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Abstract

Brown, Ray W.; Amacher, Michael C.; Mueggler, Walter F.; Kotuby-Amacher, Janice. 2003. Reestablishing
natural succession on acidic mine spoils at high elevations: long-term ecological restoration.
Res. Pap. RMRS-RP-41. Ogden, UT: U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station. 49 p.

Methods for restoring native plant communities on acidic mine spoils at high elevations were evaluated
in a “demonstration area” in the New World Mining District of southern Montana. Research plots installed
in 1976 were assessed for 22 years and compared with adjacent native reference plant communities. A
1.5-acre (0.61-ha) area of mine spoils was shaped and treated with hydrated lime, organic matter, and
fertilizer. The area was then seeded heavily with five native grasses collected from adjacent native plant
communities. Natural seed rain, transplanting, refertilization, and use of introduced species were also
studied.

During periods of fertilization, biomass and cover were twofold greater than in adjacent native reference
communities in some years, but then rapidly declined to levels observed in native reference communities.
Natural succession was accelerating within the demonstration area toward formation of a native
community with characteristics similar to adjacent reference areas. Soil genesis was progressing and a
soil “A” horizon was developing. Use of native seral species appears necessary for long-term formation
of a self-sustaining natural community. Both transplanting and natural seed rain on treated spoils resulted
in significantly lower biomass and cover levels than on the seeded area.

Our data demonstrate that acidic mine spoils, such as in the New World area, can be treated successfully
in-place with lime, organic matter, and fertilizer, and then seeded with a mixture of native seral grasses,
followed by surface mulching with erosion blanket. Capping with native soils is unnecessary. Reclamation
principles and procedures are summarized.
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Introduction

A growing demand for natural resources throughout
the Western United States is placing pressure on
public land managers to implement effective ecologi-
cal restoration of severely disturbed sites. Population
centers and rural developments are rapidly expand-
ing, and the natural resources needed to support them
are being sought in increasingly more distant and
remote areas. As a result water, minerals, fossil fuels,
timber, grazinglands, recreational lands, wildlife habi-
tat, and aesthetic attributes are in greater demand
than ever before. However, disturbances to the land
often alter the integrity of natural resources resulting
in either their complete loss or a degraded condition
that affects their availability and quality. Hence, pub-
lic land managers are faced with the problem of treat-
ing both historic and current land disturbances in
order to restore the integrity of impacted areas.

Both natural phenomena and human activities can
result in severe disturbances of wild lands. For ex-
ample, natural disturbances such as seismic events or
volcanism, severe climatic events such as droughts
and catastrophic storms, fires, and some biological
cycles of insect and disease activity can disrupt the
stabilizing influence of native vegetation and expose
soils and parent materials to erosion, mass wasting,
and landslides. However, natural disturbances are
not necessarily destructive to ecosystem form and
function. Natural ecosystems evolved under the influ-
ence of various types of disturbance, and some distur-
bances (such as periodic fire, insect and disease cycles,
cycles of natural drought, and other climatic adjust-
ments) are essential to continued ecosystem health
(Bartos and Campbell 1998; Rapport and Whitford
1999).

The relatively recent advent of large-scale, high-
intensity, and high-frequency disturbances created by
human activity falls outside of the evolutionary capa-
bility of ecosystems to recover. Such human-caused
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disturbances as road and highway construction, min-
ing and some forms of mineral exploration, pipeline
and power line construction, developments of recre-
ational facilities, various recreational activities, town
site development and expansion, and other activities
often result in severe disturbances to the land. These,
together with the impact of human interference in
natural disturbance cycles such as fire frequency,
have been responsible in recent decades for wide-
spread alterations in ecosystem form and function.

Disturbances are referred to as “severe” if they
result in the complete loss of native soil and vegeta-
tion, and if they disrupt or destroy natural surface and
subsurface hydrological pathways. When wild land
areas become severely disturbed, especially by human
activities, various natural ecosystem processes are
often destroyed or greatly altered, thus leading to a
degradation in natural resource quality and quantity.
Mounting evidence shows that many severe human-
caused disturbances lead to major alterations in eco-
systems by greatly simplifying their structure and
function (Rapport and Whitford 1999). Disturbed ar-
eas when left alone to recover naturally often degrade
further because natural recovery processes cannot
resume.

At least three consequences exist to not directly
implementing restoration following human distur-
bances, according to Rapport and Whitford (1999):
(1) disturbed systems become vulnerable to invasive,
often exotic, and highly competitive organisms with
alternative adaptations that block or hinder the re-
establishment of native organisms; (2) disturbances of
natural soils and the loss of their complex structural
and chemical properties limit the ability of the system
to support native organisms, thus leading to greater
instability; and (3) a disruption of nutrient cycling
changes the character of the system and disperses the
nutrient base capable of supporting native organisms.
Often the net effect of continued degradation is a loss
of productivity, diminished biodiversity, and loss of



resilience in the system torecover (Brown and Amacher
1999; Rapport and Whitford 1999).

Severe human-caused disturbances are normally
most significant on the local or watershed scale, but
may have far greater impacts on water quality and
quantity, wildlife habitat, and other attributes than
some much larger scale disturbances. Locally severe
disturbances are increasing on public lands through-
out the West as population and associated develop-
ment expands. If left untreated, they often result in
accelerated rates of erosion by both water and wind,
sediment transport, and the contamination of natural
streams, rivers, and riparian ecosystems. The envi-
ronments most susceptible to damage from such dis-
turbances include headwater areas of critical water-
sheds at high elevations in mountainous terrain,
riparian areas, and arid and semiarid regions through-
out the Western United States.

Some disturbances are so severe that natural recov-
ery processes have become deflected, suspended, or
terminated altogether. Under these conditions, natu-
ral recovery is extremely slow or does not occur at all.
Areas often left to recover by natural processesinclude
abandoned mines on public lands, which are particu-
larly common in mountainous regions as well as in
arid areas throughout the West. In many cases, waste
rock and debris containing toxic chemicals have been
exposed to surficial weathering, resulting in residual
material bearing little resemblance to natural soil.
Mining and mineral processing often concentrates
such materials in the form of spoils and tailings.
Erosion from these disturbances, especially where
pyritic materials and other chemicals are exposed,
resultsin sediment transport leading to acid, metal, or
other chemical contamination of adjacent downslope
plant communities, waters, and riparian and aquatic
ecosystems (Amacher and others 1993; Johnston and
others 1975). The chemical and physical properties of
such toxic spoil material frequently exceed the physi-
ological tolerance of virtually all vascular plants, and
thus inhibit or completely retard the establishment of
plant seedlings and other processes of natural succes-
sion. Consequently, erosion and other degradation
forces continue, sometimes for decades, further de-
grading water quality and other resources. In addi-
tion, surface and subsurface hydrology of such areas
has been totally redefined, often to the detriment of
ecosystem balance and recovery. Although total pre-
cipitation tends to be low in many Western ecosys-
tems, episodic high-intensity storms often have dra-
matic effects on landscapes, stream and river channel
morphology, and riparian habitats.

Restoring native wild land communities that have
been severely disturbed is a critical challenge for land
managers (Brown and Chambers 1990) who must
reinitiate natural succession and other recovery pro-
cesses to reverse effects of severe disturbances and to

repair natural resource integrity. Through restora-
tion, the self-sustaining ecological processes respon-
sible for ecosystem stability, diversity, productivity,
and resilience that were disrupted or destroyed are
reestablished (for example, Cairns 1995; Jackson and
others 1995; MacMahon and Jordan 1994). To accom-
plish this on wild land areas, natural succession is
reinitiated on the disturbance to serve as the primary
“driver” for developing and reestablishing natural
processes, which include both the abiotic and biotic
components, required to sustain the system consistent
with current climatic and other environmental condi-
tions. For purposes here, succession is defined in the
broadest sense and is intentionally not restricted to
just the sequential development of vegetation or plant
communities. Succession can be considered the natu-
ral universal process of ecosystem genesis and devel-
opment responsible for the evolution, formation, and
development of ecosystem components such as flora,
fauna, microorganisms, soils, nutrient cycling, hydro-
logical properties, as well as other constituents, and
their interactions.

Land management practices such as revegetation
and reclamation can be used as tools to reinitiate and
accelerate succession, to enhance other natural recov-
ery processes, and to inaugurate restoration. This
approach is viewed as “active” restoration, the process
ofintentional intervention where restoration is opera-
tively undertaken to reverse the effects of disturbance.
The converse, or “passive” restoration, is viewed as the
implementation of latent management policies de-
signed to protect impacted sites from further abuse,
and may involve site protection or withdrawal from
use until mitigation occurs by natural succession pro-
cesses. Unfortunately, such an approach is often
adopted for economic reasons rather than ecological
ones, and as noted by numerous workers (Brown 1995;
Lesica and DeLuca 1996; Mills and others 1994,
Rapport and Whitford 1999), the approach provides
no guarantees that nature can assume a natural
course following severe disturbance and treatment by
inappropriate methods.

We present evidence in this paper that the practices
of revegetation and reclamation can be utilized to
initiate succession, and we present data and experi-
ences gathered from a mine site at high elevations in
the New World Mining District of southern Montana
as examples of this approach. Although the research
summarized here relates to a specific location, we
suggest that the principles discussed here are equally
applicable to a broad range of sites and conditions
throughout the West where severe disturbances have
suspended or arrested succession. This research is the
result of along-term study extending from 1976 through
1998 conducted in a set of demonstration area plots on
the McLaren Mine in the New World Mining District.
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Research Location and
Characteristics

The New World Mining District is in southern
Montana near the northeastern corner of Yellowstone
National Park, about 5 miles north of Cooke City, Park
County, Montana (fig. 1). The geology and history of
mining in the district have been documented in nu-
merous publications (for example, Crown Butte Mines,
Inc.,1990; Elliott 1980; Elliott and others 1992; Furniss
1996; Kirk and Johnson 1993; Lovering 1929; Perry
1962; Williams 1980). A complex geological history
defines the region and includes periods of folding,
faulting, metamorphism, and igneous intrusions dur-
ing Precambrian times followed by depositions of lime-
stone sedimentary rocks in the Paleozoic and Mesozoic
eras. During the late Cretaceous and early Tertiary
periods many igneous intrusions occurred, resulting
in the formation of highly mineralized zones near the
surface, many of which can be observed in modern
times. Periods of glaciation followed during Quater-
nary times to form the major features of the present-
day topography (Kirk and Johnson 1993).

When the glaciers retreated from the Fisher and
Henderson Mountain complex some 8,000 to 10,000
years ago, there likely was no developed soil or vegeta-
tion in place as presently observed. Probably a spec-
trum of geologic materials, with widely ranging chemi-
cal and physical properties, became exposed at varying
rates as the glaciers melted. It is reasonable to suspect
that exposed slopes in highly mineralized locations
may have appeared much like the raw mine spoil
observed on abandoned mine sites in modern times.
No doubt the exposed mineralized material containing
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Figure 1—Location of the New World Mining District in
Montana, near Yellowstone National Park.
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high concentrations of metal sulfides reacted with
oxygen and water to form sulfuric acid (Hawley 1972;
Thomas and Hargrove 1984); the large quantities of
water that flowed from the complex must have created
major erosion and sediment transport pathways both
at and below the surface. There is strong scientific
evidence (Furniss 1996) suggesting that the sulfide-
bearing rocks in the area contributed significant
amounts of iron oxide as a cementing agent to form
layered aprons of sediments (for example, “ferricrete”)
during the last 8,600 years. These data also support
the probability that huge quantities of acidic water
formed the primary drainage channels that are ob-
served in the area today, and that the water in these
streams normally carried high concentrations of met-
als and other toxic chemicals.

It is believed that vascular plant seeds were trans-
ported into the area from surrounding locations by
wind, animals, or other vectors, but that most were
unable to become established because of physical and
chemical limitations to germination and growth caused
by the geologic materials exposed at the surface. It is
likely, however, that some species were physiologi-
cally adapted, and that a few of these became estab-
lished to form isolated pockets of vegetation in favor-
able locations. Today, “island” formations of Payson
sedge (Carex paysonis) are observed on mine spoil as
products of successional development, some of which
support moderately complex communities of various
graminoids and forbs (Haggas and others 1987; Howard
1978). Slowly, over time, we believe these islands of
vegetation must have promoted soil genesis, perhaps
leading to enhanced habitat diversity and species and
life form richness. This would have resulted eventu-
ally in the coalescence of the small isolated vegetation
patches to form varying degrees of solid stands inter-
mixed with open nonvegetated areas. At some point
the vegetation on Fisher and Henderson Mountains
acquired the familiar physiognomy visible in the area
today. It is likely that pyrite oxidation and sediment
movement from the slopes gradually declined as the
vegetation stabilized the surface and slowly mini-
mized exposed geologic materials. It is equally likely
that with continued development of plant communi-
ties, erosion and sediment transport from the more
toxic materials also declined, and that some dynamic
state of equilibrium was eventually achieved wherein
water quality in the various streams assumed a chemi-
cal state sufficient to support some biological activity.
Although it is questionable that the waters in Daisy
and Fisher Creeks, the primary drainage of this mine
complex, were ever truly pure or uncontaminated
(Furniss 1996), it is likely that their water quality
fluctuated as variable climatic events stressed the
stability of the slopes above. Scattered isolated out-
crops of limestone also probably mediated water chem-
istry in localized areas (Simonin 1988). The dynamic



state of equilibrium between the stabilizing effects of
vegetation and the weathering and chemical reactions
that form acidity that affect water quality shifted
dramatically when mineral exploration activities be-
gan in the late 1860s.

The zones of mineralization are composed of rela-
tively high concentrations of largely unweathered
acid-forming pyritic and metal sulfide minerals, which
form sulfuric acid when combined with oxygen and
water (Hawley 1972). These materials were observed
either directly at the surface or in the form of ground
water seeps by prospectors and early miners in the
late 1860s in the region and were exploited to locate
deposits of gold, silver, and copper. Numerous small
adits and open pit mines were operated in the New
World District between 1869 and the mid-1960s; the
largest of these included the McLaren Mine, which
operated from about 1938 to 1952, and the Como Pit
and Glengarry Adit operations, which closed in the
mid-1960s (Kirk and Johnson 1993). There were no
formal legal requirements for reclamation of hard-
rock mining operations in the 1960s, hence the aban-
doned mines in the New World District had not been
reclaimed or treated to mediate acidic or other limiting
soil conditions when mining was discontinued.

When these mines were abandoned, they were left
much as they had existed while mining was active, and
they are characterized by abrupt irregularly shaped
spoil piles strewn across an area composed of materi-
als of varying chemical and physical properties, often
with deep rills caused by active erosion. Some aban-
doned mine sites supported ponds of acidic waters
containing concentrated solutions of metals and other
toxicchemicals that, during overflow, distributed high-
volume pulses of the acid solution into the drainage.
Snowmelt during the spring and frequent high inten-
sity summer storms resulted in accelerated rates of
surface erosion, surface rills, occasional mass-wast-
ing, and transport of acid-bearing metal-loaded sedi-
ments to adjacent plant communities and into streams
and other waters (Amacher and others 1993). The
acidity of these mine spoils ranges between about
1.5 to 2.5 pH in the more extreme areas up to about
4.5 to 5.5 pH in mildly acidic areas.

The New World District is in the southern portion of
the Beartooth Mountain Range and varies in elevation
from about 8,500 to 10,500 ft (2,591 to 3,200 m). The
major vegetation comprising the lower elevation zones
of the area is montane, consisting largely of conifer
stands of lodgepole pine (Pinus contorta), Douglas-fir
(Pseudotsuga menziesii),and Engelmann spruce (Picea
engelmannii), with some scattered stands of aspen
(Populus tremuloides). At mid and higher elevations,
stands of whitebark pine (Pinus albicaulis) mixed
with subalpine fir (Abies lasiocarpa) are dominant,
becoming scattered with open finger-shaped patterns

grading to krummbholz forests approaching the upper
limits of tree line at about 9,800 ft (2,987 m). Near-
classical krummbholz trees are typical along ridges, in
passes where wind is “tunneled” and concentrated,
and on upper slopes near tree line. Avalanche chutes
dominate the vegetation physiognomy on many steep
upper slopes where coniferous forests are sharply
stratified in vertical and nearly linear bands sepa-
rated by unforested herbaceous communities. On gentle
slopes between 9,000 to 9,800 ft (2,743 to 2,987 m)
elevation subalpine communities consist of wet mead-
ows and mesic herbaceous vegetation dominated by
forbs, sedges, and grasses interspersed with islands
and irregular linear stands of whitebark pine and
subalpine fir. At above 10,000 ft (3,048 m), vegetation
is often typical alpine consisting of low-growing forbs,
sedges, and grasses. Most of the major mining opera-
tions in the New World District occurred at or near
tree line within the subalpine and alpine zones.

The climate of the New World District can be char-
acterized as a heat-limited environment in which
short, cool growing seasons (45 to 60 days in length)
predominate. Growing season air temperatures are
often cool to cold, ranging from below freezing in the
early mornings to rarely higher than 75 °F (24 °C) at
mid-day, but most typically closer to 55 to 60 °F (13 to
16 °C). Although most annual precipitation occurs as
snow during the winter, when more than 15 ft (5 m)
may accumulate, growing season precipitation can be
highly variable with rain or snow showers common
during the afternoon. During the growing season, late
daytime showers are often followed by cloudless nights
and plummeting temperatures. Needle-ice is a fre-
quent phenomenon throughout the growing season.
Severe vertical frost thrusting at the soil surface
results in significant displacement of surface soil par-
ticles and plant seedling uplifting (sometimes includ-
ing roots) on disturbed barren or sparsely vegetated
areas. Windspeeds and durations are highly variable
but are most extreme on ridges and on the crests of
sharp topographic features (such as the raw spoil
piles), often displacing soil fines, organic debris, and
strongly influencing the distribution of both precipita-
tion and natural seed rain. Solar radiation flux densi-
ties are at the extreme high end of the scale for
terrestrial environments, with high photon densities
in the ultra violet bands.

Objectives

The principle objective of the McLaren Mine demon-
stration study was to determine the effectiveness of
spoil treatments (liming, organic matter, fertilizer,
and mulching) and planting techniques (seeding ver-
sus transplanting versus natural “seed rain”) on long-
term plant community development over a relatively
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large and variably diverse area. An additional objec-
tive was to determine the relative effects of
refertilization on plant community development and
soil formation. The specific questions addressed in-
cluded:

1. Are results found on small research plots for
establishing vegetation on acidic mine spoils
equally effective on larger more variable sites?

2. Can a protective vegetation cover be established
on acidic mine spoils at high elevations?

3. Does the establishment of a protective vege-
tation cover comprising native species lead to
natural succession and the formation of natural
communities?

4. Is plant establishment and community develop-
ment significantly affected by planting technique?

5. Can soil cultural treatments modify limiting
spoil conditions in both the short and long term
to support native and introduced species?

6. Are native species required to reinitiate natural
succession?

7. Does refertilization over several years enhance
successional development?

i

Methods and Procedures

A relatively large-scale research site was installed
in 1976 on the McLaren Mine (fig. 2), the largest of
several abandoned mine sites in the New World Min-
ing District, to test various hypotheses regarding the
restoration of high elevation native communities dis-
turbed by mining. The McLaren Mine, covering a
surface area of approximately 35 acres (approximately
15 ha), was actively operated primarily to obtain
copper, gold, and silver. The mine is on the west slope
of Fisher Mountain, within a geologic intrusion that
contains deposits of highly mineralized metal sulfides
that, when oxidized in the presence of water, produce
highly acidic byproducts (Hawley 1972). No surface
reclamation or other treatments had been applied to
the spoil materials on this mine following abandon-
ment in 1952. By 1972, visible sites of active natural
succession were confined to small, isolated, and scat-
tered niches where acidity and metal concentrations
did not exceed the physiological tolerances of the
seral plant species in the area. Erosion and sediment
movement downslope from the mine had caused
substantial mortality of plant communities and

Figure 2—The McLaren Mine looking northward toward Fisher Mountain (10,300-ft elevation).
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contamination of the headwaters of Daisy Creek, a
major tributary of the upper Stillwater River.

The study site is along the north edge of the mine
adjacent to a relatively undisturbed native plant com-
munity on a southwest-facing slope (fig. 3). The site is
approximately at coordinates N45°3.58'xW109°57.31'
at an elevation 0of 9,875 ft (3010 m), upslope from “Hot
Hill” and the “Y” in the Park County road to Lulu Pass
and Lake Abundance. This study site is routinely
referred to here as the “demonstration area” (Brown
and Johnston 1980a; Brown and others 1996a,b) be-
cause it was intended to demonstrate techniques and

to Lulu Pass
and other reference areas

to Lake
Abundance

Reference Area

Tree Island NORTH
Hot Hill « :
' triangle area

McLaren Mine \‘ s
Boundry — ™ '
: McLaren Mine :

! Highjwall
: |=— 300 ft. —|
H (approx.) :
“‘ Park County Road K

McLaren Mine Boundry

To Daisy Pass
and Cooke City

Figure 3—McLaren Mine as it existed in 1976 showing
the location of the demonstration area, reference areas,
and key surface features.

methods learned from smaller research plots in vari-
ous other locations, and to illustrate the long-term
effects these methods have on vegetation and soil
development on larger more heterogeneous disturbed
sites.

Specifically, the demonstration area was installed
in response to several issues emerging in 1976: (1) to
extend and apply the results of earlier revegetation
research on the McLaren Mine and similarlocationsin
the area (Brown and Johnston 1978a,b, 1979, 1980a,b;
Brown and others 1978a,b, 1984); (2) to test new
knowledge about acidic mine spoil reclamation ar-
rived at by other workers at other locations; (3) the
SEAM Program (USDA Forest Service national pro-
gram, which provided funding for early research)
encouraged the installation of “demonstration areas”
as a means of demonstrating current techniques and
illustrating current states of knowledge; and (4) at the
time most experience and knowledge about revegeta-
tion and surface reclamation of high-elevation mines
was based on small-scale research plot studies. Con-
cerns regarding plant responses to treatments applied
on highly heterogeneous mine spoil materials had not
been addressed on large and highly variable areas.
Therefore, a relatively large demonstration area that
represented a broader range of surface spoil and mi-
croclimatic conditions than the usual research plot
encompassed was installed to respond to these needs.

Shaping and Contouring

The site selected for the demonstration area con-
sisted of mine spoil overburden adjacent to the north
edge of the McLaren Mine. This site was between
relatively undisturbed native meadow vegetation to
the north and remnant mine spoil piles dissected by
drainage channels and trenches to the south. In 1976
the surface was highly variable topographically: com-
posed of numerous irregular mine spoil piles of vary-
ing sizes, shapes, and chemical compositions on a
southwest-facing slope of about 15 to 20 percent steep-
ness. In early August 1976, a D-7 bulldozer was used
to contour and shape an area of approximately 1.25
acres (0.51 ha) to approximate the original surface
contour based on observations of the immediately
adjacent undisturbed slope. The intent was to blend
the different spoil materials and tointegrate the shape
and slope of the entire area with the adjacent native
plant communities upslope of the site.

Mine Spoil Amendments

After the shaping and contouring, spoil samples
from the upper 6 inches (15 cm) depth were collected
from 18 locations on a grid pattern across the demon-
stration area and were analyzed for pH, general nutri-
ents, and other chemical composition (table 1). Based
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Table 1—Mine spoil properties measured in the demonstration area following shaping and contouring, but before being treated with

amendments, August 1976.

Sample ECe Coarse NH40Ac extraction DTPA extract
no. Depth  pH mmhos/ fragments K Ca Mg P Cu Fe Mn Zn
cm %bywt oo mglkg -------------------------
1 0-15 35 0.2 42 11 94 28 9 8.6 175 2.0 2.2
2 0-15 4.8 A4 56 51 125 36 12 16.0 26 5.0 4.7
3 0-15 2.3 12 58 42 192 21 5 8.9 196 3.0 14
4 0-15 3.1 3 44 28 216 25 8 37.0 127 1.8 17.3
5 0-15 34 3 48 22 489 36 19 6.9 210 5.9 16.5
6 0-15 3.2 4 56 36 79 68 11 3.8 69 11.3 8.0
7 0-15 4.1 2 62 38 233 42 4 57.0 243 2.3 2.8
8 0-15 3.6 A4 49 41 382 52 7 77.0 108 12.9 1.0
9 0-15 3.8 3 52 30 588 34 16 32.0 86 8.0 8.9
10 0-15 3.3 4 55 55 109 62 14 4.9 217 11.0 5.6
11 0-15 3.7 3 53 52 944 41 10 24 263 18.0 2.8
12 0-15 41 T 41 19 631 48 7 1.8 146 2.8 9
13 0-15 35 2 48 31 211 52 5 2.9 202 4.9 1.8
14 0-15 3.6 .6 58 26 197 39 4 5.6 149 5.1 2.7
15 0-15 41 438 56 12 288 41 3 7.2 169 19.0 3.6
16 0-15 35 5 47 18 309 20 9 1.8 249 2 A4
17 0-15 3.3 A 45 28 366 96 16 28.0 181 1.5 2
18 0-15 41 4 61 36 99 47 10 3.1 218 1.9 3.8
Mean 3.61 0.65 51.72 32.00 308.44  43.78 9.39 16.94 168.56 6.48 4.80
Standard error 0.13 0.25 1.52 3.09 54.04 4.34 1.09 5.05 15.43 135 1.17

on these analyses, requirements for lime, organic
matter, and fertilizer amendments were determined.
Decisions about application rates and other amend-
ment concerns were guided by using information largely
developed for agricultural applications and by com-
paring the spoil material soil properties with those on
adjacent undisturbed reference sites as well as on
several prominent active successional mine spoil com-
munities. Lime requirements to partially neutralize
spoil pH (Barber 1984; Sorensen and others 1980)
were determined by incubating a series of samples
containing a known mass of 2 mm sieved spoil, each
sample mixed with a different mass of hydrated lime
in saturated solution, followed by monitoring pH over
time until stability was achieved (the pH of our samples
stabilized within 30 days). Fertilizer and organic mat-
ter (steer manure) rates were determined by bioassay
comparisons of plant growth and development of tufted
hairgrass (Deschampsia caespitosa, a native species)
and Garrison meadow foxtail (Alopecurus pratensis, a
commercially purchased introduced species) in green-
house trials (Brown and Johnston 1980b).

In late August 1976, hydrated lime (Ca(OH),) was
applied over the entire surface at the rate of 1.44 tons
per acre (3,227 kg per ha) using a manure spreader
pulled by a small bulldozer. Organic matter in the
form of sterilized steer manure was similarly applied
to the entire area at the rate of 4.24 tons per acre
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(9,500 kg per ha). Both amendments were incorpo-
rated simultaneously into the upper 6 inches (15 cm)
of mine spoil over the 1.25-acre (0.51-ha) site, smoothed,
shaped, and contoured using a spring-toothed harrow
pulled by a small bulldozer. This was completed a full
month before seeding and planting to minimize any
potential adverse chemical reactions between the hy-
drated lime and seeds or live plant tissues. The rate of
lime application raised the pH of the upper 6 inches
(15 em) of spoil from about 3.5 to about 5.5 to 6.0 over
the entire treated area within about 30 days.

In September 1976, a granular form of 18-40-5 (18
percent nitrogen, 40 percent phosphorus, and 5 per-
cent potassium, by weight) + 5 percent Zn fertilizer
was uniformly distributed over the entire 1.25-acre
(0.51-ha) area at the rate of 100 Ib N per acre (111 kg
N per ha), and then incorporated to an approximate
depth of 6 inches (15 cm) using the same equipment
described above. This resulted in a bulk application
rate of about 555 1b per acre (623 kg per ha) fertilizer.

Seeding

Following the incorporation of the fertilizer and
other amendments, an approximately 0.75-acre (0.30-ha)
area on the lower slope of the site was selected to be
seeded with amixture oflocally collected native grasses
and sedges (designated the “seeded area”). A smaller



0.5-acre (0.2-ha) site up the slope was selected for
transplanting native species (designated the “trans-
plant area”). A small triangular shaped area (desig-
nated the “triangle area”) at the southeast corner of
the site was used to observe the effects of natural seed
rain (fig. 4).

The 33,600—ft2 (3139-m?) seeded area was seeded
with amixture of seven native species (table 2) collected
from native plant communitiesin the immediate vicinity
of the McLaren Mine. Species selection was based on
observations of natural succession on surrounding
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disturbances in the area. Only the major graminoid
species were targeted for collection because forbs pro-
duce small quantities of seeds in highly scattered
stands, hence sufficient seeds of forbs could not be
collected by hand in the time available. The graminoid
seeds were collected by individual species throughout
the summer (principally August and early September
1976) by hand stripping. The bulk seeds were main-
tained separately by species during air drying, then
were weighed mixed together. The ratio of seed weights
by species displayed in table 2 reflect seed availability

Treatment 2 Transplant area (“DB”)
(approx. 0.5 ac)
1976
1977
1978

1979

Treatment 1
1976 1976
1977
1978
1979
1980

1977
1978
1979

NORTH
SCALE

75 ft.
(approx.)

Triangle area (“DC”")

Figure 4—The demonstration area showing individual plot areas, including the seeded area,
transplant area, and natural seed-rain (“triangle”) areas. The four refertilization treatments
(showing the years of fertilizer reapplication) are all located within the seeded area.

Table 2—Native plant seed mixture, quantity, and germinative ability used in the seeded demonstration
area, September 1976.

Pounds Kilograms Percent

Scientific name Common name per acre per ha germination
Agropyron scribneri Spreading wheatgrass 14 1.6 36
Agropyron trachycaulum Slender wheatgrass 7.7 8.6 58
Carex paysonis Payson’s sedge 6.9 7.7 6
Deschampsia caespitosa Tufted hairgrass 40.2 45.1 72
Phleum alpinum Alpine timothy 4.6 5.2 78
Poa alpina Alpine bluegrass 11.3 12.7 84
Trisetum spicatum Spiked trisetum 1.7 1.9 49
Total 73.8 82.7
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at the time and was not a predetermined quantity or
objective. Seeding rates were not adjusted by seed
germinative ability, although germinative ability was
determined. The mixed seeds were distributed over
the seeded area at the equivalent bulk rate of 73.8 1b
per acre (83 kg per ha) using a Brillion seeder-packer
with a top-mounted “hopper” pulled by a small bull-
dozer. The mixed seeds fell from the hopper along the
leading edge of a gang of cast iron wheels that pressed
the seed into the freshly turned, treated spoil to a
depth ranging between 0 and approximately 0.5 inch
(0 to 1.3 cm) following incorporation of the fertilizer.
The last gang of wheels on the seeder-packer rolled
over the surface roughly smoothing it and leaving
shallow linear grooves in the soil surface. Large rocks
and stones on the spoil surface prevented the seeder-
packer from creating a perfectly uniform grooved sur-
face. At the time we felt that this was an ideal means
for placing the seed because it provided protection
against predation, wind redistribution, and dehydra-
tion. However, the variable size, density, and shape of
the seeds of the different species often resulted in
stratification of species within the hopper, requiring
frequent hand mixing to maintain a semblance of
uniformity in distribution of the seeds. We no longer
recommend this procedure, but rather suggest broad-
casting of seed mixtures followed by raking to lightly
cover them with soil.

Surface Mulching

Following seeding, the entire area was surface
mulched with straw at the rate of 5,080 lb per acre

(5692 kg per ha) using a straw blower pulled by the
small bulldozer. The straw blower mixed a water-
based asphalt emulsion agent with the straw fibers as
they were blown out over the area. This asphalt
emulsion material provided a sticking agent to the
individual straw fibers to minimize their redistribu-
tion by wind. Following mulching, the surface of the
spoil material was still partially visible when observed
vertically through the individual straw fibers, but not
when viewed from an oblique angle across the entire
area.

Transplanting

The transplant area was installed following the
application of straw mulch. A total of 5,363 grass
“plugs” (whole grass plants grown in 1 x 6 inch [2.5 x
15 cm] greenhouse polyvinyl chloride tubes) were
planted in this area. Of these, 3,929 (73 percent) were
native species and 1,434 (27 percent) were introduced
species (Brown and Johnston 1978b) (table 3). The
native species were grown from seeds of the same
grasses used in the seeded area. Plants of the intro-
duced species were grown from seed purchased from
commercial sources. All plants were grown at the
Coeur d’Alene Nursery in northern Idaho by the USDA
Forest Service and then transported in the tubes to the
research site for a 20-day “hardening-off” period under
local conditions. The root system of each plant plug
was planted in approximately 6 to 8 inches (15 to 20 cm)
deep holes dug into the amended spoil material. Holes
were on 2-ft (60-cm) centers in straight rows across
and perpendicular to the slope, and each row was

Table 3—Number of native and introduced plant species transplanted in the
demonstration area, September 1976.

Scientific name

Common name

Number planted

Native species

Agropyron scribneri Spreading wheatgrass 8
Agropyron trachycaulum Slender wheatgrass 124
Deschampsia caespitosa Tufted hairgrass 993
Phleum alpinum Alpine timothy 1,016
Poa alpina Aopine bluegrass 1,682
Trisetum spicatum Spiked trisetum 86
Total native species 3,909
Introduced species
Alopecurus pratensis Meadow foxtail 349
Bromus inermis Smooth brome 272
Dactylis glomerata Orchardgrass 270
Festuca arundinacea Alta fescue 245
Phleum pratense Timothy 248
Poa compressa Canada bluegrass 70
Total introduced species 1,454
Total all plants 5,363
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spaced also at 2-ft (60-cm) intervals. Each row con-
sisted of between about 50 to 86 plants; each row
contained either all native or all introduced species.
Usually two consecutive rows of native species were
followed by one row of introduced species.

Care was taken to minimize variables of technique
and procedures that could influence plant survival.
For example, we sorted out and discarded all underde-
veloped or unhealthy appearing plants; we also were
careful to spread the root systems of each plant in the
access hole and cover and firmly pack the root system
with fine-grain spoil material to minimize exposure to
drying air. The distribution of native and introduced
species was alternated over the area to minimize
possible effects of slope position and heterogeneity in
the spoil material. Because the weather during plant-
ing was warm and dry, following the planting of each
row each plant was provided with about halfofa quart
(0.51) of water collected from an adjacent meadow.

Natural Seed Rain

A small triangular portion of the southeast corner
ofthe demonstration area (fig. 4) is referred to as the
natural seed-rain area (or “triangle area”). This
2,500-ft2 (232-m2) area was treated with hydrated
lime, organic matter, fertilizer, and straw surface
mulch, but was not planted either with seed or
transplants. All plant establishment and growth in
this area resulted from natural invasion and coloni-
zation resulting from normal seed rain.

Treatments and Refertilization

The entire demonstration area was fertilized with
18-40-5 granular fertilizer at 100 1b N per acre (111 kg
N per ha) in 1976, 1977, 1978, and again in 1979,
resulting in 4 consecutive years of fertilization. Be-
ginning in 1980, the 0.75-acre (0.30-ha) seeded area
was divided into four separate, approximately equal-
sized blocks across the slope (treatments 1, 2, 3, and 4
in fig. 4). Each of these blocks, or plots, was subse-
quently treated differently (Brown and others 1984).
Treatment 1 was fertilized for 4 consecutive years
(1976 to 1979), treatment 2 for 5 consecutive years
(1976 to 1980), treatment 3 for 6 consecutive years
(1976 to 1981), and treatment 4 for 7 consecutive
years (1976 to 1982). The transplant plot and the
natural seed-rain area were fertilized only during the
same 4 years as treatment 1.

Reference Area Comparisons

Native reference areas, representing a range of
relative levels of successional development in the
area, were selected to compare the vegetation
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characteristics, soil properties, and other attributes of
the demonstration area with those of natural commu-
nities. These relatively undisturbed areas were in-
tended to serve as optimal natural reference points or
“targets” toward which natural succession will guide
the developing revegetated communities. Although
ecologically simplistic, the basic concept is considered
to be valid within certain limitations. For example, we
recognize that the demonstration area probably will
not achieve identical features of vegetation, soil devel-
opment, or other characteristics observed in adjacent
reference areas for many decades, if ever. However,
the characteristics within the reference areas still
provide a general measure of conditions toward which
potential successional development willlead, and even-
tually provide a quantitative destination for the devel-
oping communities.

The reference areas are considered relatively “un-
disturbed” because they were never mined or im-
pacted directly by road or other construction. How-
ever, uncertainty exists about the history of these
communities during the period of active mining in the
area; likely some areas were disturbed to some degree
as a result of human activity, especially by grazing
horses or mules. Some areas remain lightly grazed by
domestic horses used by hunters and recreationists as
they pass through the area.

The performance of the vegetation within the dem-
onstration area was compared and contrasted with
that of native vegetation in these nearby reference
areas in most years from 1978 through 1998 (table 4).
These comparisons provide a relative measure of the
rate of successional development within the demon-
stration area.

Restoration Retreatments (1993)

In 1993, a portion of the seeded area was retreated
to determine the effects of followup treatmentsin long-
term surface restoration. Figure 5 shows the location
of the 12 retreated plots involving four treatments:

1. Control (no treatment)

2. Limestone (crushed fine grain agricultural-grade
limestone) at the rate of4,000 1b per acre (4,400 kg
per ha)

3. Fertilizer 16-16-16 (N-P-K) at 100 1b N per acre
(111 kg N per ha)

4. Fertilizer + lime, at the same rates as above A
complete randomized-block design with three
blocks each consisting of four plots was used.
Each plot was 10 ft (3 m) wide by approximately
120 ft (36 m) long. The limestone and fertilizer
were applied as a top dressing in each plot and
were not incorporated into the developing soil.
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Table 4—Years in which cover and biomass data were collected (marked
by “X”) in the demonstration area and reference areas.

Demonstration area

Reference areas

Season Live Total Live Total

no. Year cover % biomass cover % biomass
1 1977 X
2 1978 X X X X
3 1979 X X X X
4 1980 X X X X
5 1981 X X X X
6 1982 X X X
7 1983 X X X X
8 1984 X X X
9 1985

10 1986 X X X X

11 1987

12 1988 X X X

13 1989 X X X

14 1990

15 1991 X X

16 1992 X X X X

17 1993

18 1994 X X

19 1995 X X X X

20 1996 X X X X

21 1997 X X X X

22 1998 X X X X

Retreated area
1993

Transplant area (“DB”)

1 \ Triangle area (“DC”)

Plot no.
140 ft. 108 ft.

Treatment

. — 120 ft.

.
[

"‘<7 Block 1 — ‘=—— Block 2 —>“,<7 Block 3 4"-‘
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Figure 5—The demonstration area in 1993
showing the “retreated” restoration plots
within the seeded area: C = control; F =
retreated with fertilizer; FL = with fertilizer +
limestone; L = with only limestone.
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Assessment of Vegetation

Disturbance from mineral exploration and drilling
in 1988 and 1989 reduced the original size of the
demonstration areatoabout 1.1 acres(0.45 ha)through
reconstruction of the road along the south and east
sides of the site. In addition, substantial damage
within the seeded and transplant areas was created by
exploration drilling. These latter disturbances were
not retreated and allowed to recover by natural coloni-
zation. Some of the differences in vegetation charac-
teristics between the demonstration area and the
native reference areas are at least partially due to
these disturbances.

The vegetation in the demonstration area and adja-
cent native reference communities were assessed for
cover and plant biomass within quadrat frames dis-
tributed across each area. Each quadrat frame defined
a small sample of the vegetation, litter, rocks and
stones, bare ground, and cryptogam components that
made up the surface of the area. A statistically adequate
description of these attributes for each community
requires that a number of quadrat frames be sampled
within each community to account for the spatial
variability that naturally occurs. We used a large
number of small 0.1-m? quadrats, 7.87 by 19.69 inches
(20 by 50 cm), in the earlier years of our research, but
later used a fewer number of larger 0.25 mz-quadrats,
13.8 by 28.1 inches (35 by 71.44 c¢m). These larger
quadrats appeared to account for the natural variabil-
ity and distribution of native plants in New World
communities with at least equal reproducibility, effi-
ciency, and dependability as the smaller frames. The
number of frames sampled in each community varied,
depending upon the number of workers and time
available to collect data.

The term “cover” used here is the percent of the
total ground surface covered either at the surface or as
vertically projected vegetation canopy within a quad-
rat frame. We interpret cover as a multilayered quan-
tity consisting of live plants including cryptogams
(mosses, lichens, liverworts), litter, and rocks or stones
larger than 2 mm diameter. The sum cover of all these
components, plus any bare ground, is never greater
than 100 percent. This quantity describes the likeli-
hood of a vertically falling raindrop, hailstone, or
snowflake being intercepted by a component of cover
that will dissipate its energy before impacting bare
soil or the spoil surface. This cover measure provides
a quantitative description of potential surface protec-
tion conditions that permits statistical comparability
between sites.

Prior to 1981 we estimated cover visually in each
quadrat frame by estimating the proportion of total
cover contributed by each component. However, the
variability among crew members was so great that we
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abandoned this estimation method and adopted a
photographic procedure. Vertical photographs (slides)
were taken over each labeled quadrat frame; these
were later projected onto a 100-point grid from which
the number of “hits” was recorded at each intersection
point on the grid for each of the cover component.
These photographs provided a permanent record of
surface conditions of each site that could be revisited if
questions arose regarding the validity of data. In addi-
tion, they provided a means of quantifying the data and
of removing personal bias and estimation errors.

Biomass is a measure of the current year’s net
growth of vegetation, and includes all plant parts such
as leaves, stems, flowers, seeds, and other tissues.
Tissue that developed in the current growing season
and then died is also included. Litter, the dead tissue
standing or laying on the surface developed in previ-
ous growing seasons, was not included in biomass
estimates. Biomass was collected by clipping the veg-
etation at ground level with scissors, placing it in
labeled paper bags, and oven dried in the laboratory at
80 °C until a constant weight was achieved. We ex-
press biomass in units of ovendried grams per square
meter. Our sampling protocol required that only veg-
etation within a vertical projection of the quadrat
frame be clipped and included in the sample; aerial
portions of plants rooted within the frame but extend-
ing outside of the sample projected area were ex-
cluded. Similarly, portions of plants rooted outside of
the frame but that extended into the sample projected
area were included. The end product is an estimate of
the total biomass productivity of the site for three-
dimensional volumes per unit area of surface. We
clipped the vegetation within the quadrat frames by
individual life form class (grasses, forbs, sedges/rushes,
shrubs, and trees). In this manner, biomass could be
expressed as both a total mass per unit area for all
species and by life form.

It is not uncommon to observe as many as 20 to 30
individual species per 2.69 ft* (0.25 m?) in many native
communities in the New World. In 1995 we installed
monitoring plots designed specifically to show changes
over time in the distribution and abundance of indi-
vidual plant species on the demonstration area, and to
permit a comparison of species diversity with nearby
sitesthat retain native soil development and that have
not been altered appreciably by human-caused distur-
bance. The method selected, nested frequency, is simi-
lar to that used by National Forest Service Regions 1
and 4 for monitoring species changes on grassland
areas. It is designed to provide quantitatively valid
data with minimum effort. Frequency, although a
“relative” and not an “absolute” value such as weight
or density (number of individuals), is closely related to
plant density when determined with appropriately
sized plots. A linear relationship exists between
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frequency and density up to about 15 percent fre-
quency; density diverges from frequency at higher
frequency levels in a logarithmic way (Brown 1954).
Density and frequency measures tend more readily to
reflect long-term species trends than weight because
they are not affected nearly as much by yearly varia-
tions in weather.

Our frequency sampling system consisted of estab-
lishing a permanent 65.6- by 65.6-ft (20- by 20-m)
macroplot on the demonstration area and on each of
three nearby undisturbed sites that reflected different
levels of productivity (high, medium, and low) as
judged from soil profiles and native vegetation. Five
randomly selected and permanently marked transects
were established across each macroplot. Ten nested
frequency plots were carefully placed at 2 m intervals
along each transect, for a total of 50 permanent fre-
quency plots per site. Each nested frequency plot
consisted of a 2.69-ft* (0.25-m?) plot frame subdivided
into a 1.35-ft*(0.125-m?) and a 0.68-ft* (0.063-m?) plot.
These three sizes of plots appeared suitable for fre-
quency determination of between 30 and 70 percent
for the major species on the sites. In addition, the plot
frame contained six points at which ground cover class
was recorded, resulting in 300 ground cover points for
each macroplot.

Species frequency and ground cover on the demon-
stration area were measured in 1995, 1997, and 1998.
The high and medium production reference areas
were measured in 1995 and 1997, while the low pro-
duction reference area was measured only in 1995.

Characterization of Soil/Spoil Properties

Soil properties have been systematically studied at
New World by Forest Service research scientists since
1973. Most of the studies of soil/spoil properties were
conducted on or near the McLaren Mine on mine
spoils, associated successional areas, and in adjacent
native reference communities. The primary objectives
in studying soil characteristics for reclamation and
restoration purposes were to understand the nature of
the mine spoil properties compared with natural soil,
and to identify limiting conditions to plant physiologi-
cal tolerances that require remediation. Numerous
soil and spoil samples, ranging in depth from 0 to
approximately 6 inches (0 to 15 cm), were collected
primarily to characterize soil/spoil conditions in the
rooting zone of vascular plants; much deeper samples
were collected and analyzed at various times from
numerous other locations throughout the New World
area. In most cases samples were extracted using a
shovel, trowel, or coring tool to specific depths. The
extracted samples were stored in labeled plastic-
lined paper sample bags to minimize contamination
during storage and transportation. Prior to 1990 the
samples were analyzed by either the Soil, Plant, and
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Water Analysis Laboratory, Utah State University,
Logan, UT, or by A&L Laboratories, Omaha, NE.
Since 1990 soil samples were analyzed jointly by
Forest Service scientists in the soil laboratory at the
Forestry Sciences Laboratory in Logan and by scien-
tistsin the Soil, Plant, and Water Analysis Laboratory
at Utah State University.

Prior to 1989 there was a tendency to collect erratic
numbers of samples from different sites, sometimes at
irregular depths necessitated by a high rock contentin
the mine spoil, and often the properties analyzed were
inconsistent. Despite this, however, a substantial body
of rigorous comparable data were collected that char-
acterize the soil/spoil properties of numerous sites at
New World over time.

The most consistent and numerous samples were
collected on the demonstration area and adjacent
native reference communities in 1976, 1978, 1983,
1988, and 1995. The soil/spoil properties most consis-
tently analyzed during these years include: pH, plant
nutrients (including Kjeldahl nitrogen in percent, and
extractable phosphorus and potassium in mg per kg),
and metals using DTPA extraction (including copper,
iron, manganese, and zinc in mg per kg). In 1995 we
collected extensive data on rooting depths and acidity
by horizon in the developing soils within the demon-
stration area and compared with that on the well-
developed soils in adjacent native communities.

Soil/Spoil Erosion

One of the principal concerns about mine areas such
as New World is the threat of erosion and movement
of sediments containing toxic and other limiting
chemicals to waters and offsite areas. The establish-
ment of self-sustaining vegetation cover has been
found to be the most effective and efficient means of
stabilizing spoil materials and minimizing erosion
and sediment transport in the long term. Methods of
measuring the effectiveness of revegetation and resto-
ration treatments, however, rarely include direct
measurements of how effective these treatments are
for actually minimizing and reducing erosion. We
therefore attempted to directly measure with a
rillmeter changes over time of various spoil and soil
surface characteristics related to erosion and poten-
tial sediment movement.

The rillmeter is an instrument that measures sur-
face roughness with a series of vertical metal pins
mounted 0.10 ft (3.04 cm) apart along a straight line
such that when the pins are lowered to the surface
they define the surface topography. The pins are all
the same length; hence the tops of the pins, when
viewed against a solid background, illustrate the
surface roughness of the spoil or soil. The rillmeter is
mounted on a fixed and permanent set of steel stakes
driven far enough into the soil to prevent frost or
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other forces from changing their vertical disposition.
These stakes provide permanent reference points
upon which the rillmeter is reset each time measure-
ments are collected. The first set of measurements
form a baseline against which all future measure-
ments are compared.

Our instrument was 60 inches (152.4 cm) in length
and contained 50 vertical stainless steel pins. If the
surface defined by the pins is also 60 inches, then the
surface roughness is zero. However, rill erosion or
deposition creates changes in the length of the line
defined by the pins. In addition, a change in the
overall elevation of the line created by the top end of
the pins reflects the amount of soil/spoil loss or
deposition, assuming the reference stakes had not
changed elevation.

We established a series of these rillmeter plots in
both the demonstration area and in adjacent native
reference communities that were monitored annually
between 1994 and 1998.

Results and Discussion

Because most of the data were collected on the
seeded area, its results are treated separately. The
transplant and natural seed-rain areas are discussed
together because of apparent strong interactions be-
tween the two areas, and the data from both were
collected and analyzed less frequently than that in the
seeded area.

Seeded Area

Biomass and Live Cover—Total vascular plant
biomass and percent live cover were the most sensi-
tive and descriptive data collected in the seeded area.
The seeded area and adjacent reference areas were
assessed for these attributes during or immediately
following the period of peak growth and production
(usually mid to late August) in most years (fig. 6).
These data show that both the biomass and live cover
of the demonstration area were generally signifi-
cantly higher during the period of active refertilization
(1977 t01982) than after refertilization was termi-
nated. Biomass and live cover within the demonstra-
tion area declined and more closely resemble the
biomass and cover data collected in the reference
areas after refertilization was discontinued (1983
t01998).

The history of the seeded portion of the demonstra-
tion area was complicated by various substudies, in-
cluding the four refertilization treatments studied
between 1977 and 1982, and by the 12 retreatment
plots installed in 1993. To understand the implica-
tions of these various studies on the overall develop-
ment of vegetation within the seeded area and how
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Figure 6—Mean biomass and percent live cover (with
95-percent confidence intervals) of vegetation within the
demonstration area contrasted with native reference
areas, 1977 to 1998.

these different studies may have affected comparisons
with reference areas, the biomass and live cover data
were partitioned into “periods” of various duration
that reflect the research history of the site. The data
illustrated in figure 7 display mean annual total bio-
mass and live cover for each of three periods: (1) the
period of active refertilization 1977 t01982; (2) the post
refertilization period 1983 to 1992; and (3) the late
post refertilization period between 1993 t01998.

The average annual biomass for the reference areas
was 542 1b per acre (60.8 g per m?) between 1977
t01998, whereas for the demonstration area the mean
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Figure 7—Mean biomass and percent live cover (with 95-
percent confidence intervals) for the demonstration area and
reference areas averaged for specific time periods: 1977 to
1982, (active refertilization; 1983 to 1992), early,
postrefertilization; and 1993 to 1998, late, postrefertilization.

was 706 lb per acre (79.14 g per m?). Mean annual
percent live cover in the reference areas was 39 per-
cent during this same period and averaged 42 percent
for the demonstration area. Thus, the demonstration
area averaged somewhat higher biomass and live
cover than the reference area over the entire period of
the study. Biomass and live cover can vary consider-
ably between years, but the greatest variability oc-
curred within the demonstration area. Data differ-
ences can be attributed to at least two variables:
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annual and cyclic variations in climatic conditions,
which can be substantial, and variations in sampling
rigor. In some years only a few quadrat frames were
measured for biomass and live plant cover in both
areas whilein others, especially during thelast 5 years
of the study, large samples were collected in more
rigorous standardized formats.

Analysis of variance (ANOVA) was used to deter-
mine if differences in the data between the demonstra-
tion area and the reference areas are statistically
significant (p = 0.05); a summary of the results from
these tests for years when compatible data were avail-
able is shown in table 5. Differences in total biomass
for the entire period 1978 t01998 were highly signifi-
cant (p =< 0.01), but differences were not significant
(p = 0.05) for percent live cover. Also, differences
between the two areas in each individual year were
highly variable, reflecting the variability in sampling
rigor between years. Only the raw data from each site
in each year were used for all ANOVA calculations.

Differences between the demonstration area and
reference areas were highly significant for both total
biomass and live cover during the 1978 t01982 period
of active refertilization (fig. 7). During this period
mean annual biomass was 1,042 1b per acre (116.8 g
per m?) for the demonstration area while only 586 Ib
per acre (65.7 g per m?) for the reference areas; mean
cover was 50 percent for the demonstration area and
only 38 percent for the reference areas. During this
period of 4 to 7 consecutive years in which abundant
nutrients were reapplied annually to the demonstra-
tion area, the grasses flourished and assumed a growth
form much larger than individuals of the same species
in natural adjacent communities not fertilized. We
suspect that during this period the grasses within the
demonstration area were consuming near optimum
quantities of relatively abundant nutrients, and their
large size and aggressive competitiveness were in-
strumental in suppressing the successful invasion of
native sedges, rushes, and forbs from undisturbed
areas.

However, during the immediate post refertilization
years of 1983 t01992, both plant biomass and cover
within the demonstration area declined (fig. 7). This
was presumably a result of the withdrawal of abun-
dant nutrients. After 1993 through 1998 the mean
biomass in the demonstration area was significantly
less than that in the reference areas, but difference in
live cover was not. The vegetation within the demon-
stration area may be less responsive to normal cyclic
climatic variations than the reference areas, perhaps
due in part to its more poorly developed soils.

To better understand the relative performance over
time of the vegetation in the demonstration area
relative to that in native reference areas, the algebraic
differences in biomass and live cover between the two
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Table 5—Summary of analysis of variance (ANOVA) of total biomass and live cover data in the seeded demonstration area and
adjacent reference area comparisons, 1977 to 1998 (ns = not significant at p > 0.05; * = significant at p < 0.05; ** = highly
significant at p < 0.01). Blank spaces indicate years when no data were collected.

Interact. Interact.
Live Yr X trmt Yr X trmt
Variable Biomass cover (biomass)  (live cover)
Demonstration area versus reference areas:
All years, 1978-1998 xk ns xk xk
1977-1982 (years of active refertilization) *x ** *x *
1983-1992 (years post-refertilization) ns o *k ns
1992-1998 (years following retreatment) *k ns * ns
By individual year:
1978 o ns
1979 * ns
1980 ns ns
1981 ns ns
1982 ns
1983 *% *%
1984 o
1985
1986 ns ns
1987
1988 ns
1989 ns
1990
1991 ns
1992 ns *
1993
1994 ns
1995 b ns
1996 o ns
1997 * *
1998 *x ns
Treatment effects within demonstration area:
Biomass and live cover (Refertilization treatments 1, 2, 3, 4)
1979-1992
1 Differences among all treatments, 1979-1992 ns o *x *x
2 Differences among years for each treatment:
Treatment 1 by year: 1979-1992 xx *x
Treatment 2 by year: 1979-1992 *x **
Treatment 3 by year: 1979-1992 *x o
Treatment 4 by year: 1979-1992 *x fid
3 Differences among treatments (1, 2, 3, 4) for each year
1979 ns ns
1980 o ns
1981 * *
1982 *% *%*
1983 *% *%
1984 ns i
1986 ok ns
1988 * ns
1989 ns *
1991 *
1992 ns *x
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areas were plotted by years along with the 95-percent
confidence interval depicting the expected range of the
differences between means (fig. 8). In this analysis,
the 95-percent confidence interval defines where the
mean of the real differences between the two areas will
fall within the defined interval range. These data
clearly show that during the period of active
refertilization, the demonstration area maintained
significantly more biomass and cover than the refer-
ence areas; this is consistent with the results in
table 5. Following the discontinuation of refertilization,
however, the differences between the two areas in
biomass and cover approached zero. As early as 1986
the differences between the two areas in both biomass
and live cover were no longer significant. After 1994,
however, demonstration area biomass and live cover
continued to decline each year and became less than
that of the reference areas. These data reflect the
calculations of significance in table 5 and again sug-
gest that refertilization temporarily boosts both bio-
mass and cover to artificially high levels by the un-
natural abundance of nutrients. When artificially
abundant levels of nutrients are no longer available
for such luxury consumption (especially prevalent in
grasses), biomass and cover decline to levels sustain-
able by the soils developing within the demonstration
area. It appearsthat theselevels of biomass productiv-
ity and live cover are approaching that displayed by
thenative communitiesin theimmediate area. For the
demonstration area to permanently sustain these same
levels of productivity and cover requires that nutrient
cycling and soil development be sufficiently advanced
to provide the basic levels of energy needed. The data
in figure 8 also suggest that nutrient cycling and soil
genesis on such spoils may not be developed suffi-
ciently even after 20 years to support the same levels
of vegetative productivity that are being maintained
in adjacent reference areas.

These results of the analyses of vegetation develop-
ment within the demonstration area are encouraging.
However, long-term nutrient cycling and soil forma-
tion studies will be required to determine the levels of
energy needed within the demonstration area to per-
petually sustain the biomass productivity and live
cover observed in adjacent reference areas. Soil forma-
tion occurs slowly in severely disturbed high-elevation
environments such as those of the New World District.
The 22 years of data covered in this study may be brief
relative to that actually required for the formation of
a sustainable and resilient ecosystem on the demon-
stration area, and minuscule to that where soil forma-
tion has not been accelerated by treatment. Figure 9
illustrates the development of vegetation on the dem-
onstration area.

Number of Plant Species—The number of vascu-
lar native plant species occurring within an areais an
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Figure 8—Differences between the demonstration area
and reference areas biomass and percent live cover (with
95-percent confidence intervals), relative to the total
difference between areas, 1977 to 1998.

indication of its ecological diversity and may suggest
the degree of relative successional development at-
tained. The total number of native vascular plant
species observed in the New World Mining District
between 1974 and 1998 is about 118 species (appendix
A). Of these, grasses comprise 16 taxa, sedges and
rushes nine taxa, forbs 80 taxa, woody shrubs nine
taxa, and trees four taxa. Obviously, not all of these
species are observed in any one location nor necess-
arily visible in any one growing season. It is unlikely
that we noted every species actually present in the
New World; new species were encountered nearly
every year. Abundance of some species was highly
variable over time, apparently being greatly influ-
enced by annual climatic variables and perhaps other
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Figure 9—The seeded area and portions of the transplant area of the demonstration area in 1979 during active
refertilization (upper), and in 1997 long after active fertilization ceased (lower).
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factors. In some years various species were not en-
countered, and yet in other years were noticeably
abundant. Specimens of each species were usually
collected, identified using reputable flora guides ap-
propriate to the area (for example, Hitchcock and
Cronquist 1973), and preserved in the herbarium of
the Forestry Sciences Laboratory at Logan, UT.

The total number of species observed each year
between 1977 and 1998 within the seeded demonstra-
tion area, in reference areas, and in some successional
communities on mine spoils are shown in figure 10.
These datatend toillustrate the degree of successional
development within the demonstration area. The data
were collected sporadically during the early years of
research but routinely after we realized the signifi-
cance of such information. The number of species
found in the seeded portion of the demonstration area
duringthe period of active refertilization (1977 t01982)
remained between six and 14, primarily species that
were seeded in the area. This corresponds to the period
of maximum biomass and cover development. When
refertilization was discontinued, however, the total
number of species increased rapidly and appeared to
reach a plateau of around 50 in the late 1990s.

The total number of species observed in adjacent
reference areas is difficult to quantify because the
boundaries and area of these sites were only generally
defined. Because the number of species encountered
increases as the area observed increases, our data are
only indicative of the actual number of species repre-
senting each reference site studied. The number of
plant species observed in the six major reference areas
range from 25 to 73. Consistently more species were
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Figure 10—The number of vascular plant species
observed in the seeded demonstration area, adjacent
native reference communities, and in successional areas
on mine spoil between 1974 and 1998.
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observed in the highest successional communities,
and the least in the lower successional communities
(appendix A). Only the data from the three reference
areas in the Daisy Creek (areas AA, AB, and AC)
drainage were used in the statistical analyses of com-
parative data between the demonstration area and
reference areas. These three reference areas occur on
slopes and habitats near and similar to that of the
demonstration area. Information provided here about
the remaining three reference areas found in the
Fisher Creek drainage (areas AD, AE, and AF) is
provided only for background to provide a broader
overlook of the diversity of the entire New World area.

Life-Form Comparisons—Comparisons of com-
position by life forms (number of species within grass,
sedge, rush, forb, shrub, and tree classes) provide a
basis for contrasting developmental stages of different
communities and for indicating broad ecological simi-
larity, even though the species themselves may differ
considerably. Although many of the individual plant
taxa occurring on the demonstration area differ from
those found on the reference areas, the relative compo-
sition of life forms among all of these sites is surpris-
ingly similar (table 6). Forbs compose by far the
largest number of species in all of the New World
areas. Generally grasses compose the next largest
component, followed by sedges, rushes, shrubs, and
trees. The grasses, sedges, and rushes, together with
seral forbs, constitute the majority of species found in
the demonstration area; the reference areas are simi-
lar but often contain more shrubs and trees. The
sampling techniques we used on the reference and
demonstration areas managed to encounter almost 50
percent of the total 118 plant species observed in the
New World area (appendix A).

Table 6 includes a summary of species numbers by
life form class for four representative McLaren Mine
successional areas. These areas were raw untreated
mine spoil comprising a variety of heterogeneous
chemical and physical properties on which succession
occurred naturally. Only slightly more than 20 vas-
cular species were consistently observed as active
colonizers on these areas between 1974 and 1992
(after which the various spoil piles were reshaped and
amended with lime, fertilizer, and seeded by Crown
Butte Mines, Inc.). Apparently about 20 percent of all
species present in the New World District are active
successional colonizers on mine spoil materials. Not
only are the total numbers of species involved in active
succession here much lower than those observed in
other more advanced communities, but the proportion
by life-form distribution differs as well. On untreated
mine spoil, dominance in active succession appears to
be uniformly shared among forbs and graminoids
(grasses, sedges, and rushes). Generally our experi-
ence indicates that the earliest stages of succession
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Table 6—Number of species by life-form classes on the demonstration area, in the six reference areas, and on natural succession

on untreated mine spoil.

New Demon- Reference areas
Life-form World stration Daisy Creek Fisher Creek Successional areas on raw spoil
class District area AA AB AC AD AE AF Strip Hill Hill spoil
(Relative successional development) = (high) (mid) (low) (high) (mid) (low)
Grasses 16 9 10 10 8 10 3 5 5 6 6 5
Sedges/rushes 9 5 7 5 1 5 5 5 4 6 0 4
Forbs 80 38 52 40 27 21 11 13 12 10 8 14
Shrubs 9 1 1 3 0 0 4 1 0 0 0 3
Trees 4 2 3 0 1 2 2 2 0 0 1 3
Total species 118 55 73 58 37 38 25 26 21 22 15 29

almost always begin with graminoid colonization, and
that forb establishment tends to be later, although
exceptions occur on nonacidic spoils. Howard (1978)
and Haggas and others (1987) summarize observa-
tions regarding initiation of succession on acidic spoils
in this area by the dominant sedge, Payson sedge
(Carex paysonis).

Figure 11 illustrates the frequency of life forms
observed (percent of quadrats sampled in which a
given life form occurs) in the demonstration area
between 1977 and 1998. Grasses maintained nearly
constant 100 percent frequency between the years
1977 and 1998. No other life forms were observed until
1986 when forbs were encountered in about 22 percent
of the quadrat frames. The forbs gradually increased

to about 95 percent frequency by 1998. Sedges and
rushes were first encountered in 1988 and then steadily
increased until about 1994 before declining sharply in
1995t0 1997, but then increased to about 67 percent by
1998. We suspect the 1995 to 1997 decline may have
resulted from misidentification between grasses and
sedges by some members of the sampling crew. Woody
plants were first encountered on the seeded portion of
the demonstration area in 1998, occurring in only 2
percent of the quadrat frames. The fertilization indi-
cated in 1993 (fig. 11) occurred only within the appro-
priate newly retreated plots established that year, and
may have adversely influenced forb and sedge coloni-
zation in favor of grasses over a portion of the seeded
study area. It seems reasonable, in view of “luxury

McLaren Mine Demonstration Area
Lifeform Frequency: 1977-1998
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Figure 11—Frequency (percent of total quadrats sampled) of observed
plant life forms within the seeded demonstration area between 1977

and 1998.
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consumption” of abundant nutrients by grasses, that
a decline in sedge and forbs species numbers might be
expected following a new pulse of fertilizer.
Comparisons of the relative proportions of life form
biomass in the demonstration area with that in refer-
ence areas are shown in figure 12. Inconsistent data
collectionin the early years of the study prevents these
comparisons prior to 1994. Grasses contributed over-
whelmingly to the biomass in the demonstration area
with only minor amounts of forbs and sedges until
about 1996. By 1998 grasses still composed over 70
percent of the total biomass within the demonstration
area. In contrast, reference areas biomass consisted
heavily of forbs, comprising between about 40 to over
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Figure 12—Percent composition of each life form observed
in the demonstration area compared to native reference
areas, 1994 to 1998.
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65 percent of the total produced. Grasses only contrib-
ute between about 5 to 15 percent of the total reference
areas biomass, and sedges between about 15 to over 25
percent. In some reference areas, shrubs and other
woody plants contribute a significant proportion of the
total biomass produced. A single shrub plant, grouse
whortleberry (Vaccinium scoparium), was encoun-
tered for the first time on the demonstration area in
1998, but its relative contribution to the total biomass
was minimal.

An additional revealing measure of life-form
composition for comparing the demonstration area
with reference sites is the frequency of occurrence
of life forms in the quadrats sampled (fig. 13). The
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encountered in the demonstration area compared to
native reference areas, 1994 to 1998.
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demonstration area maintained virtually a constant
100 percent frequency of grasses between 1994 to
1998. Forbs, sedges, and rushes also composed a sig-
nificant distribution throughout the demonstration
area, but woody plants were only recorded in 1998. In
thereference areas, grasses generally had a somewhat
lower frequency than the demonstration area and
generally shared a codominant position with the forbs.
In addition, native reference areas maintained a sig-
nificant proportion of woody plants, about 30 to 35
percent frequency, in most locations and years. These
data substantiate expected trends in the development
of vegetation diversity within the demonstration area
and show a gradual increase in life-form diversity over
time toward a more similar physiognomy with that of
reference areas.

Species Frequency Comparisons—A compari-
son of the frequency of occurrence of vascular plant
species on the demonstration area with those on se-
lected nearby reference areas is shown in appendix B.
The three reference areas used in this comparison
were selected to span the range of productivity on
undisturbed sites of similar elevation and exposure.
Although the frequency plot size differs depending
upon the abundance of the species, the size for a given
species is consistent across all four sites to facilitate
direct comparisons across sites. (Frequency compari-
sons of different species within a single site are valid
only if the plots are of the same size.)

Species richness (diversity) on the demonstration
area compared to that on the three McLaren reference
areas is of special interest (fig. 14). These data differ

Species Diversity: 1995
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Figure 14—Number of vascular plant species by life-
form classes encountered on 50 permanent one-fourth
m? plots on the demonstration area compared to three
nearby reference areas selected to represent different
levels of productivity.
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from those in table 6 in that each site was sampled by
the same total area, 50 permanent plots each 2.65 ft?
(0.25 m?) in size, whereas table 6 data represent an
accumulation of careful reconnaissance observations
over several years on entire areas of different sizes.
Figure 14 data show that 20 years after installation
the demonstration area contained half the number of
species as the high production native reference area,
three-fourths as many as the medium production
reference area, and slightly more than the low produc-
tion area. The high and medium production reference
areas contained almost twice as many forbs species as
the demonstration area. Only nine of the species on
the frequency plots in all three of the reference areas
were the same, which indicates the composition dis-
similarities of the native undisturbed vegetation.

Although the diversity of species on the demonstra-
tion area was gradually approaching that of the more
productive native reference areas, the frequency of
species not deliberately planted was still different
(appendix B). Only those grasses in the seed mixture
that was planted on the demonstration area had high
frequency levels comparable to or exceeding those on
the reference areas. Forb frequencies were low on the
demonstration area; the very presence of these forbs,
however, indicates that the process of natural succes-
sion was accelerating.

Although species diversity after 20 years on the
demonstration area remained well below that on the
high production reference area, the amount of ground
protected by vascular vegetation plus litter equaled
that ofthe high production reference area (appendix B;
fig. 15). This large amount of vascular plant cover
reflects the abundance of tussock grasses, especially
tufted hairgrass (Deschampsia caespitosa), which not
only have relatively large bases but also produce
considerable litter. The greatest difference in ground
cover elements between the demonstration area and high
production reference area was the amount of ground
surface covered by cryptograms, primarily mosses and
liverworts. Both the medium and low production ref-
erence areas had twice the amount of exposed bare
ground plus rock than the demonstration area. Thus,
the soil surface on the demonstration area appeared
well armored against water and wind erosion.

Effects of Refertilization—The purpose of the
refertilization treatments was to determine to what
extent repeated applications of fertilizer result in
enhanced site productivity and cover. The
refertilization treatments were not replicated. We
believed initially that up to four consecutive years of
fertilization in a sterile medium, as with these mine
spoils, would be necessary to load the spoil with
residual nutrients in great enough quantities to sup-
port long-term nutrient cycling. Therefore we fertil-
ized the entire demonstration area for 4 consecutive
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Figure 15—Ground cover on the demonstration area
compared to three nearby reference areas selected to
represent different levels of productivity; data are based
on 300 points of basal intercept per area.

years as a minimum treatment. In effect, fertilization
was viewed as a means of “pushing” the formation of
nutrient loading and cycling, and of accelerating soil
genesis and successional development. It became obvi-
ous by the time the first treatment was withdrawn
from refertilization in 1979 that refertilization was
favoring the growth and development of graminoids to
the near exclusion of forbs and other life forms. Under
refertilization, the grasses had developed into far more
robust plants with levels of cover far greater than that
observed in native adjacent reference communities.

A fairly consistent increase in biomass and live cover
occurred with each additional year of fertilization. All
fertilization was terminated after the 1982 growing
season, but the carryover effect appeared to extend
through at least 1992. Thus, 10 years after fertiliza-
tion was discontinued, the differences in relative pro-
duction and cover characterized by each treatment
were still evident, although the total productivity and
cover of all the treatment blocks declined.

Normal annual weather variability is great in the
New World District. It is difficult to separate the
effects of local weather and refertilization treatments.
However, it appears that biomass and live cover en-
hancement due to readily available fertilizer begins to
deteriorate within 2 to 3 years following the discon-
tinuation of fertilization. Figure 16 illustrates this
point for various repeat fertilization schedules rang-
ing in length from 4 to 7 consecutive years. These data
show that repeated annual applications of fertilizer
resulted in progressively higher biomass productivity
and live cover and that the effect persisted for at least
2 to 3 years beyond the termination of refertilization
schedules. Figure 17 shows the overall decline in
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biomass and cover that followed the termination of
fertilization compared with that of the native refer-
ence areas that were never fertilized.

Differences between refertilization treatments for
all years 1979t01992 were not significant for biomass
but were highly significant for percent live cover
(table 7). Differences among years for each treatment
were highly significant for both biomass and cover,
indicating strong year-to-year variability in both
vegetation attributes. The data are more variable
when analyzed for individual years. Carryover ef-
fects of refertilization appear evident, but the overall
boost declines soon after nutrient enhancement is
withdrawn. General observations reveal that spoil
surface organic matter buildup and subsequent colo-
nization by other plant species and life forms appear
to be greatly enhanced by repeat fertilization.
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years of repeat fertilization on biomass and live cover
during the first 3 years after this fertilization was
discontinued.
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Figure 17—Cessation of prolonged fertilization
during 1977 to 1982 resulted in a dramatic
decline in both biomass and live cover in the
demonstration area (1984 to 1998); there were
no significant changes in the unfertilized
reference areas during the same period.

Although grasses remained the dominant life form
inthe demonstration area after 22 years, forbs, sedges,
and woody species were clearly increasing. This strongly
suggests that succession within the demonstration
area was actively progressing toward consistency with
natural communities in the New World area in terms
of biomass, cover, species number, and life-form com-
position. Convergence of these attributes began to
become evident about 15 to 18 years following seeding
and about 10 years following the discontinuation of
active fertilization. These data strongly indicate that
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the methods we used hold promise for reestablishing
natural ecosystem development and recovery on high-
elevation acidic mine spoils.

Soil Properties—In 1976 the properties of the raw
mine spoil material on the McLaren Mine were limit-
ing the establishment and long-term survival of vascu-
lar plants in most areas, hence natural succession
appeared inactive. Various amendments were incor-
porated to promote development of protective plant
cover that would minimize erosion and the movement
of sediment from the site. The long-term objective in
applying these amendments was to permanently ame-
liorate the limiting conditions of the spoil material so
that succession of the planted vegetation would ulti-
mately return the site to a self-sustaining natural
condition. Considerable uncertainty guided most de-
cisions in 1976 regarding the application of spoil
amendments, including kind of amendments, rates of
application, frequency of application, and concerns
about amendment degradation over time. These con-
cerns were compounded by uncertainties regarding
seeding and planting, species adaptability, and the
compatibility of specific spoil amendments with the
species selected for the seed mixture and transplant

Table 7—Summary of analysis of variance (ANOVA) of total
biomass and live cover data in the seeded
demonstration area refertilized treatment plot
comparisons, 1979 to 1992 (ns = not significant at
p > 0.05; * = significant at p < 0.05; ** = highly
significant at p < 0.01). Blank spaces indicate
years when no data were collected.

Live
Variable Biomass cover
Among all treatments, 1979-1992 ns **
Among years for each treatment:
Treatment 1 by year: 1979-1992 *x **
Treatment 2 by year: 1979-1992 ** o
Treatment 3 by year: 1979-1992 * b
Treatment 4 by year: 1979-1992 * b
Among Treatments 1, 2, 3, and
4 for each year
1979 ns ns
1980 ** ns
1981 ** *
1982 *% *%
1983 *% *%*
1984 ns fid
1986 *x ns
1988 * ns
1989 ns *
1991 i
1992 ns fid
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list. Therefore, soil/spoil samples were collected in
most years to assess the relative state of the spoil
properties in the demonstration area compared with
the natural soil in adjacent reference areas. Soils
sampled during the 1976, 1978, 1983, 1988, and 1995
growing seasons were adequately replicated and ana-
lyzed to provide comparable and enlightening infor-
mation about changing soil conditions over time on the
demonstration area.

Acidity (pH) is probably the most meaningful and
significant soil property in the New World District
relative to plant growth because it integrates the
effects of numerous other soil/spoil properties. Fig-
ure 18 illustrates soil/spoil pH levels collected within
the root zone in five separate years from the demon-
stration area and adjacent native reference commu-
nities. The spoil pH in the demonstration area in
1976, before spoil amendments were incorporated,
was only about 3.6, whereas in native communities,
soil pH ranged between 4.5 and 5.0 at all locations
and in all years (table 8). Following the 1976 incorpo-
ration of amendments into the demonstration area,
spoil pH remained between about 5.25 and 5.97 with
no apparent indication of decreasing or that the
incorporated lime was being consumed by weather-
ing sulfides. There was no evidence that the pHin the
demonstration area was degrading. The levels of pH
were maintained at a level more similar to that in
native soils than that of untreated mine spoil for
more than 20 years following the addition of lime.

Comparisons of concentrations of copper, iron, man-
ganese, and zinc (using DTPA extractions), and of

Soil/Spoil Acidity

6.5
6 /\
55 /EJ\\¢
T ° "
o T el
45 ............. <
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3 f f f f
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Years

—&- Demonstration —©— Reference

Figure 18—Mean soil-spoil pH (with 95-percent confidence
intervals) in the demonstration area and reference areas over
the study period.
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essential plant nutrients (Kjeldahl nitrogen, phospho-
rus, and potassium) between the demonstration area
and native reference communities are also summa-
rized in table 8 and illustrated in figure 19 for the
metals and figure 20 for plant nutrients. Data for
metals and nutrients were not collected in the native
reference areas in 1976 but were collected in the other
years. The samples were analyzed by two laboratories
in different years, and we suspect that laboratory
analysis techniques may have changed over the period
these data were collected. One laboratory analyzed
samples in 1976, 1978, and 1995, and another in 1983
and 1988. Although we have concerns about interpret-
ing these data, the range of data provides some insight
into how these attributes may vary over time. The data
show that DTPA extractable copper, manganese, and
zinc may have been increasing in the demonstration
area since 1976. However, the high degree of vari-
ability of these data from the native reference areas
(fig. 19) reinforces our uncertainty about the overall
reliability of the metals data.

The data for the three plant nutrients, N, P, and K
(fig. 20; table 8), appear more reliable than those for
metals; they at least reflect plausible explanations.
The levels of nutrients in the demonstration area
before the spoils were amended in 1976 were low as
expected, but following treatment maintained levels
of availability similar to, or higher than, those ob-
served in adjacent native reference communities. The
long-term carryover effects of fertilization in the dem-
onstration area likely explain in part these relatively
high levels of available nutrients.

Soil Genesis and Development of Horizons—
Apparent development and formation of natural soil
on the demonstration area were first detected visually
inthe mid tolate 1980s as a darkeningin color near the
surface of the treated mine spoil in response to accu-
mulating organic matter from the growing vegetation.
By the early 1990s the darkening coloration of the
surface layer was more pronounced. An intensive
matched set of soil samples were collected in 1995 in
both the demonstration area and reference areas and
stratified by apparent horizon based on color differ-
ences (brown to dark brown “A” horizons, and light to
dark orange “C” horizons). An additional matched set
of spoil samples was also collected from adjacent
untreated spoil outside the demonstration area in
which no horizon formation was observed. Within the
demonstration area, the “A” horizon in 1995 ranged in
depth from 1.2 to 4 inches (3 to 10 cm), with a dark
upper layer of organic matter under the crowns of the
plants, gradually lightening in color with depth. The
“C” horizon in the demonstration area often contained
streaks of gray-colored materials. The “A” horizon in
native reference areas was much more developed,
ranging in depth from 7.9 to 26.7 inches (20 to 68 cm);
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Table 8—Soil/spoil chemical properties of the demonstration area and adjacent reference areas for 1976, 1978, 1983, 1988, and
1995 (mean is the statistical mean of all data; se is = 1 standard error; NA = no data collected).

Mean DTPA metals Essential nutrients
Location Year se pH Cu Fe Mn Zn N P K
------------ mg/kg------------ Percent  ----Mg/kg ----
Demonstration Area 1976 mean 3.61 16.9 168.6 6.5 4.8 0.0 9.4 32.0
se .13 5.0 154 1.3 1.2 11 3.1
1978 mean 5.97 21.7 50.2 6.8 9.2 A 50.0 167.3
se .07 1.9 6.6 1.4 15 .0 4.9 8.3
1983 mean 5.31 22.5 55.3 8.5 10.9 A 64.3 151.8
se .19 4.4 6.4 1.2 3.2 .0 16.0 17.8
1988 mean 5.75 34.7 68.3 14.0 9.5 A 51.4 127.9
se .08 4.1 3.5 .9 15 .0 4.2 4.9
1995 mean 5.25 36.0 64.1 8.4 14.3 3 56.9 165.0
se A1 7.6 7.5 1.0 3.3 .0 6.5 17.2
Native Reference 1976 mean 4.70 NA NA NA NA NA NA NA
se 0.7
1978 mean 4.50 21.4 92.0 23.0 1.4 3 20.7 132.7
se .06 6.2 10.8 2.3 2 .0 5.4 11.3
1983 mean 5.03 26.0 141.3 16.7 2.2 3 8.3 132.7
se .06 8.2 32.1 6.2 4 .0 15 5.8
1988 mean 4.98 29.4 95.5 22.5 15 3 26.3 142.5
se .02 7.4 3.6 1.4 A .0 1.7 5.3
1995 mean 4.73 4.4 715 5.1 2.3 3 7.7 94.1
se .06 9 13.2 1.2 9 .0 0.7 5.9
Copper Iron
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Figure 20—Mean concentrations of essential plant
nutrients (with 95-percent confidence intervals) in
the demonstration area and reference area soils
over the study period.
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the “C” horizon in native areas varied from light brown
to light orange.

Apparent rooting depths (visible roots) of vascular
plant species in both the demonstration area and
reference areas in 1995 ranged from about 3.1 to 9.8
inches (8 to 25 cm) and 9.8 to 32 inches (25 to 82 ¢cm),
respectively. Interestingly, the rooting depths of many
plants observed in the demonstration area exceeded
the 6-inch (15-cm) depth to which amendments were
applied in 1976. The mean rooting depth in the dem-
onstration area in 1995 was 7.6 inches (19.3 cm),
whereas in the reference areas mean rooting depth
was considerably deeper at 19.7 inches (50.1 ¢cm). In
both locations the overwhelming root density was
confined to the upper 4 inches (10 cm) of soil or treated
spoil; no rooting depth was observed in untreated
spoil.

Spoil pH in 1995 in untreated mine spoil averaged
about 3.1 in 1995 but was highly variable across the
spoil materials. Crown Butte Mines, Inc., reshaped
most of the McLaren Mine in 1992 and treated most
spoil areas with lime, seed, and fertilizer. The 1995
sampling of spoil material was confined to those areas
left untreated, which may have been responsible for
some of the large variations in the data. The data
collected from the demonstration area and reference
areas were much less variable, with pH means of 5.25
and 4.73, respectively. These data are consistent with
pH data collected throughout the study and indicate
that soil pH within the demonstration area was not
declining with time.

The availability levels of essential plant nutrients
(N, P, and K) generally remained higher in the demon-
stration area than that observed in adjacent reference
areas (fig. 21), reflecting the years of heavy fertiliza-
tion applied prior to 1983 and apparently sustained by
nutrient cycling. The demonstration area samples
obtained in 1995 were from portions of the seeded area
that had not received any additional treatment after
1982.

The 1995 levels of DPTA extractable metals were
generally much higher in the demonstration area,
especially in the A-horizon, than in the raw spoil or the
reference areas (fig. 22). The amendments applied to
the demonstration area in 1976 may have influenced
these levels of availability. Raising spoil pH from 3.5
to5.5,asoccurred in the demonstration area, certainly
enhanced the of DTPA extractable metals. The C-
horizon of the demonstration area probably was at
least partially affected by the original amendments in
1976, but we are uncertain to what extent metal
availability in 1995 would reflect those applications.
Levels of DPTA extractable metals appear generally
higher in the A-horizon of the demonstration area
than in the C-horizon, but differences in Cu are not
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Figure 21—Essential plant nutrients (with 95-percent confidence bars) in the soil horizons of the demonstration

area, reference areas, and untreated spoil in 1995.

significant. A similar condition prevailed in the refer-
ence area soils, although none differed significantly
by horizon. Differences in DPTA extractable metals
between A- and C-horizons and between treated
demonstration area and raw spoils areas can best be
explained by differences in soil pH. DTPA metal
complexes are unstable at low pH levels (O’Connor
1988). Thus, higher levels of DTPA extractable met-
als were found in limed spoils than in untreated
spoils. For this reason, the DTPA soil test remains a
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poor choice for comparing metal availability in soils
of widely different pH levels (O’Connor 1988). We
now recommend extraction with a neutral salt (for
example, NH,Cl) to compare metal availability in
limed and nonlimed areas of soils and mine wastes of
differing pH levels (Amacher and Brown1999). De-
spite these uncertainties, there did not appear to be
any long-term limitations to the developing vegeta-
tion and community structure within the demonstra-
tion area.
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reference areas, and untreated mine spoil in 1995.
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The strongest evidence supporting the hypothesis of
active nutrient cycling in the demonstration area is
the data for C, N, and C/N ratio status illustrated in
figure 23. These data suggest that C, N, and the C/N
ratio in the demonstration area are strikingly similar
to that observed in the naturally developed soils of the
reference areas, and by 1995 they no longer reflected
properties similar to those in raw untreated mine
spoil. Data for apparent rooting depth, soil-spoil pH,
plant nutrients (fig. 21), metal (fig. 22), and carbon
and nitrogen status (fig. 23) appear to confirm that

Demonstration Area: 1995

Reference Area: 1995
Carbon

soil genesis and nutrient cycling had become active
processes within the developing soil of the demonstra-
tion area. Natural soil development appears to have
been initiated and active nutrient cycling enhanced by
active and rigorous applications of amendments to the
New World mine spoils.

In addition, mycorrhizal activity was observed in
the developing soil and roots of the demonstration
area in 1983 and 1984 (Allen and others 1987). The
demonstration area soil supported mycorrhizal infec-
tion rates in both the percentage of roots infected and
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Figure 23—Carbon, nitrogen, and the C/N ratio (with 95-percent confidence bars) in the soil horizons of the
demonstration area, reference areas, and in untreated mine spoil in 1995.
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number of spores per gram of soil as high or higher
than adjacent undisturbed reference area soils. A
similar demonstration area established in 1980 on the
Como Pit Mine supported mycorrhize infection rates
equaling those observed in undisturbed soils after
only 3 years. This suggests that mycorrhizal infection
rates may occur quickly even in these harsh environ-
ments. Although succession is normally believed to be
a slow arduous process, it may occur much more
quickly than suspected when conditions are favorable.

Erosion and Surface Stability—Baseline rill-
meter data collected to detect soil erosion and changes
in surface roughness from 1995 through 1998 showed
no significant differences in surface elevation between
consecutive years in either the demonstration area or
the reference areas. However, accumulated elevation
differences from 1995 through 1998 were significant
(p = 0.05) in both areas. The total elevation change
within the demonstration area was 0.519inch (1.32 cm)
over the 3 years and 0.384 inch (0.97 c¢cm) in the
reference areas. No significant differences occurred in
surface roughness in either the demonstration area or
reference areas between years or in the accumulated
roughness between 1995 to 1998. Because no visible
evidence of surface rilling or particle deposition was
apparent to indicate active erosion in either the dem-
onstration area or reference areas, we suspect changes
in surface elevation can be explained by frost heaving
of the reference pins on which the rillmeter was
mounted. These data support the hypothesis that
erosion is not a major factor affecting the development
of vegetation and soils within the demonstration area
or reference sites.

Transplant and Natural Seed-Rain Areas

The transplant and natural seed-rain portions of the
demonstration area were located immediately up-
slope and to the northwest of the seeded area (fig. 4).
Both of these research areas were studied less in-
tensely and less frequently than the seeded area, but
the information gained from them adds significantly
to the overall understanding of how natural succession
can be used as a tool in the ecological restoration of
native communities that have been severely disturbed.

Plant Survival—Following transplanting in 1976,
survival of each plant was noted for 4 consecutive
years (1977 to 1980). After the 1980 growing season
the original transplants were no longer distinguish-
able from invading colonizing plants of the same
species, hence survival counts were discontinued. We
believe that a significant number of the colonizing
grasses originated from seed produced by the native
transplants. Not only was the majority of colonizing
plants the same species as those transplanted, but
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high densities of these seedlings surrounded many of
the original transplanted native plants. We never
observed seedlings of any of the introduced species. At
least some seed was contributed from adjacent native
communities because other species—for example
sedges, forbs, and some climax trees of whitebark pine
(Pinus albicaulis) and Engelman spruce (Picea
engelmannii)—common to these communities, but not
planted intentionally, were observed within the trans-
plant area. These observations lend credibility to the
hypothesis that intensively treated “islands” can pro-
mote diversity and vegetation development in local-
ized treated areas.

Survival of both native and introduced species
rapidly declined in the years following transplanting
(fig. 24). Mortality of introduced species was far more
rapid than that of the native species within the first
4 years following planting. The introduced species
selected for transplanting represent those frequently
used by land managers for revegetation of disturbed
areas on public lands. These species were clearly not
well suited physiologically to this alpine environ-
ment. The native species chosen for transplanting
represent the species most frequently observed as
major components of active natural succession on
disturbed areas throughout the New World District,
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Figure 24—Survival of transplanted native and
introduced species in the demonstration area, 1977
to 1980.
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especially on acidic spoil materials. By the end of the
1980 growing season, fewer than 10 percent of all the
introduced plants remained alive, whereas nearly 50
percent of all native plants were still viable. Assess-
ments after 1980 showed that all introduced trans-
plants had died except for a few lingering individuals
of Canada bluegrass (Poa compressa).

Survival rates of the six individual native species
4 years after transplanting are as follows, in approxi-
mate percentages: alpine bluegrass (Poa alpina) 60
percent, alpine timothy (Phleum alpinum) 45, tufted
hairgrass (Deschampsia caespitosa) 40, slender wheat-
grass (Agropyron trachycaulum) 40, spike trisetum
(Trisetum spicatum) 5, and Scribner wheatgrass
(Agropyron scribnert) 0. Survival rates of the six intro-
duced species 4 years after transplanting are, in approx-
imate percentages: reed foxtail (Alopecurus arun-
dinacea)20,smooth brome (Bromusinermis)15,Canada
bluegrass (Poa compressa)5, timothy (Phleum pratense)
2. Both orchardgrass (Dactylis glomerata) and reed
foxtail (Festuca arundinacea) disappeared from the
site by 1978. By the middle 1980s, only a few persis-
tent plants of Canada bluegrass were observed; all
other introduced species had disappeared, and the
areas they formerly occupied in the amended spoil
material of the transplant area were colonized by
native species.

Biomass and Live Cover—Plant biomass and
cover were studied in the transplant area beginning in
1981 and in the natural seed-rain area in 1988. Both
areas were largely ignored for these attributes in
earlier years because their vegetation development
lagged far behind that of the seeded area. When it
became obvious that individual transplants were no
longer distinguishable, sampling procedures similar
tothose used in the seeded area were adopted to assess
both of these areas.

Data on total plant biomass and percent live cover
were collected on these areas between 1981 and 1998
(fig. 25). These data show that the transplant area had
only half as much, or less, biomass and live cover as
the seeded area and seed-rain plot by 1998. Biomass
and live cover increased substantially over time in the
natural seed-rain area and reached levels similar to
those observed in the seeded area by the time observa-
tions ceased.

Statistical analyses (ANOVA) showed that both bio-
mass and live cover differed significantly (p < 0.01)
among the seeded area, transplant area, and natural
seed-rain area. However, differences between the
seeded and seed-rain areas were not significant for the
period 1996 to 1998. These data indicate that amend-
ments applied to mine spoil effectively ameliorated
limiting conditions and allowed native colonizers to
become established within about 15 years, if a natural
seed source is nearby. Natural seed rain appears to be
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a much more aggressive process of succession in the
New World area than we originally believed. The
primary disadvantage of relying on seed rain, how-
ever, appears to be that a long period may be required
before a diverse community is established. The use of
seed rain as a seed source is compelling for restoration,
particularly in high-elevation areas where seed of
native species is in limited supply or high in cost.
However, the use of seed rain as the sole source of
native plant establishment is not recommended be-
cause the dynamics of seed production in adjacent
communities, dispersal by wind and other vectors, and
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Figure 25—Plant biomass and live cover (with 95-
percent confidence intervals) in the seeded,
transplant, and natural seed-rain areas of the
demonstration area, 1981 t01998.
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colonization relative to slope position and other natu-
ral variables are highly complex and poorly under-
stood. Also, these data show that it takes more time to
achieve the same levels of development than in seeded
areas. The actual time to achieve levels of biomass and
cover similar to that in native communities may have
been “artificially” accelerated in this study because of
proximity to the nearby seeded plotsin the demonstra-
tion area.

Transplanting may have value as a restoration tool
but does not appear to promote community develop-
ment nearly as completely nor as quickly as seeding or
natural seed rain. Perhaps transplanting should be
reserved for severe sites where seeding or seed rain is
deemed ineffective, such as on steep, unstable slopes.
Although the transplant area was treated and amelio-
rated with amendments at the same time and rates of
application used on the seeded and seed-rain areas,
rates of colonization and total species diversity lagged
far behind that in other areas of the demonstration
site. About 22 years after transplanting was com-
pleted, and 18 years after refertilization was discon-
tinued, the total biomass productivity and live plant
cover on the transplant area had not changed signifi-
cantly. However, in the same period, and with the
same levels of amendment application, the seeded and
the natural seed-rain areas had about doubled the
biomass and cover characteristics as the transplant
area.

Restoration Retreatment Plots (1993)

Theretreated plots were installed in 1993 within the
seeded portion of the demonstration area to determine
the effects of long-term, reapplication of fertilizer and
limestone. The vegetation within the demonstration
area had received no additional fertilizer applications
since 1982 nor lime since installation in 1976. Con-
cerns about the possible deterioration of pH and nutri-
ents in the developing soil of the demonstration area
before full, sustainable nutrient cycling occurred mo-
tivated installation of these retreated plots.

Total plant biomass data for each treatment (con-
trol, limestone, fertilizer, and fertilizer + limestone)
are shown by year in figure 26. Biomass was highest
the year following retreatment (1994) in all plots,
including the unretreated control; it then declined
substantially in 1995 and little thereafter. The bio-
mass in the untreated control plots was similar to that
observed in the rest of the untreated seeded demon-
stration area for this period. As expected, the fertil-
izer retreatment resulted in the highest amount of
biomass produced in 1994, but the effect rapidly dete-
riorated. Only 1 year later the fertilizer treatment
biomass declined to less than half and then leveled off
with little further decline. By 1998 the biomass of the
refertilized plot did not differ significantly (p = 0.5)
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from the biomass of the control. This suggests that the
single pulse of nutrients applied in 1993 resulted in a
short-lived burst of production that rapidly deterio-
rated to the “base” levels that had been reached and
maintained throughout the seeded demonstration area.
Thelimestone application appeared to have somewhat
suppressed biomass productivity throughout the trial
period, although the difference is not statistically
significant (p = 0.5). In the fertilizer + limestone
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Figure 26—Plantbiomass and live cover by treatment
in the 1993 retreated plots of the demonstration area
comparing the control plots, fertilizer plots, limestone
plots, and the fertilizer + limestone plots for 5 years
following retreatment.
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treatment, biomass productivity was intermediate to
that of the limestone and fertilizer treatments. In this
case, however, biomass deterioration appeared to be
more rapid, falling in 1995 to levels that did not differ
significantly from the control or limestone treatment
levels (p = 0.5).

Figure 26 also shows the effect of the 1993
retreatment on percent live canopy cover, but only for
1995 through 1998. Overexposed film prevented as-
sessment of 1994 live cover. The same general trend
was observed in all the treatments, resulting in a
decline in live cover after 1995. The fertilizer plots had
significantly greater live cover (p < 0.5) in 1995 than
that observed in the control plots but then decrease in
subsequent years to approximately that in the control.
Similarly, live cover in the other retreatments was
greatestin 1995 but then decreased to “normal” levels.
In all treatments, including the control, live cover
increased significantly (p < 0.5) in 1998 over that
observed in 1996 and 1997, presumably attributed to
more favorable weather.

These biomass and live canopy cover data serve as
an important indicator of the ecological condition of
the demonstration area and show that additional
treatments with fertilizer and limestone appear to
have only a short-term pulse effect with no apparent
long-term benefit. This suggests that nutrient and
acidity levels in the developing soils of the demonstra-
tion area are maintaining biomass, cover, and other
attributes of the developing community at near-
optimum levels that can be sustained in this environ-
ment. Thus, there appear to be no obvious deficiencies
or serious deterioration in site characteristics that
require continued inputs of resources.

Conclusions and
Recommendations

We have attempted by this demonstration study to
show what land managers can do to “reset” the
successional clock that was terminated, deflected, or
suspended when highly mineralized alpine areas are
disturbed by mining or other human influences. As a
guide for making careful decisions about land recla-
mation and restoration, we discuss in detail the tech-
niques and methods for ameliorating severe distur-
bances and the long-term consequences of using them.
The following methods, procedures, and results of
reclamation research are believed to have broad appli-
cability to a wide range of disturbances throughout the
West, and they are designed to address the surface
reclamation of most disturbances and types of condi-
tions encountered. Over the past 25 years our research
at New World has focused primarily on the
remediation of surface disturbances and on the ame-
lioration of conditions limiting plant establishment by
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revegetation and natural succession. During the past
10 to 15 years we expanded our research from just
revegetation to a broader focus that included studies
on characterizing soil/spoil properties and their inter-
action with biotic components of the ecosystem, water
quality, and chemistry in New World watersheds,
physiological tolerances and characteristics of native
successional plant species, and soil erosion.

Our primary focus here is on the techniques and
results of restoration research on surface disturbances
covered by the demonstration area, and how these
approaches can be used to enhance succession and the
reestablishment of native communities on severe dis-
turbances. This is consistent with the premise that a
primary objective is restoring natural conditions to
severely disturbed lands to return them to a self-
sustaining, diverse, and resilient state. We view eco-
logical restoration as the process of reestablishing
succession and other natural ecosystem-forming pro-
cesses on severely disturbed lands. We are confident
that techniques can be implemented that not only
“trigger” or reinitiate succession, but that also hasten
its rate of development and guide its trajectory to
ensure consistence with the overall forces of the pre-
vailing ecosystem. Further, we believe sustainability
can be achieved in this process by including the initia-
tion of soil genesis, nutrient cycling, and other abiotic
as well as biotic forces leading to the development of
native communities on severely disturbed lands.

Our major research hypothesis states that perma-
nently successful reclamation of New World distur-
bances, including the improvement of water quality in
impacted watersheds, can only be achieved through the
restoration of natural ecosystem form and function.
Our research suggests that the ultimate solution to
the problem of site degradation at New World, and
elsewhere in the West, will not be achieved with
structural or engineering manipulations of mine spoil,
waterflow, or adit closures alone. Nor is revegetation
alone sufficient. We conclude that returning the New
World site to a natural self-sustaining, diverse, and
resilient condition requires a long-term commitment
to a restoration program involving physical, chemical,
and biological intervention by managers that amelio-
rates limiting conditions and initiates plant establish-
ment. This will entail a management policy that per-
mits succession to follow a natural trajectory dictated
by ecosystem forces. The material covered by this
paper offers promising approaches toward this objec-
tive not only at New World but on similar sites through-
out the West.

Site Preparation Methods

The first objective addressed by our research was to
determine the effectiveness of amendments for rees-
tablishing native communities on relatively large
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heterogeneous mine spoil areas containing toxic prop-
erties. The results of this study show that the amend-
ments and methods used promote active natural
succession while supporting an increasingly diverse
self-sustaining community that protects the site from
erosion and movement of sediment. The application
of spoil amendments (lime, organic matter, fertilizer,
surface mulches) had a significant and long-lasting
impact on site conditions and obviously ameliorated
otherwise limiting spoil conditions. Application of
hydrated lime to achieve a pH level above approxi-
mately 5.5 appears to have been suitable for initiat-
ing vegetation establishment and long-term succes-
sion on the area.

A few small pockets of underdeveloped vegetation
occurred in scattered locations across the demonstra-
tion area, some of which were created in the late 1980s
by mineral exploration activities. Others apparently
resulted from a few “hot-spots” (pH below 5.0) where
reacidification by pyritic materials occurred. These
spots may have been high concentrations of pyrites
that were undertreated in 1976 with the hydrated
lime applied at a rate calculated for “average” site
conditions. Continued geologic weathering and expo-
sure of metal sulfides are likely a natural process in
such areas, and some subsequent reacidification of
formerly limed areas should be expected. The hy-
drated lime applied to the area in 1976 likely has a
finite life and may eventually become consumed as
weathering of metal sulfides progresses. This process
could have been minimized had we incorporated finely
ground agricultural limestone into the spoil material
along with the hydrated lime. The hydrated lime
typically reacts immediately with exposed pyritic
materials, whereas the limestone would react more
slowly as new sulfides weather and become exposed.
Despite this, the methods used in the demonstration
area reinitiated natural succession rather early fol-
lowing treatment. And after more than 20 years there
was no consistent evidence at most locations across
the entire demonstration area that the spoil material
within the active rooting zone of plants was reacidifying
below the original goal of a pH about 5.5.

Our data indicate that initiation and progression of
soil development has occurred on the amended mine
spoil material. The interactions among the incorpo-
rated amendments, subsequent development of veg-
etation, and climatic variables appear to have trig-
gered the successional processes responsible for this
phenomenon. Development of soil horizons appears to
have progressed much more rapidly than expected,
particularly in this alpine environment. Our data
suggest that a threshold in soil genesis was achieved
in the late 1980s within the seeded portion of the
demonstration area when plantinvasion and increases
in species and life-form diversity coincided with the
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appearance of a darkening soil A-horizon. Although
this darkening in color was obvious to a considerable
depth, it was still in an early stage of development
because it was significantly shallower than that in
native reference soils. Our observations that plants
were rooting beyond the depths at which the spoils
were amended in 1976 further support progression of
soil development.

Although active succession progressed continuously
within the demonstration area over the 22 years since
the site was treated, the untreated spoil areas re-
mained largely unchanged. This demonstrates that
we can amend the raw spoil materials of the New
World area so they become favorable “growing media”
in which natural succession can occur and presumably
be sustained. The real significance of this is that long-
term restoration of natural conditions in the New
World District can be obtained without the need for
artificial “caps” or other materials that attempt to
isolate the raw spoils from growing vegetation or
natural waters. The toxic properties of the mine spoils
in this area are treatable by standard procedures. Our
data demonstrate that the approach we suggest not
only makes the site able to support plant growth but
also promotes and supports the intricate and complex
dynamics of successional development. It should not
be surprising that the treated mine spoil materials at
New World support soil genesis and active succession
because the treatments are the natural parent mate-
rials of the native soils in the area. Although our data
are limited, it is likely that the chemical properties of
surface and subsurface waters that subsequently move
through the ameliorated spoil materials that support
native vegetation will be significantly improved over
that observed in raw spoils. Quantitative assessments
of spoil movement show that erosion and sediment
movement are minor problems on both the McLaren
Mine and surrounding native communities. Appar-
ently the spoil material on the McLaren Mine is not
highly erosive several years following disturbance,
although erosion may be more severe immediately
after disturbance. If succession on the demonstration
area is following a trajectory leading toward native
community conditions, it is reasonable that the qual-
ity of water moving through the system will ultimately
achieve similar properties. We therefore recommend
that caps consisting of imported materials such as
clays or soils of undetermined origin, or artificial
materials intended to isolate or contain the spoil
materials, be avoided.

We also recommend that capping spoil piles and
other exposed disturbed materials in the New World
District with native soil (top soiling or topsoil dress-
ings) be avoided. Such practices create new distur-
bances that require yet additional reclamation and
restoration efforts and significantly add to the overall
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financial expenses of cleaning up disturbed sites. Our
study clearly demonstrates that these practices are
unnecessary at New World and that the natural spoil
material can be amended and utilized in place.

Plant Species Selection

The use of native species in the initiation of natural
succession appears essential on harsh sites such as
those of the New World District. Although our re-
search did not attempt to determine the effects of
varying compositions of native species on the initia-
tion of succession, the use of seral native grass species
appears highly effective. Our selection of the native
species for this study was based solely on observations
of natural successionin adjacent disturbances through-
out the New World area (except for the selection of
Scribner wheatgrass [A. scribneri], which was based
on observations of succession in communities occur-
ring on granitic soils in another portion of the Beartooth
Mountains). Confidence in the ability of these species
to reinitiate succession was gained through both our
seeding and transplant experiments. In both instances,
the seral grasses performed nearlyidentically in terms
of relative performance and cover characteristics.
Additional confidence was gained by observing that
these same native seral grass species were natural
colonizers in the seed-rain plots; these species became
established naturally in treated spoil that had not
been seeded or transplanted. Therefore, it is with
considerable confidence that we recommend the use of
the five primary seral grasses discussed above in all
seeding and planting efforts within the New World
District for revegetation, reclamation, and restoration
of disturbances (see appendix C).

Use of introduced species did not appear to initiate
natural succession. Our trials with the introduced
species used in this study, although limited, indicate
that this class of plants is unlikely to meet manage-
ment objectives. The environment of the New World
District is generally severe, hence only a narrowly
limited pool of species appears adapted for long-term
survival and consistent completion of their entire life
cycle. Careful inventory of various disturbances (road
cuts and fills, old spoil piles, drill pads, recreational
disturbances, bulldozer cuts and tracks, erosion rill
channels)in the New World area revealed that the key
colonizer species almost uniformly consisted of the
same five principal grasses, with some local variants
and some forbs depending on specific environmental
conditions. We never observed any introduced spe-
cies voluntarily colonizing any of these disturbances,
even though introduced species had been seeded
along roads and other disturbances in the general
area. This observation alone is overwhelming evidence
that introduced species are not likely to contribute to
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restoration in the New World District. Obviously the
environment in this area is so harsh and narrowly
limiting that few vascular species are suited for long-
term survival and consistent reproduction within it.
We therefore recommend that only those native seral
species observed in active local succession be utilized
for reclamation and restoration purposes and that all
unadapted exotic organisms be avoided.

The relative viability and vigor of each species is
highly variable from year to year and seed-quality
designation is rarely a guarantee of species perfor-
mance. The native plant species we used in our re-
search in the demonstration area were collected by
hand from plants in various habitats of the surround-
ing area. Although many of these species are highly
aggressive on disturbed sites, and are normally ob-
served as early seral colonists on acid spoils, some of
our seed collections had lower viability and germina-
tive ability than others. Based on our data and expe-
rience, the single most aggressive and best suited
plant for all-around revegetation and reclamation
purposes on New World sites is tufted hairgrass (D.
caespitosa; Brown and others 1988). However, alpine
bluegrass (P. alpina) and alpine timothy (P. alpinum)
always performed well and could be included as a
significant portion of any seed mixture used. Some-
what more variable performance was observed in
slender wheatgrass (Elymus trachycaulus, formerly
A. trachycaulum) and spiked trisetum (7. spicatum),
but only slightly so. These five grasses are abundant in
the New World area and relatively accessible for seed
collection.

A purely applied and nonquantitative ranking of
overall adaptability, ease of collection, ease of seeding,
and expectations for performance of these five grasses
is listed below in descending order of desirability:

tufted hairgrass Deschampsia caespitosa
alpine bluegrass Poa alpina

alpine timothy Phleum alpinum
slender wheatgrass Elymustrachycaulus

(formerly Agropyron trachycaulum)

spiked trisetum Trisetum spicatum
Although the last species in the list is indicated as
being less desirable for revegetation than the first, the
overall difference in their relative adaptability and
value as components of a revegetated community is
not great. All of these species have many desirable
characteristics and all can be successfully used. How-
ever, the most tolerant species of all New World
vascular plants, based on apparent adaptability to
acidic conditions alone, appears to be Payson sedge (C.
paysonis). Unfortunately, this species is extremely
difficult to reproduce from seed on disturbed sites but
has high survival following transplanting. The least
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tolerant vascular species studied at New World are the
various species of willow (Salix spp.) found in riparian
areas.

Planting Techniques

Planting technique had a strong effect on species
establishment and consequent cover and productivity
characteristics of a site over the long term. Seeding in
combination with amendment applications was con-
spicuously more effective for initiating natural succes-
sion, providing a protective cover, and for accelerating
the development of natural soil and nutrient cycling
than transplanting or depending on natural seed rain.
The potential role that seeding rate may have on these
attributes is uncertain. The seeding rate used on this
demonstration area was high, 74 bulk 1b per acre (83
kg per ha), relative to that used in other areas; the
effectiveness of lower rates on ultimate cover and
productivity remain unanswered. Our attempts to
estimate the amount of seed distributed onto the
McLaren Mine via natural seed rain from surrounding
plant communities did not provide a consistent and
quantitative estimate. However, estimates based on
greenhouse seed germination studies of collected sur-
face samples of mine spoil suggest that about 24.2
viable seeds per square ft (260 per m?) were distrib-
uted on portions of the McLaren Mine in some years.
We broadcast about 105 viable seeds per square ft
(1,130 per m?) on the seeded area in 1976, over four
times this natural seed-rain rate. Undoubtedly rates
of seed rain vary greatly with year and location, but
seed rain provides tremendous seed input that poten-
tially could play a significant role in the successional
development of native communities if limiting spoil
and other site conditions were ameliorated. Subse-
quent succession on the demonstration area suggests
that native species can invade quickly in the open
niches in these environments once factors limiting
plant establishment are remedied.

Refertilization

One of our major concerns was the possible need
for several years of repeated fertilization for the
development of a plant community on these high-
elevation mine spoils. Solid swards of grasses, to the
near exclusion of all other life forms, are likely to
develop during the period of active fertilization.
Grasses are well known “luxury” consumers of abun-
dant nutrients; as a result they are able to fully
utilize available resources within the developing
community. It is expected that species and life-form
diversity will be artificially suppressed during the
period of active fertilization and limited to a few of the
most aggressive grasses and perhaps an occasional
forb or shrub. However, during active fertilization
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the grasses are able to produce large quantities of
organic matter on and in the spoil material as
surface litter and subsurface root debris; this then
becomes the organic base for initiating soil genesis
and nutrient cycling.

When refertilization is discontinued, a decline in
productivity is expected, and in some cases can be
dramatic. In the demonstration area, various niches
began to open over time as the productivity of the
grasses declined. These open niches became available
toinvading species. We observed a significant increase
in species and life-form diversity within a few years
after the discontinuation of fertilization. This spurt in
species diversity occurred concomitantly with an over-
all decline in site productivity, but without a signifi-
cant change in protective surface cover. The cover
component lost by the decrease in amount of grass
canopy apparently was replaced by the increased
litter produced during active fertilization and by the
presence of other invading life forms. Heavy and
frequent fertilization suppresses the invasion and
establishment of species other than grasses, but the
advantages of a rapid buildup of organic matter and
nutrients in the soil appear to far outweigh any tem-
porary losses in species diversity. Our data indicate
that species and life-form diversity accelerate within
a few years after terminating refertilization; organic
matter and nutrient loading occur more slowly. The
benefits of heavy refertilization in harsh environ-
ments appear to exceed the negative aspects of its cost
and inconvenience because it promotes the rapid soil
genesis and nutrient cycling required to “push” toward
a sustainable ecosystem. Therefore, a 3- to 5-year
program of heavy fertilization following the seeding
and planting of disturbed sites at New World and
other similar areasislikely to lead toward sustainable
ecosystems.

There does not appear to be any clear association
with mycorrhizal activity and number of years of
repeat fertilization (Allen and others 1987). Mycor-
rhizal associations in the root systems of some species
showed greater activitiesin the shortest refertilization
treatments, whereas in others the reverse was ob-
served. Mycorrhizal activities in the developing soils
ofthe demonstration area suggestthatintensive treat-
ment with the amendments used here, together with
the use of native species, may advance the establish-
ment of mycorrhizal populations and activity more
quickly than expected, and may advance overall suc-
cessional development significantly.

Interpreting Research Data for Field
Application

Restoration techniques applied in the demonstra-
tion area evolved from earlier studies on small plots
(Brown and Johnston 1976). Such small research plots
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generally are established on relatively homogeneous
spoil materials and cover much smaller ranges of
environmental conditions than studies conducted on
larger sites. Usually small research plots are designed
to study specific objectives that would be difficult to
address over larger areas. However, observations of
the effectiveness of various treatments on vegetation
development and productivity conducted on small
research plots at New World were generally consistent
with the results and trends observed on the demon-
stration area, with only minor variations due to spoil
material heterogeneity. Some research questions sim-
ply cannot be addressed on large heterogeneous sites
and require study by intensive designs on less variable
small plots before applying the results to larger areas.
The more applied and broader issues are preferably
studied on large heterogeneous sites. We suggest that
the land manager use prudence and judgment when
applying the results of any research study to specific
problems outside the scope of the reported research. In
most instances, short-term results rarely reflect long-
term ecological realities; caution should be used in
extrapolating research results to reflect long-term
goals.

Some resource management problems require, by
their very nature, extended periods to arrive at de-
monstrably successful solutions. When little is known,
a period of trial and error is frequently necessary to
gain sufficient familiarity with the potential problem
variables to arrive at possible solutions. Insights are
gained by doing. And true success often cannot be
determined for decades. Such hasbeen the case herein
our study of reestablishing natural succession on high
elevation, acidic mine spoils. This study demonstrates
the benefits of having the flexibility to engage in
research on a given problem over an extended time.

Principles for Restoring Natural
Communities

We include here 10 general principles of ecological
restoration based primarily on our research at New World
since 1972. We believe that these principles are equally
applicable to similar disturbances throughout the West
where managers desire to restore natural communities.

1. Save and redistribute natural soil on dis-
turbances, where possible, prior to reveg-
etation and restoration. Unfortunately, few if
any older disturbances have native soil available
for reapplication. However, at New World and
similar sites where topsoil must be imported, we
do not advocate the use of soil caps to cover spoil
materials. Our data, combined with our experi-
ence, show that the raw mine spoils at New
World can successfully be treated with readily
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available amendments at rates sufficient to ame-
liorate any conditions limiting establishment
and growth of native seral plant species adapted
to the area. Treated mine spoil at New World not
only will support the development of vegetation,
but will initiate soil genesis and nutrient cycling
as well. Based on the available evidence, rooting
depth will ultimately exceed the 6-inch (15-cm)
depth of treatment, and rooting activity and
organic matter turnover will increase in depth
with time. Soil capping, applied even at the
shallow depth of only 6 inches (15 cm), would
require a significant disturbance of another area
at great expense for hauling and redistributing
the material. Importing soil material from out-
side sources should be avoided.

. Shape and contour disturbed areas to ap-

proximate the original slope and topo-
graphic conditions. Concerns about drainage
and ponding of accumulated water can be man-
aged during this step. Attempts should be made
to provide topographic diversity that mimics
natural slope features of exposure and slope
angle and that provide conditions for amend-
ment application and seeding. Slightly rough-
ened surface conditions also should be provided
that optimize trapping of seed while minimizing
the potential for wind scour.

3. Analyzethesoil/spoil properties of substrate

materials near the surface. In the New World
District, the general properties of greatest con-
cern include soil pH, availability of macronutri-
ents such as N-P-K, and concentrations of toxic
chemicals such as metals (especially Cu, Al, Fe,
Mn, Zn). The weakest link in using such data
appears to be in translating the quantitative
limits of these soils into needed amendments to
meet plant physiological tolerances. Consulta-
tion with Rocky Mountain Research Station sci-
entists is recommended.

4. Apply soil amendments specifically designed

to ameliorate the limiting factors identified
by the soil analyses. These include:

a. Apply lime to spoils with pH values lower
than about 4.5 to 5.0; incorporate the lime
into at least the upper 6 to 12 inches (15 to
30 cm) of spoil material, but 24 inches (60 cm)
is better. Rates of lime application will vary
with local site conditions, but generally our
experiences suggest rates from 2 to 4 tons per
acre (4.5 to 9 metric tons per ha) on the least
acidic materials, ranging up to 10 or more
tons per acre (22 metric tons per ha) on the
most acidic areas.
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b. Incorporate organic matter to the same depth
aslime. Use sterilized manure, straw, peat, or
other organic products to enhance nutrient
retention and water-holding capabilities, to
complex and immobilize free metals, to mini-
mize compaction, and to improve aeration.

¢. Apply and incorporate fertilizer to a depth of
approximately 6 inches (15 cm) to increase
the availability of the primary nutrients that
may be limiting for plant growth. Commercial
sources of fertilizer with N-P-K ratios such as
16-16-16, 21-8-8; 16-41-5, 31-4-4 appear use-
ful for establishment of plants on these mate-
rials. Nitrogen appears to be the most limit-
ing macronutrient, followed by phosphorus.
We recommend application rates that pro-
vide 100 1b N per acre (112 k per ha) and 200
Ib P per acre (242 k per ha) during the initial
fertilization. Subsequent refertilization may
be applied only as surface dressings in future
years, with heavy applications of N, but less
P and K may be needed. We suggest that
refertilization treatments be done with 100 1b
N per acre (112 k per ha) and lower amounts
of P and K. We do not know if lower rates of
refertilization with N will be satisfactory in
the New World area.

5. Observe natural succession on old distur-
bancesinthe areasuch asroad cuts and fills,
and old mine piles, and compare the abun-
dance of different volunteer plant species to
use as a guide to species selection. The New
World area is unusually rich in disturbances of
various types and ages, henceithas awide variety
of successional communities that could serve as a
guide for identifying native species adapted for
use in reclamation of these acid spoils.

6. Selectnativeplantspeciesbased onthe obser-
vations from old, natural succession areas.
Our research, and that by others, strongly sup-
ports our recommendation that introduced spe-
cies should be avoided (Brown and Amacher 1999).
To our knowledge, no scientific evidence exists to
support the use at New World of either exotics or
“naturalized” nonnatives from habitats outside of
the southern Beartooth Mountains of Montana.
All available data clearly show that seral grasses
native to the area should be used. We strongly
recommend avoidance of the temptation to substi-
tute nonnative species for local natives in limited
supply. We also recommend the early initiation of
aprogram to collect supplies of seed of local native
species for use in reclamation and restoration of
the New World site. These seed collections should
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be cleaned and stored for future use, using appro-
priate techniques (Bermant and Spackeen 1997;
Majerus 1999; Young and Young 1986).

The total natural vascular flora in the Fisher Moun-
tain area, including Daisy, Fisher, and Miller Creeks
of the New World District, probably number only
slightly more than 100 plant species, including grasses,
forbs, shrubs, and trees. About eight to 10 of these
appear adapted to conditions on acid mine spoil mate-
rials and suitable for use in revegetation. These are:

Species Common name  Life form

Agropyron Slender wheatgrass  grass
trachycaulum

Carex paysonis Payson sedge sedge

Deschampsia Tufted hairgrass grass
caespitosa

Phleum aplinum  Alpine timothy grass

Poa alpina Alpine bluegrass grass

Trisetum Spike trisetum grass
spicatum

Agoseris glauca  Mountain agoseris forb

Potentilla Varileaf potentilla forb
diversifolia

Sibbaldia Sibbaldia forb
procumbens

Payson sedge (C. paysonis)isbest used as atransplant
species because seed germination is extremely unreli-
able and difficult (Haggas and others 1987). Although
there are several species of sedge (Carex spp.) in the
area, including black alpine sedge (C. nigricans) and
Dunhead sedge (C. phaeocephala), and all are particu-
larly hardy plants, only Payson sedge (C. paysonis)
appears to be especially well adapted to extreme acid
conditions.

We hesitate suggesting inclusion of forbs, sedges, or
other life forms in seed mixtures at New World be-
cause they tend to be expensive to collect or purchase,
have poor viability, and all appear to eventually in-
vade the revegetated communities. Our experience
indicates that forbs and sedges are highly aggressive
and mobile in the native communities of the area and
rapidly invade and establish themselves following the
termination of refertilization. Seed trapping and natu-
ral succession should occur rapidly within a few years
after terminating fertilization. Invading forb species
on the McLaren Mine demonstration area currently
outnumber the grasses three to one (see appendix A).
We therefore recommend that the expense of adding
forbs and other life forms be avoided, and that site
stabilization be accomplished with grasses.
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Seeding rates should be based on the number of
seeds desired per unit area (for example seeds per ft?)
rather than on pounds per acre. Every species has
unique seed characteristics of mass and shape, hence
total weights vary greatly from species to species. For
instance, tufted hairgrass (D. caespitosa) commonly
has about 1,750,000 seeds per pound, whereas slender
wheatgrass (A. trachycaulum) may only have about
175,000 seeds per pound, a difference factor of 10
times. If both species were seeded at the same weight
per unit area, tufted hairgrass would have a decided
competitive advantage over slender wheatgrass be-
cause of the potential difference in number of plants
produced per unit area.

We recommend that seeding rates be adjusted ac-
cording to the individual seed characteristics of each
species so that equal numbers of seed of each species
are applied per unit area. A summary of suggested
seed mixtures with equal seed numbers per species
per unit area for use on acidic or slightly acidic New
World disturbances is shown in appendix C. Following
this approach will minimize any competitive advan-
tage of one species over another. We generally recom-
mend about 75 to 150 seeds per square ft (800 to 1600
per m?) for each species.

Seed mortality is usually high. We have observed
about 90 percent mortality in planted seeds during the
first winter and growing season. Of those seeds that
survive and germinate to become seedlings, mortality
during the first growing season is also high, often
ranging between 75 and 90 percent. Mortality rates
decline as plants mature into adult growth forms; as
maturity is approached mortality may drop below 50
percent and decreases appreciably thereafter. As a
consequence, our recommended seed mixtures and
planting rates in appendix C would be expected to
produce about six mature seed-producing plants per
square ft (65 per m?) in two or three growing seasons
following seeding.

7. Perform revegetation-restoration activities
in the fall of the year. Autumn planting and
seeding appears tobe more successful than spring
because:

a. Fall coincides with the period when native
plant species mature and disperse their seeds.

b. Fall timing ensures that seed will be in place
during the winter to coincide with potential
dormancy requirements.

c. Seedswill bein place during spring snowmelt
when conditions are ideal for germination,
seedling emergence, and seedling growth.

d. Spring-time access at high elevations is uncer-
tain during most years due to late snowmelt,
muddy roads, and unfavorable saturated soil
conditions.
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8. Apply seed by broadcasting rather than by
drilling or other mechanical means. Native
seeds are highly variable in shape, size, mass,
and surface characteristics, and are therefore
not well suited to mechanical devises developed
for more uniform agricultural crop plants. Na-
tive seeds tend to clog mechanical seeding de-
vises, as well as become sorted in hoppers accord-
ing to relative density producing irregular
patterns in seed distribution on the ground.

Following seed application, the seed should be
lightly raked to cover them with soil, and then the soil
packed to firm the seed into the soil fines. This step
is critical for some species because it ensures hydrau-
lic conductivity between the seeds and fine soil par-
ticles, minimizes seed drying due to exposure at the
surface, and it protects the seed from redistribution
by wind, water, and predation. Some alpine species,
especially sedges (Carex spp.) and rushes (Juncus
spp.), require light for germination and should be
applied on the surface in a separate operation follow-
ing seeding of nonphotoblastic species.

Application of seed by hydromulching and hydro-
seeding techniques is not recommended in high-
elevation environments. Hydroseeding often covers
the seed with fibrous mulching materials, but the
hydraulic conductivity between these materials and
the soil can be lost during high winds, frost heaving, or
severe drying conditions. The seeds may then become
separated from the soil, and severe dehydration and
subsequent mortality often results.

Mixtures of at least several different species are
generally more successful than a single species alone.
This practice will enhance species diversity, and will be
more compatible with natural succession. Mixtures of
species are also less susceptible to complete annihila-
tion by such natural phenomena as disease, insect out-
breaks, drought, frost, and other natural catastrophes.

9. Apply surface mulch, such as erosion blan-
kets, following seeding and planting. This
material protects and stabilizes the surface, and
promotes restoration because it:

a. Minimizes surface rilling and erosion caused
by rain drop impact and surface runoff.

b. Reduces evaporation of surface soil water.

c. Reduces wind erosion and redistribution of
seed and soil fine particles.

d. Reduces the incidences of frost and other
temperature extremes at the surface.

e. Increases trapping of snow and rainwater.

f. Improves trapping of native seed.

Light to moderate application rates are better than
heavier applications. The surface of the soil should be
visible when viewed vertically through the fibers or
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other materials used. Erosion blanket materials pro-
vide about 2 to 3 tons per acre (4.5 to 6.7 metric tons
per ha) equivalent rates of straw fiber, and appear to
be nearideal for most revegetation-stabilization work.
Stapling or otherwise securing the mulch to the
surface is essential. We recommend stapling inter-
vals about 30 percent shorter than that recommended
by the manufacturer, especially on steep unstable
slopes where water and wind movement can dislodge
the blanket material. We have used blown straw
secured in place with liquified tackifiers (as on the
demonstration area described here), but this method
is far more cumbersome than commercially available
erosion blankets.

10. Assess and refertilize the site yearly for sev-
eral years to determine relative success or
failure and to reapply amendments or seed
in places when necessary. Refertilization will
almost certainly be required to further acceler-
ate successional development of restored areas
and to enhance survival and establishment of
invading outside species. In addition, periodic
soil sampling and analyses are recommended to
assess nutrient deficiencies, requirements for
additional liming, and other amendments.

Fencing may be required to minimize impacts by
animals or people. (In our experience people can be far
more destructive than most native animals.) Domestic
livestock should be excluded from these sensitive
areas, at least until the vegetation becomes well
established.
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Appendix B: Plant species frequency and ground cover on the demonstration area and on three native reference areas
representing different level of productivity. (Frequency data are from 50 permanent plots on each area, and ground-cover data
are from 300 points of intercept on each area.)

Reference
Demonstration area High production Medium production Low production
Plot size 1995 1997 1998 1995 1997 1995 1997 1995

Ground cover data I e Percent - ---------momm o
Bare soil 15 9 8 15 20 35 28 10
Gravel 26 21 26 8 7 49 49 80
Rock 2 8 4 0 0 0 2 1
Moss/liverwort 1 1 0 19 20 0 0 0
Litter 34 39 47 33 22 7 12 4
Basal vegetation 22 22 15 25 31 9 9 5

Frequency data

Graminoids

Agropyron trachycaulum — 1/4 28 32 38 20 2 4

Agrostis humilis 1/4 10

Carex haydeniana 1/4 30 28 34 66 76

Carex paysonis 1/4 2 4 8 24 16

Danthonia intermedia 1/4 6 8

Deschampsia caespitosa 1/16 80 94 82 76 58 2

Juncus drummondii 1/4 2 2 66 82

Luzula parviflora 1/4 38 40 2

Phleum alpinum 1/16 48 44 38 60 66 12 12 4

Poa alpina 1/8 66 72 58 22 16 2

Poa epilis 1/4 14 8 6 24 56 68 60 60

Poa reflexa 1/4 10 12 8 12 24 20 24

Trisetum spicatum 1/4 52 62 74 62 44 16 26 6

Forbs

Agoseris aurantica 1/4 10

Agoseris glauca 1/4 6 30 32 62 56 80 70 74

Allium schoenoprasum 1/4 30 24 2

Antennaria lanata 1/4 26 24

Antennaria umbrinella 1/4 54 58

Aquilija flavescens 1/4 2 2

Arabis drummondii 1/4 18 24 12

Arabis lyallii 1/4 22 18 42 4 24 4

Arabis sp. 1/4 2 2

Arnica latifolia 1/4 4 4 6 4

Arnica rydbergii 1/4 44 42 18

Aster alpigenus 1/4 6 12

Aster foliaceus 1/16 78 74 10 16 14

Caltha leptosepala 1/4 56 48

Castilleja pulchella 1/4 22 22 2

Claytonia lanceolata 1/4 26 10

Dodecatheon pauciflorum  1/8 68 84

Draba spp. 1/4 12 12 2

Epilobium alpinum 1/4 6 54 42 56 12 18 22

Epilobium angustifolium 1/4 8 14 12 38 34

Eriogonum pyrolaefolium  1/4 4

Erigeron perigrinus 1/4 2 2 4 12 10

Erigeron simplex 1/4 18 12

Hieracium gracile 1/4 12 22 38 2 4

Lupinus argenteus 1/4 34 38 6

Mertensia ciliata 1/4 2

Pedicularis groenlandica  1/4 6 4

Polygonum bistortoides 1/4 2 2 60 62 4 2
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Appendix B (Con.)

Reference
Demonstration area High production Medium production Low production
Plot size 1995 1997 1998 1995 1997 1995 1997 1995
Ground cover data M e Percent - - -------cmmmam i
Forbs
Polygonum douglasii 1/16 80 76 14 14
Potentilla diversifolia 1/4 6 2 6 36 48 60
Ranunculus eschscholtzii  1/4 62 78 2 2
Rumex pauciflorus 1/4 6
Saxifraga oregona 1/4 36 52
Sedum spp. 1/4 10 2
Senecio crassulus 1/4 2 2 2 6
Senecio multiradiata 1/8 48 46
Senecio spp. 1/4 52
Sibaldia procumbens 1/4 6 6 8 24 32 58 62 36
Taraxicum officinale 1/4 4 6 2
Valeriana edulis 1/4 2 4 4 4
Veronica wormskjoldii 1/4 20 52 36 58 2
Viola obiculata 1/4 6 2 2
Shrubs
Vaccinium scoparium 1/4 16 16
Number of species encountered 18 24 23 36 39 27 28 17

NOTE: Considerable confusion in separating Epilobium alpinum and Veronica wormskjoldii in the vegetative stage. Apparantly
most of this questionable species was called Veronica in 1995 AND 1997, but was identified as Epilobium in 1998 (when it
flowered abundantly)!
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Appendix C: Suggested seed mixture of native grass species for use in seeding disturbances on New World District acidic
mine spoils and other disturbances. PLS (pure live seed percentage) provided is only an estimate and can vary widely
depending on collection site, year, climatic conditions, and history of plant growth conditions.

Spoil sites Nonspoil sites
Desired Desired
Number number of Number of number of Number of
of seeds PLS viable Ib seed viable Ib seed
per percentage seeds required seeds required
Scientific name Common name pound (estimate) per ft? per acre per ft? per acre
Agropyron trachycaulum Slender wheatgrass 177,000 75 100.00 32.81 75.00 24.61
Deschampsia caespitosa  Tufted hairgrass 1,750,000 75 100.00 3.32 75.00 2.49
Phleum alpinum Alpine timothy 1,040,000 75 100.00 5.58 75.00 4.19
Poa alpina Alpine bluegrass 1,430,000 75 100.00 4.06 75.00 3.05
Trisetum spicatum Spiked trisetum 2,118,000 75 100.00 2.74 75.00 2.06
Total 500.00 48.52 375.00 3.34
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RMRS

ROCKY MOUNTAIN RESEARCH STATION

The Rocky Mountain Research Station develops scientific informa-
tion and technology to improve management, protection, and use of
the forests and rangelands. Research is designed to meet the needs
of National Forest managers, Federal and State agencies, public and
private organizations, academic institutions, industry, and individuals.

Studies accelerate solutions to problems involving ecosystems,
range, forests, water, recreation, fire, resource inventory, land recla-
mation, 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

Lincoln, Nebraska Laramie, Wyoming

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

The U.S. Department of Agriculture (USDA) prohibits discrimination in all its
programs and activities on the basis of race, color, national origin, sex, religion,
age, disability, political beliefs, sexual orientation, or marital or family status. (Not
all prohibited bases apply to all programs.) Persons with disabilities who require
alternative 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 USDA, Director, Office of Civil Rights,
Room 326-W, Whitten Building, 1400 Independence Avenue, SW, Washington,
DC 20250-9410 or call (202) 720-5964 (voice or TDD). USDA is an equal
opportunity provider and employer.



