nue to spread throughout the reg�on and could threaten overall forest 
product�v�ty. We also d�scuss some �mpl�cat�ons of the cont�nued spread of Ch�nese 
tallow on forest management. Forest managers could benef�t from th�s analys�s and use �t 
as a gu�de for mon�tor�ng forest types w�th the h�ghest r�sk of �nvas�on.

1  Ass�stant Professor, M�ss�ss�pp� State Un�vers�ty, Department of Forestry, Thompson Hall,  
P.O. Box 9681, M�ss�ss�pp� State, MS 39762-9681. To contact, call 662-325-5809 or ema�l at 
zfan@cfr.msstate.edu. 

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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TeMPo-SPATIAl TReNDS oF oAK DeclINe AND MoRTAlITy  
uNDeR PeRIoDIc ReGIoNAl DRouGHTS  

IN THe oZARK HIGHlANDS oF ARKANSAS AND MISSouRI

Shirley X. Fan, Zhaofei Fan, W. Keith Moser, Matin A. Spetich, and Stephen R. Shifley1

Abstract.—Oak decl�ne and mortal�ty trends for major oak spec�es (groups) was 
explored �n the Ozark h�ghlands of Arkansas and M�ssour� at the forest landscape/reg�on 
level, based on annual FIA plot data from 1999 to 2010. Oak decl�ne has elevated 
cumulat�ve mortal�ty of red oak spec�es to 11 and 15 percent �n terms of relat�ve dens�ty 
and basal area of stand�ng dead oak trees, respect�vely; th�s rate �s two to three t�mes 
h�gher than for wh�te oak group and non-oak spec�es. 

Oak decl�ne and assoc�ated escalat�ng mortal�ty have occurred pr�mar�ly w�th�n red oak 
spec�es wh�le wh�te oak group ma�nta�n a relat�vely stable mortal�ty rate comparable 
to non-oak spec�es. Cross-correlat�on analyses �nd�cate that mortal�ty was s�gn�f�cantly 
correlated w�th the grow�ng season Palmer Drought Sever�ty Index (PDSI) and usually 
lagged 2 to 3 years follow�ng s�ngle drought events. Moreover, based on the past 17 
year’s PDSI data, �t appears that the cumulat�ve �mpacts of drought may last up to 10 
years. The Ozark h�ghlands exper�enced a severe drought extend�ng from 1998 to 2000 
and another m�lder drought from 2005 to 2006. These drought events tr�ggered the 
escalat�on of mortal�ty start�ng around year 2000. Spat�ally, h�gh mortal�ty of red oak 
(hot spots proport�onal basal area mortal�ty > 0.15) occurred ma�nly �n the central area 
of the Ozarks. Moderate mortal�ty (proport�onal basal area mortal�ty of 0.10 to 0.15) was 
w�dely d�spersed over most of the Ozark h�ghlands, wh�le low mortal�ty was d�str�buted 
around the outer per�meter of the Ozarks. In contrast, �n the wh�te oak group and non-
oak spec�es, h�gh mortal�ty was rare and moderate mortal�ty was sporad�c. Cumulat�ve 
mortal�ty of these spec�es was predom�nant throughout the Ozarks.

1 Assoc�ate (SXF) and Ass�stant Professor (ZF), M�ss�ss�pp� State Un�vers�ty, Department of 
Forestry, M�ss�ss�pp� State, MS 39762; Research Forester (WKM), U.S. Forest Serv�ce, Northern 
Research Stat�on; Research Forest Ecolog�st (MAS), U.S. Forest Serv�ce, Southern Research 
Stat�on; Research Forester (SRS), U.S. Forest Serv�ce, Northern Research Stat�on. ZF �s 
correspond�ng author: to contact, call 662-325-5809 or ema�l at zfan@cfr.msstate.edu.  

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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eSTIMAToRS uSeD IN THe NeW MeXIco INveNToRy:  
PRAcTIcAl IMPlIcATIoNS oF “TRuly” RANDoM NoNReSPoNSe 

WITHIN eAcH STRATuM

Paul l. Patterson and Sara A. Goeking1

Abstract.—The annual forest �nventory of New Mex�co began as an accelerated 
�nventory, and 8 of the 10 Phase 2 panels were sampled between 2008 and 2011. The 
�nventory �ncludes a large proport�on of nonresponse. FIA’s est�mat�on process uses post-
strat�f�cat�on and assumes that nonresponse occurs at random w�th�n each stratum. We 
construct an est�mator for the New Mex�co �nventory and der�ve an est�mated var�ance 
based on the m�ss�ng-at-random assumpt�on. 

1 Stat�st�c�an (PLP) and B�olog�cal Sc�ent�st (SAG),  
U.S. Forest Serv�ce, Rocky Mounta�n Research Stat�on,  
507 25th St., Ogden, UT 84401. PLP �s correspond�ng 
author: to contact, call 907-295-5966 or ema�l at 
plpatterson@fs.fed.us.  

INTRoDucTIoN
The nat�onal Forest Inventory and Analys�s (FIA) 
Phase 2 gr�d forms the bas�s for FIA sampl�ng, yet 
not all Phase 2 plots can be sampled. When plots 
are not sampled due to den�al of access, log�st�cal 
constra�nts, or hazardous cond�t�ons, we refer to them 
as nonresponse follow�ng the convent�on of Patterson 
et al. (2012). From 2008 to 2011 �n New Mex�co 8 of 
10 panels (more than 5,000 plots) were sampled under 
an accelerated �nventory. For many reasons, there 
�s a large amount of nonresponse �n New Mex�co, 
wh�ch warrants an exam�nat�on of how FIA handles 
nonresponse.

Standard FIA assumpt�ons are that we have a s�mple 
random sample of a reg�on, R, wh�ch can be post-
strat�f�ed and whose total area, AT,  �s known. The 
number of acres, Ad,  �n doma�n d �s of �nterest, and 
�s equal to AT Pd,  where Pd �s the proport�on of R that 
�s class�f�ed �n doma�n d. The FIA post-strat�f�ed 
est�mator for Pd �s  

[1]𝑃𝑃�𝑑𝑑 = Σ 𝑊𝑊ℎ𝑃𝑃�𝑑𝑑ℎ𝐻𝐻
ℎ=1

where H �s the number of strata, Wh �s the we�ght of 
the strata, and   dh �s an est�mate of the proport�on of 
stratum h that �s �n doma�n d. The def�n�t�on of    dh �n 
chapter 4 of Bechtold and Patterson (2005) conta�ns 
adjustments for nonresponse plots. The two types of 
nonresponse are ent�re plots and part�al plots. The 
adjustment for plots that are ent�rely nonresponse 
�s to reduce the sample s�ze, wh�le an adjustment 
factor �s used to compensate for plots w�th part�al 
nonresponse. Both adjustments are based on the 
assumpt�on that nonresponse �s random w�th�n each 
stratum. Patterson et al. (2012) showed by example 
that substant�al b�as can occur �f the m�ss�ng-at-
random assumpt�on �s v�olated �n the case where the 
nonresponse �s restr�cted to ent�re plots. Roesch et al. 
(2012) showed a) why b�as occurs when there are plots 
w�th part�al nonresponse, and b) that �f the m�ss�ng-
at-random assumpt�on �s correct, then the adjustment 
factor for the part�al nonresponse port�on of the 
est�mator �s unb�ased, g�ven the assumpt�on the sample 
s�ze �s reduced to adjust for plots that are ent�rely 
nonresponse. The �ssue of whether the reduct�on �n 
sample s�ze, through a non-random process, �nduces 
a b�as �n the est�mator �s not addressed. Ne�ther �s 
the effect of the reduct�on �n sample s�ze, through a 
non-random process, on the var�ance and est�mated 
var�ance addressed �n Bechtold and Patterson (2005) 
or Roesch et al. (2012).

𝑃𝑃�
𝑃𝑃�
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Roesch et al. (2012) proposed us�ng part�t�ons of the 
strata, for wh�ch the assumpt�on that the nonresponse 
�s random �s tenable for each of the part�t�ons, and 
then for each part�t�on use (  d* ) to est�mate the port�on 
of the part�t�on that �s �n the doma�n d. In Särndal et 
al. (1992) the d�v�s�on of the populat�on �nto groups 
where the assumpt�on of random nonresponse �s val�d 
�s referred to as the response homogene�ty group 
(RHG) model.

The purpose of th�s manuscr�pt �s to: 1) construct the 
est�mator used to est�mate Pd for the est�mat�on un�ts 
�n the New Mex�co �nventory; 2) use the stat�st�cal 
framework �n Särndal et al. (1992) to construct an 
est�mator equal to the est�mator constructed �n �tem 
1 and use th�s equal�ty to �nvest�gate the stat�st�cal 
propert�es of the FIA est�mator, namely b�as, var�ance 
and propert�es of an est�mated var�ance; and f�nally 3) 
d�scuss the �mpl�cat�ons for the current FIA est�mated 
var�ance. 

NeW MeXIco eSTIMAToR
Two potent�al part�t�on�ng cr�ter�a ar�se �n many FIA 
est�mat�on un�ts (Patterson et al. 2012). The f�rst �s 
ownersh�p class; den�ed access �s h�gher among pr�vate 
owners. The second �s an aspect of the FIA pre-f�eld 
procedure, �n wh�ch h�gh-resolut�on photos are used �n 
conjunct�on w�th old f�eld notes to class�fy each plot 
as e�ther “off�ce plot” or “f�eld plot”. The off�ce plots 
are des�gnated as nonforested. The sal�ent po�nt here �s 
that for the off�ce plots the probab�l�ty of nonresponse 
�s zero, wh�le �n most f�eld plots the probab�l�ty of 
nonresponse �s greater than zero. Whether a stratum 
needs to be part�t�oned �nto off�ce and f�eld doma�ns 
depends on two factors: f�rst, the agreement between 
the strat�f�cat�on scheme and pre-f�eld class�f�cat�on 
and second, the amount of nonresponse �n the stratum. 
If a stratum needs to be part�t�oned �nto off�ce and f�eld 
substrata, the we�ghts for these two part�t�ons must be 
est�mated.

To fac�l�tate the compar�son w�th Särndal et al. 
(1992) we w�ll develop some notat�on.  It �s useful 
to d�fferent�ate between the strata-part�t�ons where 

𝑃𝑃�

the we�ght �s known and part�t�ons where the we�ght 
must be est�mated. We assume there are H strata w�th 
known we�ghts. Of the H strata, H1 do not need to 
be part�t�oned further and H2 of the strata need to be 
part�t�oned further w�th the we�ghts for the part�t�ons 
be�ng est�mated. Note that H1 + H2= H. Let Jh denote 
the number of part�t�ons �n the hth stratum (note: for 
the f�rst H1 strata Jh = 1). In RHG model term�nology 
(Särndal 1992) there are                     response groups 
and each response group �s a subset of one of the H 
strata.

In FIA’s Inter�or West reg�on there are typ�cally 
two strata, Green (G) and Brown (B), represent�ng 
forest and nonforest, w�th we�ghts WG and WB, 
respect�vely. Because the nonresponse rate for the 
New Mex�co annual �nventory �s unusually h�gh on 
pr�vate lands, further strat�f�cat�on �nto part�t�ons of 
Pr�vate owners (P) and Non-Pr�vate owners (NP) 
must be cons�dered. The four strata we�ghts are WGP, 
WGNP , WBP , and WBNP , w�th WGP + WGNP + WBP + WBNP 
= 1, where, for example, WGP �s the we�ght for the 
stratum wh�ch �s green and pr�vate ownersh�p (see 
Table 1). Nonresponse rates have been calculated for 
each stratum based on prel�m�nary data from 2008 to 
2011. Nonresponse rates for Pr�vate owners w�th�n 
the G and B strata are 47 percent and 19 percent, 
respect�vely, wh�le rates for the Non-Pr�vate owners 
are 8 percent and 3 percent. The nonresponse rate 
for the NP part�t�on �s s�m�lar among all ownersh�p 
subclasses (e.g., Nat�onal Forest system, Bureau of 
Land Management). In add�t�on, the nonresponse rates 
for both GNP and BNP are small enough that we can 
�gnore the sl�ght b�as caused by blend�ng the f�eld plots 
and the off�ce plots.

𝐽𝐽 =Σ 𝐽𝐽ℎ
𝐻𝐻
ℎ=1

Table 1.—calculated values of stratum weights 
WGP	,	WGNP	,	WBP	,	and	WBNP for New Mexico, 
based on spatial intersection of the green/brown 
stratification and a statewide ownership layer

  Partition
Stratum Private (P) Non-Private (NP)

Green (G) 0.057 0.155

Brown (B) 0.382 0.406
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In contrast, the h�gh nonresponse rates for both GP 
and BP warrant �nvest�gat�on of further part�t�on�ng 
�nto “f�eld” (F) and “off�ce” (O), based on pre-f�eld 
determ�nat�ons. Prel�m�nary data from New Mex�co 
�nd�cate that nearly all plots �n GP stratum were f�eld 
v�s�ts, so there �s no further part�t�on of the GP stratum 
wh�le approx�mately 40 percent and 60 percent of the 
BP stratum was f�eld v�s�t and off�ce respect�vely. Let 
wF(BP) �nd�cate the est�mated we�ght (or proport�on) 
of F part�t�on w�th�n the BP stratum w�th s�m�lar 
def�n�t�ons for we�ghts of the O part�t�on of the BP 
stratum. In terms of the H notat�on, H = 4 , H1 = 3 and 
H2 = 1. The est�mate �s

where        �s the proport�on of the * stratum or 
part�t�on that �s �n doma�n d and the superscr�pt o 
�nd�cates the proport�on �s based on the observed 
values and adjusted for the nonresponse �n the stratum 
or part�t�on. The expl�c�t formula for        �s g�ven next.  

We w�ll now return to construct�ng the est�mator, us�ng 
notat�on cons�stent w�th that �n Särndal et al. (1992). 
For the hth stratum denote the total number of plots 
by nh and the number of partly or fully observed plots 
by mh, so the number of ent�rely nonresponse plots 
�s nh – mh. In FIA mh �s denoted by nh (Bechtold and 
Patterson 2005) and there �s no notat�on for the total 
number of plots. For the jth part�t�on of the hth stratum 
let nhj denote the total number of plots and mhj denote 
the number of partly or fully observed plots. So     
                     and                      . The est�mated we�ght 
of jth part�t�on of the hth stratum �s                   , where 
�f h = 1, … , H1, then Jh = 1 and wh1 = 1.

The est�mate of the proport�on of the part�t�on hj that �s 
�n doma�n d �s

[2]

where ahji �s the area of observable land �n doma�n d on 
the �th plot of the jth part�t�on of the hth stratum, and 
ahji �s the amount of observable land on the �th plot of 
the jth part�t�on of the hth stratum. For the H1 strata 

𝑃𝑃�𝑑𝑑|∗
𝑜𝑜

Σ 𝑛𝑛ℎ𝑗𝑗
𝐽𝐽ℎ
𝑗𝑗 = 𝑛𝑛ℎ Σ 𝑚𝑚ℎ𝑗𝑗

𝐽𝐽ℎ
𝑗𝑗 = 𝑚𝑚ℎ

𝑤𝑤ℎ𝑗𝑗 =
𝑛𝑛ℎ𝑗𝑗
𝑛𝑛ℎ

d

o

that are not further part�t�oned, th�s equat�on reduces to

[3]

Two po�nts are noteworthy. F�rst, we are us�ng the 
superscr�pt notat�on used �n Roesch et al. (2012) 
�nstead of the notat�on used �n Bechtold and Patterson 
(2005). Second, equat�ons [2] and [3] are the same 
as equat�on [4.1] �n Bechtold and Patterson (2005) 
(w�th mh subst�tuted for nh), where we have s�mpl�f�ed 
equat�on [4.1] by cancell�ng terms. Comb�n�ng all 
these parts, we have

[4]

The denom�nator �n equat�ons [2] and [3] �s the 
adjustment for the part�al nonresponse plots.

STATISTIcAl PRoPeRTIeS  
oF eSTIMAToR
We w�ll be us�ng the stat�st�cal model presented �n 
sect�on 15.6 of Särndal et al. (1992), wh�ch  assumes 
each sample �s decomposed �nto response groups and 
probab�l�ty that an element �n the kth group responds �s 
a constant. Other techn�cal assumpt�ons are not stated 
here. The est�mator of �nterest �s constructed us�ng the 
response groups and aux�l�ary var�ables (Särndal et al. 
1992: sect�on 15.6.4); the aux�l�ary var�able �n our case 
�s strata membersh�p. Two assumpt�ons related to FIA 
mer�t further d�scuss�on.

F�rst, �f the adjustment factor �s treated as a random 
quant�ty, then we have the comb�nat�on of a rat�o 
est�mator and a response model, and the der�vat�on of 
the stat�st�cal propert�es of the est�mator becomes a 
much more onerous task. However, prel�m�nary data 
for New Mex�co �nd�cate the number of plots w�th 
part�al nonresponse �s less than 1 percent, so treat�ng 
the adjustment factor as f�xed (a constant) rather than 
random has l�ttle effect on the var�ance. 

Second, �n sect�on 15.6 of Särndal et al. (1992) the 
goal �s to est�mate the populat�on total. Est�mates of 

𝑃𝑃�𝑑𝑑|∗
𝑜𝑜
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the total can be adjusted to proport�ons by d�v�d�ng 
by N, the number of populat�on elements. In us�ng 
Särndal et al.’s results, we are approx�mat�ng an 
�nf�n�te populat�on w�th a f�n�te populat�on (Roesch et 
al. 2012).

Us�ng these two assumpt�ons, the est�mator g�ven 
by Equat�on 15.6.16 �n Särndal et al. (1992) �s equal 
to   d �n Equat�on [4]. From Result 15.6.2 of Särndal 
et al. (1992)   d �s approx�mately unb�ased and an 
approx�mate var�ance �s g�ven. Of �nterest to us �s the 
formula for a var�ance est�mator. For a plot let the 
observed sample value be                             
where * �nd�cates the �ndex of the plot and # �nd�cates 
the stratum/part�t�on the plot �s �n, so the denom�nator 
�s the adjustment factor for part�al nonresponse plots. 
Let r# denote the sample plots �n stratum/part�t�on # 
w�th e�ther part�al or total response. Then the est�mated 
var�ance �s g�ven below.  For clar�ty we have spl�t the 
equat�on �nto three parts; the f�rst part �s for strata  
w�th Jh = 1 and the follow�ng two parts for strata w�th 
Jh > 1.

[5]

[6]

[7]

where                                , w�th # �nd�cat�ng 
the stratum/part�t�on, �s an adjustment factor for 
nonresponse;         �s the var�ance of the yk for the 
response port�on of the sample conta�ned �n stratum/
part�t�on #; and erh*

 �s the average of the res�duals, 

                                            , over rh*
.

DIScuSSIoN
If H2 = 0, then equat�on [4] �s the current FIA 
est�mator. The est�mated var�ance we are propos�ng 
would �nvolve only equat�on [5], wh�ch d�ffers 

𝑃𝑃�
𝑃𝑃�

–

from the est�mated var�ance FIA currently uses. The 
d�fference between our est�mated var�ance and the  
one used by FIA �s that the latter �s der�ved based on 
the assumpt�on that a s�mple random sample of s�ze  
m = ∑hmh �s drawn, wh�le our est�mated var�ance 
�s based on two-phase Bernoull� sampl�ng for 
strat�f�cat�on, that �s, a s�mple random sample sa �s 
drawn at the f�rst phase and sa �s strat�f�ed �nto the 
response groups. Then a subsample sah �s drawn from 
each sa us�ng Bernoull� sampl�ng, w�th probab�l�ty of 
select�on equal to the response probab�l�ty. Th�s new 
approach may �mprove FIA’s est�mates �n s�tuat�ons 
w�th h�gh nonresponse where the assumpt�on of 
m�ss�ng at random w�th�n strata �s untenable.
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eSTIMATING RooT collAR DIAMeTeR GRoWTH  
FoR MulTI-STeM WeSTeRN WooDlAND TRee SPecIeS  

oN ReMeASuReD FoReST INveNToRy AND ANAlySIS PloTS

Michael T. Thompson and Maggie Toone1

Abstract.—Tree d�ameter growth models are w�dely used �n many forestry appl�cat�ons, 
often to pred�ct tree s�ze at a future po�nt �n t�me. Also, there are �nstances where 
project�ons of past d�ameters are needed. An �nd�v�dual tree model has been developed 
to est�mate d�ameter growth of mult�-stem woodland tree spec�es where the d�ameter �s 
measured at root collar. The model was bu�lt from rad�al growth data on trees sampled 
from plots measured �n Utah, Ar�zona, and Nevada. Ind�v�dual tree growth can be 
pred�cted from the rat�o of l�ve woodland stems to all stems and from mean past  
10-year rad�al growth of trees by ecolog�cal subsect�on, sect�on, or prov�nce. Coeff�c�ents 
were est�mated for four woodland tree spec�es groups that cover most tree spec�es �n the 
Southern Inter�or West reg�on. 

1 Forester (MTT) and Ecolog�st (MT), U.S. Forest Serv�ce, 
Rocky Mounta�n Research Stat�on, 507 25th Street, Ogden, 
UT 84404. MTT �s correspond�ng author: to contact, call 
801-625-5374 or ema�l at mtthompson@fs.fed.us.

INTRoDucTIoN
Est�mat�ng d�ameter growth �s an �mportant aspect 
of forest management and �nventory. Determ�n�ng 
d�ameter growth �s problemat�c for many western 
woodland tree spec�es because they are measured at 
the root collar, are very slow grow�ng, often conta�n 
mult�ple stems, and are poorly su�ted to measurement 
methods used for other temperate tree spec�es. S�te 
qual�ty and stand compet�t�on �n dry ar�d reg�ons 
compr�sed of woodland trees spec�es are not well 
understood. 

Forest Inventory and Analys�s (FIA) data on d�ameter 
growth are often obta�ned from repeatedly measur�ng 
the same trees over t�me or by measur�ng �ncrement 
cores. H�stor�cally, the Inter�or West FIA (IWFIA) 
reg�on has had to rely on �ncrement core measurements 
for est�mates of d�ameter growth because of 
�ncons�stent �nventor�es over t�me or gaps �n prev�ous 
�nventor�es where there were �nsuff�c�ent numbers 

of prev�ously establ�shed permanent plots. When the 
annual �nventory system was �mplemented �n the 
IWFIA reg�on �n 2000, FIA plots were establ�shed 
on a systemat�c gr�d (Reams et al. 2005) across the 
landscape regardless of land use and ownersh�p. Now, 
those �n�t�ally establ�shed plots are beg�nn�ng to be 
remeasured and there w�ll be a need for procedures 
that rel�ably and eff�c�ently est�mate tree growth from 
pa�red plots measured at two po�nts �n t�me.

FIA requ�res measurements or models of tree d�ameter 
growth to est�mate �nd�v�dual tree growth. D�ameter 
growth, along w�th other volume attr�butes such as 
total he�ght, �s used to calculate growth for every 
qual�fy�ng tree measured on a plot. Ind�v�dual tree 
growth �s used for comp�l�ng �nventor�es made up of 
tree data because growth can be calculated for each 
tree and then summar�zed �n many d�fferent ways. 
Therefore, an �nd�v�dual tree model�ng approach �s 
used �n th�s analys�s.

Mult�-stem woodland trees are the most problemat�c 
when compar�ng measurements between two po�nts �n 
t�me, referred to as t�me 1 (prev�ous measurement) and 
t�me 2 (current measurement). Measurement error can 
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be very s�gn�f�cant because of extremely h�gh numbers 
of stems, presence of obstacles that h�nder accurate 
measurements such as thorns and rock outcrops, 
swell�ng and �rregular form, or extremely degraded 
stems. The measurement po�nt can change because 
of a f�eld crew at t�me 2 d�sagree�ng w�th where the 
f�eld crew at t�me 1 took d�ameter at root collar (d.r.c.) 
measurements. D�ameters can also change between 
t�me 1 and 2 because of stems break�ng off due to 
cutt�ng or mortal�ty result�ng �n a d.r.c. reduct�on 
between t�me 1 and t�me 2. 

It �s because of these �nherent d�ff�cult�es �n measur�ng 
d.r.c. at t�me 1 and t�me 2 that us�ng a change �n d.r.c. 
on mult�-stem woodland trees w�ll often y�eld art�f�c�al 
est�mates of d�ameter growth. Chojnacky (1997) 
used rad�al growth data to est�mate d�ameter growth 
of p�nyon and jun�per (Juniperus spp.) trees �n New 
Mex�co. Therefore, for mult�-stem woodland trees, 
a measure of rad�al growth may be a super�or metr�c 
for est�mat�ng d�ameter growth than a change �n d.r.c. 
between t�me 1 and t�me 2.

STuDy AReAS
The data for th�s study came from �nventory plot data 
collected by the IWFIA crew �n Ar�zona, Nevada, and 
Utah. These three states were selected because of the 
preponderance of mult�-stem woodland spec�es and 
because they are located �n the largely ar�d southern 
port�on of the Inter�or West reg�on. All data were 
collected under the annual �nventory system that began 
�n 2000 �n Utah and covered the follow�ng years: 
Ar�zona (2001-2009); Nevada (2004-2005); Utah 
(2000-2009).

DATA
Tree data came from a total of 4,376 �nventory plots 
measured across the three states. The plot des�gn used 
dur�ng the annual �nventory �s descr�bed �n Bechtold 
and Scott 2005. Only mult�-stem woodland trees were 
used �n the study because they are measured d�fferently 

than s�ngle-stem woodland trees and are cons�dered to 
be the most problemat�c growth form for determ�n�ng 
growth. All mult�-stem woodland trees used to develop 
the models had �ncrement cores extracted and 10 years 
of rad�al growth measured. The m�n�mum d.r.c. of the 
study trees was 5.0 �nches. There were a total of 7,996 
trees used �n the analys�s.

The woodland trees were grouped �nto four spec�es 
groups: (1) common p�nyon (Pinus edulis Engelm.); 
(2) Utah jun�per (Juniperus osteosperma (Torr.) 
L�ttle); (3) other jun�pers �nclud�ng redberry 
jun�per (Juniperus coahuilensis), Cal�forn�a jun�per 
(Juniperus californica Carr.), all�gator jun�per 
(Juniperus deppeana Steud.), Rocky Mounta�n jun�per 
(Juniperus scopulorum Sarg.), and oneseed jun�per 
(Juniperus monosperma (Engelm.) Sarg.); and (4) 
other woodland trees �nclud�ng s�ngleleaf p�nyon 
(Pinus monophylla Torr. & Frem.), Mex�can p�nyon 
p�ne (Pinus cembroides Zucc.), Ar�zona p�nyon p�ne 
(Pinus arizonica Engelm), b�gtooth maple (Acer 
grandidentatum Nutt.), curlleaf mounta�n-mahogany 
(Cercocarpus ledifolius Nutt.), western honey 
mesqu�te (Prosopis glandulosa Torr.), velvet mesqu�te 
(Prosopis velutina Woot.), gray oak (Quercus grisea 
L�ebm.), Emory oak (Quercus emoryi Torr.), Gambel 
oak (Quercus gambelii Nutt.), Mex�can blue oak 
(Quercus oblongifolia Torr.), s�lverleaf oak (Quercus 
hypoleucoides A. Camus), and evergreen oaks.

MeTHoDS
Rad�al growth measurements were converted �nto an 
annual change �n d.r.c. us�ng the follow�ng formula:

 madc =       ,

where madc �s mean annual change �n d.r.c. �n �nches 
of a l�ve stem, and r �s the length �n �nches of a rad�al-
growth core represent�ng 10 years of growth. D�v�d�ng 
by 10 converts the per�od�c est�mate of 10 years of 
d�ameter growth �nto an annual est�mate, standard�z�ng 
the t�me frame so the modeled est�mate can be appl�ed 
to any number of years. Th�s �s common pract�ce 
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�n many FIA d�ameter growth models (Westfall 
2006). D�ffer�ng remeasurement �ntervals, est�mat�ng 
d�ameter growth on trees that e�ther d�ed or were cut at 
var�ous po�nts �n t�me dur�ng a measurement �nterval, 
and proper ass�gnment of trees to the appropr�ate 
growth component are common appl�cat�ons of an 
annual�zed change �n d�ameter.

Numerous attr�butes have been correlated w�th 
d�ameter growth rates. Often, stand and tree-level 
measurements that are observed or computed are used 
as pred�ctor var�ables �n d�ameter growth models. 
Examples of stand-level pred�ctors often �nclude age, 
s�te product�v�ty, and stand dens�ty. Several pred�ctor 
var�ables were �dent�f�ed for poss�ble �nclus�on. Least 
angle regress�on was used to �dent�fy var�ables thought 
to be s�gn�f�cant for model development and to create 
model parameters. 

Two var�ables were deemed s�gn�f�cant for pred�ct�ng 
madc: (1) the number of l�ve woodland tree stems 
d�v�ded by the number of l�ve and dead woodland tree 
stems for an �nd�v�dual tree (lpct), and (2) the mean 
madc for a spec�es group for an ecolog�cal subsect�on 
ass�gned to the plot the tree �s sampled on (ecogindex). 
Ecolog�cal subsect�on refers to areas of un�que 
geomorphology w�th d�st�nct boundar�es (Cleland et 
al. 2007). All FIA plots nat�onally are ass�gned a code 
that �dent�f�es the ecolog�cal subsect�on (Woudenberg 

et al. 2010). These two pred�ctor var�ables y�elded the 
follow�ng d�ameter growth equat�on:

 madc = β0 + β1lpct + β2ln(ecogindex)

ReSulTS AND DIScuSSIoN
Parameter est�mates for average annual change �n d.r.c. 
are g�ven �n Table 1. Result�ng parameters should be 
suff�c�ent for most broad-scale �nventory needs and 
can be used to est�mate d�ameter growth on trees that 
have been cut or have d�ed dur�ng the remeasurement 
�nterval or trees that need a prev�ous or past d�ameter 
pred�cted because of f�eld crew measurement error. 
It may even be des�rable to use a model developed 
from �ncrement core measurements to pred�ct d�ameter 
growth for all mult�ple-stem woodland trees because 
of the h�gh level of d.r.c. measurement error assoc�ated 
w�th these growth forms. 

A more powerful explanatory growth model was 
not developed because of poor correlat�on between 
d�ameter growth and ava�lable FIA s�te descr�pt�on 
var�ables. There are several reasons why the 
correlat�on �s poor. F�rst, the FIA s�te descr�pt�on 
var�ables are not ref�ned enough for many western 
forest cond�t�ons. For example, phys�ograph�c 
var�ables for ar�d woodland tree cond�t�ons are very 

Table 1.—Parameters for estimating mean annual change in diameter at root collar (d.r.c.) of multi-stem 
woodland trees in utah, Arizona, and Nevada

 Parameter estimates Number of Trees Regression Statistics
Species Group β0 β1 β2 R2 c.v.

Common pinyon .071 .021 .053 826 .17 48.0

Utah juniper .065 .018 .043 3,934 .12 52.2

Other juniper .067 .027 .060 1,787 .11 54.8

Other woodland species .079 .00 .050 1,449 .15 57.0
Diameter growth equation (Eq. 2): madc = β0 + β1lpct + β2ln(ecogindex) where:

madc = mean annual change in d.r.c (inches) based upon 10 years of past radial growth;
lpct = number of live stems divided the total number of live and dead stems for an individual woodland tree;
ecogindex = mean madc for a species group for an ecological subsection assigned to the plot the tree is sampled on;
R2 = coefficient of determination;
C.V. = coefficient of variation.
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l�m�ted. Second, measures to est�mate s�te qual�ty 
such as s�te �ndex and s�te class are not collected on 
s�tes dom�nated by woodland tree spec�es. S�te qual�ty 
stud�es are l�m�ted for many woodland tree spec�es. 
Th�rd, uncerta�nty ex�sts for equat�ng growth rates w�th 
r�ng counts for certa�n spec�es. False and m�ss�ng r�ngs 
are known to occur for jun�per (Despa�n 1989). Certa�n 
spec�es, such as curlleaf mounta�n-mahogany, are 
never cored because of very hard wood character�st�cs. 
The �nherent slow grow�ng nature of these growth 
forms can make r�ng count�ng d�ff�cult.

coNcluSIoNS
The model descr�bed �s eas�ly appl�ed and uses a 
m�n�mum amount of f�eld data. What �s needed �s 
the proport�on of l�ve woodland tree stems for an 
�nd�v�dual tree (lpct) and the mean 10-year d�ameter 
growth by spec�es group for the ecolog�cal subsect�on 
ass�gned to the plot the tree �s sampled on (ecogindex). 
The model could be further ref�ned by �mprov�ng 
methods to �dent�fy growth r�ng �dent�f�cat�on such 
as sand�ng and magn�f�cat�on and conduct�ng further 
analys�s to determ�ne opt�mum number of tree samples 
per spec�es groups for ecolog�cal subsect�on.
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THe IMPRoveMeNT oF PRecISIoN FoR eSTIMATING  
THe ABuNDANce oF STANDING DeAD TReeS  

uSING AuXIlIARy INFoRMATIoN uNDeR THe FIA PloT DeSIGN

Hong Su An, David W. MacFarlane, and christopher W. Woodall1

Abstract.—Stand�ng dead trees are an �mportant component of forest ecosystems. 
However, rel�able est�mates of stand�ng dead tree populat�on parameters can be d�ff�cult 
to obta�n due to the�r low abundance and spat�al and temporal var�at�on. After 1999, the 
Forest Inventory and Analys�s (FIA) Program began collect�ng data for stand�ng dead 
trees at the Phase 2 stage of sampl�ng. However, the est�mates have relat�vely large 
var�at�ons compared to the est�mates of l�ve trees. The results represent that EZ-Hurdle 
method shows better prec�s�on than the FIA method for both spat�al patterns and dens�t�es 
of stand�ng dead trees.

1 Postdoctoral Sc�ent�st (HSA) and Assoc�ate Professor 
(DWM), Department of Forestry, M�ch�gan State Un�vers�ty, 
East Lans�ng, MI 48824-1222; Research Forester (CWW), 
U.S. Forest Serv�ce, Northern Research Stat�on. HSA �s 
correspond�ng author: to contact, call 651-234-5678 or 
ema�l at anhong@msu.edu.

INTRoDucTIoN
Stand�ng dead trees play an �mportant role �n forest 
ecosystems such as ma�nta�n�ng b�od�vers�ty and 
nutr�ents, and carbon sequestrat�on. Therefore, rel�able 
est�mates of stand�ng dead trees are �mportant to 
assess and mon�tor healthy forest ecosystems (Gray 
2003). Due to h�gh var�at�on �n the abundance of 
stand�ng dead trees and the�r spat�al pattern, des�gn�ng 
sampl�ng schemes for est�mat�ng stand�ng dead tree 
abundance can be challeng�ng. Accord�ng to prev�ous 
stud�es, relat�vely larger plot s�zes or h�gher sampl�ng 
�ntens�t�es than those used for l�ve trees have been 
appl�ed to est�mate the abundance of stand�ng dead 
trees (e.g., Ganey 1999, Stephens 2004). Wh�le 
�ntens�f�cat�on of sampl�ng efforts or chang�ng plot 
des�gns for est�mat�ng stand�ng dead tree attr�butes 
�s a stra�ghtforward solut�on, ult�mately the cost of 
�ntens�f�cat�on of sampl�ng must be cons�dered and 
we�ghed aga�nst the value of �ncreased accuracy 
(Curt�s and Marshall 2005, Grego�re and Valent�ne 
2008). 

One major consequence of survey�ng too-small an 
area (e.g., us�ng plot s�zes that are too small) �s that 
there may be a large number of zero observat�ons of 
stand�ng dead trees. Excess zero observat�ons, a.k.a. 
zero-�nflated data, w�ll �ncrease var�at�on �n est�mates 
of stand�ng dead tree parameters (Eskelson et al. 
2009, Potts and El�th 2006). Because of the tendency 
for stand�ng dead trees to be aggregated �n space and 
a generally lower abundance of stand�ng dead trees 
relat�ve to l�ve ones, the problem of zero-�nflated 
data �s l�kely large. The Nat�onal Forest Inventory 
and Analys�s (FIA) Program collects the attr�butes 
of stand�ng dead trees such as spec�es, d�ameter, and 
total he�ght, from Phase 2 plots that cons�st of four 
7.32 m f�xed-rad�us subplots (Bechtold and Patterson 
2005). About 44 percent of FIA plots observed had no 
stand�ng dead trees on them (Woodall et al., �n press). 
In a study by An and MacFarlane (N.d.), the Expected-
Zero (EZ)-Hurdle method showed better prec�s�on 
than the f�xed-area sampl�ng method for est�mat�ng the 
abundance of stand�ng dead trees when there are large 
proport�ons of zero observat�ons �n f�xed-area plot 
data. 

The ma�n object�ve of th�s study was to apply the 
EZ-Hurdle method to the FIA plot des�gn to est�mate 
the abundance of stand�ng dead trees us�ng aux�l�ary 
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�nformat�on descr�b�ng the d�stance from each subplot 
center to the nearest stand�ng dead tree. 

MeTHoDS
Data
A s�mulat�on study was performed to generate 
d�str�but�ons of stand�ng dead trees w�th�n a s�mulated 
area of 900 ha. In order to collect data for stand�ng 
dead trees, the FIA plot des�gn was appl�ed, and the 
number of stand�ng dead trees w�th�n 7.32 m (24 ft) 
rad�us subplots was recorded. For the EZ-Hurdle 
method, the d�stance from each subplot center to 
the nearest stand�ng dead tree was measured. The 
max�mum search rad�us for the nearest stand�ng 
dead tree was 17.95 m (120 ft). Two spat�al patterns, 
random and clustered, and two dens�t�es, 30 and 
45 stand�ng dead trees per ha, were appl�ed. The 
number of sample plots �n each �terat�on ranged 
from 30 to 60 plots �n 10-plot �ncrements. For each 
sampl�ng scenar�o (spat�al pattern, dens�ty of stand�ng 
dead trees, and sampl�ng �ntens�ty comb�nat�on), 
approx�mately 3,000 �terat�ons were appl�ed. For each 
�terat�on, the number of stand�ng dead trees per ha was 
calculated. The coeff�c�ent var�at�on for the est�mated 
dens�ty of stand�ng dead trees was compared. 

estimating Density  
of Standing Dead Trees
F�rst, the dens�ty of stand�ng dead trees per ha was 
est�mated by the publ�shed method of the FIA program 
(see Bechtold and Patterson 2005). Second, the EZ-
Hurdle method was appl�ed to est�mate the dens�ty 
of stand�ng dead trees. The EZ-Hurdle method (An 
and MacFarlane, N.d.) �s a model-based est�mat�on 
method wh�ch employs a mod�f�ed vers�on of the 
Hurdle model (Mullahy 1986) called the EZ-Hurdle 
model. The ma�n d�fference between the Hurdle and 
EZ-Hurdle models is how the zero-proportion (�) 
�s spec�f�ed �n the model. In the case of the Hurdle 
model, � is estimated directly from the count data it is 

be�ng f�tted to. The zero-proport�on �n the EZ-Hurdle 
method �s est�mated from the detect�on probab�l�ty of 
a stand�ng dead tree, wh�ch �s modeled from aux�l�ary 
data descr�b�ng the d�stance from a plot center to the 
nearest stand�ng dead tree (An and MacFarlane, N.d.). 

W�th counts of stand�ng dead trees from FIA subplots, 
the EZ-Hurdle method est�mates the dens�ty of 
stand�ng dead trees �n two steps. The f�rst step �s 
est�mat�ng the expected-zero proport�on for the g�ven 
subplot s�ze (rad�us = r) from the detect�on probab�l�ty 
of a stand�ng dead tree g�ven that plot s�ze. The second 
step �s est�mat�ng the contr�but�on of nonzero counts 
(plots w�th at least one stand�ng dead tree) to the 
est�mate us�ng zero-truncated count d�str�but�ons such 
as the Po�sson d�str�but�on. The procedure to model 
the nonzero counts �s the same as that �n the or�g�nal 
Hurdle model (Cameron and Tr�ved� 1998, Mullahy 
1986), and the est�mated expected-zero proport�on and 
the contr�but�on of nonzero counts are comb�ned. 

When appl�ed to f�xed-rad�us plot sampl�ng yi ,  
Y = {yi , … , yn}, �s the number of stand�ng dead 
trees �n sample plot i and di , D = {di , … , dn}, �s 
the d�stance from the plot center of i to the nearest 
stand�ng dead tree; n �s the number of samples. In 
order to est�mate the expected-zero proport�on, the 
detect�on probab�l�ty of a stand�ng dead tree for the 
g�ven search rad�us r �s modeled from the aux�l�ary 
data D because the expected-zero proport�on for the 
g�ven (f�xed) search rad�us r �s: 

P_ez(r) = 1 – P_dt(r)

where P_ez �s the expected-zero proport�on, P_dt �s 
the detect�on probab�l�ty of a stand�ng dead tree, and 
r �s a f�xed search rad�us to f�nd the nearest stand�ng 
dead trees. A mod�f�ed Gompertz funct�on was used to 
est�mate the detect�on probab�l�ty of a stand�ng dead 
tree from the d�stance data (An and MacFarlane, N.d.).
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The EZ-Hurdle model �s spec�f�ed as follows:

where y �s the number of trees, ƒ(Y = y ǀ µ(r)) / 
(1 – (ƒ(Y = 0 ǀ µ(r))) �s the zero-truncated count 
d�str�but�on w�th search rad�us (plot rad�us) r,  
ƒ(Y = 0 ǀ µ(r)) �s the proport�on of zero est�mated from 
a model, and µ(r) �s the est�mated expected value from 
zero-truncated count d�str�but�ons.

For the EZ-Hurdle w�th a Po�sson d�str�but�on (EZP) 
model, the expected value and var�ance for the count 
d�str�but�on are:

where P_ez(c,r) �s the expected-zero proport�on 
est�mated by the model for the g�ven search rad�us r 
and forest cond�t�on c, µ(c,r) �s the expected value of 
the zero-truncated Po�sson d�str�but�on for the g�ven 
plot s�ze (rad�us = r) and forest cond�t�on c.

ReSulTS
The detect�on probab�l�ty �ncreased w�th �ncreas�ng 
dens�ty of stand�ng dead trees and was greater w�th 
the random pattern than clustered pattern at the 

same dens�ty of stand�ng dead trees. Table 1 shows 
the est�mated dens�ty of stand�ng dead trees from 
3,000 �terat�ons. The EZ-Hurdle method had smaller 
standard dev�at�ons than the FIA method for all 
scenar�os �nd�cat�ng that the EZ-Hurdle method had 
better prec�s�on than the FIA method. However, the 
EZ-Hurdle method showed a small b�as when stand�ng 
dead trees were clustered. 
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oPTIMIZeD eNDoGeNouS PoST-STRATIFIcATIoN  
IN FoReST INveNToRIeS

Paul l. Patterson1

Abstract.—An example of endogenous post-strat�f�cat�on �s the use of remote sens�ng 
data w�th a sample of ground data to bu�ld a log�st�c regress�on model to pred�ct the 
probab�l�ty that a plot �s forested and us�ng the pred�cted probab�l�t�es to form categor�es 
for post-strat�f�cat�on. An opt�m�zed endogenous post-strat�f�ed est�mator of the 
proport�on of forest has been recently proposed �n the l�terature, but there are no known 
l�terature results descr�b�ng the operat�ng character�st�cs of th�s est�mator. Th�s study 
reports the results of a deta�led Monte Carlo �nvest�gat�on of the performance of the 
opt�m�zed and another endogenous post-strat�f�ed est�mator under a var�ety of real�st�c 
scenar�os and compares the�r performance w�th earl�er approaches.

1 Stat�st�c�an, U.S. Forest Serv�ce, Rocky Mounta�n 
Research Stat�on, 507 25th St., Ogden, UT 84401.  
To contact, call 907-295-5966 or ema�l at  
plpatterson@fs.fed.us.

INTRoDucTIoN
In recent years, est�mators have been proposed that 
use remotely sensed data �n conjunct�on w�th natural 
resource �nventory sample data to construct land cover 
or use class�f�cat�ons and then use the class�f�cat�on to 
post-strat�fy the sample; Bre�dt and Opsomer (2008) 
proposed the term endogenous post-strat�f�cat�on 
(EPS) to descr�be the “post-strat�f�cat�on of the 
sample based on categor�es der�ved from the sample 
data.” One example �s us�ng forest �nventory sample 
data �n conjunct�on w�th Landsat Themat�c Mapper 
(TM) �magery to construct a log�st�c regress�on 
model that pred�cts for each p�xel the probab�l�ty the 
land assoc�ated w�th the p�xel �s forested, and then 
uses a set of strata boundar�es so the land assoc�ated 
w�th the TM �mage can be strat�f�ed. An example 
of two strata would be as follows: any p�xel w�th 
probab�l�ty less than or equal to 0.5 �s placed �n one 
stratum, and any p�xel w�th probab�l�ty greater than 
0.5 �s �n the other stratum. The strat�f�cat�on �ndex 
(the pred�cted value from the log�st�c regress�on 
model) was der�ved us�ng the sample, so the post-

strat�f�cat�on �s endogenous. S�nce endogenous post-
strat�f�cat�on “v�olates the standard post-strat�f�cat�on 
assumpt�ons that observat�ons are class�f�ed w�thout 
error �nto post-strata and the post-stratum populat�on 
counts are known” (Bre�dt and Opsomer 2008), the 
stat�st�cal propert�es may d�ffer. Bre�dt and Opsomer 
(2008) der�ved stat�st�cal propert�es of endogenous 
post-strat�f�ed est�mators (EPSEs) �n the case that 
the strat�f�cat�on �ndex �s the log�st�c regress�on 
model, and the stratum boundar�es are determ�ned 
�ndependent of the sample data. McRoberts (2010) 
proposed an EPSE where the strat�f�cat�on �ndex �s 
a log�st�c regress�on model constructed from forest 
�nventory sample data and TM �magery, and the strata 
boundar�es are constructed based on an opt�m�zat�on 
procedure. To just�fy certa�n stat�st�cal propert�es of 
the opt�m�zed EPSE (OEPSE) McRoberts (2010) c�tes 
Bre�dt and Opsomer (2008), wh�ch �s �ncorrect because 
the strata boundar�es are der�ved from the sample data.

The object�ves of th�s study are to (1) construct three 
EPSEs of the proport�on of forest; (2) g�ve a process 
for construct�ng populat�ons that can be used �n 
s�mulat�on stud�es to deduce the stat�st�cal propert�es 
of the three EPSEs; and (3) deduce the stat�st�cal 
propert�es of the three est�mators based on s�mulat�on 
stud�es for three populat�ons that represent a range of 
geograph�cal reg�ons and vegetat�ve classes.
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DATA AND eSTIMAToRS
Three study areas were used to construct three 
s�mulat�on populat�ons. The three study areas were: 
(1) the port�on of path 27, row 27, Landsat scene 
�n northern M�nnesota, wh�ch �s the study area �n 
McRoberts (2010); (2) the port�on of path 37, row 
32, Landsat scene �n northern Utah; and (3) path 37, 
row 33, Landsat scene totally w�th�n Utah (F�g. 1). 
These scenes, chosen because they represent d�ffer�ng 
geograph�cal reg�ons and vegetat�ve classes, have an 
est�mated forest cover of approx�mately 70, 50, and 
30 percent respect�vely. TM �magery was acqu�red 
for three dates correspond�ng to early, peak, and 
late seasonal vegetat�ve stages (Table 1). For each 
date, the normal�zed d�fference vegetat�ve �ndex and 
the tasseled cap transforms (br�ghtness, greenness, 
and wetness) were used. Forest �nventory data for 
permanent f�eld plots establ�shed by the Forest 
Inventory and Analys�s (FIA) Program were obta�ned 
for each of the scenes. Th�s study used only the central 

Figure 1.—Study areas: A is path 27, row 27; B is path 37, row 32; and C is path 37, row 33.

subplot, wh�ch was assoc�ated w�th the �mage p�xel 
that conta�ns the center of the subplot. The numbers 
of totally forested, totally nonforested, and part�ally 
forested central subplots conta�ned w�th�n each scene 
are �n Table 1. 

Follow�ng McRoberts (2010), the assumpt�ons are (1) 
there �s a f�n�te populat�on cons�st�ng of N elements 
wh�ch are 30 m × 30 m Landsat p�xels; (2) there �s 
an equal probab�l�ty sample of n populat�on un�ts 
(3) w�th observed character�st�c yi , the proport�on of 
forest for the land assoc�ated w�th each p�xel; (4) the 
anc�llary �nformat�on for each populat�on element, xi , 
�s 12 Landsat-based spectral transforms; and (5) s�nce 
the sample cons�sts of FIA central subplots, then the 
central subplot �s assumed to character�ze the ent�re 
p�xel that conta�ns the center of the central subplot. 
The populat�on parameter of �nterest �s the mean 
proport�on of forest,   
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Table 1.—Dates for the three landsat scenes, and number and type of FIA plots, used to construct the 
simulation populations. Dates represent early, peak, and late seasonal vegetative stages. Plots are those 
whose center subplot is located in the landsat scene. 

Forest Inventory and Analysis Field Plots
Remotely Sensed Data Number of Plots

Scene Three Dates Field Seasons Forested Nonforested Partially Forested

Path 27, Row 27  
within Minnesota

April 29, 2000  
July 5, 2001  

November 5, 1999

1999 to 2003 1,677 607 34

Path 37, Row 32  
within Utah

June 14, 2000  
July 30, 2002 October 

10, 1999

2000 to 2009 659 620 15

Path 37, Row 33  
in Utah

July 4, 2007  
August 21, 2007  
October 18, 2004

2000 to 2009 447 909 12

Bre�dt and Opsomer (2008) present post-strat�f�cat�on 
as a strat�f�cat�on �ndex var�able zi , wh�ch along 
w�th a set of strata boundar�es �s used to part�t�on 
the populat�on �nto H strata; �n endogenous post-
strat�f�cat�on (EPS) the strat�f�cat�on �ndex, strata 
boundar�es, or both, are der�ved from the sample 
data. For example, the var�able zi �s a forest/nonforest 
�nd�cator, and �s observed on a sample but �s unknown 
for the rest of the populat�on. The zi are assumed to 
follow a log�st�c model, that �s

[1]

where the expectat�on �s w�th respect to the model. 
The model parameters β are est�mated by max�m�z�ng 
the l�kel�hood us�ng the subset of the sample for 
wh�ch the p�xel �s e�ther completely forested (yi = 1) or 
completely nonforested (yi = 0). The est�mate β �s used 
to def�ne the endogenous strat�f�cat�on �ndex  
                                                     for all populat�on 
elements. To complete an EPS we need to spec�fy 
the strata boundar�es, wh�ch w�ll be d�scussed �n the 
follow�ng paragraph. Once the boundar�es have been 
spec�f�ed, the standard post-strat�f�ed est�mator (PSE)  
                      can be used, that �s,

̂

and                                    [2]

where
Wh �s the we�ght of stratum h, yhi �s the proport�on of 
forest for the ith sample element of stratum h, and  
             �s an approx�mate est�mated var�ance for the 
PSE.

Three methods for spec�fy�ng strata boundar�es w�ll be 
presented and used along w�th μstr from Equat�on [2] to 
def�ne an EPSE of the mean proport�on of forest. All 
three schemes use the endogenous strat�f�cat�on �ndex, 
zi , def�ned above. The f�rst EPS scheme uses f�xed 
predeterm�ned strata boundar�es, 0 = τ0 < τ1 < … < τH-1 
< τH = 1; strata ass�gnment g�ven by zi w�ll be denoted 
as the f�xed boundary endogenous post-strat�f�ed 
est�mator (FEPSE). The second EPS scheme spec�f�es 
the strata boundar�es us�ng an opt�m�zat�on process. 
For strata boundar�es              w�th values rounded 
to the nearest hundredth and for wh�ch each stratum 

̂

̂

̂
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conta�ns at least four sample elements, calculate 
             (Equat�on [2]). Determ�ne the set of 
boundar�es, over all poss�ble numbers of strata, wh�ch 
m�n�m�zes             ; the OEPSE �s calculated us�ng 
th�s set of strata boundar�es. McRoberts (2010) found 
l�ttle reduct�on �n              when opt�m�z�ng over two or 
three strata compared to only two strata. Two strata are 
def�ned by a s�ngle stratum boundary; a natural cho�ce 
for that boundary would be the mean proport�on of 
forest, wh�ch �s est�mated by the sample mean, that �s, 
                          The th�rd EPSE, wh�ch �s denoted 
the est�mated endogenous post-strat�f�ed est�mator 
(EEPSE), �s calculated us�ng the strata boundar�es  
{0, τ, 1}.̂

In EPS the class�f�cat�on of observat�ons and the 
post-stratum populat�on counts depend on the 
sample and these two aspects add add�t�onal sources 
of var�ab�l�ty. Bre�dt and Opsomer (2008) showed 
for a class of EPSEs that              converges to the 
asymptot�c var�ance of the EPSE, as n,N → ∞ . Breidt 
and Opsomer’s assumpt�ons that are germane to our 
study are: f�rst, the set of strat�f�cat�on �nd�ces they 
cons�der conta�ns zi def�ned above; and second, the 
strata boundar�es are f�xed. Hence the�r result on the 
asymptot�c var�ance appl�es to the FEPSE, but not to 
the OEPSE or the EEPSE.

̂

SIMulATIoN PoPulATIoN  
AND SIMulATIoN STuDy
For each of the three Landsat scenes, the populat�on 
�s the landmass covered by the scene; populat�on 
elements are the land del�neated by the �mage p�xels. 
The FIA reduced sample refers to the set of FIA 
central subplots wh�ch are conta�ned �n the scene and 
are completely forested or completely nonforested. 
The goal �s ass�gn a value of forest or nonforest to 
each p�xel so that the log�st�c relat�onsh�p between the 
values of the 12 Landsat-based spectral transforms 
and the forest/nonforest values for the ent�re scene 
�s s�m�lar to the log�st�c relat�onsh�p between the 
observed forest/nonforest values for the FIA reduced 

sample and the value of 12 Landsat-based spectral 
transforms for p�xels assoc�ated w�th the FIA reduced 
sample.

F�rst, the FIA reduced sample and the assoc�ated 12 
Landsat-based spectral transforms, xi , were used to 
est�mate the parameters β of the log�st�c regress�on 
model, Equat�on [1]. Denote the f�tted model by 
m(β'xi) and for 0 < τ < 1 define the variable

                                        wh�ch �s a forest/nonforest 
�nd�cator based on the pred�cted probab�l�ty of forest 
from the logistic model and the cutoff τ. For the FIA 
reduced sample a measure of m�sf�t between viτ and the 
proport�on of forest, yi , was def�ned as
                                      where n �s the s�ze of the 
FIA reduced sample. The measure of m�sf�t dτ was 
minimized over the grid τ ∈ {0.05, 0.10, … , 0.95}; 
denote where the minimum occurred by τ0 . Then a 
forest/nonforest �nd�cator var�able, zi , was def�ned 
for every p�xel �n the scene so the measure of m�sf�t 
between zi and viτ0

 over the populat�on was the same 
as the measure of m�sf�t between yi and viτ0

 over the 
FIA reduced sample. For the s�mulat�on populat�on the 
proport�on of forest �s    

̂

From the s�mulat�on populat�on 4,000 s�mple random 
samples of s�ze n were drawn. For each sample, j, four 
est�mates of the proport�on of forest were calculated: 
the s�mple random sample est�mate   
the FEPSE w�th boundar�es {0, 0.5, 1}, the OEPSE, 
and the EEPSE. The est�mates for each sample 
are denoted by μ* j 

, and the value of the proposed 
est�mated var�ance �s denoted by V (μ* j ), where the 
* �s the acronym for the est�mator. To determ�ne both 
the small sample s�ze propert�es and the asymptot�c 
behav�or, sample s�zes of 100, 200, … , 700 were used 
(f�tt�ng the log�st�c model was problemat�c at smaller 
sample s�zes). For each sample s�ze the stat�st�cal 
propert�es were evaluated us�ng (1) the emp�r�cal 
b�as, EB�as(*); (2) the emp�r�cal mean squared error, 
EMSE(*); and (3) the emp�r�cal var�ance, EV(*), 
where * �nd�cates the est�mator.

̂
̂ ̂
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To measure whether the proposed est�mated var�ances 
of the three EPSE converge to the var�ance of 
the est�mator, the actual coverage for 95-percent 
conf�dence �ntervals was calculated, that �s, the 
percentage of the 4,000 repl�cates where the �nterval
                                    conta�ns the proport�on of forest 
Z. A standard measure used to compare two unb�ased 
est�mators �s the relat�ve eff�c�ency between the two 
est�mators. For example, the relat�ve eff�c�ency (RE) 
between EEPSE and OEPSE �s: RE(EEPSE, OEPSE) 
= (EMSE(EEPSE)) / (EMSE(OEPSE)).   

_

ReSulTS AND DIScuSSIoN
All the EPSEs were emp�r�cally unb�ased at all sample 
levels. Hence the var�ance can be used �n l�eu of the 

Figure 3.—For the simulation population path 37, row 33 
the empirical coverage percentages of the nominal 95-
percent confidence intervals for the optimized endogenous 
post-stratified estimator (OEPSE), the fixed boundary 
endogenous post-stratified estimator (FEPSE), and the 
estimated endogenous post-stratified estimator (EEPSE). 
The empirical coverage percentage is based on 4,000 
realizations. The horizontal line y=94.3 is the lower bound for 
the acceptance region at confidence level of 95 percent.

Figure 2.—For the simulation population path 27, row 27 
the empirical coverage percentages of the nominal 95-
percent confidence intervals for the optimized endogenous 
post-stratified estimator (OEPSE), the fixed boundary 
endogenous post-stratified estimator (FEPSE), and the 
estimated endogenous post-stratified estimator (EEPSE). 
The empirical coverage percentage is based on 4,000 
realizations. The horizontal line y=94.3 is the lower bound for 
the acceptance region at confidence level of 95 percent.

(%
)

(%
)

mean squared error. The acceptance reg�on for n tr�als 
of the emp�r�cal coverage percentages �s 
                                     where p �s the stated conf�dence 
level, n �s the number of s�mulat�ons, and α �s the 
conf�dence level for the acceptance reg�on. F�gures 2 
and 3 show the emp�r�cal coverage percentages for two 
s�mulat�on populat�ons; the th�rd was s�m�lar. For all 
three scenes the pattern of convergence �s the same: 
the EEPSE converges at the fastest rate, followed 
by the FEPSE and then the OEPSE. For sample s�ze 
100, the OEPSE emp�r�cal coverage percentage �s 
well below the emp�r�cal coverage percentages of the 
other two EPSEs, �nd�cat�ng V (μOEPSEj ) s�gn�f�cantly 
underest�mates the true var�ance. All the emp�r�cal 
coverage percentages were �n the acceptance reg�on 
when the sample s�zes were approx�mately equal to the 
number of FIA plots �n the scene.

̂ ̂
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Table 2.—The empirical relative efficiencies (Re) between the estimated endogenous post-stratified 
estimator (eePSe), the optimized endogenous post-stratified estimator (oePSe), and the simple random 
sample estimator (SRS), for three sample sizes for each of the three simulation populations. The empirical 
relative efficiencies are based on 4,000 realizations.

 Simulation Population
 Path 27 Row 27 Path 37 Row 32 Path 37 Row 33

Sample Size 100 700 2,280 100 500 1,270 100 700 1,350

RE(EEPSE,OEPSE) 1.01 1.15 1.19 0.90 0.97 1.00 0.92 1.03 1.06
RE(SRS,OEPSE) 1.11 1.53 1.59 0.98 1.26 1.35 0.99 1.22 1.28
RE(SRS,EEPSE) 1.10 1.33 1.34 1.09 1.30 1.35 1.08 1.18 1.21

The pattern for relat�ve eff�c�enc�es 
RE(EEPSE,OEPSE) and RE(SRS,OEPSE) �s the same 
for all three s�mulat�on populat�ons: the emp�r�cal 
relat�ve eff�c�ency �ncreases as the sample s�ze 
�ncreases. Table 2 conta�ns the relat�ve eff�c�ency 
for sample s�zes of 100, e�ther 500 or 700, and the 
sample s�ze approx�mately equal to the number of 
FIA plots. The results �nd�cate the EEPSE appears to 
be un�formly more eff�c�ent than the s�mple random 
sample est�mator (SRS). The rest of the results pa�nt 
a m�xed p�cture. In the ar�d Inter�or West (Path 37, 
Rows 32 and 33) the EEPSE �s more eff�c�ent than the 
OEPSE at small s�zes and sl�ghtly less eff�c�ent for the 
larger sample s�zes; the EPSEs appear to have around 
30-percent �mprovement �n eff�c�ency over the SRS 
for large sample s�zes and no �mprovement for small 
sample s�zes. In the heav�ly forested Upper M�dwest 
(Path 27, Row 27) the OEPSE appears to have a ga�n 
�n eff�c�ency over the EEPSE for large sample s�zes 
and a 50- to 60-percent �mprovement over SRS. 

Th�s study’s results are appl�cable to s�tuat�ons where 
most �f not all of the sample values for the proport�on 
of forest are e�ther 0 or 1. Four conclus�ons can be 
drawn. F�rst, the three endogenous post-strat�f�ed 
est�mators appear to be unb�ased for sample s�zes 100 
and greater. Second, the standard est�mated var�ance 

for post-strat�f�ed est�mators appears to asymptot�cally 
converge to an est�mate of the true var�ance for the 
est�mated and opt�m�zed endogenous post-strat�f�ed 
est�mators. Th�rd, the est�mated endogenous post-
strat�f�ed est�mator’s asymptot�c var�ance appears 
to have the faster rate of convergence, followed by 
the f�xed boundary est�mator and then the opt�m�zed 
est�mator. Fourth, the est�mated and opt�m�zed 
endogenous post-strat�f�ed est�mators appear to have 
a h�gher eff�c�ency compared to the s�mple random 
sample est�mator. Add�t�onally, �t appears that for 
some land cover and large sample s�zes the opt�m�zed 
endogenous post-strat�f�ed est�mator has greater 
eff�c�ency than the est�mated endogenous post-
strat�f�ed est�mator.
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PRoPeRTIeS oF THe eNDoGeNouS PoST-STRATIFIeD eSTIMAToR 
uSING A RANDoM FoReSTS MoDel

john Tipton, jean opsomer, and Gretchen G. Moisen1

Abstract.—Post-strat�f�cat�on �s used �n survey stat�st�cs as a method to �mprove var�ance 
est�mates. In trad�t�onal post-strat�f�cat�on methods, the var�able on wh�ch the data �s 
be�ng strat�f�ed must be known at the populat�on level. In many cases th�s �s not poss�ble, 
but �t �s poss�ble to use a model to pred�ct values us�ng covar�ates, and then strat�fy on 
these pred�cted values. Th�s method �s called endogenous post-strat�f�cat�on est�mat�on 
(EPSE). In th�s paper, we �nvest�gate methods to automat�cally select the number of post-
strata for EPSE. We do th�s �n the context of models f�tted by Random Forests w�th the 
stratum boundar�es set at quant�les of the pred�cted d�str�but�on. 
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INTRoDucTIoN
Post-strat�f�cat�on �s used �n survey sampl�ng des�gns 
as a method to �mprove var�ance est�mates by 
cal�brat�ng to known populat�on quant�t�es (Särndal et 
al. 2003). In the U.S. Forest Serv�ce Forest Inventory 
Analys�s Program (FIA), the stratum categor�es are 
often land cover class�f�cat�ons based on remote 
sens�ng data. In many cases �t �s des�rable to use the 
FIA data �tself to develop the very maps used for 
strat�f�cat�on. Th�s method �s called endogenous post-
strat�f�cat�on est�mat�on (EPSE) and the theoret�cal 
propert�es of th�s method were f�rst �ntroduced by 
Bre�dt and Opsomer 2008, and then extended to a 
broader class of nonparametr�c models by Dahlke 
et al. 2012. The use of FIA data to construct maps 
and then the subsequent use of these maps as post-
stratum to construct est�mates has the potent�al for 
substant�ally reduc�ng var�ance �n these est�mates. 
G�ven the �ncreased use of more complex pred�ct�ve 
models �n develop�ng forest attr�bute maps �n survey 

appl�cat�ons, there �s an urgent need for s�mulat�on 
stud�es to �nvest�gate the propert�es of the EPSE 
method and determ�ne under wh�ch cond�t�ons the 
EPSE est�mator works and under wh�ch �t fa�ls. 

Th�s paper has three ma�n goals. F�rst �s to compare 
the EPSE est�mator propert�es us�ng a l�near model, a 
spl�ne model, and a Random Forests model (Bre�mam 
2001) to develop post-stratum maps. The second goal 
�s to �nvest�gate the effects of us�ng est�mated stratum 
boundar�es �nstead of f�xed stratum boundar�es. The 
th�rd a�m of the s�mulat�on study �s to �nvest�gate the 
effects of a m�n�m�zat�on of the var�ance est�mate on 
the EPSE est�mator. 

THe eNDoGeNouS  
PoST-STRATIFIeD eSTIMAToR
Follow�ng the EPSE framework descr�bed by Br�edt 
and Opsomer (2008), a sample s of s�ze n �s taken  
from a populat�on U = {1, … , i, … , N} of s�ze N 
accord�ng to a probab�l�ty des�gn p(.) where p(s) �s  
the probab�l�ty of draw�ng the sample s. For each  
i ∈ U a vector of covar�ates xi and a response yi �s 
observed. There �s assumed to be a true relat�onsh�p 
between xi and yi , denoted m(.), where E [yi | xi] = 
m(xi) wh�ch �s est�mated by m(xi).̂



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 349GTR-NRS-P-105

The models used for th�s s�mulat�on study are a l�near 
model, a spl�ne model, and a Random Forests model. 
Deta�ls on the models and dataset are om�tted from  
th�s paper. In EPSE, the model pred�ct�ons m(xi),  
i = 1, … , N are sorted �nto H f�xed stratum based on 
the stratum boundar�es τ1, τ2, … , τH–1 where m(xi) �s �n 
the hth stratum �f I(τh-1 < m(xi) ≤ τh) = 1. The est�mated 
sample counts �n stratum h are g�ven by nh and the 
est�mated populat�on counts �n stratum h are g�ven by 
Nh . The rat�o       �s the est�mated stratum we�ght for 
stratum h. Us�ng the est�mated stratum we�ghts, the 
stratum mean µh �s calculated for each stratum h by

̂

̂
̂

̂

Nh
̂
nh
̂̂

̂

[1]

The EPSE est�mator µy for the populat�on mean �s 
calculated by

[2]

̂

The est�mates V(µy) for Var(µy) are calculated us�ng the 
post-strat�f�ed formulas �n Särndal et al. 2003 by

[3]

where     

�s the sample var�ance for stratum h. For the s�mulat�on 
study, f�xed stratum values for τh are cons�dered 
follow�ng Bre�dt and Opsomer (2008). Also, est�mated 
stratum values τh based on quant�les of the model 
pred�ct�ons for the set of populat�on covar�ates xi ,  
i ∈ U are cons�dered.

̂

̂̂̂

eMPIRIcAl PRoPeRTIeS  
oF THe eSTIMAToR
The data used for th�s study are from the p�lot study of 
Utah for the 2011 Nat�onal Land Cover Data (NLCD) 
canopy cover map. The study reg�on cons�sted of 
4151 observat�ons �n Utah. At each locat�on, aer�al 
photography was �nterpreted to determ�ne the 
percentage canopy cover. Th�s �s the forest response 
var�able of �nterest �n these s�mulat�ons. Emp�r�cal 

models of tree canopy cover were then der�ved by 
model�ng th�s tree canopy cover as funct�ons of 
Landsat TM reflectance values and topograph�c values 
descr�bed �n deta�l �n Coulston et al. (2012). These 
emp�r�cal models were then used to pred�ct tree canopy 
cover and develop the post-strata through a var�ety of 
b�nn�ng rules appl�ed to pred�cted values. 

comparison of Fixed vs. estimated 
Stratum Boundaries
The f�rst s�mulat�on study �s des�gned to address two 
quest�ons. F�rst, how does the EPSE performance 
compare between the l�near model, spl�ne model, and 
Random Forests model when the stratum boundar�es 
are f�xed. Th�s �s the case where the theory �s well 
known. And second, how �s the EPSE performance 
affected when the stratum boundar�es are est�mated by 
sample quant�les as compared to us�ng predeterm�ned 
f�xed stratum boundar�es. To get the f�xed stratum 
boundar�es, each emp�r�cal model was f�t us�ng the 
full dataset. Assum�ng the emp�r�cal model �s correct, 
the populat�on quant�les of percentage canopy cover 
are determ�ned. Th�s strat�f�cat�on scheme �s f�xed and 
not dependent on the sample (�.e. �t �s the same value 
for all samples, or a pr�or�). The strata for the f�xed 
stratum boundaries simulation are (–∞,Q1(y)],  
(Q1(y), Q2(y)], (Q2(y), Q3(y)], (Q3(y), ∞) where Q1(y) 
represents the 25th percent�le of the pred�cted values 
of percentage tree cover based on the full populat�on. 
The second strat�f�cat�on uses est�mated quant�les from 
the emp�r�cal model f�t us�ng the sample and then the 
est�mated quant�les are used as stratum boundar�es. 
Note that �n th�s second scheme, the quant�les are 
dependent on the sample s, or a poster�or�. The strata 
for the est�mated stratum boundar�es s�mulat�on are  
(–∞,Q1(y)], (Q1(y), Q2(y)], (Q2(y), Q3(y)], (Q3(y), ∞) 
where Q1(y) represents the 25th percent�le of the 
pred�cted values of percentage tree cover based on 
the full populat�on. For both of these strata def�n�t�ons 
the behav�our of the EPSE est�mator μy and �ts 
var�ance est�mator V(μy) at d�fferent sample s�zes was 
�nvest�gated for the three d�fferent models. All models 
used the full set of covar�ates as pred�ctors and no 
model select�on was performed. For each �terat�on of 

̂ ̂ ̂ ̂ ̂ ̂
̂

̂
̂̂
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the s�mulat�on, a sample of s�ze n was taken from the 
4151 observat�ons. The d�fferent models were f�t us�ng 
the covar�ates �n the sample and the percentage tree 
cover values were est�mated as the response.

For each �terat�on of the s�mulat�on, μy and V(μy) 
were calculated us�ng equat�ons (1), (2), and (3). Th�s 
process was repeated for 1000 �terat�ons and the mean 
of the var�ance est�mate

was compared to the var�ance of the post-strat�f�ed 
est�mator of the mean Var(μy).

̂ ̂̂

̂

equal s�ze by the quant�les of the model pred�ct�ons 
based on the covar�ates for the populat�on.

We start th�s s�mulat�on as before by tak�ng a random 
sample of s�ze n from the populat�on of 4151 s�tes 
�n the Utah dataset. For each sample we f�t a l�near 
regress�on model, spl�ne regress�on model, and 
Random Forests model us�ng covar�ates to model 
percentage tree cover. Pred�ct�ons were made for the 
sample values based on the model f�ts.

After comput�ng the model pred�ct�ons for the 
populat�on, the strata over wh�ch opt�m�zat�on w�ll be 
performed can be created. For k = 1, one stratum �s 
used and �s equ�valent to s�mple random sampl�ng. For 
arb�trary k, the pred�ct�ons are placed �nto k equally 
spaced quant�les.

For a f�xed n, the opt�m�zed EPSE est�mator us�ng 
Random Forests has the smallest var�ances and 
var�ance est�mates of the three models, the spl�ne 
model has the next smallest var�ances and var�ance 
est�mates, and the l�near model has the largest 
var�ances and var�ance est�mates. The results also 
suggest that both the l�near model and the spl�ne 
model are overf�tt�ng the data result�ng �n the var�ance 
est�mates be�ng too small. Th�s s�mulat�on study 
supports the use of Random Forests �n EPSE, but 
suggests that an EPSE est�mator based on l�near 
model or spl�ne model can underest�mate the var�ance 
when an add�t�onal opt�m�zat�on �s performed. Th�s 
statement appears to hold for both the opt�m�zed and 
non-opt�m�zed EPSE est�mates. Th�s �s a reasonable 
result s�nce no model select�on was performed for 
any of the models and therefore there are too many 
covar�ates for the spl�ne model and the l�near model.

coNcluSIoN
Th�s study has shown that use of the EPSE est�mator 
should not be appl�ed w�thout a s�mulat�on study to 
determ�ne �f var�ance est�mates for the EPSE est�mator 
are over- or under-est�mat�ng the true var�ance. 
Furthermore, care must be taken �n �mplement�ng 

Results �nd�cate that the EPSE est�mator can be 
extended to �nclude the Random Forests model. 
Th�s s�mulat�on also supports the use of the EPSE 
est�mator when the stratum boundar�es are est�mated 
quant�les from the model f�ts �nstead of f�xed stratum 
boundar�es. The just�f�cat�on for us�ng the quant�les 
of the model pred�ct�ons for the set of populat�on 
covar�ates �s to avo�d hav�ng to deal w�th unequal 
sampl�ng we�ghts �f present �n the sampl�ng des�gn. 
The EPSE est�mator appears to be robust for d�fferent 
models and under est�mated stratum boundar�es as 
long as care �s taken to correctly spec�fy the model 
and no opt�m�zat�on step �s performed. There were 
also some techn�cal �ssues �nvolv�ng numer�cal 
�ntegrat�on methods used �n the stat�st�cal software 
not d�scussed �n th�s paper. For th�s study, all elements 
�n the populat�on have equal probab�l�t�es of be�ng 
sampled, but th�s method of us�ng the pred�ct�ons at 
the populat�on level should allow for the use of an 
unequally we�ghted sampl�ng des�gn. Th�s �s an area 
for further research. 

Properties of Minimization  
of ePSe variance estimates
For the second s�mulat�on the goal �s to construct the 
smallest var�ance est�mate V(μy) and to determ�ne �f 
th�s algor�thm �s perform�ng well as an est�mator for 
the true var�ance Var(μy). The opt�m�zat�on w�ll be over 
the number of strata to be used �n the EPSE est�mator. 
The model pred�ct�ons w�ll be spl�t �nto stratum of 

̂ ̂

̂
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the EPSE method w�th software that uses numer�cal 
�ntegrat�on methods to prevent round�ng errors from 
�nfluenc�ng the results. Caut�on �s needed when 
attempt�ng to opt�m�ze the var�ance est�mates as severe 
under-est�mat�on of the var�ance of the EPSE est�mator 
occurred �n th�s study. The use of a model select�on 
step �n bu�ld�ng the model has been shown to reduce 
th�s problem.

Th�s study lends strength to the �dea that EPSE can 
be appl�ed to stratum boundar�es that are est�mated 
quan�tles of the data rather than f�xed stratum 
boundar�es. Th�s �s an area for further research as �n 
pract�ce �t �s eas�er to �mplement the EPSE est�mator 
us�ng est�mated quant�les and thereby el�m�nat�ng the 
poss�b�l�ty of empty stratum. The Random Forests 
model performed well �n each s�mulat�on and across 
all sample s�zes cons�dered. Th�s �s an exc�t�ng result 
�n that there �s almost no tun�ng needed by the user 
to f�t the Random Forests model. Th�s supports 
FIA’s use of maps of land cover and percentage tree 
cover created by Random Forests as a bas�s for us�ng 
endogenous post-strat�f�cat�on as a way to �ncrease 
prec�s�on of FIA est�mates. 
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IMPRoveD PReDIcTIoN oF HARDWooD TRee BIoMASS  
DeRIveD FRoM WooD DeNSITy eSTIMATeS  

AND FoRM FAcToRS FoR WHole TReeS

David W. MacFarlane and Neil R. ver Planck1

Abstract.—Data from hardwood trees �n M�ch�gan were analyzed to �nvest�gate how 
d�fferences �n whole-tree form and wood dens�ty between trees of d�fferent stem d�ameter 
relate to res�dual error �n standard-type b�omass equat�ons. The results suggested that 
whole-tree wood dens�ty, measured at breast he�ght, expla�ned a s�gn�f�cant proport�on 
of res�dual error �n standard-type allometr�c equat�ons, but whole-tree form factors 
expla�ned more. However, such form factors are h�ghly var�able from tree to tree and 
may be d�ff�cult to pred�ct w�th any prec�s�on from s�mple tree measurements. Whole-tree 
form factors were found to be h�ghly correlated w�th the percentage of total aboveground 
mass �n tree branches, wh�ch l�kely relates to the allometr�c scal�ng of the del�quescent 
hardwood growth form. These results suggest that further stud�es are needed to 
understand whole-tree form factors and �ncorporate them �nto tree b�omass equat�ons.

1 Assoc�ate Professor (DWM) and Graduate Research 
Ass�stant (NRV), M�ch�gan State Un�vers�ty, Department 
of Forestry, East Lans�ng, MI 48824-1222. DWM �s 
correspond�ng author: to contact, call 517-355-2399 or 
ema�l at macfar24@msu.edu. 

INTRoDucTIoN
The bas�c problem for accurate forest mass �nventory 
�s that stand�ng trees cannot be we�ghed, so b�omass 
est�mates must be der�ved from allometr�c scal�ng 
pr�nc�ples and d�mens�onal measurements of trees, 
pr�nc�pally tree stem d�ameter at breast he�ght (d.b.h.). 
S�nce trees w�th the same bas�c measurements can 
have very d�fferent form and growth rates, allometr�c-
scal�ng relat�onsh�ps should vary w�dely over space 
and t�me due to d�fferences �n tree form and wood 
dens�ty. In pr�nc�ple, �f one could measure tree form 
and wood dens�ty on every stand�ng tree, general�zed 
allometr�c scal�ng equat�ons could be made very 
accurate across d�verse ecosystems. Wood dens�ty 
can be determ�ned from tree cores (W�ll�amson and 
W�emann 2010) or can be der�ved from publ�shed 
values (Chave et al. 2005). However, wood dens�ty 
est�mates are generally taken at breast he�ght and 

may not represent the whole tree. Wh�le methods for 
est�mat�ng the form of the ma�n stem (a.k.a. the bole) 
of a tree are ava�lable (e.g., Flewell�ng et al. 1998), 
methods for est�mat�ng the form of a whole tree are 
lack�ng (but see Cannell 1984). 

Here, data from hardwood trees �n M�ch�gan were 
analyzed to �nvest�gate how d�fferences �n whole-tree 
form and wood dens�ty between trees of d�fferent 
stem d�ameters relate to res�dual error �n standard-type 
b�omass equat�ons. Methods of pred�ct�ng whole-tree 
form from other tree attr�butes were also exam�ned. 

Data
The study locat�on was Fred Russ Exper�mental 
Forest, wh�ch �s owned by M�ch�gan State Un�vers�ty 
(MSU) and �s located �n Decatur, MI. Follow�ng a 
major storm event, 32 hardwood trees rang�ng from 
15 to 91 cm �n s�ze were selected from a larger group 
of w�nd-felled trees for whole-tree measurements 
and destruct�ve sampl�ng. Tree spec�es �ncluded 
Amer�can basswood (Tilia Americana L.), Amer�can 
beech (Fagus grandiolia Ehrh.), black cherry (Prunus 
serotina Ehrh.), sl�ppery elm (Ulmus rubra Muhl.), 
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and sugar maple (Acer saccharum Marsh.). Beg�nn�ng 
at the po�nt where the trunk flares, stem d�ameter 
outs�de bark was measured at 2-meter �ntervals unt�l 
the f�rst fork�ng po�nt (def�ned as the crown base) 
occurred. From that po�nt, three paths were followed 
from the f�rst fork to a term�nal tw�g �nclud�ng the 
dom�nant path, wh�ch was the largest branch lead�ng 
to an ap�cal control po�nt (�.e., the top of the tree), 
and two random paths selected us�ng random branch 
sampl�ng protocols w�th probab�l�ty proport�onal to 
branch cross-sect�onal area (Grego�re et al. 1995). 
In add�t�on to measurements along the path at 2-m 
�ntervals, the stem d�ameter before each fork�ng po�nt 
and all stem d�ameters after each fork�ng po�nt were 
also measured, wh�ch allowed for var�able probab�l�ty 
sampl�ng. 

After all measurements were taken, tree d�scs were 
removed from all measurement locat�ons start�ng at 
d.b.h. The d�scs were measured and we�ghed fresh 
after transport to the laboratory and then dr�ed to a 
constant mass at 105 °C. Bas�c wood dens�ty was 
est�mated follow�ng procedures outl�ned �n W�ll�amson 
and W�emann (2010). 
 
Analysis
Whole-tree wood volume (VW) and mass (MW) 
est�mates were generated us�ng the sample data 
and expans�on factors der�ved from random branch 
sampl�ng (Grego�re et al. 1995), and component 
volume and mass values were also est�mated for 
branches and the dom�nant stem. Breast he�ght wood 
density (ρ) was calculated from the disk removed 
at breast he�ght, and wood dens�ty of the dom�nant 
stem, branches, and the whole tree were est�mated by 
d�v�d�ng the mass by the volume of those components. 
D�ameter of the stem was measured at breast he�ght 
(D) and stem he�ght (H) was measured. Whole-tree 
form factor (F) was computed as the rat�o of whole-
tree volume to a proxy tree volume: F = VW / VP , 
where VP = ¼πD2H.   

A standard d.b.h.-based allometr�c equat�on was f�t to 
the tree data: 
 MW = αDβ (1)

where MW �s the dry mass of a whole tree (w�thout 
leaves), and α and β are the scaling and power 
coeff�c�ents of a power funct�on. The coeff�c�ents 
were est�mated w�th least squares regress�on. Relat�ve 
error (RE) �n b�omass est�mat�on (pred�cted-observed/
observed) from equation 1 was related to ρ and F to 
determ�ne the�r contr�but�on to RE.

ReSulTS AND DIScuSSIoN
When the RE of b�omass pred�ct�on from the equat�on 
1 was regressed against breast-height ρ and whole-tree 
F, �t was found that both expla�ned s�gn�f�cant fract�ons 
of the relat�ve error �n b�omass est�mat�on from d.b.h., 
but F explained a greater proportion of the RE than ρ. 
While several studies have shown that adding ρ can 
�mprove allometr�c equat�ons (e.g., Chave et al. 2005), 
there has been l�ttle attent�on to F. However, Canell 
(1984) showed that the allometr�c scal�ng coeff�c�ents 
of aboveground b�omass equat�ons der�ved from stand 
basal area and average tree he�ght were pos�t�vely 
correlated w�th the percentage of total aboveground 
b�omass compr�sed of branches, and that the 
percentage of branches was correlated w�th average 
stand F. The results presented here suggest that whole-
tree F correlates d�rectly w�th error �n �nd�v�dual 
tree mass est�mat�on and should be a useful add�t�on 
to allometr�c equat�ons, where �t can be est�mated. 
However, est�mat�on of F requ�res that whole-tree 
volume be est�mable on stand�ng trees. 

S�nce F was shown to be related to the percentage 
of whole-tree mass found �n the branch component 
(Cannell 1984), F was plotted as a funct�on of the 
percentage of mass �n branches (F�g. 1a), and they 
were found to be well correlated (70 percent). 
MacFarlane (2011) suggested several pred�ctors of 
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percent branch volume, and these were exam�ned 
as poss�ble pred�ctors of F. Unfortunately, the best 
pred�ctor of F, the product of the d�ameter of the 
largest branch (d.l.b.) �n the tree and d.b.h., expla�ned 
only about 42 percent of the var�at�on �n F (F�g. 1b), 
wh�ch may not be prec�se enough to �mprove accuracy 
of the b�omass equat�on. However, �t may be poss�ble 
to d�rectly est�mate whole-tree volume on stand�ng 
trees (Van Duesen and Roesch 2011) along w�th 
standard measurements of d.b.h. and tree he�ght, �n 
wh�ch case F could be d�rectly est�mated rather than 
pred�cted.
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Figure 1.—Whole-tree form factor (F) as a function of: 
(a) percent mass in branches; and (b) the product of the 
diameter of the largest branch (d.l.b.) in a tree and the stem 
diameter at breast height (d.b.h.).
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BIoMASS MeASuReMeNT AND MoDelING cHAlleNGeS  
FoR HARDWooD SPecIeS IN THe NoRTHeRN ReGIoN

james A. Westfall, David W. MacFarlane, and Aaron R. Weiskittel1

Abstract.—B�omass models for most commerc�ally �mportant hardwood spec�es �n the 
northern reg�on of the U.S. are often based on data of very l�m�ted spat�al extent and 
range of tree character�st�cs, suggest�ng uncerta�n accuracy when appl�ed at reg�onal 
scales. Also, the current models can have poor pred�ct�ve ab�l�ty for the proport�ons 
of b�omass found �n major tree components cons�dered for ut�l�zat�on, namely the 
merchantable bole, bole tops, tree branches, and fol�age. The Forest Inventory and 
Analys�s Program of the U.S. Forest Serv�ce �s currently undertak�ng a project to obta�n 
reg�onally representat�ve data to develop new volume/b�omass models. Th�s paper 
outl�nes �ssues related to challenges �n data collect�on and subsequent model�ng of 
b�omass components for hardwood spec�es. 
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Square, PA 19073; Assoc�ate Professor (DWM), M�ch�gan 
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INTRoDucTIoN
A number of tree b�omass stud�es were conducted 
�n the northern reg�on from the late 1970s �nto the 
early 1980s (Sm�th and Brand 1983, W�ant et al. 
1977). These stud�es prov�ded the �n�t�al b�omass 
est�mat�on procedures for many hardwood spec�es 
�n the reg�on. However, data collect�on was often 
l�m�ted to relat�vely small areas and ranges of tree 
character�st�cs. Nonetheless, equat�ons from var�ous 
sources were adopted by the Forest Inventory and 
Analys�s (FIA) Program (an ent�ty of the U.S. Forest 
Serv�ce) because these equat�ons prov�ded the only 
opportun�ty to �nclude b�omass est�mates �n forest 
resource reports. Due to d�fferences among stud�es 
�n def�n�t�ons, data collect�on protocols, and model 
forms, pred�cted values of b�omass for trees of a g�ven 
s�ze could vary cons�derably. As b�omass est�mates 
became �ncreas�ngly �mportant, FIA �mplemented a 
nat�onally cons�stent method to est�mate �nd�v�dual-
tree b�omass components (Heath et al. 2009). Th�s 

change �n methodology produced est�mates that were 
somet�mes �ncongruous w�th those of the earl�er 
models, ra�s�ng concerns about wh�ch method(s) 
prov�ded the most accurate results (Domke et al. 2012, 
Westfall 2011). In the absence of data requ�red to make 
such assessments, FIA has comm�tted to collect�ng 
reg�onally representat�ve b�omass data to prov�de a 
common bas�s for b�omass est�mator development. 
Although there are several �mportant con�fer 
spec�es �n parts of the northern reg�on, the forests 
are largely dom�nated by hardwood spec�es. Due to 
the�r decurrent form, hardwoods requ�re �nnovat�ve 
techn�ques to appropr�ately measure and model 
b�omass components.

MeASuReMeNT cHAlleNGeS
Several challenges must be faced when measur�ng 
hardwood spec�es for b�omass. Foremost, tree 
form has an unknown effect on allometr�c scal�ng 
relat�onsh�ps and �s cr�t�cal to est�mat�ng b�omass 
components. There �s an �nherent d�ff�culty �n 
record�ng numerous h�erarch�cal orders of branches 
and fol�age, so a complex measurement and record�ng 
system �s needed to perm�t reconstruct�on of the 
tree. Measurement protocols should be suff�c�ently 
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prescr�bed such that no cr�t�cal �nformat�on �s 
overlooked or measured �ncorrectly. Conversely, the 
deta�l and cost of measurements should not exceed 
that needed to meet accuracy object�ves �n pred�ct�ng 
b�omass. Also, the protocols must be understandable 
and �ntu�t�ve. Theoret�cally and techn�cally sound 
protocols are of l�ttle use �f they cannot be cons�stently 
and accurately appl�ed �n the f�eld. A related �ssue �s 
the need to cons�stently ass�gn tree parts to component 
categor�es (e.g., branch vs. top wood), espec�ally as 
merchantab�l�ty and ut�l�zat�on standards change over 
t�me. Cost (1978) prov�des examples of f�eld protocols 
des�gned for measur�ng volumes �n trad�t�onal product 
categor�es �nclud�ng sawt�mber and pulpwood, but 
these protocols are not ent�rely su�table for b�omass 
determ�nat�on. 

To �ncrease eff�c�ency, sampl�ng may be used for 
branch and fol�age components. However, the des�gn 
of an unb�ased, h�gh-prec�s�on sampl�ng des�gn �s 
requ�red before w�despread �mplementat�on. For th�s 
study, the f�rst year of data collect�on w�ll enta�l a 
h�gh level of deta�l for �nd�v�dual-tree measurements, 
wh�ch w�ll allow assessment of var�ous sampl�ng 
protocols that may be �mplemented �n subsequent 
years. Obv�ously, th�s exerc�se h�nges on successful 
�mplementat�on of the deta�led measurement protocols 
descr�bed �n the above paragraph. Also, select�on 
of trees that well represent the range of branch�ng 
and fol�age patterns found �n the populat�on w�ll be 
essent�al.

Unl�ke many volume attr�butes, wh�ch are based on 
trees of merchantable s�ze, b�omass pred�ct�ons are 
needed for smaller trees (e.g., d.b.h. 1.0 �nch and 
greater). Furthermore, current b�omass est�mates for 
small trees can be suspect because many ex�st�ng 
b�omass models are based pr�mar�ly on trees of 
merchantable s�ze. Thus, ensur�ng that sapl�ng-
s�ze trees are �ncluded �n the sample �s �mperat�ve. 
However, �nclus�on of small trees can create 
measurement challenges because data collect�on 
protocols are often spec�f�ed assum�ng appl�cat�on to 
trees of merchantable s�ze (e.g., b�omass of the ma�n 

stem may be def�ned as that occurr�ng below the 4-
�nch top d�ameter). Thus, measurement protocols must 
be spec�f�ed such that there �s appl�cab�l�ty across all 
tree s�zes.

Because pred�ct�on models w�ll ult�mately be appl�ed 
to stand�ng trees, a key component �n the measurement 
phase �s understand�ng how measurements of stand�ng 
trees correlate w�th more accurate data taken on felled 
trees. An example would be branch length, wh�ch may 
or may not be needed �n add�t�on to branch d�ameter 
to accurately pred�ct branch b�omass. Perhaps branch 
allometry suggests that knowledge of branch d�ameter 
alone �s suff�c�ent to obta�n acceptable b�omass 
pred�ct�ons. Understand�ng the �nformat�on needs �n 
th�s context �s �mportant, because branch lengths on 
stand�ng trees are l�kely only accurately measured as 
the l�near d�stance from branch base to t�p. However, 
most branches have some degree of curvature that 
would not be accounted for �n the l�near d�stance 
measure, and thus recorded branch length would 
not reflect the actual length. If branch length �s v�tal 
to branch b�omass pred�ct�on, d�fferences between 
l�near branch lengths taken on stand�ng trees and the 
actual length would need to be emp�r�cally assessed 
on trees that are felled. Ident�fy�ng and account�ng for 
such �ssues �n the data collect�on process �s cr�t�cal 
�f unb�ased est�mates of b�omass are to be produced 
based on data elements collected on stand�ng trees 
(e.g., FIA plots).

MoDelING cHAlleNGeS
Several challenges are also faced when cons�der�ng 
b�omass model development for hardwood spec�es. 
F�rst, one must cons�der the sample s�ze needed 
to establ�sh stat�st�cally s�gn�f�cant relat�onsh�ps 
between pred�ctor var�ables and b�omass values. Due 
to the w�de var�at�on �n tree character�st�cs, more 
samples are l�kely needed for hardwoods than for 
softwoods. Unfortunately, the number of sample trees 
�s often l�m�ted due to f�nanc�al constra�nts. In these 
s�tuat�ons, �t �s adv�sable to est�mate the m�n�mum 
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sample s�ze deemed necessary and ensure resources 
ex�st to atta�n that base level of sampl�ng. G�ven that 
an appropr�ate number of sample trees have been 
determ�ned, add�t�onal work �s needed to spec�fy tree 
select�on processes. For example, �t may be des�rable 
to spec�fy numbers of trees to be sampled by s�ze 
class, form or crown arch�tectural character�st�cs, 
and/or spat�al d�str�but�on. These spec�f�cat�ons should 
be thoroughly evaluated, because substant�al effort 
may be �ncurred to f�nd and measure certa�n relat�vely 
rare occurrences, e.g., very large d.b.h. trees. On the 
other hand, one must also cons�der that sampl�ng trees 
based on frequency alone would be sub-opt�mal �n 
that most sample trees would be near the m�ddle of 
the d�str�but�on(s) of select�on cr�ter�a and relat�vely 
l�ttle �nformat�on would be obta�ned at the lower and 
upper ranges. Such an approach could lead to poor 
pred�ct�ons for trees that do not exh�b�t character�st�cs 
represented �n the model�ng data. The goal �s for the 
sample to cover the w�dest range of var�at�on �n tree 
s�ze and form attr�butes across the geograph�c range 
of occurrence; however, th�s must be balanced w�th�n 
pract�cal cost and t�me constra�nts.

Another major �ssue �s that the spat�al var�at�on �n 
spec�es-spec�f�c allometr�c scal�ng coeff�c�ents of 
hardwoods �s largely unknown. Due to the h�gh 
cost of felled-tree data, character�z�ng changes �n 
b�omass parameters across var�ous grad�ents (e.g., 
lat�tude, long�tude, and elevat�on) w�ll requ�re 
anc�llary stand�ng-tree �nformat�on. The types and 
amounts of anc�llary data needed to capture these 
sh�fts �n hardwood tree allometry must be determ�ned. 
Due to the l�m�tat�ons of measur�ng stand�ng trees 
from ground-pos�t�on, the ab�l�ty to obta�n accurate 
measurements of spec�f�ed data elements also must 
be assessed, wh�ch �ncludes both unobstructed l�nes-
of-s�ght and types of equ�pment requ�red. F�nally, a 
stat�st�cally defens�ble method to �ncorporate these 
data �nto the analys�s must be developed. 

Potent�al group�ng of spec�es hav�ng s�m�lar 
character�st�cs should also be evaluated. For hardwood 
spec�es, th�s may be part�cularly d�ff�cult due to 
the excess�ve geograph�c and phenotyp�c var�at�on. 

Typ�cally, such group�ngs have been accompl�shed 
us�ng genera or categor�cal class�f�cat�on, such as 
oak/h�ckory, although d�fferent growth hab�ts among 
spec�es w�th�n such groups may make them unsu�table 
for aggregat�on when model�ng b�omass. The best-case 
scenar�o �s to have pre-determ�ned group�ngs such that 
the sampl�ng effort can be lessened by hav�ng group-
level (vs. spec�es-level) sample s�ze requ�rements. 
However, one then assumes the r�sk of hav�ng spec�es 
w�th�n groups that actually are not as s�m�lar as 
expected. In the absence of rel�able �nformat�on on 
aggregat�on cr�ter�a, caut�on should be exerc�sed �n 
group�ng spec�es before data collect�on.

A f�nal cons�derat�on �s the durat�on of the data 
collect�on effort. One opt�on �s to set the sample 
s�ze requ�rements for model development and cease 
f�eldwork once those requ�rements are met. An 
alternat�ve scenar�o would be to not only develop 
b�omass models from the �n�t�al effort, but also 
to cont�nue to collect data as well. One potent�al 
opt�on would be to �ncorporate needed b�omass 
measurements �nto ex�st�ng T�mber Products Output 
(TPO) stud�es conducted by FIA (Wharton and 
B�rch 1999). Th�s would prov�de a cont�nual stream 
of add�t�onal �nformat�on that could be used to 
per�od�cally update ex�st�ng models. Wh�le the latter 
approach seems more des�rable from a sc�ent�f�c 
v�ewpo�nt, there are programmat�c �ssues for FIA 
because b�omass pred�ct�ons for trees on �nventory 
plots change over t�me, wh�ch can be problemat�c 
for some cl�ents, e.g., reprocess�ng of older data w�th 
newer b�omass values w�ll produce d�fferent analyt�cal 
results. Implementat�on of a cont�nual data collect�on 
parad�gm would need to be carefully cons�dered before 
�mplementat�on to prov�de balance between the best 
sc�ent�f�c pract�ces and program cred�b�l�ty.

coNcluSIoN
Measur�ng and model�ng b�omass for hardwood 
spec�es �s not a tr�v�al exerc�se. Due to the decurrent 
form, substant�al effort may be needed to collect mult�-
level branch and fol�age data. The data also need to 
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be collected cons�stently across var�ous spec�es, tree 
s�zes/forms, and f�eld personnel. Thus, f�eld protocols 
must be expl�c�tly def�ned and cons�stently �nterpreted. 
Obta�n�ng rel�able data for hardwoods also requ�res an 
understandable and �ntu�t�ve protocol for record�ng the 
extens�ve measurements, such that the tree can later be 
accurately reconstructed or re-analyzed as ut�l�zat�on 
standards change.

A pr�mary d�ff�culty faced �n model�ng b�omass 
of hardwood spec�es �s establ�sh�ng relat�onsh�ps 
between b�omass and usual mensurat�onal var�ables 
such as d.b.h and total he�ght. The w�de range of 
tree forms assumed by hardwood spec�es creates 
substant�al var�ab�l�ty, wh�ch may requ�re large sample 
s�zes to develop models hav�ng acceptable degrees 
of pred�ct�ve accuracy. Part�cularly, �t �s necessary 
to emp�r�cally descr�be how relat�onsh�ps between 
b�omass components change �n relat�on to var�ous 
factors (e.g., tree s�ze and form). Pract�cal constra�nts 
on felled-tree data collect�on suggest that anc�llary 
�nformat�on from stand�ng trees w�ll be necessary to 
further ref�ne model pred�ct�ons for local accuracy and 
that group�ng of spec�es may be helpful �n atta�n�ng 
suff�c�ent sample s�zes. However, the techn�ques by 
wh�ch these �ssues are best addressed must st�ll be 
developed and evaluated.
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STRATeGIeS FoR ASSeSSING INTeR- AND INTRA-SPecIFIc 
vARIATIoN IN TRee BIoMASS IN THe INTeRIoR WeST

David l.R. Affleck, john M. Goodburn, and john D. Shaw1

Abstract.—W�ldf�re hazard m�t�gat�on and b�oenergy harvest�ng have emerged as 
forest management pr�or�t�es throughout the Inter�or West (IW) of the USA. Reg�onal 
forest �nventory and forecast�ng appl�cat�ons are therefore �ncreas�ngly focused on 
tree b�omass, �nclud�ng b�omass �n trad�t�onally non-merchantable components. Yet 
accurate b�omass equat�ons for the latter components are typ�cally lack�ng, even for 
major commerc�al spec�es. Th�s �s because prev�ous assessment efforts have focused on 
d�st�nct components, have used �ncons�stent methodolog�es, or have rel�ed on data w�th 
l�m�ted spat�al or b�ophys�cal extents. Here we rev�ew and contrast the current state of 
knowledge of a w�dely d�str�buted and commerc�ally �mportant spec�es, ponderosa p�ne 
(Pinus ponderosa), and a locally �mportant spec�es of the southwest, two-needle p�nyon 
(Pinus edulis). Ow�ng to h�gh levels of �nter- and �ntra-spec�f�c var�at�on �n b�omass 
allometry and to the h�gh costs of collect�ng b�omass data, an �mportant element of new 
data collect�on efforts w�ll be the development of standard�zed and accurate subsampl�ng 
procedures. We descr�be these subsampl�ng strateg�es and d�scuss potent�al adaptat�ons 
for two-needle p�nyon �n the southwest.
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INTRoDucTIoN
Across the Inter�or West (IW) of the Un�ted States, 
the management of federally adm�n�stered forest lands 
�s �ncreas�ngly be�ng shaped by pol�c�es related to 
w�ldf�re hazard m�t�gat�on, b�oenergy development, 
and ecolog�cal restorat�on. At the same t�me, on pr�vate 
lands there �s he�ghtened �nterest �n regenerat�on and 
the growth dynam�cs of young stands. As such, there 
are grow�ng needs for rel�able �nventory �nformat�on 
on submerchantable trees and on forest b�omass pools 
such as fol�age, branchwood, and tops. These emerg�ng 
needs stand �n contrast to the cons�derable b�ometr�c 
knowledge concern�ng mature tree bole volume and 
taper that has been developed. Even for commerc�al 

spec�es, few b�omass models su�table for reg�onal or 
subreg�onal analyses are ava�lable, and many of these 
are �ncomplete or �ncons�stent w�th one another.

In th�s paper we rev�ew the current state of knowledge 
concern�ng tree b�omass allometr�es, focus�ng on 
two IW spec�es: the w�dely d�str�buted ponderosa 
p�ne (Pinus ponderosa) and the locally �mportant 
southwestern two-needle p�nyon (Pinus edulis). We 
also cons�der the advantages and l�m�tat�ons of model-
ass�sted subsampl�ng strateg�es that can be used to 
augment tree b�omass datasets and ref�ne reg�onal 
allometr�c models.

cuRReNT STATe oF  
KNoWleDGe coNceRNING  
BIoMASS AlloMeTRIeS
Ponderosa Pine
Ponderosa p�ne �s found from northern Mex�co to 
southern Br�t�sh Columb�a, and from Cal�forn�a to 
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Nebraska. It �s a commerc�ally �mportant spec�es over 
much of the northern reaches of �ts range. It generally 
occup�es relat�vely dry s�tes but �s found over a broad 
cl�mat�c envelope: from the northern S�erras to the 
adjacent Great Bas�n �t grows on s�tes w�th annual 
prec�p�tat�on rang�ng from approx�mately 1800 mm/yr 
to 200 mm/yr (Callaway et al. 1994).

Most of our understand�ng of the b�omass allometr�es 
of ponderosa p�ne comes from stud�es conducted �n 
the northern port�on of the spec�es’ range. Yet even 
the relat�vely �ntens�ve f�eld work by, for example, 
Brown (1978) and Stand�sh et al. (1985), had l�m�ted 
geograph�c support relat�ve to the spec�es’ overall 
d�str�but�on. Moreover, past stud�es often employed 
d�fferent (and vary�ng) tree b�omass measurement 
protocols and part�t�oned totals �nto d�st�nct b�omass 
components. Though not �rresolvable, the latter �ssues 
do make �t challeng�ng to use prev�ously collected data 
or prev�ously developed models to �nform reg�onal or 
subreg�onal analyses. From smaller-scale stud�es such 
as Callaway et al. (1994) and Bouff�er et al. (2003), �t 
�s ev�dent that th�s spec�es’ b�omass allocat�on patterns 
and wood dens�ty vary w�th�n the reg�on ow�ng to 
env�ronmental and genet�c d�fferences; d�fferences �n 
data collect�on protocols compl�cate the detect�on and 
descr�pt�on of such var�at�ons.

Two-Needle Pinyon
In the southwestern Un�ted States, two-needle p�nyon 
�s a locally �mportant spec�es �n terms of forest cover 
and secondary forest products. It �s a woodland spec�es 
rang�ng mostly over the states of Utah, Colorado, New 
Mex�co, and Ar�zona. Two-needle p�nyon �s found on 
warmer and dr�er s�tes than ponderosa p�ne. It grows 
�n both s�ngle-stem, excurrent forms (on better s�tes) 
and w�th spread�ng crowns and mult�ple stems (typ�cal 
form at lower elevat�ons). 

Compared to ponderosa p�ne, l�ttle has been publ�shed 
on the b�omass allometr�es of two-needle p�nyon or on 
�ts genet�c var�at�on or wood dens�ty character�st�cs. 
Few b�omass stud�es have been conducted and these 
have been h�ghly local�zed �n terms of geograph�c 

extent and have been based on small sample s�zes (�.e., 
10 to 15 trees) (Darl�ng 1967, Gr�er et al. 1992). 

BIoMASS SuBSAMPlING
Motivations and challenges
F�eld assessment of tree b�omass �s an expens�ve 
undertak�ng �n the mounta�nous and remote reg�ons 
of the western Un�ted States. Bes�des access costs 
there are often d�ff�cult�es assoc�ated w�th the 
destruct�ve nature of the sampl�ng (e.g., �f large 
d.b.h. trees must be felled or �f standard log lengths 
cannot be ma�nta�ned). Mater�als process�ng costs are 
also s�gn�f�cant w�th defol�at�on of branches be�ng 
part�cularly t�me consum�ng (e.g., defol�at�on of f�rst-
order branches can take more than one person-day for 
some con�ferous spec�es). At the same t�me, there �s a 
mult�tude of s�te and stand factors that can �nfluence 
the accumulat�on and apport�onment of b�omass, 
�nvest�gat�on of wh�ch necess�tates the accumulat�on of 
relat�vely large samples of trees for any g�ven spec�es. 
To collect a large sample �n the face of h�gh per-tree 
costs requ�res cons�derat�on of subsampl�ng strateg�es 
and potent�al sources of aux�l�ary (non-b�omass) 
�nformat�on.

The d�sadvantage of subsampl�ng for tree b�omass �s 
that w�th�n-tree sampl�ng errors become confounded 
w�th among-tree var�at�on. Put d�fferently, res�dual 
among-tree var�at�on �s �nflated by subsampl�ng 
error, mak�ng �t more d�ff�cult to �dent�fy and detect 
systemat�c var�at�on �n b�omass attr�butable to tree, 
stand, or s�te factors. Thus, effect�ve subsampl�ng 
strateg�es must allow the s�ze of the sample (�.e., the 
number of �ndependently selected trees) to �ncrease 
faster than tree-level uncerta�nty adds to the overall 
var�ance. Spec�f�cally, �f the subsampl�ng strategy 
�s unb�ased then the sample s�ze under subsampl�ng 
should be greater than the sample s�ze under full 
measurement by a factor of at least 1 + (σe/σt)

2, 
where σe �s the standard dev�at�on assoc�ated w�th 
the subsampling procedure and σt �s the cond�t�onal 
standard dev�at�on �n b�omass across trees w�th s�m�lar 
character�st�cs. 
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Development and Application
Fundamental pr�nc�ples of tree allometry and past 
emp�r�cal work can be brought to bear to dev�se 
eff�c�ent and pract�cal tree b�omass subsampl�ng 
strateg�es. As one example, for a g�ven d.b.h. and 
he�ght much of the tree-to-tree var�at�on �n bole 
b�omass can be attr�buted to d�fferences �n bole taper. 
Th�s suggests us�ng prev�ous taper model�ng efforts to 
m�n�m�ze costs assoc�ated w�th b�omass measurements 
spec�f�c to the bole. Mult�ple taper stud�es have 
been conducted for ponderosa p�ne �n the northwest; 
part�cularly noteworthy are mult�-po�nt equat�ons 
such as those developed by Flewell�ng and Ernst 
(1996). Though parameter�zed for spec�f�c subreg�ons 
of the northwest, the latter equat�ons allow for f�ne 
cal�brat�on of pred�cted prof�les to actual tree taper v�a 
the �nput of mult�ple upper stem he�ght-d�ameter pa�rs 
(that are eas�ly measured on the downed tree). Po�nt-
level pred�ct�ons (�ns�de- and outs�de-bark) from the 
taper prof�le, together w�th �ntegrated volumes, can 
then be used as control var�ates, allow�ng for accurate 
est�mat�on of bole b�omass components from a random 
or systemat�c sample of d�scs.

As a second example, numerous f�eld stud�es (e.g., 
Monserud and Marshall1999) have shown strong 
relat�onsh�ps between branch basal area and branch 
mass for many con�ferous spec�es. Less strong are 
relat�onsh�ps between, on the one hand, branch basal 
area and, on the other, branch fol�ar mass or branch 
woody b�omass. Nonetheless, such relat�onsh�ps 
form an �mportant bas�s for b�omass subsampl�ng 
strateg�es because branch basal areas are more eas�ly 
measured than branch masses (green or dry; whole 
or by component). Subsampl�ng procedures can draw 
on these relat�onsh�ps v�a unequal probab�l�ty des�gns 
(e.g., l�st sampl�ng or random�zed branch sampl�ng, 
RBS) and at the est�mat�on stage through the use 
of general�zed rat�o or regress�on est�mators. Such 
strateg�es obv�ate the need to measure full crown 

we�ghts �n the f�eld, a task that �s both t�me-consum�ng 
and fraught w�th d�ff�cult�es due to the prevalence of 
broken and bur�ed branches. As part of an ongo�ng 
ponderosa p�ne b�omass study �n the northwest 
(Affleck and Turnqu�st 2012), RBS of f�rst-order 
branches has been used to cap�tal�ze on the strong 
quadrat�c relat�onsh�p between branch d�ameter and 
branch mass wh�le carry�ng out the crown sampl�ng 
�n a s�ngle pass up the stem. The use of general�zed 
regress�on est�mators w�th RBS �s also be�ng stud�ed as 
�n�t�al results have �nd�cated that a number of con�fer 
spec�es do not exh�b�t area-preserv�ng branch�ng at the 
f�rst-order level, a character�st�c �mpl�c�tly assumed �n 
RBS. 

In develop�ng b�omass sampl�ng strateg�es for two-
needle p�nyon, there �s cons�derably less mensurat�onal 
knowledge to draw on. Wh�le volume equat�ons have 
been developed for th�s spec�es, we are aware of 
no work on taper. Flex�ble taper equat�ons for other 
spec�es m�ght be subst�tuted and used for control 
var�ate sampl�ng, though the procedure would need 
to be mod�f�ed for mult�-stemmed growth forms. 
Inasmuch as the mult�-stemmed growth form �s 
common, �t �s ant�c�pated that crown subsampl�ng 
strateg�es based on branch scal�ng relat�onsh�ps 
w�ll be more useful for th�s spec�es. In part�cular, 
RBS strateg�es could be appl�ed �n d�fferent ways 
to est�mate crown character�st�cs on s�ngle stems or 
across mult�ple stems.
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eSTIMATING BIoMASS AND cARBoN IN FoReSTS  
oF THe PAcIFIc STATeS: STATISTIcAl ISSueS 

Andrew N. Gray and Hailemariam Temesgen1

Abstract.—Increas�ngly, large-scale est�mates of b�omass and carbon play s�gn�f�cant 
roles �n prov�d�ng cr�t�cal �nformat�on to forest resource management and pol�cy 
dec�s�onmak�ng. B�omass and carbon est�mates are requ�red to mon�tor CO2 m�t�gat�on 
projects, character�ze forest product�v�ty, and est�mate carbon flux. Yet, est�mat�ng 
b�omass and carbon for large-scale �nventory and mon�tor�ng �s a d�ff�cult task. The 
amount of b�as �ntroduced by us�ng locally developed equat�ons to est�mate b�omass 
and carbon across large reg�ons �s not known. Equat�ons are e�ther not ava�lable or 
poorly developed for �mportant spec�es and �mportant components of carbon storage 
l�ke stand�ng dead trees. In add�t�on, the Pac�f�c states are character�zed by some of the 
largest trees and most remote landscapes �n the country, wh�ch compl�cates sampl�ng and 
measurement. 

Us�ng ground data collected from across a range of major forest types �n Pac�f�c 
Northwest, we demonstrate selected approaches that m�ght �mprove reg�onal b�omass 
and carbon est�mates. In th�s presentat�on, we d�scuss 1) the su�tab�l�ty and pred�ct�ve 
ab�l�t�es of selected methods to quant�fy b�omass and carbon �n d�fferent forest types of 
the Pac�f�c Northwest; 2) the use of selected methods to quant�fy types and frequency of 
dead trees/snags and the�r contr�but�ons to b�omass/carbon pools; and 3) the challenges 
and opportun�t�es �n est�mat�ng b�omass and carbon. In add�t�on, we w�ll d�scuss ex�st�ng 
gaps and emerg�ng technolog�es that m�ght offer opportun�t�es to quant�fy b�omass and 
carbon �nventor�es. 
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Jefferson Way, Corvall�s, OR; Assoc�ate Professor (HT), Oregon State Un�vers�ty, Corvall�s, OR. 
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IMPAcTS oF NITRoGeN AND SulFuR DePoSITIoN  
oN THe GRoWTH oF ReD SPRuce AND SuGAR MAPle  

IN THe uNITeD STATeS

jennifer N. Phelan, Paramita Sinha, George van Houtven, Marion Deerhake, Randall G. Waite,  
Anne W. Rea, and Ginger M. Tennant1

eXTeNDeD ABSTRAcT
Total n�trogen (N) and sulfur (S) depos�t�on �n forest systems can have e�ther pos�t�ve 
or negat�ve �mpacts on tree growth. The growth of many forests �n North Amer�ca �s 
l�m�ted by N ava�lab�l�ty (Chap�n et al. 1993, K�llam 1994). Therefore, N fert�l�zat�on �s 
often a key component of forest management (Allen 2001), and �n areas of N depos�t�on, 
tree growth may be st�mulated. However, N add�t�ons can somet�mes be greater than 
what trees requ�re and can negat�vely �mpact tree health and growth (Aber et al. 1995, 
Dr�scoll et al. 2001, McNulty et al. 2005). Systems where atmospher�c depos�t�on of 
N and S �s greater than the cr�t�cal load may be examples of such forest cond�t�ons. 
When cr�t�cal loads are exceeded, tree health and growth may be comprom�sed both 
d�rectly and �nd�rectly due to so�l nutr�ent �mbalances caused by leach�ng of base cat�ons 
from the so�l. Trees may have an �ncreased suscept�b�l�ty to drought and pest damage, 
alum�num (Al) tox�c�ty �n roots, reduced tolerance to cold, and a greater suscept�b�l�ty 
to frost �njury (Cronan and Gr�gal 1995, Dr�scoll et al. 2001, Fenn et al. 2006, McNulty 
et al. 2005, Ou�met et al. 2008). In the context of ac�d�fy�ng depos�t�on of N and S, 
whether depos�t�on has a pos�t�ve or negat�ve �mpact on tree growth may depend largely 
upon whether the cr�t�cal load �s exceeded by the depos�t�on level, and �t may follow an 
�nverted U-shaped relat�onsh�p s�m�lar to that wh�ch was hypothes�zed by Aber et al. 
(1995) for temperate forest systems that rece�ve chron�c, long-term N add�t�ons (F�g. 1).

To exam�ne the relat�onsh�ps between N and S depos�t�on and tree growth, prel�m�nary 
analyses compar�ng the growth of sugar maple (Acer saccharum var. saccharum) and red 
spruce (Picea rubens) and cr�t�cal ac�d load exceedances (pos�t�ve and negat�ve) were 
conducted for the full geograph�cal ranges of both spec�es �n the Un�ted States. Sugar 
maple and red spruce were selected as the test spec�es because both have exper�enced 
decl�ne �n areas of h�gh N and S depos�t�on (Ou�met et al. 2008, Shortle et al. 1997, 
Watmough 2002). Annual tree growth est�mates for sugar maple and red spruce were 
obta�ned from the Forest Inventory and Analys�s (FIA) database, and cr�t�cal ac�d 
loads were calculated us�ng the s�mple mass balance model (Un�ted Nat�ons Econom�c 
Comm�ss�on for Europe 2004) and three d�fferent levels of protect�on to tree health 
(base cat�on/Al so�l solut�on rat�o = 0.6, 1.2, and 10.0). The cr�t�cal loads were compared 
aga�nst 2002 N and S depos�t�on to est�mate cr�t�cal load exceedances. A ser�es of 
mult�var�ate ord�nary least squares regress�ons were then conducted to exam�ne the 

1 Research Ecolog�st (JNP), RTI Internat�onal, 3040 Cornwall�s Rd., Research Tr�angle Park, 
NC 27709; Research Econom�st (PS), Sen�or Research Econom�st (GVH), and Sen�or Research 
Env�ronmental Sc�ent�st (MD), RTI Internat�onal; A�r-Water Program Manager (RGW), Ass�stant 
Laboratory D�rector (AWR), and Ecolog�st (GMT), U.S. Env�ronmental Protect�on Agency, Off�ce 
of Research and Development. JNP �s correspond�ng author: to contact, call 919-541-7079 or 
ema�l at jenphelan@rt�.org.
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Figure 1.—Hypothetical relationship between tree growth and critical load exceedance (based on 
curve describing forest productivity as a function of long-term chronic N additions outlined in Aber 
et al. [1995]).

relat�onsh�p between tree growth and N and S depos�t�on. A quadrat�c funct�onal form 
was used to test for ev�dence of the �nverted U-shaped relat�onsh�p between cr�t�cal load 
exceedance and tree growth represented �n F�gure 1. 

In add�t�on, we conducted separate l�near regress�on analyses relat�ng N depos�t�on and 
tree response �n plots where cr�t�cal load exceedance values were negat�ve (�.e., plots 
where depos�t�on levels d�d not exceed the cr�t�cal loads), and analyses evaluat�ng cr�t�cal 
load exceedance and volume growth on plots where N and S depos�t�on levels exceeded 
the cr�t�cal loads. These separate analyses were conducted to test the hypotheses that 
tree growth �s st�mulated or “fert�l�zed” by N when cr�t�cal loads are not exceeded, and 
tree health and growth are �mpa�red when the benef�ts of N depos�t�on are replaced by 
the negat�ve ac�d�fy�ng �mpacts of N and S depos�t�on. The stat�st�cal results suggested 
that both spec�es exh�b�ted a quadrat�c funct�onal form relat�onsh�p between cr�t�cal load 
exceedance and growth, although not s�gn�f�cant at the p = 0.05 level. Based on cr�t�cal 
loads determ�ned us�ng the base cat�ons/Al rat�o of 10.0, the l�near regress�ons showed 
that growth of sugar maple was st�mulated by N depos�t�on on plots where cr�t�cal loads 
were not exceeded (p = 0.0013), and red spruce growth was reduced on plots where 2002 
N and S depos�t�on levels exceeded the cr�t�cal loads (p = 0.0223).

The object�ves of th�s study w�ll be to expand and �mprove on the prel�m�nary analyses 
and further our understand�ng of the relat�onsh�ps between N and S depos�t�on and red 
spruce and sugar maple growth. Parameters �nclud�ng �n�t�al tree volumes, plot elevat�on, 
stand basal area, and plot lat�tudes and long�tudes w�ll be �ncluded �n the analyses to 
account for other sources of var�at�on �n the growth response. The ab�l�ty to �nd�rectly 
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determ�ne spec�es-spec�f�c so�l solut�on base cat�on/Al rat�os w�ll also be explored. It 
may be poss�ble to calculate the base cat�on/Al rat�o cr�t�cal l�m�t for red spruce and sugar 
maple based on the po�nt of �nflect�on �n the quadrat�c relat�onsh�p determ�ned for each 
spec�es. Prev�ous comprehens�ve synthes�s efforts have reported that the growth of red 
spruce and sugar maple seedl�ngs was reduced by 20 percent, relat�ve to controls at base 
cat�on/Al rat�os of 1.2 and 0.6, respect�vely (Sverdrup and Warfv�nge 1993). To date, 
however, the ab�l�ty to test or conf�rm these spec�es-spec�f�c cr�t�cal l�m�ts for trees �n 
the f�eld has been l�m�ted. Furthermore, these exposure-response models of red spruce 
and sugar maple growth to N and S depos�t�on may potent�ally be appl�ed to evaluate the 
�mpacts of altered depos�t�on levels on tree growth, and consequently, on prov�s�on�ng 
ecosystem serv�ces through the use of the Forest and Agr�cultural Sector Opt�m�zat�on 
Model—Green House Gas vers�on. If successful, these analyses and novel approach 
may prove to be a very effect�ve way to evaluate the current cond�t�on of U.S. forests �n 
response to N and S depos�t�on, and how forest health could be �mproved w�th decreased 
depos�t�on levels.
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yelloW BIRcH AND AcID DePoSITIoN  
IN THe SouTHeRN APPAlAcHIANS

Kenneth W. Stolte, Walter c. Shortle, Kevin T. Smith, Michael Amacher, charles H. Perry,  
lindsay Majer, and owen carson1

Abstract.—Aer�al observat�ons of small clusters of large, stand�ng dead trees �n h�gher 
elevat�ons of the southern Appalach�ans (SoApps) �n 2005 were later �dent�f�ed as yellow 
b�rch (YB) grow�ng �n areas of low so�l pH and calc�um. Yellow b�rch �s a common tree 
�n the maple-beech-b�rch forests of the northeast Un�ted States and h�gher elevat�ons 
of the SoApps. It cannot move calc�um from older to newer grow�ng t�ssues and low 
so�l-calc�um cond�t�ons cause reduced growth and �ncreased vulnerab�l�ty to damage 
and mortal�ty from drought, �nsects, fung�, storms, and other stressors. Black cherry �s a 
common assoc�ate w�th yellow b�rch but can translocate Ca w�th�n t�ssues and therefore 
�s relat�vely tolerant of low so�l calc�um. We used FIA Phase 2 data to locate 48 survey 
s�tes �n parts of ecoreg�on subsect�ons M221Dc and M221Dd where larger d�amater (>15 
�nches at breast he�ght) YB were found. At each s�te we establ�shed polygons based on 
randomly located 5+ YB �n each of three target s�ze classes (5-12, 12-15, and >15 �nches 
d.b.h.) �n 2010. Yellow b�rch was evaluated for crown cond�t�on (d�eback, transparency, 
rat�o, pos�t�on); damage (type, locat�on, and sever�ty); d.b.h and he�ght; and seedl�ng and 
sapl�ng regenerat�on. We also recorded s�tes that had assoc�ated black cherry w�th d.b.h. 
>8 �nches. M�neral so�l samples from 2 depths (0-4 and 4-8 �nches) were collected under 
three randomly selected largest d�ameter class YB trees and analyzed by the Northern 
Research Stat�on Forest Inventory and Analys�s so�ls laboratory. We found low so�l pH 
and calc�um, and h�gh alum�num, Fe, S, and other tox�ns correlated w�th h�gher elevat�on 
s�tes. The largest d�ameter yellow b�rch trees had the h�ghest damage �ndex scores. 
Seedl�ng and sapl�ng regenerat�on was h�ghly var�able w�th l�ttle or no regenerat�on at 
many s�tes. In late summer of 2011, we obta�ned tree r�ng cores from a subset of 26 s�tes 
w�th large d�ameter yellow b�rch and black cherry trees for growth of the outer 1 �nch of 
the largest d�ameter trees of both spec�es, and created shallow wound holes �n the same 
trees to evaluate would response over t�me. On average, 33 years were requ�red to add 
1 �nch d�ameter of growth to yellow b�rch trees (n=126) and 14 years for black cherry 
trees (n=62). Shallow wounds on most black cherry had f�lled w�th sap, wh�le most of the 
yellow b�rch wound holes rema�ned dry 3 months later. A second evaluat�on of wound 
response and collect�on of so�l humus for chem�cal analys�s �n autumn 2012 �s scheduled. 
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veRIFIcATIoN oF THe jeNKINS AND FIA SAPlING BIoMASS 
eQuATIoNS FoR HARDWooD SPecIeS IN MAINe

Andrew S. Nelson, Aaron R. Weiskittel, Robert G. Wagner, and Michael R. Saunders1

Abstract.—In 2009, the Forest Inventory and Analys�s Program (FIA) updated �ts 
b�omass est�mat�on protocols by sw�tch�ng to the component rat�o method to est�mate 
b�omass of med�um and large trees. Add�t�onally, FIA sw�tched from us�ng reg�onal 
equat�ons to the current FIA aboveground sapl�ng b�omass equat�ons that pred�ct woody 
sapl�ng (2.5 to 12.4 cm d.b.h.) b�omass us�ng the Jenk�ns et al. (2003) equat�ons (Forest 
Sc�ence 49 (1): 12-35) and then mult�ply�ng pred�ct�ons by spec�es-spec�f�c adjustment 
factors. The new equat�ons have not been ver�f�ed for sapl�ngs �n Ma�ne where sapl�ng-
dom�nated stands make up nearly 24 percent of the forest land. We ver�f�ed the FIA 
sapl�ng equat�ons and Jenk�ns et al. (2003) equat�ons for naturally regenerated hardwood 
spec�es from an exper�ment �n eastern Ma�ne. Results demonstrate the FIA sapl�ng 
equat�ons underest�mated observed aboveground woody b�omass by between 15 and 37 
percent. Our results suggest that the current spec�es-spec�f�c sapl�ng adjustment factors 
were �nadequate for the trees �n th�s study, and we propose a new set of adjustment 
factors based on the observed data. 
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Un�vers�ty of Ma�ne, School of Forest Resources,  
5755 Nutt�ng Hall, Orono, ME 04469; D�rector (RGW), 
Un�vers�ty of Ma�ne; Ass�stant Professor of S�lv�culture 
(MRS), Purdue Un�vers�ty. ASN �s correspond�ng author:  
to contact, call 207-581-2763 or ema�l at  
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INTRoDucTIoN
In 2009, the Forest Inventory and Analys�s (FIA) 
Program updated �ts protocols for est�mat�ng 
b�omass across the Un�ted States by sw�tch�ng to 
the component rat�o method (CRM). The CRM 
was des�gned to prov�de cons�stent nat�onal-level 
b�omass est�mates s�m�lar to the current FIA volume 
est�mates. In part�cular, the CRM uses spec�f�c grav�ty 
convers�ons to est�mate bole wood and bark b�omass 
and component proport�ons from Jenk�ns et al. (2003) 
equat�ons to est�mate b�omass of tops and roots 
(Heath et al. 2009, Woudenberg et al. 2011). FIA also 
sw�tched from us�ng reg�onal equat�ons to pred�ct 
sapl�ng (�.e., trees between 2.5 and 12.4 cm d�ameter 
at breast he�ght [d.b.h]) b�omass to the current FIA 

aboveground sapl�ng b�omass equat�ons (Heath et al. 
2009). The new sapl�ng equat�ons pred�ct oven-dry 
woody b�omass (stem, stump, and woody crown) of 
sapl�ngs us�ng the est�mates from Jenk�ns et al. (2003), 
and then mult�ply�ng the est�mate by a spec�es-spec�f�c 
adjustment factor to ensure a smooth trans�t�on �nto 
est�mates obta�ned for larger s�ze classes of trees. The 
spec�es-spec�f�c adjustment factors are the rat�o of 
est�mated b�omass by the CRM and pred�ct�ons by the 
Jenk�ns et al. (2003) equat�ons for all 12.5 cm d.b.h. 
trees of a part�cular spec�es.

Although the FIA sapl�ng equat�ons conform to 
b�omass est�mat�on techn�ques of larger trees, the 
sw�tch to the new equat�ons resulted �n a decrease of 
sapl�ng b�omass �n Ma�ne by 34 percent between 2003 
and 2010, even wh�le correspond�ng stem dens�t�es 
�ncreased by 11 percent dur�ng that t�me per�od 
(McW�ll�ams et al. 2005, USDA FS 2012). The l�kely 
reason for the drast�c reduct�on �n sapl�ng b�omass �n 
the reg�on was the sh�ft to the FIA sapl�ng equat�ons 
because the spec�es-spec�f�c adjustment factors range 
between 0.7 and 0.8 for the common spec�es �n 
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Ma�ne. Unfortunately, b�omass pred�ct�ons us�ng the 
FIA sapl�ng equat�ons have not been well ver�f�ed �n 
Ma�ne where nearly 24 percent of the 7 m�ll�on hectare 
forested area �s dom�nated by sapl�ng-s�ze stands. 

In th�s �nvest�gat�on, we ver�f�ed the Jenk�ns et 
al. (2003) and FIA sapl�ng equat�ons for b�omass 
est�mat�on of hardwood sapl�ngs common �n Ma�ne, 
�nclud�ng red maple (Acer rubrum L.), paper b�rch 
(Betula papyrifera Marsh.), gray b�rch (Betula 
populifolia Marsh.), b�gtooth aspen (Populus 
grandidentata M�chx.), and trembl�ng aspen (Populus 
tremuloides M�chx.) from an exper�ment �n eastern 
Ma�ne.

MeTHoDS
experimental Design and Sampling
As part of a larger study, sapl�ngs of red maple, paper 
b�rch, gray b�rch, b�gtooth aspen, and trembl�ng aspen 
were destruct�vely sampled �n summer 2011 from 
a controlled exper�ment �nstalled �n a post-clearcut 
stand dom�nated by early success�onal hardwood 
spec�es on the Penobscot Exper�mental Forest �n 
eastern Ma�ne. The exper�mental des�gn �s a 3 x 3 +1 
factor�al of s�lv�cultural �ntens�ty (th�nn�ng, th�nn�ng 
plus enr�chment plant�ng, and �ntens�ve plantat�ons) 
and spec�es compos�t�onal object�ves (hardwood, 
m�xedwood, and con�fer), plus an untreated control. 
A full descr�pt�on of the exper�ment can be found 
�n Nelson et al. (2012, In press). Sample tree d.b.h. 
ranged from 2.7 to 12.0 cm and oven-dry woody 
b�omass ranged from 0.88 to 48.25 kg (Table 1).

Trees were cut at the root collar and dr�ed at 65 °C  
for a m�n�mum of 2 weeks (fol�age and branches) or  
6 weeks (bole) to constant mass. Fol�age and branches 
were we�ghed separately to the nearest 10 mg, wh�le 
boles were we�ghed to the nearest 10 g.

Analytical Approach
Oven-dry woody (branch, bole, and stump) b�omass 
est�mates of the Jenk�ns et al. (2003) and FIA sapl�ng 
equat�ons were compared to the observed data for 
the sample trees. Paper b�rch and gray b�rch were 
comb�ned due to low sample s�zes and because 
both the Jenk�ns et al. (2003) equat�on and sapl�ng 
adjustment factor were the same for both spec�es. Root 
mean square error (RMSE), b�as (observed–pred�cted), 
and the m�n�mum negl�g�ble d�fference (MDND) 
equ�valence test (Radtke and Rob�nson 2006), where 
the null hypothes�s �s that the observed and pred�cted 
values are not equal (Rob�nson and Froese 2004), were 
used to assess model accuracy and prec�s�on.

ReSulTS
The FIA sapl�ng equat�ons substant�ally 
underest�mated aboveground woody b�omass for all 
of the hardwood spec�es �n the �nvest�gat�on (F�g. 1). 
The pred�cted means were between 15.0 percent for 
paper b�rch and gray b�rch comb�ned to 36.6 percent 
for trembl�ng aspen lower than the observed means. 
RMSE of the FIA sapl�ng pred�ct�ons ranged from 
1.0 kg for red maple to 6.7 kg for trembl�ng aspen, 
and b�as ranged from 0.8 kg for red maple to 3.7 kg 
for trembl�ng aspen (Table 2). Because the pred�cted 

Table 1.—Descriptive statistics of destructively sampled trees used to verify the jenkins et al. (2003) and 
FIA sapling equations. The number of individuals (n), and median values and ranges of d.b.h. (cm) and 
woody biomass (branches and bole) in kg are shown.

  D.b.h. D.b.h. Woody Biomass Woody Biomass
Species n Median (cm) Range (cm) Median (kg) Range (kg)

Red maple 6 3.4 2.7 - 6.0 2.75 1.19 - 8.10
Birch species 5 5.2 3.2 - 8.4 7.03 2.20 - 23.40
Bigtooth aspen 13 6.5 2.7 - 9.5 7.85 0.97 - 19.10
Trembling aspen 15 5.2 2.6 - 12.0 4.78 0.88 - 48.25
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Figure 1.—Oven-dry woody biomass (kg) versus d.b.h. (cm) for the five naturally regenerated hardwood species (paper birch 
and gray birch combined). The solid circles represent the observed data, the dotted line represents estimates by the Jenkins et 
al. (2003) equations, and the solid line represents estimates by the FIA sapling equations.

  Jenkins et al. (2003)

Table 2.—Root mean square error (RMSe), bias (observed-predicted), prediction relative to observed 
(PRo), minimum detectable negligible difference (MDND), and equivalence test results for the jenkins et 
al. (2003) equations (jenkins) and FIA sapling equations (FIA Sapling)

   observed Predicted
 RMSe (kg) Bias (kg) Mean (kg) Mean (kg) PRo (%) MDND (%) Null Hypothesis

Red maple
Jenkins 0.88 0.57 3.28 3.65 11.31 31.89 reject
FIA Sapling 0.99 0.82 3.28 2.46 -25.13 14.00 not reject

Birch species
Jenkins 1.33 0.86 5.66 6.52 15.16 38.16 reject
FIA Sapling 1.11 0.85 5.66 4.81 -14.98 1.19 not reject

Bigtooth aspen
Jenkins 2.15 1.51 8.12 9.51 17.02 26.83 reject
FIA Sapling 2.42 1.89 8.12 6.23 -23.25 14.54 not reject

Trembling aspen
Jenkins 2.41 1.21 10.18 9.83 -3.41 7.31 reject
FIA Sapling 6.71 3.72 10.18 6.45 -36.57 11.88 not reject
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relat�ve to observed values were all larger than 
the MDND for the FIA sapl�ng equat�ons, the null 
hypothes�s of the equ�valence test was not rejected. 
Th�s suggested that the pred�cted mean was outs�de the 
range of the observed mean ± MDND and there was 
not enough ev�dence to reject that the two means were 
d�fferent. 

Comparat�vely, the pred�cted means of the red maple, 
b�rch spec�es, and b�gtooth aspen Jenk�ns et al. (2003) 
equat�ons were 11.3 percent, 15.2 percent, and 17.0 
percent greater, respect�vely, than the observed mean, 
wh�le the pred�cted mean was 3.4 percent lower than 
the observed for trembl�ng aspen. RMSE error was 
12.1 percent, 11.3 percent, and 64.0 percent lower for 
the red maple, b�gtooth aspen, and trembl�ng aspen 
Jenk�ns et al. (2003) equat�ons, respect�vely, than the 
FIA sapl�ng equat�on, but was 16.3 percent greater for 
the b�rch spec�es.

DIScuSSIoN
The FIA sapl�ng equat�ons substant�ally 
underest�mated woody b�omass of the hardwood 
spec�es �n th�s �nvest�gat�on. Although the equat�ons 
are used to fac�l�tate a smooth trans�t�on of b�omass 
est�mates to larger trees est�mated w�th the CRM, 
the substant�al underest�mat�on relat�ve to observed 
values of sapl�ng b�omass �s the l�kely cause of a 34 
percent decrease �n sapl�ng woody b�omass est�mates 
for Ma�ne, where nearly 24 percent of the forest land 
�s dom�nated by sapl�ng-s�ze stands. Our �nvest�gat�on 
had small sample s�zes, but the 15 percent and 37 
percent underest�mat�on corroborates the reported 
decreases �n sapl�ng b�omass �n Ma�ne.

Comparat�vely, the Jenk�ns et al. (2003) equat�ons 
overest�mated sapl�ng woody b�omass for three of the 
spec�es. Because the observed data typ�cally occurred 
between the est�mates of the Jenk�ns et al. (2003) 

equat�ons and the FIA sapl�ng equat�ons, �t may be 
useful �n the future to mod�fy the spec�es-spec�f�c 
sapl�ng adjustment factors to conform to observed 
f�eld data. For �nstance, the current adjustment factor 
for red maple �s 0.74, but us�ng the data from th�s 
�nvest�gat�on, we f�nd an adjustment factor of 0.90 
mult�pl�ed by the Jenk�ns et al. (2003) est�mates 
would prov�de est�mates �dent�cal to the mean 
observed woody b�omass. Other potent�al spec�es-
spec�f�c sapl�ng adjustment factors calculated us�ng 
the observed data �n th�s �nvest�gat�on are shown �n 
Table 3. Of course, more f�eld data w�ll be necessary 
to cal�brate the sapl�ng adjustment factors across s�tes 
and reg�ons and �nclude more spec�es, but th�s may 
be a worthwh�le venture g�ven the poor est�mates of 
sapl�ng woody b�omass found �n th�s �nvest�gat�on and 
the drast�c reduct�ons �n sapl�ng woody b�omass �n 
Ma�ne. 
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Table 3.—Species-specific sapling adjustment 
factors calculated as the ratio of the observed 
mean woody biomass and predicted mean from 
the jenkins et al. (2003) equations

Species Sapling Adjustment Factor

Red maple 0.90

Birch species 0.87

Bigtooth aspen 0.85

Trembling aspen 1.03
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ASSeSSING THe uNceRTAINTy oF FoReST cARBoN eSTIMATeS 
uSING THe FvS FAMIly oF DIAMeTeR INcReMeNT eQuATIoNS

Matthew B. Russell, Aaron R. Weiskittel, and Anthony W. D’Amato1

Abstract.—Serv�ng as a carbon (C) account�ng tool, the Forest Vegetat�on S�mulator 
(FVS) �s w�dely used by forest managers and researchers to forecast future forest C 
stocks. Assessments of the uncerta�nty that FVS equat�ons prov�de �n terms of the�r 
ab�l�ty to accurately project forest b�omass and C would seem�ngly d�ffer, depend�ng 
on the reg�on and scale of �nterest to the user. Th�s analys�s used permanent sample plot 
data obta�ned from the annual Forest Inventory and Analys�s (FIA) Program database 
to assess the performance of the d�ameter at breast he�ght (d.b.h.) �ncrement funct�on �n 
the Northeast and Lake States var�ants of FVS. Up to three measurements of FIA plots 
were recorded, represent�ng more than 10 years of observed growth. Total aboveground 
b�omass and C were est�mated us�ng the FIA’s component rat�o method, wh�ch served 
as a f�eld-based measure of forest b�omass/C. After �n�t�al FIA measurements were 
forecasted w�th the spec�es-spec�f�c d.b.h. �ncrement equat�on from the appropr�ate 
FVS var�ant, b�omass/C was calculated and compared w�th the f�eld-based measure. 
Results found that d.b.h. �ncrement was generally underpred�cted across both reg�ons, 
wh�ch resulted �n dev�at�ons when compar�ng model- and f�eld-based pred�ct�ons of 
b�omass. Generally, a 10 percent error �n pred�ct�ng d.b.h resulted �n a 25 percent error 
�n pred�ct�ng total aboveground b�omass and C. Assess�ng the amount of uncerta�nty as 
pred�ct�ons from FVS are used by managers and researchers w�ll cont�nue to prov�de 
�nformat�on for those attempt�ng to quant�fy the �ntr�cate processes of forest C dynam�cs.

1 Postdoctoral Research Assoc�ate (MBR) and Assoc�ate 
Professor (AWD), Un�vers�ty of M�nnesota, Department of 
Forest Resources, St. Paul, MN 55108; Ass�stant Professor 
of Forest B�ometr�cs and Model�ng (ARW), Un�vers�ty of 
Ma�ne. MBR �s correspond�ng author: to contact, call  
612-626-4280 or ema�l at russellm@umn.edu.

INTRoDucTIoN
Growth models l�ke the Forest Vegetat�on S�mulator 
(FVS) prov�de pred�ct�ons for �nd�v�dual trees, but 
forest managers typ�cally make dec�s�ons at the 
stand level. Because error beg�ns to compound as 
one scales from the �nd�v�dual tree to the plot and 
stand, quant�fy�ng the uncerta�nty assoc�ated w�th 
th�s scal�ng would have a d�rect �mpact on stand-level 
est�mates. For example, some argue that a 10 percent 
b�as �n measur�ng d�ameter at breast he�ght (d.b.h.) 
can result �n a 25 percent error �n pred�cted basal area 
(BA) (Gertner and Dz�alowy 1984). BA �s a relat�vely 

stra�ghtforward calculat�on, but for measures such as 
aboveground b�omass and C, computat�ons are much 
more complex. Th�s complex�ty can be seen �n the 
component rat�o method (CRM) adm�n�stered by FIA, 
wh�ch est�mates total aboveground C for �nd�v�dual 
trees (Woodall et al. 2011).

FVS �s a d�stance-�ndependent growth model that 
projects future forest cond�t�ons, compos�t�on, and 
stand structure. A key determ�nant of future forest 
stocks in FVS lies in its diameter increment (Δdbh) 
funct�on. S�m�larly, nat�onal b�omass equat�ons 
(Jenk�ns et al. 2003, 2004) rely heav�ly on d.b.h., 
and d.b.h. �s w�dely used �n the CRM to calculate 
aboveground C (Woodall et al. 2011). Increas�ngly, 
FVS �s be�ng used to est�mate forest C �nto the 
future, yet l�ttle �s known about the uncerta�nty of 
forest C est�mates that m�ght ar�se from a potent�al 
bias inherent in the Δdbh equation used. The goal 
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here was to use Forest Inventory and Analys�s (FIA) 
remeasurement data from the Northeast and Lake 
States to quant�fy the uncerta�nty of plot-level C stocks 
us�ng d�fferent �mplementat�ons of d.b.h. �ncrement 
equat�ons �n FVS. 

MeTHoDS
FIA Data
Tree and plot records were obta�ned from the U.S. 
Forest Serv�ce’s FIA Program. Many of these 
�nventory plots were remeasured but some were not. 
Data were obta�ned from the onl�ne FIA database 
at http://apps.fs.fed.us/f�adb-downloads/datamart.
html (accessed November 11, 2011). Comp�led data 
spanned e�ght ecoreg�ons. Plots began measurement �n 
1998.

Diameter Increment in FvS
D�ameter �ncrement �s est�mated d�fferently �n the 
Lake States (FVS-LS) and Northeastern (FVS-NE) 
variants of FVS. Key differences in the Δdbh equations 
used �n the two reg�ons are (1) d�ameter �ncrement 
�s pred�cted �n FVS-LS, whereas BA �ncrement �s 
pred�cted �n FVS-NE and then converted to d�ameter, 
(2) �n the compet�t�on mod�f�er, tree crown rat�o, 
spec�es max�mum and plot BA, and quadrat�c mean 
d.b.h. are used �n FVS-LS, whereas BA �s used �n 
larger trees �n FVS-NE, and (3) an adjustment factor �s 
added to ∆dbh predictions in FVS-LS. 

FvS-lS
The ∆dbh for trees ≥5.0 inches in FVS-LS is predicted 
us�ng a potent�al-mod�f�er approach and adjustment 
factor. F�rst, potent�al d�ameter growth �s est�mated 
us�ng tree d.b.h., crown rat�o, and spec�es s�te �ndex 
(Hahn and Leary 1979). Second, a compet�t�on 
mod�f�er �s est�mated us�ng tree d.b.h., max�mum 
spec�es BA, plot BA, and quadrat�c mean d.b.h. 
(Holdaway 1984). Predicted annual ∆dbh is assumed 
to be the product of the potent�al and mod�f�er 
components and �s then corrected to the cycle length. 
Lastly, an adjustment factor �s pred�cted based on 

tree d.b.h. and d.b.h. squared, and is added to ∆dbh 
Equat�on coeff�c�ents for the three components of 
∆dbh are provided for 28 species groups (Dixon and 
Keyser 2008a).

FvS-Ne
The ∆dbh for trees ≥5.0 inches in FVS-NE is also 
est�mated us�ng the potent�al-mod�f�er approach (Teck 
and H�lt 1991). F�rst, potent�al BA growth �s est�mated 
us�ng tree d.b.h. and spec�es s�te �ndex. Second, a 
growth mod�f�er �s est�mated us�ng the BA �n larger 
trees. Lastly, pred�cted annual BA growth �s est�mated 
by mult�ply�ng the potent�al and mod�f�er components. 
Basal area growth �s added to current tree BA and 
converted to a tree d�ameter. Equat�on coeff�c�ents are 
prov�ded for 28 spec�es groups (D�xon and Keyser 
2008b).

Analyses
This analysis was limited to all trees with d.b.h. ≥5.0 
�nches because (1) �t �s the threshold for measurement 
trees on FIA Phase 2 plots, and (2) �t �s the threshold 
for the large-tree ∆dbh equations within FVS. 
Increments for d.b.h. were standard�zed to a 5-year 
�nterval for each tree that surv�ved a remeasurement 
per�od, g�ven that most FIA plots were remeasured on 
a 5-year time step. So, ∆dbh5 represents 5-year d.b.h. 
�ncrement.

Volume, b�omass, and C were est�mated for each 
�n�t�al measurement on each �nd�v�dual tree us�ng the 
CRM (Woodall et al. 2011). Pred�ct�ons were made 
separately for grow�ng stock and cull trees. Summar�es 
of these var�ables were made for each FIA plot. Plot-
level summar�es were calculated us�ng the pred�cted 
Δdbh5 from FVS, represent�ng a “pred�cted” plot 
cond�t�on. Plot-level summar�es were then calculated 
us�ng actual FIA measured d.b.h., represent�ng the 
“observed” value. Only surv�v�ng trees �n Y2 measured 
�n Y1 were used, and FIA plots w�th no observed 
treatment (e.g., s�lv�culture or harvest�ng) s�nce the last 
measurement were used. Percent accuracy w�th�n 15 
percent and b�as were computed for each FIA plot and 
summar�zed by ecoreg�on. 
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ReSulTS AND DIScuSSIoN
lake States
Mean Δdbh5 b�as (observed-pred�cted) prov�ded by 
FVS-LS was as low as 0.01 �nch/5 years for the trees 
�n the Laurent�an m�xed forest ecoreg�on and as h�gh 
as 0.25 �nch/5 years for trees �n the pra�r�e parkland 
ecoregion. This slight underprediction of Δdbh5 d�ffers 
somewhat from Pokharel and Froese’s f�nd�ng (2008) 
of a general overpred�ct�on of the FVS-LS model for 
trees �n M�ch�gan. The d�fferences could ar�se because 
Pokharel and Froese (2008) employed data from 
FIA �nventory cycles �n the 1980s and early 1990s, 
whereas th�s analys�s employed data from the annual 
�nventory des�gn beg�nn�ng around 2000. S�m�larly, 
5-year �ncrements were used here, whereas 10-year 
�ncrements were used by Pokharel and Froese (2008). 
The degree that b�omass/C pred�ct�ons are �nfluenced 
by a Δdbh equation for a specific species of interest is 
a subject for further �nvest�gat�on. 

Northeast
Underpred�ct�on of 5-year d�ameter �ncrement was 
similarly observed using FVS-NE. Mean Δdbh5 b�as 
prov�ded by FVS-NE was as low as 0.05 �nch/5 years 
for the trees �n the outer coastal pla�n m�xed forest 
ecoreg�on and as h�gh as 0.40 �nch/5 years for trees �n 
the eastern broadleaf (cont�nental) ecoreg�on. A more 

substant�al underpred�ct�on was generally observed 
for those ecoreg�ons w�th fewer FIA plots located on 
the fr�nges of the northeastern geograph�c range (e.g., 
Western Allegheny plateau).

uncertainty in Plot-level carbon 
Adding the predicted Δdbh5 to �n�t�al d.b.h. and 
scal�ng to the plot level, FVS pred�cted basal area, 
volume, and b�omass/C well for some ecoreg�ons 
�n the Northeast (e.g., Laurent�an m�xed forest 
and eastern broadleaf [ocean�c]) and Lake States 
(Laurent�an m�xed forest) (Table 1). For Northeast 
plots, percent accurac�es were generally s�m�lar for 
the three var�ables. For the Lake States, however, 
percent accurac�es decreased as one scaled from basal 
area to volume and b�omass. Th�s result for FVS-LS 
as opposed to FVS-NE l�kely ar�ses because of the 
adjustment factors used and the d�ffer�ng volume 
equat�ons employed �n the two reg�ons.
 
Generally, a 10 percent error �n pred�ct�ng d.b.h. 
resulted �n a 25 percent error �n pred�ct�ng total 
aboveground b�omass and C (F�g. 1). Although 
the CRM uses a myr�ad of calculat�ons to arr�ve at 
aboveground b�omass and C, �n�t�al results do not 
seem to show that errors �n �nd�v�dual tree pred�ct�ons 
lead to larger uncerta�nt�es of forest C when compared 
to plot-level basal area pred�ct�ons. 

Table 1.—ecoregions examined, number of FIA plots, and evaluation statistics for basal area, volume, and 
biomass/carbon

   Mean Δdbh5 Percent Accuracy (±15%)
ecoregion code Plots (n)  Bias (inches) Basal Area volume Biomass/c

Northeast
Laurentian mixed forest 212 3,212 0.09 91 90 91
Eastern broadleaf (oceanic) 221 2,262 0.14 64 64 64
Eastern broadleaf (continental) 222 262 0.40 38 38 39
Western Allegheny plateau 223 12 0.19 17 25 25
Adirondack-New England mixed forest 232 115 0.19 12 14 14
Central Appalachian broadleaf forest M211 2,329 0.09 96 96 96
Outer coastal plain mixed forest M221 1,062 0.05 61 61 61

lake States
Laurentian mixed forest 212 2,376 0.01 97 64 61
Eastern broadleaf (continental) 222 581 0.20 92 43 41
Prairie parkland 251 10 0.25 90 50 50
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Figure 1.— Percent error in predicting 5-year diameter 
increment with associated uncertainty in predicting tree 
biomass using the FIA component ratio method.

coNcluSIoNS
Us�ng FIA data from the northeastern U.S. and 
Lake States, th�s analys�s found that the current 
�mplementat�on of FVS underpred�cted tree d�ameter 
�ncrement throughout the two reg�ons. Prev�ous 
work �n the Lake States (Pokharel and Froese 2008) 
and ongo�ng work �n the Northeast suggest that 
recal�brat�ng the d�ameter �ncrement funct�ons �n 
FVS may not prove effective, suggesting new Δd.b.h. 
models be eng�neered. As managers w�ll cont�nue to 
rely on C account�ng tools l�ke FVS to project future 
forest C stocks, assess�ng the level of uncerta�nty as 
these models scale output to upper level h�erarch�es 
w�ll help prov�de more �nformat�on for those seek�ng 
�mproved methodolog�es for quant�fy�ng forest C 
dynam�cs.
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ANAlySIS oF TRAcHeID DeveloPMeNT IN SuPPReSSeD-GRoWTH 
PoNDeRoSA PINe uSING THe FPl RING PRoFIleR 

c. Tim Scott and David W. vahey1

eXTeNDeD ABSTRAcT
The R�ng Prof�ler was developed to exam�ne the cross-sect�onal morphology of wood 
trache�ds �n a 12.5-mm core sample. The �nstrument �ntegrates a spec�ally des�gned 
stag�ng apparatus w�th an opt�cal �mag�ng system to obta�n h�gh-contrast, h�gh-resolut�on 
�mages conta�n�ng about 200-500 trache�ds. These �mages are further enhanced and 
analyzed to extract trache�d cross-sect�onal propert�es such as shape, double-wall 
th�ckness, and lumen area. Subsequently, local�zed dens�ty can be calculated for spec�f�c 
reg�ons of �nterest (e.g., earlywood and latewood), as �t var�es throughout the tree.

We showed that trache�d development �n trees can be closely exam�ned w�th the R�ng  
Prof�ler. In part�cular, we showed that for the same core sample, recent per�ods of  
“suppressed” growth result �n very narrow growth r�ngs conta�n�ng as few as 2-10 rad�al  
f�bers/year (F�g. 1). In contrast, normal per�ods of growth may conta�n 20 or more  
rad�al f�bers/year, result�ng �n dramat�cally d�fferent trache�d development (F�g. 2).  
Th�s was observed �n ponderosa p�ne (Pinus ponderosa Dougl. Ex Laws.) trees of  
var�ous d�ameters harvested from an even-aged, h�gh dens�ty stand �n the Pr�ngle Falls  
Exper�mental Forest near Bend, OR. For th�s study, sample d�sks were extracted from  
each tree at d�ameter at breast he�ght (d.b.h.) and every 6 m up the tree. Rad�al str�ps  
(F�g. 3) were then prepared for exam�nat�on by the R�ng Prof�ler. The ent�re str�p was 
scanned and �mage algor�thms were appl�ed to calculate trache�d cell wall area, relat�ve 
proport�on of earlywood and latewood, and local dens�ty �n select growth r�ngs. A 
calculat�on of yearly mass accumulat�on was made by assum�ng that the tree volumetr�c 
growth can be approx�mated by a sequence of concentr�c cones. Measures of stored 
carbon were then est�mated based on the chem�cal compos�t�on of the wood.

1 General Eng�neer (CTS) and Mater�als Research Eng�neer (DWV), U.S. Forest Serv�ce, Forest 
Products Laboratory, 1 G�fford P�nchot Dr., Mad�son, WI 53276. CTS �s correspond�ng author: to 
contact, call 608-231-9435 or ema�l at tscott@fs.fed.us.  
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Figure 1.—Narrow growth rings circa 1992.

Figure 2.—Wide growth ring circa 1957.
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Figure 3.—Five radial samples from a century-old, 33-m ponderosa pine. The bottom strip was 
prepared from the diameter at breast height (d.b.h.) disk with the rest taken at 6-m intervals up the 
tree.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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RING PRoFIleR: A NeW MeTHoD FoR eSTIMATING TRee-RING 
DeNSITy FoR IMPRoveD eSTIMATeS oF cARBoN SToRAGe

David W. vahey, c. Tim Scott, j.y. Zhu, and Kenneth e. Skog1

Abstract.—Methods for est�mat�ng present and future carbon storage �n trees and 
forests rely on measurements or est�mates of tree volume or volume growth mult�pl�ed 
by spec�f�c grav�ty. Wood dens�ty can vary by tree r�ng and he�ght �n a tree. If data on 
dens�ty by tree r�ng could be obta�ned and l�nked to tree s�ze and stand character�st�cs, 
�t would be poss�ble to more accurately pred�ct changes �n dens�ty and we�ght of tree 
b�omass w�th projected changes �n tree s�ze and stand character�st�cs. R�ng Prof�ler �s a 
patented method for character�z�ng the structure of softwood trache�ds and the�r changes 
from one tree r�ng to another over t�me. Measurements can be converted to dens�ty and 
can be mult�pl�ed by volume to est�mate total we�ght and we�ght of carbon by r�ng. A 
sample d�splay�ng p�th-to-bark r�ng structure �s prepared from a rad�al core and scanned 
beneath a m�croscope as �mages are taken. Desp�te the sample’s th�ckness (up to 6mm) 
�t �s poss�ble to �mage �t w�th l�ght transm�tted from below us�ng a s�ngle l�ght-em�tt�ng 
d�ode (LED) for �llum�nat�on. Near-�nfrared rad�at�on (NIR) from the LED �s captured 
by trache�d walls and travels eff�c�ently to the v�ew�ng surface, much as l�ght travels 
through an opt�cal f�ber. NIR captured by lumens tends to be absorbed by part�culate 
matter �ntroduced dur�ng sample preparat�on. The result �s a h�gh-contrast �mage �n wh�ch 
trache�d walls are br�ght, lumens are dark and the �nterface �s sharp. Images conta�n�ng 
approx�mately 400 trache�ds each are processed by ImageJ, publ�c software ava�lable 
from the Nat�onal Inst�tutes of Health (NIH). Measurements �nclude the d�str�but�on of 
rad�al and tangent�al d�ameters and wall th�cknesses, from wh�ch local dens�ty can be 
est�mated and appl�ed to �mproved est�mates of carbon storage. Over t�me, measurements 
from R�ng Prof�ler can �ncrease our understand�ng of tree response to stress. 

1 Mater�als Research Eng�neer (DWV), General Eng�neer 
(CTS), Research General Eng�neer (JYZ), and Superv�sory 
Research Forester (KES), U.S. Forest Serv�ce, Forest 
Products Laboratory, 1 G�fford P�nchot Dr., Mad�son, WI 
53276. DWV �s correspond�ng author: to contact, call  
608-231-9304 or ema�l at dvahey@fs.fed.us.

INTRoDucTIoN
Forests have been a strong carbon s�nk �n the Un�ted 
States �n recent decades. Forest pol�cy makers and 
forest managers have a keen �nterest �n mon�tor�ng 
and project�ng how forest carbon stocks w�ll change 
and learn�ng how alternate management pract�ces can 
�nfluence carbon accumulat�on. 

Current methods to est�mate we�ght of total b�omass 
or we�ght of growth �n b�omass rely �n large part on 
est�mates of wood volume �n trees and est�mates of 
average dens�ty of trees by spec�es. Wood dens�ty 
can vary by tree r�ng (age) and he�ght �n a tree. The 
dens�ty assoc�ated w�th volume growth can change 
as the tree ages and can be �nfluenced by stand and 
s�te cond�t�ons. The we�ght �ncrease assoc�ated w�th a 
volume �ncrease w�ll depend on the chang�ng value of 
dens�ty. 

To what degree �s wood dens�ty �n a tree r�ng affected 
by tree character�st�cs, stand character�st�cs, and 
s�te character�st�cs? If data on dens�ty by tree r�ng 
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could be obta�ned and l�nked to tree s�ze and stand 
character�st�cs, �t would be poss�ble to more accurately 
pred�ct changes �n dens�ty and we�ght of tree 
b�omass w�th projected change �n tree s�ze and stand 
character�st�cs. 

W�th ongo�ng jo�nt Forest Serv�ce and un�vers�ty 
efforts to rev�se tree b�omass equat�ons, �nformat�on 
w�ll be collected on tree volume and wood we�ght 
by tree part. W�th the collect�on of cross sect�on 
samples for trees of vary�ng s�zes, spec�es, and stand 
cond�t�ons there �s an opportun�ty to collect dens�ty 
for some subsamples by tree r�ng (age or rad�us from 
the center). Model�ng th�s l�nk could allow for more 
accurate est�mates of tree dens�ty assoc�ated w�th a 
g�ven volume or w�th g�ven volume changes under 
certa�n spec�es, stand, and s�te cond�t�ons. 

More deta�led models could make �t poss�ble to answer 
add�t�onal quest�ons about manag�ng for carbon 
accumulat�on. Is �t poss�ble that forest treatment 
recommendat�ons to �ncrease carbon we�ght may 
d�ffer from treatment recommendat�ons to enhance 
tree volume? To what degree �s slower volume growth 
�n a denser stand offset by h�gher dens�ty �n slower 
grow�ng r�ngs? How does th�s tradeoff d�ffer by forest 
type, stand cond�t�ons, or s�te cond�t�ons?

The gold standard for measurement of tree-r�ng dens�ty 
from cores �s the S�lv�Scan™ �nstrument developed by 
the Commonwealth Sc�ent�f�c and Industr�al Research 
Organ�zat�on (CSIRO) �n Melbourne, Austral�a (Evans 
1994). Us�ng robot�c control of opt�cal m�croscopy, 
X-ray dens�tometry, and X-ray d�ffract�on, a complete 
p�cture �s presented of dens�ty, trache�d structure, and 
m�crof�br�l angle over the l�fe of the tree. At present, 
S�lv�Scan™ �s not an �nstrument for purchase but 
rather a serv�ce. The response t�me for results may be 
long for FIA requ�rements.

At the other extreme �s the Haglof Tree Core Reader 
(Haglof Sweden AB, Langsele, Sweden). Th�s f�eld-
worthy dev�ce accepts a standard core and prov�des 
a 6x magn�f�er to measure the narrowest growth 

r�ngs. Though prov�d�ng much less �nformat�on than 
S�lv�Scan™, and no �nformat�on arch�v�ng, �t has 
advantages of lower cost, no core preparat�on, and 
rap�d f�eld response.

R�ng Prof�ler �s �ntended to f�ll a n�che m�dway 
between that of S�lv�Scan™ and the Haglof dev�ce 
(Vahey et al. 2007). L�ke S�lv�Scan™, �t requ�res 
a processed core for measurement and produces 
arch�ved results �n a computer-based �nstrument. L�ke 
S�lv�Scan™, �t has an opt�cal m�croscop�c component 
for measur�ng trache�d structure. Unl�ke S�lv�Scan™, 
�t avo�ds the need for an X-ray component by 
produc�ng a dens�ty measurement based on a near-
�nfrared �mage of trache�d cross-sect�ons. It lacks 
S�lv�Scan™’s measurement of m�crof�br�l angle, but 
th�s �nformat�on �s not needed for FIA appl�cat�ons. 
In f�nal �mplementat�on, �t would be an �nstrument 
for sale rather than a serv�ce, allow�ng the owner-user 
control of turn-around t�me.

RING PRoFIleR coNcePT
The R�ng-Prof�ler concept �s �llustrated by F�gure 1, 
show�ng an LED �llum�nat�ng a port�on of a rad�ally 
cut sample prepared w�th the growth d�rect�on parallel 
to the l�ght beam. Both ex�t and entry surfaces are 
sanded to a 1200 gr�t f�n�sh and pol�shed w�th paper. 
A m�croscope object�ve collects transm�tted l�ght 
from the sample and �mages �t on a charge-coupled 
dev�ce (CCD) camera array. F�gure 2 shows a more 
rugged �mplementat�on of the opt�cs, along w�th a 
representat�ve camera �mage. L�ght travels through 
and along trache�d walls wh�ch show up as br�ght, 
wh�le the lumens f�lled w�th debr�s from the sand�ng 
operat�on show up as dark. The f�eld-of-v�ew �n 
the rad�al d�rect�on �s 0.7 mm. After the �mage �s 
generated, a scann�ng mechan�sm moves the sample 
0.7 mm so that the next �mage al�gns w�th the f�rst. 
The process cont�nues unt�l the ent�re rad�al length �s 
exam�ned, or at least a port�on of �nterest nearest the 
bark. Th�s may take a matter of m�nutes.
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Figure 1.—The Ring Profiler concept. Figure 2.—A current version of Ring Profiler with  
example image.

Figure 3.—(a) Latewood (LW)- centered image showing early earlywood growth of the next year (EEW, left) and last earlywood 
growth of the current year (LEW, right); (b) Binary images of the three sections, showing calculated densities.
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The 0.7 mm f�eld of v�ew (FOV) was chosen w�th 
suppressed growth �n m�nd. There m�ght be three 
complete suppressed growth r�ngs captured w�th�n th�s 
FOV, wh�le for normal growth only a part�al growth 
r�ng �s captured. Image process�ng must be flex�ble 
enough to deal appropr�ately w�th each s�tuat�on. Our 
focus to date has been on suppressed and �ntermed�ate 
growth, such as shown �n F�gure 3. A s�ngle latewood 
(LW) band near the center of the �mage �s flanked on 
the r�ght by the last earlywood (LEW) from the same 
growth year, and on the left by the earl�est earlywood 
(EEW) from the next growth year.

Image Processing
By blurr�ng the �mage and threshold�ng, we created 
masks for the three d�st�nct bands of the �mage. The 
masks allowed us to opt�mally d�g�t�ze port�ons of 
the or�g�nal �mage. For example, F�gure 3b shows 
processed LW, LEW and EEW bands conta�n�ng 
lumens and rays as all black, and other mater�al, 
mostly cell walls, as all wh�te. By tak�ng the dark 
area dens�ty to be 0 kg/m3 and the wh�te area dens�ty 
to be 1500 kg/m3, the commonly accepted dens�ty of 
cellulose, we est�mated the overall dens�t�es of the LW, 
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LEW and EEW bands of the or�g�nal �mage. An added 
benef�t �s that we can p�ece together the annual growth 
of the tree from the rad�al d�mens�ons of the bands. 
Th�s allows the calculat�on of accumulated mass.

comparison with SilviScan™
Th�s �nformat�on may be suff�c�ent for FIA 
appl�cat�ons. However, further process�ng of the lumen 
�mages of F�gure 3b leads to measurements of the 
rad�al and tangent�al d�ameters and cell-wall th�ckness, 
such as are ava�lable from S�lv�Scan™. The ma�n 
po�nt of d�fferent�at�on from S�lv�Scan™, w�th regard 
to measurement capab�l�ty, �s that the S�lv�Scan™ 
measures dens�ty us�ng X-rays and calculates cell 
wall th�ckness from dens�ty and trache�d d�ameters. 
R�ng Prof�ler measures wall th�cknesses and trache�d 
d�ameters and calculates dens�ty. The S�lv�Scan™ 
approach allows for measurements of more trache�ds, 
produc�ng greater stat�st�cal accuracy of results. 
F�nally, S�lv�Scan™ X-ray technology �s appl�ed to the 
measurement of m�crof�br�l angle as well as dens�ty.

Both S�lv�Scan™ and R�ng Prof�ler requ�re sample 
preparat�on from wood cores. Th�s results �n the 
greatest t�me delay between gather�ng the core and 
learn�ng results. There are three S�lv�Scan™ un�ts to 
serve the world’s needs, so there �s an add�t�onal delay 
�n sh�pp�ng samples and wa�t�ng for pr�or customers 
to be serv�ced. At a targeted cost of ~$20,000, R�ng 
Prof�ler w�ll be w�th�n purchas�ng range of most 
test�ng laborator�es, and should become much more 
w�dely d�str�buted than S�lv�Scan™. Future market�ng 
d�rect�ons for S�lv�Scan™ are unknown; however, 
R�ng Prof�ler has obta�ned patent protect�on �n the 
Un�ted States (Vahey et al. 2011).

RING PRoFIleR AND FIA
In the near term, R�ng Prof�ler could be a stat�onary 
lab �nstrument to process and measure cores prov�ded 
by FIA. Informat�on would be del�vered �n rough 
prox�m�ty to other FIA �nformat�on for the same lands 
to �nform management dec�s�ons. The �nformat�on 
appears comparable to that wh�ch would nom�nally 

be obta�ned when the lands are rev�s�ted �n later 
years. Suppose a course of remed�at�on prompted by 
rev�s�t�ng a forest �n year 10 could be prompted by use 
of R�ng Prof�ler �n year 0. Th�s would result �n double 
the expanded growth �n b�omass �n year 20. A qu�ck 
calculat�on suggests that �f the unmanaged forest grew 
25 percent �n 20 years, the forest remed�ated �n year 
10 would grow 27 percent �n 20 years, and the forest 
remed�ated �n year 0, based �n part on R�ng Prof�ler, 
would grow 29 percent �n 20 years. Th�s calculat�on 
assumes that remed�at�on �mproves the content of 
normal-growth trees from 70 to 90 percent. More 
careful determ�nat�on of these “back-of-envelope” 
numbers prov�des a start�ng po�nt for d�scuss�on about 
the relevance of R�ng Prof�ler to FIA.

 RING PRoFIleR IN THe WooDS
In the longer term, R�ng Prof�ler could be qual�f�ed 
for use �n the woods. The essent�al �mag�ng hardware 
we�ghs �n the v�c�n�ty of 2kg, and much has already 
been accompl�shed w�th respect to merg�ng the l�ght 
source, camera, and sample holder �nto a stable, 
prec�s�on mechan�cal un�t. Requ�red comput�ng power 
�s commensurate w�th modern laptops, wh�ch adds 
add�t�onal we�ght and battery power requ�rements. 
However, the download�ng of �mages to remote 
computers by cell or satell�te phone �s an act�ve area of 
�nterest �n many f�elds.

The greatest challenge appears to be produc�ng an 
acceptable sample from the green core. Th�s �s known 
to be an area of act�ve �nterest to law enforcement 
charged w�th detect�on of contraband trees, so work by 
others toward th�s end may be to the benef�t of R�ng 
Prof�ler.
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cuMulATIve voluMe AND MASS PRoFIleS FoR DoMINANT 
STeMS AND WHole TReeS TeSTeD FoR NoRTHeRN HARDWooDS

Neil R. ver Planck and David W. MacFarlane1

Abstract.—New models were presented to understand the relat�onsh�p between the 
dom�nant stem and a whole tree us�ng cumulat�ve, whole-tree mass/volume prof�les 
wh�ch are compat�ble w�th the current bole taper model�ng parad�gm. New models 
were developed from �ntens�ve, destruct�ve sampl�ng of 32 trees from a temperate 
hardwood forest �n M�ch�gan. The spec�es �n the sample were pr�mar�ly Amer�can beech 
(Fagus grandifolia Ehrh.) and sugar maple (Acer saccharum Marsh.). The new prof�le 
models allowed for both mass and volume of both the dom�nant stem and branches to 
be est�mated from ground level to the top of the tree. Nonl�near m�xed effects models 
were used �n the model development to account for the correlat�ons among mult�ple 
measurements of an �nd�v�dual tree. Allometr�c scal�ng relat�onsh�ps between the 
dom�nant stem and branches can be d�rectly der�ved from the new models and can be 
used to def�ne sampl�ng approaches to local�ze pred�ct�ons of general�zed whole-tree 
models v�a measurements of s�mple branch parameters.

1 Research Ass�stant (NRV) and Assoc�ate Professor 
(DWM), Department of Forestry, M�ch�gan State Un�vers�ty, 
East Lans�ng, MI 48824-1222. NRV �s correspond�ng 
author: to contact, call 616-745-6464 or ema�l at  
verplan6@msu.edu.

INTRoDucTIoN
Integrated whole-tree b�omass and volume equat�ons 
are �n great demand due to the s�multaneous need to 
�mprove est�mat�on of forest carbon stocks and to 
quant�fy the d�str�but�on of wood volume w�th�n trees 
for est�mat�ng whole-tree ut�l�zat�on potent�al. Wh�le 
the volume of the dom�nant stem �n a tree, generally 
referred to as the bole, has been extens�vely stud�ed, 
the relat�ve mass and volume of branches has rece�ved 
much less attent�on. It �s part�cularly challeng�ng 
to quant�fy the branch volume and branch mass �n 
trees w�th a del�quescent branch�ng arch�tecture (�.e., 
hardwoods), and �t �s even more d�ff�cult to model 
the bole for such trees because the lack of ap�cal 
dom�nance makes def�n�t�on of the bole more obscure. 
Here, a dom�nant path through a tree’s branch network 
�s def�ned as the cumulat�ve bole prof�le and other 

nondom�nant branches contr�bute to cumulat�ve 
volume and mass along the dom�nant path. 

MeTHoDS
Study Site and Tree Selection
The study s�te �ncluded 20.8 ha of a 36-ha second-
growth maple-beech stand at the Fred Russ 
Exper�mental Forest �n southwestern M�ch�gan 
owned by M�ch�gan State Un�vers�ty. The Fred Russ 
Exper�mental Forest �s located �n Cass County, �n 
Decatur, MI, w�th a total area of 381 ha that supports 
a d�verse range of spec�es and stand cond�t�ons. 
Kalamazoo, Ormas, and Oshtemo are the three 
pr�mary so�l ser�es. The Kalamazoo and Oshtemo so�l 
ser�es are f�ne-loamy and coarse-loamy, m�xed, mes�c 
typ�c hapludalfs, respect�vely. The Ormas so�l ser�es 
�s a coarse-loamy, m�xed, mes�c aren�c hapludalfs on 
an outwash pla�n landform w�th a level topography 
(USDA NRCS 2011). The 30-year average annual 
prec�p�tat�on �s 1035 mm (NOAA 2011). The res�dual 
basal area of the stand �s 22.1 m2/ha.
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In the spr�ng of 2010, w�nd-thrown trees w�th �ntact 
crowns were sampled follow�ng a w�ndstorm that 
uprooted more than 200 trees. Sampl�ng began �n 
late spr�ng of 2010 and �ncluded as w�de a range 
of d�ameter at breast he�ght (d.b.h.) as poss�ble, 
�rrespect�ve of spec�es, w�th at least one �nd�v�dual �n 
each 10 cm s�ze class rang�ng from 10-95 cm. Selected 
trees were relat�vely �solated from other fallen trees 
so that the branches were eas�ly measurable. The 32 
sample trees had a mean d.b.h. of 50.9 cm and mean 
he�ght of 29.4 m w�th 87.5 percent of the trees be�ng 
Amer�can beech (Fagus grandifolia Ehrh.) or sugar 
maple (Acer saccharum Marsh.).

volume Profiles
The dom�nant stem �n th�s study was def�ned by 
follow�ng the largest and most vert�cal branch at 
each fork to an ap�cal control po�nt. For each tree, 
c�rcumference was measured at stump he�ght, 37 cm 
above ground level, followed by d.b.h. Add�t�onal 
c�rcumference measurements were taken at 2-m 
length �ntervals up to the f�rst branch junct�on. 
Upon encounter�ng the f�rst branch, c�rcumference 
measurements were taken at the before fork (BF) 
locat�on of the stem and then at the after fork (AF) 
locat�on of each branch based upon funct�onal branch 
analys�s protocols (van Noordw��jk and Mul�a 2002). 
The BF was def�ned as the locat�on where bark due to 
branch�ng was no longer v�s�ble, as th�s �s most l�kely 
the or�g�n of the branches off the dom�nant stem. The 
AF was the locat�on �mmed�ately after the po�nt at 
wh�ch the fork occurred. The length from the BF to 
the AF was also recorded. The process of length and 
c�rcumference measurements cont�nued by follow�ng 
the dom�nant stem unt�l the term�nal bud was reached. 
The volume of each sect�on was determ�ned by 
Smal�an’s formula for volume (Avery and Burkhart 
2002). The cumulat�ve dom�nant stem volume prof�le 
�s the accumulat�on of consecut�ve sect�ons as a 
funct�on of he�ght.

An est�mate of the total aboveground volume outs�de 
bark of an ent�re tree was obta�ned by random 
branch sampl�ng (Grego�re and Valent�ne 2008). 

The same measurement methods as for the dom�nant 
stem were used, but a segment was selected based 
on probab�l�ty proport�onal to s�ze at each branch 
junct�on. The sect�onal volume for the random 
path was used to compute the volume of the whole 
tree us�ng the �nverse of the cumulat�ve select�on 
probab�l�ty as expans�on factors for a sect�on �n the 
random path (Grego�re and Valent�ne 2008). The 
volume of branches was found by subtract�ng the total 
dom�nant stem volume from the whole tree volume. 
A second random branch path was sampled on each 
tree to determ�ne mean whole tree volume and the 
var�at�on of whole tree volume est�mates between the 
two d�fferent selected paths. The mean total branch 
volume determ�ned from the two random paths 
was then d�str�buted back to each f�rst order branch 
�mmed�ately off the dom�nant stem. The volume for 
each f�rst order branch and all h�gher order branches 
were �ncorporated �nto the prof�le at the he�ght at 
wh�ch the f�rst order branch connected to the dom�nant 
stem. The red�str�but�on of the branch volume ensured 
that the f�nal observat�on of the cumulat�ve whole tree 
volume prof�le was the same as the mean total whole 
tree volume outs�de bark from the two random branch 
paths.

Density Profiles
To obta�n a dom�nant stem mass prof�le, a prof�le of 
dens�ty for each tree was developed by harvest�ng tree 
d�scs. D�scs were harvested at every c�rcumference 
measurement locat�on below crown he�ght. Above 
crown he�ght, d�scs were collected at every AF along 
the dom�nant stem path. Approx�mately 5- and 10-
cm-th�ck d�scs were harvested for smaller and larger 
c�rcumferences, respect�vely. Each d�sc was measured 
for green mass and green volume �mmed�ately after 
transportat�on to the laboratory. Mean d�sc th�ckness 
was calculated by averag�ng the th�ckness of e�ght 
locat�ons at 45° angles. Green volume was calculated 
as the product of mean d�sc th�ckness and cross-
sect�onal area of the d�sc. After be�ng oven-dr�ed at 
105 °C unt�l constant mass was reached, each d�sc was 
rewe�ghed to calculate mo�sture content, dry mass, 
and bas�c spec�f�c grav�ty (W�ll�amson and W�emann 
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2010). The bas�c spec�f�c grav�ty of each d�sc was 
assumed to be constant �n the rad�al d�rect�on of the 
d�sc. The bas�c dens�ty, �n un�ts of kg/m3, of each d�sc 
�s the bas�c spec�f�c grav�ty of the d�sc mult�pl�ed by 
103.

Whole tree cumulat�ve mass prof�les were developed 
by harvest�ng tree d�scs. To reduce costs, d�scs were 
collected at every AF for only the second random 
branch path, and the dens�ty along the path length was 
assumed to vary equally along the f�rst random branch 
path and the second random branch path.

The stat�st�cal analys�s was performed us�ng the R 
stat�st�cal env�ronment (R Development Core Team 
2010). The nlme package was used to f�t the l�near 
and nonl�near m�xed effects models of the volume and 
dens�ty prof�les (P�nhe�ro et al. 2011).

ReSulTS
F�gure 1a shows an example of a cumulat�ve volume 
prof�le for a sugar maple us�ng nonl�near m�xed effects 
model�ng for the dom�nant stem and whole tree. For 
th�s part�cular tree, most of the whole-tree volume 
�s �n the dom�nant stem, but a s�gn�f�cant amount of 
add�t�onal volume accumulates �n branches above 
relat�ve crown he�ght (RCH), although slowly at f�rst, 
as the f�rst branch encountered �s not of large s�ze 
compared to branches encountered later �n the vert�cal 
prof�le. The d�fference between the dom�nant stem and 
whole-tree prof�les g�ves the volume of branches �n the 
tree.

F�gure 1b shows the bas�c dens�ty prof�le for the same 
sugar maple wh�ch osc�llates around the average 
wood dens�ty of sugar maple as determ�ned by the 
Forest Products Laboratory (USDA FS 2010). Stem 
wood �s dense at the base of the tree then dens�ty 
decl�nes to a po�nt about half-way to the base of the 
crown, �ncreases �nto the m�ddle of the crown and 
then decreases aga�n toward the t�p. The model for the 
bas�c dens�ty shows that after the relat�ve path length 

at wh�ch the random path d�verges from the dom�nant 
stem (RHD), the branches are denser at h�gher 
relat�ve he�ghts of the dom�nant stem. By comb�n�ng 
the cumulat�ve volume and bas�c dens�ty prof�les, 
a cumulat�ve mass prof�le can be atta�ned. For th�s 
example tree (F�g. 1a and b), the branch mass fract�on 
of whole-tree mass would be somewhat h�gher than the 
branch volume fract�on of whole-tree volume.
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Figure 1.—(A) The cumulative volume profile for the dominant (DOM) stem and whole-tree (WHT) of a sugar maple with d.b.h. 
= 42.8 cm, total height = 34.0 m, and relative crown height (RCH, vertical line) of 0.500. The measured DOM locations are 
represented by filled circles, and WHT locations are represented by open circles. (B) The mixed-effects vertical stem density 
(wood plus bark) profile for the DOM stem and the random branch path (RBP) of the same sugar maple tree with relative path 
length at which the random path diverged from the dominant stem (RHD, vertical line) of 0.714. The average wood density of 
560 kg/m3 for sugar maple trees (USDA FS 2010) is shown as a horizontal dashed line. 
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FIA’S voluMe-To-BIoMASS coNveRSIoN MeTHoD (cRM) 
GeNeRAlly uNDeReSTIMATeS BIoMASS  

IN coMPARISoN To PuBlISHeD eQuATIoNS

David c. chojnacky1

Abstract.—An update (Chojnacky et al. �n preparat�on) of the Jenk�ns et al. (2003) 
b�omass est�mat�on equat�ons for North Amer�can tree spec�es resulted �n 35 general�zed 
equat�ons developed from publ�shed equat�ons. These 35 equat�ons, wh�ch pred�ct 
aboveground b�omass of �nd�v�dual spec�es grouped accord�ng to a taxa class�f�cat�on 
(based on genus or fam�ly and somet�mes spec�f�c grav�ty), generally pred�cted h�gher 
b�omass than est�mates from the U.S. Department of Agr�culture, Forest Serv�ce Forest 
Inventory and Analys�s Program (FIA). FIA uses a convers�on approach called the 
component rat�o method (CRM) (Woodall et al. 2011) to generate b�omass est�mates. 
Th�s method converts cub�c volume est�mates to b�omass us�ng constant spec�f�c grav�ty 
values and aux�l�ary �nformat�on for branches, bark, and stumps. FIA tree b�omass data 
were grouped by the same taxa as used for the 35 equat�ons, b�omass for the same trees 
was also pred�cted w�th the equat�ons, and then d�ameter-class averaged values were 
compared. FIA est�mates excluded fol�age, but the amount of b�omass by wh�ch the 
equat�on pred�ct�ons exceeded FIA’s est�mates generally suggested more than a fol�age 
d�screpancy. The equat�ons pred�cted 2 to 28 percent h�gher b�omass (at 30-cm d.b.h.) 
for most con�fer and hardwood taxa. Except�ons were Larix and western Tsuga genera 
wh�ch pred�cted 10 to 12 percent lower for trees at 30-cm d.b.h. Equat�ons for woodland 
taxa pred�cted b�omass 45 to 53 percent h�gher than FIA est�mates (at 30-cm d.r.c.) but 
FIA’s woodland b�omass def�n�t�on may have confounded compar�son. In a s�m�lar study, 
Zhou et al. (2011) found that a volume-to-b�omass convers�on method (resembl�ng FIA’s 
approach) underest�mated b�omass by 6.3 to16.6 percent—support�ng the �dea that CRM 
may �nherently underest�mate b�omass. 

1 Adjunct Faculty, V�rg�n�a Tech Un�vers�ty, 144 Rees Place, 
Falls Church, VA 22046. To contact, call 703-237-8620 or 
ema�l at dchojnac@vt.edu.

INTRoDucTIoN
The general�zed Jenk�ns et al. (2003) b�omass 
equat�ons came from an effort to produce 
standard�zed, cons�stent, and well-documented tree 
est�mat�on equat�ons on a nat�onal scale, through 
comp�lat�on and synthes�s of equat�ons publ�shed �n 
the l�terature, for use �n the forest sector (Heath et 
al. 2011) of the Inventory of U.S. Greenhouse Gas 
Em�ss�ons and S�nks (EPA 2012). A meta-analys�s 
was used to develop 10 general�zed spec�es-group-
spec�f�c equat�ons for est�mat�ng b�omass from only 

d�ameter measurements us�ng regress�on and log-
transformat�on.

Current work (Chojnacky et al. �n preparat�on) updated 
the Jenk�ns et al. (2004) database and ref�ned b�omass 
model�ng. General�zed equat�ons were developed 
based on allometr�c scal�ng theory (Chojnacky 
2002); taxonom�c group�ngs (genus or fam�ly) and 
wood spec�f�c grav�ty were used as surrogates for 
scal�ng parameters that could not be est�mated. The 
update resulted �n 35 b�omass equat�ons for a taxa 
class�f�cat�on descr�bed below. The purpose of th�s 
paper �s to compare the b�omass pred�ct�ons from the 
new equat�ons to est�mates of l�ve-tree b�omass from 
the U.S. Department Agr�culture, Forest Serv�ce’s 
Forest Inventory and Analys�s Program (FIA).
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uPDATeD eQuATIoNS
The �n�t�al database for Jenk�ns et al. (2003) �ncluded 
2,626 total b�omass and component equat�ons; the 
new study brought the total to 3,464 equat�ons for 
North Amer�can tree spec�es from 206 source stud�es. 
These �ncluded publ�shed equat�ons up to May 
2011 developed �n the Un�ted States or Canada that 
est�mated total bone-dry b�omass for �nd�v�dual trees 
and/or components thereof, based on d�ameter alone or 
on d�ameter and he�ght. The publ�shed equat�ons were 
used (as �n Jenk�ns et al. [2003]) to generate b�omass 
values (pseudodata) for d�ameters at equally spaced, 
approx�mately 5-cm �ntervals w�th�n the d�ameter 
range of the trees used for each or�g�nal equat�on.

The pseudodata from the publ�shed equat�ons were 
class�f�ed �nto what we def�ned as “taxa” based on 
genus or fam�ly and somet�mes spec�f�c grav�ty for 
f�ner separat�on (Table 1). The class�f�cat�on was 
mostly genus-based for con�fer spec�es, but fam�ly-
based for hardwood and woodland spec�es.

B�omass equat�ons were developed from pseudodata 
by us�ng logar�thm�c regress�on for a 2-parameter 
model [ln(biomass) = β0 + β1 ln(diameter), where 
d�ameter = d�ameter at 1.37 m (d.b.h.) for con�fer/
hardwood spec�es and d�ameter near root collar (d.r.c.) 
for woodland spec�es]. Parameters for the 13 con�fer, 
18 hardwood, and 4 woodland taxa are l�sted �n our 
more deta�led manuscr�pt �n process of publ�cat�on 
(Chojnacky et al. �n preparat�on).

coMPARISoN To FIA DATA
FIA generates b�omass est�mates w�th a b�omass 
expans�on factor approach called the component 
rat�o method (CRM) (Heath et al. 2009, Woodall et 
al. 2011). Cub�c volume est�mates are converted to 
b�omass us�ng constant wood and bark spec�f�c grav�ty 
values and aux�l�ary �nformat�on for branches, bark, 
and stumps (M�les and Sm�th 2009). We expected 
the new equat�on est�mates to exceed FIA est�mates 
because FIA excluded fol�age, but the magn�tude 

of the d�fferences found suggested more than just a 
fol�age d�screpancy.

The compar�son was compl�cated both by hav�ng 
to sort through FIA def�n�t�ons to del�neate a 
reasonable b�omass w�thout excess�ve deduct�ons 
and by FIA’s exclus�on of fol�age, wh�ch part�cularly 
underrepresents total b�omass for small con�ferous 
trees. We cons�dered us�ng our database to dev�se 
an adjustment for fol�age but th�s seemed to further 
confound compar�son. Instead, we def�ned an est�mate 
of FIA b�omass as follows, us�ng USDA Forest Serv�ce 
(2010) var�ables as l�sted �n uppercase: L�ve trees 
(STATUSCD=1) were def�ned as “grow�ng stock” �f 
measured at d.b.h. (TREECLCD Eq 2 and DIAHTCD 
Eq 1) or def�ned as “rough cull” �f measured at 
d.r.c. [TREECLCD In(2,3) and DIAHTCD Eq 2] 
w�th no add�t�onal CULL coded. From th�s subset 
of 2.2 million trees (≤50 cm diameter) for the entire 
Un�ted States, total bone-dry b�omass (exclud�ng 
foliage) was calculated for trees ≥12.7 cm diameter 
(b�omass=DRYBIO_BOLE + DRYBIO_TOP + 
DRYBIO_STUMP), and selected for sapl�ngs 
(DRYBIO_SAPLING) and for trees measured at d.r.c. 
(DRYBIO_WDLD_SPP). FIA b�omass data for these 
trees (between 2.5 and 50 cm d�ameter) were then 
grouped by our taxa and averaged �nto 2-cm d�ameter 
classes generally based on about 100 to more than 
1,000 trees per d�ameter class. For completeness, FIA 
data for fam�l�es (exclud�ng al�en spec�es) not �ncluded 
�n our 35 taxa classes were grouped as follows: 
Taxaceae grouped w�th Pseudotsuga; Aqu�fol�aceae, 
Ebenaceae, Lauraceae, Moraceae, Styracaceae and 
Theaceae grouped w�th the m�xed hardwood group 
(except a few spec�es exceed�ng spec�f�c grav�ty 0.60 
grouped w�th dec�duous Fagaceae taxa); and woodland 
fam�l�es Borag�naceae, Rhamnaceae, and Er�caceae 
grouped w�th Fabaceae/Rosaceae taxa. (Although 
we suggest woodland Aceraceae be est�mated from 
Aceraceae <50 hardwood taxon, �t was not �ncluded �n 
th�s compar�son). We also pred�cted b�omass w�th the 
35 equat�ons for the same FIA trees, averaged them 
w�th�n 2-cm d�ameter classes, and then subtracted FIA 
b�omass for compar�son.
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Table 1.—North American tree species grouped into 35 taxa for biomass equation development. Taxa 
derivation and further description included in chojnacky et al. (in preparation).

Group Taxa name Description

Conifer Abies <35 Abies species with specific gravity <0.35, eastern species & A. lasiocarpa
 Abies ≥35 Abies species with specific gravity ≥0.35, western species
 Cupressaceae <30 Cupressaceae family with specific gravity <0.30, eastern Thuja species
 Cupressaceae 30-39 Cupressaceae family with specific gravity 0.30-0.39, western Calocedrus,  
     Sequoiadendron, Thuja species 
 Cupressaceae ≥40 Cupressaceae family with specific gravity ≥0.40, Chamaecyparis species  
     & Juniperus virginia 
 Larix Larix species
 Picea <35 Picea species with specific gravity <0.35, western species
 Picea ≥35 Picea species with specific gravity ≥0.35, eastern species & P. abies
 Pinus <45 Pinus species with specific gravity <0.45, western & northeastern species
 Pinus ≥45 Pinus species with specific gravity >=0.45, southern species
 Pseudotsuga Pseudotsuga species
 Tsuga <40 Tsuga species with specific gravity <0.40, eastern species
 Tsuga ≥40 Tsuga species with specific gravity ≥0.40, western species

Hardwood Aceraceae <50 Acer species with specific gravity <0.50 
 Aceraceae ≥50 Acer species with specific gravity ≥0.50 
 Betulaceae 39<40 Betulaceae genera with specific gravity <0.40, primarily Alnus species
 Betulaceae 40-49 Betulaceae genera with specific gravity 0.40-49, primarily Betula species
 Betulaceae 50-59 Betulaceae genera with specific gravity 0.50-59, primarily Betula species
 Betulaceae ≥60 Betulaceae genera with specific gravity ≥0.60, including Betula & Ostrya  
     species
 Fabaceae/Juglanaceae, Carya Carya species only
 Fabaceae/Juglandaceae, other Fabaceae & Juglandaceae genera except Carya, including Robinia, Juglans  
     species
 Fagaceae, deciduous Deciduous Fagaceae genera, including Fagus, Quercus, Castanea species
 Fagaceae, evergreen Evergreen Fagaceae genera, including Quercus, Chrysolepis, Lithocarpus  
     species
 Hamamelidaceae Hamamelidaceae genera, primarily Liquidambar styraciflua
 Hippocastanaceae/Tiliaceae Hippocastanaceae &Tiliaceae genera, primarily Aesculus & Tilia species
 Magnoliaceae Magnoliaceae family, primarily Liriodendron tulipifera
 Oleaceae <55 Oleaceae genera with specific gravity 0.55, primarily Fraxinus species
 Oleaceae ≥55 Oleaceae genera with specific gravity ≥0.55, primarily Fraxinus species
 Salicaceae <35 Saliaceae genera with specific gravity <0.35, primarily Populus species
 Salicaceae ≥35 Saliaceae genera with specific gravity ≥0.35, primarily Populus & Salix  
     species
 Mixed hardwoods* Cornaceae, Ericaceae, Lauraceace, Platanaceae, Rosaceae, Ulmaceae  
     famlies or other hardwood families not listed in this table with specific  
     gravity between 0.45 and 0.65

Woodland Cupressaceae Cupressaceae genera, primarily Juniperus &  Cupressus species 
 Fabaceae/Rosaceae Fabaceae & Rosaceae genera, primarily Cercidium, Prosopis, Cercocarpus  
     species
 Fagaceae Woodland Fagaceae genera, primarily evergreen Quercus species
 Pinaceae Pinyon pine species

*Mixed hardwood equation also appropriate for species not included in table, unless specific gravity of the species more closely related to 
another taxon.
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ReSulTS
For con�fers (F�g. 1), the new equat�ons pred�cted 5 
to 24 percent h�gher b�omass (at 30-cm d.b.h.) than 
FIA est�mates for most taxa, and pred�cted even 
h�gher for sapl�ngs. Except�ons were Larix and Tsuga 
≥0.40 predicting 10 to 12 percent lower at 30-cm 
d.b.h. The small trees showed an �nterest�ng b�omass 
pattern w�th a peak (or mode) between 10 and 15 cm 
d.b.h. Th�s peak corresponds to a d�scont�nu�ty �n FIA 
methodology where tree (d.b.h. ≥12.5 cm) biomass is 
est�mated from volume convers�on but sapl�ng (d.b.h. 
<12.5 cm) b�omass �s actually est�mated from Jenk�ns 
et al. (2003) equat�ons (Woudenberg et al. 2010) w�th 
some add�t�onal adjustment (JENKINS_SAPLING_
ADJUSTMENT). Because fol�age can be qu�te large 
for small trees—rang�ng from 13 percent (med�an) 
to more than 30 percent (90th percent�le) of total 
biomass for our conifer pseudodata for trees ≤12.5-
cm d.b.h. (Chojnacky et al. �n preparat�on), �t �s not 
surpr�s�ng that our equat�ons overpred�ct FIA b�omass 
(w�th fol�age excluded) for small trees. However, the 
percentage of con�fer fol�age to total b�omass �n our 
pseudodata drops to 4 to 12 percent (depend�ng on 
spec�es) for trees larger than 12.5-cm d.b.h., �nd�cat�ng 
some other explanat�on for the overall 5 to 24 percent 
larger b�omass est�mates from our con�fer equat�ons.

Compar�son of the woodland equat�ons (F�gs. 1 and 
2) to FIA data (F�g. 3) revealed a pattern s�m�lar to 
that for con�fer and hardwood except d�fferences were 
much greater—45 to 53 percent for trees at 30-cm 
d.r.c. However, FIA’s def�n�t�on of woodland b�omass 
(DRYBIO_WDLD_SPP) could be exclud�ng much 
branch mater�al less than 3.8 cm �n d�ameter. Although 
the def�n�t�on of DRYBIO_WDLD_SPP (Woudenberg 
et al. 2010) ment�ons exclus�on of tree top above 
1.5 �nches d�ameter (3.8 cm) �n add�t�on to fol�age 
exclus�on, th�s could mean all branch b�omass smaller 
than 3.8 cm �n d�ameter �s excluded, as �s typ�cal for 

est�mat�ng woodland volume for these bushy mult�-
stemmed spec�es (Chojnacky 1994). Otherw�se, FIA 
exclus�on of only a s�ngle top branch less than 3.8 cm 
�n d�ameter—and not the rest—makes l�ttle sense.

DIScuSSIoN
Why d�d the updated Jenk�ns et al. (2003) equat�ons 
(Chojnacky et al. �n preparat�on)—based on all 
b�omass equat�ons �n the l�terature—generally 
produce est�mates h�gher than those generated by 
the FIA CRM method? One poss�b�l�ty �s volume-to-
b�omass methods s�mply underest�mate. For example, 
Zhou (2011) demonstrated for green ash (Fraxinus 
pennsylvanica), ponderosa p�ne (Pinus ponderosa), 
and eastern redcedar (Juniperus virginiana) that 
volume-to-b�omass convers�on (us�ng spec�f�c grav�ty 
s�m�lar to FIA’s CRM method) cons�stently and 
s�gn�f�cantly underest�mates b�omass from 6.3 to 16.6 
percent. However, we cannot determ�ne whether the 
pseudodata are accurate b�omass est�mates nor whether 
volume-to-b�omass convers�on approaches (as ut�l�zed 
by the FIA) �nherently underest�mate. These quest�ons 
can only be answered from measur�ng new b�omass 
data. We s�mply offer th�s compar�son that FIA 
b�omass est�mates are generally 2 to 28 percent lower 
(at 30-cm d.b.h.) for most con�fer and hardwood taxa 
than results from a meta-analys�s of publ�shed b�omass 
equat�ons.
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Figure 1.—Biomass equations for 13 conifer taxa compared to FIA data for 1,209,140 trees. Difference is equation prediction 
minus FIA biomass estimate, each first averaged within 2-cm diameter class. Legend order corresponds to curves at 30-cm d.b.h.

Figure 2.—Biomass equations for 18 hardwood taxa compared to FIA data for 1,192,774 trees. Difference is equation 
prediction minus FIA biomass estimate, each first averaged within 2-cm diameter class. Legend order corresponds to  
curves at 30-cm d.b.h.
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Figure 3.—Biomass equations for four woodland taxa compared to FIA data for 150,167 trees. Difference is equation 
prediction minus FIA biomass estimate, each first averaged within 2-cm diameter class. Legend order corresponds to  
curves at 30-cm d.r.c.
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APPlyING INveNToRy MeTHoDS To eSTIMATe ABoveGRouND 
BIoMASS FRoM SATellITe lIGHT DeTecTIoN AND RANGING 

(lIDAR) FoReST HeIGHT DATA 

Sean P. Healey, Paul l. Patterson, Sassan Saatchi, Michael A. lefsky, Andrew j. lister,  
elizabeth A. Freeman, and Gretchen G. Moisen1

Abstract.—L�ght Detect�on and Rang�ng (L�DAR) returns from the spaceborne 
Geosc�ence Laser Alt�meter (GLAS) sensor may offer an alternat�ve to solely f�eld-based 
forest b�omass sampl�ng. Such an approach would rely upon model-based �nference, 
wh�ch can account for the uncerta�nty assoc�ated w�th us�ng modeled, �nstead of f�eld-
collected, measurements. Model-based methods have been thoroughly descr�bed �n the 
stat�st�cal l�terature, and an �ncreas�ng number of model-based forestry appl�cat�ons 
use tact�cally acqu�red a�rborne L�DAR. Adapt�ng these methods to GLAS’s �rregular 
acqu�s�t�on pattern requ�res a strategy for �dent�fy�ng a subset of GLAS “shots” that 
can be cons�dered a s�mple random sample. We have developed a flex�ble method of 
d�v�d�ng the landscape �nto equal-area polygons from wh�ch a GLAS shot can be chosen 
at random as a member of the sample. Th�s process bears s�m�lar�t�es to the approach 
used by the Forest Inventory and Analys�s (FIA) Program as �t moved toward �ts current 
hexagonal sample gr�d. 

Although the ult�mate appl�cat�on of th�s approach would be product�on of cons�stent 
b�omass est�mates across d�fferent countr�es, well-cal�brated FIA est�mates over the 
Un�ted States prov�de a conven�ent test�ng ground. Appl�ed to Cal�forn�a, th�s approach 
produced almost exactly the same est�mate of b�omass dens�ty (Mg/ha) as the FIA 
sample. The GLAS-based est�mate had a cons�derably h�gher standard error than FIA’s 
est�mate, but �t comes at a much lower cost and �s based upon globally ava�lable GLAS 
measurements. 

1 Ecolog�st (SH) and Stat�st�c�an (PLP), U.S. Forest Serv�ce, 
Rocky Mounta�n Research Stat�on, 507 25th St., Ogden, 
UT 84401; Sen�or Sc�ent�st (SS), Cal�forn�a Inst�tute of 
Technology; Ass�stant Professor (MAL), Colorado State 
Un�vers�ty; Research Forester (AJL), U.S. Forest Serv�ce, 
Northern Research Stat�on; Ecolog�st (EAF) and Forester 
(GCM), U.S. Forest Serv�ce, Rocky Mounta�n Research 
Stat�on. SH �s correspond�ng author: to contact, call  
801-625-5770 or ema�l at seanhealey@fs.fed.us.

INTRoDucTIoN AND MeTHoDS
Most off�c�al nat�onal and �nternat�onal forest carbon 
report�ng mechan�sms have trad�t�onally rel�ed upon 
�nformat�on from f�eld-based �nventor�es. However, 
many countr�es do not have such �nventor�es, and even 
among those that do, s�gn�f�cant d�screpanc�es ex�st 
�n methods and def�n�t�ons. A potent�al alternat�ve 

to purely f�eld-based sampl�ng may l�e �n the 70-
m c�rcular waveform L�ght Detect�on and Rang�ng 
(L�DAR) returns from the spaceborne Geosc�ence 
Laser Alt�meter System (GLAS) sensor. Such returns 
have been shown to be sens�t�ve to b�omass, and there 
may be a chance to use a smaller subset of co-located 
f�eld plots to create modeled b�omass “samples” over 
the areas sampled by GLAS.

In th�s paper, we descr�be a method for �dent�fy�ng 
a subset of GLAS shots wh�ch can be treated as a 
s�mple random sample for the purposes of a forest 
b�omass �nventory. Th�s process �s necessary because 
GLAS acqu�s�t�on patterns are �rregular and, �n 
aggregate, cannot str�ctly be cons�dered e�ther random 
or systemat�c. We then demonstrate the use of such a 
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sample over Cal�forn�a w�th a model-based est�mator 
s�m�lar to that used by Stähl et al. (2011) to est�mate 
aboveground b�omass. Model-based est�mat�on 
allows us to pred�ct, �nstead of measure, b�omass at 
each sample po�nt us�ng relat�onsh�ps der�ved from 
a separate set of co-located ground and L�DAR 
measurements. Var�ance est�mators used �n th�s process 
take �nto account the uncerta�nty assoc�ated w�th the 
models used. For full methodolog�cal deta�l of th�s 
est�mat�on process, consult Healey et al. (�n press).

The sample des�gn we descr�be �s s�m�lar to that used 
by the Forest Inventory and Analys�s (FIA) Program. 
Pr�or to a move toward a nat�onal sampl�ng framework 
�n the late 1990s, FIA plots were d�str�buted and 
measured �n sl�ghtly d�fferent ways �n d�fferent reg�ons 
of the country. The move to a nat�onally coherent 
sampl�ng frame was accompl�shed by super�mpos�ng a 
hexagonal gr�d over the ent�re country, w�th the area of 
each gr�d cell equal to the nom�nal area represented by 
each FIA sample (Reams et al. 2005). In cells where 
one ex�st�ng plot fell, that plot was kept. In those w�th 
more than one plot, only one was selected at random 
for retent�on. In those w�th no ex�st�ng plots, a plot was 
establ�shed �n a random locat�on.

Establ�shment of th�s sem�-systemat�c, equal-area 
sample frame allowed FIA to accommodate ex�st�ng 
plot locat�ons wh�le draw�ng a sample wh�ch was 
spat�ally balanced across the country but was random 
w�th respect to forest cond�t�ons (Reams et al. 2005). 
The sample des�gn we propose for GLAS follows a 
s�m�lar approach. One and only one GLAS shot �s 
reta�ned �n each cell of an equal-area (but not equal-
shape) tessellat�on of the area labeled as “forest” �n 
a global land cover map. Th�s tessellat�on �s created 
follow�ng a fractal-based approach, us�ng s�mple 
geometr�c rules to create equal-area clusters (L�ster 
and Scott 2009). S�nce retroact�vely “add�ng” GLAS 
measurements (the last of wh�ch were collected �n 
2008) �s not poss�ble, tessellat�on cell s�ze (and, 
�nversely, sample number) �s l�m�ted by the constra�nt 
that each equal-area cell must conta�n at least one 
GLAS shot.

G�ven the el�m�nat�on of all GLAS shots except one 
�n every tessellat�on cell under th�s approach, �t �s of 
pract�cal �nterest to know the prec�s�on of result�ng 
b�omass est�mates. The prec�s�on (�.e., standard error) 
of model-based est�mates of b�omass �n Cal�forn�a 
us�ng the GLAS sample w�ll be compared to des�gn-
based est�mates der�ved from FIA’s sample of more 
than 5,500 f�eld measurements �n the state. 

ReSulTS
In v�ew of the constra�nt that there be at least one 
GLAS shot �n each tessellat�on cell, the max�mum 
number of cells �n Cal�forn�a �s 182, or one per 48,000 
ha. Wh�le the m�n�mum number of GLAS shots �n a 
s�ngle cell was one, the average was 560, from wh�ch 
a s�ngle shot was chosen at random. These randomly 
selected shots const�tute the “S1” model-bu�ld�ng 
sample (F�g. 1). The average d�stance between each 
po�nt �n the S1 populat�on and �ts closest ne�ghbor �s 
19.6 km (med�an = 13.5 km). The m�n�mum overall 
d�stance (�.e., closest pa�r of ne�ghbors) �s 2.4 km.

Th�rty-f�ve co-located GLAS/FIA plots were ava�lable 
for use �n determ�n�ng the relat�onsh�p between a 
GLAS der�vat�ve called Lorey’s he�ght (descr�bed as 
“basal area-we�ghted he�ght”) and b�omass (�.e., the 
S2 sample; F�g. 2). The most pars�mon�ous appl�cable 
model for th�s relat�onsh�p was cons�dered to be a 
model w�th a s�ngle quadrat�c term and no �ntercept 
(b�omass = 0.3717 Lorey’s he�ght2). A no-�ntercept 
model was used because of our assumpt�on that 
forested plots w�th no b�omass should return no 
Lorey’s he�ght. S�gn�f�cance tests �nd�cated negl�g�ble 
ga�n from �nclud�ng a l�near term �n the model. 
 
It should be noted that seven values (less than 4 
percent) of the S1 sample exceeded the largest value 
�n the model-bu�ld�ng S2 data set shown �n F�gure 2 
(spec�f�cally, these values were 45, 46, 48, 50, 52, 54, 
and 60 m). Ideally, the model-bu�ld�ng data set should 
span the ent�re range of the values to be modeled. 
G�ven the small percentage of Lorey’s he�ghts �n S1 
not represented �n S2, however, we assume that the 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 406GTR-NRS-P-105

Figure 1.—The 182 GLAS shots selected for inclusion in the S1 sample of California forests. This sample has properties 
similar to the sample used in the U.S. NFI and is treated here as a simple random sample. A National Land Cover Database 
cover map is shown for context.
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model �s val�d for the ent�re populat�on. We l�kew�se 
assume no spat�al autocorrelat�on among S1 samples. 
Our GLAS-based est�mate of b�omass dens�ty �n 
Cal�forn�a’s forests was 211.11 Mg/ha, wh�ch was 
w�th�n standard error bounds (±2.88) of the FIA 
est�mate of 208.95 Mg/ha (M�les 2011). The FIA 
est�mate was der�ved through a 10-year ground sample 
of 5,261 forested plots. The standard error of the 
GLAS-based est�mate was 20.70 Mg/ha (F�g. 3). The 
model�ng var�ance was approx�mately 0.77 t�mes the 
var�ance contr�buted by the sampl�ng process. 

Figure 2.—Relationship between FIA-measured 
aboveground tree biomass and GLAS-based Lorey’s height 
in California. The line is described by: y = 0.3717 x2.
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Figure 3.—Comparison between the FIA carbon density 
estimate for California’s forests and the estimate made here 
using GLAS- and model-based estimation. The estimates 
are nearly identical, although FIA’s estimate has significantly 
less uncertainty (bars indicate standard error).
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DIScuSSIoN
Model-based est�mat�on us�ng the sample des�gn we 
descr�be prov�des a transparent method for est�mat�ng 
b�omass for part�cular spat�al doma�ns. Th�s sample 
des�gn, �n wh�ch one arb�trar�ly located sample po�nt �s 
drawn from equal-area sample un�ts d�str�buted across 
the landscape, �s s�m�lar to that used by FIA, and 
our est�mate of b�omass dens�ty �n Cal�forn�a closely 
matched FIA’s des�gn-based est�mate. The standard 
error of our est�mate (approx�mately 9.8 percent of  
the est�mate) was substant�ally larger than that of the 
FIA est�mate (1.4 percent) and that der�ved through 
model-based est�mat�on by Andersen et al. (2011) 
us�ng spec�f�cally acqu�red a�rborne L�DAR data  
(8 percent). However, the cost of the FIA est�mate was 
approx�mately $10.5 m�ll�on (based on a commonly 
used valuat�on of $2,000 per plot), and the L�DAR 
acqu�s�t�on alone �n Anderson et al.’s (2001) much 
smaller study area cost $60,000. Future use of GLAS 
data �n the process descr�bed here represents an almost 
no-cost opt�on for prov�d�ng cons�stent, moderate-
prec�s�on b�omass est�mates across the globe.

A pr�mary advantage of the model-based �nference 
used here �s the capac�ty to apply models developed �n 
areas of r�ch �nventory data to GLAS shots, �nform�ng 
est�mates �n ecolog�cally s�m�lar areas where f�eld data 
are sparse. For example, Nelson et al. (2009) used 
relat�onsh�ps observed �n a l�m�ted area of co-located 
b�omass/GLAS observat�ons to est�mate b�omass 
for all of Quebec, follow�ng a mod�f�ed model-
based approach. However, the val�d�ty of �nference 
�n model-based approaches depends upon how well 
the st�pulated models accord w�th the populat�on of 
�nterest (Grego�re 1998). The quest�on of how well the 
model appl�es to the populat�on of �nterest �s a cr�t�cal 
cons�derat�on �n the appl�cat�on of our approach, 
whether the model was developed in situ or from a 
spat�ally remote but perhaps ecolog�cally s�m�lar area. 
S�nce our model was created from an arb�trary subset 
of FIA’s presumably unb�ased ground sample, there �s 
a compell�ng argument that the model �s appropr�ate 
for the forests of Cal�forn�a.
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The degree to wh�ch th�s model may apply beyond 
Cal�forn�a rema�ns an open quest�on. Saatch� et al. 
(2011) noted reg�onal d�fferences �n the relat�onsh�p 
between b�omass and GLAS-based Lorey’s he�ght 
�n the�r pan-trop�cal study. Data collected to support 
b�omass est�mat�on us�ng the global GLAS data set 
would at least have to span major ecolog�cal systems. 
The consol�dat�on of ground data needed to support a 
global GLAS-based b�omass �nventory would requ�re 
s�gn�f�cant �nternat�onal cooperat�on and, as �llustrated 
by our results, would l�kely not �mprove the prec�s�on 
of b�omass est�mates ava�lable �n countr�es w�th 
establ�shed nat�onal forest �nventor�es (NFIs). Those 
�nventor�es typ�cally rely upon a denser sample than 
�s ava�lable from GLAS and do not have to account 
for model var�ance, wh�ch �n our example made up 
approx�mately 44 percent of the total var�ance. 

However, a GLAS-based b�omass �nventory would 
represent an �nternat�onally coherent bas�s for 
compar�son among countr�es, espec�ally those w�thout 
establ�shed NFIs. Even moderate-prec�s�on b�omass 
est�mates would be an �mprovement �n many countr�es 
(G�bbs et al. 2007), and cons�stent sample des�gn 
and est�mat�on methods would remove an �mportant 
source of uncerta�nty �n �nternat�onal mon�tor�ng. 
GLAS data were acqu�red �n spat�al patterns d�ff�cult 
to assoc�ate w�th e�ther a systemat�c or random 
process. The sample des�gn presented �n th�s paper 
allows �dent�f�cat�on of a subset of GLAS data wh�ch 
may be used as a s�mple random sample to est�mate 
b�omass, perhaps globally, w�th cons�stent measures 
of uncerta�nty under a model-based est�mat�on 
framework.

coNcluSIoNS
• The methods presented here const�tute a globally 

extens�ble approach for generat�ng a s�mple 
random sample from the global GLAS data set. 
The propert�es of the sample collected by GLAS 
have h�therto not been str�ctly �dent�f�able w�th any 
part�cular des�gn.

• Model-based est�mat�on, follow�ng Stähl et al. 
(2011), based upon GLAS data �n Cal�forn�a 
produced an est�mate of b�omass dens�ty (b�omass/
ha) almost �dent�cal to the est�mate der�ved from 
the des�gn-based NFI.

• Global appl�cat�on of model-based est�mat�on us�ng 
GLAS, wh�le demand�ng s�gn�f�cant consol�dat�on 
of tra�n�ng data, would �mprove �nter-comparab�l�ty 
of �nternat�onal b�omass est�mates by �mpos�ng 
cons�stent methods and a globally coherent sample 
frame.

AcKNoWleDGMeNTS
Th�s work was supported by the NASA Carbon 
Mon�tor�ng System and by FIA. The authors 
add�t�onally would l�ke to thank James Menlove for 
expert help �n �nterpret�ng FIA b�omass data as well as 
Karen Waddell and Jock Blackard for the�r help w�th 
the FIA database. 

lITeRATuRe cITeD
Andersen, H.-E.; Strunk, J.; Temesgen, H. 2011. 

Using airborne light detection and ranging as 
a sampling tool for estimating forest biomass 
resources in the Upper Tanana Valley of Interior 
Alaska. Western Journal of Appl�ed Forestry.  
26: 157-164.

G�bbs, H.K.; Brown, S.; N�les, J.O.; Foley, J.A. 
2007. Monitoring and estimating tropical 
forest carbon stocks: making REDD a reality. 
Env�ronmental Research Letters. 2: 1-13.

Grego�re, T.G. 1998. Design-based and model-based 
inference in survey sampling: appreciating the 
difference. Canad�an Journal of Forest Resources. 
28: 1429-1447.

Healey, S.P.; Patterson, P.L., Saatch�, S.; Lefsky, M.A.; 
L�ster, A.J.; Freeman, E.A. [In press]. A sample 
design for globally consistent biomass estimation 
using LiDAR data from the Geoscience Laser 
Altimeter System (GLAS). Carbon Balance and 
Management.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 409GTR-NRS-P-105

L�ster, A.; Scott, C. 2009. Use of space-filling curves 
to select sample locations in natural resource 
monitoring studies. Env�ronmental Mon�tor�ng 
and Assessment. 149: 71-80.

M�les, P.D. 2011. Forest Inventory EVALIDator 
web-application version 4.01 beta. Ava�lable at 
http://f�atools.fs.fed.us/Eval�dator4/tmattr�bute.jsp. 
[Date accessed unknown].

Nelson, R.; Boudreau, J.; Grego�re, T.G.; Margol�s, 
H.; Naesset, E.; Gobakken, T.; Stahl, G. 2009. 
Estimating Quebec provincial forest resources 
using ICESat/GLAS. Canad�an Journal of Forest 
Resources. 39: 862-881.

Reams, G.A.; Sm�th, W.D.; Hansen, M.H.; Bechtold, 
W.A.; Roesch, F.A.; Mo�sen, G.G. 2005. The 
Forest Inventory and Analysis sampling 
frame. In: Bechtold, W.A.; Patterson, P.L., eds. 
The enhanced Forest Inventory and Analys�s 
Program—nat�onal sampl�ng des�gn and est�mat�on 
procedure. Gen. Tech. Rep. SRS-80. Ashev�lle, NC: 
U.S. Department of Agr�culture, Forest Serv�ce, 
Southern Research Stat�on: 31-36.

Saatch�, S.S.; Harr�s, N.L.; Brown, S.; Lefsky, M.; 
M�tchard, E.T.A.; Salas, W.; Zutta, B.R.; Buermann, 
W.; Lew�s, S.L.; Hagen, S.; Petrova, S.; Wh�te, L.; 
S�lman, M.; Morel, A. 2011. Benchmark map of 
forest carbon stocks in tropical regions across 
three continents. Proceed�ngs of the Nat�onal 
Academy of Sc�ences. 108: 9899-9904.

Stähl, G.; Holm, S.; Grego�re, T.G.; Gobakken, 
T.; Naesset, E.; Nelson, R. 2011. Model-based 
inference for biomass estimation in a LiDAR 
sample survey in Hedmark County, Norway. 
Canad�an Journal of Forest Resources. 41: 96-107.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 410GTR-NRS-P-105

THe uTIlITy oF lIDAR  
FoR lARGe AReA FoReST INveNToRy APPlIcATIoNS

Nicholas S. Skowronski and Andrew j. lister1

Abstract.—Mult�-resource �nventory data are used �n conjunct�on w�th L�ght Detect�on 
and Rang�ng (L�DAR) data from the Pennsylvan�a Department of Natural Resource’s 
PAMAP Program to assess the ut�l�ty of extens�ve L�DAR acqu�s�t�ons for large area 
forest assessments. Background, just�f�cat�on, and �n�t�al study des�gns are presented.  
The proposed study w�ll �nvolve three phases: 1) character�zat�on of relat�onsh�ps 
between L�DAR cloud metr�cs and stat�st�cal summar�es of tree �nformat�on on forest 
�nventory plots, 2) use of the �nventory data to cal�brate L�DAR-based forest b�omass 
models, and 3) use of subsets of the L�DAR dataset as part of a ground-based forest 
�nventory. In�t�al results of the f�rst phase �nd�cate moderate relat�onsh�ps between  
var�ous comb�nat�ons of ground �nventory and L�DAR data.

1 Research Forester (NSS), U.S. Forest Serv�ce,  
Northern Research Stat�on, 180 Canf�eld St., Morgantown, 
WV 26505; Research Forester (AJL), U.S. Forest Serv�ce, 
Northern Research Stat�on. NSS �s correspond�ng author: to 
contact, call 304-285-1507 or ema�l at nskowronsk�@fs.fed.us.

INTRoDucTIoN
Large area forest assessments have been of �nterest 
for many years. Trad�t�onally, these assessments have 
been conducted by ground-based �nventor�es l�ke 
those conducted by the U.S. Forest Serv�ce’s Forest 
Inventory and Analys�s (FIA) Program (G�llesp�e 
1999). S�nce the early 1900s, FIA has conducted 
�nventor�es of the nat�on’s forest resource through 
a comb�nat�on of per�od�c and annual f�eld data 
collect�on campa�gns. Data on tree and s�te factors 
�n forested areas are collected, processed, and 
converted �nto summary �nformat�on that �s used by 
resource planners, land managers, sc�ent�sts, and other 
�nterested part�es.

The use of a�r- and space-borne sensors �n forest 
assessments has �ncreased over the last 40 years. In 
the last decade, the use of L�DAR (L�ght Detect�on 

and Rang�ng) technology �n part�cular has �ncreased 
dramat�cally. Cost cons�derat�ons prev�ously l�m�ted 
the use of L�DAR to relat�vely small—generally sub-
state—areas. Now, ent�t�es such as state governments 
can afford to acqu�re L�DAR over large areas. For 
example, Pennsylvan�a’s PAMAP Program funded 
state-level acqu�s�t�on of L�DAR between 2006 and 
2008 (PA DCNR 2012). The ex�stence of co-occurr�ng, 
large area L�DAR and forest �nventory datasets creates 
opportun�t�es for stud�es assess�ng the costs and 
benef�ts of us�ng L�DAR �n var�ous ways for forest 
assessments. 

The most common use of L�DAR �n forest assessments 
�nvolves the generat�on of p�xel-based est�mates 
of forest parameters such as volume, b�omass, or 
tree abundance �n relat�vely small study areas (e.g., 
Asner et al. 2011, Lefsky et al. 2003). However, 
recent �nterest �n large area assessments of forest 
carbon stocks as part of Un�ted Nat�ons cl�mate 
change agreements, such as those conta�ned �n the 
Un�ted Nat�ons Framework Convent�on on Cl�mate 
Change’s program for Reduc�ng Deforestat�on and 
Degradat�on (REDD) (Gull�son et al. 2007), has 
led to a need for �nvest�gat�ons of cost-effect�ve 
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strateg�es for measur�ng and mon�tor�ng forest carbon 
�n areas that do not have establ�shed, ground-based 
forest �nventor�es. L�DAR �s a part�cularly appeal�ng 
opt�on due to the nature of the �nformat�on obta�ned, 
reflectance �nformat�on generally shows strong 
relat�onsh�ps w�th forest canopy he�ght and dens�ty, 
two attr�butes closely related to forest b�omass and 
thus carbon content. L�DAR has the added benef�t of 
targeted acqu�s�t�ons that can be less suscept�ble to 
cloud cover wh�ch affects space-borne sensors l�ke 
Landsat.

An opt�on that �s not often explored, however, �s the 
pract�cal use of L�DAR to a�d �n large area, ground 
plot-based forest �nventor�es. Due to the �mmense 
data volumes and process�ng requ�rements, �t can 
be �mpract�cal to collect and process L�DAR over 
large areas on a regular bas�s. However, advances 
�n comput�ng technology make th�s an opt�on worth 
explor�ng. A prom�s�ng approach �s the use of subsets 
of the L�DAR �nformat�on for strat�f�cat�on or, �n 
another support�ng role w�th ground plots, as the bas�s 
for the est�mate generat�on. 

The goal of the current study �s to address the need 
for methods that use L�DAR to generate est�mates of 
forest attr�butes, part�cularly tree carbon stocks, over 
large areas �n an eff�c�ent way. Spec�f�c object�ves 
of the study are to 1) character�ze relat�onsh�ps 
between L�DAR cloud metr�cs and FIA data from 
var�ous ecosystems around Pennsylvan�a, 2) assess 
the usefulness of FIA data for cal�brat�ng L�DAR-
based forest b�omass models, and 3) compare the 
costs and benef�ts of us�ng L�DAR-based maps of 
forest attr�butes w�th est�mates generated from several 
comb�nat�ons of L�DAR and ground data �n a des�gn-
based forest �nventory framework. Results of these 
three analyses w�ll not only �mprove our understand�ng 
of how FIA data can serve as tra�n�ng data for L�DAR-
based b�omass model�ng, but also to help �nform 
dec�s�ons about carbon �nventory and mon�tor�ng 
strateg�es both �n the Un�ted States and �n other 
countr�es cons�der�ng us�ng L�DAR for th�s purpose.

STuDy AReA
The study area �s the state of Pennsylvan�a. It �s 
located between 74° 43′ and 80° 31′ west longitude, 
and 39° 43′ and 42° north latitude; the state contains 
approx�mately 44,819 square m�les (116,083 km2) 
of land area. Pennsylvan�a �s nearly 60 percent 
forested and �s composed of a var�ety of ecosystems 
�nclud�ng h�ghly urban�zed �n the east, agr�cultural �n 
the center, and large areas of cont�guous forest �n the 
mounta�nous reg�ons �n the north and west. 

MeTHoDS 
Each FIA plot cons�sts of four c�rcular 48 ft (14.6 
m) d�ameter subplots, w�th one subplot located �n 
the center and three equ�d�stant subplots d�str�buted 
symmetr�cally around and located 120 ft (36.6 m) 
from the center subplot. The subplots occupy 0.17 
acres (0.07 ha), and the subplot array can be subtended 
by a c�rcle of 1.5 acres (0.6 ha) �n area. On each 
plot, �nformat�on for several s�te factors (�nclud�ng 
ownersh�p, forest type, land use, slope, and others) are 
collected, as well as data on �nd�v�dual trees, �nclud�ng 
spec�es, d�ameter at breast he�ght, total he�ght, and 
the relat�ve canopy pos�t�on of each tree (class�f�ed 
as dom�nant, codom�nant, overtopped, �ntermed�ate, 
and open grown). Tree data are collected �n the f�eld 
on port�ons of plots that are class�f�ed as “access�ble 
forest,” wh�ch �s def�ned �n part as belong�ng to a 
group of trees at least 0.4 ha �n extent and at least 37 
m w�de at �ts narrowest po�nt, be�ng capable of natural 
tree regenerat�on, and hav�ng a m�n�mum stem count 
(stock�ng), dependent on spec�es and tree s�ze (USDA 
Forest Serv�ce 2011). All data are stored �n a relat�onal 
database. 

Us�ng �nformat�on found �n and tools assoc�ated 
w�th the relat�onal database, total volume, total 
aboveground carbon, total basal area, average tree 
he�ght, and average d�ameter-we�ghted he�ght were 
computed for each comb�nat�on of spec�es, canopy 
pos�t�on class, and forest type. About 1500 s�ngle 
cond�t�on plots—those that are 100 percent forested 
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land use—were used �n the analys�s. Some plots were 
om�tted based on L�DAR data qual�ty (outl�ers were 
removed w�th he�ghts three standard dev�at�ons above 
the mean he�ght). 

The statew�de L�DAR dataset was processed us�ng the 
Toolbox for L�DAR data F�lter�ng and Forest Stud�es 
(T�FFs) (Chen et al. 2007). The .LAS L�DAR f�les 
were prov�ded �n a preprocessed format w�th ground 
and canopy returns �dent�f�ed by the PAMAP vendor. 
One-foot (0.3-m) resolut�on D�g�tal Elevat�on Models 
(DEMs) were generated us�ng these predef�ned 
class�f�cat�ons. The L�DAR po�nt cloud was then 
spat�ally �ntersected w�th each FIA plot locat�on and 
cl�pped to spat�al extent of each subplot. Data from 
each subplot were aggregated to the plot-level and 
standard L�DAR-der�ved stat�st�cal parameters (mean 
and quadrat�c mean, standard dev�at�on, skew, kurtos�s, 
and dec�le he�ghts) and the L�DAR der�ved Canopy 
He�ght Prof�le (CHP) parameters (Skowronsk� et al. 
2011) were generated us�ng only f�rst returns for each 
plot. 

PRoPoSeD ANAlySeS
To character�ze relat�onsh�ps between L�DAR cloud 
metr�cs and FIA data, exploratory data analys�s w�ll 
be performed, �nclud�ng the generat�on of correlat�on 
and scatterplot matr�ces relat�ng the �ndependent 
var�ables (the L�DAR metr�cs) to var�ous subsets of 
the FIA data, �nclud�ng subsets of the data by spec�es, 
spec�es group, forest type, geograph�c area, and 
canopy pos�t�on class. The goal of these analyses w�ll 
be to ga�n a better understand�ng of �nter- and �ntra-
var�able group relat�onsh�ps, and to �nform dec�s�ons 
for and �nterpret results of the second phase of the 
project: carbon model development. For th�s phase, all 
subsets l�near regress�on w�ll be performed to generate 
a su�te of carbon models and assoc�ated f�t stat�st�cs 
and error assessments, w�th the goal of obta�n�ng 
pred�ct�ve models that can be appl�ed to large areas of 
Pennsylvan�a. F�nally, based on results of the f�rst two 
phases, a sample des�gn study w�ll be performed. FIA 
generates est�mates of forest parameters us�ng a post-

strat�f�cat�on stat�st�cal des�gn (Bechtold and Patterson 
2005) us�ng strata created from class�f�ed Landsat 
�mages. We plan to generate a stratum map us�ng 
L�DAR canopy maps �nstead of Landsat and calculate 
var�ous est�mates of forest parameters. We also plan 
to subd�v�de the L�DAR dataset by generat�ng “str�ps” 
of L�DAR over the FIA plot locat�ons and over 
several randomly selected areas w�th no FIA plots, 
to generate est�mates us�ng a double sampl�ng (two 
phase sample) des�gn. F�nally, we plan to �mplement 
the regress�on est�mator us�ng the appropr�ate model(s) 
from phase 2 of the study. We w�ll then compare all of 
the result�ng est�mates �n terms of relat�ve eff�c�ency, 
or the �mprovement �n sampl�ng error relat�ve to that 
ach�eved by a s�mple random sample. Of part�cular 
�nterest w�ll be an assessment of the relat�ve costs 
and benef�ts of acqu�r�ng and process�ng the L�DAR 
�nformat�on (versus standard methods us�ng less costly 
comb�nat�ons of plots and Landsat �magery) and the 
development of a dec�s�on framework for the use of 
L�DAR �n large area �nventory appl�cat�ons (Kohl  
et al. 2011). 
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IMPRovING lIDAR BASeD PReDIcTIoN oF FoReST BIoMASS 
uSING MoDelS WITH SPATIAlly vARyING coeFFIcIeNTS

chad Babcock, Andrew o. Finley, and john B. Bradford1

Abstract.—Many stud�es and product�on �nventory systems have shown the ut�l�ty of 
coupl�ng covar�ates der�ved from L�ght Detect�on and Rang�ng (L�DAR) data w�th forest 
var�ables measured on geo-referenced �nventory plots through regress�on models. The 
object�ves of th�s study were to propose and assess the use of 1) a new techn�que for 
L�DAR var�able extract�on us�ng S�ngular Value Decompos�t�on to obta�n uncorrelated 
covar�ates; and 2) a Bayes�an h�erarch�cal model�ng framework that accommodates 
both res�dual spat�al dependence and non-stat�onar�ty of model covar�ates through 
the �ntroduct�on of spat�al random effects. We explore these object�ves us�ng three 
forest �nventory datasets that are part of the North Amer�can Carbon Program each 
compr�s�ng po�nt-referenced measures of aboveground forest b�omass and d�screte 
L�DAR. For each dataset, we cons�dered three L�DAR var�able extract�on methods and 
three regress�on model spec�f�cat�ons. Models were assessed based on f�t cr�ter�a and 
pred�ct�ve performance us�ng a leave-one-out cross-val�dat�on. Results showed that 
among the L�DAR var�able extract�on methods, no s�ngle set of covar�ates offered a 
cons�stent advantage across the datasets. The add�t�on of spat�al random effects to the 
regress�on model �ntercept only �mproved f�t and pred�ct�ve performance �n the presence 
of substant�al res�dual spat�al dependence. Allow�ng all regress�on slope parameters to 
vary spat�ally, v�a the add�t�on of spat�al random effects, greatly �mproved model f�t and 
pred�ct�ve performance across all datasets. The proposed Bayes�an model�ng framework 
also prov�des access to p�xel-level poster�or pred�ct�ve d�str�but�ons that are useful for 
uncerta�nty assessment.

1 Graduate Student (CB), M�ch�gan State Un�vers�ty, Department of Geography, East Lans�ng, MI 
48824; Ass�stant Professor (AOF), M�ch�gan State Un�vers�ty; Research Ecolog�st (JBB), U.S. 
Geolog�cal Survey. AOF �s correspond�ng author: to contact, call 517-432-7219 or ema�l  
at f�nleya@msu.edu. 
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AN eFFIcIeNT eSTIMAToR To MoNIToR  
RAPIDly cHANGING FoReST coNDITIoNS

Raymond l. czaplewski, Michael T. Thompson, and Gretchen G. Moisen1

Abstract.—Extens�ve expanses of forest often change at a slow pace. In th�s common 
s�tuat�on, FIA produces �nformat�ve est�mates of current status w�th the Mov�ng Average 
(MA) method and post-strat�f�cat�on w�th a remotely sensed map of forest-nonforest 
cover. However, MA “smoothes out” est�mates over t�me, wh�ch confounds analyses of 
temporal trends; and post-strat�f�cat�on l�m�ts ga�ns from remote sens�ng. T�me-ser�es 
est�mators, l�ke the Kalman F�lter (KF), better detect and analyze unexpected or rap�d 
changes �n dynam�c forests. KF �s a recurs�ve mult�var�ate model-based est�mator that 
separates complex t�me-ser�es of panel est�mates and mult�-sensor remotely sensed data 
�nto a sequence of smaller and more manageable components. Populat�on-level results 
are d�saggregated �nto expans�on factors that assure add�t�v�ty and s�mpl�fy small area 
and small doma�n est�mat�on. Other stat�st�cs gauge f�t of alternat�ve models to annual 
FIA panel data, wh�ch perm�ts quant�tat�ve rank�ngs among alternat�ve cause-effect 
hypotheses.

1 Research Mathemat�cal Stat�st�c�an (RLC), U.S. Forest 
Serv�ce, Rocky Mounta�n Research Stat�on, 507 25th St., 
Ogden, UT 84404; Forester (MTT) and Research Forester 
(GGM), U.S. Forest Serv�ce, Rocky Mounta�n Research 
Stat�on. RLC �s correspond�ng author: to contact, call  
970- 218-5907 or ema�l at rlczaplewsk�02@fs.fed.us.

INTRoDucTIoN
The 1998 Report by the Blue R�bbon Panel on 
Forest Inventory and Analys�s (FIA) mot�vated the 
comprehens�ve redes�gn of the FIA program (Bechtold 
and Patterson 2005). FIA replaced decadal per�od�c 
surveys w�th annual panel surveys to produce more 
t�mely analyses for every State. However, a s�ngle 
annual panel uses only 10 to 20 percent of the f�eld 
plots ava�lable to a per�od�c survey. To �mprove 
prec�s�on, FIA uses a s�mple Mov�ng Average (MA) 
of f�ve or more annual panels. Wh�le des�gn-unb�ased 
as an est�mator of the average cond�t�ons among 
mult�ple panels, MA �s b�ased for t�me-ser�es of 
annual est�mators (Bechtold and Patterson 2005). 
Th�s b�as �s acceptably small whenever net change �s 
relat�vely m�nor, but not when landscapes are affected 
by unusually rap�d changes. Concerns w�th the MA 

for annual trend analyses are escalat�ng. In 2012, the 
Nat�onal FIA User Group recommended “renewed 
efforts to �nvest�gate alternat�ves to the s�mple mov�ng 
average for �mproved trend detect�on and est�mat�on, 
… �nclud�ng short term project�ons (5 to 10 years).” 
We descr�be an est�mator des�gned to sat�sfy th�s and 
prev�ous recommendat�ons from the Nat�onal FIA User 
Group. 

MoNIToRING ANAlySeS  
AND THe NATuRe oF cHANGe
To some degree, every acre of every forest changes 
every year through pred�ctable processes of stand 
dynam�cs, amb�ent d�sturbances, t�mber management, 
and soc�oeconom�c forces. In a stat�c landscape, 
changes �n forest cond�t�ons and land use are nearly 
at equ�l�br�um, and MA �s an acceptable stat�st�cal 
est�mator. However, other landscapes change more 
rap�dly.

Unexpected change can be subtle, spat�ally ub�qu�tous, 
and undetected dur�ng early onset. An example �s 
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the growth decl�ne of southern p�nes dur�ng the 
1970s. Causes m�ght have been changes �n a�r 
pollut�on, cl�mate, land use, and/or d�str�but�on of 
stand cond�t�ons (Gadbury and Schreuder 2004). 
Such changes are not well observed w�th remote 
sens�ng, although geospat�al data on stressors (e.g., 
a�r pollut�on) contr�bute valuable c�rcumstant�al 
�nformat�on. Suff�c�ently prec�se est�mators requ�re a 
large sample of FIA f�eld plots, wh�ch �mpl�es analyses 
over large geograph�c areas (e.g., a mult�-state 
ecoreg�on) and long t�me �ntervals (e.g., 5 to 20 years). 
Deta�led analyses m�ght �nclude the small subsample 
of “Phase 3” Forest Health Mon�tor�ng plots (Bechtold 
and Patterson 2005). Cause-effect analyses m�ght use 
model-based �nference to compare alternat�ve cause-
effect hypotheses (Gadbury and Schreuder 2004).

Other changes are ep�sod�c d�sturbances, wh�ch are 
often apparent w�th the naked eye. An example �s 
severe mortal�ty of western p�nes caused by outbreaks 
of mounta�n p�ne beetles. Other examples �nclude 
changes �n the extent of w�ldf�res, t�mber harvest and 
management treatments, convers�on and revers�on 
among agr�cultural f�elds and forestlands, and 
development w�th�n the w�ldland–urban �nterface. 
Though locally �ntense, they m�ght affect only 1 to 
5 percent of a forested landscape per year, and they 
are observed w�th a correspond�ngly small number of 
FIA plots. Annual remote sens�ng prov�des �nd�cators 
that are well correlated w�th the extent, �ntens�ty and 
locat�on of such changes. Remeasurements of FIA 
f�eld plots at 5- to 10-year �ntervals mon�tor deta�led 
tree-level consequences of stand-level changes.

Models of populat�on processes are arguably essent�al 
for deta�led mon�tor�ng. Model-based est�mators 
�ncrease prec�s�on w�th small sample s�zes. A model 
can capture an analyst’s hypotheses regard�ng expected 
behav�or of a forest populat�on. Res�dual d�fferences 
between model pred�ct�ons and panel est�mates 
detect dev�at�ons from expectat�ons. D�fferent models 
represent alternat�ve sets of cause-effect hypotheses, 

and analyses of res�duals compare the f�t of each 
alternat�ve to FIA f�eld data. Models forecast future 
cond�t�ons based on past processes. 

Sens�t�v�ty of a mon�tor�ng program depends upon 
a suff�c�ently large sample s�ze w�th�n each annual 
panel. Furthermore, numerous f�eld plots are requ�red 
for stat�st�cal methods that emp�r�cally compensate 
for systemat�c measurement errors w�th remotely 
sensed data. Hence, the target populat�on must cover 
large geograph�c expanses, perhaps spann�ng several 
states. However, certa�n changes tend to “average out” 
as the extent of the populat�on �ncreases, and many 
mon�tor�ng quest�ons �nvolve small subpopulat�ons.  
A part�al solut�on �s mult�var�ate small area est�mat�on, 
wh�ch uses d�verse sets of full-coverage geospat�al 
data (e.g., Landsat and MODIS) as pred�ctors of f�eld 
observat�ons (e.g., Czaplewsk� 2010). 

A MoDel-BASeD  
TIMe-SeRIeS eSTIMAToR
The sample-survey l�terature covers a d�verse 
collect�on of est�mators for �nd�v�dual p�eces of 
a stat�st�cal mon�tor�ng system. However, the 
mult�var�ate “Kalman f�lter” (KF) est�mator (Bar-
Shalom et al. 2001) can �ntegrate all p�eces �nto a 
s�ngle cohes�ve structure. The sen�or author �s us�ng a 
matr�x language to develop software that �mplements 
the follow�ng.

KF �s a t�me-ser�es techn�que. It comb�nes a des�gn-
based panel est�mator w�th a model-based est�mator 
for expected changes �n populat�on parameters 
(Czaplewsk� and Thompson 2009). KF �s a sequent�al 
recurs�ve method. It starts at t�me t=1 w�th the f�rst 
panel of f�eld data and FIA’s des�gn-based est�mator. 
The result�ng vector est�mate of populat�on parameters 
(�.e., “state-vector”) serves as �n�t�al cond�t�ons �n 
a model for changes �n the populat�on as pos�ted 
by the analyst. Th�s mult�var�ate l�near model 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 418GTR-NRS-P-105

pred�cts the state-vector at t�me t=2, �nclud�ng a 
covar�ance matr�x for random errors propagated from 
t�me t=1 plus est�mated pred�ct�on errors between 
t�mes t=1 and t=2. The second panel of f�eld plots 
prov�des an �ndependent des�gn-based est�mate of 
correspond�ng populat�on parameters for t=2. KF uses 
the mult�var�ate compos�te est�mator to “opt�mally” 
comb�ne these compet�ng model-based and des�gn-
based est�mates. The result �s a s�ngle, more prec�se 
est�mator at t�me t=2. Th�s “best” est�mate at t�me t=2 
serves as �n�t�al cond�t�ons for the trans�t�on model that 
pred�cts the state vector at t�me t=3. Th�s sequent�al 
recurs�ve techn�que proceeds for the ent�re t�me-ser�es. 

Analyses of res�dual d�fferences between model-
based pred�ct�ons and des�gn-based panel est�mates 
help �mprove the est�mated covar�ance matr�x for 
model pred�ct�on errors, thereby m�t�gat�ng b�as �n the 
model-based port�on of the KF est�mator. The model 
represents analysts’ understand�ng of populat�on-level 
processes (Czaplewsk� and Thompson 2012) or a 
populat�on-level aggregat�on of plot-level processes 
(see for example Healey et al., these proceed�ngs). 
The model can forecast future cond�t�ons and the 
assoc�ated covar�ance matr�x for random errors.

The state vector has part�t�ons for each year. Th�s 
autoregress�ve structure �mproves est�mates for many 
t�me per�ods w�th each FIA panel. Its covar�ance 
matr�x prov�des var�ance est�mates for changes 
between 5- or 10-year �ntervals, wh�ch KF uses w�th 
correspond�ng des�gn-based est�mates from plot 
remeasurements to �mprove annual est�mates of status 
and changes. 

The state vector may have hundreds of var�ables, 
and d�g�tal “round-off” errors can degrade numer�cal 
results. However, the eng�neer�ng l�terature abounds 
w�th solut�ons that use the square root of a covar�ance 
matr�x (e.g., Bar-Shalom et al. 2001). Covar�ance 
matr�ces are typ�cally rank-def�c�ent, and feas�ble 
est�mates requ�re thoughtful p�vots of state-space.

KF computes a vector of “opt�mal” we�ghts that 
comb�nes each model- and des�gn-based vector 
est�mate at each t�me-step. Restr�ct�ons on those 
we�ghts can �mpose �nequal�ty constra�nts. For 
example, the est�mated annual mortal�ty rate of �nsect-
�nfected l�ve trees can exceed 100 percent �f sampl�ng 
errors �n two �ndependent annual panels are large. 
Inequal�ty constra�nts force the est�mated rate between 
0 and 100 percent. Those same populat�on-level 
we�ghts may be stored �n the FIA plot-level database 
as t�me-ser�es of mult�var�ate expans�on factors, one 
for each state var�able, at the cond�t�on and tree levels 
(Czaplewsk� 2010). Th�s step assures add�t�v�ty across 
stat�st�cal tables, fac�l�tates certa�n types of small 
doma�n and small area est�mat�on, and potent�ally 
reduces certa�n d�ff�cult�es �n analyses w�th m�xed-
cond�t�on plots.

Insuff�c�ent sample s�ze causes sampl�ng zeros, wh�ch 
can produce �mplaus�ble est�mates for “rare” var�ables. 
We collapse class�f�cat�on systems so that each 
category has at least 50 plots w�th�n each annual panel. 
Assum�ng no cross-class�f�cat�ons, annual sample s�ze 
w�th�n Colorado’s forests would support only seven 
forest type groups, seven ownersh�p categor�es, and 
seven tree spec�es groups. KF expans�on factors perm�t 
more deta�led est�mates w�th�n the FIA database, but 
the stat�st�cal eff�c�enc�es of those deta�led est�mates 
are subopt�mal.

Czaplewsk� (2010) developed KF structures for 
mult�ple sources of mult�var�ate remotely sensed 
and other geospat�al data. Unl�ke post-strat�f�cat�on, 
geospat�al var�ables may be cont�nuous or categor�cal, 
w�th or w�thout cross-class�f�cat�on. KF uses full-
coverage Landsat data or sample surveys w�th 
LIDAR or h�gh-resolut�on aer�al photography. Th�s 
KF structure accommodates t�me-ser�es of remotely 
sensed data, �nclud�ng annual change detect�on. 
Czaplewsk� (2010) �llustrates compat�ble methods that 
use geospat�al data for small-area est�mates for spec�al 
stud�es, wh�ch �mproves the comprom�se between 
large sample s�zes and small analys�s areas.
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DIScuSSIoN AND coNcluSIoNS
FIA analysts and user commun�ty requ�re defens�ble 
est�mates of trends �n forest resources. Est�mates at 
one po�nt �n t�me, such as forest area or amount of 
stand�ng l�ve b�omass, have l�m�ted value. Deta�led 
assessments of �nsect ep�dem�cs, such as the mounta�n 
p�ne beetle �n the West, requ�re rel�able est�mates 
of annual tree mortal�ty over long t�mespans. 
Mon�tor�ng broad-scale trends �n tree growth helps 
better understand effects of cl�mate change. Before 
mak�ng major cap�tal �nvestments, a forest products 
company must know trends �n t�mber volume, and 
the�r causes, w�th�n a modestly s�zed geograph�c area. 
Trends �n tree removals are a substant�al component of 
econom�c assessments, such as the effect of recess�ons 
on the forest product sector. To serve these analys�s 
requ�rements, FIA requ�res an eas�ly understood 
stat�st�cal est�mator that supports d�verse analyses of 
t�me-ser�es w�th panel data.

Although the MA est�mator �s eas�ly understood, �t can 
have substant�al lag-b�as. On the other hand, the purely 
des�gn-based est�mator for each �ndependent panel �s 
unb�ased for annual mon�tor�ng. Unfortunately, the 
latter �s l�m�ted by small sample s�zes. Annual trends 
can be est�mated only through d�fferences among 
est�mates from �ndependent panels (e.g., �ndependent 
est�mates of lodgepole p�ne �n Montana for 2010, 
2011, and 2012). Sampl�ng error can exceed net annual 
change, however, obscur�ng major changes �n a rap�dly 
chang�ng populat�on, or produc�ng stat�st�cal est�mates 
of change that m�slead�ngly appear large for a truly 
stat�c populat�on. Furthermore, �ndependent panels 
l�m�t the ab�l�ty to understand the causes of annual 
change. Remeasurements of �nd�v�dual FIA plots at 5- 
or 10-year �ntervals help better understand long-term 
changes at the plot and tree scales, but th�s protracted 
remeasurement �nterval obscures annual trends. 
Regardless, the des�gn-based approach, by �tself, 
restr�cts an analyst’s ab�l�ty to quant�fy and �nterpret 
trends at the annual t�me scale.

The mult�var�ate Kalman f�lter �s a relat�vely s�mple 
alternat�ve �n an annual mon�tor�ng program. It fully 
ut�l�zes all ava�lable remotely sensed data. It stores 
results as cond�t�on- and tree-level expans�on factors, 
wh�ch s�mpl�f�es analyses. Its structure helps detect 
unexpected changes and rank compet�ng sets of 
cause-effect hypotheses. Th�s model-based approach 
�s �nherently mult�d�sc�pl�nary, however, and success 
requ�res teamwork among analysts, modelers, remote 
sens�ng technolog�sts, computer sc�ent�sts, and 
stat�st�c�ans.
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THe FouRTH DIMeNSIoN IN FIA

Francis A. Roesch1

Abstract.—In the past, the goal of forest �nventory was to determ�ne the extent of the 
t�mber resource. Pred�ct�ons of how the resource was chang�ng were made by compar�ng 
d�fferences between success�ve �nventor�es. The general v�ew of the assoc�ated sample 
des�gn �ncluded select�on probab�l�t�es based on land area observed at a d�screte po�nt 
�n t�me. That �s, t�me was not cons�dered part of the sample des�gn because �t was 
not cons�dered an element of the sampled populat�on. Over the last few decades, the 
general goal of Forest Inventory and Analys�s (FIA) has been chang�ng to mon�tor�ng 
the dynam�c forest ecosystem. However, much of the l�terature d�scuss�ng FIA’s new 
annual mon�tor�ng system, �ts sample des�gn, and est�mators �s st�ll based on an areal 
probab�l�ty parad�gm. In Roesch (2008; Forest Sc�ence 54(4): 455-464), I po�nted out 
why �t �s usually necessary to �nclude the d�mens�on of t�me when descr�b�ng the sampled 
populat�on and the sample des�gn for FIA and s�m�lar forest �nventory systems. Here, I 
further explore the �nferent�al advantages of replac�ng the areal probab�l�ty parad�gm w�th 
a three-d�mens�onal probab�l�ty parad�gm w�th an appl�cat�on.

1 Mathemat�cal Stat�st�c�an, U.S. Forest Serv�ce, Southern 
Research Stat�on, 200 WT Weaver Blvd., Ashev�lle, NC 
28804. To contact, call 828-257-4871 or ema�l at  
froesch@fs.fed.us.

INTRoDucTIoN
In the past, the pr�mary goal of most nat�onal-scale 
forest �nventor�es had been s�mply to determ�ne the 
extent of the t�mber resource. Est�mates of how the 
resource had changed, made by compar�ng d�fferences 
between success�ve �nventor�es, were merely an 
�nc�dental benef�t of these h�stor�c �nventor�es. Over 
the last few decades, many nat�onal-scale forest 
�nventor�es have morphed �nto full-fledged efforts to 
mon�tor many aspects of dynam�c forest ecosystems. 
The U.S. Forest Serv�ce’s Forest Inventory and 
Analys�s Program (FIA) �s no except�on and �s 
concerned w�th evaluat�ng the dynam�c state of the 
Nat�on’s forest populat�ons. Most �nventor�es at th�s 
scale rely on a sampl�ng scheme that has h�stor�cally 
been descr�bed as a three-step process. In the f�rst step, 
a set of random po�nts �s located �n a two-d�mens�onal 
space, spec�f�cally the land area of �nterest. The second 

step concerns the select�on of a set of observat�on 
t�mes wh�le the th�rd step chooses a cluster of trees �n 
the v�c�n�ty of each sample po�nt at each observat�on 
t�me. The f�rst step, and only the f�rst step, was v�ewed 
as random, lead�ng to a sample des�gn descr�pt�on �n 
wh�ch the sample frame part�t�ons the two-d�mens�onal 
areal populat�on. In Roesch (2008), I addressed the 
fact that �n today’s panel�zed sample des�gns, the 
determ�nat�on of the set of observat�on t�mes �s also 
random, and the sampled populat�on and the sampl�ng 
frame are three-d�mens�onal. 

To make est�mates for the target populat�on, the 
sampled populat�on must be �dent�f�ably assoc�ated 
w�th the target populat�on. Th�s assoc�at�on requ�res 
knowledge of the probab�l�ty of select�on for the 
real�zed set of observat�ons on each tree (or element) 
�n the sample over the course of the per�od of �nterest. 
Because there are potent�ally many sets of observat�on 
t�mes real�zable for each element �n the populat�on, 
I descr�bed the sample un�t as a three-d�mens�onal 
j�gsaw puzzle p�ece result�ng from part�t�on�ng the 
three-d�mens�onal populat�on volume. The descr�pt�on 
meets the requ�rements for a probab�l�ty sample: the 
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populat�on �s d�v�ded up �nto mutually exclus�ve, 
exhaust�ve sample un�ts (the three-d�mens�onal puzzle 
p�eces) that �n toto make up the sample frame. Each 
un�t has a def�n�te probab�l�ty of select�on and the total 
of these probab�l�t�es �s equal to 1. 

AN APPlIcATIoN
Trad�t�onally, many measures assoc�ated w�th forest 
trees have been reported w�th�n tree s�ze classes, such 
as tree d�ameter classes. For �nstance, basal area or 
volume growth w�th�n 2-�nch d�ameter classes for each 
year w�th�n a spec�f�c per�od may be of �nterest. The 
contr�but�on of measurement error to total var�ance 
�s usually large enough to preclude the measurement 
of the same trees more frequently than about every 5 
years. Often the measurement �nterval and the per�od 
of �nterest are long enough for a large number of trees 
�n the populat�on to grow through mult�ple d�ameter 
classes creat�ng a potent�ally �ntractable problem from 
the v�ewpo�nt of success�vely appl�ed two-d�mens�onal 
samples. I show below that est�mat�on under the 
three-d�mens�onal parad�gm �s both obv�ous and 
manageable. 

In th�s appl�cat�on, I use FIA data to est�mate annual 
basal area growth of surv�vor trees w�th�n spec�f�c s�ze 
classes (Table 1) over a def�ned area (A) and temporal 
per�od. FIA conducts a cont�nuous forest �nventory 
us�ng a rotat�ng panel des�gn (Bechtold and Patterson 
(2005) and Roesch (2007). The des�gn cons�sts of 

Table 1.—Diameter classes corresponding 
to standard merchantability limits with 
accommodation for differences in hardwood and 
softwood saw log standards

Diameter lower limit upper limit
Class (Diameter ≥) (Diameter <)

D1 0 5

D2 5 7

D3 7 9

D4 9 11

D5 11 ∞

g mutually exclus�ve, spat�ally d�sjo�nt temporal 
panels. These panels are measured �n sequence for g 
consecut�ve years, after wh�ch the sequence re�n�t�ates. 
That �s, �f panel 1 �s measured �n year y, �t w�ll  
also be measured �n years y + g, y + 2g, and so on.  
Panel 2 would then be measured �n years y + 1,  
y + 1 + g, y + 1 + 2g, etc. Because FIA adheres to a 
two-d�mens�onal v�ew of th�s des�gn, the program 
groups these data �nto evaluat�on groups of g years 
and then �gnores temporal d�fferences �n observat�ons 
w�th�n an evaluat�on group. The �nterested reader 
�s referred to the “temporally �nd�fferent method” 
�n Patterson and Reams (2005). The temporally 
�nd�fferent method �s a smooth�ng funct�on that has 
the tendency to obfuscate temporal trends and delay 
recogn�t�on of those trends. A jud�c�ous appl�cat�on of 
the three-d�mens�onal v�ew of th�s des�gn can negate 
the necess�ty of the temporal �nd�fference assumpt�on 
and �ts assoc�ated problems. 

To fully explo�t the three-d�mens�onal v�ew, we 
must look at the data d�fferently than �t has been 
trad�t�onally v�ewed. W�th respect to annual 
growth, we note that each plot �s not only located 
�n a part�cular place, but that �t �s also observed at 
part�cular t�mes, and that the t�mes of observat�on 
are poss�bly more �mportant than the place of 
observat�on, once place �s accounted for. In�t�ally, 
we w�ll focus on two observat�ons for each plot. 
Ass�gn to each observat�on of var�able x labels for 
plot i and (adjusted) beg�nn�ng date tb and end�ng 
date te, separated by the (adjusted) t�me span of si 
years. Represent each of these observat�ons as xb and 
xe, respect�vely. The dates and t�mes are adjusted to 
approx�mate the t�me of observat�on relat�ve to the 
proport�on of grow�ng season elapsed w�th�n a year. 
Although beyond the scope of th�s �nvest�gat�on, 
th�s could be done us�ng data contr�but�ng to the 
USDA plant hard�ness zone maps (USDA 2012). 
For s�mpl�c�ty, we make two assumpt�ons, both of 
wh�ch can be ref�ned by an appropr�ate model to su�t 
a part�cular �nvest�gator or alternat�ve appl�cat�on, 
as needed. The f�rst �s that we assume that the 
grow�ng season spans from March 1 to November 30 

i

i

i

i
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everywhere w�th�n the area of �nterest. The second 
assumpt�on �s that growth for each plot �s un�form 
throughout the grow�ng season. We can then represent 
each observat�on date as the year of observat�on 
plus the proport�on of the grow�ng season that has 
elapsed (�.e., �n the format year.p), and si �s s�mply 
the d�fference between the two. Because we have no 
observat�ons between xb and xe, we make the further 
assumpt�on that basal area growth for each l�v�ng 
tree �s un�form between the two observat�ons (e.g., 
across si). Th�s assumpt�on could also be ref�ned by 
the appl�cat�on of the appropr�ate model, such as 
cond�t�on�ng on xb or on annual prec�p�tat�on. We then 
allocate the proport�on of basal area growth observed 
over si to the proport�on of each year spanned by 
si, (thereby account�ng for the marg�nal probab�l�ty 
of the t�me d�mens�on). Th�s assumpt�on of l�near 
(basal area) growth �s an approx�mat�on that should 
only be used for relat�vely short t�me �ntervals. Well-
developed growth models would prov�de better 
est�mates on �nd�v�dual trees, but can be unava�lable 
for many of the spec�es and cond�t�on classes 
encountered �n a w�de area forest mon�tor�ng effort. 
The assumpt�on that basal area growth �s un�form 
between observat�ons allows us to est�mate when the 
threshold for each d�ameter class l�m�t was crossed 
and to allocate growth w�th�n d�ameter classes to the 
years the growth occurred �n those d�ameter classes. 
Th�s method �s a major advantage over FIA’s current 
est�mat�on methods, because the latter do not prov�de 
a mechan�sm to accompl�sh th�s. Th�s development 
leads �mmed�ately to two s�mple est�mators for annual 
basal area growth (w�th�n d�ameter class), a probab�l�ty 
proport�onal to s�ze est�mator (BAGDCPPS):

i i

y

i

where:
ny = the number of plots observ�ng growth �n year y,
Pi,y = the product of port�on of year y grow�ng season 
observed by plot i and the port�on of plot i area w�th�n 
the area of �nterest, and 
bagi,y the basal area growth observed on plot i and 
ass�gnable to year y;

[1]

and a rat�o est�mator (BAGDCRAT):y

[2]

These est�mators were used to obta�n annual est�mates 
from 2006 to 2010 of basal area growth of surv�vor 
trees per acre from FIA data for South Carol�na. The 
results are compared to FIA’s end of per�od est�mator 
(EOP) and an �mproved d�ameter class est�mator (DC) 
(Sheff�eld and Turner, 2010), both of wh�ch are based 
on the temporal �nd�fference assumpt�on.

ReSulTS
F�gure 1 g�ves the results for est�mat�ng the annual 
basal area growth of surv�vor trees by the d�ameter 
classes g�ven �n Table 1 from each of the four 
est�mators. The f�gure shows the results for the PPS 
est�mator (eq. 1) (top left), the rat�o est�mator (eq. 2) 
(top r�ght), the pooled EOP est�mator (bottom left), 
and the pooled d�ameter class (DC) est�mator (bottom 
r�ght). Note that under a non-str�ngent cond�t�on, the 
est�mators result�ng �n the top two graphs are unb�ased. 
A l�near trend for the �ntervals cover�ng the year of 
�nterest �s suff�c�ent for unb�asedness. Note also that 
these two est�mators gave almost the same results, 
wh�ch are qu�te d�fferent from the est�mators result�ng 
�n the bottom two graphs. For the EOP est�mators to 
be unb�ased, a flat l�ne trend (�.e., l�near w�th a slope 
of 0) over all years used �n the est�mators would have 
to ex�st. W�th a 5-year cycle, a flat l�ne trend must 
have been true for the 10 years before any annual EOP 
est�mate of growth. From the top graphs, we see that 
a flat l�ne trend �s def�n�tely not �nd�cated for three of 
the f�ve d�ameter classes. Between 2006 and 2010, 
the pooled DC (Sheff�eld) est�mator gave results that 
were at t�mes closer to the results for the est�mators �n 
the top two graphs than the FIA EOP est�mator, �n the 
bottom left graph, although the trend through those 
years �s not d�scern�ble �n e�ther of the EOP est�mators.
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Figure 1.—Annual basal area growth estimates by the diameter classes given in Table 1 from each of the four estimators, 
clockwise from the top left: the probability proportional to size (PPS) estimator, the ratio estimator, the pooled diameter class 
(Sheffield) estimator, and the pooled EOP (FIA-temporally indifferent) estimator.
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coNcluSIoNS
The f�eld of stat�st�cs g�ves us many est�mat�on tools 
to bolster analyses. All four est�mators d�scussed here 
somehow use “outs�de �nformat�on” to make annual 
est�mates. In the est�mators result�ng �n the top two 
graphs of F�gure 1, the “outs�de �nformat�on” has a 
clear relat�onsh�p to the est�mates of �nterest, because 
the observat�ons span the est�mates to wh�ch the data 
contr�bute. It �s clear �n the formulat�on of the EOP 
est�mators and �n F�gure 2, that much of the outs�de 
�nformat�on used �n those est�mators does not span the 
t�me est�mated. In the results for 2010, for �nstance, 
F�gure 2 shows that 80 percent of the �nformat�on used 
�n the EOP est�mators �s from “outs�de” of, and pr�or 
to, 2010. Th�s pr�or �nformat�on �s �ncorporated under 
a model that assumes that the mean of the “outs�de” 
�nformat�on �s the same as the mean for 2010. It �s 
not very helpful to start a search for trend by f�rst 
assum�ng that there �s not any trend. The descr�pt�on of 
cont�nuous forest �nventor�es as a sample of a three-
d�mens�onal populat�on �s un�quely �nformat�ve. It 
arose from the recogn�t�on of the �mportance of the 
t�me of observat�on on the outcome of the sample and 
�t �s useful for putt�ng temporally ordered observat�ons 
�nto perspect�ve wh�le formulat�ng �ntu�t�vely 
appeal�ng model-unb�ased est�mators of growth and 
trend.
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IMPRovING FIA TReND ANAlySIS THRouGH  
MoDel-BASeD eSTIMATIoN uSING lANDSAT DISTuRBANce MAPS  

AND THe FoReST veGeTATIoN SIMulAToR

Sean P. Healey, Gretchen G. Moisen, and Paul l. Patterson1

Abstract.—The Forest Inventory and Analys�s (FIA) Program’s panel system, �n wh�ch 
10-20 percent of the sample �s measured �n any g�ven year, �s des�gned to �ncrease 
the currency of FIA report�ng and �ts sens�t�v�ty to factors operat�ng at relat�vely f�ne 
temporal scales. Now that much of the country has completed at least one measurement 
cycle over all panels, there �s an �mmed�ate need for est�mat�on strateg�es wh�ch make 
the best use of th�s sampl�ng schedule. A pr�mary obstacle �s that only a fract�on of plots 
can be cons�dered current �n any part�cular year. Th�s leaves the analyst w�th a cho�ce of 
�gnor�ng annual trends or creat�ng est�mates one panel at a t�me and suffer�ng prec�s�on 
losses wh�ch may render apparent year-to-year d�fferences un�nterpretable.

One opt�on for �ncreas�ng the temporal spec�f�c�ty of est�mates �s to update plot 
cond�t�ons for every year �n a t�me ser�es us�ng the Forest Vegetat�on S�mulator (FVS) 
and to use model-based est�mat�on to create annual est�mates us�ng “observat�ons” from 
every plot. The var�ance est�mators used �n such an approach would �ncorporate both 
sample and model uncerta�nty, the latter of wh�ch could be assessed at remeasured FIA 
plots. D�sturbance maps created from t�me ser�es of Landsat (or s�m�lar sensor) satell�te 
�magery could be used to �dent�fy and appropr�ately alter FVS s�mulat�ons for those plots 
wh�ch have been d�sturbed. Use of d�sturbance maps would allow sens�t�v�ty to year-to-
year var�at�on �n the d�sturbance rate. FIA has recent exper�ence �n all of the components 
of the proposed approach �nclud�ng FVS, Landsat d�sturbance mapp�ng, and model-based 
est�mat�on. Further study to �ntegrate these components �nto a product�on est�mat�on 
system �s warranted.

1 Research Ecolog�st (SPH), Research Forester (GGM),  
and Mathemat�cal Stat�st�c�an (PLP), U.S. Forest Serv�ce, 
Rocky Mounta�n Research Stat�on. SPH �s correspond�ng 
author: to contact, call 801-625-5770 or ema�l at 
seanhealey@fs.fed.us. 

THe cHAlleNGe oF  
FIA ANNuAl eSTIMATIoN
The Forest Serv�ce’s FIA (Forest Inventory and 
Analys�s) Program does not survey each of �ts 
plots every year. The sample �s d�v�ded �nto 
random subsamples called panels, and each panel 
�s remeasured once every 5 to 10 years (Patterson 
and Reams 2005). Measur�ng a fract�on of the plots 

�n a part�cular sample un�t (e.g., a state) every year 
prov�des some sens�t�v�ty to forest changes as they 
occur throughout a measurement cycle. However, 
s�nce the plot data for any cycle are collected 
un�formly over a 5-10 year per�od, one �s left w�th the 
d�lemma of us�ng all plots to est�mate cond�t�ons over 
a long and und�fferent�ated per�od, or mak�ng panel-
w�se est�mates that prov�de h�gh temporal spec�f�c�ty 
but low prec�s�on due to a low sample s�ze. Once all 
plots have been surveyed, one can calculate a new 
mov�ng average est�mate every year (Roesch et al. 
2002), but the per�od for such est�mat�on �s st�ll an 
und�fferent�ated 5- or 10-year span, wh�ch can obscure 
the effects of d�screte large-scale events such as f�res, 
droughts, or �nsect outbreaks.
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Research �s ongo�ng regard�ng the poss�b�l�ty of 
enhanc�ng FIA trend analys�s through use of the 
Kalman f�lter, a sequent�al appl�cat�on of compos�te 
est�mators (Czaplewsk� and Thompson 2009), and 
m�xed est�mators (Van Deusen 2008). Bu�ld�ng 
on concepts developed dur�ng the format�ve years 
of FIA’s annual �nventory (eg., Czaplewsk� 1999, 
McRoberts and Hansen 1999), th�s paper suggests 
an approach for �dent�fy�ng w�th�n-cycle trends by 
grow�ng all plots (regardless of panel) forward �n t�me 
w�th the Forest Vegetat�on S�mulator (FVS) growth 
model (Crookston and D�xon 2005) so that there �s an 
observed or modeled value for each plot �n every year. 
As d�scussed below, th�s opt�on would take advantage 
of a number of tools w�th wh�ch FIA has recent 
exper�ence, �nclud�ng FVS, forest change detect�on 
us�ng Landsat �magery, and model-based est�mat�on.

uSe oF FvS AND lANDSAT  
To uPDATe PloT vAlueS
The FVS �s ma�nta�ned by the Forest Serv�ce’s 
Forest Management Serv�ce Center and �s del�vered 
w�th executable code wh�ch automat�cally converts 
FIA data �nto an FVS-ready format. It �s a d�stance-
�ndependent growth model that can project a w�de 
range of stand character�st�cs over a 100-year t�me 
frame wh�le s�mulat�ng an equally w�de range of 
d�sturbance/management scenar�os. FVS �s w�dely 
used by the Forest Serv�ce for forest plann�ng �n 
conjunct�on w�th FIA and other stand mon�tor�ng 
data. Because of �ts �mportance �n the management 
commun�ty, FVS benef�ts from ongo�ng act�ve 
cal�brat�on.

Wh�le FVS project�ons typ�cally funct�on at 5- or 
10-year �ntervals, stand changes can also be produced 
�n 1-year �ncrements. In the approach we propose, 
each plot would be updated w�th FVS from the t�me 
of �ts last measurement to each subsequent po�nt 
�n t�me unt�l �t �s re-measured (F�g. 1). Scenar�os 
of und�sturbed growth �n FVS should prov�de a 
reasonable model for updat�ng the major�ty of plots 
(�.e., grow�ng forward all trees �n the tree l�st, plus any 

changes due to mortal�ty and recru�tment funct�ons), 
part�cularly s�nce the max�mum length of project�on 
would be only 9 years and as few as 4 years �n some 
states. However, a method of �dent�fy�ng d�sturbed 
(�nclud�ng managed) plots would be needed for 
two reasons: FVS project�ons for such plots us�ng 
und�sturbed dynam�cs could �ntroduce s�gn�f�cant 
error; and, more �mportantly, the value and po�nt of 
produc�ng w�th�n-cycle trend est�mates would be 
greatly d�m�n�shed �f the mon�tor�ng system were 
�nsens�t�ve to d�sturbance.

The Forest Serv�ce and FIA have extens�ve exper�ence 
us�ng the Landsat ser�es of satell�tes to character�ze 
the t�m�ng, type, and magn�tude of forest d�sturbance 
(Nelson et al. 2009). Much of th�s exper�ence has 
been ga�ned through FIA’s assoc�at�on w�th the 
NASA-funded North Amer�can Forest Dynam�cs 
project (NAFD). The NAFD project �s currently 
produc�ng a nat�onal wall-to-wall map of d�sturbance 
t�m�ng and type, and the Forest Carbon Management 
Framework (ForCaMF) project �s currently produc�ng 
d�sturbance t�m�ng, type, and magn�tude maps for 
the ent�re Nat�onal Forest System (approx�mately 75 
m�ll�on hectares). Furthermore, a follow-on to the 
Mon�tor�ng Trends �n Burn Sever�ty (MTBS) project 
called the Landscape Change Mon�tor�ng System �s 
�n development, target�ng operat�onal nat�onal-scale 
d�sturbance mapp�ng. Results of these or other efforts 
could be used to d�rect d�sturbed plots �nto spec�al�zed 
scenar�os to �ncrease model accuracy and to �ntroduce 
�ntra-cycle sens�t�v�ty to d�sturbance.

MoDel-BASeD eSTIMATIoN
Model-based �nference depends upon fundamentally 
d�fferent assumpt�ons than the des�gn-based methods 
used by most f�eld-based �nventor�es, �nclud�ng FIA’s. 
(For a deta�led descr�pt�on of the d�fference between 
model- and des�gn-based �nference, see Grego�re 
1998.) Unl�ke des�gn-based est�mat�on, model-based 
methods treat observat�ons as real�zat�ons of a random 
process (model). Model-based methods are appropr�ate 
for forest �nventory s�tuat�ons where there �s one 
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Figure 1.— Schematic of the estimation approach.

sample of plots where both the var�able of �nterest and 
one or more pred�ctors are known, and there �s another, 
generally larger, sample �n wh�ch only the pred�ctors 
are known. Models bu�lt over the f�rst sample are 
appl�ed to the second sample, wh�ch �s used to make a 
populat�on est�mate. Var�ance est�mators �ncorporate 
elements of both sample uncerta�nty and model 
uncerta�nty. The authors have used th�s approach w�th 
FIA b�omass measurements and pred�ctor data from 
spaceborne l�dar to pred�ct b�omass �n Cal�forn�a 
(Healey et al., �n press). 

In the �dea we present, the ent�re FIA gr�d (all panels) 
const�tutes the second type of sample; the current 
tree l�st �s not known (or �s known only for the most 

recent panel), but a tree l�st from some po�nt �n the 
past �s known. Th�s pred�ctor tree l�st �s used w�th FVS 
to model the forest cond�t�on to be est�mated at each 
po�nt �n t�me (F�g. 1). Ongo�ng val�dat�on act�v�t�es 
assoc�ated w�th the ForCaMF project ment�oned above 
are compar�ng FVS pred�ct�ons for �ncremental tree 
l�st changes w�th plot remeasurement occurr�ng at 
�ntervals from 2 to 12 years. Th�s work could be the 
bas�s for a larger val�dat�on effort, funct�on�ng as the 
f�rst type of sample ment�oned above by supply�ng 
model error rates to be used �n var�ance est�mates 
(F�g. 1). Model-based est�mat�on should allow FVS-
modeled updates wh�ch allow each plot to be used 
�n est�mat�ng the forest cond�t�on of �nterest �n every 
year.
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ANTIcIPATeD BeNeFITS
In general, us�ng modeled observat�ons �n model-
based est�mat�on w�ll tend to �ncrease var�ance 
est�mates relat�ve to observat�ons based on f�eld 
measurements. However, �n th�s case, use of model-
based est�mates would �ncrease the sample number for 
any g�ven year by a factor of 5 or 10. Tests are needed 
to determ�ne the �nteract�on of these two factors 
as they �mpact prec�s�on of annual est�mates. One 
s�gn�f�cant advantage of th�s approach �s that repeated 
“observat�ons” for each plot (through FVS models) 
w�ll allow d�rect est�mat�on of annual change (e.g., 

change �n b�omass per hectare). Currently, s�nce each 
year’s panel �s �ndependent of the prev�ous year’s, 
change must be �nferred from d�fferences �n sequent�al 
est�mates of a var�able’s “state.” Address�ng change 
d�rectly, as �llustrated �n F�gure 2, may lead to a better 
ab�l�ty to compare �nventory est�mates to anc�llary 
dr�vers such as hous�ng starts or drought patterns. 
It would also allow more t�mely �dent�f�cat�on and 
report�ng of forest change than would be poss�ble from 
trend-based alternat�ves, some of wh�ch requ�re several 
years of cont�nued data collect�on before changes are 
conf�rmed. 

Figure 2.—Hypothetical illustration of possible benefits of estimating change directly. Estimating the difference between a 
forest attribute at two points in time allows ecosystem change to be assessed more directly than comparison of sequential 
state estimates. The incremental observations shown would only be possible because the Forest Vegetation Simulator (FVS) 
provides modeled observations of each plot annually.
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coNcluSIoNS
1. Model-based est�mat�on of FVS-der�ved �ntra-panel 

change may prov�de greater temporal spec�f�c�ty 
than other est�mat�on methods.

2. Ongo�ng FIA work w�th FVS, Landsat d�sturbance 
mapp�ng, and model-based est�mat�on form 
a foundat�on from wh�ch future research may 
proceed. 
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ADvANceMeNTS IN lIDAR-BASeD ReGISTRATIoN  
oF FIA FIelD PloTS

Demetrios Gatziolis1

Abstract.—Mean�ngful �ntegrat�on of Nat�onal Forest Inventory f�eld plot �nformat�on 
w�th spectral �magery acqu�red from satell�te or a�rborne platforms requ�res prec�se 
plot reg�strat�on. Global pos�t�on�ng system-based plot reg�strat�on procedures, such 
as the one employed by the Forest Inventory and Analys�s (FIA) Program, y�eld plot 
coord�nates that, although adequate for some purposes, often conta�n substant�al error. 
Conversely, the reg�strat�on of L�ght Detect�on and Rang�ng (L�DAR) data �s accurate and 
prec�se. Cons�der�ng the prol�ferat�on of h�gh dens�ty L�DAR data, there �s potent�al to 
substant�ally �mprove plot reg�strat�on. Earl�er attempts were not successful because they 
rel�ed solely on the relat�ve locat�on of mapped tree stems and local max�ma �n vegetat�on 
surfaces generated from the L�DAR data. In th�s study, reg�strat�on �s ach�eved by 
exam�n�ng the correlat�on between plot canopy surfaces generated by us�ng the FIA f�eld 
data and modeled tree crowns and the correspond�ng vegetat�on surface der�ved from 
the L�DAR data. W�th the L�DAR vegetat�on surface rema�n�ng stat�onary, the modeled 
surface �s j�ttered �n two d�mens�ons at regular �ntervals, and the correlat�on �s computed 
for each mov�ng �nstance. Assum�ng that �t sat�sf�es a set of cons�stency cr�ter�a, the 
mov�ng �nstance for wh�ch correlat�on �s max�m�zed y�elds the plot coord�nates. Ga�ns 
�n computat�onal eff�c�ency are real�zed v�a parallel�zat�on. Results from eastern Oregon 
show that prec�se—better than 2 m—reg�strat�on �s ach�eved for 80 percent of the 
�nvest�gated FIA plots.

1 Research Forester, U.S. Forest Serv�ce, Pac�f�c Northwest 
Research Stat�on, 620 SW Ma�n Street, Su�te 400, Portland, 
OR 97205. To contact, call 503-808-2038 or ema�l at 
dgatz�ol�s@fs.fed.us.

INTRoDucTIoN
Mean�ngful �ntegrat�on of remotely sensed and 
forest �nventory f�eld plot data requ�res prec�se plot 
reg�strat�on. Where th�s requ�rement �s not met, the 
energy returned to the remote sens�ng �nstrument 
corresponds poorly to the trees on the plot. Spat�al 
d�screpanc�es between remotely sensed data and 
plot locat�ons comprom�se the strength and val�d�ty 
of model�ng and d�m�n�sh the ut�l�ty of the data. It 
has been shown that the effects of reg�strat�on �ssues 
become more pronounced w�th smaller f�eld plot s�zes 
(Fluwell�ng 2009, Frazer et al. 2011), and shorter 
spat�al cont�nu�ty �n the �nventory parameter of �nterest 
(Gobakken and Næsset 2009, Goodch�ld et al. 1993).

Most Nat�onal Forest Inventory (NFI) programs, such 
as the Forest Inventory and Analys�s (FIA) Program 
of the U.S. Forest Serv�ce, have collected f�eld plot 
locat�on pr�mar�ly to fac�l�tate future nav�gat�on to 
permanent plots. H�stor�cally, plot coord�nates were 
obta�ned v�a several methods, �nclud�ng manual 
transfer from orthophotos and d�g�tal raster graph�cs, 
and, s�nce the m�d-1990s by us�ng global pos�t�on�ng 
system (GPS) technology. Repeated v�s�ts to 
permanent plots generated mult�ple coord�nates for 
each plot. Rather than accept�ng the latest as the most 
accurate, the Pac�f�c Northwest FIA Program (PNW-
FIA) des�gned and �mplemented a procedure, known 
as plot gr�d management (PGM), wh�ch evaluates all 
coord�nates for each plot and selects the one “most 
accurate.” Anecdotal ev�dence suggests that PGM 
and cont�nuous advancements �n GPS technology 
have �mproved coord�nate accuracy but prec�s�on 
�ssues rema�n. PNW-FIA’s past efforts to �mprove plot 
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coord�nates by us�ng h�gh resolut�on a�rborne �magery 
from the Nat�onal Agr�cultural Imagery Program 
(NAIP) and manual �nterpretat�on were l�m�ted by the 
NAIP �magery’s poor reg�strat�on, obl�queness, and 
�nadequate contrast.

Unl�ke NAIP and most satell�te �magery, data 
acqu�red w�th L�ght Detect�on and Rang�ng (L�DAR) 
technology have negl�g�ble reg�strat�on errors, are 
unaffected by sun angle and shadows, and when 
collected at h�gh dens�ty prov�de deta�led, three-
d�mens�onal (3D) character�zat�ons of tree crowns 
and terra�n. Gatz�ol�s (2009) used a var�ant of the 
world-v�ew algor�thm to reg�ster f�xed-rad�us, FIA-
l�ke plots �n the temperate ra�nforest of Oregon. He 
l�nked 3D po�nt patterns obta�ned by process�ng 
the L�DAR return cloud and correspond�ng to the 
locat�ons of �dent�f�ed �nd�v�dual tree tops to po�nt 
patterns generated from f�eld plot data. Of 45 plots �n 
the study area only 3 (11 percent) were reg�stered w�th 
submeter prec�s�on, although for 18 more (40 percent) 
reg�strat�on prec�s�on ranged between 1 and 5 m. A 
s�m�lar approach (Dor�go et al. 2010) was evaluated �n 
Austr�a us�ng lower dens�ty L�DAR data and var�able 
rad�us �nventory plots. It, too, rel�ed on match�ng tree 
tops der�ved from plot data to tops �dent�f�ed on a 
L�DAR-der�ved vegetat�on he�ght surface. The plot 
locat�on was determ�ned �terat�vely as the one that 
m�n�m�zed the we�ghted sum of he�ght d�fferences 
between matched trees. It was reported that 67 percent 
of plot centers were reg�stered w�th�n 4 m from of 
locat�on �dent�f�ed by an �mage analyst.

Wh�le these approaches �mproved the reg�strat�on for 
most plots, reg�strat�on was prec�se (<2 m) for very 
few. By match�ng only tree tops, potent�ally valuable 
�nformat�on on the shape and spat�al arrangement of 
�nd�v�dual crowns and canopy open�ngs �s not ut�l�zed. 
Invest�gat�ons that �ncorporate crown shape and 
spat�al d�str�but�on �nto plot reg�strat�on techn�ques 
are therefore warranted, espec�ally when cons�der�ng 
the recent prol�ferat�on of publ�cly ava�lable, h�gh 
dens�ty L�DAR data acqu�s�t�ons that can support these 
techn�ques. One such effort �s explored and evaluated 

�n th�s study. To enhance potent�al appl�cat�on, 
techn�que development focused on full automat�on, 
computat�onal eff�c�ency, quant�tat�ve cr�ter�a 
that determ�ne plot reg�strat�on success or fa�lure, 
accommodat�on of standard and clustered plot des�gns, 
and dynam�c adjustment to local vegetat�on structure 
cond�t�ons. 

STuDy AReA AND MeTHoDS
The Malheur Nat�onal Forest �n eastern Oregon �s 
dom�nated by open, mostly con�ferous forests and 
gentle terra�n. D�screte return, h�gh dens�ty L�DAR 
data of approx�mately n�ne returns per square meter 
were acqu�red over the ent�re Forest �n 2007 and 2008. 
A 0.91-m ground d�g�tal elevat�on model (DEM) was 
prov�ded by the data vendor. A h�ghest-return Canopy 
He�ght Model (CHM) was der�ved by subtract�ng 
DEM values from the elevat�on value of each return, 
as a 0.5-meter raster. Ind�v�dual tree crowns were 
del�neated v�a the valley-follow�ng algor�thm on a 
smoothed vers�on of the CHM and the locat�on of each 
tree top was recorded (F�g. 1). 

For each subplot of the 82 FIA plots w�th�n the 
study area f�eld-v�s�ted w�th�n 2 years of the L�DAR 
acqu�s�t�on date, 3D models were developed us�ng 
f�eld assessed tree locat�on relat�ve to subplot 
center, he�ght, and spec�es. Each subplot model was 
constructed us�ng spec�es-spec�f�c crown shapes 
rang�ng from con�cal to ell�pso�dal or we�ghted 
comb�nat�ons of the two, and modeled est�mates 
of crown rad�us and length (Donnelly 1997, Shaw 
2009). The ensu�ng 3D subplot representat�on was 
then raster�zed to form a 0.5-m Subplot He�ght Model 
(SHM); crown port�ons outs�de the subplot boundary 
were excluded (F�g. 2). The retr�eval of subplot center 
coord�nates was based on the correlat�on between the 
stat�onary CHM and �nstances of the correspond�ng 
SHM mov�ng at one-cell �ncrements w�th�n a 40 by 40 
m w�ndow centered at the �n�t�al coord�nates retr�eved 
from the product�on FIA database. 
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Figure 1.—Flow chart of the registration process. See text for acronym definitions.
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Figure 2.—Illustration of the LiDAR data-based registration for an FIA plot. Darker raster tones indicate higher values or 
weights. See text for acronym definitions.
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The correlat�on metr�c D

across the search area was computed as the sum of 
absolute he�ght d�fferences between CHM and each 
SHM �nstance scaled by a nonspat�al funct�on f and 
two spat�al kernels k and w. Note that N �n Equat�on 
(1) denotes the number of cells �n a subplot. Funct�on 
f has s�gmo�dal form. The slope of the s�gmo�d �s 
�nversely related to crown he�ght var�ab�l�ty (steeper 
for un�form canop�es). Kernel k �s computed once for 
each SHM as the d�stance between cells w�th open�ngs 
(def�ned as those w�th SHM <2 m), and vegetat�on 
cells (F�g. 1). Kernel w ass�gns low we�ght to all 
cells �n SHM �nstances correspond�ng to crowns �n 
the CHM w�th the�r top outs�de the boundary of the 
subplot �nstance. Kernel w neutral�zes the effect of 
trees not tall�ed �n the subplot but hav�ng a crown 
port�on w�th�n �t. If the two-d�mens�onal representat�on 
of metr�c D exh�b�ts a s�ngle local m�n�mum that �s 
at least one standard dev�at�on from �ts mean across 
the search area, the coord�nates of the cell center at 
the m�n�mum are cons�dered a trusted subplot match. 
The plot coord�nates are computed from subplot 
matches, �f any, prov�ded that subplot arrangement 
approx�mates the FIA clustered des�gn. Scr�pts were 
coded �n C w�th parallel�zat�on support prov�ded by the 
OpenMP l�brary. Plot coord�nates der�ved v�a match�ng 
were compared to those obta�ned by post-processed 
d�fferent�al GPS (DGPS) w�th �nternally cal�brated 
prec�s�on of 1.05 m.

ReSulTS AND DIScuSSIoN
The root mean square d�screpancy between 
product�on and DGPS coord�nates was 8.86 m. At 
th�s (m�s)reg�strat�on level, the mean areal overlap 
between the actual and assumed subplot areas �s only 
28 percent. S�xty-s�x of the plots, over 80 percent, 
were reg�stered w�th�n 2 m from the DGPS data. 
For more than half of those plots, all four subplots 
were reg�stered. For s�x plots, the d�stance to DGPS 
references was between 2 and 5 m w�th all but one 
of them hav�ng just one subplot reg�stered (Table 1). 

[1]

The process fa�led for 10 plots (12 percent) pr�mar�ly 
because no trustworthy match could be found for any 
of the subplots, although �n two cases matches were 
found but were rejected as �ncompat�ble w�th the FIA 
des�gn. There were no false pos�t�ve reg�strat�ons. 

The results �nd�cate that the four subplots �n the 
FIA des�gn compensate for the l�m�ted areal extent 
of the �nd�v�dual subplot. The few crowns �n most 
FIA subplots do not usually represent a un�que tree 
arrangement w�th�n the search area but the cluster 
of four subplots allows the often many �nd�v�dual 
subplot matches to be f�ltered down to a s�ngle trusted 
match�ng solut�on for the plot. Because the major�ty 
of reg�strat�on fa�lures were assoc�ated w�th est�mates 
of crown rad�us or shape substant�ally d�fferent from 
those observed �n the L�DAR return cloud, assess�ng 
crown attr�butes v�a reg�onal models m�ght be a 
better cho�ce than us�ng general�zed, nat�onal models. 
The we�ght�ng funct�ons �n Equat�on (1) quant�fy 
heterogene�ty �n the canopy and of open�ngs that 
�s apparent and prevalent �n the study area. In such 
cond�t�ons, prec�sely reg�stered plots can be used 
to assess the f, w, and k parameters and then used 
them to reg�ster other plots �n the reg�on. Parameter 
opt�m�zat�on w�ll l�kely y�eld a pronounced local 
m�n�mum �n the d�str�but�on of metr�c D that can be 
automat�cally detected by us�ng as threshold a moment 
�n the d�str�but�on of D, such as the one standard 
dev�at�on suggested. In the event that the crown and 
open�ng arrangement �n one or more of the subplots �s 
uncommon, plot reg�strat�on can be ach�eved w�th�n 
search areas much larger than the one used �n th�s 
study. However, where canop�es exh�b�t un�form�ty 
and gaps are rare, as �s typ�cal �n the Oregon temperate 
ra�nforest, cons�stent reg�strat�on appears �mprobable. 
In such cond�t�ons, d�fferences �n canopy he�ght 

Table 1.—Plot registration results

 Distance to DGPS Number of Mean of Per-plot
 coordinates (m) Plots (percent) Registered Subplots

 <2 66 (80.5) 2.89

 2-5 6 (7.3) 1.33

 Unable to register 10 (12.2) 0.40
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and shape across the search area are comparable �n 
magn�tude to, �f not smaller than, the d�screpanc�es 
between real and modeled subplot crowns, and thus 
they rarely y�eld a un�que and trusted match�ng 
solut�on. In open forests, canopy var�ab�l�ty dom�nates 
�mprec�s�on �n the modeled tree crowns, thereby 
allow�ng plot to be prec�sely reg�stered.
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HoT-DecK MATcHING oF ANNuAl INveNToRy PloTS  
To eNHANce TReNDS AND PRojecTIoNS

Paul c. van Deusen1

Abstract.—Annual forest �nventory plots awa�t�ng remeasurement can be matched w�th 
plots that can serve as pseudo remeasurements us�ng var�ous hot-deck match�ng schemes. 
It w�ll be shown that some match�ng approaches allow for short-term project�ons that 
reflect a bus�ness as usual (BAU) scenar�o and requ�re few assumpt�ons. These methods 
also allow for creat�ng scenar�os that reflect �ncreas�ng frequency of part�cular events 
relat�ve to what occurs �n the BAU scenar�o. Scenar�os are generated where �ncreas�ng 
future harvest levels are controlled to demonstrate th�s capab�l�ty. The mov�ng average, 
as appl�ed by U.S. Forest Serv�ce Forest Inventory and Analys�s (FIA), �s typ�cally l�nked 
to an evaluat�on group. It �s noted that th�s l�nkage �s unnecessary and l�m�ts the value 
and flex�b�l�ty of the method. The comb�nat�on of short-term project�ons w�th an n-year 
mov�ng average �s suggested to prov�de trend est�mates that encompass the current year 
and a few years �nto the future. These methods are not d�ff�cult to �mplement and they 
expand the ut�l�ty of FIA data. As the number of FIA plots w�th mult�ple remeasurements 
�ncreases, est�mat�on methods should be enhanced to take advantage of the �ncreas�ng 
value of the database. The methods are demonstrated w�th several operat�onal s�ze 
appl�cat�ons to FIA data.

1 Pr�nc�pal Research Sc�ent�st (PCVD), Nat�onal Counc�l of A�r and Stream Improvement, 
Tewksbury, MA 01876. To contact, ema�l at pvandeusen@ncas�.org.  

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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A coMPARISoN oF FIA PloT DATA DeRIveD FRoM IMAGe PIXelS  
AND IMAGe oBjecTS

charles e. Werstak, jr.1

Abstract.—The use of Forest Inventory and Analys�s (FIA) plot data for produc�ng 
cont�nuous and themat�c maps of forest attr�butes (e.g., forest type, canopy cover, 
volume, and b�omass) at the reg�onal level from satell�te �magery can be challeng�ng 
due to d�fferences �n scale. Spec�f�cally, class�f�cat�on errors that may result from 
assumpt�ons made between what the f�eld data represent and what the correspond�ng 
spectral �nformat�on of the �mage p�xels dep�ct. Th�s �nvest�gat�on a�med at determ�n�ng 
whether �mage objects der�ved from Landsat TM �magery can be used as an alternat�ve 
to a 3 by 3 ne�ghborhood of p�xels for character�z�ng forested FIA plots. Results showed 
strong pos�t�ve correlat�ons between the d�fferent scales of base map un�ts across all of 
the �mage der�vat�ves. Further exam�nat�on of the data us�ng the W�lcoxon s�gned rank 
test for pa�red samples �nd�cated that �n most cases, f�ner level �mage objects were a 
better representat�on of the 3 by 3 ne�ghborhood of p�xels than coarser ones and some 
�mage der�vat�ves performed better than others. The same tests were appl�ed to a subset 
of plots dom�nated by quak�ng aspen (Populus tremuloides M�chx.) w�th s�m�lar results. 
Informat�on ga�ned may prov�de further �ns�ght �nto object based segmentat�on and 
class�f�cat�on methods us�ng FIA plot data, satell�te �magery, and anc�llary geospat�al 
data.

1 B�olog�cal Sc�ent�st, U.S. Forest Serv�ce, Rocky Mounta�n 
Research Stat�on, 507 25th Street, Ogden, Utah 84401. To 
contact, call 801-625-5699 or ema�l at cewerstak@fs.fed.us.  

INTRoDucTIoN
Several stud�es have compared �mage p�xel-based 
class�f�cat�on to �mage object-based segmentat�on 
and class�f�cat�on for mapp�ng d�fferent vegetat�on 
attr�butes from remote sens�ng �magery, many of 
wh�ch have shown that us�ng �mage object-based 
segmentat�on comb�ned w�th dec�s�on tree �mage 
class�f�cat�on methods often ach�eve h�gher accurac�es 
(Chubey et al. 2006, Gao and Mas 2008, Hay et 
al. 2005, Karl and Maurer 2010, K�m et al. 2010, 
Yasumasa et al. 2011). 

Quak�ng aspen (Populus tremuloides M�chx.) was 
selected as the spec�es of �nterest because �t �s a 
cr�t�cal spec�es that supports w�ldl�fe and l�vestock, 
watershed funct�on, the forest products �ndustry, 

landscape d�vers�ty, and recreat�on �n the Inter�or West 
(Bartos and Campbell 1998). Stud�es have �nd�cated 
that changes �n f�re reg�mes, an �ncrease �n herb�vore 
presence �n young aspen stands, and recent drought 
ep�sodes are the ma�n factors for �ncreased mortal�ty 
rates �n aspen (Deblander et al. 2010). 

Th�s object�ve of th�s �nvest�gat�on was to determ�ne 
whether d�fferent scales of �mage objects der�ved from 
Landsat TM �magery can be used as an alternat�ve 
to a 3 by 3 ne�ghborhood of p�xels for character�z�ng 
canopy cover of forested Forest Inventory and 
Analys�s (FIA) plots and aspen dom�nated FIA plots. 

FIA PloT DATA
Mult�-cond�t�on forested plots hav�ng 10 or greater 
percent canopy cover of l�ve trees were quer�ed from 
the FIA database for Utah, �nventory years 2000-
2009, result�ng �n 3,224 plots. Basal area per acre 
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was computed by spec�es and summed to the plot 
level. The Inter�or West core opt�onal var�able crown 
cover percent (CRCOVPCT_RMRS) was used �n 
conjunct�on w�th basal area per acre, to calculate tree 
cover and tree cover by spec�es (absolute cover) for 
the plots (USDA Forest Serv�ce 2011). Ult�mately, 
these values were used to calculate the percent canopy 
cover by spec�es (relat�ve cover) for the plots.

PReDIcToR DATA
Three d�fferent Landsat TM scenes acqu�red over 
Utah dur�ng the summer of 2009 were used �n the 
analys�s (Table 1). The scenes were converted to 
Top-Of-Atmosphere (TOA) reflectance us�ng standard 
Landsat-spec�f�c methods. The follow�ng vegetat�on 
�nd�ces and �mage transformat�ons were calculated for 
each scene:

1. Enhanced vegetat�on �ndex (EVI)
2. Normal�zed d�fference vegetat�on �ndex (NDVI)
3. Normal�zed d�fference mo�sture �ndex (NDMI)
4. Mod�f�ed so�l adjusted vegetat�on �ndex 

(MSAVI2)
5. Tasseled cap transformat�on (TCAP)
6. Pr�nc�pal components analys�s (PCA)

Layer stacks were created for each scene us�ng the 
follow�ng der�vat�ves: Landsat TM reflectance bands 
1:6, NDVI, PCA f�rst pr�nc�pal component, and 
TCAP bands 1:3. Due to anomal�es w�th the blue 
bands result�ng from the TOA convers�on, EVI was 
calculated on the Landsat Standard Terra�n Correct�on 
(Level 1T) product.

Table 1.—Acreage summaries for image objects corresponding to forested FIA plots. Image object size is 
a function of the scale parameter.

TM Scene Number of ecognition Average Size Minimum Size Maximum Size
(Path/Row) FIA Plots Scale Parameter (Acres) (Acres) (Acres)

37/32 691 25 161.36 10.23 717.00

37/32 691 15 62.14 2.45 232.40

38/31 153 25 158.28 21.57 695.21

38/31 153 15 60.54 9.56 175.02

38/33 466 25 161.86 12.90 607.58

38/33 466 15 61.66 5.56 248.42

NeIGHBoRHooD PIXelS  
AND IMAGe oBjecTS 
A 3 by 3 ne�ghborhood of p�xels was generated for 
each forested FIA plot locat�on to correspond to the 
FIA plot des�gn. To create the 3 by 3 ne�ghborhoods 
around the 3,224 FIA plots, po�nt feature classes 
of the X and Y plots (plot center of subplot one) 
were converted to 30 m themat�c raster �mages, and 
then 3 by 3 ne�ghborhood f�lters were appl�ed. As a 
Landsat p�xel �s 30 m by 30 m or 900 m2, a 3 by 3 
ne�ghborhood cons�st�ng of n�ne p�xels �s 8,100 m2 or a 
l�ttle greater than 2 acres. The area of one FIA subplot 
�s 168.11 m2, therefore the area of four FIA subplots �s 
1809.56 m2. The outermost c�rcumference of four FIA 
subplots �s 6052.08 m2 or just under 1.5 acres, wh�ch 
�s almost 75 percent of the 3 by 3 ne�ghborhood p�xel 
area (F�g. 1A).

Several d�fferent scales of �mage objects were 
generated from the Landsat TM layer stacks us�ng 
Tr�mble eCogn�t�on software (Def�n�ens 2009). Us�ng 
Nat�onal Agr�culture Image Program (NAIP) 1 m 
color-�nfrared �magery acqu�red �n 2011 as a backdrop, 
the d�fferent scales of �mage objects were v�sually 
evaluated to determ�ne wh�ch scale(s) best del�neated 
forest stands (F�gs. 1B, 1C, and 1D). Ult�mately, two 
d�fferent scales of �mage objects (scale parameter 25 
or “coarse”, and scale parameter 15 or “f�ne”) were 
�dent�f�ed for use �n th�s analys�s. Table 1 �s a summary 
of the �mage object acreages for each TM scene.
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Figure 1.—An example of the FIA plot design over a grid of Landsat TM pixels (A) followed by examples of the two different 
scales of image objects used in the analysis overlaid on Landsat TM (RGB 4, 3, 2) and 2011 1 m NAIP (RGB 4, 3, 2) (D). 
Scale factor 25 (B) is coarse, scale factor 15 (C) is fine, and scale factor 15 (D) is fine.
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Figure 2A.—An example of scatterplots (NDVI and TCAP Band 3—Wetness) for forested FIA plots showing strong positive 
correlations between the 3 by 3 pixel area values and the image object values.

MAP uNIT coMPARISoNS
Zonal stat�st�cs were calculated for the pred�ctor 
data us�ng the two d�fferent scales of �mage objects 
and the 3 by 3 ne�ghborhood p�xel areas for each 
Landsat TM scene. S�mple l�near correlat�on was 
used to exam�ne the relat�onsh�ps between the zonal 
means of the 3 by 3 ne�ghborhood p�xel areas and 
the correspond�ng �mage objects for the forested FIA 
plots for all of the pred�ctor layers. The scatterplots 
(F�g. 2A) showed strong pos�t�ve correlat�ons between 
the d�fferent scales of base map un�ts across all of 

the �mage der�vat�ves w�th the f�ner scaled �mage 
objects cons�stently hav�ng h�gher Pearson’s r values 
(Table 2). Th�s was expected due to eCogn�t�on’s 
homogene�ty cr�ter�on, wh�ch �s a comb�nat�on of 
spectral homogene�ty and shape homogene�ty, used 
to produce �mage objects. Essent�ally, the upper 
heterogene�ty threshold �s determ�ned by the max�mum 
standard dev�at�on der�ved from the we�ghted �nput 
�mage layers and controlled by the scale parameter—
the lower the scale parameter, the lower the threshold, 
the smaller the �mage objects (Def�n�ens 2009). 
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Figure 2B.—An example of scatterplots (NDVI and TCAP Band 3—Wetness) for aspen plots with a relative cover >50 percent 
showing strong positive correlations between the 3 by 3 pixel area values and the image object values.
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Table 2.—Results of the 3 by 3 neighborhood pixels compared to image objects for forested FIA plots.  
P values less than α = 0.05 are bold.

TM Scene Pearson’s r Wilcoxon Signed Rank Test
(Path/Row)  N Image Derivative Scale 25 Scale 15 Scale 25 Scale 15

37/32 691 EVI 0.9 0.94 0.1551 0.7078
  MSAVI2 0.95 0.96 0.0001 0.0311
  NDMI 0.91 0.93 0.0041 0.0199
  NDVI 0.94 0.96 0.0006 0.0665
  PCA(1) 0.95 0.97 0.0290 0.0505
  TCAP(1) 0.95 0.97 0.0445 0.0567
  TCAP(2) 0.93 0.95 0.0171 0.3549
  TCAP(3) 0.93 0.94 0.0059 0.0203

38/31 153 EVI 0.91 0. 95 0.0953 0.0097
  MSAVI2 0.94 0.96 0.8931 0.2189
  NDMI 0.92 0.95 0.5368 0.9075
  NDVI 0.94 0.96 0.9594 0.1984
  PCA(1) 0.93 0.96 0.4797 0.7150
  TCAP(1) 0.93 0.95 0.5119 0.7993
  TCAP(2) 0.92 0.96 0.3960 0.0373
  TCAP(3) 0.93 0.95 0.6072 0.8845

38/33 466 EVI 0.93 0.95 0.5420 0.4122
  MSAVI2 0.96 0.97 0.1684 0.3393
  NDMI 0.94 0.95 0.0048 0.0228
  NDVI 0.96 0.97 0.2911 0.4211
  PCA(1) 0.97 0.98 0.2528 0.9638
  TCAP(1) 0.97 0.98 0.4766 0.7257
  TCAP(2) 0.95 0.96 0.4616 0.3658
  TCAP(3) 0.94 0.96 0.0009 0.0204

FIA plots w�th a relat�ve cover greater than 50 percent 
of quak�ng aspen were f�ltered from the whole sample 
and s�mple l�near correlat�ons appl�ed. The scatterplots 
aga�n showed strong pos�t�ve correlat�ons (F�g. 2B) 
and the f�ner scaled objects cons�stently had h�gher 
Pearson’s r values (Table 3). 

To get a further understand�ng of the relat�onsh�ps 
between the p�xel-based and object-based values, a 
W�lcoxon s�gned rank test for pa�red samples was 
used to test for d�fferences between the 3 by 3 p�xel 
ne�ghborhood and a) the coarser �mage object values, 
and b) the f�ner �mage object values. Results (Table 
2) of the test when appl�ed to the forested FIA plots 
showed that:

1. Somet�mes f�ner scale objects more closely 
represented the 3 by 3 p�xel area values.

2. Often the 3 by 3 p�xel area values were the same 
as the �mage object values. 

3. Somet�mes the 3 by 3 p�xel area values were 
d�fferent than the �mage object values. 

4. Rarely the coarser scale objects more closely 
represented the 3 by 3 p�xel areas. 

MSAVI2, NDMI, and TCAP(3) from TM scene 3732 
and NDMI and TCAP(3) from TM scene 3833 had 
very low p values for the 3 by 3 p�xel areas when 
compared to both scales of �mage objects, mean�ng 
that ne�ther scale of �mage objects are the same as 
the 3 by 3 p�xel areas for those part�cular �mage 
der�vat�ves. Apply�ng a W�lcoxon s�gned rank test for 
pa�red samples to the subset of quak�ng aspen plots 
(Table 3) had comparable results to that of the forested 
FIA test where s�m�lar der�vat�ves were s�gn�f�cantly 
d�fferent from the 3 by 3 p�xel values at both scales. 

1. Often f�ner scale objects more closely 
represented the 3 by 3 p�xel area values; 
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Table 3.—Results of the 3 by 3 neighborhood pixels compared to image objects for aspen plots with a 
relative cover ≥50 percent. P values less than α = 0.05 are bold.

TM Scene Pearson’s r Wilcoxon Signed Rank Test
(Path/Row)  N Image Derivative Scale 25 Scale 15 Scale 25 Scale 15

37/32 88 EVI 0.83 0.92 0.0040 0.0745
  MSAVI2 0.83 0.89 0.0098 0.2078
  NDMI 0.85 0.89 0.3207 0.8183
  NDVI 0.84 0.89 0.0118 0.2123
  PCA(1) 0.85 0.89 0.4202 0.1062
  TCAP(1) 0.85 0.89 0.2479 0.0461
  TCAP(2) 0.83 0.9 0.0042 0.1035
  TCAP(3) 0.87 0.89 0.5114 0.7704

38/31 34 EVI 0.91 0.92 0.9596 0.1906
  MSAVI2 0.91 0.94 0.0249 0.1629
  NDMI 0.91 0.94 0.0328 0.2556
  NDVI 0.91 0.94 0.0299 0.1682
  PCA(1) 0.9 0.95 0.1430 0.0036
  TCAP(1) 0.9 0.95 0.1629 0.0038
  TCAP(2) 0.92 0.95 0.3880 0.8527
  TCAP(3) 0.91 0.94 0.0445 0.2280

38/33 43 EVI 0.89 0.93 0.0066 0.0010
  MSAVI2 0.96 0.97 0.0006 0.0002
  NDMI 0.9 0.93 0.0005 0.0006
  NDVI 0.94 0.96 0.0006 0.0001
  PCA(1) 0.99 0.99 0.9762 0.9381
  TCAP(1) 0.99 0.99 0.7154 0.6712
  TCAP(2) 0.93 0.96 0.0013 0.0007
  TCAP(3) 0.9 0.93 0.0019 0.0048

2. Somet�mes the 3 by 3 p�xel area values were the 
same as the �mage object values; 

3. Somet�mes the 3 by 3 p�xel area values were 
d�fferent than the �mage object values and 

4. Rarely the coarser scale objects more closely 
represented the 3 by 3 p�xel areas. 

EVI, MSAVI2, NDMI, NDVI, TCAP(2), and TCAP(3) 
from TM scene 3833 all had very low p values for 
the 3 by 3 p�xel areas when compared to both scales 
of �mage objects mean�ng that ne�ther scale of �mage 
objects are the same as the 3 by 3 p�xel areas for those 
part�cular �mage der�vat�ves. 

The very low p values from both the forested FIA 
plots and quak�ng aspen plots may be attr�buted to 
complex forest stand character�st�cs (structure and 
compos�t�on) coupled w�th the local var�ance structure 
of the �magery and there�n, the result�ng �mage objects. 

In other words, the d�fferences �n the local var�ance 
structure related to the forest stand structure and 
compos�t�on w�th respect to the scale of the �mage 
objects generated for these scenes and for those 
part�cular der�vat�ves. 

Add�t�onally, the results of the W�lcoxon s�gned rank 
test for pa�red samples when appl�ed to the subset of 
quak�ng aspen plots seems to �nfer that an even f�ner 
scale of �mage objects may be needed to del�neate and 
character�ze spec�f�c forest types more effect�vely. 

FuTuRe WoRK
Add�t�onal analyses �s needed to further understand the 
relat�onsh�ps between forested FIA plots and �mage 
objects for use �n produc�ng cont�nuous and themat�c 
maps of forest attr�butes at the reg�onal level. F�ner 
scales of �mage objects may help to better del�neate 
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smaller homogeneous forest stands, m�xed forest 
stands where the proport�ons of a part�cular spec�es 
(e.g., quak�ng aspen) are less than what �s typ�cally 
cons�dered “dom�nant” (>50 percent relat�ve cover), 
and forest structure. 
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IS loDGePole PINe MoRTAlITy Due To MouNTAIN PINe BeeTle 
lINKeD To THe NoRTH AMeRIcAN MoNSooN?

Sara A. Goeking and Greg c. liknes1

Abstract.—Reg�onal prec�p�tat�on patterns may have �nfluenced the spat�al var�ab�l�ty of 
tree mortal�ty dur�ng the recent mounta�n p�ne beetle (Dendroctonus ponderosa) (MPB) 
outbreak �n the western Un�ted States. Data from the Forest Inventory and Analys�s (FIA) 
Program show that the outbreak was espec�ally severe �n the state of Colorado where 
over 10 m�ll�on lodgepole p�nes (Pinus contorta Dougl. Ex Loud.) succumbed to MPB 
between 2002 and 2009. Aer�al detect�on maps of MPB–related mortal�ty show that 
the �nfestat�on was �n�t�ally w�despread and evenly d�str�buted throughout the range of 
lodgepole p�ne �n Colorado, but gradually became more severe �n the northern port�on of 
the state. Because southern Colorado rece�ves relat�vely h�gh summer prec�p�tat�on due 
to the effects of the North Amer�can monsoon (NAM), the spat�al pattern of MPB-related 
mortal�ty suggests that �nfestat�on sever�ty was lower �n areas w�th the h�gher summer 
prec�p�tat�on. Th�s study �nvest�gated the l�nk between lodgepole p�ne mortal�ty due to 
MPB and seasonal prec�p�tat�on patterns assoc�ated w�th the NAM �n Colorado. Data 
regard�ng �nsect-related tree mortal�ty and damage data were summar�zed from FIA data 
collected between 2002 and 2009, and gr�dded prec�p�tat�on data were acqu�red from 
the North Amer�can Reg�onal Reanalys�s Project. Results �nd�cated that wh�le absolute 
NAM-related prec�p�tat�on was not an �mportant pred�ctor of �nfestat�on sever�ty, the 
dev�at�on of a f�ve-year average of summer and fall prec�p�tat�on relat�ve to cl�mat�c 
means was �mportant.

1 B�olog�cal Sc�ent�st (SAG), U.S. Forest Serv�ce, Rocky 
Mounta�n Research Stat�on, 507 25th Street, Ogden, UT 
84401; Research Phys�cal Sc�ent�st (GCL), U.S. Forest 
Serv�ce, Northern Research Stat�on. SAG �s correspond�ng 
author: to contact, call 801-625-5193 or ema�l at  
sgoek�ng@fs.fed.us.

INTRoDucTIoN
An outbreak of mounta�n p�ne beetle (Dendroctonus 
ponderosae) (MPB) has k�lled m�ll�ons of trees 
across the western Un�ted States and Canada �n the 
past decade. In Colorado alone, over 10 m�ll�on 
lodgepole p�nes (P�nus contorta Dougl. Ex Loud.) 
d�ed due to MPB �nfestat�on between 2002 and 
2007 (Thompson 2009). Thompson et al. (2010) 
noted a spat�al pattern �n the d�str�but�on of �nsect-
related mortal�ty of lodgepole p�ne �n Colorado. The 
relat�vely m�nor �nfestat�on sever�ty �n the southern 
part of the state m�rrors the d�str�but�on of summer 

prec�p�tat�on related to the North Amer�can monsoon 
(NAM). Dur�ng the months of July, August, and 
September, the NAM alters reg�onal w�nd patterns 
and �ntroduces trop�cal mo�sture to northwestern 
Mex�co and parts of the southwestern Un�ted States, 
�nclud�ng southern Colorado (H�gg�ns et al. 1997). As 
a consequence, these areas exper�ence relat�vely h�gh 
seasonal prec�p�tat�on unt�l w�nd patterns return to a 
more dry and westerly flow �n autumn. Based on th�s 
geograph�cal phenomenon, �t seems poss�ble that MPB 
�nfestat�on sever�ty �s �nversely related to seasonal 
prec�p�tat�on assoc�ated w�th the NAM. 

The purpose of th�s study was to �dent�fy a subset 
of stand-level and prec�p�tat�on var�ables that have 
the strongest �nfluence on �nfestat�on sever�ty. H�cke 
and Jenk�ns (2008) �dent�f�ed several tree-level and 
stand-level var�ables that affect the suscept�b�l�ty of 
lodgepole p�ne to MPB. However, the �nfluence of 
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monsoonal prec�p�tat�on patterns on the sever�ty of 
MPB �nfestat�ons �n the southwestern Un�ted States 
has not yet been explored. Based on the apparent 
geograph�cally �nverse l�nkage between NAM-related 
prec�p�tat�on and lodgepole p�ne mortal�ty due to 
mounta�n p�ne beetle, we expected that cumulat�ve 
prec�p�tat�on for the months of July, August, and 
September would be among the best pred�ctors of 
�nfestat�on sever�ty.

MeTHoDS
Stand-level data were quer�ed from the nat�onal Forest 
Inventory and Analys�s (FIA) database. Between 2002 
and 2009, a total of 497 FIA plots w�th at least one 

tall�ed lodgepole p�ne were measured �n Colorado. 
Th�s analys�s �ncluded 248 Colorado plots that 
conta�ned a m�n�mum of 20 tall�ed lodgepole p�nes that 
were e�ther l�ve or recent mortal�ty trees at the t�me of 
survey; 185 plots �ncluded at least one tree w�th �nsect-
related damage or mortal�ty on the plot. Infestat�on 
sever�ty was calculated as the percentage of tall�ed 
lodgepole p�nes that were recorded e�ther as mortal�ty 
trees w�th �nsects l�sted as the mortal�ty agent, or 
as l�ve trees w�th severe �nsect damage. Infestat�on 
sever�ty was negat�ve log-transformed for normal�ty. 

Independent var�ables �ncluded both stand-level 
var�ables, wh�ch were quer�ed from the FIA database, 
and prec�p�tat�on data (see Table 1). Because f�eld 

Table 1.—variables considered as potential predictors of insect-caused lodgepole pine damage and 
mortality. Data sources are the National Forest Inventory database (FIADB) and North American Regional 
Reanalysis (NARR) Program. Intervals used to calculate 3-year and 5-year means end in the year equal to 
the median mortality year. 

variable Type Source

-Log(Percent [damage + mortality]) Continuous FIADB (calculated)
Measurement year Class FIADB
Median mortality year Class FIADB (calculated)
Elevation Continuous FIADB
Stand age Continuous FIADB
Live basal area Continuous FIADB
Number of all trees Count FIADB (calculated)
Number of lodgepole pines Count FIADB (calculated)
Mean diameter at breast height (d.b.h.) Continuous FIADB (calculated)
Standard deviation of d.b.h. Continuous FIADB (calculated)
Mean tree height Continuous FIADB (calculated)
Winter (Jan/Feb/Mar) climatic mean, 1981-2010 Continuous NARR (calculated)
Spring (Apr/May/Jun) climatic mean, 1981-2010 Continuous NARR (calculated)
Summer (Jul/Aug/Sep) climatic mean, 1981-2010 Continuous NARR (calculated)
Fall (Oct/Nov/Dec) climatic mean, 1981-2010 Continuous NARR (calculated)
Winter (Jan/Feb/Mar) 3-yr mean Continuous NARR (calculated)
Spring (Apr/May/Jun) 3-yr mean Continuous NARR (calculated)
Summer (Jul/Aug/Sep) 3-yr mean Continuous NARR (calculated)
Fall (Oct/Nov/Dec) 3-yr mean Continuous NARR (calculated)
Winter (Jan/Feb/Mar) 5-yr mean Continuous NARR (calculated)
Spring (Apr/May/Jun) 5-yr mean Continuous NARR (calculated)
Summer (Jul/Aug/Sep) 5-yr mean Continuous NARR (calculated)
Fall (Oct/Nov/Dec) 5-yr mean Continuous NARR (calculated)
Winter (Jan/Feb/Mar) 3-yr anomaly Continuous NARR (calculated)
Spring (Apr/May/Jun) 3-yr anomaly Continuous NARR (calculated)
Summer (Jul/Aug/Sep) 3-yr anomaly Continuous NARR (calculated)
Fall (Oct/Nov/Dec) 3-yr anomaly Continuous NARR (calculated)
Winter (Jan/Feb/Mar) 5-yr anomaly Continuous NARR (calculated)
Spring (Apr/May/Jun) 5-yr anomaly Continuous NARR (calculated)
Summer (Jul/Aug/Sep) 5-yr anomaly Continuous NARR (calculated)
Fall (Oct/Nov/Dec) 5-yr anomaly Continuous NARR (calculated)
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crews �n the Inter�or West reg�on of the FIA ass�gn 
an est�mated mortal�ty year to each mortal�ty tree, 
we used the med�an mortal�ty year for all mortal�ty 
trees on the plot, rather than measurement year, as the 
year of most severe �mpact. For �nsect-damaged l�ve 
trees, wh�ch are def�ned as those already �nfested and 
unl�kely to surv�ve, the mortal�ty year was est�mated 
as the year follow�ng the measurement year and 
then �ncorporated �nto the med�an mortal�ty year 
calculat�on. Med�an mortal�ty years ranged from 1999 
to 2009.

Prec�p�tat�on data were acqu�red from the North 
Amer�can Reg�onal Reanalys�s (NARR) Project 
(Mes�nger et al. 2006). The �n�t�al dataset cons�sted of 
gr�dded monthly prec�p�tat�on at a resolut�on of 32 km 
for the per�od 1993-2009. Seasonal prec�p�tat�on for 
each year was calculated as the sum of prec�p�tat�on 
dur�ng 3 months, where summer cons�sted of July, 
August, and September to co�nc�de w�th the NAM (see 
Table 1). Cl�mat�c mean prec�p�tat�on was calculated 
for each calendar month based on the 30-year per�od 
1981-2010, and these monthly cl�mat�c means were 
summed �n 3-month �ntervals to obta�n seasonal 
cl�mat�c means. Seasonal 3-year and 5-year �nterannual 
prec�p�tat�on means were also calculated for each plot, 
where the average assoc�ated w�th each plot was based 
on the per�od end�ng �n the med�an year of lodgepole 
p�ne mortal�ty for that plot. To calculate 3-year and 
5-year seasonal prec�p�tat�on anomal�es, wh�ch are 
def�ned here as the s�mple d�fference between short-
term prec�p�tat�on and long-term cl�mat�c cond�t�ons, 
the 30-year cl�mat�c means were subtracted from the  

3-year and 5-year �nterannual means. Therefore 
pos�t�ve anomal�es �nd�cate relat�vely wet per�ods, 
wh�le negat�ve values �nd�cate dry per�ods.

Analys�s was done us�ng two �terat�ons of PROC 
GLMSELECT (SAS Inst�tute Inc. 2009). The f�rst 
�terat�on d�d not �nclude any �nteract�on terms, wh�le 
the second �ncluded �nteract�ons between stand-
level and prec�p�tat�on var�ables as well as among 
prec�p�tat�on var�ables. Select�on of var�ables was 
stepw�se, w�th s�gn�f�cance levels of 0.15 for both 
enter�ng and stay�ng �n the model. F�nal model 
select�on was based on m�n�m�zat�on of the Aka�ke 
�nformat�on cr�ter�on (AIC). Based on our expectat�on 
that seasonal prec�p�tat�on related to the NAM has 
an �nverse relat�onsh�p w�th �nfestat�on sever�ty, we 
expected that cl�mat�c mean summer prec�p�tat�on 
would be a component of the f�nal model. Because 
stepw�se var�able select�on methods may overest�mate 
the �mportance of �ndependent var�ables (Harrell 
2001), correlat�ons were assessed between �nfestat�on 
sever�ty and each of the f�ve var�ables �dent�f�ed from 
the stepw�se regress�on to re�nforce the �nterpretat�on 
of each var�able’s �mportance. 

ReSulTS
The model w�th the m�n�mum AIC value �ncluded the 
follow�ng var�ables, �n order of entry �nto the model: 
5-year fall prec�p�tat�on anomaly, mean d�ameter at 
breast he�ght (d.b.h.), l�ve basal area, 5-year summer 
prec�p�tat�on anomaly, and stand age (Table 2). Dur�ng 
the second run of the GLMSELECT procedure, some 

Table 2.—variables included in the model with the minimum Akaike information criterion (AIc), where 
minimum significance level for entering and staying in the model was 0.15. R values are Pearson 
correlation coefficients of each variable against the log-transformed response.

Step Variable AIC ΔAIC F Value Pr > F r

 0 Intercept only 285.0214 48.34 0.00 1.0000 N/A
 1 Fall (Oct/Nov/Dec) 5-yr anomaly 254.3260 17.64 35.38 <0.0001 0.4025
 2 Mean diameter at breast height (d.b.h.) 245.2348 8.55 11.25 0.0010 0.2274
 3 Live basal area 239.2317 2.55 8.00 0.0052 -0.2298
 4 Summer (Jul/Aug/Sep) 5-yr anomaly 237.6833 1.00 3.49 0.0635 0.3705
 5 Stand age 236.6843 0.00 2.93 0.0889 -0.0655
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�nteract�on terms were selected as �mportant var�ables 
�n the f�nal model. These �ncluded �nteract�ons 
between mean d.b.h. and both summer and fall 5-
year prec�p�tat�on anomal�es. However, because th�s 
model’s AIC value was comparable to that of the �n�t�al 
model, and the selected �nteract�on terms �ncluded 
a nearly �dent�cal subset of cl�mat�c and stand-level 
pred�ctor var�ables as the �n�t�al model, results are 
presented only for the f�rst and s�mpler model.

Based on values for Pearson’s correlat�on coeff�c�ent 
(Table 2), �nfestat�on sever�ty was more strongly 
correlated w�th the prec�p�tat�on var�ables �n the f�nal 
model than w�th the any of the stand-level attr�butes. 
The 5-year summer and fall prec�p�tat�on anomal�es 
were negat�vely correlated w�th �nfestat�on sever�ty. 
These negat�ve correlat�ons s�gn�fy that 5-year per�ods 
of relat�ve drought dur�ng summer and fall are most 
strongly assoc�ated w�th h�gh �nfestat�on sever�ty. 
Although stand age emerged as an �mportant pred�ctor 
var�able �n the AIC-based var�able select�on, �ts low 
correlat�on w�th �nfestat�on sever�ty suggests �t �s not 
�mportant.

DIScuSSIoN
Of the f�ve pred�ctor var�ables �n the f�nal model, 
two represented seasonal prec�p�tat�on anomal�es 
and three were based on stand attr�butes. The three 
stand-level attr�butes (mean d.b.h., basal area, and 
stand age) are known to affect �nfestat�on sever�ty 
of lodgepole p�ne by mounta�n p�ne beetle (H�cke 
and Jenk�ns 2008, Raffa et al. 2008). Several aspects 
of the two prec�p�tat�on var�ables are notable. F�rst, 
both var�ables represent anomal�es from long-term 
cl�mat�c cond�t�ons, �nd�cat�ng that anomal�es are 
more �mportant than absolute prec�p�tat�on metr�cs as 
pred�ctors of �nfestat�on sever�ty. Because absolute 
summer prec�p�tat�on d�d not meet the cr�ter�a for 
�nclus�on �n the f�nal model, there �s no ev�dence 
that the absolute quant�ty of prec�p�tat�on assoc�ated 
w�th the NAM has an �mpact on �nfestat�on sever�ty. 
However, �nterannual var�ab�l�ty �n seasonal 
prec�p�tat�on, �nclud�ng prec�p�tat�on assoc�ated w�th 

the complex meteorolog�cal dynam�cs of the NAM, 
may �mpact �nfestat�on sever�ty. Second, the two 
prec�p�tat�on var�ables �ncluded �n the f�nal model 
�nd�cate that seasonal anomal�es dur�ng summer and 
fall are more �mportant than those dur�ng w�nter 
and spr�ng. F�nally, wh�le the 5-year summer and 
fall anomal�es were �mportant, no 3-year anomal�es 
appeared �n the model. Assum�ng that the �nverse 
relat�onsh�p between seasonal prec�p�tat�on anomal�es 
and �nfestat�on sever�ty �s caused by �ncreased stress 
dur�ng long-term drought, the temporal realm of 
�nfluence of prec�p�tat�on anomal�es on �nfestat�on 
sever�ty appears to last longer than 3 years.

Other analyses of weather and cl�mate data may y�eld 
further �ns�ghts about the factors affect�ng �nfestat�on 
sever�ty. Future research should �nvest�gate whether 
the relat�onsh�p between �nfestat�on sever�ty and 
seasonal prec�p�tat�on anomal�es holds elsewhere, 
and �f so, whether the 5-year t�mescale �s s�m�larly 
�mportant. Wh�le prec�p�tat�on �s thought to affect the 
suscept�b�l�ty of trees to �nsect attacks, temperature 
data may also be useful for model�ng �nsect 
populat�ons and �nfestat�on sever�ty. Analyses of 
temperature data, such as monthly and da�ly max�ma, 
m�n�ma, and anomal�es, may further �llum�nate the 
complex relat�onsh�ps among cl�mate, weather, MPB 
populat�on dynam�cs, and lodgepole p�ne stands.
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TReNDS IN STANDING BIoMASS IN INTeRIoR WeST FoReSTS: 
ReASSeSSING BASelINe DATA FRoM PeRIoDIc INveNToRIeS

Sara A. Goeking1

Abstract.—Trends �n U.S. forest b�omass and carbon are assessed us�ng Forest Inventory 
and Analys�s (FIA) data relat�ve to basel�ne assessments from the 1990s. The �ntegr�ty of 
basel�ne data var�es by state and depends largely on the comparab�l�ty of per�od�c versus 
annual forest �nventory data. In most states �n the Inter�or West FIA reg�on, the per�od�c 
�nventory’s sample des�gn, plot conf�gurat�on, est�mat�on procedures, and def�n�t�ons 
were d�fferent from those for the annual �nventory, wh�ch are nat�onally cons�stent. D�rect 
compar�sons of per�od�c versus annual �nventory data are therefore tenuous and may 
reflect chang�ng protocols rather than actual changes, yet they compr�se the best ava�lable 
method of assess�ng recent trends �n some states. Th�s study attempts to clar�fy trends �n 
aboveground tree b�omass �n the Inter�or West reg�on by compar�ng est�mates at matched 
plots that were sampled dur�ng both per�od�c and annual �nventor�es. To �llustrate the 
ram�f�cat�ons of �gnor�ng changes �n �nventory protocols, mean trends at pa�red plots were 
compared to those demonstrated by unpa�red compar�sons of ent�re per�od�c and annual 
�nventor�es. In some states, the results produced by the two methods are contrad�ctory. 
Th�s demonstrates the �mportance of reassess�ng the use of est�mates based on per�od�c 
forest �nventor�es as reference cond�t�ons. 

1 B�olog�cal Sc�ent�st, U.S. Forest Serv�ce, Rocky Mounta�n 
Research Stat�on, 507 25th Street, Ogden, UT 84401. To 
contact, call 801-625-5193 or ema�l at sgoek�ng@fs.fed.us.   

INTRoDucTIoN
The Forest Inventory and Analys�s (FIA) program 
prov�des data for mon�tor�ng forest b�omass at state, 
reg�onal, and nat�onal scales. At a nat�onal scale, the 
U.S. Greenhouse Gas Inventory mon�tors trends �n 
forest b�omass and carbon based on FIA data (Heath 
et al. 2011). However, �n the Inter�or West FIA reg�on, 
the sample des�gns used �n the h�stor�cal forest 
�nventor�es of the 1980s and 1990s, �nclud�ng those 
used for Resource Plann�ng Act assessments (Sm�th 
et al. 2009), were ne�ther �nternally cons�stent nor 
spat�ally balanced (F�g. 1). In 2000, the nat�onal FIA 
program �mplemented the spat�ally and temporally 
balanced sample des�gn referred to as the annual 
�nventory. Implementat�on �n Inter�or West states 
occurred between 2000 and 2009, and due to a 10-year 

cycle length, most states have not yet completed a 
full annual �nventory cycle. Th�s constra�ns temporal 
mon�tor�ng to per�od�c �nventory data coupled w�th a 
s�ngle measurement from the annual �nventory. 

The forest �nventor�es conducted �n the state of Idaho 
between 1980 and 2002 exempl�fy the quandary 
presented by compar�ng per�od�c and annual forest 
�nventory data (see W�tt et al. 2012). Idaho’s most 
recent per�od�c �nventor�es rel�ed part�ally on aer�al 
photograph �nterpretat�on to assess changes s�nce the 
1981 Idaho woodland �nventory, and �f no change was 
observed, then the 1981 data were merged w�th the 
1990s �nventory dataset. Each �nventory also targeted 
spec�f�c ownersh�p groups. For example, Idaho 
per�od�c �nventor�es pr�or to 1992 d�d not �nclude 
nat�onal forest lands. In contrast, per�od�c �nventor�es 
conducted from 1993 to 2002 cons�sted almost solely 
of nat�onal forest lands. Each nat�onal forest was 
respons�ble for conduct�ng �ts own per�od�c �nventory, 
so �nventory methods, sample gr�ds, and the actual 
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Figure 1.—Maps showing the spatial distribution of a) time 1, b) time 2, and c) time 1/time 2 matched plots in the Interior West 
FIA region.
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�nventory year(s) var�ed among forests, and vast areas 
w�th�n some nat�onal forests were completely om�tted 
from the per�od�c �nventory’s sample gr�d. Due to 
these spat�al and temporal �ncons�stenc�es �n Idaho’s 
per�od�c �nventory, d�rect compar�sons between 
per�od�c and annual �nventory est�mates are somewhat 
�ncongruous at both the statew�de and the ownersh�p 
group levels.

Desp�te the�r �ncompat�b�l�t�es, compar�sons of 
per�od�c versus annual �nventor�es are the pr�mary 
method of assess�ng recent trends �n forest resources 
�n the Inter�or West reg�on. Due to the phased 
�mplementat�on of the annual �nventory as well as the 
10-year cycle length, annual-to-annual remeasurement 
data are only ava�lable for a small percentage of plots. 
The purposes of th�s study were: 1) to assess trends �n 
mean aboveground tree b�omass per plot by compar�ng 

Table 1.—Measurement years of the periodic and annual inventories included in this study, by state, in the 
Interior West FIA region. For each state, only the most recent periodic inventory cycle was included. Total 
plots measured (n) and the number of paired plots between the two inventories is indicated. Asterisks 
indicate annual inventory cycles where the first measurement year indicates initiation of the annual 
inventory.

State cycle n Measurement years Plot Design

ARIZONA 2 1,966 1995-1999 4-subplot fixed-radius
  3* 3,291 2001-2009 4-subplot fixed-radius
  Paired plots 1,600    

COLORADO 1 388 1997 4-subplot fixed-radius
  2* 3,315 2002-2009 4-subplot fixed-radius
  Paired plots 270    

IDAHO 1 1,215 1998-2002 4-subplot fixed-radius
  2* 2,319 2004-2009 4-subplot fixed-radius
  Paired plots 664    

MONTANA 1 2,368 1993-1999 variable radius
  2* 3,217 2003-2009 4-subplot fixed-radius
  Paired plots 1,522    

NEVADA 1 588 1994-1997 variable radius
  2* 465 2004-2005 4-subplot fixed-radius
  Paired plots 101    

NEW MEXICO 1 1,287 1985-1987 variable radius
  2 1,741 1996-2000 mixed
  Paired plots 343    

UTAH 1 2,686 1991-1995 variable radius
  2* 3,526 2000-2009 4-subplot fixed-radius
  Paired plots 1,838    

WYOMING 1 501 1983 variable radius
  2 1,981 1998-2002 4-subplot fixed-radius
  Paired plots 398    

only plots that were measured dur�ng the two most 
recent forest �nventor�es (�.e., pa�red measurements); 
and 2) to �dent�fy cases where these trends contrad�ct 
those demonstrated by compar�sons of unpa�red plot 
measurements.

MeTHoDS
The study area cons�sted of e�ght Inter�or West states: 
Ar�zona, Colorado, Idaho, Montana, Nevada, New 
Mex�co, Utah, and Wyom�ng. Each state was evaluated 
separately due to temporal �ncons�stenc�es �n the 
t�m�ng of both per�od�c �nventor�es and the �n�t�at�on of 
the annual �nventory. For most states, t�me 1 cons�sted 
of the most recent per�od�c �nventory wh�le t�me 2 
represents the annual �nventory (Table 1). In New 
Mex�co and Wyom�ng, the annual �nventory was not 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 456GTR-NRS-P-105

�mplemented unt�l 2008 and 2009, respect�vely, but 
per�od�c �nventor�es were conducted �n both states �n 
the late 1990s through early 2000s. Due to a pauc�ty 
of annual �nventory data �n these two states, the 
t�me 2 measurements cons�sted of the most recent 
per�od�c �nventor�es and an earl�er per�od�c �nventory 
was treated as t�me 1. F�gure 1 portrays the spat�al 
d�str�but�on of all t�me 1 plots, all t�me 2 plots, and the 
pa�red t�me 1 and t�me 2 plots.

The tree-level var�able DRYBIOT (total gross b�omass 
ovendry we�ght per tree �n pounds) was quer�ed for all 
l�ve and stand�ng dead trees from the nat�onal forest 
�nventory database (M�les et al. 2001); trees measured 
under obsolete protocols (e.g., down dead trees) or 
w�th d�ameter at breast he�ght (d.b.h.) of less than 
5.0 �nches were om�tted. For per�od�c plots where 
data collect�on protocols d�d not �nclude cond�t�on 
mapp�ng, �nd�v�dual tree b�omass was mult�pl�ed by 
a tree-level expans�on factor and a un�t adjustment to 
obta�n total plot b�omass �n oven-dry tons per acre. For 
plots where cond�t�ons may have been del�neated (�.e., 
annual �nventory plots and per�od�c f�xed-rad�us plots), 
th�s expans�on was performed at the cond�t�on level 
f�rst, and then cond�t�on-level b�omass was aggregated 
to the plot level. Plot-level b�omass was aggregated 
separately for l�ve and dead trees. 

The per�od�c and annual �nventory datasets were then 
merged to �dent�fy plots that were measured dur�ng 
both �nventor�es. Plots were assumed to be colocated, 
or measured more than once, �f they had the same 
comb�nat�on of state, county, and plot �dent�f�ers. 
Inter�or West FIA protocols st�pulate that annual 
�nventory plots should be colocated w�th per�od�c plots 
w�th the same state, county, and plot �dent�f�ers. At a 
small proport�on of these plots, the per�od�c plot center 
could not be located so �t was assumed that even plots 
that were not colocated sampled the same or a s�m�lar 
cond�t�on as the or�g�nal measurement. Compar�sons 
based on th�s subset of “matched” per�od�c-to-annual 
plots allowed for pa�red compar�sons. 

Trends were assessed by compar�ng mean tree b�omass 
per plot, f�rst us�ng compar�sons of all plots �n each 
�nventory and then us�ng only pa�red plots that were 
measured dur�ng both t�me 1 and t�me 2 �nventor�es. 
Cases where the pa�red-plot trends confl�cted w�th 
unpa�red compar�sons were �dent�f�ed.

ReSulTS
In every state analyzed �n th�s study, compar�sons 
of pa�red plots that were measured dur�ng both 
�nventor�es y�elded d�fferent trends than those 
�dent�f�ed from compar�sons of all plots (F�g. 2). In s�x 
states (Ar�zona, Colorado, Idaho, Montana, Nevada, 
and Utah), compar�sons of all per�od�c and annual 
�nventory plot data demonstrated decl�nes �n both 
mean l�ve tree b�omass and mean total (l�ve plus dead) 
tree b�omass per plot. However, compar�sons of pa�red 
plots showed very l�ttle change �n l�ve tree b�omass 
and �ncreases �n total tree b�omass. Therefore, the two 
compar�sons produced confl�ct�ng trends not only �n 
magn�tude but also �n d�rect�on of change. Changes 
�n dead tree b�omass were s�m�lar among the two 
compar�sons.

The two states that d�d not f�t the pattern prev�ously 
descr�bed were New Mex�co and Wyom�ng, where 
unpa�red compar�sons showed �ncreases �n total, l�ve, 
and dead tree b�omass wh�le pa�red compar�sons 
demonstrated very l�ttle change �n any tree b�omass 
component. Th�s �s l�kely due to the fact that the t�me 2 
measurement cons�sted of a second per�od�c �nventory. 
As prev�ously ment�oned, per�od�c �nventor�es 
typ�cally targeted spec�f�c ownersh�p groups. The t�me 
1 per�od�c �nventor�es �n both states were completed �n 
the early to m�d-1980s and sampled a d�sproport�onate 
amount of pr�vate and non-nat�onal forest publ�c lands. 
The t�me 2 per�od�c �nventor�es �n both states were 
conducted �n the late 1990s and sampled a relat�vely 
large amount of nat�onal forest lands. Therefore, the 
apparent �ncreases �n b�omass, based on unpa�red 
analyses, were pr�mar�ly due to d�fferences �n 
sampl�ng. Compar�son of pa�red plots �n both states 
showed very l�ttle change between the 1980s and late 
1990s.
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Figure 2.—Graphs showing mean aboveground biomass of live (dark gray) and dead (light gray) trees by state, in tons  
per acre.
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F�gure 3 shows the change �n l�ve, dead, and total 
aboveground mean b�omass per plot from t�me 1 to 
t�me 2, by ecoreg�on subsect�on. Spec�f�c trends �n 
l�ve and dead b�omass var�ed geograph�cally, where 

Figure 3.—Maps showing the magnitude of a) live, b) dead, and c) total aboveground tree biomass change at paired plots 
between time 1 and time 2, in tons per acre, averaged by ecoregion subsections. Blank subsections indicate either absence of 
paired plots or change less than 1 ton per acre.

areas of greatest decrease �n l�ve b�omass presumably 
represent the occurrence of w�ldf�res and/or 
d�sturbances such as �nsects that affect spec�f�c forest 
types. 



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 459GTR-NRS-P-105

DIScuSSIoN
Compar�ng per�od�c and annual �nventory data �s 
problemat�c due to numerous d�fferences �n def�n�t�ons 
and protocols between the two �nventor�es. D�rect 
compar�sons may produce apparent trends that d�ffer 
from those found when compar�ng only pa�red plots, 
as demonstrated us�ng aboveground tree b�omass 
data from e�ght Inter�or West states. The unpa�red 
compar�sons for all states except New Mex�co and 
Wyom�ng showed superf�c�al decreases �n stand�ng 
tree b�omass. Th�s �s l�kely due to the fact that most 
per�od�c �nventor�es targeted spec�f�c ownersh�p 
groups, wh�ch may correspond to oversampl�ng of 
h�ghly product�ve versus relat�vely unproduct�ve 
forest lands. In contrast, the spat�al conf�gurat�on of 
the annual �nventory represents ownersh�p groups 
and product�v�ty levels proport�onal to the�r ex�stence 
across the landscape. As m�ght be expected, results of 
the pa�red-plot compar�sons often confl�cted w�th those 
from the unpa�red compar�sons. In th�s case, us�ng 
pa�red plot data versus spat�ally d�sparate samples 
represents the d�fference between trees �n some states 
act�ng as a forest carbon source versus s�nk. 

One caveat of th�s analys�s �s that conclus�ons about 
forest trends may character�ze areas that were heav�ly 
sampled dur�ng the per�od�c �nventory, and may not 
represent actual trends on a statew�de bas�s. In other 
words, �f areas were oversampled prev�ously, the 
sample des�gn of the annual �nventory constra�ns them 
from cont�nu�ng to be oversampled; yet us�ng pa�red 
measurements cannot compensate for areas that were 
under-represented prev�ously. Therefore, th�s analys�s 
could not account for the fact that large areas were 
om�tted from some per�od�c �nventor�es, nor could �t 
account for d�fferent plot conf�gurat�ons (�.e., var�able-
rad�us versus mapped-plot des�gns). Us�ng pa�red-plot 
compar�sons to �nfer statew�de trends cannot account 
for small-scale d�sturbances that may have affected 
trends �n under-sampled areas. Instead, �t assumes 
that temporally var�able processes operat�ng at those 
plots (e.g., prec�p�tat�on, temperature, and d�sturbances 
such as f�re or �nsects) exh�b�t trends that are spat�ally 
representat�ve of the state as a whole.

In terms of the absolute quant�ty of mean b�omass 
per plot, the spat�ally balanced des�gn of the annual 
�nventory qual�f�es �t as the most representat�ve metr�c 
of the state as a whole. Th�s means that the unpa�red 
t�me 2 est�mate (F�g. 2) �s l�kely more accurate than 
the pa�red t�me 2 est�mate. The two quant�t�es d�ffer �n 
most states, suggest�ng that the pa�red plots used for 
trend assessment are not representat�ve of actual mean 
cond�t�ons statew�de. Note that th�s �nterpretat�on of 
absolute mean b�omass per plot does not hold true �n 
New Mex�co and Wyom�ng because t�me 2 data �n 
those states were collected dur�ng per�od�c �nventor�es 
that targeted a narrow range of ownersh�p groups and 
reg�ons (see F�g. 1). 

F�nally, the somet�mes confl�ct�ng trends produced 
by compar�ng pa�red plots versus ent�re statew�de 
�nventor�es conf�rm the need to account for 
d�screpanc�es between the per�od�c and annual 
�nventory est�mates. Because many Inter�or West states 
are st�ll �n the�r f�rst annual forest �nventory cycle, 
add�t�onal plots can be �ncorporated �nto pa�red-plot 
compar�sons as add�t�onal panels are completed and 
new annual plots are colocated w�th ex�st�ng per�od�c 
plot locat�ons. In some states, stat�st�cal model�ng 
efforts may produce a more representat�ve pre-2000 
basel�ne of forest metr�cs, and thus enable more 
rel�able trend assessment.
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TAMARAcK IN MINNeSoTA: INveSTIGATING MoRTAlITy  
FRoM eASTeRN lARcH BeeTle uSING FIA DATA

Susan j. crocker, jana Albers, Fraser R. McKee, Brian Aukema, and Greg c. liknes1

Abstract.—Pr�or to European settlement, tamarack dom�nated the bogs, peatlands, and 
uplands of M�nnesota’s North Woods. St�ll a major component of M�nnesota’s forests, 
the extent and volume of tamarack has s�nce waned. Mortal�ty of tamarack has �ncreased 
over the past decade. The major�ty of th�s mortal�ty has been attr�buted to the act�v�ty of 
the eastern larch beetle (Dendroctonus simplex LeConte, Coleoptera, Scolyt�dae; ELB), 
a pest nat�ve to North Amer�ca. Outbreaks of ELB have been documented �n M�nnesota 
s�nce 1938. Largely separated by decades, the current outbreak of ELB has been ongo�ng 
s�nce 2000. ELB frequently colon�zes trees weakened by defol�ators, however, w�th�n 
the current outbreak, �t appears to be act�ng as the pr�mary cause of mortal�ty. Wh�le 
cond�t�ons that pred�spose stands to ELB attack are not well understood, phys�olog�cal 
stress �s often assoc�ated w�th �nfestat�on (Seybold et al. 2002). Factors related to the 
current outbreak are undeterm�ned. However, drought, wh�ch has been a f�xture �n 9 
of the past 10 years, could be play�ng an �mportant role. Us�ng data from the Forest 
Inventory Analys�s program of the U.S. Forest Serv�ce, we analyzed trends �n tamarack 
area and mortal�ty over t�me. Add�t�onally, tamarack mortal�ty was aggregated by cl�mate 
d�v�s�on to exam�ne the relat�onsh�p between mortal�ty and drought. Future work w�ll 
attempt to quant�fy the relat�ve contr�but�on of pred�spos�ng factors to tree mortal�ty. 

lITeRATuRe cITeD
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AGeNT-SPecIFIc TRee MoRTAlITy RATeS  
IN THe eASTeRN uNITeD STATeS FRoM FIA DATA

Alan v. Di vittorio and jeffrey Q. chambers1

Abstract.—Forest tree mortal�ty plays an �mportant role �n the global carbon budget 
through so-called “background” mortal�ty rates and larger, less frequent mortal�ty events. 
The actual mortal�ty turnover rates of forest b�omass are not well understood and can 
vary w�th forest type, stand character�st�cs, and env�ronmental cond�t�ons. D�fferent 
agents, such as f�re, �nsects, d�sease, and weather, operate on d�fferent t�me scales w�th 
effects vary�ng across d�fferent ecosystems. Th�s var�ab�l�ty makes �t d�ff�cult, but 
�mportant, to determ�ne patterns of agent-spec�f�c mortal�ty for model project�ons of 
forest carbon balance. However, many reg�onal and global ecosystem models assume 
a s�ngle, nonf�re mortal�ty rate for all forests, wh�ch �ntroduces b�as to project�ons of 
forest carbon balance. Us�ng the U.S. Forest Serv�ce Forest Inventory Analys�s database 
(FIADB), we est�mate annual average mortal�ty rates, on a per-tree bas�s, for eastern 
U.S. forests between 2000 and 2010 (except for 1974-1984 Lou�s�ana est�mates). We 
present spat�ally expl�c�t est�mates of total mortal�ty and of agent-spec�f�c mortal�ty due 
to an�mals, d�sease, �nsects, f�re, harvest, weather, vegetat�on, and unknown agent. These 
est�mates �nclude all trees greater than or equal to 1 �nch �n d�ameter �n remeasured 
forest- or t�mberland plots, and exclude plots w�th annual average harvest rates greater 
than 3.5 percent. Est�mated annual average mortal�ty rates vary from 0.2 percent to 7.5 
percent across the eastern Un�ted States. Remov�ng f�re and harvest effects l�m�ts th�s 
range to 0.2 percent to 4.9 percent. The unwe�ghted reg�onal average �s 3.3 percent for 
total annual average mortal�ty (30 states), and remov�ng f�re and harvest effects lowers 
th�s average to 2.4 percent. Unknown agents dom�nate the northern state est�mates and 
vegetat�on encroachment dom�nates southern state est�mates. Weather mortal�ty est�mates 
can be up to 98 percent, but are generally on the order of d�sease and f�re est�mates. These 
est�mates �nd�cate that un�form mortal�ty rates �n ecosystem models would be �mproved 
by spat�ally expl�c�t values.

1 Postdoctoral Fellow (AVD), Lawrence Berkeley Nat�onal Laboratory, Earth Sc�ences D�v�s�on, 
One Cyclotron Road, MS 84R0171, Berkeley, CA 94709; Staff Sc�ent�st (JQC), Lawrence 
Berkeley Nat�onal Laboratory. AVD �s correspond�ng author: to contact, call 510-486-7798  
or ema�l at avd�v�ttor�o@lbl.gov.
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ReMoTe SeNSING DATA AS A MoNIToRING Tool:  
TReNDS IN WIlDFIRe AcTIvITy FoR THe PAST QuARTeR ceNTuRy 

AND THe RelATIoNSHIP To oTHeR BIoPHySIcAl  
AND eNvIRoNMeNTAl vARIABleS.

Mark Finco, Brad Quayle, Kevin A. Megown, c. Kenneth Brewer, and jennifer lecker1

Abstract.—The Mon�tor�ng Trends �n Burn Sever�ty (MTBS, www.mtbs.gov) project �s 
mapp�ng extent, s�ze, and sever�ty of all large w�ldland f�res greater than 1000 acres �n 
the west and 500 acres �n the east over the conterm�nous Un�ted States (CONUS), Alaska, 
and Hawa��. In 2012 the project reached a m�lestone, complet�ng the mapp�ng for all f�res 
between 1984 and 2010. The MTBS project produces geospat�al and tabular data us�ng 
a cons�stent protocol for f�re trend analys�s at a range of spat�al, temporal, and themat�c 
scales.

Our poster presents some of the more �mportant trends observed by �ntersect�ng the 
MTBS geospat�al data w�th data layers related to other b�ophys�cal and env�ronmental 
landscape character�st�cs. Many of these trends were stated �n the �n�t�al charter�ng of 
the MTBS project by the W�ldland F�re Leadersh�p Counc�l, �nclud�ng understand�ng 
the trends �n burn sever�ty by vegetat�on type, how burned area and sever�ty d�ffer by 
adm�n�strat�ve ownersh�p, and whether there �s any trend �n the prox�m�ty of f�res to the 
w�ldland-urban �nterface. 

1 Contract Leader (MF), Program Leaders (BQ and KAM), and Group Leader (JL), U.S.  
Forest Serv�ce, Remote Sens�ng Appl�cat�ons Center, 2222 West 2300 South, Salt Lake C�ty, UT 
84119; Remote Sens�ng Program Manager (KB), U.S. Forest Serv�ce, Wash�ngton, DC.  
MF �s correspond�ng author: to contact, call 801-975-3767 or ema�l at mf�nco@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
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DeTAIleD MAPS oF TRoPIcAl FoReST TyPeS ARe WITHIN ReAcH: 
FoReST TRee coMMuNITIeS FoR TRINIDAD AND ToBAGo  

MAPPeD WITH MulTISeASoN lANDSAT AND GooGle eARTH

eileen H. Helmer, Thomas S. Ruzycki, jay Benner, Shannon M. voggesser, Barbara P. Scobie,  
courtenay Park, David W. Fanning, and Seepersad Ramnarine1

Abstract.—Trop�cal forest managers need deta�led maps of forest types for REDD+, but 
spectral s�m�lar�ty among forest types, cloud and scan-l�ne gaps, and scarce vegetat�on 
ground plots compl�cate produc�ng such maps from satell�te �magery. How can these 
challenges be overcome? We descr�be a case study of mapp�ng trop�cal forests to 
flor�st�c classes for Tr�n�dad and Tobago w�th gap-f�lled Landsat �magery by jud�c�ous 
comb�nat�on of f�eld and remote sens�ng work (Helmer et al. 2012). Recent and 
forthcom�ng developments are mak�ng such mapp�ng w�th Landsat �magery far more 
access�ble to nonspec�al�sts. We h�ghl�ght some key steps to mapp�ng trop�cal forest 
hab�tats w�th cloudy Landsat and related �ns�ghts from th�s study. 

In the study area, class character�st�cs l�ke “dec�duousness” allowed d�scr�m�nat�on of 
flor�st�c classes. We also d�scovered that the extens�ve tra�n�ng data needed for mapp�ng 
trop�cal forest types w�th “no�sy” gap-f�lled �magery can be collected by learn�ng to 
identify tree communities in 1) imagery with fine spatial resolution of ≤1 m; 2) multi-
season f�ne resolut�on �magery (usually only v�ewable on Google Earth™); or 3) 
Landsat �magery from d�fferent dates, part�cularly �magery from drought years, even �f 
decades old. Further, we show that gap-f�lled, synthet�c mult�-season Landsat �magery 
s�gn�f�cantly �mproves class-level accuracy for several seasonal forest assoc�at�ons (by 
14 to 21 percent for dec�duous, 7 to 36 percent for sem�-evergreen, and 3 to11 percent for 
seasonal evergreen assoc�at�ons, and by 5 to 8 percent for secondary forest and woody 
agr�culture). Moreover, �n some cases the seasonal spectral patterns �n mult�season 
Landsat �magery have much more spat�al deta�l than ava�lable anc�llary maps of 
env�ronmental var�ables, mak�ng them more useful when mapp�ng trop�cal forest tree 
commun�t�es w�th Landsat. These deta�led mapp�ng efforts can lead to new v�ews of 
trop�cal forest landscapes. Here we learned that the xerophyt�c ra�n forest of Tobago �s 
closely assoc�ated w�th ultramaph�c geology, help�ng to expla�n �ts un�que phys�ognomy. 

lITeRATuRe cITeD
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DoTS AND PloTS

Dennis M. jacobs and joseph M. Mccollum1

Abstract.—F�xed-rad�us c�rcles prov�de f�xed-area plots for sampl�ng. An array of dots 
w�th�n c�rcles prov�des secondary sampl�ng po�nts w�th�n f�xed-area plot c�rcles. The 
hexagonal gr�d offers an elegant equ�d�stant array of po�nts that w�ll del�ver a balanced 
assoc�at�on between the c�rcular area and number of po�nts. A chosen target �s 100 po�nts 
w�th�n the c�rcular plot and no less than 100, to approx�mate the mental process that one 
dot �s about 1 percent. Equ�d�stant �nteger spac�ng prov�des a m�n�mal 109 hexagonal 
po�nts w�th one dot on the plot center, but the v�sual we�ght �s not well balanced along the 
c�rcle per�meter. However, the centers of 102 hexagons can be strateg�cally placed �ns�de 
the c�rcle by us�ng the �nscr�bed and c�rcumscr�bed rad�� of hexagons, and w�ll prov�de 
equal we�ght�ng between the dot spac�ng and each dot’s representat�ve area. D�v�d�ng the 
area of the c�rcle by 102 g�ves the area of each small hexagon. We can then determ�ne the 
non-�nteger spac�ng for the equ�d�stant dot gr�d, wh�ch has no po�nt at the center of the 
c�rcular area, but w�th the f�rst r�ng of three dots balanced around the plot center placed 
upon the vertex of the three central hexagons. By the use of Cartes�an coord�nates and the 
Pythagorean Theorem, we present the numer�cal balance of the po�nts bound�ng the c�rcle 
per�meter. Solut�ons of 104 and 100 dots may be obta�ned by balanc�ng upon the b�sector 
of two hexagon centers.

1 Research Forester (DMJ) and Informat�on Technology Spec�al�st (JMM), U.S. Forest Serv�ce, 
Southern Research Stat�on, 4700 Old K�ngston P�ke, Knoxv�lle, TN 37919; DMJ �s correspond�ng 
author: to contact, call 865-862-2060 or ema�l at djacobs@fs.fed.us.  

The content of this paper reflects the views of the author(s), who are 
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PRoGReSSIoN oF THe INveNToRy AND MoNIToRING  
oF NoNFoReST lANDS WITH TReeS

Dacia M. Meneguzzo, Greg c. liknes, and charles H. Perry1

Abstract.—S�nce �ts �ncept�on more than 80 years ago, the Forest Inventory and Analys�s 
(FIA) Program has evolved from a t�mber-based �nventory to an enhanced �nventory 
that �ncludes all forest land. However, FIA’s def�n�t�on of forest land requ�res areas of 
tree cover to be 120 feet w�de and 1 acre �n s�ze. As a result, small scattered patches and 
l�near plant�ngs of trees are excluded from the �nventory yet they are of ecolog�cal and 
econom�c �mportance. In the Great Pla�ns reg�on, �t �s these types of nonforest lands w�th 
trees that make up much of the total tree cover. In Nebraska, for example, past �nventory 
reports have conta�ned �nformat�on only about the extent of nonforest tree cover but �t 
has not been �ncluded cons�stently and expl�c�t spat�al �nformat�on �s lack�ng. Mov�ng to 
an all-tree �nventory would be �deal but ground-based data collect�on �s cost proh�b�t�ve. 
Advances �n remote sens�ng offer a prom�s�ng solut�on to th�s problem. Our poster 
presents a t�mel�ne of past methodolog�es and area est�mates of nonforest lands w�th trees 
as well as a new methodology for an �mage-based �nventory of all tree cover us�ng freely 
ava�lable, d�g�tal aer�al photography from the Nat�onal Agr�culture Imagery Program 
(NAIP). Furthermore, the repeat ava�labl�ty of NAIP �magery w�ll make �t poss�ble to 
cont�nuously mon�tor tree cover �n the Great Pla�ns.

1 Research Forester (DMM), Research Phys�cal Sc�ent�st (GCL), and Research So�l Sc�ent�st 
(CHP), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell Avenue, St. Paul, MN 
55108. DMM �s correspond�ng author: to contact, call 651-649-5129 or ema�l at  
dmeneguzzo@fs.fed.us.  

The content of this paper reflects the views of the author(s), who are 
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FoReST ATlAS oF THe uNITeD STATeS

charles H. Perry, linda R. Smith, Mary A. carr, Randy vreeke, and others1

Abstract.—The Un�ted States has a tremendous forest resource—more than 750 m�ll�on 
acres of nat�ve and planted forests managed by publ�c and pr�vate landowners for forest 
products, recreat�on, w�lderness, w�ldl�fe hab�tat, and many other purposes. Over the 
past 150 years, bas�c surveys of Un�ted States forests have evolved �nto a r�gorous 
�nventory program that �s used to share �nformat�on about the value of these forests 
and the challenges that confront them. More recent technolog�cal and methodolog�cal 
advancements make �t poss�ble to create spat�al products (maps) from the �nventory 
data and other spat�al data, such as d�g�tal elevat�on models and satell�te �magery. The 
Forest Atlas of the Un�ted States uses these maps to h�ghl�ght the value of our nat�on’s 
forest �n a graph�c and novel manner. In the Forest Atlas of the Un�ted States, we explore 
these quest�ons and many more: Where do forests grow? What else l�ves �n forests? 
What shapes forests? What benef�ts do forests prov�de? What �s �n the future for our 
forests? Th�s project represents a strateg�c partnersh�p between several parts of the Forest 
Serv�ce, �ntegrat�ng FIA �nventory data w�th remote sens�ng and GIS appl�cat�ons. Our 
poster prov�des a sample of the content that w�ll be �ncluded �n the forthcom�ng atlas and 
h�ghl�ght the use of maps, graph�cs, access�ble text, and �mages to commun�cate forest 
mon�tor�ng �nformat�on w�th the publ�c.

1 Research So�l Sc�ent�st (CHP), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell 
Avenue, St. Paul, MN 55108; Graph�c Des�gner (LRS), U.S. Forest Serv�ce, Remote Sens�ng 
Appl�cat�ons Center, Salt Lake C�ty, UT; Techn�cal Publ�cat�ons Ed�tor (MAC), U.S. Forest 
Serv�ce, Olymp�a, WA; Cartographer (RV), U.S. Forest Serv�ce, Geospat�al Serv�ce and 
Technology Center, Salt Lake C�ty, UT. CHP �s correspond�ng author: to contact, call  
651-649-5191 or ema�l at charleshperry@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
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ASSeSSING cHANGeS IN veGeTATIoN coMPoSITIoN  
AND STRucTuRe: WHAT cAN We leARN FRoM 500 PloTS?

Bethany K. Schulz and W. Keith Moser1

Abstract.—Us�ng remeasurement data from more than 500 plots measured by the 
Northern Research Stat�on’s Forest Inventory and Analys�s Program, we assess changes 
�n vegetat�on �nd�cator est�mates, �nclud�ng spec�es r�chness, vegetat�on compos�t�on, 
and structure. We h�ghl�ght changes �n the frequency of �ntroduced spec�es at the plot, 
subplot, and quadrat levels. Most �ntroduced spec�es are �ncreas�ng �n constancy, w�th a 
few except�ons. 

1 Research Ecolog�st/Vegetat�on Ind�cator Adv�sor (BKS), U.S. Forest Serv�ce, Pac�f�c Northwest 
Research Stat�on, Resource Mon�tor�ng and Analys�s, 161 East 1st Ave., Anchorage, AK 99501; 
Research Forester (WKM), U.S. Forest Serv�ce, Northern Research Stat�on. BKS �s correspond�ng 
author: to contact, call 907-743-9424 or ema�l at bschulz@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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loGGING ReSIDue uTIlIZATIoN IN THe STATe oF IDAHo  
2008 AND 2011

eric A. Simmons, erik c. Berg, Todd A. Morgan, charles B. Gale,  
Stanley j. Zarnoch, and Steven W. Hayes1

Abstract.—The purpose of th�s study was to respond to land managers’ need for better 
�nformat�on on grow�ng-stock removals, ut�l�zat�on of trees, and logg�ng res�dues as a 
result of harvest�ng t�mber. 

A two-stage sampl�ng des�gn was used to select felled trees for measurement w�th�n 
act�ve Idaho logg�ng s�tes �n 2008 and 2011. F�fty percent of the harvested trees were 
≤12 inches diameter at breast height (d.b.h.) and accounted for 18 percent of the total 
grow�ng-stock volume removed and 19 percent of the m�ll-del�vered (ut�l�zed) volume. 
Trees �n th�s range produced 20 percent of the logg�ng res�due. About 49 percent of the 
harvested trees were between 12.1 and 27 �nches d.b.h. and accounted for 80 percent of 
the total grow�ng-stock volume removed and 80 percent of the m�ll-del�vered volume. 
Trees �n th�s range produced 78 percent of the logg�ng res�due. Removal factors 
quant�fy�ng �mpacts on grow�ng stock revealed that harvest�ng efforts removed 1,011 
cub�c feet of t�mber volume from grow�ng stock for every thousand cub�c feet del�vered 
to the m�ll, w�th just 24 cub�c feet left �n the forest as logg�ng res�due.

We�ght est�mates �n green tons for the tops and l�mbs were added to the bole res�dues to 
obta�n a total tree res�due factor to be used as a b�omass est�mat�on tool. Th�s tool can 
prov�de forest planners and managers the ab�l�ty to pred�ct potent�al feas�b�l�ty of ut�l�z�ng 
res�dues, and to gauge the �mpact on a�r qual�ty or f�re behav�or �f the res�dues burned.

1 Research Assoc�ate (EAS), Research Forester (ECB), Program D�rector (TAM), and Research 
Ass�stant (CBG), Un�vers�ty of Montana, Forest Industry Research Program, Gallagher Bus�ness 
Bu�ld�ng, M�ssoula, MT, 59812; Mathemat�cal Stat�st�c�an (SJZ), U.S. Forest Serv�ce, Southern 
Research Stat�on; Research Forester (SWH), Un�vers�ty of Montana. EAS �s correspond�ng author: 
to contact call 406-243-4517 or ema�l at er�c.s�mmons@bus�ness.umt.edu.  

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.
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MINING HISToRIcAl FIA RePoRTS To DeveloP eSTIMATeS  
oF FoReST lAND THRouGH TIMe IN THe NoRTH ceNTRAl ReGIoN 

oF THe uNITeD STATeS

Paul A. Sowers1

Abstract.—The Forest Inventory and Analys�s (FIA) Program began collect�ng �nventory 
data �n the early 1930s. Wh�le contemporary data (from approx�mately the last decade) 
�s act�vely managed �n a relat�onal database system and read�ly access�ble w�th a var�ety 
of software tools, older data was prev�ously ava�lable only �n pr�nted reports for many 
parts of the Un�ted States. For 11 states �n the North Central Un�ted States, pr�nted reports 
spann�ng the 1940s to the 1980s were scanned and made ava�lable on demand as a ser�es 
of CD-ROMs. These scanned reports have now been manually converted to data f�les and 
assembled as county-level, GIS compat�ble datasets. 

Data from the f�rst annual FIA �nventory were acqu�red us�ng FIA’s onl�ne EVALIDator 
tool and comb�ned w�th the h�stor�cal data. A ser�es of county-level choropleth maps 
are presented show�ng forest land area change across the 11 state reg�on. The maps 
are portrayed �n a matr�x dep�ct�ng the pa�rw�se changes across the d�fferent �nventory 
comb�nat�ons. 

1 Natural Resource Spec�al�st (PAS), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell 
Avenue, St. Paul, MN 55108. To contact, call 651-649-5101 or ema�l at psowers@fs.fed.us. 

The content of this paper reflects the views of the author(s), who are 
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MAPPING ASPeN IN THe INTeRIoR WeST

charles e. Werstak, jr.1

Abstract.—Quak�ng aspen (Populus tremuloides M�chx.) �s a cr�t�cal spec�es that 
supports w�ldl�fe and l�vestock, watershed funct�on, the forest products �ndustry, 
landscape d�vers�ty, and recreat�on opportun�t�es �n the Inter�or West (Bartos and 
Campbell 1998). Stud�es have �nd�cated that changes �n f�re reg�mes, an �ncrease �n 
herb�vore presence �n young aspen stands, and recent drought ep�sodes have been 
the ma�n factors for �ncreased mortal�ty rates �n aspen stands (Deblander et al. 2010). 
Forest Inventory and Analys�s (FIA) plot data are a cons�stent source of ground-based 
�nformat�on that �f used appropr�ately, can be extremely valuable for mapp�ng and 
model�ng forest attr�butes such as forest type and canopy cover. GEO-object based 
�mage analys�s, or GEOBIA, �s a relat�vely new subd�sc�pl�ne of geograph�c �nformat�on 
systems (GIS) focused on develop�ng automated techn�ques for part�t�on�ng remotely 
sensed �magery �nto �mage objects and access�ng them for use �n a var�ety of mapp�ng 
appl�cat�ons (Hay and Cast�lla 2008). Spat�al data m�n�ng �s an automat�c or sem�-
automat�c explorat�on to �dent�fy patterns �n data that have a geograph�c component 
(Shekhar et. al. 2005). Random Forests™ �s an ensemble class�f�er that uses mult�ple 
dec�s�on trees to pred�ct target var�ables from �nput var�ables (Bre�man and Cutler 2003). 
To help understand the current status and extent of quak�ng aspen across the Inter�or 
West, eff�c�ent and repeatable mapp�ng and model�ng techn�ques need to be further 
establ�shed. Th�s �nvest�gat�on a�ms at explor�ng v�able methods for creat�ng canopy 
cover maps of quak�ng aspen for several d�fferent locat�ons across Utah. FIA plot data 
for �nventory years 2000-2009 that correspond to �mage objects der�ved from Landsat 
TM �magery w�ll be analyzed along w�th other anc�llary geospat�al data us�ng spat�al data 
m�n�ng and Random Forests™. Informat�on ga�ned from th�s �nvest�gat�on may prov�de 
further �ns�ght �nto object based segmentat�on and class�f�cat�on techn�ques us�ng FIA 
plot data, satell�te �magery, and anc�llary geospat�al data.

lITeRATuRe cITeD
Bartos, D.L.; Campbell, R.B., Jr. 1998. Decline of quaking aspen in the Interior 

West—examples from Utah. Rangelands. 20: 17-24.
Bre�man, L.; Cutler, A. 2003. Random forests. Version 4.0. Berkeley, CA: Un�vers�ty 

of Cal�forn�a at Berkeley. Ava�lable at www.stat.berkeley.edu/users/bre�man/
RandomForests/. (Accessed September 13, 2012).

DeBlander, L.T.; Shaw, J.D.; W�tt, C.; Menlove, J.; Thompson, M.T.; Morgan, T.A.; 
DeRose, R.J.; Amacher, M.C. 2010. Utah’s forest resources, 2000-2005. Resour. 
Bull. RMRS-RB-10. Fort Coll�ns, CO: U.S. Department of Agr�culture, Forest 
Serv�ce, Rocky Mounta�n Research Stat�on. 144 p.

1 B�olog�cal Sc�ent�st, U.S. Forest Serv�ce, Rocky Mounta�n Research Stat�on, 507 25th Street, 
Ogden, Utah 84401. To contact, call 801-625-5699 or ema�l at cewerstak@fs.fed.us.
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SuSTAINABIlITy oF oAKS IN WeST vIRGINIA

Richard H. Widmann1

Abstract.—There �s grow�ng concern for the susta�nab�l�ty of the oak resource �n West 
V�rg�n�a. A look at the U.S. Forest Serv�ce’s Forest Inventory and Analys�s data over the 
12 m�ll�on acres of t�mberland �n West V�rg�n�a shows that oak volume has cont�nued to 
�ncrease, but all of th�s �ncrease has been due to growth on large-d�ameter trees. H�gh 
mortal�ty �n the lower d�ameter classes and low recru�tment has resulted �n oaks be�ng 
underrepresented �n the lower d�ameter class. Oak spec�es now represent 46 percent of 
trees more than 20 �nches �n d�ameter, but only 7 percent of the trees less than 9.0 �nches 
�n d�ameter. In 2- and 4-�nch d�ameter classes, oaks represent 5 and 6 percent of trees �n 
these classes, respect�vely. Because of th�s d�spar�ty, volumes of oak w�ll l�kely decrease 
across the State as large trees are harvested or d�e and recru�tment �nto large-d�ameter 
classes decreases. Loss of th�s keystone spec�es w�ll affect w�ldl�fe populat�ons and 
wood-us�ng �ndustr�es that now depend on oak.

1 Resource Analyst, U.S. Forest Serv�ce, Northern Research Stat�on, 11 Campus Blvd., Su�te 200, 
Newtown Square, PA 19073. To contact, call 610-557-4051 or ema�l at rw�dmann@fs.fed.us.
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DoeS STANDING WATeR oR SNoW PAcK  
BIAS ASSeSSMeNTS oF TRee ReGeNeRATIoN  
WITHIN lARGe-ScAle FoReST INveNToRIeS?

christopher W. Woodall, james A. Westfall, Brian F. Walters, Daniel j. johnson, and Kai Zhu1

Abstract.—A cr�t�cal component of large-scale assessments of forest ecosystem 
susta�nab�l�ty and funct�on �s that of tree regenerat�on. As forest �nventory measurements 
may occur year round at h�gh lat�tudes, w�nter snow banks and subsequent spr�ng floods 
may �mpede measurement of tree seedl�ngs (<1 �nch d�ameter at breast he�ght [d.b.h.]), 
espec�ally at h�gh lat�tudes/elevat�ons. Us�ng FIA’s measurements of seedl�ngs across 
eastern states, potent�al b�ases of tree seedl�ng measurements as affected by snow 
depth and water obstruct�on was assessed. It was found that there �s a general trend of a 
decrease �n average annual seedl�ng dens�ty across t�me as stand dens�ty �ncreases across 
the eastern United States―a trend that is potentially exacerbated within plots where there 
�s substant�al snow/water obstruct�on (>10 cm) to seedl�ng measurement. Assessments 
of seedl�ng surveys should not be b�ased �f suff�c�ent temporal and spat�al scales are 
used rely�ng on the unb�ased spat�al and temporal allocat�on of f�eld plot measurement to 
el�m�nate potent�al b�as. However, seedl�ng assessments may be b�ased �f they occur at 
the plot-level w�th snow/water present on the plot w�th the greatest potent�al b�as found 
on plots w�th no obstruct�on at t�me one but w�th substant�al snow/water obstruct�ons at 
t�me two.

1 Research Forester (CWW), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell Ave., 
St. Paul, MN 55108; Research Forester (JAW), U.S. Forest Serv�ce, Northern Research Stat�on, 
Newtown Square, PA; Forester (BFW), U.S. Forest Serv�ce, Northern Research Stat�on, St. Paul, 
MN; Ph.D. cand�date (DJJ), Ind�ana Un�vers�ty, Bloom�ngton, IN; Ph.D. cand�date (KZ), Duke 
Un�vers�ty, Durham, NC. CWW �s correspond�ng author: to contact, call 651-649-5141 or ema�l at 
cwoodall@fs.fed.us.
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RATeS oF coARSe WooDy DeBRIS BIoMASS loSS  
AND cARBoN DeBT IMPlIcATIoNS IN eASTeRN u.S. FoReSTS

christopher W. Woodall, Matthew B. Russell, Anthony W. D’Amato, Shawn Fraver, and Brian F. Walters1

Abstract.—Emerg�ng quest�ons from b�oenergy pol�cy debates have h�ghl�ghted 
knowledge gaps regard�ng the carbon and b�omass dynam�cs of �nd�v�dual p�eces of 
coarse woody debr�s (CWD) across the d�verse forest ecosystems of the Un�ted States. 
Us�ng a subset of CWD p�eces remeasured across eastern U.S. forests, the rate of b�omass 
loss was est�mated over t�me us�ng decay class trans�t�on models coupled w�th volume 
and wood dens�ty loss trajector�es. Results �nd�cate that b�omass loss �s related to the 
genera of the spec�es cons�dered, �ts s�ze, and locat�on w�th�n the broad cl�mat�c reg�ons 
of the eastern Un�ted States. Th�s b�omass loss may be broadly summar�zed as CWD 
“half-l�fe’s” across the eastern U.S. FIA’s �nventory of CWD may prov�de carbon debt 
pol�cy d�scuss�ons w�th object�ve assessments of CWD b�omass/carbon loss.

1 Research Forester (CWW), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell Ave., 
St. Paul, MN 55108; Post-Doctoral Sc�ent�st (MBR) and Assoc�ate Professor (AWD), Un�vers�ty 
of M�nnesota; Research Forester (SF) and Forester (BFW), U.S. Forest Serv�ce, Northern 
Research Stat�on. CWW �s correspond�ng author: to contact, call 651-649-5141 or ema�l at 
cwoodall@fs.fed.us.  
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FRAMeWoRK FoR ASSeSSING clIMATe cHANGe RISKS  
To FoReST cARBoN STocKS

christopher W. Woodall, Grant M. Domke, Karin l. Riley, christopher M. oswalt,  
Susan j. crocker, and Gary W. yohe1

Abstract.—Efforts to negot�ate the role of forest carbon stocks �n global efforts to 
m�t�gate potent�al cl�mate change effects has h�ghl�ghted the need to quant�fy r�sks to 
forest carbon stocks such as mass�ve d�sturbance events. As r�sk may be conceptual�zed 
around the magn�tude of an event and �ts assoc�ated probab�l�ty, th�s study exam�ned 
potent�al changes to forest carbon stocks follow�ng major d�sturbance (e.g., hurr�cane) 
and proposed a framework for assess�ng the probab�l�ty of cl�mate change r�sks to these 
stocks. Results suggest that a val�d framework for conceptual�z�ng r�sk may be centered 
on the var�ous forest carbon pools (e.g., forest floor and belowground), the var�ab�l�ty 
of the assoc�ated stocks across large scales, and the magn�tude of the stocks themselves. 
Furthermore, g�ven the d�vers�ty of the forest pools �nvolved, the nature of mass�ve 
d�sturbances themselves (e.g., �nsects versus w�ldf�res) can have d�vergent effects of 
forest carbon stocks result�ng �n major research unknowns.

1 Research Forester (CWW), U.S. Forest Serv�ce, Northern Research Stat�on, 1992 Folwell 
Ave., St. Paul, MN 55108; Research Foresters (GMB and SJC), U.S. Forest Serv�ce, Northern 
Research Stat�on; Geosc�ent�st (KLR), U.S. Forest Serv�ce, Rocky Mounta�n Research Stat�on; 
Research Forester (CMO), U.S. Forest Serv�ce, Southern Research Stat�on; Huff�ngton Foundat�on 
Professor of Econom�cs and Env�ronmental Stud�es (GWY), Wesleyan Un�vers�ty, M�ddletown, 
CT. CWW �s correspond�ng author: to contact, call 651-649-5141 or ema�l at cwoodall@fs.fed.us.

The content of this paper reflects the views of the author(s), who are 
responsible for the facts and accuracy of the information presented herein.



Moving from Status to Trends: Forest Inventory and Analysis Symposium 2012 478GTR-NRS-P-105

BIoMASS AND cARBoN ATTRIBuTeS oF DoWN WooDy MATeRIAlS 
AcRoSS FoReSTS oF THe uNITeD STATeS

christopher W. Woodall, Brian F. Walters, Grant M. Domke, chris Toney, Andrew N. Gray,  
Sonja N. oswalt, and james e. Smith1

Abstract.—In past decades, down woody mater�al (DWM) has emerged as central 
to w�ldl�fe hab�tat, a controll�ng factor of forest nutr�ent cycles, fac�l�tator of tree 
regenerat�on, a carbon store, and f�re hazard. Us�ng the f�rst ever nat�onal emp�r�cal 
�nventory of DWM across forests of the Un�ted States, the b�omass and carbon attr�butes 
of DWM were assessed. Results �nd�cated that DWM are ub�qu�tous �n forests; 
however, they are only found �n large amounts �n certa�n spec�f�c ecosystems subject 
to un�que cl�mat�c or d�sturbance attr�butes (e.g., slow decay or recent tree mortal�ty). 
It �s suggested that the nat�onal emp�r�cal �nventory of DWM carbon stocks replace the 
s�mulated stocks used �n past nat�onal greenhouse gas �nventor�es.
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These proceedings report invited presentations and contributions to the 2012 
biennial Forest Inventory and Analysis (FIA) Symposium, which was hosted by 
the Research and Development branch of the U.S. Forest Service. As the only 
comprehensive and continuous census of the forests in the United States, FIA 
provides strategic information needed to evaluate sustainability of current forest 
management practices across all ownerships. Papers and abstracts included in the 
publication have been sorted into topic areas that match the sessions presented 
during the meeting. Symposium papers cover high priority and timely issue-based 
topics including climate change, wildlife, fire, bioenergy, geo-spatial extensions, 
monitoring over time, integrating remote sensing and GIS applications, statistical 
and related quantitative solutions to emerging needs, and many others.
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                        forest health, data integrity, environmental monitoring,  
                        cover estimation, international forest monitoring

The U.S. Department of Agriculture (USDA) prohibits discrimination in all its programs and activities 
on the basis of race, color, national origin, age, disability, and where applicable, sex, marital status, 
familial status, parental status, religion, sexual orientation, genetic information, political beliefs, reprisal, 
or because all or part of an individual’s income is derived from any public assistance program. (Not 
all prohibited bases apply to all programs.) Persons with disabilities who require alternate means for 
communication of program information (Braille, large print, audiotape, etc.) should contact USDA’s 
TARGET Center at 202-720-2600 (voice and TDD). To file a complaint of discrimination, write to USDA, 
Director, Office of Civil Rights, 1400 Independence Avenue, S.W., Washington, DC 20250-9410, or call 
800-795-3272 (voice) or 202-720-6382 (TDD). USDA is an equal opportunity provider and employer.

Northern Research Station

www.nrs.fs.fed.us


