Looa Surface Fuel Litterfall and

e Decomposition in the Northern
=i Rocky Mountains, U.S.A.

April 2008

Robert E. Keane




Abstract

The Author

Keane, Robert E. 2008. Surface fuel litterfall and decomposition in the north-
ern Rocky Mountains, U.S.A. Research Paper RMRS-RP-70. Fort Collins,
CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research
Station. 22 p.

Surface fuel deposition and decomposition rates are important to fire management
and research because they can define the longevity of fuel treatments in time and
space and they can be used to design, build, test, and validate complex fire and
ecosystem models useful in evaluating management alternatives. We determined
rates of surface fuel litterfall and decomposition for a number of major forest types
that span a wide range of biophysical conditions in the northern Rocky Mountains,
USA. We measured fuel deposition for more than 10 years with semi-annual
collections of fallen biomass sorted into six fuel components (fallen foliage, twigs,
branches, large branches, logs, and all other canopy material). We gathered this
material using a network of seven to nine, 1-m? litter traps installed at 28 plots
that were established on seven sites with four plots per site. We measured
decomposition for only fine fuels using litter bags installed on five of the seven sites
and monitored for biomass loss from the bags each year for 3 years. Deposition
and decomposition rates are summarized by plot, cover type, and habitat type
series. We also present various temporal and spatial properties of litterfall and
decomposition fluxes across the six fuel components.

Keywords: fuel dynamics, fuel accumulation, deposition, decay, downed dead
woody, simulation modeling

Robert E. Keane is a Research Ecologist with the U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station at the Missoula Fire Sciences
Laboratory, Missoula, MT 59808. Since 1985, Keane has developed various
ecological computer models for the Fire Ecology and Fuels Research Project
for research and management applications. His most recent research includes
1) developing ecological computer models for the exploring landscape, fire, and
climate dynamics, 2) mapping of fuel characteristics, 3) investigating the ecology
and restoration of whitebark pine, and 4) conducting fundamental fuel science. He
received his B.S. in forest engineering in 1978 from the University of Maine, Orono;
his M.S. in forest ecology from the University of Montana, Missoula, in 1985; and
his Ph.D. in forest ecology from the University of Idaho, Moscow, in 1994.

You may order additional copies of this publication by sending your
mailing information in label form through one of the following media.
Please specify the publication title and series number.

Fort Collins Service Center

Telephone

FAX

E-mail

Web site
Mailing address

(970) 498-1392

(970) 498-1122
rschneider@fs.fed.us
http://www.fs.fed.us/rm/publications
Publications Distribution

Rocky Mountain Research Station
240 West Prospect Road

Fort Collins, CO 80526

Rocky Mountain Research Station
Natural Resources Research Center
2150 Centre Avenue, Building A
Fort Collins, Colorado 80526




Contents

INtrodUucCtion.............oooi i 1
BaCKGrOUNGd........ueiiiei e 1
MethoO S ... e 3
Measuring Litterfall............cccoimi 5
Measuring Fuel DecompoOSition ...............ueeeieiiiiiiiiiiieiaeeeeee e 5
Analyzing Collected Data.............eeveiiiiiiiiiiiiiiee 7
RESUILS.......oee e 7
Litterfall Rates ........ccooeeiee e 7
Decomposition Rates.........oooviiiiiiiiici e 8
Leaf Area Index (LAIL) ..o 9
DISCUSSION ... e e e e 9
Litterfall Rates ......ccooo e 9
D= ToTe] o o] 1 (o] o IS 15
Management Implications.................ccooooii 19
RefErenNCeS ..o 19
Acknowledgments | would like to acknowledge all those field technicians who spent countless hours

collecting, sorting, and weighing litter: Todd Carlson, Kirsten Schmidt, Wayne
Lynholm, Courtney Couch, Laurie Dickinson, Myron Holland, Curtis Johnson,
Micha Krebs, Eric Apland, Daniel Covington, Amy Rollins, and Ben McShan
of the Rocky Mountain Research Station Missoula Fire Sciences Laboratory. |
also thank Joseph White of Baylor University; Ceci McNicoll U.S. Department of
Agriculture, Forest Service, Gila National Forest; Wendel Hann U.S. Department
of Agriculture, Forest Service, Washington Office; Dan Fagre, USGS Glacier
Field Station; Dave Peterson, U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station; and Matt Rollins, Russell Parsons, Dennis
Simmerman, Helen Smith, and Kathy Gray, U.S. Department of Agriculture, Forest
Service, RMRS Missoula Fire Sciences Laboratory for support and assistance in
this project. We thank Roger Ottmar and Tom Spies, U.S. Forest Service, Pacific
Northwest Research Station, Elizabeth Reinhardt, Rocky Mountain Research
Station, and Jan van Wagtendonk, Yosemite National Park for insightful technical
reviews. This work was partially funded by the USGS National Biological Service
and Glacier National Park’s Global Change Research Program under Interagency
Agreements 1430-1-9007 and 1430-3-9005 and the USGS CLIMET project.






Introduction

Fire exclusion policies, coupled with a success-
ful fire suppression program in many Western United
States and Canadian landscapes over the last 70 years,
have resulted in excessive accumulations of surface
fuels that have, in turn, increased the potential for se-
vere fires (Ferry and others 1995; Keane and others
2002¢; Kolb and others 1998; Mutch 1994). Many
government land management agencies are advocating
extensive fuel treatments and ecosystem restoration
activities to reduce the possibility of severe and in-
tense wildfire that could damage ecosystems, destroy
property, and take human life (GAO 2002, 2003;
Laverty and Williams 2000). Knowledge of fuel de-
position and decomposition rates before and after fuel
treatments could help managers prioritize, design, and
implement more effective fuel treatment programs.
Unfortunately, these rates remain relatively unknown
for many ecosystems. This is especially true for small
down dead woody material because most studies mea-
sured only litter or large log fuel decay and accretion
rates (Harmon and others 1986b).

Fuel dynamics across managed landscapes are
important to fire managers and researchers for many
reasons. Rates of fuel buildup and decomposition can
be used to define how long treatments will last and how
long before an area needs fuel treatment (Fernandes
and Botelho 2003). Fuel and fire modeling efforts of-
ten require estimates of deposition and decomposition
rates to realistically simulate fuel dynamics across en-
tire landscapes to compare alternative fuel treatment
strategies (CH2MHill 1998; Keane and others 2002b).
The rates can also be used as validation of simulated
ecological processes in existing and future ecosystem
process models (Botkin 1993; Keane and others 1996a;
Keane and others 1989; Kercher and Axelrod 1984,
Pastor and Post 1985; Vanderwel and others 2006).

In this study, the rates of deposition and decom-
position were determined for several surface fuel
components for major forest types of the northern
Rocky Mountains, U.S.A. The study was specifi-
cally designed to quantify fuel dynamics parameters
for use in complex landscape models of fire and veg-
etation dynamics (Keane and others 1996a, b; White
and others 1998, 2000). Litterfall and decomposition
rates are summarized by vegetation type and habitat
type (Pfister and others 1977) and then their spatial
and temporal properties are discussed in the context
of fuel modeling and mapping. Since it was impossi-
ble to measure fuel dynamics for all stand types in all
northern Rocky Mountain ecosystems, the measured
litterfall and decomposition rates were correlated to
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a number of biophysical and vegetation variables in
a companion paper (Keane 2008, in press). The envi-
ronmental variables were either measured at the field
sites or simulated with ecosystem process models so
that fuel accumulation processes could be extrapolated
across northern Rocky Mountains landscapes.

Background

Six surface fuel components are recognized in this
study. Freshly fallen leaves and needles from trees,
shrubs, and herbaceous plants are considered foliage,
while all other non-woody material, such as fallen
cones, bark scales, lichen, and bud scales, are lumped
into a category called other canopy fuels. The woody
material is sorted into four diameter classes using
definitions required by the fire behavior and effects
models (Anderson 1982; Burgan 1987; Fosberg 1970;
Reinhardt and Keane 1998; Rothermel 1972). The
smallest size class, called twigs, defines 1 hr timelag
fuels with diameters less than 3 mm. Branches with
diameters between 3 and 25 mm are 10 hr timelag fu-
els and /arge branches with diameters ranging from 25
to 75 mm are 100 hr timelag fuels. The logs, downed
woody fuels greater than 75 mm in diameter, are of-
ten referred to as coarse woody debris and define the
1,000 hr timelag fuel component (Hagan and Grove
1999). We use the term litterfall to describe the pro-
cess of fuel deposition so all fuels that hit the ground
are called litter for simplicity and the devices used to
measure fuel dynamics (litterfall and decomposition in
this study) are referred to as litter traps and litter bags.
We did not measure duff, tree, shrub, and herbaceous
fuel dynamics in this study because duff is a byprod-
uct of decomposition and many studies have already
quantified the growth and mortality of live fuels.

Litterfall rates have been measured for many eco-
systems of the world (Bray and Gorham 1964; Facelli
and Pickett 1991; Harmon and others 1986a; Van
Cleve and Powers 1995) and especially those of the
Unites States Pacific Northwest (fig. 1). But, most
studies only measured the rate of foliage or log de-
position (Harmon and others 1986b, Vogt and others
1986). Small woody debris additions to the forest
floor, such as twigs and branches, are rarely reported
even though they may be the most important to fuels
management and fire behavior prediction because they
contribute most to fire spread (Albini 1976, Rothermel
1972). There are some exceptions, such as Ferrari
(1999), who measured twigfall in hardwood-hemlock
forests and Meier and others (2006), who measured
fine woody material, along with other canopy litterfall,
in an alluvial floodplain hardwood forest. Deposition
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rates for logs are usually measured from historical tree
mortality and snag fall rates over time, but this as-
sumes tree fall is the only input to log buildup. Large
branches and tree tops, however, also contribute to log
inputs to the forest floor in some ecosystems (Harmon
and others 1986b).

Figure 1. Ranges of a) litterfall and b) decomposition rates
(decay constant k) as measured in the literature taken
mostly from studies in the Pacific Northwest, U.S.A.

Each mark (bar or x) identifies a separate study. These
data were taken from the following sources: Alexander
1954; Avery and others 1976; Berg and Ekbohm 1993;
Bray and Gorham 1964; Busse 1994; Christiansen and
Pickford 1991; Dimock 1958;, Edmonds 1979, 1987,
1991; Edmonds and Eglitis 1989; Edmonds and others
1986; Fogel and Cromack 1977; Gottfried 1978; Graham
1982; Grier and Logan 1977; Harmon and others 1986a;
Harmon and Hua 1991; Hart and others 1992; Keenan
and others 1996; Klemmedson 1992; Klemmedson

and others 1990; Kueppers and others 2004; Laiho and
Prescott 1999; Maguire 1994; Means and others 1985;
Pearson 1987; Prescott and others 1993, 2000, 2003;
Sollins 1982; Sollins and others 1987; Spies and others
1988; Stohlgren 1988; Stump and Binkley 1993; Taylor
and others 1991; Trofymow 1991; Turner and Long 1975;
Wright and Lauterback 1958; and Yavitt and Fahey 1982.

Decomposition rates have also been documented
for many ecosystems (Aber and Melillo 1980; Horner
and others 1988; Millar 1974; Olsen 1963), but again,
these rates are usually for the foliage and large log ma-
terial, especially in the Western United States (fig. 1).
The exceptions here are Edmonds (1987) and Taylor
and others (1991), who measured decay of twigs,
branches, and cones and Carlton and Pickford (1982)
and Christiansen and Pickford (1991), who estimated
small wood losses by sampling different aged timber
slash.

The parameter £ is often used to describe rates of
decay because it is the parameter in the following ex-
ponential curve that if often used to describe decay
over time (Olsen 1963; Robertson and Paul 2000).

AO — 1
i~ )
where A is the amount of material at time zero (A)
and time t (A), and t is time. Decomposition is often
expressed as an exponential function because organ-
ic material takes longer to decay as time progresses.
Easily decomposed cellulose is quickly decayed,
while the less digestible lignin remains and it decom-
poses slower (Kaarik 1974; Moorhead and Sinsabaugh
2000).

It is difficult and costly to measure surface fuel
dynamics in the field because it requires extensive
networks of litterfall traps that must be frequently
monitored over long time periods (5 to 10 years or
longer). The density and spacing of the collection
devices are highly dependent on the type of fuel
collected. Large fuels require installing larger traps
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across larger areas and are monitored for longer time
periods, whereas small fuels require smaller and
fewer traps that are frequently visited to minimize
decomposition losses. Forest fuel accumulation is
highly variable in space due to the clustered forest
canopy and small scale canopy disturbances (Brown
and Bevins 1986).

Methods

This study originated from two previous stud-
ies that explored the use of ecosystem modeling and
gradient analysis to create digital maps of current

and future landscape characteristics. In 1993, we
installed a set of litter traps on two sites in western
Montana to parameterize and validate two ecosystem
models: Biome-BGC (White and others 1998) and
Fire-BGC (Keane and others 1996b) (Sites CO and
SB in table 1; fig. 2). Then, in 1995, we started an in-
tensive project, called Gradient Modeling and Remote
Sensing (GMRS), where measured and simulated
environmental variables were used to map ecosys-
tem characteristics, such as fuels, across landscapes
(Keane and others 1997, 2002a; Rollins and oth-
ers 2004). To parameterized and validate the various
models used in both studies, we expanded the number
of sites from two to six by establishing four new sites

Table 1. General description of the study sites and plots included in this study.

Basal© Tree¢ Fueld
Study Cover Habitat  Elevation Collection area density  loading LAI®
site Plot type? type? (m) Aspect® years m?ha") (tha") (kgm? (m?>m?)
Coram 1 DF/WL GF/CU 1,185 SW 1993 to 2005 29.87 296.4 27.26 1.75
(CO) 2 WC/WH  WH/CU 1,184 NW 1993 to 2005 50.44 741.0 1.84 2.24
3 SF SF/MF 1,937 NE 1993 to 2005 10.58 222.3 8.43 0.63
4 WP SF/XT 1,915 SW 1993 to 2005 34.34 938.6 18.45 3.10
Snowbowl 1 PP DF/VS 1,680 NW 1995 to 2005 31.28 864.5 1.02 2.85
(SB) 2 DF DF/PM 1,596 S 1995 to 2005 36.57 666.9 1.37 2.77
3 LP SF/XT 1,972 SW 1995 to 2005 30.11 988.0 2.61 1.74
4 SF/WP SF/MF 2,073 E 1995 to 2005 32.76 568.1 2.19 3.17
Red Mtn 1 PP DF/CR 943 E 1995 to 2005 34.96 197.6 3.10 4.01
(RM) 2 WC/WH  WH/CU 942 E 1995 to 2005 55.68 395.2 28.12 3.38
3 WP SF/XT 1,988 SE 1995 to 2005 19.00 395.2 2.22 1.81
4 SF SF/MF 1,529 NW 1995 to 2005 31.31 395.2 8.42 2.47
Spar Lake 1 WC WH/CU 1,090 SE 1995 to 2005 64.85 1,284.4 9.67 7.90
(SL) 2 DF GF/XT 1,124 S 1995 to 2005 48.48 419.9 9.33 6.58
3 WC WH/CU 1,260 S 1995 to 2005 52.71 988.0 6.02 6.10
4 WL WH/CU 1,600 SE 1995 to 2005 68.22 617.5 19.87 7.02
Red River 1 PP DF/LB 1,425 N 1995 to 2005 37.41 345.8 19.94 4.40
(RR) 2 GF/DF GF/LB 1,407 SW 1995 to 2005 35.42 172.9 4.82 2.69
3 LP SF/XT 1,988 W 1995 to 2005 28.65 543.4 6.27 2.21
4 LP SF/XT 1,979 E 1995 to 2005 32.32 889.2 6.98 2.69
Keating Ridge 1 GF GF/LB 1,041 E 1995 to 2005 46.53 518.7 20.09 8.39
(KR) 2 PP PP/SA 1,340 W 1995 to 2005 47.35 345.8 10.12 3.01
3 LP SF/XT 2,004 W 1995 to 2005 51.31 1,630.2 2.35 4.41
4 SF SF/XT 2,078 E 1995 to 2005 70.72 1,654.9 5.20 6.59
Tenderfoot 1 LP SF/VS 2,302 F 1997 to 2005 53.75 1,309.1 2.76 4.24
(TF) 2 LP/SF SF/VS 2,299 F 1997 to 2005 44.26 839.8 0.47 3.31
3 LP SF/VS 2,143 F 1997 to 2005 25.95 716.3 0.71 2.23
4 LP SF/VS 2,158 F 1997 to 2005 38.23 1,284.4 0.77 3.38

* Cover type and habitat type species: trees are PP-ponderosa pine (Pinus ponderosa var. ponderosae), DF-Douglas-fir (Pseudotsuga mensezii),
WL — western larch (Larix occidentalis), WC-western red cedar (Thuja plicata), WH-western hemlock (Tsuga heterophylla), LP-lodgepole pine (Pinus
contorta var. contorta), WP-whitebark pine (Pinus albicaulis), SF-subalpine fir (Abies lasiocarpa), GF-grand fir (Abies grandis), and undergrowth
species are CR-Calamagrostis rubescens, CU-Clintonia uniflora, LB-Linnaea borealis, MF-Menziesia ferruginea, PH-Physocarpus malvaceus,
VS-Vaccinium scoparium, XT-Xerophyllum tenax. Habitat types are from Pfister and others (1977).

b Aspect codes are N-north, S-south, E-east, W-west, F-flat.

< Only overstory trees (greater than 10 cm DBH) were used to compute basal area and density.

4 Fuel loading only includes downed dead woody fuels of all four size classes.

¢ LAl is projected leaf area index (m? m-?) and was computed from foliar biomass equations, not the LAI-2000.
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along elevational and aspect gradients within the larger
Northern Rockies study area (fig. 2). We only estab-
lished plots in mature stands that had no evidence or
record of disturbance for at least 20 years. Forest types
represented by these sites include stands dominated
by ponderosa pine (Pinus ponderosa), Douglas-fir
(Pseudotsuga menzeisii), western red cedar (Thuja pli-
cata), subalpine fir (4bies lasiocarpa), and whitebark
pine (Pinus albicaulis). In 1997, a site was established
in the ubiquitous lodgepole pine (Pinus contorta) eco-
system that occurs east of the Continental Divide (Site
TF in table 1; fig. 2).

Each site consisted of four plots established along
major topographic gradients of elevation and aspect

Montana

e Coram (CO) \

Figure 2. The geographic locations of
the seven litter collection sites in the
northern Rocky Mountains, USA.

(fig. 3). We felt that establishing the plots in read-
ily accessible areas at low and high elevations and
on north and south aspects adequately described the
diversity of the important direct environmental gradi-
ents such as productivity, moisture, and temperature
(Keane and others 2002a). At each plot, we measured
a number of topographic, vegetation, and ecosystem
characteristics on 0.1 acre (0.04 ha) circular plots us-
ing the ECODATA sampling methodology (Hann and
others 1988; Jensen and others 1994; Keane and others
2002a). An entire list of sampled attributes is given in
Keane and others (2002a). The most important among
them are an inventory of all trees within the plot to
compute basal area, leaf area, and stand density, and

Figure 3. Four litter collection plots were
established at each of the seven sample
sites in figure 2. Plots were installed at high
and low elevations and on north and south
aspects for each site.
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a network of 30-m fuel transects (Brown 1970) to es-
timate fuel loadings for five fuel components used in
this study.

Measuring Litterfall

At each plot, we installed seven to nine litter traps
in the pattern shown in figure 4 to collect fallen bio-
mass. Nine litter traps were established on the two
sites that were installed in 1993 (CO, SB; fig. 2, ta-
ble 1) but a subsequent analysis of variance of fallen
foliage showed that only seven traps were needed
to adequately sample litterfall. The litter traps were
constructed by creating a 1x1-m frame (inside di-
mensions) with 2x9-cm (1x6-inch) boards and then
tacking a coarse grid hardware cloth on the bottom of
the frame to allow water drainage and minimize losses
from accumulated material due to decomposition and
wind (fig. 5). We also tacked a plastic screen (mesh
size 0.7 mm) on top of the hardware cloth to block fine
material from falling through the coarse hardware grid
and to facilitate efficient litter collection.

Each plot was visited once a month during the snow-
free periods of the year and all material in each trap
was placed into heavy paper bags that were labeled to
identify site, plot, trap, and date. Woody fuel particles
that lay partially out of the trap were sawed directly at

0 Degrees azimuth

|:| Litter traps |

180

Figure 4. The location of the litter traps within a plot was
in a cross-like pattern with nine litter traps at the Coram
and Snowbowl sites (CO and SB in table 1) and seven
traps per plot at the remaining sites (missing the NE and
SW traps). Circles are at 11.6 m and 5 m radius from
plot center and numbers represent azimuths. Acronyms
reference compass directions: N-north, NW-northwest,
NE-northeast, E-east, S-south, SE-southeast,
SW-southwest, W-west, PC-plot center
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Figure 5. One of the litter traps used in this study. These
traps were 1x1 m inside dimensions and about 10 cm
deep. Each trap was made of 2x9-cm (1x6-in) boards
with hardware cloth tacked on the bottom. A screen
was placed over the hardware cloth to catch the smaller
material. The bottom of the trap was reinforced with
4x4-cm (2x2-in) boards for stabilization.

the trap border as defined by the inside dimension of
the trap boards. An estimate of projected LAI (Leaf
Area Index, m* m?) was taken with a LiCor LAI-2000
(LI-COR 1992; Nackaerts and others 2000; Welles
and Norman 1991) during each plot visit to document
any major changes in the forest canopy. The frequent
monthly visits were designed to minimize mass losses
due to decomposition that occur as the newly fallen
material sat in the traps, but we found that there was
little decomposition occurring during the hot, dry
months of summer. The most critical times for sam-
pling were directly after snowmelt and just before the
first autumnal snows. Therefore, starting in 2002, we
only visited the plots during these two times.

The collected materials were transported to the lab-
oratory and the labeled bags were placed in an oven
set at 90°C for 2 to 3 days. The dried litter was then
placed in cake tins and sorted by hand into the six fuel
components (foliage, twigs, branches, large branches,
logs, and other canopy material). The weight of each
fuel component was recorded to the nearest 0.01 g
along with the date, site, plot, and trap information
written on the bag. A small sample of the dried ma-
terial was set aside for the decomposition experiment.

Measuring Fuel Decomposition

We used litter bags to estimate the rate of decay
for four fuel components of freshly fallen foliage,
twigs, branches, and large branches (Bocock and
Gilbert 1957; Edmonds 1979; Johannsson 1994;



Prescott and others 2000; Preston and others 2000;
Robertson and Paul 2000). These bags were made by
sewing together a fiberglass screen with a pore size
of about 2 mm for the top and a rumen bag or pool
cover material with a pore size of 0.055 mm for the
bottom using UV resistant thread (fig. 6a). One end of
the bag was left open. Bags for foliage were roughly
170 mm square, while bags for the woody fuels were
roughly 170 mm by 130 mm (0.0221 m?). We put ap-
proximately 100 to 150 g of the material taken from
the litter traps (see previous section) into each bag
and then sewed the bag closed. We firmly attached a
unique numbered tag to the side of the bag. The bags
were then dried at 50°C for 3 days and weighed to
the nearest 0.01 g with the weight recorded by bag
number. We did not measure decomposition rates for
logs and other canopy material because of limited
time, lack of appropriate equipment, and incompat-
ible methods.

At each plot, we installed three sets of three bags
for the three fine woody fuel components (1, 10, and

Litterbag
Locations

100 hr timelag) and three sets of six bags for the foli-
age material (fig. 6b). We placed one set from each of
the four components near plot center, about 7 m (23
ft) northwest of plot center, and about 7 m southeast
of plot center (fig. 6). We laid litter bags on top of the
existing litter layer in late autumn and secured them
with a wire that was sewn through each bag and at-
tached to large 20-cm spikes driven into ground to a
depth of 19 cm (7.5 in) to prevent movement down
slope and ungulate damage. We flagged and staked
the locations of each bag set. Decomposition was
measured over 3 years by taking one foliage bag
from each wire set every 6 months and one woody
bag from each woody fuel set every 12 months. We
cut the retrieved bags from the wire, and any material
that had fallen onto the bag or became attached to the
bottom of the bag was scraped off using a knife. We
then placed the litter bags in paper bags, dried them at
50°C for 3 days, and then weighed them to the near-
est 0.01 g with the weight, tag number, and tag date
recorded for analysis.

Figure 6. Details of the
litterbags that were
used in this study.

a) picture of a litterbag
and b) the locations of
b) the litter bags on the
plot representing each
site. Litterbags were
not placed at the Spar
Lake (SL) and Red River
(RR) sites due to lack of
funding and resources.
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Analyzing Collected Data

We summarized the measured deposition and de-
composition rates by fuel component for each plot to
create tables to use as reference for parameterization
and validation of fuel dynamics models. We computed
the annual litterfall rates (kg m? yr') by dividing the
total amount of accumulated material over all traps on
a plot for the entire time period by the number of days
in that time period, and then multiplied this daily flux
rate by 365 to obtain an annual rate. We then summa-
rized these rates by plot, cover type, and habitat type
series (Pfister and others 1977) and correlated them
with measured LAIL

Two estimates of decomposition were calculated.
We estimated the parameter & by parameterizing the
exponential decay function described in Equation 1. A
mass loss rate (percent yr') was also calculated from
differences in bag weights over the 3-year period.
Statistical summaries included an analysis of variance
to determine the adequate level of sampling intensity
and strength of the fuels flux estimates. We performed
the analysis to determine the decomposition parameter
k in the Olson (1963) equation in SPLUS using a lin-
ear mixed effects model whose form is as follows:

In (%) =(—k+ b))t + e 2)
where x,, is the weight of the ith trap at time j (7)) and
x,, is the initial weight of the ith trap; b, is the random
effect of trap i representing the deviation of the slope
from the fixed effect for trap i; and g, are the random
errors assumed to be independently distributed with a
normal distribution.

An analysis of variance for litterfall was performed
across all fuel components on each plot to determine
if we had sufficient sampling rigor. First, we evalu-
ated the variation of litterfall using a bootstrap method
where traps were randomly removed from the analysis
to determine the number of traps required to minimize
variance. Then, we estimated the probability of detec-
tion for each fuel component over the entire length of
the study and for 1 year to verify the results generated
from the bootstrap variance calculations.

To address litterfall distribution across litter traps,
we examined the skewness of the total accumulation
of the traps for each plot (Hirabuki 1991). Since the
skewness statistic is a measure of lack of symmetry,
well distributed fuel components would have a fairly
symmetric distribution for accumulation at each plot.
However, if fuel distributions were spotty or clustered,
then we would expect the distribution to be skewed.
Skewness is equal to zero for symmetric or uniform
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distribution, negative when data are skewed left (more
low litterfall years), and positive when data are skewed
right (more high litterfall years).

We used cumulative sum (CUSUM) graphical plots
to examine trends across time for each fuel compo-
nent by trap and plot. CUSUM graphs are often used
to monitor industrial processes but have been used to
monitor environmental processes. CUSUM graphs
show the accumulated deviations from the mean of
that particular plot after sorting the plots in order of
magnitude. This allows the detection of any system-
atic differences between the observed value and the
expected value over the time span of collection.

Results

Litterfall Rates

Sampled rates of average annual fuel deposition for
all fuel components across all plots in the study are
shown in table 2 and figure 7. The highest rates were
recorded for foliage, which also had the highest vari-
ability (fig. 7a) and these high rates tended to occur
on plots with northern exposure, high basal area, and
high LAI (fig. 7b). Rates for fine woody fuel and other
canopy material components were similar across most
of the sites (table 2). Log fall, which had the lowest
rates, was recorded in only 47 percent (15 of 28) of
the plots across all traps for the entire 10+ year re-
cording period, but 90 percent of the plots experienced
large branch fall and all plots recorded foliage, twig,
branchwood, and other canopy material litterfall.
Fallen foliage, twigs, and other canopy material were
recorded in all traps for nearly all of the visits (99.8
percent). Annual variation of deposition rates were
low (about 10 percent of annual mean) for fine woody
fuel components, but tended to increase with increas-
ing fuel size, probably because large fuels were rarely
found in the traps (fig. 7a; table 2).

The mesic cover types with shade tolerant species,
such as western red cedar (WC), grand fir (GF), and
Douglas-fir (DF), usually had the highest litterfall
rates (table 3). The low elevation, xeric cover types,
such as ponderosa pine (PP) and Douglas-fir (DF), had
nearly the same litterfall rates for all fuel components
as the high elevation cover types such as whitebark
pine (WP) and subalpine fir (SF). The pine cover types
(WP, PP, LP) had a higher foliage to fine wood fuel
litterfall ratio than all other species. The most pro-
ductive habitat type series (Pfister and others 1977)
had the highest litterfall rates, especially for foliar
deposition (table 3). Since only mature stands were



Table 2. Litterfall rates for the six fuel components in this paper. Values in table are in kg m? yr' dry weight biomass and values in parentheses
are the standard error. Cells with dashes indicate that fuel was never sampled or collected on that plot. Cover type codes are defined in

table 1.
Plot- Other
cover 1 hr 10 hr 100 hr 1,000 hr canopy
Site type Foliage (twigs) (small branch)  (large branch) (logs) material
Coram CO 1-DF 0.079 (0.005) 0.016 (0.001) 0.005 (0.001) 0.001 (0.001) — 0.042 (0.005)
2-WC 0.121 (0.011) 0.031 (0.004) 0.015 (0.004) 0.012 (0.006) — 0.031 (0.003)
3-SF 0.036 (0.005) 0.005 (0.001) 0.003 (0.001) 0.003 (0.003) — 0.011 (0.001)
4-WP 0.077 (0.011) 0.013 (0.006) 0.006 (0.003) 0.002 (0.002) 0.035 (0.024) 0.012 (0.004)
Snowbowl 1-PP 0.057 (0.003) 0.015 (0.003) 0.006 (0.002) — — 0.026 (0.005)
SB 2-DF 0.106 (0.013) 0.029 (0.008) 0.013 (0.005) 0.015 (0.015) 0.012 (0.012) 0.020 (0.002)
3-LP 0.100 (0.005) 0.010 (0.001) 0.003 (0.001) 0.020 (0.016) 0.001 (0.001) 0.021 (0.002)
4-SF/WP 0.094 (0.007) 0.029 (0.011) 0.030 (0.022) 0.015 (0.015) 0.158 (0.158) 0.028 (0.003)
Red 1-PP 0.110 (0.014) 0.006 (0.001) 0.019 (0.009) 0.011 (0.006) — 0.042 (0.009)
Mountain 2-WC 0.135 (0.015) 0.032 (0.008) 0.011 (0.004) 0.003 (0.003) — 0.056 (0.017)
RM 3-WP 0.061 (0.016) 0.003 (0.001) 0.001 (0.001) — — 0.021 (0.003)
4-SF 0.058 (0.007) 0.012 (0.003) 0.007 (0.002) 0.023 (0.021) — 0.022 (0.003)
Spar Lake 1-WC 0.144 (0.008) 0.043 (0.004) 0.026 (0.004) 0.054 (0.036) 0.080 (0.080) 0.035 (0.009)
SL 2-DF 0.132(0.012) 0.035 (0.006) 0.032 (0.009) 0.067 (0.063) 0.117 (0.061) 0.045 (0.008)
3-WC 0.150 (0.008) 0.032 (0.003) 0.021 (0.004) 0.039 (0.039) 0.058 (0.058) 0.050 (0.007)
4-WL 0.230 (0.022) 0.060 (0.013) 0.033 (0.010) 0.026 (0.020) — 0.075 (0.019)
Red River 1-PP 0.089 (0.015) 0.001 (0.0004)  0.008 (0.004) 0.002 (0.001) — 0.023 (0.008)
RR 2-GF/DF 0.099 (0.014) 0.032 (0.008) 0.048 (0.030) 0.001 (0.001) — 0.055 (0.012)
3-LP 0.068 (0.009) 0.006 (0.001) 0.003 (0.001) 0.001 (0.001) — 0.027 (0.004)
4-LP 0.071 (0.008) 0.024 (0.009) 0.015 (0.006) 0.003 (0.002) 0.073 (0.073) 0.030 (0.004)
Keating 1-GF 0.134 (0.008) 0.034 (0.004) 0.018 (0.004) 0.002 (0.001) 0.192 (0.192) 0.020 (0.003)
Ridge 2-PP 0.129 (0.005) 0.002 (0.000) 0.012 (0.003) 0.001 (0.001) — 0.045 (0.005)
KR 3-LP 0.094 (0.005) 0.025 (0.002) 0.016 (0.004) 0.006 (0.005) — 0.061 (0.002)
4-SF 0.157 (0.010) 0.048 (0.012) 0.038 (0.013) 0.001 (0.001) 0.0001 (0.0001) 0.062 (0.005)
Tenderfoot 1-LP 0.131 (0.006) 0.024 (0.002) 0.003 (0.001) — — 0.061 (0.004)
Forest 2-LP/SF 0.099 (0.006) 0.023 (0.010) 0.018 (0.013) 0.019 (0.019) 0.207 (0.164) 0.040 (0.007)
TF 3-LP 0.121 (0.004) 0.014 (0.002) 0.006 (0.002) 0.002 (0.002) 0.058 (0.058) 0.040 (0.003)
4-LP 0.086 (0.009) 0.024 (0.004) 0.012 (0.002) 0.001 (0.001) — 0.045 (0.004)

sampled, no differences in litterfall across stand age
were evaluated.

north aspects or high elevation south aspects. In fact,
the order of plots in figure 8c, from left to right, ap-
pears to correlate to a wet to dry moisture gradient
(Keane 2008, in press). The most productive sites
(SB-2, KR-2, and TF-2) had woody decay rates that
were equivalent to foliage rates. The low variability of
woody fuel decay might suggest little correlation with
site environment.

Cover types with shade tolerant species usually
had the highest decomposition rates (table 3). The
most productive habitat type series (the most mesic)
had the highest decomposition rates, especially foliar
deposition (table 3). Again, the span of measured de-
composition rates appears to correlate to an available
moisture gradient. While dry site (PP, DF) decom-
position of foliage was low compared to other mesic
series (table 3), the woody fuel decomposition ap-
pears to be higher indicating a possible correlation to
temperature.

Decomposition Rates

Decomposition measurements (k values and mass
loss rates) were quite diverse across all plots in the
study (table 4, fig. 8). Decay rates were higher for foli-
age (k= 0.085 to 0.283) than woody fuel (k = 0.045
to 0.125) (table 4), but foliage decay and mass loss
rates were more variable (fig. 8a and 8b) and more
closely tied to site conditions. Large woody fuels
had lower decay and mass loss rates than the smaller
size woody fuel classes, but many sites had the same
woody decay rates across all woody size classes (ta-
ble 4). The slowest decomposition occurred in the low
elevation, south-facing forests, especially those with
high LAI (fig. 8c). Decay rates were the highest in the
most productive sites, namely those on low elevation

8 USDA Forest Service RMRS-RP-70. 2008.
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Figure 7. Distribution of litterfall rates (kg
m= yr') for all fuel collected in all litter
traps by surface fuel components:

a) distribution by fuel component across
all plots and b) distribution across all fuel
components for each plot.
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Leaf Area Index (LAI)

Measurements of LAI using the LiCor LAI-2000
were much more variable than expected but proved
valuable none the less, even with the high variability
(fig. 9). The instrument appeared to have the sensitiv-
ity to detect the loss of foliage over the fall and winter
and the subsequent leaf growth in the spring and early
summer (fig. 10). Leaf area was the highest on those
plots that were dominated by shade tolerant conifers
(DF, WC, SF) and lower on the pine dominated plots
(PP, LP) (fig. 9). The western larch (WL) plot in Spar
Lake (SL4) had a high leaf area due to its high pro-
ductivity and the abundance of shade tolerant conifers

USDA Forest Service RMRS-RP-70. 2008.

in the understory; LAI also tended to increase with in-
creasing productivity and foliar litterfall. There does
not appear to be any trends in LAI measurements
across the 10+ years of the study (fig. 10), but there
does appear to be some suspect measurements prob-
ably due to operator error (fig. 10d).

Discussion
Litterfall Rates

Litterfall rates in this study are slightly lower than
those in other studies (compare fig. 1a with table 2)



Table 3. Litterfall and decomposition rates for each fuel component averaged across cover type and habitat type series. Types are
arranged from low to high in foliage litterfall. Dashes indicate missing data because either logs were not detected on the plot or
litter bags were never installed at that plot. Definitions for cover or habitat type acronyms are given in table 1 (Pfister and others

1977).
Other

1 hr 10 hr 100 hr 1,000 hr  canopy
E:l;/iet;tt)tlpeeor Foliage (twigs) (branches) (large branches) (logs) material
series P Litterfall kvalue Litterfall kvalue Litterfall kvalue Litterfall kvalue Litterfall Litterfall

Cover type
WP 0.069 0.226 0.008 0.083 0.003 0.069 0.002 0.050 0.035 0.017
SF 0.086 0.140 0.024 0.082 0.019 0.037 0.010 0.038 0.079 0.031
LP 0.096 0.195 0.019 0.093 0.010 0.045 0.007 0.041 0.085 0.041
PP 0.096 0.111 0.006 0.039 0.011 0.028 0.005 0.074 — 0.034
DF 0.106 0.120 0.027 0.084 0.017 0.031 0.062 0.142 0.064 0.036
GF 0.117 0.128 0.033 0.063 0.079 0.072 0.001 0.042 0.192 0.038
WC 0.138 0.165 0.034 0.093 0.018 0.047 0.027 0.023 0.069 0.043
WL 0.230 — 0.060 — 0.033 — 0.026 — — 0.075
Habitat type series

DF 0.090 0.098 0.013 0.034 0.012 0.024 0.009 0.014 0.012 0.028
SF 0.090 0.182 0.019 0.088 0.011 0.049 0.008 0.042 0.076 0.034
GF 0.111 0.142 0.029 0.074 0.049 0.059 0.043 0.092 0.154 0.041
PP 0.129 0.122 0.002 0.045 0.012 — 0.001 0.193 — 0.045
WH 0.156 0.165 0.040 0.093 0.021 0.047 0.027 0.023 0.069 0.050

Table 4. Measured decomposition rates for each of the plots averaged across all litter bag sets within a plot. Values in cells are estimates of
mass loss (percent yr') and the value k (yr') with numbers in parenthesis are standard error estimates. Dashes indicate litter bags were never
installed at that plot or they were missing from the plot at collection. Cover type codes are defined in table 1.

Foliage 1 hr (twigs) 10 hr (branches) 100 hr (large branches)
Site Plot Mass loss k value Mass loss k value Mass loss k value Mass loss k value
Coram CO 1-DF/WL 0.126 0.156 (.007) 0.059 0.084 (.015) 0.034 0.046 (.007) 0.131 0.142 (.021)
2-WC 0.137 0.191 (.011) 0.093 0.119 (.009) 0.057 0.051 (.007) — —
3-SF 0.114 0.149 (.013) 0.084 0.113 (.011) — — 0.041 0.053 (.006)
4-WP 0.121 0.169 (.011) 0.054 0.068 (.008) 0.068 0.083 (.009) 0.050 0.061 (.006)
Snowbowl 1-PP 0.095 0.102 (.018) — — 0.021 0.027 (.004) 0.023 0.016 (.006)
SB 2-DF 0.092  0.085 (.011) — — 0.018  0.016 (.005) — —
3-LP 0.115 0.161 (.018) 0.093 0.125 (.011) 0.051 0.054 (.008) 0.031 0.043 (.005)
4-SF/WP 0.148 0.183 (.011) 0.062 0.069 (.015) 0.062 0.041 (.015) 0.024 0.034 (.005)
Red Mountain  1-PP 0.077 0.108 (.016) 0.033 0.034 (.003) 0.024 0.029 (.005) 0.007 0.011 (.005)
RM 2-WC 0.097 0.140 (.011) 0.049 0.067 (.009) 0.026 0.044 (.009) 0.022 0.023 (.002)
3-WP 0.168 0.283 (.027) 0.083 0.098 (.004) 0.047 0.056 (.006) 0.033 0.040 (.006)
4-SF 0.075 0.110 (.007) — — 0.032 0.033 (.005) — —
Keating Ridge  1-GF 0.093 0.128 (.014) 0.053 0.063 (.008) 0.056 0.072 (.019) 0.033 0.042 (.015)
KR 2-PP 0.098 0.122 (.007) 0.047 0.045 (.004) — — 0.015 0.193 (.006)
3-LP 0.079 0.104 (.006) 0.050 0.060 (.007) 0.030 0.032 (.005) 0.022 0.025 (.005)
4-SF 0.081 0.118 (.010) 0.054 0.063 (.005) — — 0.024 0.027 (.005)
Tenderfoot 1-LP 0.154 0.226 (.015) 0.056 0.082 (.012) — — 0.032 0.047 (.008)
Forest TF 2-LP/SF 0.139 0.205 (.018) 0.063 0.106 (.027) — — 0.033 0.046 (.006)
3-LP 0.167 0.247 (.008) 0.074 0.093 (.008) 0.037 0.047 (.006) 0.042 0.051 (.006)
4-LP 0.154 0.229 (.008) — — 0.033 0.045 (.005) 0.029 0.036 (.004)

10 USDA Forest Service RMRS-RP-70. 2008.
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Figure 8. Distribution of a) decay rates

(k value) and b) mass loss rates (percent
loss) for all 28 plots in this study by four
fuel components, and c) decay rates for all
components arranged by plot from high
to low foliage decomposition. We did not
measure decay for logs and other canopy
material due to time and cost constraints.
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Figure 10. Broken time series of LAl measurements (taken with LiCor LAI-2000) for the four plots at the Coram Forest sample
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12 USDA Forest Service RMRS-RP-70. 2008.



probably because the northern Rocky Mountain forests
are less productive than the Pacific Northwest forests.
The low elevation moist sites of this study (CO-2,
RM-2, SL-1, SL-2, SL-3, and KR-1) are probably the
most ecologically similar to the Douglas-fir study sites
reported in figure 1 and the foliage deposition rates
(0.12 to 0.15 kg m yr') are comparable to the mini-
mum reported rates for Pacific Northwest Douglas-fir
stands (0.17 to 0.50 kg m yr'). Fine woody fuel lit-
terfall rates measured in this study for those plots
(0.001 to 0.139 kg m?2 yr') also compare well with the
Douglas-fir sites (0.005 to 0.129 kg m? yr'). Foliage
litterfall rates of lodgepole sites (TF1 thru TF-4, RR-3,
RR-4, and CO-3; 0.12 to 0.15 kg m? yr') are about
half of those reported for the lodgepole pine sites
(0.362 kg m* yr') in figure 1. Similarly, subalpine fir
foliar litterfall rates in figure 1 are about double the
foliage deposition rates (0.20 to 0.23 kg m yr!) as the
subalpine fir sites in this study (CO-3, SB-4, RM-4,
KR-4) (0.036 to 0.157 kg m? yr'). Large woody fuel
(logs, large branches) rates are highly variable in this
study (0.0001 to 0.207 kg m? yr') but they also seem
to agree with those reported for all studies (0.02 to
0.30 kg m? yr'; fig. 1).

Foliage litterfall is highly correlated with fine
woody litterfall and litterfall of other canopy material
but it is not significantly correlated with large woody
fuel (fig. 11). Correlation of foliage litterfall to other
woody fuel components might be important because
foliage deposition can then be used to predict the lit-
terfall of other fuel components. Foliage is 1) easier to
collect, 2) more homogeneously distributed across all
litter traps (see later in this section) so fewer traps are
needed, and 3) less variable across time so fewer years
are needed to obtain an adequate sample (see later
sections). Smaller woody fuels have the highest cor-
relation because of the consistency of detection in the
litter traps (fewer years where no fuels are collected)
(figs. 11a and 11b). The high number of zero values
for large branches and logs (none fell into traps) re-
sulted in low correlations to foliage (figs. 11c and
11d). Other canopy material (buds, cones, scales) had
high correlations with foliage litterfall. It appears that
foliage litterfall can only predict fine fuel (twigs, other
canopy material, and branches) deposition rates with
suitable accuracy and consistency.

Another indirect way to estimate litterfall is to
correlate the litterfall rates to a commonly measured
stand attributes (Huebschmann and others 1999). We
regressed the litterfall rates for the five fuel compo-
nents to the LAI measured with LAI-2000 (averaged
by plot across the entire 10 years) and tree basal area
(trees larger than 10 cm DBH or 4 in DBH) and found

USDA Forest Service RMRS-RP-70. 2008.

high correlation in the fine fuels but low correlation in
large fuels (branches and logs) (table 5). Again, this is
mainly due to the inconsistency of sampling events in
the time series for the large woody fuels, but it is also
a function of the highly variable and difficult to mea-
sure LAI estimates. Equations in table 5 can be used
to estimate litterfall rates across landscapes or stands
to assess the longevity of fuel treatments.

Results of the bootstrap analysis of variance indi-
cated that the seven litter traps used in this study were
sufficient for most forest types (for example, see fig-
ure 12 for four plots that span the range of litterfall
rates measured for our study). Plots with high litterfall
rates appear to need more traps to obtain an adequate
sample and the asymptotic variability at seven plots is
also much higher than low litterfall rate plots. Large
woody fuels (100 hr and 1,000 hr) had the highest
variances and they were also the fuel components that
needed more traps than the 7 to 9 used in this study
(fig. 12). This was especially true for logs (fig. 12¢)
where most traps did not record fallen logs during the
entire span of the study (table 2).

Since our study failed to describe large woody fuel
(large branches, logs) deposition with statistical valid-
ity, it is important to determine better sampling strategy
for measuring litterfall of these large fuel particles that
fall so infrequently. The probability of detection (p,)
was calculated from the proportion of the seven or
nine litter traps within a plot that recorded each fuel
component for both the entire time period and across
each year (fig. 13). For the entire 10+ year time pe-
riod, the average estimated probability of detection
across all 28 plots was high for foliage (p,= 1.0), twigs
(p,= 1.0), and small branches (p,= 0.952), but low for
large woody fuels (p, = 0.27 for large branches and
p,= 0.0812 for logs). Nearly the same results were
found when p, was computed by year, except that the
large woody fuels were rarely detected (p, = 0.036
for large branches and 0.0092 for logs). In an exten-
sion of this statistical analysis, it was found that over
30 plots of 7 to 9 traps each (>210 traps total) would be
needed to achieve a p, greater than 0.9 for logs for the
entire 10+ year record (fig. 13a) and, for a single year,
this estimate is so large that it could not be calculated
with our data (fig. 13b). Obviously, this large number
of traps would be quite costly and time-consuming to
install and maintain. The tree life table and mortality
rate approaches used by other studies (Harmon and
Hua 1991, for example) appear to be more effective,
especially in ecosystems with large, long-lived trees.

The spatial distribution of the fuel litterfall across
the traps within a plot was uniform for only the foliage
material (fig. 14). Results from the skewness analysis

13
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Figure 11. Regression analysis of annual foliage
litterfall with all other fuel components: a) twig
(1 hr), b) branch (10 hr), c) large branch (100 hr),
d) CWD or logs (1,000 hr), e) other canopy
material (cones, buds), f) fine woody fuels of twigs
and branches, and g) total fuels across all fuel
components. Outliers were removed from some
sites due to collection errors and trap disturbance.
All R? are significant (p < 0.05) except for large
woody fuels.
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Table 5. Regression equations that can be used to predict litterfall of the fine fuel components from
basal area and LAI. Basal area is computed across all trees in the plot and LAl is measured using

the LiCor LAI-2000 instrument.

Fuel component Equation

Standard error of regression R?

Basal Area ( m? ha') for all trees

A

Foliage =.011+.0024 BA .0216 714
1 hour )A/z—.001 +.0008 BA .0094 .603
10 hour )/>=—.OO37+.00046 BA .0101 .308
100 hour )A/z-.006+.00044 BA .0161 137
Other )A/=.OO38+.00082 BA .0122 494
Total )A/=.01 86+.0053 BA .0947 1402
Leaf Area Index ( m? m?) as measured with LiCor LAI-2000
Foliage P=.0168+.035 LAI .0324 .355
1 hour )Alz-.020+.01 66 LAI .0097 534
10 hour )Aiz-.0093+.0095 LAI .010 .292
100 hour P=-.021+.0129 LAI 015 263
Other p=.0121+.0099 LAI .0157 .158
Total )9:-.039+.1 07 LAI .098 .362

showed that the skewness statistic tended to be close
to zero for foliage (evenly distributed) but quite large
and positive for the larger woody fuel (100 hr fuel and
1,000 hr fuel >2.0; fig. 13), indicating uneven fuel de-
position. This means that these large fuel types are not
detected in many traps after our annual visits. Results
seem to agree with Hirabuki (1991), who found that
heterogeneous litter distribution was related to the
distribution of canopy structure. All fuel components
had a tendency to have positive values for the skew-
ness, which suggests that there was a tendency for
one or two traps in a plot to have high litterfall while
the rest of the traps have low litterfall. This again in-
dicates that additional traps might have been needed
to collect large fuels because smaller fuels are more
evenly distributed across the traps but logs and large
branches tended to accumulate in “jackpots” within
the plot.

Results of the CUSUM analysis showed that there
were few statistically significant differences between
years for the fine canopy fuels of foliage, other can-
opy material, and fine woody material (fig. 15), but
there were major annual differences in large branch
and log material. Foliage accumulations for the CO1
plot declined slightly over the collection record (fig.
15a), but the highest accumulations of 1 hr fuels oc-
curred for the years 1996 and 2001, which were more
than double the accumulations of the two lowest years
of 1994 and 2004 (rates for 1993 are low because the
traps were installed in the middle of that year; figure
15b). For 10 hr branch fuels, 1996 had nearly triple the
litterfall compared with all other years. An analysis
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of the climate data for these years did not reveal any
statistically significant reasons why this occurred, but
it is probably due to a late heavy snow or high wind
event that caused extensive branch breakage.

There are some limitations and shortcomings in this
study that might influence the litterfall results. Several
times, it was impossible to empty litter traps on high
elevation plots in autumn because of early snowfalls,
so there may have been some decomposition losses
as the litter sat in the traps under the snow through
the winter. Additionally, large snow banks on access
roads sometimes delayed spring trap visits for weeks,
allowing the litter to sit in traps under warm and moist
conditions that were ideal for decomposition. Many
conifer tree species shed their foliage during the late
fall and early winter after the last trap visit, so many
of the fallen needles remained in the snow above the
traps contributing to additional decomposition and
wind losses. Several traps were vandalized during the
summer causing gaps in the collection record for some
plots. One ponderosa pine plot (KR2) experienced an
autumn prescribed fire that burned all but one of the
traps. The sorting of foliage from other canopy mate-
rial was a difficult and tedious task and was probably
inconsistently done by the 12 field technicians in-
volved in the project over the 10+ years of the study.

Decomposition

The decomposition phase of this study did not
match the rigor, detail, and scale of the litterfall phase.
Decomposition was only measured over a 3-year
time span, which was probably not long enough for
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Figure 12. Bootstrap analysis of variance results for the four most disparate plots across each of the six fuel components. The
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asymptote can be used to determine the optimum number of traps to install at a plot for each fuel component: a) foliage,
b) 1 hr fuels (twigs), ¢) 10 hr fuels (small branches), d) 100 hr fuels (large branches), ) 1,000 hr fuels (logs), and f) other
canopy fuels (cones, bud scales).
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a)

Figure 13. The relationship of the probability
of detection of each fuel component with
the number of traps as computed from the
litterfall data collected in this study on all
traps. The results are summarized a) across all
years in the study and b) for 1 year.

Figure 14. Spatial distribution, described
by the skewness statistic, of surface fuel
litterfall across the litter traps within
a plot as analyzed across all 28 plots.
Values of the skewness statistic near
zero indicate even distribution across
all traps in a plot. Positive values
indicate one trap is receiving most of
the fallen material

Across all years
1.01- === e
// v./“/../""
S 8- / 7
o) B / R
B / e
2 ! 7
, ;
3 o061 /
pS P
2 I‘ /"/
= 0441 ;
o [
_‘3 ,’ _/' Foliage, 1 hour and other fuels
9 /2 R 10 hour fuels
o 0.2 / — == 100 hour fuels
/: —-— 1000 hour fuels
0.0 T T T T T
0 10 20 30 40 50 60
Number of traps
For one year
1.0 ——=
//
, -
1 =
S o084 ! =
'..(:) ,’ Foliage and other fuels
> | PRl IRELEED 1 hour fuels
° i I o7 ——— 10 hour fuels
° 0.6/ P —--— 100 hour fuels
o 1‘ R — - 1000 hour fuels
2 ! /"/ —
= 0.4 1 v -
_g ,/- - -
7 —
S 52 4 -
K4 — -
3 -
;- —
0.0 += T T T T T T
0 10 20 30 40 50 60 70
Number of traps
4
3 4 . e —
° 1
[}
2 4 [ ]
Q [ ]
3 T &
S 1 °
(2]
»
[}
¢ o +
; ‘l’
[0}
3 1
14 [ J
2
[ ]
'3 T T T T T
Foliage 1 hour 10 hour 100 hour 1000 hour

Fuel component

USDA Forest Service RMRS-RP-70. 2008.

17



a) Foliage

0.20

0.15 1

0.10 1

0.05 1

Mean annual foliage rate (kg m? yr'1)

0.00

1994 1996 1998 2000 2002 2004
Year

c) 10 hour

0.10

0.08

0.06

0.04 4

0.02 A

0.00 1

Mean annual 10 hour fuel rate (kg m2 yr‘1)

1994 1996 1998 2000 2002 2004
Year

b) 1 hour

.1)

0.05

-2
yr

0.04 4 T

0.03 +

0.02 1

0.01

Mean annual 1 hour fuel rate (kg m

0.00

1994 1996 1998 2000 2002 2004
Year

d) 100 hour

0.16
0.14 4
0.12 1
0.10 1
0.08 1
0.06
0.04 1
0.02 1
0.00 -

Mean annual 100 hour fuel rate (kg m yr'1)

1994 1996 1998 2000 2002 2004
Year

Figure 15. Annual surface fuel litterfall rates across the 10 years of record for the CO1 study site (low elevation Douglas fir):
a) foliage, b) twig (1 hr), ¢) branch (10 hr), and d) large branch (100 hr). There were no differences between years for the
foliage and twig fuel components (p < 0.05) excluding 1993, the first year of data collection. There was always 1 year for the
large woody fuels that was significantly different (p < 0.05) than the others for nearly all plots.

the larger woody fuels. Decomposition was also only
measured on five sites and it did not include logs and
other canopy material. There were only three sets of
litterbags installed at each site, so a comprehensive
analysis of variance such as that done for the litter-
fall data was not possible with such a small sample.
Moreover, it was difficult to remove the material that
had fallen onto the litterbags over the 3 years while
they were in the field. Freshly fallen needles and small
materials sometimes worked their way into the bags
through the coarse mesh, and we often found decom-
posing material below and on the top of the bags, and
also brought into the bags by soil macrofauna. Some
bags were chewed or torn apart by rodents and un-
gulates, while others were actually carried off site by
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unknown factors. We tried to separate the incorporat-
ed material from the original samples in the litterbags,
but this was often difficult because of the small size of
the particles. These limitations only affected around
16 percent of the samples.

Despite the limitations of the decomposition mea-
surements, the measured rates seemed to compare quite
well with those measured in other studies (compare fig.
1b with table 4). The range of & values for foliage de-
composition measured in this study for the Douglas-fir
sites (0.085 to 0.205 yr') are similar to those in figure
1b (0.005 to 0.56 yr'). Similar results are found for
the lodgepole (foliage: 0.104 to 0.247 yr' in this study
and 0.09 to 0.14 yr' in table 1) and subalpine fir sites
(0.110 t0 0.169 in this study and 0.09 to 0.17 in fig. 1b).
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This indicates that the values calculated from this study
should be useful for future modeling efforts.

Management Implications

The primary objective of this study was to quantify
fuel dynamics for the purpose of designing, param-
eterizing, and validating ecosystem models, and the
data presented here appears to provide an extensive
parameter set for constructing and testing models of
fuel processes and dynamics. These data can also
provide managers with valuable estimates of fuel de-
position and decomposition rates that can be used to
determine the longevity of fuel treatments and priori-
tize fuel treatment areas. This can be accomplished by
using the fire behavior models to calculate how long
it would take to accumulate enough surface fuels to
ignite or support a crown fire or kill overstory trees
using the fire behavior models. While the large woody
fuel litterfall and decomposition estimates measured
in this study may contain high error rates, the fine fuel
dynamics, which is critically lacking in the literature,
has been sufficiently estimated for use in models and
management.

The major conclusions from this long-term study of
fuel dynamics are:

» Litterfall rates are highest on productive plots with
shade-tolerant conifers and plots with high LAI.
The most productive habitat type series have the
highest litterfall rates across all fuel components.

» While foliage litterfall rates vary widely across
forest cover types and habitat type series, rates of
woody fuel components are about the same across
all plots and types, especially the largest woody
fuels (large branches, and logs).

* Decomposition appears to be positively correlated
to a moisture gradient where the highest
decomposition rates occur on the most productive
plots.

* The temporal and spatial distribution of fine fuels
(foliage and twigs) is more homogeneous than
large woody fuels (branches and logs) because
of the consistent timing and distribution of the
litterfall for these fine fuel components.

* Many litter traps are needed across a large area
to adequately sample log (1,000 hr) deposition
rates (>200) and this precludes efficient sampling
for research and management. A better approach
would be to quantify tree life tables to estimate
eventual mortality and snag fall

USDA Forest Service RMRS-RP-70. 2008.

References

Aber, J. D., and J. M. Melillo. 1980. Litter decomposition:
measuring relative contributions of organic matter and
nitrogen to forest soils. Canadian Journal of Botany
58:416-421.

Albini, F. A. 1976. Estimating wildfire behavior and ef-
fects. U.S. Department of Agriculture, Forest Service,
Intermountain Research Station, General Technical
Report INT-30. Ogden, UT U.S.A. 33 p.

Alexander, R. R. 1954. A comparison of growth and mo-
rality following cutting in old-growth mountain spruce
stands. U.S. Department of Agriculture, Forest Service,
Rocky Mountain Forest and Range Experiment Station,
Research Note RN-23, Fort Collins, CO U.S.A. 11 p.

Anderson, H. E. 1982. Aids to determining fuel models for
estimating fire behavior. U.S. Department of Agriculture,
Forest Service, Intermountain Research Station, General
Technical Report INT-122. Ogden, UT U.S.A. 24 p.

Avery, C. C., F. R. Larson, and G. H. Schubert. 1976. Fifty-
year records of virgin stand development in southwestern
ponderosa pine. U.S. Department of Agriculture, Forest
Service, Rocky Mountain Forest and Range Experiment
Station, General Technical Report, Fort Collins, CO
U.S.A.

Berg, B., and G. Ekbohm. 1993. Decomposing needle litter
in Pinus contorta (Lodgepole pine) and Pinus sylvestris
(Scots pine) monocultural systems—is there a maximum
mass loss. Scand. J. For. Res. 8:457-465.

Bocock, K. L., and O. J. W. Gilbert. 1957. The disappear-
ance of leaf litter under different woodland conditions.
Plant Soil 9:179-185.

Botkin, D. B. 1993. Forest Dynamics: An Ecological Model.
Oxford University Press, New York, NY U.S.A.

Bray, J. R., and E. Gorham. 1964. Litter production in forests
of the world. Pages 101-157 in Advances in Ecological
Research. Wiley and Sons, New York, NY U.S.A.

Brown, J. K. 1970. A method for inventorying downed
woody fuel. U.S. Department of Agriculture, Forest
Service, Intermountain Research Station, General
Technical Report INT-16. Ogden, UT U.S.A. 44 p.

Brown, J. K., and C. D. Bevins. 1986. Surface fuel load-
ings and predicted fire behavior for vegetation types
in the northern Rocky Mountains. U.S. Department of
Agriculture, Forest Service, Intermountain Forest and
Range Experiment Station. Research Note INT-358,
Ogden, UT U.S.A. 33 p.

Burgan, R. E. 1987. Concepts and interpreted examples in
advanced fuel modeling. U.S. Department of Agriculture,
Forest Service, Intermountain Research Station General
Technical Report INT-238. Ogden, UT U.S.A. 28 p.

Busse, M. D. 1994. Downed bole-wood decomposition in
lodgepole pine forests of central Oregon. Soil Science
Society of America Journal 58:221-227.

Carlton, D. W,, and S. G. Pickford. 1982. Fuelbed chang-
es with aging of slash from ponderosa pine thinnings.
Journal of Forestry 86:91-101.

19



CH2MHill. 1998. Fire Emissions Tradeoff Model (FETM)
version 3.3 user’s guide. Ch2M hill contract 53-82Ft-7-06
U.S. Department of Agriculture, Forest Service, Pacific
Northwest Region Final Report, Portland, OR U.S.A.
123 p.

Christiansen, E. C., and S. G. Pickford. 1991. Natural abate-
ment of fire hazard in Douglas-fir blowdown and thin-
ning fuelbeds. Northwest Science 65:141-147.

Dimock, E. J. 1958. Litter fall in a young stand of Douglas-
fir. Northwest Science 32:19-29.

Edmonds, R. L. 1979. Decomposition and nutrient release
in Douglas-fir needle litter in relation to stand develop-
ment. Canadian Journal Forest Research 9:132-138.

Edmonds, R. L. 1987. Decomposition rates and nutrient dy-
namics in small-diameter woody litter in four forest eco-
systems in Washington, U.S.A. Canadian Journal Forest
Research 17:499-509.

Edmonds, R. L. 1991. Organic matter decomposition
in western United States forests. Pages 118-125 in
Management and productivity of western-montane for-
est soils. U.S. Department of Agriculture, Forest Service
Intermountain Research Station General Technical
Report INT-280. Boise, ID U.S.A.

Edmonds, R. L., and A. Eglitis. 1989. The role of the
Douglas-fir beetle and wood borers in the decomposi-
tion and nutrient release from Douglas-fir logs. Canadian
Journal Forest Research 19:853-859.

Edmonds, R. L., D. J. Vogt, D. Sandberg, and C. H. Driver.
1986. Decomposition of Douglas-fir and red alder wood
in clear-cuttings. Canadian Journal Forest Research
16:822-831.

Facelli, J. M., and S. T. A. Pickett. 1991. Plant litter: its
dynamics and effects on plant community structure. The
Botanical Review 57:1-32.

Ferrari, J. B. 1999. Fine-scale patterns of leaf litterfall
and nitrogen cycling in an old-growth forest. Canadian
Journal Forest Research 29:291-302.

Fernandes, P. M., and H. S. Botelho. 2003. A review of pre-
scribed burning effectiveness in fire hazard reduction.
International Journal of Wildland Fire 12:117-128.

Ferry, G. W., R. G. Clark, R. E. Montgomery, R. W. Mutch,
W. P. Leenhouts, and G. T. Zimmerman. 1995. Altered
fire regimes within fire-adapted ecosystems. Pages
222-224 In: Our Living Resources: a report to the nation
on the distribution, abundance, and health of U.S. plants,
animals, and ecosystems. U.S Department of the Interior,
National Biological Service, Washington, DC U.S.A.

Fogel, R., and K. Cromack. 1977. Effect of habitat and sub-
strate quality on Douglas-fir litter decomposition in west-
ern Oregon. Canadian Journal of Botany 55:1632-1640.

Fosberg, M. A. 1970. Drying rates of heartwood below fiber
saturation. Forest Science 16:57-63.

GAO. 2002. Severe wildland fires: leadership and ac-
countability needed to reduce risks to communities
and resources. Report to Congressional Requesters
GAO-02-259, United States General Accounting Office,
Washington DC U.S.A. 134 p.

GAO. 2003. Additional actions required to better identify
and prioritize lands needing fuels reduction. Report to

20

Congressional Requesters GAO-03-805, United States
General Accounting Office, Washington, DC U.S.A.
222 p.

Gottfried, G. L. 1978. Five-year growth and development in
a virgin Arizona mixed conifer stand. U.S. Department
of Agriculture, Forest Service, Rocky Mountain Forest
and Range Experiment Station, Research Paper RM-203.
Fort Collins, CO U.S.A.

Graham, R. L. 1982. Biomass dynamics of dead Douglas-fir
and western hemlock boles in mid-elevation forests of
the Cascade Range. Ph. D. Dissertation. Oregon State
University, Corvallis, OR U.S.A. 121 p.

Grier, C.C.,and R. S. Logan. 1977. Old-growth Pseudotsuga
menziesii communities of a western Oregon watershed:
Biomass distribution and production budgets. Ecological
Monographs 47:373-400.

Hagan, J. M., and S. L. Grove. 1999. Coarse woody debris.
Journal of Forestry January: 6-11.

Hann, W. J., Mark E. Jensen, and R. E. Keane. 1988. Chapter
4: Ecosystem management handbook—ECODATA
methods and field forms. Northern Region Handbook,
U.S. Department of Agriculture, Forest Service, On file
at Northern Region, Missoula, MT U.S.A.

Harmon, M. E., J. F. Franklin, F. J. Swanson, P. Sollins, S. V.
Gregory, J. D. Lattin, N. H. Anderson, S. P. Cline, N. G.
Aumen, J. R. Sedell, G. W. Lienkaemper, K. Cromack,
and K. W. Cummins. 1986a. Ecology of coarse woody
debris in temperate ecosystems. Advances in Ecological
Research. 15:133-302.

Harmon, M. E., and C. Hua. 1991. Coarse woody debris
dynamics in two old-growth ecosystems. Bioscience
41:604-610.

Harmon, M. E., J.F. Franklin, F.J. Swanson, P. Sollins, S.V.
Gregory, J.D. Lattin, N.H. Anderson, S.P. Cline, N.G.
Aumen, J.R. Sedell, G.W. Lienkaemper, K. Cromack,
and K. W. Cummins. 1986b. Ecology of coarse woody
debris in temperate ecosystems. Advances in Ecological
Research 15:133-302.

Hart, S. C., M. K. Firestone, and E. A. Paul. 1992.
Decomposition and nutrient dynamics of ponderosa
pine needles in a Mediterranean-type climate. Canadian
Journal Forest Research 22:306-314.

Hirabuki, Y. 1991. Heterogeneous dispersal of tree litterfall
corresponding with patchy canopy structure in a temper-
ate mixed forest. Vegetatio 94:69-79.

Horner, J. D., J. R. Gosz, and R. G. Cates. 1988. The role of
carbon-based plant secondary metabolites in decompo-
sition in terrestrial ecosystems. The American Midland
Naturalist 132:869-883.

Huebschmann, M. M., T. B. Lynch, and R. F. Wittwer. 1999.
Needle litterfall prediction models for even aged natu-
ral shortleaf pine (Pinus echinata Mill.) stands. Forest
Ecology and Management 117:179-186.

Jensen, M. E., W. Hann, R. E. Keane, J. Caratti, and P.
S. Bourgeron. 1994. ECODATA : a multiresource da-
tabase and analysis system for ecosystem description
and evaluation. Pages 192-205 in Ecosystem manage-
ment: principles and applications. Portland, OR: U.S.
Department of Agriculture, Forest Service, Pacific

USDA Forest Service RMRS-RP-70. 2008.



Northwest Research Station in cooperation with U.S.
Department of Agriculture, Northern Region The Nature
Conservancy 1994.

Johannsson, M.B. 1994. Decomposition rates of Scots
pine needle litter related to site properties, litter qual-
ity, and climate. Canadian Journal Forest Research
24:1771-1781.

Kaarik, A. A. 1974. Decomposition of wood. Pages 129-174
in C. H. Dickinson and G. J. F. Pugh, editors. Biology of
Plant Litter Decomposition. Academic Press, London,
England.

Keane, Robert E. 2008[in press]. Biophysical controls on
surface fuel litterfall and decomposition in the north-
ern Rocky Mountains, U.S.A. Canadian Journal Forest
Research

Keane, R. E., C.H. McNicoll, K.M. Schmidt, and J. L.
Garner. 1997. Spatially explicit ecological inventories for
ecosystem management planning using gradient model-
ing and remote sensing. Pages 135-146 in Proceedings
of the sixth Forest Service remote sensing applications
conference—Remote sensing; people in partnership with
technology. American Society of Photogrammetry and
Remote Sensing. Bethesda, MD U.S.A.

Keane, R. E., Cecilia McNicoll, and M. G. Rollins. 2002a.
Integrating ecosystem sampling, gradient modeling, re-
mote sensing, and ecosystem simulation to create spa-
tially explicit landscape inventories. U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research
Station General Technical Report RMRS-GTR-92. Fort
Collins, CO U.S.A. 92 p.

Keane, R. E., Kevin C. Ryan, and S. W. Running. 1996a.
Simulating effects of fire on northern Rocky Mountain
landscapes with the ecological process model Fire-BGC.
Tree Physiology 16:319-331.

Keane, R. E., P. Morgan, and S. W. Running. 1996b. FIRE-
BGC—a mechanistic ecological process model for sim-
ulating fire succession on coniferous forest landscapes
of the northern Rocky Mountains. U.S. Department of
Agriculture, Forest Service, Intermountain Forest and
Range Experiment Station, Research Paper INT-RP-484.
Ogden, UT U.S.A.

Keane, R. E., R. Parsons, and P. Hessburg. 2002b. Estimating
historical range and variation of landscape patch dynam-
ics: Limitations of the simulation approach. Ecological
Modelling 151:29-49.

Keane, R. E., Thomas Veblen, Kevin C. Ryan, Jesse Logan,
CraigAllen, and B. Hawkes. 2002c. The cascading effects
of fire exclusion in the Rocky Mountains. Pages 133-153
in J. B. (Editor), editor. Rocky Mountain Futures: An
Ecological Perspective. Island Press, Washington, DC
US.A.

Keane, R. E., Stephen F. Arno, and J. K. Brown. 1989.
FIRESUM—an ecological process model for fire suc-
cession in western conifer forests. U.S. Department of
Agriculture, Forest Service, Intermountain Research
Station, General Technical Report INT-266.

Keenan, R. J., C. E. Prescott, J. P. Kimmins, J. Pastor, and B.
Dewey. 1996. Litter decomposition in western red cedar

USDA Forest Service RMRS-RP-70. 2008.

and western hemlock forests on northern Vancouver
Island, British Columbia. Canadian Journal of Botany
74:1626-1634.

Kercher, J. R., and M. C. Axelrod. 1984. A process model
of fire ecology and succession in a mixed-conifer forest.
Ecology 65:1725-1742.

Klemmedson, J. O. 1992. Decomposition and nutrient re-
lease from mixtures of Gambel oak and ponderosa pine
leaf litter. Forest Ecology and Management 47:349-361.

Klemmedson, J. O., C. E. Meier, and R. E. Campbell. 1990.
Litter fall transfers of dry matter and nutrients in pon-
derosa pine stands. Canadian Journal Forest Research
20:1105-1115.

Kolb, P.F.,D. L. Adams, and G. I. McDonald. 1998. Impacts
of fire exclusion on forest dynamics and processes in
central Idaho. Tall Timbers Fire Ecology Conference
20:911-923.

Kueppers, L. M., J. Southon, P. Baer, and J. Harte. 2004.
Dead wood biomass and turnover time, measured by
radiocarbon, along a subalpine elevation gradient.
Oecologia 141:641-651.

Laiho, R., and C. E. Prescott. 1999. The contribution of
coarse woody debris to carbon, nitrogen, and phospho-
rus cycles in three Rocky Mountain coniferous forests.
Canadian Journal Forest Research 29:1592-1603.

Laverty, L., and J. Williams. 2000. Protecting people and
sustaining resources in fire-adapted ecosystems—A co-
hesive strategy. Forest Service, response to GAO Report
GAO/RCED 99-65 U.S. Department of Agriculture,
Forest Service, Washington, DC U.S.A. 22 p.

LI-COR, I. 1992. LAI-2000 Plant Canopy Analyzer:
Operating Manual. LI-COR Inc., Lincoln, NE U.S.A.
12 p.

Maguire, D. A. 1994. Branch mortality and potential litter-
fall from Douglas-fir trees in stands of varying density.
Forest Ecology and Management 70:41-53.

Means, J. E., K. Cromack, Jr., and C. MacMillan. 1985.
Comparison of decomposition models using wood densi-
ty of Douglas-fir logs. Canadian Journal Forest Research
15:1092-1098.

Meier, C. E., J. A. Stanturf, and E. S. Gardiner. 2006.
Litterfall in the hardwood forest of a minor alluvial
floodplain. Forest Ecology and Management 234:60-77.

Millar, C. S. 1974. Decomposion of coniferous leaf litter.
Pages 105-129 in C. H. Dickinson and G. J. F. Pugh, edi-
tors. Biology of Plant Litter Decomposition. Academic
Press, London, England.

Moorhead, D. L., and R. L. Sinsabaugh. 2006. A theo-
retical model of litter decay and microbial interaction.
Ecological Monographs 76:151-174.

Mutch, R. W. 1994. A return to ecosystem health. Journal of
Forestry 92:31-33.

Nackaerts, K., P. Coppin, B. Muys, and M. Hermy. 2000.
Sampling methodology for LAI measurements with
LAI-2000 in small forest stands. Agricultural and Forest
Meteorology 101:247-250.

21



Olsen, J. 1963. Energy storage and the balance of the pro-
ducers and decomposers in ecological systems. Ecology
44:322-331.

Pastor, J., and W. M. Post. 1985. Development of a linked
forest productivity-soil process model. Environmental
Sciences Division Publication No. 2455, Martin Marietta
Energy Systems, Inc. for the U.S. Department of Energy,
Environmental Sciences Division, Oak Ridge, TN
U.S.A. 145 p.

Pfister, R. D., B. L. Kovalchik, S. F. Arno, S. F., R. C. Presby.
1977. Forest habitat types of Montana. U.S. Department
of Agriculture, Forest Service, Intermountain Forest and
Range Experiment Station General Technical Report
INT-34. Ogden, UT U.S.A. 174 p.

Pearson, J. A. 1987. Biomass and nutrient accumulation
during stand development in Wyoming lodgepole pine
forests. Ecology 68:1966-1977.

Prescott, C. E., G. D. Hope, and L. L. Blevins. 2003. Effect
of gap size on litter decomposition and soil nitrate con-
centrations in a high-elevation spruce-fir forest. Canadian
Journal Forest Research 33:2210-2220.

Prescott, C. E., B. R. Taylor, W. F. J. Parsons, D. M. Durall,
and D. Parkinson. 1993. Nutrient release from decom-
posing litter in Rocky Mountain coniferous forests: in-
fluence of nutrient availability. Canadian Journal Forest
Research 23:1576-1586.

Prescott, C. E., L. M. Zabek, C. L. Staley, and R. Kabzems.
2000. Decomposition of broadleaf and needle litter in
forests of British Columbia: influences of litter type,
forest type, and litter mixtures. Canadian Journal Forest
Research 30:1742-1750.

Preston, C. M., J. A. Trofymow, and C. I. D. E. W. Group.
2000. Variability in litter quality and its relationship to
litter decay in Canadian forests. Canadian Journal of
Botany 78:1269-1287.

Reinhardt, E., and R. E. Keane. 1998. FOFEM—a First
Order Fire Effects Model. Fire Management Notes
58:25-28.

Robertson, G. P, and E. A. Paul. 2000. Decomposition and
soil organic matter dynamics. Pages 104-116 in O. E.
Sala, R. B. Jackson, H. A. Mooney, and R. W. Howarth,
editors. Methods in Ecosystem Science. Springer, New
York, NY U.S.A.

Rollins, M. G., R. E. Keane, and R. Parsons. 2004. Mapping
ecological attributes using gradient analysis and remote
sensing. Ecological Applications 14:75-95.

Rothermel, R. C. 1972. A mathematical model for predicting
fire spread in wildland fuels. Research Paper INT-115,
United States Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Station,
Research Paper INT-115, Ogden, UT U.S.A.

Sollins, P. 1982. Input and decay of coarse woody debris
in coniferous stands in western Oregon and Washington.
Canadian Journal Forest Research 12:18-28.

Sollins, P., S. P. Cline, T. Verhoeven, D. Sachs, and G.
Spycher. 1987. Patterns of log decay in old growth
Douglas-fir forests. Canadian Journal Forest Research
17:1585-1595.

22

Spies, T. A., J. F. Franklin, and T. B. Thomas. 1988. Coarse
woody debris in Douglas-fir forests of western Oregon
and Washington. Ecology 69:1689-1702.

Stohlgren, T. J. 1988. Litter dynamics in two Sierran mixed
conifer forests. II. Nutrient release from decomposing
litter. Canadian Journal Forest Research 18:1136-1144.

Stump, L. M., and D. Binkley. 1993. Relationships between
litter quality and nitrogen availability in Rocky Mountain
forests. Canadian Journal Forest Research 23:492-502.

Taylor, B. R., C. E. Prescott, W. F. J. Parsons, and D.
Parkinson. 1991. Substrate control of litter decomposi-
tion in four Rocky Mountain conifer forests. Canadian
Journal of Botany 69:2242-2250.

Trofymow, J. A. 1991. Annual rates and elemental concen-
trations of litter fall in thinned and fertilized Douglas-fir.
Canadian Journal Forest Research 21:1601-1615.

Turner, J., and J. N. Long. 1975. Accumulation of organic
matter in a series of Douglas-fir stands. Canadian Journal
Forest Research 5:681-690.

Van Cleve, K., and R. F. Powers. 1995. Soil carbon, soil for-
mation, and ecosystem development. Pages 155-200 in
Carbon forms and functions in forest soils. Soil Science
Society of America, Madison, WI U.S.A.

Vanderwel, M. C., J. R. Malcolm, and S. M. Smith. 2006.
An integrated model for snag and downed woody debris
decay class transitions. Forest Ecology and Management
234:48-59.

Vogt, K. A., C. C. Grier, and D. J. Vogt. 1986. Production,
turnover, and nutrient dynamics of above- and below-
ground detritus of world forests. Pages 303-377 in
A. MacFadyen and E. D. Ford, editors. Advances in
Ecological Research. Academic Press, New York, NY
U.S.A.

Welles, J. M., and J. M. Norman. 1991. Instrument
for Indirect Measurement of Canopy Architecture.
Agronomy Journal 83:818-825.

White, J. D., Steven W. Running, Peter E. Thornton, Robert
E. Keane, Kevin C. Ryan, Daniel B. Fagre, and C. H.
Key. 1998. Assessing simulated ecosystem processes
for climate variability research at Glacier National Park,
U.S.A. Ecological Applications 8:805-823.

White, M. A., P. E. Thornton, S. W. Running, and R. R.
Nemani. 2000. Parameterization and sensitivity analysis
of the BIOME-BGC Terrestrial Ecosystem Model: Net
primary production controls. Earth Interactions 4:1-85.

Wright, K. H., and P. G. Lauterback. 1958. A 10-year study
of mortality in a Douglas-fir sawtimber stand in Coos
and Douglas Counties, Oregon. U.S. Department of
Agriculture, Forest Service, Pacific Northwest Forest
and Range Experiment Station, Research Paper PNW-27.
Portland, OR U.S.A. 123 p.

Yavitt, J. B., and T. J. Fahey. 1982. Loss of mass and nutri-
ent changes of decaying woody roots in lodgepole pine
forests, southeastern Wyoming. Canadian Journal Forest
Research 12:745-752.

USDA Forest Service RMRS-RP-70. 2008.



Publishing Services Staff

Managing Editor -+ Lane Eskew
Page Composition & Printing + Nancy Chadwick
Editorial Assistant - Loa Collins
Contract Editor - Kristi Coughlon
Page Composition & Printing + Connie Lemos
Distribution + Richard Schneider

Online Publications & Graphics + Suzy Stephens



RMRS

ROCKY MOUNTAIN RESEARCH STATION

The Rocky Mountain Research Station develops scientific
information and technology to improve management, pro-
tection, and use of the forests and rangelands. Research is
designed to meet the needs of the National Forest manag-
ers, Federal and State agencies, public and private organi-
zations, academic institutions, industry, and individuals.
Studies accelerate solutions to problems involving ecosys-
tems, range, forests, water, recreation, fire, resource inven-
tory, land reclamation, community sustainability, forest
engineering technology, multiple use economics, wildlife
and fish habitat, and forest insects and diseases. Studies are
conducted cooperatively, and applications may be found
worldwide.

Research Locations

Flagstaff, Arizona Reno, Nevada

Fort Collins, Colorado* Albuquerque, New Mexico
Boise, Idaho Rapid City, South Dakota
Moscow, Idaho Logan, Utah

Bozeman, Montana Ogden, Utah

Missoula, Montana Provo, Utah

*Station Headquarters, Natural Resources Research Center, 2150
Centre Avenue, Building A, Fort Collins, CO 80526.

The U.S. Department of Agriculture (USDA) prohibits discrimina-
tion 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 assis-
tance program. (Not all prohibited bases apply to all programs.)
Persons with disabilities who require alternative means for com-
munication 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 Av-
enue, 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.

Federal Recycling Program %} Printed on Recycled Paper



	Contents
	Introduction
	Background

	Methods
	Measuring Litterfall
	Measuring Fuel Decomposition
	Analyzing Collected Data

	Results
	Litterfall Rates
	Decomposition Rates
	Leaf Area Index (LAI)

	Discussion
	Litterfall Rates
	Decomposition

	Management Implications
	References

