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Introduction

Scientific Input and Study Design

Several National Park Service units in the
Intermountain region possess a number of closely related
management needs relative to the abundance of wild
ungulates and their herbivory effects on plants and
ecosystem processes. In 1993, the then National
Biological Service (NBS) — now U.S. Geological Survey,
Biological Resources Discipline (USGS, BRD) —
initiated a series of research studies in four park units
in the Intermountain West, into the abundance and effects
of ungulates on park ecosystems. Each of these parks
received a number of similar research study elements
including: (a) a number of new ungulate grazing
exclosures (n = 12-21 exclosures per park); (b) aerial
survey sightability models to estimate population sizes
of ungulates; (c) measures of biomass production and
consumption rates near the exclosures and across the
landscape; (d) studies of the effects of the grazing on
plant abundance, species diversity, and ecosystem effects;
and (e) computer model simulations (SAVANNA) of the
effects on the ecosystem and plant resources of different
ungulate management scenarios. One park unit, Rocky
Mountain National Park, Colorado, received funding
from the U.S. Geological Survey (USGS, BRD) and
parallel funding from NPS for an intensive research study
of the effects of elk on the park ecosystems.

Elk were extirpated, or nearly so, from Rocky
Mountain National Park by human exploitation in the
late 1800s, but were then reintroduced in 1913 and 1914.
Elk steadily increased until they reached an estimated
1,000 animals within the park boundaries in 1944
(Packard 1947). Due to concerns over increasing elk
numbers and potential effects on the park winter range,
elk in the park were artificially reduced from 1943—1968.
During this period, a total of 1,664 elk were removed
from the park with the goal of reducing the park herd to
about 500 on the eastern boundary winter range. In 1968
elk were no longer controlled within the park’s
boundaries with a NPS change in management policy to
one of natural regulation that occurred in Yellowstone
National Park at the same time. From 1968 to the present
time, herd limitation was attempted through natural
regulation within the park and harvests outside of the
park. Interagency goals of the NPS, Colorado Division
of Wildlife (CDOW), and U.S. Forest Service (USFS)
included use of both regular and late season hunts outside
of the park boundaries to limit the elk population by

harvesting 500600 elk each year. The harvest goal was
nearly achieved prior to 1987 when an average of 442 +
78 elk were harvested each year, but after 1987,
increasing restrictions to private lands outside the park
reduced the harvest. Elk harvests declined to 302 + 36
after 1987. In either case, these harvests were insufficient
to limit the growth of the elk population and el steadily
increased in the park and then later in the town of Estes
Park. Concerns over possibly overabundant elk resulted
in criticisms of the park elk policy (Hess 1993) and calls
for the agencies to reevaluate their interagency elk
management efforts. In 1993, the park superintendent,
James Thompson, requested F. J. Singer of the National
Biological Service (now USGS-BRD), to conduct a
problem analysis of the elk situation.

The goals of the study included determination of
whether elk densities had exceeded those expected in a
natural system, whether unnatural concentrations of elk
were occurring, what the effects of elk herbivory were,
and whether the effects of the elk herbivory were ac-
ceptable or unacceptable. At the onset of the study, it
was recognized that a number of human influences had
occurred in the system that might confound the inter-
pretation of the effects of elk alone. For example, any
climate change or unnatural succession due to fire sup-
pression might have influenced plant communities. A
number of meadows in the winter range had been drained
for a golf course located in the park until the 1960s and
a number of other park meadows had been drained for
cultivation. Beaver had apparently declined on at least
part of the winter range and for unknown reasons. The
presence of the rapidly growing town of Estes Park, lo-
cated within the edge of the winter range, might have
altered or abbreviated elk migrations. The major preda-
tors of the system, wolves and grizzly bears, had long
since been extirpated and considerable debate and specu-
lation surrounded what their effects might have been on
possible limitation of elk.

Study design input included the problem analysis
prepared in 1993 and proposals submitted to BRD and
the NPS in 1993 by F. Singer, and three peer reviews of
the study design conducted in 1994 (Table 1). The study
also built upon earlier peer reviews of the similar problem
in Yellowstone National Park (Table 1). The study design
included key elements of those review suggestions,
including: census methodology and demographic
analysis of the elk population, studies of vegetative
biomass produced in grazed and ungrazed areas and elk
offtake, studies of effects on ecosystem processes, GIS-
based ecosystem model (SAVANNA) experiments to test
hypotheses, and evaluation of grazing effects on plant



Table 1. List of proposals and peer reviews of this study in Rocky Mountain National Park and for the closely
related elk management situation in Yellowstone National Park.

Proposals:

Singer, F. J. 1993. Elk-vegetation relationships in Rocky Mountain National Park: A problem analysis of the exist-
ing data and recommendations for future research and monitoring. U.S. Department of the Interior, National
Park Service, Fort Collins, Colo. 23 pp.

National Biological Service. 1994. Draft work study plan, ungulate-plant interactions in five national parks in the

Rocky Mountain region. Northern Rocky Mountain Section, Midcontinent Ecological Science Center, Fort Collins,
Colo. 11 pp.

Singer, F. J., M. B. Coughenour, T. Johnson, and R. Cates. 1993. Population estimation, plant interactions, forage
biomass, and offtake and carrying capacity estimation of elk in the Estes Valley. Proposal to National Park
Service, Denver, Colo. 23 pp.

Peer Reviews for Rocky Mountain National Park:

Smith, M., J. Dodd, and J. Mitchell. 1994. Unpublished peer reviews of Rocky Mountain National Park elk research
study plan to National Biological Service (now USGS-BRD), Fort Collins, Colo.

Hobbs, N. T. 1994. Unpublished peer reviews of Rocky Mountain National Park elk research study plan.

Unsworth, J., G. C. White, D. C. Bowden, S. Steinert, and G. Schoenveld. 1994. Correction of elk counts in and
near Estes Park and Rocky Mountain National Park: A problem analysis. April 26, 1994 memorandum, Na-
tional Biological Survey (now U.S. Geological Survey), 4512 McMurry Avenue, Fort Collins, Colo.

Peer Reviews for Yellowstone National Park:

Garton, E. O., and D. Goodman. 1986. Recommendations concerning northern Yellowstone elk: Aerial survey and
population analysis. November 26, 1986, Yellowstone National Park files. 14 pp.

McNaughton, S. 1., J. Detling, and L. Wallace (D. Houston ex officio member). 1986. Yellowstone elk research:
Consultant’s report. Ycllowstone National Park files. 3 pp.




species diversity. Three peer-reviews of the initial study
design were obtained in 1994 (Hobbs 1994; Smith et al.
1994; Unsworth et al. 1994). A statistical analysis of
field data collected from 1968-1992 was completed
(Zeigenfuss et al. 1999). A mid-study science based
assessment of vegetation management goals for elk
winter range was conducted (Berry et al. 1997).
Modifications to the original plan were made to meet
some of the concerns of Berry et al. (1997) and through
introspection by the study team investigators and
unanswered questions brought out during analysis of the
first two years of data. These modifications included:
(1) an analysis of long-term climate trends to evaluate
vegetation changes; (2) one more year of offtake
measures to reduce high variances observed during years
one and two; (3) measures of biomass and offtake in town
since it became obvious after two years of research that
more elk were wintering in town than in the park; (4) the
earlier proposed study of total N cycle and sustainability
was funded by the USGS-NRPP fund program; (5) the
long-term trends of willows were determined from
sequences of aerial photos and GIS analyses; and (6) a
population-based estimate of K for elk (ecological
carrying capacity) in both town and in the park was
conducted. A regional study of the effects of elk on plant
species diversity with a multi-scale perspective was
funded for a number of study sites, that opportunistically
included the RMNP winter range (Stohlgren et al. 1999).
Thus, all of the elements of the idezl research study were
achieved, including: (a) a study design and plans were
prepared at the outset; (b) these were peer-reviewed; and
(c) a mid-study assessment and changes in response to
that assessment were accomplished.

The study also included additional characteristics
of a strong rescarch initiative. There was an emphasis
on an ecosystem approach to the study (Fig. 1), including
the involvement of an interdisciplinary study team of
six scientists. Riparian willow and upland shrub
communities were selected for the focus of field data
collection. A GIS was used to randomly locate study plots
on a landscape scale. A strong experimental nature to
the project was developed, in order to control for a large
number of potentially confounding variables (Fig. 2).
Sixteen exclosures were constructed to exclude herbivory
to simulate the effects of no elk, and clipping treatments
were conducted inside portions of exclosures to simulate
more elk or the invasion of moose to the system (Fig. 2).
The question of whether willows and wet site herbaceous
vegetation were responding to elk herbivory alone, or
also responding to climate change, hydrologic changes,
beaver declines, succession, or other factors was

X1

addressed. Check dams were used to add water to some
study plots to simulate hydrologic change, in particular
the return of beaver and their dams. Prescribed burns
were conducted inside and outside upland shrub
exclosures to evaluate fire effects. Measurements were
also made within three 35-year old exclosures to assess
the effects of herbivore exclusion over a longer time
period.

First, a brief executive summary keynotes the key
findings. In the following sections, we present the meth-
odology and findings for each study of the various eco-
system components. The final section summarizes model
findings against various ecological paradigms to assist
staff of RMNP in their assessment of the appropriate
number of elk. In a separate modeling report, the SA-
VANNA modeling effort uses a GIS-based, spatially-
explicit model to draw together the findings of these
various study components into a single, predictive eco-
system model (Coughenour 2001).

The chronological timetable of the planning for this
initiative and the peer reviews and study elements are
presented in Table 2. The specific mcasures that were
gathered during this study, number of plots, and mea-
sures at each plot and the rationale for each measure or
group of measures is presented in Table 3.

Literature Cited

Berry, 1., D. Decker, J. Gordon, R. Heitschmidt, D. Huff,
D. Knight, W. Romme, and D. Swift. 1997. Science-
based assessment of vegetation management goals of
elk winter range, Rocky Mountain National Park.
Environment and Natural Resources Policy Institute,
Colorado State University, Fort Collins, Colo. 16 pp.

Coughenour, M. 2001. A spatially explicit ecosystem model
(SAVANNA) of different ungulate management
scenarios. Final report to U.S. Geological Survey and
National Park Service.

Hess, K. 1993. Rocky times in Rocky Mountain National
Park. University Press of Colorado, Niwot. 167 pp.

Hobbs, N. T. 1994. Unpublished peer reviews of Rocky
Mountain National Park elk research study plan.

Packard, F. M. 1947. A study of the deer and elk herds
of Rocky Mountain National Park, Colorado. Journal
of Mammology 28:4—-12.

Smith, M., J. Dodd, and J. Mitchell. 1994. Unpublished
peer reviews of Rocky Mountain National Park elk
research study plan.

Stohlgren, T. J., L. D. Schell, and B. V. Heuvel. 1999.
How grazing and soil quality affect native and exotic



plant diversity in Rocky Mountain grassiands. Geological Survey), 4512 McMurry Avenue, Fort

Ecological Applications 9:45-64. Collins, Colo.

Unsworth, J., G. C. White, D. C. Bowden, S. Steinert,  Zeigenfuss, L. C., F. J. Singer, and D. Bowden. 1999.
and G. Schoenveld. 1994. Correction of elk counts Vegetation responses 1o natural regulation of elk in
in and near Estes Park and Rocky Mountain National Rocky Mountain National Park. Biological Science
Park: A problem analysis. April 26, 1994 Report USGS/BRD/BSR-1999-0003. U.S. Government

memorandum. National Biological Survey (now U.S. Printing Office, Denver, Colo. 23 pp.

Xii



Elk populations
and densities

Aboveground plant
Water tables respond to runoff, -~ .
climate change, meadow drainage / 4 blamagas, L& Nipools
by humans, and beaver dynamics /
7 [/ l
l / Litterfall from plants
Elk fecal & urine inputs
~ Isotopes Plant secondary Decomposition
identify sources metabolites affect Soil mineraliztion
rates Soil microbial biomass
: b >
l Plant growth rates:
-—» and tissue concentrations T | h 4
of N, C, and macronutrients \ N and macronutrients
available to plants
Long-term N and C pools
Plant species composition

A

and diversity
Plant communities

Fig. 1. Ecosystem approach to the study of elk abundance and herbivory effects on winter range of Rocky Mountain
National Park, Colorado, 19941999,

Xiii



Tall Willows

Short Watered

Willows
o o ° F___o___c-_i
I |
: I 1. 4 |
‘:71:‘}?‘4 f—~--:* R
R . ¥
R R o X

Water added (dams)

aaév = simulated herbivory

% = ambient elk herbivory

Upland Shrub Communities

|
|
|
-
Y.

| Y I

NI

Short Control
Willows
° ? o {5“'“0“““0"

|

I

. | |
-6} - _—— '0-]',.

|

|

|

‘\__.._’-_\\’__, =t i g ~
I } Y
qbé' ! o !_ 0
No dams
Willow Sites

-Four replicates of all treatment
combinations

-Water wells to measure depth to
water tables

-Clipping experiments inside fenced
areas, 1994-1998

-Measures of ambient elk herbivory
outside fences, 1994-1998

= water wells

/ = check dam

= active stream or high water table
= intermittent stream or dry channels

Upland Sites
-Four replicates of each treatment

combination

-Prescribed burns of half of each grazed
and ungrazed plot

-Measures of ambient elk herbivory
outside fences, 1994-1997

)
ﬂé&’ = prescribed fire % = ambient elk herbivory

Fig. 2. Experimental design used to study impacts of elk herbivory and water availability on elk winter range of
Rocky Mountain National Park, Colorado.



Table 2. Chronology of significant events, Rocky Mountain National Park elk ecology study, 1992-2001.

1992

1993

1994

1995

1995-1997

1997

1998

1999

2001

Final report on 25 years of elk research submitted by D. Stevens.

Problem analysis and review of earlier work by F. Singer.
Parallel proposals to NBS (now USGS-BRD) and NPS written by F. Singer.

Three peer reviews of study designs.

Pre-treatment vegetation biomass data collected.
Exclosures and treatments put in place.

Radiocollars placed on 73 elk.
Dams and clipping treatments put in place.

Prescribed burns conducted.
Post-treatment field data collected by BRD, NREL (Natural Resource Ecology Lab), and NPS

Crews.

Berry et al. (1997) science-based assessment of vegetation goals occurs at mid-study.
Study modifications according to Berry et al. (1997) and research team analysis.

Additional year of offtake measures, climate analysis, and sustainability study.

Release of statistical analysis of 25 years of long-term vegetation responses (Zeigenfuss et al.
1999).

Planned release of final BRD-NREL report to the park on 1994—-1999 study.
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Table 3. Study variables measured, locations and rationale for their measurements, Rocky Mountain National Park, Colorado, 1994—1999.

Variable measured Rationale for studying the topic

Location

Nutrient processes Nitrogen is single most important factor to plant growth
Biogeochemical processes
% nitrogen in plants and soil
Nitrogen mineralization rates
Elk fecalurine deposition rates
Nutrient flows and inputs and outputs
of N by elk vs. litterfall

Production and offtake Evaluate effects on plants and to determine allowable use.

To evaluate whether species shifts to exotics or grazing-resistant
species are occurring.,

To examine whether hydrological manipulations were successful
at increasing water on sites, and to correlate water availability
to plant growth and biogeochemistry.

To evaluate impact of herbivory on water balance and individual
plant processes.

Plant species composition

Water table levels

Plant physiclogical measures
Plant water balance
Photosynthesis and carbon gain

Secondary metabolites Plants which are heavily browsed may return to a juvenile phase,

producing higher concentrations of defensive compounds, and

thereby influencing nitrogen cycling through quality of litterfall.

Elk movements, population dynamics, and cersus
Elk density in park and town To correlate with plant abundance.

Elk trends and density-dependent To determine if elk will regulate their numbers.
population processes

Estimate ecological carrying capacity

(food-limited) for elk in town and park

To determine at what density elk numbers might stabilize.

To determine whether herbivory, water availability, or fir affect
nutrient concentrations in plants consumed by elk.

Macronutrient analysis

Seed production may decrease under high levels of herbivory.
Willow morphology may shift to shorter, more compact crowns
under high herbivory levels.

Measures of willow cover, morphology,
seed production, and demography

12 new willow exclosures
Three 35-year-old exclosures

16 new exclosures

Three 35-year-old exclosures
16 new exclosures

One 35-year-old exclosure
12 new willow exclosures

12 new willow exclosures

12 new exclosures
One 35-year-old exclosure

Winter range on park east slope
and town of Estes Park

Throughout elk winter range in the
park and the town of Estes Park.
Throughout elk winter and summer
range in the park and the town of
Estes Park.

16 new exclosures

Three 35-year-old exclosures

12 new exclosures
One 35-year-old exclosure




Executive Summary of Empirical Findings

Francis J. Singer

Introduction

A research initiative was conducted from 1994 to
1999 in Rocky Mountain National Park (RMNP), Colo-
rado, to evaluate the numbers, trends, and ecological
effects of elk (Cervus elaphus) in the park and the adja-
cent Estes Valley. Concerns were expressed that perhaps
too many elk inhabited the area, that animals were over-
concentrated in certain locales, and that certain vegeta-
tive changes were taking place. In particular, concerns
were expressed over the visual appearance of short,
hedged willows in the open wet meadows on the park
primary elk winter range.

Elk were extirpated, or nearly so, from RMNP by
human exploitation in the late 1800s, but were
reintroduced in 1913 and 1914. Elk steadily increased
until they reached an estimated 1,000 animals within
the park boundaries in 1944 (Packard 1947). Due to
concerns over increasing elk numbers and potential
effects on the park winter range, elk in the park were
artificially reduced from 1943 to 1968. During this
period, 1,664 elk were removed from the park with the
goal of reducing the park herd to about 400-500 on the
winter range on the eastern side of the park. In 1968,
elk were no longer controlled within the park’s
boundaries, in concert with an NPS change in
management policy to one of natural regulation that
occurred in Yellowstone National Park at the same time.
From 1968 to the present time, increasing reliance to
limit the herd was placed on harvests outside of the park.
Interagency goals of the National Park Service (NPS),
Colorado Division of Wildlife (CDOW), and U.S. Forest
Service (USFS) included use of both regular and late
season hunts outside of the park boundaries to limit the
elk population. A goal was set to harvest 500-600 elk

“~—zach year that was based on a population reconstruction

harvest model (called POP-II). This goal was set with
the intent to limit growth of the elk population. This
goal of harvesting 500-600 elk was nearly achieved prior
to 1987, when an average of 442 + 78 elk were harvested
each year, but after 1987, increasing restriction to private
lands outside the park functioned to reduce the ability
to harvest the desired number of elk. Elk harvests
declined to 302 + 36 following 1987 through 1996. The

more recent use of the town area, and habituation of elk
to humans there, have also made elk increasingly
inaccessible to sport hunters. Although the harvests may
have slowed elk population growth, the desired limitation
was never achieved and elk steadily increased both in
the park since 1968 and in the town of Estes Park after
elk pioneered the town area in the late 1970s (Chapter 1).
By 1993, concerns over high elk numbers resulted in
criticism of the park elk policy (Hess 1993) and led the
agencies to re-evaluate their interagency elk management
efforts. In 1993, the park superintendent, James
Thompson, requested F. J. Singer (of the U.S. Geological
Survey, Biological Resources Division, then the National
Biological Service) to conduct a problem analysis of the
elk situation and then to write a proposal to research the
elk situation.

The goals of the study included providing park
managers with information on the effects that elk were
having on plant species and the ecosystem. At the onset
of the study, it was recognized that a number of human
influences had occurred in the system that might
confound the interpretation of the effects of the elk
abundance alone. For example, any climate change or
unnatural succession due to fire suppression by park
management might have influenced plant communities.
A number of meadows in the winter range had been
drained for a golf course in the park (now gone since
the 1960s) and for agriculture at a few homesteads within
the park. Beaver had apparently declined both on and
off the winter range, for unknown reasons. The presence
of the rapidly growing town of Estes Park, located within
the winter range, might have altered or abbreviated elk
migrations. The major predators of the system, wolves
and grizzly bears, had long since been extirpated and
considerable debate and speculation surrounded what
their effects might have been on ungulate populations
in a pristine system.

National Park Service (NPS) policy states that
natural processes should be relied upon to the largest
extent possible to manage wildlife populations within
national parks, but that high populations of animals may
be managed, if those over-concentrations are due to
human activities (NPS 2001). Human activities may have
altered some national park ecosystems from their pre-
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existing, unaltered, naturally functioning state. Native
predators have been eliminated from many national
parks, migrations of ungulates have been altered by
developments and activitics outside of parks, keystone
predators have been eliminated, and climate change
potentially due to human activities may have altered
ecosystems (Wagner et al. 1995; Wright 1996; Singer
etal. 1998a). NPS guidelines do not provide specific
criteria by which to evaluate potential ungulate
overabundance.

The assessment of what constitutes an over-
concentration or too much grazing by ungulates in a
national park is a very complex question. Overgrazing
is typically defined as any excess of herbivory that leads
to degradation of plant and soil resources. However, even
in this simplest of definitions, the word “excess” is a
value-laden term that may be defined differently
depending upon one’s objectives in managing an
ecosystem. A range manager, wildlife manager,
ecologist, or park manager might have very different
management objectives for ungulates and each might
define an “excess” differently. Ungulate grazing nearly
always results in some effects on the plant and the
ecosystem, but when do those effects become too much?

The purpose of this research was to document the
influences that elk had on the RMNP ecosystem for
managers, but not to make any judgments as to what
effects were acceptable or unacceptable. The criteria for
five commonly-used ecological approaches to evaluate
the abundance of ungulates (the population based-preda-
tor limitation, the allowable use, the overgrazing, the
grazing optimization/sustainability, and the biodiversity
approaches) are presented in Chapter 12 and their po-
tential for ease of application to park management situ-
ations is discussed. Fach one of these approaches has
some potential for application to the RMNP elk assess-
ment.

In 1993 and through 1999, the Biological Resources
Division of the U.S. Geological Survey, Midcontinent
Ecological Science Center (then the National Biological
Service), in conjunction with the National Park Service
Natural Resources Preservation Program and RMNP,
conducted a series of rescarch studies into the question
of the possible overabundance of elk in the park. The
broad objectives addressed in the initiative included the
following: (1) to determine the current status and trends,
pupulation demography (survival and recruitment), and
distributions of elk on winter range in both the park and
in town; (2) to determine current vegetation conditions
and trends on the winter range; (3) to evaluate the
relative effects of elk herbivory, water additions, artificial

clipping, and fire on vegetative conditions; (4) in a
general sense, to assess the role of water availability and
precipitation patterns; (5) to evaluate the long-term
effects of grazing on soil fertility and the sustainability
of the system; and (6) to conduct modeling experiments
to predict effects resulting from different management
scenarios.

Specific projects addressed in the combined USGS-
NPS initiative included the following:

Elk Population Studies

1. Aerial and ground estimations of elk densities
were conducted in the park and town, assisted
with information from marked animals from the
capture and radiocollaring of 73 elk during 1995
(Chapter 1). An aerial sightability model was
developed in the park and a mark-resight model
in the town to estimate elk numbers.

2. Estimates of elk survivorship and recruitment
were developed from these population estimates
and the radiocollared animals. Population
models were developed for the park and town
elk subpopulations. These models were then
used to develop population-based estimates of
food-limited ecological carrying capacity (ECC
or K)* for elk in both sectors. (Chapter 1).

3. In order to calculate an independent forage-based
estimate of K for elk in the town sector, forage
biomass was sampled in 1997, 1998, and 2000
in town (Chapter 12). A prior estimate of the
park’s capability of vegetation and forage nu-
trition to support elk was provided in earlier re-
search by the Colorado Division of Wildlife
(Hobbs et al. 1982).

*Food-limited carrying capacity (K) is defined as the ungulate-
vegetation ceiling for an area. This is the number of ungulates
that the area can support, where the ungulates are regulated
by density-dependent processes set by per capita restrictions
in food availability. Density-dependent processes that can act
to regulate the population might include decreased survival,
decreased recruitment, or increased dispersal at higher
densities Predators limil ungulates helow K in many
ecosystems. Evidence has been reported for multi-predator
(usually wolves and bears together) limitation of ungulates
(Gasaway etal. 1992; Messier 1994; Orians et al. 1997;
Peterson 1999). Limitation is more likely when there is more
than one species of major predator (Orians et al. 1997).
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Landscape Level Measures

1. Long-term trends in vegetation were determined
on the open winter range using the long-term
plots monitored from 1968 to 1992 (Chapter 3).

2. A series of 25 additional willow plots were ran-
domly located across the landscape of the winter
range and monitored during the study for condi-
tion and trend (Chapter 12).

3. The historical trends in stream channel patterns
and willow cover since the 1940s were assessed
using GIS, photo interpretations, and ground
truthing (Chapter 2). The historical trends in the
abundance of beaver and their ponds were as-
sessed from repeated ground surveys of active
dams, food caches, and lodges since 1939 (Chap-
ter 4).

Treatments and Experiments®

1. Twelve new exclosures were erected in willow
communities (stratified into short and tall wil-
lows) in 1994. Check dams were placed in
streamside channels at some of the sites, and ar-
tificial clipping was used to simulate higher lev-
els of herbivory inside the exclosures. A control,
or undisturbed, plot was maintained inside of
each exclosure. An additional four new exclosures
were erected in upland shrub communities in
1995. Prescribed burns were conducted inside and
outside portions of these exclosures in 1995-1996
(Chapter 4).

2. A large number of variables were measured for
each treatment, including any changes in depth
to the water table, plant species composition,
plant production, responses in willow
morphology and community structure, and
responses in nutrient concentrations of plants
(Chapters 4 and 5); plant ecophysiology responses
(Chapters 6 and 8); secondary metabolites or
plant defense compounds (Chapter 9); and

®The purpose of the experiments was to control for all other
potentially confounding influences and factors such as her-
bivory by small mammals and insects, succession, and oth-
ers, by applying the main treatment effect (fencing, damming,
clipping, burning) to one of two similar macro plots. In this
study, both the study site and the macro plot that received the
treatment were selected by random procedures.

patterns in isotopic signatures of carbon and
oxygen (Chapter 7).

3. Measurements of plant, soil, and process re-
sponses were taken at three long-term (35-year)
exclosures and adjacent grazed sites on the elk
winter range in the park (Chapters 10 and 11).

4. Climate and stream flows were monitored dur-
ing the study. An analysis of long-term trends in
climate patterns for the area was reported in an
earlier publication (Singer et al. 1998b).

Ecosystem Sustainability to
Grazing by Ungulates

1. The effect of elk upon soil fertility and long-term
sustainability of the ecosystem was also assessed.
The dynamics of nitrogen (N), a nutrient often
in limited supply that may strongly influence
plant growth, and carbon (C), in response to elk
activity was documented. We studied the removal
of N and C by elk grazing, the annual inputs of
N and C by the plants following the grazing re-
movals, the annual inputs of N and C from elk
urine and feces, the transport of N from the sum-
mer range, and the loss of N and C from certain
vegetation types on the winter range due to elk
herbivory (Chapter 11).

2. The CENTURY soil model was used in the
sustainability analysis to predict the responses
of N and C to elk herbivory (Chapter 11).

Computer Simulation Modeling

1. The SAVANNA ecosystem model was applied to
predict the effects that human alterations have
had on the ecosystem and to project the effects of
different management scenarios (Coughenour
2001).

The majority of the research was conducted by
scientists from the Natural Resource Ecology Laboratory
at Colorado State University. Researchers also
represented the Statistics and Fisheries and Wildlife
Departments of Colorado State University, the Botany
and Range Science Department of Brigham Young
University, and the Midcontinent Ecological Science
Center of the U.S. Geological Survey. The chapters in
this final report consist of individual manuscripts that
address all of the empirical findings from the 1993—-1999
elk initiative. The full results from the ecosystem
simulation modeling are presented independently, in a
technical report to the USGS-BRD and the NPS
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(Coughenour 2001); however, the executive summary
from that report is included at the end of this final report.

This executive summary features key findings from
the empirical studies. Space in this summary is insuffi-
cient to review each and every one of the findings here.
Please refer to the specific chapters in the report for
greater details.

Key Findings

Elk Populations and Distributions

The studies revealed three largely distinct subpopu-
lations of elk on the primary winter range: (a) the Mo-
raine Park-Beaver Meadows; (b) the Horseshoe Park; and
(c) the town of Estes Park subpopulations. A few ani-
mals wintered in the small Cow Creek area, also part of
the park winter range, and another 125 or so animals
spent the winters on windswept alpine meadows of Trail
Ridge (Chapter 1). Elk densities were about three times
higher in the Moraine Park-Beaver Meadows area than
in the Horseshoe Park area, both which are within park
boundaries. Average elk densities across the winter range
varied dramatically. Average elk densities in the park
during all aerial surveys, 1994-1999, were very high,
>65 elk/km? (range = 66-110 elk/km*) on 2.9 km? (3%)
of the winter range; high, 30-65 elk/km?on 4.0 km? (4%)
of the winter range; but medium, 10-29 elk/km? or low,
<1-9 elk/km? on the remaining 92.5km? (93%) of the
winter range (Chapter 12).

The park elk population grew rapidly following
release from controls in 1968, but the elk population
growth began to slow about 1980, and stabilized (A =
1.0) at about 1,000 animals in 1990 duc to lowered calf
and yearling survival rates. The population based K for
the park subpopulations was 1,069 + 55 (% + SE) elk
(Chapter I). This estimate compares favorably with the
forage-nutritional based average estimates of 991 + 102
for aslightly dry yearand 1,481 + 261 elk for a wet year
reported by Hobbs et al. (1982) for the park area.

The 2001 modeled population estimate for the Estes
Park town subpopulation was 1,975 + 150 elk (Chap-
ter 1). This sector of the elk population was still grow-
ing at about 5.2% per year at the end of the study. The
population-based estimate of K for the town, i.e., its po-
tential largest size at the vegetation ceiling, is 2,869 +
415 elk (Chapter 1). This compares favorably with in-
dependent forage based maximum elk potential estimates
of 2,330 + 78 to 2,563 + 85 elk for a dry year and 3,082

XX

+ 103 to 3,391 + 113 elk for a normal year (Chapter 12).
These potentials for elk populations in town will con-
tinue to decline as human developments remove useable
elk habitat. 1 concluded K for elk were well approxi-
mated for both the park and the town sectors, due to the
application of the various methods, but the reader should
be reminded that these are estimates only and also that
K will vary due to climatic conditions. Ecological carry-
ing capacity for the potential largest size for the entire
population was about 3,938 + 419 elk (Chapter 12). Adult
annual survival rates for cows were about 0.913 in both
the park and the town sectors. Adult bull survival was
0.79 in the park, but only 0.42 in town due to sport har-
vests (Chapter 1).

Current Vegetation Conditions and Trends

The USGS-CSU study team generally found no ef-
fect on plant species diversity in upland shrub and wil-
low communities in the 4-year exclosures (no differences
were found in the six treatment types; Chapter 12). This
finding of no or few diversity differences was also sup-
ported by two independent samplings at the older, 35-
year exclosures by Tom Stohlgren (USGS-MESC) and
his coworkers in 1997 (Stohlgren et al. 1999) and at
these older exclosures by our study team in 1998 (Chap-
ter 12). The wet meadow, willow, upland shrub, and
Ponderosa pine/shrub types were well represented by
these samplings. However, in contrast to our samplings,
Dave Stevens, (now retired NPS) found that, following
more than 25 years of grazing, three less palatable plants
(Carex spp., Selaginella densa, Phleum pratense) in-
creased on heavily grazed and dry open upland grass/
shrub and meadow sites (Chapter 3, also see Stevens
[1992]). This latter study, however, did not include sam-
pling in control, i.e., ungrazed sites, and thus, effects of
confounding variables such as climate and succession
cannot be ruled out. The upward trends of several less
palatable plant species through time on these grazed sites
may warrant further consideration.

Based on published information from similar
ecosystems, the elk consumption rates (~60%) on
herbaceous vegetation in the upland grass/shrub type
appeared relatively high from the viewpoint of
conventional guidelines for allowable use (Chapter 12).
A general guideline for sustainable range management
is for maximum cunsuiption of herbaccous vegetation
to be about 50%, while substantially higher levels result
in species and ecosystem alterations (see Biondini et al.
[1998] for results of a test of the 50% rule). There was
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little predictability from the literature of the effects from
shrub use values in any of the types we studied, since so
many of the studies used artificial clipping to simulate
herbivory. We found the effects of natural elk herbivory
were much greater than clipping, apparently due to the
stripping of bark and the rough breakage of willow stems
by elk (Chapters 4 and 6). Willow structure and growth
declined noticeably at use levels of about 37% by the
wild elk and greater (Chapter 12). The structural changes
attributed to elk herbivory al these higher use levels in
the willow type were quite large (Chapters 4, 5,and 11).
Overall, consumption of willows on the winter range
averaged 33% by elk (Chapter 12).

A number of additional plant community alterations
were also attributed to elk herbivory. At the 4-year
exclosures in the willow type, there was 4.6% more bare
ground on the grazed sites (7.7% grazed vs. 3.1%
ungrazed), herbaceous production declined 22%, and
there were less bluebell (Mertensia ciliata) and more
Solidago spp. on the grazed sites. In grazed upland grass/
shrub sites, cover of Artemisia ludoviciana was reduced
62% and cover of Eriogonum umbellatum was 50% less
on grazed sites (Chapter 12). At the 35-year exclosures,
the size and production of big sagebrush (Artemisia
tridentata), an upland shrub that covers about 5-8% of
the winter range, was reduced by two-thirds. However,
size and production of the much more ubiquitous bitter-
brush (Purshia tridentata) increased on grazed sites. The
trend toward slightly more bare ground continued at the
35-year exclosures where there was 6.4% more bare
ground on grazed sites compared to ungrazed sites (this
difference, however, was not statistically significant;
Chapter 12).

Willow production was reduced 66% by year 4 of
the study (Chapter 4). There were no effects on willow
production in years 1-3 (Chapters 4 and 5), which were
years with heavy snowpacks and high stream runoff. In
year 4 (1998), following a more normal spring stream
runoff, willow community production was significantly
less in grazed treatments compared to the ungrazed
controls (Chapter 4). I attribute the differences in
reported findings either to the difference in years of
measurements (Raul Peinetti did not sample in 1998) or
to the individual-willow-based sample of Peinetti et al.
(Chapter 5) vs. the plot-based sample of Zeigenfuss et al.
(Chapter 4). Additionally, willow catkins were reduced
70%, there were fewer shoots/grazed stem, and there
were fewer leaves/grazed stem (228 vs. 411) in grazed
willows (Chapters 4 and 5). Another effect of elk
herbivory was that grazed willows obtained less of their
water from groundwater than did ungrazed willows based

on isotope analysis (Chapter 8). These authors concluded
from the isotopic signatures that willows growing on
sites further removed from streamsides likely possessed
reduced rooting depths and thus were less able to
compensate for the effects of the intense herbivory than
streamside and ungrazed willows.

Grazed willows also possessed heavier and longer
shoots, more shoots and more leaves per unit of biom-
ass, and there was more current biomass (n) per unit of
previous year's (n-1) biomass. ‘There were few physi-
ological differences, but large morphological and canopy
architecture structural differences between grazed and
ungrazed willows. Vigorously grazed willows tended to
“catch-up” in size during the growing season to ungrazed
willows (Chapter 5), but overall, grazed willows were
significantly shorter than ungrazed willows by the end
of the study (Chapters 4 and 5). Grazing optimization, a
curvilinear relation with peak values at moderate her-
bivory, was verified for eight different willow growth
parameters on the RMNP winter range. The evidence
for this grazing optimization included the following. At
moderate levels of willow consumption (about 21 +0.4%
annual use), willow growth parameters exceeded those
for ungrazed willows, but at high levels of use (>37 + 3%
use) willow growth parameters declined. Moderately
browsed willows (browsed at about 21% of current an-
nual growth) produced substantially more current an-
nual growth, stems were more dense, plants were taller
on the average, and canopy volume was greater than for
their unbrowsed counterparts (Chapter 12).

The high consumption rate of 37% of the annual
growth of willows corresponded to a high density of ~32
+ 1 elk/km?. At these and higher elk densities and her-
bivory levels, elk were having a negative influence on
willows (Chapter 12). These negative effects were oc-
curring on large portions of Moraine Park where elk
densities were very high, and on some portions of Horse-
shoe Park (Chapter 12).

The Relative Role of Elk
Herbivory, Water, and Prescribed Fire
Evaluated from Experiments

The experiments with exclosures, indicated elk
herbivory suppressed willow heights, leader lengths, and
annual production in the short willow type, as well as
reduced herbaceous biomass production by about 22%.
The water impoundment treatments increased graminoid
production over controls on the drier sites, but the
impoundment treatments did not significantly influence
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shrub production. The researchers suspected that the
impoundment treatment was of too short duration in the
growing season (only about six weeks of dam effects)
and the natural water tables were high (no water table
fell below 1 m even in late summer on any site), even on
sites formerly occupied by beaver and with no active
impoundments, to influence the shrubs (Chapter 4).
Prescribed burning in the upland bitterbrush com-
munities decreased the amounts of shrub cover and pro-
duction, at least in the short-term of the study, but there
was no effect on herbaceous standing biomass, except
that biomass of Stipa comata declined. However, graz-
ing in the upland grass/bitterbrush type reduced herba-
ceous biomass, increased N content of grasses, and
increased digestibility of grasses and forbs (Chapter 4).
Isotopic analysis provided important insights into
the autecology of willows and sedges, without requiring
the destructive sampling of entire plants or root systems.
The isotope research suggested willows received about
80% of their water from stream-related underground
flows, while sedges received 50% of their water from
rainfall (Chapter 7). Several lines of evidence suggested
willow plant-root balances were being modified by
herbivory. The improved physiological performance of
browsed willows suggested improved root:shoot ratios
(i.e., the aboveground area of willows were decreased
faster than the belowground due to browsing, Chapter 7).
But browsed willows growing away from streamside sites
may have given up rooting depth and root biomass, based
on their changes in isotopic signatures, thus reducing
their access to groundwater compared to either protected
willows or to willows growing on streamside sites
(Chapters 7 and 8). Repeatedly browsed willows located
away from streamsides thus likely became more
vulnerable to intense herbivory through time.
Secondary metabolites of plants, including phenolics
and tannins in willows, may function as a defense to
plants against herbivores by binding with metabolites
such as nitrogen-containing proteins, amino acids, DNA
and RNAs, making them difficult to digest. Phenolics
may be toxic and/or act as feeding deterrents (Robbins
1993). The research team, especially Brigham Young
University scientists, studied the responses of tannins
and phenolics to water amendment, clipping treatments,
and ambient levels of browsing. The responses of
secondary metabolites in willows to a variety of
stratifications (tall, short; deeper vs. shallow water tables)
and treatments (clipping, water amendments) are
presented in Chapter 9. In general, willows clipped at
intermediate (for clipping treatments) levels of 50%
inside of one long-term exclosure in RMNP were able

to respond in a predicted fashion by increasing
production of tannins and phenolics over unclipped
controls, but willows clipped at 100% removal of current
annual shoot growth could not increase production of
the secondary metabolites (Singer et al. 1998b). Less
vigorous willows in Yellowstone National Park, growing
on drier and less favorable sites, were not able to increase
production of metabolites at either clipping treatment
(Singer et al. 1998b).

The Role of Water Availability
and Precipitation

There was compelling evidence for the large im-
portance of water availability to the status of riparian
plants on the RMNP winter range. The best evidence
for this is descriptive and correlational, and the statisti-
cal model evidence, although present, is weak. Our check
dams, although their effects were of shorter duration
(only about six weeks) and of lesser magnitude than a
beaver dam, resulted in a near doubling of herbaceous
biomass and verified the importance of water (Chap-
ter 4). Since 1946, total stream length declined 44-56%
and surface area of water declined 47-69% on the elk
winter range (Chapter 2); changes that were likely of
enormous biological importance to the dewatering of
large areas of willows and riparian vegetation. Rocky
Mountain willows often regenerate in abandoned bea-
ver ponds (Cottrell 1995) and the water and ice of the
pond may have thwarted elk access to some willows and
reduced herbivory. Shrub and herbaceous annual pro-
ductions were correlated to March-September precipi-
tation in a quadratic relationship, implying production
increascd with increasing precipitation to a threshold
point, but above that point production did not further
increase (Chapter 4). Stream flows and water tables were
also higher following high winter snowpacks and high
spring runoffand, therefore, streamside water tables were
higher in those years. Shallower depths to the water table
positively influenced herbaceous production. Depth to
water was included in two best biological models that
explained willow growth, but not in two other models
(Chapters 4 and 12), although depth to the water table
in June was correlated to willow growth (Chapter 12).
These analyses present evidence for influence of depth
to the water table to willow growth, even over the rela-
tively narrow range of water tables that were investi-
gated. The multivariate models suggested elk had amuch
larger influence on willow growth parameters than did
depth to the water table for the range in water tables
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studied (based on better Akaike’s Information Criteria
values; Chapter 12).

Climate change might also have contributed to
declines in willow growth and, ultimately, to declines
in willow abundance. The winter range and the town of
Estes Park have apparently experienced a minor, several-
decade, warmer (0.89°C warmer) and drier (1 cm less
precipitation) climate trend that was punctuated since
1995 with a wetter trend (Singer et al. 1998b). During
our study, clk herbivory had the greatest negative effect
on willows during a year with normal snowpack and
runoff, but less effects during wetter years.

Ecosystem Sustainability and Fertility

The central question in the sustainability view of
evaluating the abundance of ungulates is whether total
plant production, both above and below ground, and soil
fertility are maintained under the grazing level in ques-
tion. The research indicated that elk were apparently
depositing roughly equivalent amounts of N to what was
being lost in the upland grass/shrub type. Additionally
there was also slightly more root production and root N
yield on grazed sites in this type, suggesting aboveground
biomass was not being supported at the expense of the
belowground biomass on grazed sites (Chapter 11). Soil
bulk densities were higher on grazed sites (Chapter 10).
The steeper slopes in the upland type might be vulner-
able to accelerated soil loss due to ungulates since grazed
sites exceeded the suggested thresholds (38% bare
ground, 1.10 g/cm?® bulk densities) of Packer (1963) for
accelerated erosion. But this cannot be assessed, since
we did not study sediment yields.

Elk activity apparently resulted in a loss of N from
both the willow and aspen types. Nitrogen concentrations
were higher in willow litter falling on grazed sites, but
this did not compensate for other losses in the willow
type (Chapter 11). Total biomass of leaf litter was less
on grazed willow sites, willow sizes and production were
reduced, herbaceous production was 22% less, and elk
consumed 33% of the annual shrub biomass and 55% of
the annual herbaceous biomass (Chapters 4 and 12). We
calculated that total N inputs to the ground surface were
only 5.79 g N/m?*year on the grazed sites and 9.66 g N/
m?/year on ungrazed sites in the willow type. Apparently,
because of the elk herbivory, N mincralization ratcs werc
substantially (79%) less and N pools (NO,) were 78%
less on grazed vs. ungrazed sites in the short willow

type. Our analysis indicated elk activity also resulted in
anet loss of N from the aspen type of 0.60 g N/m*/year
(1.13 g N/m?/year was removed by elk grazing plus 0.53
g N/m?/year was added in the form of elk urine and feces;
Chapter 11), The evidence for declining fertility in
grazed willow and aspen communities included: (1) the
lower observed N mineralization and N pools; (2) the
lower estimated N inputs to grazed sites; (3) the feeding
behavior of elk; (4) CENTURY soil modeling of the
observed parameters; and (5) the predictions of Biondini
et al. (1998). Lowered N availability may reduce
productivity and alter plant community composition.
Plants may compensate for tissue losses due to her-
bivory in a variety of ways. For example in grasslands
grazed by native ungulates, increased rates of uptake of
N by roots is often observed, as are increased N concen-
trations in shoots, increased N mineralization rates in
the soil, and at times, increased N yield per unit of plant
(Ruess 1984; Jaramillo and Detling 1988; Coughenour
etal. 1990). These responses may be due to: (a) the con-
version by ungulate grazing of less mobile N locked up
in litter and standing dead vegetation, into more useable
N in ungulate feces and urine; and/or (b) the reduction
of soil microbial biomass due to reduced underground
reserves. Grazed shrubs may possess an increased num-
ber of branched shoots, larger shoots that regrow fol-
lowing browsing, longer shoots, and more buds
(Bergstrdm and Danell 1987). These compensatory re-
sponses may be sufficient in some instances to result in
higher net primary production (i.e., grazing optimiza-
tion in moderately grazed vs. ungrazed controls
(McNaughton 1979, 1983, 1993; Dyer etal. 1993; Frank
and McNaughton 1993; Turner et al. 1993; Green and
Detling 2000), but not in heavily grazed shrubs.
Compensatory processes were observed in browsed
willows in the study. More willow shoots and more leaves
were produced per unit of total biomass on browsed
willows, more current year’s biomass was produced per
unit of the previous year’s biomass, previously browsed
shoots were longer and heavier, and a higher proportion
of the total willow plant N was allocated to new leaves
and new shoots in browsed plants (Chapter 5). Thus,
RMNP supports a gradient of willow patches that vary
in herbivory effects from some patches that are essentially
unbrowsed, to some patches that are moderately browsed
with high vigor, to other willow patches that are intensely
browsed and negatively influenced by the browsing.
Overall, 71% of all the willow patches on the park’s
winter range are now in the short willow type, an
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apparent browse-induced type, suggesting large areas
of willows are browsed too much. The ecosystem
functional, structural, and community alterations by
ungulates of this shrub community are substantial.
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CHAPTER ONE

Dynamics of Interacting ElIk Populations Within and
Adjacent to Rocky Mountain National Park

By

Bruce C. Lubow!
Francis J. Singer?
Therese L. Johnson®
David C. Bowden*

Abstract. We studied population subdivision and density dependent and independent factors influencing popu-
lation processes between 1965-2001 for elk (Cervus elaphus) inhabiting Rocky Mountain National Park and the
adjacent Estes Valley, Colorado. Elk numbers within the park were held relatively constant by management controls
until 1967, after which time they were allowed to increase without human interference. Radiotelemetry of 73 elk
indicated limited exchange between the subpopulations; combined with clear distinctions in population dynamics,
this suggests that these subpopulations are relatively independent despite the absence of physical barriers between
them. The elk subpopulation within the park initially increased at 6.5%/year between 1968 and 1970, then growth
gradually slowed, exhibiting density-dependent reductions both in calf survival and recruitment with increasing
population size, and approached an estimated carrying capacity of 1,069 + 55 (x + SE). Since 1991, this subpopu-
lation has remained within +5% of this equilibrium. The adjacent Estes Valley subpopulation grew at an estimated
maximum 5-year average rate of 11.0% from 1979-1983 and is still increasing at 5.2%/year (1991-2001 average).
Estimated town population is currently about 70% of our projected carrying capacity of 2,869 + 415 elk based on
projection of observed calf recruitment decline with increasing population. Both carrying capacity estimates are
consistent with independent estimates based on forage biomass and energy considerations. Adult cow survival rate
did not differ between park and town and we estimated a constant rate of 0.913 [95% CI = 0.911, 0.915]. Bull
survival rates increased in the park from 0.52 to 0.79 between 1965-2001, but remained constant at 0.42 [0.35,
047] in the Estes Valley. Colder winter temperatures were correlated with reduced calf recruitment (calves:cow at
age 0.5 yrs) and with reduced calf survival (between age 0.5-1.5 yrs) in town, Recruitment of town elk also in-
creased with warmer summer temperatures and greater summer precipitation. No weather covariates were signifi-
cantly correlated with calf recruitment or survival in the park. Declining calf recruitment has been nearly linear and
similar in both the park and town. However, density response of calf survival in the park was abrupt near carrying
capacity and has not yet been detected in town, suggesting that this mechanism of density dependence is difficult to
detect until the population is near carrying capacity. We estimated current combined population size of 3,049 [2759,
3369] elk in 2001. Elk in the town sector currently outnumber elk in the adjacent national park by almost 2:1 and
are projected to increase by 46% before being nutritionally limited, suggesting that human-elk conflicts will likely
increase in the absence of active management intervention.

Keywords: Cervus elaphus, density dependence, elk, national parks, natural regulation, parameter estimation, population
dynamics, population models, ungulates.
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Introduction

U.S. National Park Service (NPS) policy states that
natural processes should be relied upon to the greatest
extent possible to regulate ungulate populations (NPS
2001). However, the policy is flexible, resulting in dif-
ferent management approaches in different situations.
Where natural controls have been altered by human ac-
tivities, unnatural concentrations of ungulates may be
managed by park staff (Huff and Varley 1999). This natu-
ral regulation management of ungulates in parks has
been criticized as operationally vague (Kay and Wagner
1994; Wagner et al. 1995). Olmsted (1979) and Baker
et al. (1997) have attributed vegetative changes, espe-
cially declines in willow (Salix spp.) and aspen (Populus
tremuloides), to high ungulate populations resulting from
this policy of natural regulation. Furthermore, manage-
ment targeted toward park elk may have consequences
for adjacent private lands. A growing elk population
located amidst a large human population has important
social implications (Berris 1987). Future management
in both areas requires an understanding of factors af-
fecting population growth and regulation.

Natural regulation relies on population regulation
through predator or food limitation. There is growing
evidence for predator limitation of ungulates in natural
systems (Bergerud et al. 1988; Boutin 1992; Gasaway et
al. 1992; Messier 1994; Mech et al. 1998; Singer et al.
1998); however, uncertainty remains over the level of
predator limitation in pre-European systems (Boutin
1992; Singer et al. 1997). Predators have been elimi-
nated from many parks, and even when all predators
are still present, ungulate migration patterns or habitat
often have been greatly altered. Food-limited popula-
tions are assumed to result from density-dependent pro-
cesses related to per capita restrictions in food availability
(Caughley 1976; Fryxell 1987; Dublin et al. 1990;
Choquenot 1991). Although evidence exists for food
limitation of ungulates in the absence or limited abun-
dance of large predators (Houston 1982; Choquenot
1991; Coughenour and Singer 1996; Saether et al. 1996),
regulation or limitation of ungulate populations in na-
tional parks by either food or predators remains contro-
versial (Boutin 1992; Sinclair and Arcese 1995; Boyce
and Anderson 1999; Peterson 1999).

Detecting density dependence in a population from
time series data is difficult. Success often requires long
term-monitoring, supplemental information on survival
and recruitment, and a large initial reduction (75% is
suggested) by management intervention or
environmental catastrophe (Shenk et al. 1998). The

northemn elk population in Yellowstone National Park,
following release from management regulation, has
exhibited considerable evidence for density dependence
as periodically updated by a variety of authors (Houston
1982; Dennis and Taper 1994; Coughenour and Singer
1996; Singer et al. 1997). Similar evidence has been
compiled for the Jackson Wyoming elk herd despite
supplemental winter feeding (Sauer and Boyce 1983;
Boyce 1989) and for red deer (Cervus elaphus) on the
Island of Rhum (Clutton-Brock et al. 1982). Elk were
similarly released from management control in Rocky
Mountain National Park (RMNP) in 1968, so this
population provides an independent assessment of the
roles of density dependent and independent factors in
elk population dynamics.

In this paper, we examine the elk that winter in the
eastern portion of RMNP and the adjacent Estes Valley,
which includes the town of Estes Park, Colorado (Fig. 1),
referring to these sectors as “park™ and “town”, respec-
tively. All of the elk in these areas are thought to have
descended from a reintroduction between 1913-1914.
Bear (1989) and Larkins (1997) treat these elk as a single
population; nevertheless, Larkins (1997) observed that
even though elk wintering in town migrated through
and used some of the same ranges as park-wintering
elk, they did so independently at different times. Before
1968, elk in RMNP were controlled by culling and live
removal tomaintain a target population of approximately
400 individuals (Stevens 1980). We focused on the pe-
riod after 1967 when control of elk numbers inside
RMNP ended, thereby initiating the NPS policy of natu-
ral regulation (Stevens 1980). This change in policy
constitutes a >35-year management experiment on the
dynamics of a population growing from an initial size
well below carrying capacity (K). Elk first appeared in
the town sector in noticeable numbers about between
1975-1980 (N. T. Hobbs, Colorado Division of Wild-
life, personal communication), about 8—13 years after
management control of elk in the park ended. Harvests
of both male and female elk have been a regular part of
management in town.

In our analysis, we reconsider whether distinct sub-
populations exist in this area, based on telemetry loca-
tions, differences in dynamics (survival and recruitment
rates), and support in our data for either temporary move-
ment or permanent dispersal of elk. We build a series of
related models with alternative parameter sets and use
information theoretic model selection techniques to iden-
tify those that best explain the available data. We look
for evidence of density feedback, specifically, declining
population growth, calf ratios, recruitment, and survival
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rates inversely related to increasing elk population size.
We also examine density independent correlations of calf
recruitment and survival with precipitation and tempera-
ture statistics.

Methods

Several independent data sets were used in this
study. Elk that winter inside RMNP have been moni-
tored for most of this century (Packard 1947; Gysel 1959;
Stevens 1980). Elk that winter in the Estes Valley out-
side RMNP have been monitored primarily from 1988
to the present. Elk population counts and composition
data (ratios of bulls, spikes, and calves to cows) were
collected in RMNP and in the Estes Valley by the Colo-
rado Division of Wildlife (CDOW) and the NPS over
the past several decades. To supplement these historical
data, we collected data from 1994-2001 separately in
the park and town sectors. We analyzed these multiple
data sets in two phases: first we made direct estimates
of population size, composition, and survival rate from
the data; then we used these estimates to fit a series of
alternative population projection models.

Direct Estimates

Movement and Survival

From early January through March 1995 we cap-
tured 73 elk (62 females and 11 males); each was aged,
sexed, and fitted with a telemetry collar with activity
monitor and an identifying tag. Elk were captured by
net gun from a helicopter in the park and by dart gun
from the ground in town. Elk were captured from each
of the major wintering areas: 29 from the Estes Valley
outside the park, 28 in Moraine Park and Beaver Mead-
ows, and 16 in Horseshoe Park and Cow Creek. In a
separate study (Larkins 1997), elk were located several
times per month from the ground and fixed wing air-
craft between February 1995 and November 1996. Moni-
toring for mortality at roughly monthly intervals
continued through September 1998. Larkins (1997) pro-
vides additional details on the capture and monitoring
of these elk.

We categorized all winter (defined for this analysis
as November—April) locations for each elk with at least
five independent telemetry locations during that period.
Each elk location was assigned to one of three primary
winter range areas (Fig. 1): Moraine Park (including
Beaver Meadows and Hallowell Park), Horseshoe Park,

or the Estes Valley. Frequent movements of elk between
Moraine Park, Beaver Meadows, and Hallowell Park
within the Big Thompson River drainage indicated that
these areas belong to a single winter range (hereafter
referred to as Moraine). Similarly, Horseshoe Park along
the Fall River combined with the Cow Creek drainage
comprises a separate winter range (hereafter referred to
as Horseshoe). Counts of elk locations by winter range
were used to summarize patterns of winter range use
and fidelity.

Survival was estimated with the known fates model
in program MARK (White and Burnham 1999). Spe-
cific dates when individuals were observed alive or dead
were collapsed into observations for winter (January—
March), spring/summer (April-August), and fall (Sep-
tember—December). Alternative models with differing
numbers of parameters were considered and the best of
these was chosen based on AIC_ (Burnham and Ander-
son 1998). Annual survival rates were computed by
multiplying seasonal rates; standard errors were com-
puted using the Delta method (Cox 1998).

Park Population Size and Composition

Counts and composition data for low elevation win-
ter range areas within RMNP east of the Continental
Divide 1965-1991 were provided by Stevens (1980 and
personal communication). From 1980 to 1991, ground
and air (both helicopter and fixed-wing) count and clas-
sification surveys were conducted. Surveys during this
time period had no specific design; instead observers
attempted to find as many animals in the park as pos-
sible. Classification data for this period were not recorded
by group, only total counts were recorded. Ground counts
and classification surveys were conducted in 1992 and
1993 by NPS employees. From 1994 to 2001, we con-
ducted helicopter counts and classification surveys. Clas-
sification data were recorded by group (any collection
of individuals appearing to move as a discrete unit) from
1992-2001. To confirm that ground and aerial methods
gave consistent classification results, we used both meth-
ods on the same day and obtained nearly identical ratios
for calves per 100 cows, differing by only 1.0 +3.3% (X
+ SE).

Helicopter surveys conducted in 1995-1998 were
used to develop a sightahility correction model follow-
ing the methods of Samuel et al. (1987) and Steinhorst
and Samuel (1989) supplemented by improved methods
for variance estimation developed by Wong (1996) and
implemented using PROC IML (SAS Institute 1989).
The procedure does not take into account the possibility



that the counted size of observed elk groups may be in
error. Counting error may result in underestimation of
elk population size (Cogan and Diefenbach 1998). How-
ever, we believe this potential bias is far less severe for
RMNP, because numerous and extensive open areas ex-
ist where all elk can be seen and helicopter crews slowly
herded large groups of elk from areas of cover into the
open before counting commenced. Nevertheless, some
unknown level of undercounting bias may still be present,

These surveys yielded 44 potential sighting obser-
vations of elk groups. We assumed that the collared elk
could be considered a random sample of the elk popula-
tion. We used PROC LOGISTIC (SAS Institute 1990)
to fit logistic regression models to the data set. Sighting
characteristics considered were total group size, the natu-
ral logarithm of group size, group activity (moving or
not), percent tree cover, and percent snow cover, and
snow*/10,000, following Unsworth et al. (1994). Con-
verting percent tree cover into the seven vegetation cover
classes of Unsworth et al. (1994) did not meaningfully
improve results.

Town Population Size and Composition

Classification data from 1979-2001 were unpub-
lished counts made by CDOW and NPS personnel. Aerial
classification surveys using a helicopter were made in
August or September of 1980-1982 in Estes Park (G.
Bear, personal communication). Classification data for
1979, 1984, and 1986 are based on aerial surveys made
in January of Game Management Unit (GMU) 20, which
includes Estes Park, but may not represent it accurately
(Steve Steinert, CDOW, personal communication). From
1988 to 2001, CDOW or NPS biologists using three to
four observers conducted ground counts and classifica-
tion surveys during February in the town of Estes Park
(Rick Spowart, CDOW, personal communication).

To get a better population size estimate than the
above counts provided, we conducted a series of 10 mark-
resight surveys (Bowden and Kufeld 1995) in the Estes
Valley from 1995-1997. A fixed-wing flight was made
to determine the number of radio-collared elk within
the count area, based on radio signal locations. Ground
crews counted elk observed while traversing designated
routes within the Estes Valley. Routes were selected to
maximize the total number of elk seen and to avoid
multiple counts of the same elk on a given day. Addi-
tionally, ground counts were made on three consecutive
days within 5 days of the flight. We attempted to iden-
tify each collared elk seen using the identifying number
on its collar. Elk observed in the survey area during the
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ground count that had been previously classified as out-
side the area during the aerial survey were reclassified
as available marked elk for the population estimate.

Mark-resight population estimates for 1995-1998
were developed from these data using the methods of
Bowden and Kufeld (1995). These population estimates
were then used as the basis for calibrating a model to
estimate population size for other years based on ground
count data collected during those years. This model was
a linear regression of mark-resight population size esti-
mates on the total number of elk observed during the 3-
day ground count using SAS, PROC REG (SAS Institute
1990). Prediction precision was estimated for the regres-
sion. However, the residual mean square was reduced
by the mean variance of the mark-resight estimates to
account for this additional source of variation.

Population Composition Precision Estimates

We used a bootstrap procedure following Wong
(1996:115) to compute confidence intervals for sex and
agc ratio estimates. Data for this analysis consisted of
composition of individual elk groups sighted from 1992-
2001. We generated- an empirical population of elk
groups using estimates of sightability based on group
size, then resampled this population without replace-
ment based on sighting probability o obrain 1,000
samples. Standard errors were computed as the stan-
dard deviation of ratios in these resampled data sets.
For years lacking individual group composition data,
we used the mean coefficient of variation estimated for
years with adequate data, inflated by 50%. The arbi-
trary 50% adjustment was included to account for prob-
able differences in methods and observers during earlier
periods and served merely to place less weight on these
estimates in the population model.

Supplemental Data: Weather and Harvest

Monthly precipitation and mean monthly
temperature data were obtained from the weather station
in Estes Park, Colorado. These data were summarized
into summer (April-August) and winter (September—
February) periods for use as covariates in our models of
recruitment and calf survival. Harvest data were
consolidated from CDOW reports and include all elk
taken from Game Management Unit (GMU) 20.
Unfortunately, GMU 20 encompasses a much larger area
than our study and it was not possible to determine what
portion of these animals were taken from the Estes Valley.
Furthermore, these harvest data are based on telephone
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and mail surveys, rather than check-station counts and,
thus, may be unreliable. Furthermore, no measures of
precision were available for harvest estimates, making
their reliability difficult to assess. Consequently, we chose
to estimate survival rates after all mortality sources,
natural and artificial, because of the difficulty of
segregating the harvest effect.

Population Models

We fit a series of alternative population projection
models with varying numbers of parameters to the di-
rect parameter estimates. Models with fewer parameters
assumed that some parameters in the general model were
indistinguishable and could be represented by a single
value--these models represent special cases of the most
general model. Some of these special cases represented
important hypotheses of interests, such as whether or
not park and town populations could be considered a
single population or whether significant dispersal mi-
gration was occurring between them. Information theo-
retic methods (Burnham and Anderson 1998) were used
to select the best models from this set. Effects that were
supported by the data were identified by their inclusion
in the best model. Models were fit for the entire time
period of interest despite some missing observations, thus
producing a reconstruction of the population.

Model Specification

Our models covered the period from 1965-2001 for
park elk, and 1978-2001 for town elk. The Horseshoe
and Moraine subpopulations within the park were pooled
into a single “park™ subpopulation for this analysis. The
most general model considered included different pa-
rameter values for park and town subpopulations. A more
general model of the elk in our study area might have
allowed for separate parameters for the two subpopula-
tions that we identified within the park (Moraine and
Horseshoe). This was not done for several reasons:
(1) these herds had never been considered separate sub-
populations before our study and so data were previ-
ously not recorded separately for them; (2) the habitats
and entire history of management of these subpopula-
tions has been indistinguishable; and (3) calf:cow and
spikc:cow ratios during the period of our study were vir-
tually identical (estimates with 95% confidence inter-
vals in Horseshoe and Moraine, respectively, were 25.3
[21.2,34.1] and 25.8 [21.5, 31.6] for calf:cow ratio and
4.6]1.3, 9.6] and 4.1 [2.5, 5.1] for spike:cow ratios).

Thus, pooling of data from these subpopulations for com-
parison to the distinctly different town subpopulation
was well justified.

Each subpopulation (park and town) was modeled
with five age/sex classes. Population segments were:
calves (<1 year); yearling (1 < age <2) males (spikes)
and females; and adult (age >2) males (bulls) and fe-
males (cows). Projections are made using a | year time
interval referenced to the mid-winter (February—March)
population survey.

Calves are recruited from the adult female segment
of the population at a rate determined by a recruitment
submodel and estimated sex ratio. Calf recruitment was
defined as the number of calves per adult female in the
mid-winter count. Calf survival was defined as the pro-
portion of those recruited calves that survived until the
following year’s mid-winter count when they are reclas-
sified as yearlings. Separate survival rates for each age
and sex segment within each subpopulation were con-
sidered. Calf survival, S, for each subpopulation was
related to local population size and four weather statis-
tics through a logistic model:

'"{T?-SLC} =Bo +BINT +PaTs +P3Ty +PgPs +PsPy
where N, is the total subpopulation size; 7,and 7, are
average summer (April-August) and winter (September—
February) temperature deviations from the mean over
all years of the study; P, and P, are average summer
and winter precipitation deviations from the mean over
all years of the study; and the B; values are estimated
parameters. Recruitment rate for each subpaopulation was
also modeled using a similar logistic function
incorporating these density and weather covariates. Each
winter range remained a constant size, therefore we
consider correlations to population size equivalent to
correlations with elk density.

With separate models for calf recruitment and sur-
vival and for both park and town populations, up to 24
parameters could be estimated for this portion of the
model in the most general case. In addition, the most
general model allowed for separate estimates of survival
and productivity for older elk of each sex in each sector
(park or town), plus a linear time trend in each of these
survival rates, resulting in eight potential parameters.
A common survival rate was estimated for adult and
yearling males and another for adult and yearling fe-
males, because data were insufficient to distinguish these
individual rates.



We included parameters to account for temporary
movements of elk from one sector to the other (elk that
normally wintered in one sector, but were counted in
the other due to temporarily moving across the park
boundary in the area of winter range overlap noted ear-
lier). Parameters for temporary migration were only con-
sidered in years when population data were available
for both sectors. We also considered permanent dispersal
at either a constant rate or varying linearly with either
park or town population size. All parameters were con-
strained to biologically meaningful values.

Parameter Estimation by Model Fitting and Selection

The specified model of elk population dynamics
contained various unknown variables, some of which
had been measured directly in the field and others that
had not. Model-based estimates of each of the quanti-
ties observed in the field were compared to the direct
estimates. Following a procedure by White and Lubow
(2002), we computed a sum of squared errors between
the model cstimate, 0;, and the dircct estimate, €;, each
weighted by the variance of the direct estimate, var(éi’t,

6: —6:)2
sse=x; i
var(6;)

We used the numerical optimizing tocl in the Microsoft
Excel® spreadsheet software to minimize the SSE by
seeking optimum values of the model parameters. As-
suming normality of errors, a log-likelihood was com-
puted from this statistic. This approach enabled disparate
direct estimates, including population size, population
composition, and independcently cstimated survival rate,
to all be included in estimating an overall populalion
model. Notice that the model estimates, §;, such as
population ratios, used in the least squares fit do not
need to be identical to model parameters, such as sur-
vival and recruitment rates, as long as the modeled val-
ues can be used to compute estimates of the same
parameters observed in the field.

We compared the ability of alternative models to
represent observed dynamics using Akaike’s Information
Criteria with small sample bias correction (AIC) to
examine the relative support in the data for different
ecological parameters involved in elk population
dynamics. Results are stated as AIC weights, where the
best model has a weight of 1.0 to show the relative
strength of support for the alternative model (Burnham
and Anderson 1998).
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Profile likelihood confidence intervals for the se-
lected model parameter estimates were computed by find-
ing the pair of parameter values (one less and one greater
than the maximum likelihood estimate) that resulted in
reducing the log-likelihood by 1.92 (corresponding to a
95% confidence interval) from the maximum likelihood.
Estimates of precision for derived parameters (i.e., those
not part of the fitted model, but computed from them,
such as K) were based on the Delta method (Cox 1998).
This required computation of first and second deriva-
tives of the log-likelihood with respect to each model
parameter and inverting the matrix of second partial
derivatives to get the variance-covariance matrix. These
derivatives and all matrix computations were computed
numerically in Microsoft Excel® and Microsoft Visual
Basic® using numerical methods described by
Abromowitz and Stegun (1970) and Press et al. (1992).

Results

Winter Range Locations

Classification based on winter telemetry locations,
placed 85% of the 73 radio-collared elk in one of the
three winter ranges (Fig. 1). Of the remaining elk, 4%
used both Horseshoe Park and Estes Valley ranges, 8%
used both Moraine and Estes Valley, and 3% used all
three. Of the 11 elk that did not use a single winter range
exclusively, only one was a male. Thus, 9% of marked
males and 16% of marked females were migratory. The
migratory male was age 7 at capture; ages of the 10 mi-
gratory females ranged from 1-10 years. Although some
individuals were observed using multiple winter ranges,
none were observed to switch winter range use between
years,

Elk captured in Moraine Park were observed just
outside the park boundaries in an area that is also used
by the town subpopulation, although not at the same
time. Therefore, some elk groups could be assigned to
the wrong subpopulation during counts in some years,
were it not for the presence of radio-collared animals.
In summary, the data suggest that there are three dis-
tinct and cohesive subpopulations of elk with different,
but slightly overlapping, winter ranges with boundaries
that do not correspond precisely to park boundaries.

Direct Parameter Estimates

The best model of sighting probability contains
group size, activity, tree cover, and snow cover covariates.
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However, in this model the coefficient for tree cover was
not significant (P = 0.125), hence we used the simpler
model without this covariate (AAIC, = 0.575):

% snow cover>
10,000

ln[ = ] =2.937 — 2.506(activity)+ 0.0276
=

+ 0.0494 (group sizc)

where, u, is the probability of sighting a group. The
model is significant (P <0.0001) as are each of the slope
coefficients (P <0.05). Park subpopulation size estimates
were made using several of the fitted sighting probabil-
ity models and the Hiller 12E model of Unsworth et al.
(1994). Further estimates were made for some models
by applying adjustments only to groups of size less than
75. This assumed that groups of size 75 or more were
always seen. All subpopulation size estimates for the
same year were roughly similar regardless of which
model was used (Table 1). Mean size of the park sub-
population estimates from 1995-1998 was 1,045 + 100
(X + se) elk. Assuming similar sighting conditions were
encountered during earlier surveys, regression of the
sightability adjusted estimates versus raw counts pro-
vided a means of adjusting earlier park counts for which
no covariates were available. This regression yielded:

I

N, =42.442 + 1.0958 (counr)

Precision of estimates based on this regression was
given by the standard linear regression prediction pre-
cision formula plus a 50% inflation to account for meth-
odological differences:

1 (count—840)2
6 211958

se(N ,)=1.5 2449[1+-+

Town subpopulation size estimates for the 11 win-
ter survey periods between 1995-1998 ranged from 942—
2,494 (X = 1,734 + 162; Table 2). Some movement of
elk in and out of the count area during mark-resight
periods was observed, however, if collared and uncollared
elk move in or out of the count area at the same rate
during this time period the estimation procedure remains
an unbiased estimate of the number of elk in the count
area at the time of the flight to locate radio-collared elk.

Using the mark-resight estimates to calibrate the
raw counts in other years yielded the following
relationships:

N, = 79.82 + 0.742 (3-day count)
a)
N, = 1604 +2.35 (1-day count)

The linear regression accounted for 58.3% of the
variation in the mark-sight subpopulation estimates in
the 3-day ground count and 79.7% in the 1-day counts.
Prediction precision for these two regressions (includ-
ing a 50% inflation factor for the 1-day counts) are com-
puted as:

N ~2195)2
s‘E(T‘lt)=Jl4,’.~"455 [l+%+ (3_day _count-2195) ]

2997580

N _715)2
Se(N1)=l.SJ44425(1+%+(l_day_ooum 715) ]

2170896

Corrected estimates and precision are reported in
Table 1.

Composition counts are listed in Table 3 along with
bootstrap precision estimates for years with individual
group data. Precision estimates for other years were ex-
trapolated based on assumed coefficients of variation for
park and town, respectively, of 0.575 and 0.576 for
bull:cow ratios, 0.437 and 0.204 for spike:cow ratios
and 0.142 and 0.088 for calf:cow ratios. Each repre-
sents a 50% inflation of the mean CV for the years with
available bootstrap estimates.

Based on direct estimation with program MARK,
the best AIC.: model contained no survival differences
between yearling and adult age classes or between sex
classes within either the park or town populations. A
single annual survival rate of 0.929 + 0.023 adequately
describes the park subpopulation. Two seasonal survival
rates best describe the town subpopulation: 0.821 +0.043
for the 7-month winter period, and 0.97 + 0.001 for the
5-month spring/summer period. The combined annual
survival rate estimate for town elk is, therefore, 0.797 +
0.043. This direct estimate of survival represents an
average of male and female survival, weighted by the
proportions of each in the sample, thus this result must
be compared to a similarly weighted average of the
separate male and female survival rates estimated for
the fitted subpopulation model.
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Table 1. Elk count data and population estimates for Rocky Mountain National Park (Park) and the adjacent Estes
Valley including the town of Estes Park, Colorado (Town).

Park Town

Year Count® Estimate”  SE° 1 day count 3 day count Estimate® SE®
1965 427 510 104

1966 437 521 103

1967 419 502 105

1968 310 382 117

1969 579 677 91

1970 419 502 105

1971 501 591 97

1972 589 688 920

1973 387 467 109

1974 516 608 96

1975 452 538 102

1976 863 988 80

1977 491 580 98

1978 812 932 80

1979 715 826 83

1980 739 852 82

1981 799 018 80

1982 689 797 84

1983 1,387 1,562 119

1984 809 929 80

1985 1,010 1,149 85

1986 750 864 81

1987 779 896 81

1988 854 978 80 476 1,279 357
1989 702 812 83 303 872 364
1990 753 868 81 369 1,027 361
1991 1,022 1,162 85 532 1,410 356
1992 787 005 81 557 1,469 355
1993 648 753 86 528 1,401 356
1994 552 600 34 620 1,617 354
1995 1,027 1,221 193 568 1,741 1,178 154
1996 675 788 78 552 2477 1,727 204
1997 784 988 139 992 3,116 2,474 286

(Continued on next page)
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Table 1. Concluded.

Park Town
Year Count? Estimate” SE® 1 day count 3 day count Estimate’ SE®
1998 1,075 1,184 83 748 2,612 1,983 298
1999 932 1,036 80 3,169 2,431 457
2000 694 730 30 3,167 2,430 457
2001 1,346 1,418 56 1,754 1,381 414

4Counts are from helicopter surveys only in 1994-2001 and from a mixture of ground and fixed-wing aerial surveys

in earlier years.

bEstimates are based on sightability adjustment model, described in text, for 1994-2001. Earlier years’ estimates are

based on a regression of estimates versus raw counts for these 8 years.

“Standard errors are based on Wong (1996) for 1994-2001. Earlier years’ precision is based on regression prediction

interval inflated by 50% to account for methodological differences.

9Mark-resighting survey estimates from Table 2 for date closest to the date of park estimates were used in 1995-2001.
Estimates for 1994 and earlier are based on regression of 1-day counts on mark-resight estimates.
®Standard errors for 1995-2001 estimates are based on mark-resighting analysis. For earlier years, standard errors
are based on prediction error of the regression model inflated by 50% to account for methodological differences.

Table 2. Summary of results for mark-resight population size estimates for Estes Valley including the town of

Estes Park, Colorado.
Collared Count of Estimated Estimated 95%

Total elk collared population standard confidence
Dates elk count in town elk size error limits
April 3-5, 1995 1,741 31 45 1,178 154.38 913-1,575
May 8-10, 1995 2,208 49 67 1,644 178.30 1,334-2,075
October 10-12, 1995 218 18 16 942 266.35 536-1,990
December 11-13, 1995 2,400 44 4] 2,494 436.86 1,788-3,711
January 16-18, 1996 2,017 29 46 1,245 179.21 941-1,719
February 16-20, 1996 2,477 29 4] 1,727 203.72 1,371-2,239
March 20-22, 1996 2,321 34 65 1,208 81.91 1,057-1,395
January 31-February 2, 1997 2,559 31 37 2,103 289.05 1,610-2,855
February 19-21, 1997 3,116 33 41 2,474 286.34 1,974-3,185
March 10-12, 1997 2,128 31 31 2,073 329.74 1,524-2,971
March 9-12, 1998 2,612 31 41 1,983 297.80 1,483-2,778
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Table 3. Elk population age and sex composition counts for Rocky Mountain National Park (Park) and the adjacent
Estes Valley including the town of Estes Park (Town), Colorado expressed as ratio per 100 cows.

Park® Town®
Year  Bulls SE  Spikes SE  Calves SE  Bulls SE  Spikes SE  Calves SE

1965 28 16.1 13 5.5 39 95

1966 11 6.3 18 7.9 53 7.5

1967 24 13.8 9 39 46 6.5

1968 33 19.0 11 4.8 38 54

1969 36 207 9 3.9 36 5.1

1970 12 6.9 15 6.6 26 3.7

1971 18 10.3 14 6.1 27 3.8

1972 26 149 13 5.7 44 6.3

1973 12 6.9 13 5.7 26 3.7

1974 15 8.6 10 44 39 5.5

1975 17 9.8 17 74 33 4.7

1976 9 52 9 39 30 43

1977 11 6.3 11 4.8 36 5.1

1978 11 6.3 8 3.5 35 5.0 7 4.0 60 5.3
1979 50 28.8 6 1.2 42 3.7
1980 35 20.2 6 1.2 43 3.8
1981 52 30.0 14 29 60 5.3
1982 35 20.2 18 3.7 46 4.1
1983

1984 10 4.4 39 5.5

1985 8 35 30 4.3

1986 11 4.8 35 5.0

1987 5 22 40 5.7

1988 14 6.1 39 5.5 3 1.6 8 1.5 55 1.8
1989 4 1.7 34 4.8 10 5.6 10 34 41 23
1990 7 3.1 37 53 5 22 10 1.4 43 2.7
1991 9 39 28 4.0 6 2.7 10 33 37 3.2
1992 46 14.1 10 3.3 36 4.0 7 23 13 1.5 42 1.0
1993 31 6.2 17 5.6 56 5.4 19 6.3 13 2.0 43 3.6
1994 14 4.7 5 0.7 32 1.6 13 54 12 1.0 28 1.3
1995 8 22 6 0.8 23 1.5 15 8.6 8 1.6 27 24
1996 24 6.9 7 1.5 15 0.8 12 4.2 11 1.3 41 1.6
1997 9 3.0 4 0.6 30 1.2 13 1.9 10 0.5 44 1.4
1998 33 11.8 6 2.1 37 4.2 8 2.7 11 1.0 33 1.3
1999 26 214 3 1.6 23 2.8 8 2.5 10 0.1 31 1.7
2000 8 4.5 7 4.3 26 3.6 7 2.9 10 0.5 31 4.5
2001 20 7.4 7 0.9 26 25 8 KR 8 0.8 26 1.7

“Composition counts for 1994-2001 were made by helicopter survey for this study. Earlier counts were made by
RMNP biologists using a mixture of ground, helicopter, and fixed-wing aerial surveys. Standard errors for 1992—
2001 are based on 1,000 bootstrap resamples of elk groups. Earlier estimates are assumed to have crror cocefficients
of variation 50% larger than the average calculated for the later period.

bComposition counts for 1988-2001 were conducted in February on the ground using 3—4 observers, led by CDOW
biologist Rick Spowart. Standard errors for 19882001 are based on 1,000 bootstrap resamples of elk groups. Earlier
estimates are assumed to have error coefficients of variation 50% larger than the average calculated for the later
period.



14 EiLxk POPULATIONS

Population Model

The best population model fits the estimated popu-
lation size data well (Fig. 2), but shows considerable
deviation from the estimated population composition
data (Fig. 3). In large part, this reflects low precision of
the ratio estimates and the superiority of the model esti-
mates based on inferred survival and productivity. Thus,
the variation in these ratio estimates is due primarily to
sampling error and not to large annual fluctuations in
the actual parameters. Total population size in the park
rose rapidly during roughly the first third of the study
(1968-1981), then appeared to rise gradually (1982-
1990) and then remain near a dynamic equilibrium dur-
ing the remainder (1991-2001). Model-based estimate
of population size for the town subpopulation in 2001
was 1,975 [95% Cl=1,701; 2,292] elk and 1,074 [1,000;
1,154] elk for the park subpopulation (Fig. 2).

As populations have grown over the period of study,
ratios of calves:100-cows have declined in both the park
and town (Fig. 3). Model-based estimates show a de-
cline from 36.0 to 28.4 calves:100-cows in the park be-
tween 1986 and 2001 and from 50.0 to 29.9 in town
between 1978 and 2001. Spike ratios have also declined
steadily, from 11.7 to 6.9 spikes:|100-cows in the park,
and from 11.0 to 5.1 in town, over the same periods.
Bull ratio changes appear to be more complex, initially
falling then slowly rising in the park, while remaining
steady in town; however, large measurement errors and
missing values in these observations make patterns dif-
ficult to detect. However, current ratios of bulls: 100 cows
are substantially higher in the park (22.2) than town
(6.1), presumably reflecting the differential effect of le-
gal harvest outside the park.

Of the models evaluated, one stood out as clearly
superior to all others. This best model included differ-
ent values between park and town for every parameter
value (Table 4) except noncalf female survival. Models
that set other park and town parameter values equal,
received negligible AIC, weight (<0.1%). Removing any
of the non-weather parameters from this model lowered
the weight to <0.1% relative to the best model. Other
combinations of the same number or fewer weather
covariates were clearly inferior, receiving <5% of the
best model’s weight.

Male survival in both park and town subpopulations
differed from each other and from noncalf female sur-
vival (Table 4). In the park, male noncalf survival rate
exhibited an increasing linear trend over time from 52%
in 1965 to 79% in 2001, but no trend was supported by
the town data. Sex ratios at recruitment favored females

in both subpopulations, but by a larger margin in town.
Calf recruitment was density dependent in both park and
town, but with different slopes, reflecting the different
carrying capacities of the two ranges. However, when
recruitment is depicted relative to K, patterns in the park
and town are nearly linear with similar slopes (Fig. 4).
Calf survival differed between park and town and was
negatively affected by density in the park, but not in
town (Table 4). The effect of density on calf survival in
the park was more abrupt than on recruitment, with about
two-thirds of the reduction occurring between half of K
and K. Average calf survival rates in the park and town
were similar. Calf recruitment rates were unique for the
subpopulations and appear to have been so throughout
the period studied, however, the recruitment rates ap-
pear to be converging over time as the town subpopula-
tion grows (Fig. 4).

Calf survival is not correlated with any of the
weather covariates in the park elk. Town calf survival is
correlated positively with winter temperature (Table 4).
Recruitment is also positively correlated with winter tem-
perature in the town subpopulation. Recruitment in town
is also positively correlated with summer temperature
and precipitation. All other weather covariate relation-
ships tested were insufficiently supported to be included
in the final model.

Evidence exists for 20 temporary cross-boundary
movement events involving bulls 4 times, spikes 6 times,
cows 5 times, and calves 5 times (Figs. 2 and 3). Before
2001, all temporary cross-boundary movements involved
park elk being observed in the town sector, however, in
2001, calves and cows may have moved in the opposite
direction for the first time. Data were insufficient to at-
tempt estimation of temporary cross-boundary move-
ments before 1988, so the absence of parameters from
these years does not imply that it did not occur.

The park subpopulation estimates have remained
within +5% of projected K between 19912001 and ex-
hibited minimal trend, increasing by only 55 animals or
0.5%/year. The town subpopulation, on the other hand,
has continued to grow, averaging 5.2%/year between
1991-2001. Using parameter estimates from the best
model, we extrapolated to equilibrium assuming that no
significant changes in current management, including
harvest regulations, occur and that male survival in the
park will not continue to increase. These projections lead
to estimales for K= 1,069 *+ 55 clk for the park and
2,869 + 415 elk for town. Using estimates of winter range
area from a related study (Singer et al. 2001), we com-
puted corresponding densities at K of 10.1 elk/km? and
47.3 elk/km?. Model projections predict that 90% of K
will be reached in town in the year 2013.
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Fig. 2. Total size of elk population based on field observations and fitted models for Rocky Mountain National Park
(park) and the adjacent Estes Valley, including the town of Estes Park, Colorado (town). Models include the effects of
elk density, summer precipitation and temperature. and winter temperature on elk papulation dynamics (see Table 4
for parameter estimates). Model A depicts estimates for each actual subpopulation, Model B included the modeled
effects on field estimates of 20 temporary cross-boundary movements of elk supported by the data, which resulted in
miscounting some individuals belonging to the park subpopulation as town elk. Confidence intervals for population
estimates are constructed from standard errors in Table 1 assuming normal errors. Ecological carrying capacity (K) is
the equilibrium projected by the model with weather covariates set to their average values.
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Fig. 3. Direct estimates and best fitted model for sex and age composition of elk bull:100 cow, spike:100 cow, and
calf:100 cow ratios in both: (A) Rocky Mountain National Park (park); and (B) the adjacent Estes Valley including
the town of Estes Park, Coloraod (town). Model A depicts estimates for each actual subpopualtion; Model B includes
the modeled effects on field estimates of 20 temporary cross-boundary movements of elk that resulted in miscounting
some individuals belonging to the park subpopulation as town elk. Precision of observations is shown as +1 SE, based

on values in Table 3.

Discussion

Elk were using two major migration routes during
the time (1995-1996) of Larkin’s (1997) study, suggest-
ing two separate elk populations, one that wintered in
Estes Valley and Horseshoe Park, and another that win-
tered in Moraine Park within RMNP. Timing of migra-
tions also differed for Horseshoe Park and Estes Valley
elk, confirming Bear’s (1989) findings. Our reanalysis
of Larkin’s data confirms a strong philopatric pattern in
winter range use, despite an absence of significant bar-
riers between these winter ranges; however, we conclude
that there are actually three distinct populations, based
on winter range locations, and that the Horseshoe Park
subpopulation is distinct from the other two.

Despite the distinct Horseshoe and Moraine
subpopulations, our models pool these for the purpose

of comparing them to the town subpopulation. Evidence
of similar demography within the park, combined with
identical management histories and habitats justify this
approach. The distinctness of the town subpopulation
and absence of permanent dispersal observed in the radio
location data is confirmed by our population modeling.
Different survival and recruitment rates can be
distinguished between the park and town subpopulations,
whereas dispersal migration parameters are not
supported. Only recently are the calf recruitment rates
of the two subpopulations beginning to converge as the
town subpopulation approaches K. Thus, the town
subpopulation appears to be growing independently of
the park subpopulation. Although the origin of the town
subpopulation was likely emigration from the park and
some limited exchange may continue to take place, this
mechanism does not appear to be important to its
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Table 4. Parameter estimates for best (AIC.) model for Rocky Mountain National Park (Park) and the town of

Estes Park and surrounding Estes Valley (Town).

Park Town

Parameter® Estimate LCLP UCL®  Estimate LcLb ucL®

Male survival rate (age <1.5), 0.496 0.468 0.520 0.418 0.351 0474
intercept®

Male survival rate (age <1.5), 0.913 0.911 0.915 0913 0.911 0.915
time slope®

Adult (both sexes) survival rate 0.913 0.911 0.915 0.913 0.911 0.915
(age >1.5)4

Calf survival, intercept 2.35 2.27 2.44 0.729 0.665 0.795

Calf survival, density slope -0.00195  -0.00205 -0.00186

Calf survival, winter temperature 0.392 0.337 0.449
slope

Recruitment, intercept 0.349 0.307 0.392 0.878 0.782 0.974

Recruitment, density slope -0.00111 -0.00115 -0.00106 -0.00074 -0.00080  -0.00068

Recruitment, winter 0.105 0.081 0.129
temperature slope

Recruitment, summer 0.261 0.238 0.284
temperature slope

Recruitment, summer 0.413 0.368 0.457
precipitation slope

Recruitment sex ratio 0.444 0.431 0.457 0374 0.368 0.379

*In addition to the 19 unique parameter estimates shown here, the best model contains 20 parameters for tempo-
rary cross-boundary movements and 2 for initial population size for a total of 41.
bConfidence intervals are based on profile likelihood method, i.e., parameter values are found that reduce the In(L)

by 1.92.

“Survival is computed as a linear function of the year, 1, referenced to a base year of 1962.

dCommon parameter for park and town.

sustained growth. This conclusion is consistent with
those of Edge et al. (1986) and Van Dyke et al. (1998)
who also observed strong range fidelity and herd
cohesion in adjacent populations.

Although harvest data were not used in this analy-
sis, our results are consistent with prior expectations that
harvest of males should be greater for those that winter
outside, rather than inside, the protection of the park.
Low, but increasing, male survival in the park indicates
that these individuals are also subject to harvest at some
times, but that this effect has declined over time. Har-
vest of female elk does not appear to have a differential
impact on park versus town survival rates. Many female
elk that winter outside the park may remain in the park
during hunting season, or, the low (1.7% from 1989-
1997) female harvest rate may be too small to have a
measurable effect.

An arca of overlap between the Moraine and Town
subpopulations observed in the telemetry data, was con-
firmed by the modeling which found evidence that groups
of elk from the park had occasionally crossed the na-
tional park boundary and been counted in the town sec-
tor, decreasing park and increasing town population
estimates in those years. Evidence for such movements
exist throughout the period (1988-2001) for which ad-
equate data are available to detect them. Given the dis-
tinct dynamics of these two populations, lack of support
for models with dispersal parameters, and the absence
of contradictory telemetry data, we suspect that these
movements are not resulting in substantial mixing of
the populations or permanent emigration from the park.
Instead, it is likely that these populations do use some
of the same areas outside of the park at different times,
but remain demographically isolated from each other
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through behavioral mechanisms. Until 2001, all tempo-
rary movements were from the park to town. However,
the data suggest that movement from town to the park
occurred in 2001. As the town population approaches
K, we predict that movements in both directions will
become nearly equal.

We concluded that the town subpopulation is still
growing, even though the park subpopulation is no
longer growing. We attribute the growth to higher re-
cruitment and calf survival rates in town than in the
park, rather than due to dispersal of elk from the park.
Elk first appeared in the town sector in noticeable num-
bers about 1975-1980 (N. T. Hobbs, personal commu-
nication), or 8—13 years after elk in the park sector were
released from artificial controls. This is also approxi-
mately the time at which population growth in the park
slowed as it approached K, possibly providing the impe-
tus for emigration. Thus, the town elk are chronologi-
cally behind the park elk subpopulation in occupying
the available habitat.

Our estimated K for town assumes continuation of
historic harvest levels which, so far, have not been ad-
equate to maintain a stable population. Restrictions on
hunting within town limits have undoubtedly provided
the town elk subpopulation with a refuge. Our results
indicate this projected equilibrium to be substantially
higher than the current subpopulation size, although the
projected equilibrium with continued harvest is undoubt-
edly lower than it would be in the absence of harvest.
Thus, human-wildlife conflicts in the town, such as elk
damage to ornamental shrubs, lawns, and golf courses,
and potentially hazardous interactions with humans are
likely to increase along with the expansion of both hu-
man and elk populations in the town sector.

We found strong evidence for density dependent
feedback in the park elk subpopulation--only models that
included population size feedback were supported by the
AIC, comparisons, and confidence intervals on density
parameters are small. The primary mechanism of density
feedback in both subpopulations was a nearly linear
decline in calf recruitment, followed by more abruptly
declining calf survival (Fig. 4). These mechanisms were
also observed in the Yellowstone NP and Rhum examples
(Clutton-Brock et al. 1982; Houston 1982; Coughenour
and Singer 1996; Singer et al. 1997). Evidence for
density dependence in the town subpopulation exists but
is weaker, as demonstrated by the wider confidence
intervals estimated for K. This is not surprising because
this subpopulation has not yet reached K. The nearly
linear decline in recruitment is similarto the relationship
observed in the park (Fig. 4). Thus, there is no indication
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that density responses of these two subpopulations are
qualitatively different, just that the threshold for a
detectable effect on calf survival has not yet been reached
in the town subpopulation, which first exceeded half of
K only as recently as 1995. Because we were unable to
measure the calf survival response to density in town, it
is possible that the true value of K is lower than our
projections due to the effect of this additional mechanism.

The RMNP elk population example met several con-
ditions for demonstration of density dependence that
were also met in the Yellowstone NP and Isle of Rhum
examples: (1) the populations were released from artifi-
cially reduced population sizes taken well below (<1/2
of) K; (2) monitoring continued for several decades un-
til each population had reached and remained near K;
and (3) total population size data was supplemented by
composition data. Failures to detect density dependence
(Bartmann et al. 1992; Saether et al. 1996; Shenk 1998;
Smith and Anderson 1998) have involved populations
fluctuating near K, used a shorter time series (<10 years),
used only total population size data, exhibited high den-
sity independent variation, or were confounded by arti-
ficial feeding.

Our results indicate that both calf recruitment and
subsequent survival is affected by winter temperature in
town, but not in the park. Since lower temperatures are
associated with lingering snow cover, it is plausible that
snow accumnulation in early winter reduces calf recruit-
ment (calves first counted at age 0.5) and snow in late
winter reduces subsequent calf survival (from age 0.5 to
1.5 years). Failure to detect a similar effect in the park
may be due to excessive noise (unidentified sources of
temporal variation or measurement error), because our
earlier analysis of these same data through 1999 did
detect a positive effect of winter temperature on calf sur-
vival in the park. Consistent efforts to collect snow depth
data on elk winter ranges would be worthwhile and could
improve our understanding of this effect.

In town, increased calf recruitment was also
correlated with both increasing summer (April-August)
precipitation and temperature. Both effects are likely due
to nutritional effects--warm temperatures reduce the
period of snow cover and more summer precipitation
promotes plant growth (Sims and Singh 1978; Webb et
al. 1978; Salaet al. 1988; Merrill et al. 1993). However,
the park subpopulation exhibited no similar correlation.
Differences between these subpopulations in the timing
of migrations from winter to summer range may explain
the discrepancy. Or, this may simply reflect the difficulty
of detecting an effect of weather with a time series of
insufficient length in an environment with only moderate
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annual variation. To improve chances of discovering
associations between weather and elk survival, direct
estimates of calf recruitment and survival using calves
captured and collared annually over long periods is
required.

Our projected equilibrium K estimates for the two
populations are not intended to imply that there is a
single, static equilibrium for either subpopulation. Un-
doubtedly, changes in vegetation biomass due to vari-
able weather patterns result in a fluctuating and possibly
drifting K. Furthermore, long-term continued human
alterations of the landscape in town could change carry-
ing capacities. Since human domiciles in the town sec-
tor are currently only 30% of what is possible, (Theobold
et al. 1997), we predict that human developments unus-
able to elk (pavement, buildings) will increase, eventu-
ally leading to reduced X for elk in the town sector. On
the other hand, the annual fertilizations and irrigations
of altered grasslands in the town sector may reduce an-
nual fluctuations due to weather patterns.

The nearly 5-fold difference in absolute density of
elk at K in the park and town is consistent with the analy-
sis of forage availability. The area of grasslands in the
town sector are twice as large as in the park, and many
of the town’s grasslands are enriched with fertilizers or
irrigation (Singer et al., this volume). Thus, the forage
base and potential habitat for elk in town is much larger
than in the park, supporting much higher absolute elk
densities. Our estimate of K= 1,069 + 55 elk in the park
is remarkably close to that made >20 years ago by Hobbs
et al. (1982) based on energy and nutritional consider-
ations. Their estimates were 991 + 102 and 1,481 + 261
for a slightly dry and wet year, respectively. If carrying
capacities do vary temporally as much as these results
suggest, we would not expect the elk population to ex-
pand rapidly enough in good years to achieve the popu-
lation size that a single year of forage availability would
permit. Consequently, we expect that the observed aver-
age population would remain closer to the forage-based
K imposed by poor years. The comparison of our esti-
mate with the lower of the two estimates of Hobbs et al.
(1982) suggest that this is precisely what has occurred.
In a related study (Singer et al., this volume), an inde-
pendent estimate of K in town, based entirely on forage
biomass and quality, was 3,082 + 103 elk, compared to
our population projection estimate of 2,869 415 elk.
Given the substantial overlap in confidence intervals and
the close agreement between these two methods for park
elk, our confidence in these projections is high.

The data sets used in our analyses have been
collected over several decades, by multiple investigators,

and using varying methods. Consequently, the robustness
of our conclusions must be evaluated in this context.
Because the most reliable and consistent survey methods
were used during the most recent 5 years, we lowered
the weight given to earlier estimates by inflating their
variance estimates. This would reduce the effect of any
biases or inconsistencies on our conclusions. Although
we found no undercounting of calves in the park by
ground composition counts relative to aerial counts,
many older males were missed by this method because
they tend to forage in more densely vegetated areas.
However, it is the dynamics of females that are of greatest
interest in modeling a population. Furthermore, there is
no noticeable discontinuity in the male composition
ratios at the start of our 5-year study using aerial
observations. The use of ground counts in town is less
problematic because of fewer areas of dense cover and a
more extensive road network. Although comparisons of
absolute numbers between park and town may be biased
by the survey methods, the patterns of change over time
should be unaffected. Thus, the observation of continued
population growth in town contrasted with relative
stability in the park is not likely due to methodological
differences. Nor are temporal correlations of vital rates
with weather covariates in each subpopulation affected
by any consistent bias. However, the differences in some
estimates, such as sex ratios, could be due, in part, to
such biases.

Fitting mechanistic population dynamics models to
multiple sources of data is a valuable technique for ex-
tracting an understanding of a population from several
noisy data sets. Although our individual data had large
measurement errors, when combined with other data,
reasonable estimates of vital parameters emerged. Un-
doubtedly, more precise data would provide better final
estimates as would direct measurement of additional vital
parameters, such as recruitment or calf survival. De-
tecting density dependence would be most easily accom-
plished by directly monitoring calf recruitment and
survival, using radio marked calves. Because the den-
sity relationships lead to estimates of K, these would be
improved as well by such data.

Management Implication

Correcting future population counts in town through
our calibration relationship based on our mark-resighting
estimates is undoubtedly an improvement over the raw
counts. However, because of the small number of
observations (11) used in developing this relationship,
confidence intervals will be much wider than those for



the mark-resight estimates made in this study.
Furthermore, future changes in habitat or elk behavior
could bias estimates based on this calibration. Thus, we
recommend repeating the mark-resighting study about
once each decade.

Similarly, the sighting probability model developed
for the park was developed with a limited (n = 44) num-
ber of observations. The high elevation (8,000-9,000 ft),
close proximity to the Continental Divide, and frequent
high winds precluded obtaining the desired number of
aerial sightings, despite 4 winters of efforts. Wong (1996)
recommends 300 data points to develop independent
sightability models such as these. We recommend that
either: (a) additional data points are gathered, perhaps
from nearby drainages; or (b) these data be combined
with data from other studies (Samuel et al. 1987;
Unsworth et al. 1994).

Undercounting of large elk groups by as much as
20% has been documented in Pennsylvania forests, how-
ever elk groups in the open were counted without error
(Cogan and Diefenbach 1998). To minimize this poten-
tial bias, we slowly herded large clk groups to the near-
est opening and counted while they were standing still.
Nevertheless, we recommend that future sightability
studies include tests for, and estimations of, group size
undercounting.

Based on this study, management actions to reduce
elk population in the park might reduce the occurrence
or size of occasional temporary cross-boundary move-
ments from park to town during winter caused by elk at
K seeking better foraging. However, it is unlikely that
such a reduction would substantially alter the growth
rate of the town subpopulation or K. The effect of har-
vest outside of the park on elk inside the park is uncer-
tain. Similar survival rates in both subpopulations
suggest that harvest in town may affect both, however,
the harvest rate of females has been so low that an effect
may not have been detectable. Sensitivity estimates from
our model predict that average equilibrium population
in town can be reduced by 7% by a 1% reduction in
adult female survival. Thus, harvest does appear to be a
useful management tool for controlling the town sub-
population, so long as restrictions to harvesting near
human settlements do not interfere with harvest goals.

We estimated food-limited K for elk in the park and
town sectors and these compared very favorably with
independently calculated forage and energy based esti-
mates for the same sectors (Hobbs et al. 1982; Singer
et al., this volume). While potentially useful, we con-
sider these estimations only the first step in the process

LusowET AL. 21

of determining appropriate numbers of elk for this eco-
system. NPS policy mandates that ungulates be man-
aged under natural processes, but two major predators
(wolves and grizzly bears) have been eliminated from
this system, and the remaining predators that prey on
elk--coyotes and mountain lions--are very likely reduced
in the developed town sector. Other studies suggest that
a naturally abundant assemblage of these four native
large predators would have limited elk and other large
ungulate numbers somewhere below food limitation for
significant periods of time (Bergerud et al. 1988; Messier
1991, 1994; Gasaway et al. 1992; Mech et al. 1998).
Therefore, we suggest to park management that the elk
population levels at food-limited K that we estimated
here are likely higher than elk population levels defined
for natural process management of ungulates in U.S.
national parks (NPS 2001). Unfortunately, there is con-
siderable disagreement over the magnitude and dura-
tion that predator limitation might take (Boutin 1992;
McLaren and Peterson 1994; Sinclair and Arcese 1995;
Singer et al. 1998; Boyce and Anderson 1999). We pro-
pose that Yellowstone NP offers the most similar, well-
documented example of the potential limitation of elk
that may occur with recovery of all native predators.
Thus, the Yellowstone NP experience may provide a
guide to park managers of the effect of natural processes
on elk for RMNP,
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CHAPTER TWO

Long-Term Changes in Willow Distribution on the
Winter Range of Rocky Mountain National Park

By
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Abstract. We determined the extent and spatial pattern of changes in willow (Salix spp.) cover in the riparian
areas of the eastern slope of Rocky Mountain National Park (RMNP), Colorado, between 1937 or 1946 and 1996,
and related these changes to suspected causative factors. The study was conducted in two watersheds of the north-
eastern side of RMNP, which includes the Moraine Park area of the Big Thompson River watershed (2,481 m), and
the Horseshoe Park area of the Fall River watershed (2,598 m). Changes in vegetation were inferred from digital
maps generated from aerial photointerpretation and field surveys. Low-resolution digital maps were created based
on old (1937 or 1946) and new (1996) aerial photos to determine the extent of willow decline. High-resolution
digital maps of vegetation cover were created from a field survey conducted in the summer of 1998. In these maps,
willow cover was described in terms of morphotypes (sapling, young short, old short, intermediate, and tall), den-
sity, and percentage of dead plants. Digital and attribute information were combined to produce maps.

The decrease in riparian shrub cover in Moraine Park was 21 ha (21%) and 17 ha (19%) in Horseshoe Park over
the 50- or 59-year period. Reductions in the total length and surface water of the main river were 56% and 69% in
Moraine Park and 44% and 47% in Horseshoe Park, respectively. Tall willow cover was found mainly in the upper
areas of both valleys. Short old willow morphotypes were spatially distributed preferentially in areas affected by
flooding in Horseshoe Park, and in areas where major river reductions were observed in Moraine Park. Both valleys
had sites that were being colonized by willows, in wet meadows. and in the case of Horseshoe Park, open areas
created by flood disturbance. The decline in tall willow cover corresponded to 54% and 65% in Moraine Park and
Horseshoe Park, respectively, over 50-59 years.

Willow decline in Moraine Park was apparently the result of a reduction in water availability for growth. Over
the last 50 years there has been a trend toward simplification of river spatial pattern, i.e., less complex branching
and channelization, and a decrease in total water surface area in Moraine Park. The same trend in river morphology
was documented in Horseshoe Park, but in that drainage, willow decline occurred mainly because of a large flood
disturbance in 1982. In both valleys, surveys indicated a decline in beaver in excess of 90% since 1940. This has
generated unfavorable conditions for willow growth. The causes of these fluvial changes were not determined, but
were likely related to a decline in beaver populations and an increase in elk population (from approximately 700 to
about 3,000 total elk, and from 500 to 1,000 elk within the park, during the study period). The elk increase has also
placed increased browsing pressure on willow, which has led to a reduction in plant heights. Persistence of these
riparian willow communities in their former abundance and cxtent may depend on the reestablishment of beaver.

Keywords: Beaver impoundments, elk browsing, hydrology, riparian areas, vegetation transitions, willow.
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Introduction

Riparian vegetation comprises a small area of the
landscape along river courses, in which the river has a
major control on physical conditions (Tabacchi et al.
1990; Gregory et al. 1991). These areas are subject to
periodic fluvial disturbances occurring because of flood-
ing and/or migration of the active channel and mean-
ders of the river (Bradley and Smith 1986; Gregory et al.
1991; Miller et al. 1995). Disturbance produces irregu-
lar patches of riparian vegetation types, arranged in a
mosaic along the area of river influence (Miller et al.
1995). Non-fluvial disturbances are also common. These
include fire, wind, plant disease, insect outbreaks (Gre-
gory et al. 1991), herbivory by large mammals (Naiman
1988; Johnston and Naiman 1990a; Collins and Helm
1997), and beaver dams (Johnston and Naiman 1990b).
Riparian areas have been extensively modified by hu-
man activities resulting in habitat degradation, which
has affected both terrestrial and aquatic species compo-
sition ( Décampus et al. 1988; Roth et al. 1996). Trends
in cover and characteristics of riparian vegetation are
often difficult to distinguish from the normal recurrent
disturbance effects, so long-term analyses are required
(Johnston and Naiman 1990c; Miller et al. 1995).

Documentation of temporal and spatial dynamics
of landscape pattern has been greatly stimulated by the
availability of new technological tools, in particular geo-
graphic information system (GIS) and remote sensing
technology (Ustin et al. 1993; Johnson and Gage 1997).
The comparison of historic and recent aerial photos at a
medium level of resolution is a reliable, quantitative
method for evaluating long-term vegetation changes,
particularly when combined with GIS (Johnston and
Naiman 1990c; Clemmer 1994). This approach was used
here to analyze the temporal change of riparian shrub
cover in two watersheds in Rocky Mountain National
Park (RMNP), Colorado, and to make inferences about
the factors that could drive vegetation change.

Willow (Salix spp.) dominates the riparian
landscapes of the eastern slope of RMNP, forming a
complex mosaic of patches of willow plants of different
heights. A decline in willow abundance, distribution,
and stature has apparently occurred on these areas. Three
main hypotheses have been proposed for willow declines
(Singer et al. 1998a): (1) higher grazing pressures on
willow, caused by increases in the elk (Cervus elaphus)
population; (2) warmer and drier climatic trends
occurring during this last century; and (3) decline in
beaver (Castor canadensis) population. Since humans

extensively used this study area and drained some areas
in the park, human impact should also be considered
among the probable causative factors.

In this report, GIS maps of riparian vegetation and
hydrology of two closed watersheds of RMNP were gen-
erated at two scales of resolution (high and low-resolu-
tion digital maps). The analysis procedure was designed
to answer the following set of questions: Has the spatial
distribution of willow vegetation been reduced at the
landscape scale? If so, what is the spatial pattern of wil-
low decline, and what factors could be associated with
this pattern? Since vegetation changes are normally con-
trolled by a complex interaction of factors, we hypoth-
esized that multiple causative factors might explain the
overall changes in vegetation cover. However, factors
could be hierarchical, with some of them primary and
others secondary. Primary factors might override the
effects of secondary factors. Some of the proposed fac-
tors that could produce changes in willow cover, for ex-
ample, drier climatic trend, elk population increase, and
beaver decrease, were similar in both study watersheds.
Consequently, these primary factors would produce simi-
lar changes in the patterns of willow cover in both wa-
tersheds. However, any differences between watersheds
would indicate that more localized primary factors are
driving these changes.

Methods
Study Sites

The study was conducted in two watersheds of the
northeastern side of RMNP which includes the Moraine
Park area of the Big Thompson River watershed
(2,481 m), and the Horseshoe Park area of the Fall River
watershed (2,598 m). Vegetation in these valleys is
composed of communities of riparian shrubs dominated
by willow (Salix monticola, S. geyeriana, and S.
planifolia), and in some areas by birch (Betula spp.).
Meadows occur in several parts of the valley farther from
the river course. Wet meadows are dominated by Poa
spp., and dry meadows by Carex spp. and Artemisia spp.
Vegetation communities dominated by trees represent a
minor proportion of the total cover, and include conifers
(Pinus contorta and Pinus ponderosa) and aspen
(Popudus tremuloides) communitics. The two watcrsheds
are within 5 km of each other and have perennial alpine
snowfields at their headwaters (Baron 1992). Mean
annual precipitation for the sites is 41 cm (Singer et al.
1998a) and peak stream flow usually occurs in early to
mid-June.



Historical Changes in Land Use,
Elk, and Beaver

Native people camped and hunted in the valleys,
mountains, and tundra of what is now known as RMNP
since 3850 B.C. (Hess 1993). Trappers and explorers
occasionally visited this area but it was not until 1859
that permanent settlement began (Hess 1993). The first
record of settlers within current park boundaries was in
1875, when Abner Sprague built a cabin and grazed 200
cattle in Moraine Park, but in the 1880s and 1890s the
Sprague Ranch expanded to 1,000 acres and shifted in
focus from cattle to tourism (Buchholtz 1983). Moraine
and Horseshoe Parks were not within the national park
boundary when it was created in 1915. From the 1870s
until the 1930s, ranches and resorts occupied much of
Horseshoe and Moraine Parks (Buchholtz 1983). Horse-
shoe Park was incorporated into the national park bound-
aries in 1932. Stead’s Ranch, the Moraine Park remnant
of Abner Sprague’s 1875 homestead, was purchased in
1962 by the National Park Service and returned to a
natural meadow. This ranch at one time consisted of a
600-acre ranch, a lodge, barns, cabins, and a golf course
(Buchholtz 1983).

Human activities have brought about important
changes in the composition and characteristics of the
vegetation. It is clear that drainage and irrigation ditches
were built on Moraine Park, and remnants are still
evident today. Ditches could have been used to drain
overly wet areas and to irrigate hay fields and the golf
course. The golf course was irrigated through at least
1961. An official Park Service report [1930] described
conditions on the various ranges. In Moraine Park...
“the whole area is grazed by domestic stock throughout
the year and is badly overgrazed”. This included the
grassland areas. The meadow areas were again cut for
hay and later used as pasture. “A heavy growth of willow”
existed along the streams... Horseshoe Park was badly
overgrazed [by livestock]”. These comments indicate that
grasses were being heavily used by livestock, but shrubs
and trees were less affected” (D. Stevens, 1980, National
Park Service, unpublished report). In Horseshoe Park,
one of the main disturbances on riparian vegetation was
the flood produced by the failure of the Lawn Lake Dam
in 1982. Lawn Lake is located at treeline (3,350 m above
sea level); downstream from Lawn Lake the Roaring
River descends to join the Fall River in Horseshoe Park
at an elevation of 2,605 m (Jarret and Costa 1993).
Sediment from the Lawn Lake flood covered a willow
carr community in Horseshoe Park, and in this area,
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some of the material transported by the flood was
deposited as an alluvial fan (Keigley 1993).

Wildlife has been extensively hunted since the ar-
rival of the first European settlers. The winter range for
elk in RMNP encompasses about 10,000 ha. This in-
cludes the two study valleys, as well as other valleys and
private and national forest lands outside the park in the
town of Estes Park and the Estes Valley, Colorado (Singer
et al. 1998a). The elk had been hunted to extinction by
1900, but in 1913 and 1914, 49 elk from Yellowstone
were transplanted to the park (Hess 1993). By 1942, elk
had increased to approximately 1,500 individuals. A
program of elk control by shooting animals, begun in
1944, reduced the population to around 400 individuals
(Hess 1993). Since 1968, under the natural regulation
policy, the elk population has increased to 3,000 indi-
viduals (Singer et al. 1998b), 1,000 of which winter in
RMNP (Lubow et al., this volume).

Beaver were abundant in the areas of RMNP prior
to European settlement, but they started to be intensively
trapped in the mid-1800s (Hess 1993). “Exactly how
many beaver pelts may have been extracted from the
streams of RMNP during the fur trade era is unknown
.... signs of the lucrative trade dotted the nearby region,
allowing us to assume that trappers worked every likely
drainage. By 1830 small trading posts began to appear...
But just as these posts were built, men’s fashion in hats
changed... demand for beaver pelts declined, and within
a decade [the].. forts were deserted” (Buchholtz 1983).
Pressure on beaver did not seem to decline, however,
and “in 1890 beaver was virtually eliminated from the
adjacent valley of Estes Park” (Hess 1993). However,
beaver were abundant in the national park when it was
established in 1915 (Hess 1993). The first dctailcd
surveys of beaver on the major drainages of the park,
including the study area, were done in 1939 and 1940
(Packard 1947). Other surveys were done in 1964
(Hickman 1964), 1980 (Stevens and Christianson 1980),
and 1994 to 1998 (Zeigenfuss et al., this volume). In all
surveys, beaver populations were estimated indirectly
from signs of beaver activities that were registered by
walking on the stream bank. Surveys are problematic to
compare; however, the estimates clearly indicate a
declining trend over time (Zeigenfuss et al., this volume).
On the Big Thompson River, the estimated number of
beavers was 315, 102, 18 and 12 in 1939, 1964, 1980
and 19941998, respectively. Most of these beavers were
in Moraine Park. Values reported for the Fall River in
Horseshoe Park were 96, 24 and 6 in 1939, 1980 and
1994-1998, respectively.
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Digital Map Generation

Low-Resolution Digital Maps

Digital maps of Moraine and Horseshoe Parks were
created from interpreted aerial photos obtained for
different years (Table 1). Aerial photos were scanned,
geo-registered, and interpreted, rectified and digitized
on a high-resolution computer screen. Photos were
scanned with a 600-dpi resolution and the generated
image files were geo-registered based on x-y UTM
coordinate points. UTM coordinates of prominent
features such as trees or road intersections were
registered with a global positioning system (GPS)
(Trimble Pathfinder Professional) with an error lower
than 2 m. For image geo-registration, 18 and 30 GPS
points were used in Moraine and Horseshoe Parks,
respectively. GPS locations were uniformly distributed
throughout the area of interest. A 2-degree polynomial
geometric correction procedure, available in ERDAS-
IMAGINE Software (1998, Vcrsion 8.3), was used to
geo-register the 1996 image files based on GPS locations.
Aerial photos older than 1996 were registered using the
corrected 1996 images as a reference. Vegetation and
hydrological features were digitized using ARC/EDIT
module of ARC/INFO Software (version 7.0; ESRI 1994)
program, employing the digital photos as a background
image. This procedure greatly increases the possibility
of identifying features, allowing both margins of river
channels to be digitized.

Vegetation was classified in five classes, namely:
open, meadow, riparian shrub, aspen (Populus
tremuloides), and forest (Pinus spp.). Areas with a high
percentage of bare soil were included in the open class;
areas dominated by grasses were considered meadows.
Since willow and birch, the two shrubs that grow in these
riparian areas, could not be separated in the photo-
interpretation, they were included in the riparian shrub
class. Hydrological features were also delineated from
the aerial photos. Main river, temporary and old river
channels, and ponds were digitized. All channels that
contained water were considered main river. Branches
or meanders of the river that did not contain water were
classified as temporary or old if they were wet or dry,

respectively.
High-Resolution Digital Maps

During the summer of 1998, we surveyed the same
areas covered in the low-resolution maps in Moraine
and Horseshoe Parks. Aerial photos of these valleys taken
in 1996 (Table 1) were used as a guide to organize the
survey. Homogeneous vegetation patches were identified
in the field by visual observation, and a GPS unit was
used to delimit its boundaries. The number, as well as
the size, and shape of the patches were determined
according to the vegetation characteristics, in order to
minimize within patch heterogeneity. Hydrological
features such as main river, lakes, or ponds were mapped
following the same method. We walked along the

Table 1. Aerial photography used to map willow cover and river in the two study watersheds.

Year Site Map type Scale Film type Commissioning agency
1937  Moraine Park River 1:22,000 Black & White U.S. Forest Service
Horseshoe Park Vegetation-river 1:20,000
lower area of the valley
1946  Moraine Park Vegetation 1:20,000 Black & White U.S. Forest Service
Horseshoe Park, Vegetation-river  1:20,000
upper arca of the valley
1996  Both watersheds Vegetation-river 1:28,000 Color Rocky Mountain

National Park




boundaries of every vegetation patch or hydrological
feature with a GPS unit set to digitize lines. Since the
focus of the studies was on willow cover, the boundaries
of the survey area were defined by the extent of willow
distribution. However, some patches without willow
plants occurring between the extent of the willow
distribution were also delimited. GPS digital data and
the associated attribute information were incorporated
in ARC-INFO Software (version 7.0; ESRI 1994) to
generate polygon coverages. The final error of the GPS-
generated lines was lower than 2 m after correcting the
data for the distortions that are purposefully introduced
by the satellite system.

As in the case of the low-resolution maps, vegeta-
tion patches were primarily classified according to the
general characteristics of the vegetation. A more detailed
classification system was created to identify vegetation
classes and subclasses. Further, in those patches where
willows were present, additional attributes were regis-
tered. Four groups of species were recognized in the
woody strata, namely: willow (Salix spp.), birch (Betula
spp.), conifers (Pinus spp.) and aspen (Populus
tremuloides) (Fig. 1). Patches without woody strata or
with few sparse woody individuals were included in the
meadow class. Woody vegetation classes were distin-
guished based on the dominant and co-dominant spe-
cies. The group that presented the highest density in a
patch was considered dominant, without regard to the
overall woody strata density. Other groups occurring in
a patch were co-dominant. Groups comprised of isolated
individuals in an overall high-density patch were not
considered in the classification. Since visual observa-
tion was used to delimit and classify vegetation patches,
there was no quantitative value for the minimum num-
ber of plants determining if a group should be classified
as co-dominant, or not included. Nevertheless, ambigu-
ous cases were rare, because no more than two groups
occurred in most patches. Since the survey was targeted
on willow areas, some vegetation classes such as meadow
were only partially surveyed (particularly one large
meadow in Horseshoe Park, and several meadow areas
in Moraine Park). Forest and aspen vegetation classes
were separated from the riparian vegetation. Conse-
quently, they were seldom included in the survey. Only
willow and birch were completely surveyed.

Additional attributes were used to describe the het-
erogeneity in willow cover in more detail. Four catego-
ries were defined to characterize the morphological
characteristics of: (a) dominant, (b) co-dominant willow
morphotypes, (¢) density, and (d) percentage plants dead
(Table 2). As previously described, this classification was
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based on visual estimations. A zero value was assigned
in all of the four categories in the case of patches with-
out willow plants. Density was estimated considering
both live and dead willow plants. The morphotype that
presented the highest density in a patch was considered
dominant and the second most common morphotype was
considered co-dominant. Only one morphotype was in-
cluded in the co-dominant categories to make the clas-
sification simpler.

Height difference was the primary attribute used to
discriminate willow morphotypes, but more detailed
observations were made to differentiate between saplings
and young short willow, and between young and old short
willow. We considered saplings to be individuals that
were recently established (45 years) from seeds or veg-
etative reproduction, but not from resprouting of old
individuals. Areas with high density of willow saplings,
and without woody strata, were classified in the meadow-
willow vegetation subclass (Fig. 1). We identified wil-
low saplings using several morphological characteristics
such as height shorter than 50 cm, small basal diameter
of the largest stem (around 5 mm), brownish stem with-
out sign of lignification, and small crown size relative
to the size of the plant. These latter characteristics indi-
cated that plants were not sprouts from old individuals.
Additionally, some of the largest stems were dated based
on the ramification pattern, and were between 4 and 5
years old. The young willow category included plants
that were similar in height to short willow morphotypes
(approximately 1.5 m in the case of tallest plants). Ma-
ture plants were composed of several large stems and
consequently had crowns several times larger than plants
considered as saplings. The largest stem diameter in short
young willows was on the order of 1.5 to 2.0 cm. These
plants looked younger than other short willows, as indi-
cated by the brownish color of the stem that contrasted
with a white color typical of old stems of old willow
plants. Additionally, no dead stems, in particular old
dead stems, were found inside or between the canopies
of young plants, as were commonly found in older short
willow stands. This distinction was made to infer dy-
namics occurring within the short morphotypes.

Patches comprised of saplings or young short wil-
lows were interpreted differently if other morphotypes
were or were not present in the patch. If patches with a
high density of saplings or young short willows occurred
together with other willow morphotypes, they were in-
terpreted as areas originally covered by willow with high
recruitment. Areas dominated by saplings or young short
willow, in which no other dead or live willow
morphotypes were present, were considered to be areas
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Fig. 1. Schematic of vegetation class and subclass classification.
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Table 2. Description of categories used to classify patches that contain willow.

Category Values Description
Dominant willow 0. No willow
Codominant willow 1. Sapling Less than 0.5 m tall
2. Short young 0.5 to 1.5 m tall, young stems
3. Short old 0.5 to 1.5 m tall, old stems
4. Intermediate 1.5t0 2.0 m tall
5. Tall Greater than 2.0 m tall
Willow density 0. No willow
1. Few willows Sparse willows
2. Low density Distance between plants around 5 m
3. Moderate density Distance between plants around 3 m
4. High density Distance between plants less than 2 m
Dead willow 0. No willow
1. Less than 10%
2. 10 to 30%
3.301to 50%
4. 50 to 80%
5. Greater than 80%

recently colonized by willows. These patches were clas-
sified as “new colonization” if only saplings were present
and were interpreted to be areas that had been colonized
less than or equal to 4 or 5 years ago. Similarly, patches
that contained young short willows and saplings, but
not other morphotypes, were interpreted as an older colo-
nization (oldcr than 5 years), and designated in the maps
as “colonized several years ago”.

Data Analysis

Changes in willow vegetation were interpreted
relative to hydrological changes and historic events. GIS
data from the low-resolution maps were used to examine
the transitions in riparian shrub cover. Willow was the
most common shrub in these watersheds, so we assumed
that the riparian shrub class was mostly composed of
willows. GIS data were derived from 1998 field surveys
by aggregation of detailed vegetation attributes. Willow
cover was estimated based on three criteria resulting from
a combination of different attributes used to classify

willow patches (Table 3). The first criterion considered
willow cover to be patches in which willow plants were
present. Since this was the least strict criterion, it gave
the highest values of total willow cover and was used to
calculate percent cover of the different willow types. The
second criterion classified willow cover as areas where
willow was the dominant vegetation type. A third and
stricter criterion classified willow cover as woody areas
dominated by willow with a high density of living
individuals.

Cover areas of riparian shrub classes from maps
created by the interpretation of old and new aerial photos
were compared. The minimum resolution of the photo-
interpretation was inferred by overlaying low and high-
resolution maps. In this way, the minimum map
resolution in the photo-interpretation was defined based
on the characteristic of the vegetation in the high-
resolution maps, namely dominant group, density, and
percentage of dead plants. This procedure allowed us to
determine characteristics of the low-resolution polygons
based on the attributes recorded in the high-resolution

maps.
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Table 3. Total area (ha) covered by willows in the surveyed watersheds according to three different criteria. Values
in parentheses indicate percent covered using criteria |1 (willows present).

Classification Area covered (ha)
Vegetation Vegetation Moraine  Horseshoe
Criteria class subclasses Willow category Park Park
1 Willows present Not specified  Not specified Dominant willow >0 104.5 88.3
(100) (100)
2 Dominant vegetation Willow Not specified Not specified 71.6 724
(68) (82)
3 High density Willow Not specified Willow density =3 or 4 50.0 653
Low dead percentage Dead willows=1 or 2 (48) (74)
Results

Low-Resolution Digital Maps

Important hydrological changes, including
reductions in the complexity of the river pattern and in
total surface water, were found in both watersheds.
Changes were more pervasive in Moraine Park, where
the length and water surface area of the main channel
were reduced by 56% and 69%, respectively (Table 4).
Most changes in the river course occurred in the south
main branch of the river (Fig. 2). By 1996, the river
channel had almost no branching and most of the
temporary river courses had disappeared. The complex
pattern of the river observed in 1937 was most likely the
result of beaver activities, but it was difficult to identify
beaver ponds. All ponds that were identified in the 1937
and 1996 maps (Fig. 2) were not a result of beaver
activities. Beaver created several dams that produced
small impoundment areas, but the main impact of beaver
appeared to be an increase in river ramification and
meanders. Most of the 1937 river channels that had
disappeared by 1996 could not be identified in the photos.
Flooded areas on wet meadows were evident in the
central part of the Moraine Park valley in both years,
but were more extensive in 1996 (Table 4). In Horseshoe
Park, the length and surface water of the main channel
of the river in 1996 were reduced to 44% and 47%,
respectively, of the values observed in 1937-1946
(Table 4). The main reduction in river complexity
occurred in the upper reaches of the valley (Fig. 3).
Several ponds created by beaver could be clearly
identified on the old photos. These ponds disappeared
by 1996. Important hydrological changes had also

occurred in this valley, produced by a 1982 flood event.
Changes in the lower part of the valley did not appear to
be as important as in the upper areas, but the river pattern
become less meandering by 1996.

Changes in spatial patterns and a decline in the to-
tal area covered by riparian shrubs were determined in
both watersheds. The reduction was 21 ha (21%) in
Moraine Park during the span of 50 years, and 17 ha
(19%) in Horseshoe Park during the time spans of 50
and 59 years (1937 and 1946 aerial photos; Table 1). In
Moraine Park, riparian shrubs covered 101 ha in 1937
and 80 ha in 1996. Changes in shrub cover occurred
mostly in the wider part of the valley (Fig. 4). The two
narrow valleys in the upper areas of Moraine Park (west)
did not show any important change. Compared to the
spatial pattern of willow cover delimited in the 1946
photos, willow in the northwest part of Moraine Park
slightly increased over meadows, and the forest area also
became larger. It is important to consider that in these
two narrow valleys there is an ecotonal zone in which
riparian areas dominated by willow are replaced by birch
and forest. These transitions were difficult to delimit
from the photos. Wider areas of the watershed in Mo-
raine Park showed major changes in willow cover. De-
creases in willow cover were spatially associated with
reductions in river meanders and small impoundments.
Some meadow areas identified in the 1996 map were
previously covered by willow.

In Harseshoe Park, willow cover was reduced from
90 ha in 1937/1946 to 73 ha in 1996. The 1982 flood
caused a remarkable change in vegetation cover in the
middle of the watershed (Fig. 3). In the upper area of
the watershed, where the flood had less effect, willow
vegetation cover did not change noticeably, but there
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Table 4. Length (km) and surface area (ha) of hydrological features in Moraine Park in 1937 and 1996 and Horse-
shoe Park in the combined years of 1937/1946 and 1996.

Moraine Park Horseshoe Park

Length Surface area Length Surface area
1937 1996 1937 1996 1937/1946 1996  1937/1946 1996
Main river 30.2 133 238 1.5 16.8 9.4 9.7 5.1
Current meanders 12.1 69 10.1 2.6 0.5 1.8 0.2 1.0
Old meanders 3.0 0.3 2.5 0.1 22 2.3 0.8 1.6
Ponds - - 1.4 1.0 - - 10.9 47.6
Flooded areas - - 46 214 - -

,‘\/ Temporary meanders
/\/ Old meanders
Maln river

"_ﬁv,- Bo;r::i of “‘aﬁon
1996 phoio-inforprta

Fig. 2. Hydrological maps of Moraine Park in 1937 (upper map) and 1996 (lower map) determined using low
resolution digital maps based on aerial photo interpretation.
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Fig. 3. Spatial distribution of vegetation classes and hydrology in Horseshoe Park in 1946, in the upper part of the
valley and in 1937 in the lower part of the valley (upper map), and the same area in 1996 (lower map). Maps were
created using low-resolution digital maps based on aerial photo interpretation.

was an important reduction in the total impoundment
areas. Unlike Moraine Park, the reduction in surface
water was not associated with a willow cover decline.
Changes in willow cover in the lower part of the valley
were not as spatially localized as in Moraine Park. Some
willow stands were replaced by meadows, and a minor
proportion was replaced by forest.

High-Resolution Digital Maps

Vegetation maps of Moraine and Horseshoe Parks
produced by the ground-based GPS survey (Fig. 5) were
similar to the 1996 low-resolution air photo maps (Figs. 3
and 4). Although, some meadow and forest patches were
not delineated in the GPS based maps, more details in
the riparian shrub cover were included. The shrub

vegetation class was separated into areas dominated by
birch and willow. The birch cover class was greater in
Moraine Park than in Horseshoe Park (18 ha and 0.7
ha, respectively). Birch cover was mostly restricted to
the south part of Moraine Park in the area where major
changes in the river channel were documented. The three
different methods used to classify willow cover produced
markedly different estimates of willow in Moraine Park
but not in Horseshoe Park (Table 3). This indicated that
the spatial pattern of willow cover was more complex in
Moraine Park than in Horseshoe Park.

Willow cover was very hetervgeneous. Observed
combinations of area types and willow categories ranged
from areas in which willow were decreasing and had a
high percentage of dead individuals, to meadows or open
areas, that had been colonized by willow during the last
few years (Table 5). Dead willow areas were more



PENETTIET AL. 35

0.9 Kiometers

Fig. 4. Spatial distribution of vegetation classes and hydrology in Moraine Park in 1946 (upper map) and 1996
(lower map), determined using low resolution digital maps based on aerial photo interpretation.

extensive in Moraine Park than in Horseshoe Park
(Table 5 and Fig. 6). In Moraine Park, these areas were
dominated by tall willow as evidenced by the high
number of dead willow with large crowns, and several
tall stems that remained on the plant. Some of the live
willows were also tall, but with several dead stems
indicating stressful conditions for willow growth. Many
old river channels and old signs of beaver activity were
found in the two largest dead willow polygons. On the
contrary, only a few patches dominated by dead willow
were found in Horseshoe Park (Fig. 6). New and old
willow colonization was found in both parks. These areas
were more extensive in Horseshoe Park (34% and 12%,
respectively), but some of them had a low density
(Table 5). In Moraine Park, the major areas colonized
by willow were on a meadow that received water diverted

from the northeast branch of the river by beaver
disturbances. These areas corresponded in part to some
of the flooded areas identified in the low-resolution maps
(Fig. 2). Flooding was produced by beaver activity.
Beaver dams apparently reduced water flux in the main
channel, resulting in a ramification of the river into
several small channels. Although there was evidence of
new beaver cuts on willows, beaver did not seem to
maintain the dams. Under high water flow resulting from
snowmelt (June and July), water moved out of the
channel and into the meadow, This water was ultimately
routed to the southern main branch of the river. Water
flow through the meadow was gone by August in the
summer of 1998. Several willow saplings were
established in this area under conditions of soil water
saturation. In Horseshoe Park, new willow colonization
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Fig. 5. Spatial distribution of vegetation classes in Horseshoe Park (upper map) and Moraine Park (lower map),
determined using high resolution digital maps based on field mapping.

was found on the alluvial fan created by the 1982 flood
(Fig. 6). Willows were also colonizing several meadows
in the upper areas of the valley. Evidence of old
colonization was also found in meadows of both the upper
and lower parts of Horseshoe Park. Several small patches
with high willow recruitment were found in areas
temporarily flooded by the river in both watersheds.
Differences in willow morphotypes were the other
source of heterogeneity in willow cover. Short old
categories were abundant in Horseshoe Park (Table 5),
but most of the short willows in Moraine Park occurred
at low densities in the south-central part of the watershed.
These areas were classified as areas covered by low
willow density (Table 5). If low-density dead willow is
included, the total cover of the short old morphotype
increases considerably in Moraine Park but not in
Horseshoe Park (Table 5). Short morphotypes were on

the areas where major reductions in river channels were
documented, indicating that these morphotypes occurred
in areas of unfavorable growing conditions.

Tall willow was more abundant in the upper areas
of the valley in both watersheds (Fig. 7). Changes in
river course were probably less important in these upper
areas because the river is constrained to a narrow valley.
The tall willow polygon in the southwest part of the
valley in Moraine Park has many ponds (not shown in
the GPS maps) and saturated soils, which create
favorable conditions for willow growth. Even though
major changes in surface water were documented in the
upper part of the valley in Horseshoe Park, no shift to
lower willow cover or larger cover of short old
morphotypes had occurred. In the lower valley of
Horseshoe Park, tall morphotypes tended to be more
abundant in areas farther from the river course.



Table 5. Total area covered by willow (ha) according to criteria 1 in Table 3, divided into different area types and willow categories. Percentage of total

willow cover in parentheses.

Willow categories Area covered (ha)
Area type Dominant Codominant Dead Density Moraine Park Horseshoe Park
Colonization
New Saplings Young None Low Any 8.4 (8) 3.003)
Old Short young Short Young Young ornone Low Low 0.02 (0) 12.2 (14)
High 42(4) 14.8 (17)
Areas originally covered by willow
Short old Short old Any Low High 10.1 (10) 18.7 21)
Intermediate Intermediate Any Low High 7.6 (7) 4.1(5)
Tall Tall Any Low High 283 (27 30.4 (34)
Dead willow Any Any High High 17.6 (17) 2.1 (2
Low density Any Any Any Low 28.3(27) 3.2(3)
Total 104.6 (100) 88.3 (100)
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Fig. 6. Spatial distribution of areas dominated by dead willows and areas colonized by willows in Horseshoe Park
(upper map) and Moraine Park (lower map), determined using high resolution maps based on field sampling.

Intermediate morphotypes were found in the wider areas
of both valleys more spatially associated with short old
willow morphotypes.

A more complicated pattern of river channels could
be inferred from the extensive evidence of abandoned
branches of the river and old meanders in Moraine Park.
Old meanders were also found in Horseshoe Park, but
they seemed to be less frequent than in Moraine Park. A
great deal of evidence of old beaver activities was found
in Moraine Park, but little was found in Horseshoe Park.
Few signs of new beaver activities were observed in either
watershed. Only one small beaver pond was found in
the tall willow area of Horseshoe Park.

Comparison Between Low and
High-Resolution Maps

In both valleys, willow cover based on criterion 2
(Table 3) was similar to the riparian shrub cover of low-
resolution maps. In the case of Horseshoe Park, riparian
shrub cover corresponded almost exactly to the value of
willow cover estimated by using criterion 2 (723,676 m?
and 727,389 m?, respectively). In Moraine Park, riparian
shrub cover overestimated willow cover obtained with
criterion 2 by 83 ha (716,012 m? and 799,471 m?,
respectively). The riparian shrub class included areas
dominated by birch, but excluded most of the dead willow
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Fig. 7. Spatial distribution of willow morphotypes in Horseshoe Park (upper map) and Moraine Park (lower map),
determined using high resolution maps based on field sampling.

areas. Since birch and dead willow covered a small
portion of Horseshoe Park, cover values obtained from
the different resolution maps were nearly the same. On
the contrary, in Moraine Park, riparian cover was larger
in the low-resolution map because dead willow areas
could not be excluded, and cover of some of the shrub
patches was overestimated.

Discussion

Geomorphological characteristics of drainage
segments (reaches) have important effects on the
development of riparian vegetation (Gregory et al. 1991).
The upper areas of both study watersheds occurred in
narrow valleys and had constrained reaches.
Consequently, the position of the stream channel was

relatively fixed. Riparian vegetation in the upper areas
of both watersheds was dominated by tall willow and no
important changes in riparian cover occurred in these
areas. Lower areas of both study watersheds had
unconstrained reaches, characterized by a lack of
significant lateral constraint and low streamflow
gradient. This allowed the stream to form braided
channels. Importantly, short willow morphotypes were
mostly restricted to these lower, unstable reaches, where
there were major changes in hydrology between 1946
and 1996.

Decreases in willow cover as estimated from the
change analysis only took into account areas where
willows disappeared. Other changes in willow
community characteristics, such as the proportion
covered by different morphotypes, were not included.
On the 1937/1946 aerial photos it was difficult to identify
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whether areas covered by riparian shrubs corresponded
to tall willow, or a combination of different willow
morphotypes and birches. In contrast, the GPS survey
provided accurate estimates of the proportion of the areas
covered by different morphotypes and birches, but only
for 1996. The combination of information from the
historical and recent cover maps allowed us to make
two inferences about trends in willow cover over the study
period. The first requires an assumption that in the old
photos all of the areas classified as riparian shrubs were
dominated by tall willows. From this we inferred that
tall willow declines equaled 54% and 65% for Moraine
and Horseshoe Park, respectively. If, in addition to the
previous assumption, areas currently classified as birch
are also considered to have been formerly dominated by
tall willows, then the declines in tall willow become 72%
and 66% on Moraine and Horseshoe Park, respectively.
Changes in willow cover, such as reductions in willow
density or shifts from tall to short morphotypes, could
not be determined with this data. However, it is safe to
say that this analysis of willow decline, based only on
areas where willow disappeared, underestimated the total
changes that actually occurred.

A comparison of estimates of willow decline using
the two different methods (low and high-resolution) pro-
vides additional insight about the effects of disturbance.
From the low-resolution maps, declines were determined
based on the difference between old and recent air pho-
tos, assuming that willow were the dominant shrub spe-
cies. From the GPS survey, declines were inferred based
on the amount of area dominated by old dead willow
plants. By comparing the two results, we found that the
declines based on aerial extent of dead willow were 20%
and 80% less than the estimates based on disappearance
in Moraine and Horseshoe Park, respectively. This indi-
cated that most dead willow plants remained in Moraine
Park, but dead willows were removed in Horseshoe Park,
probably by the 1982 flood event.

Even though changes to drier climatic conditions
(Singer et al. 1998a), could have affected willow growth
and productivity, lower precipitation did not seem to be
the primary causative factor producing the observed
willow decline. Both valleys experienced a drier climatic
trend, but showed different willow cover dynamics. Water
used for willow growth came mainly from groundwater
rather than current precipitation (Alstad eral. 1999),
and the level of the water table was mainly regulated by
the hydrological characteristics of the river (Patten 1998).
Willow growth would not be affected by decreased
precipitation, as long as the water table level remained
high. In this way, many willows could be buffered from

a slightly lower precipitation. However, since the depth
of the water table during the willow growing season is
mostly determined by the winter snowpack
accumulations and the spring-summer melting rate
(Patten 1998), it is also possible that water tables were
reduced, or of shorter duration, under climate change.

As expected, changes in hydrology were a critical
factor in determining willow colonization and population
persistence in both parks; however, hydrological changes
were different between parks. In Moraine Park, willow
disappeared from areas where major reductions in river
complexity were documented. In 1996, the main channel
of the river was simpler, and well delimited compared
to 1937/1946. Although this could have been the result
of reduced water flow, the previous high river complexity
and impoundment areas were clearly the result of beaver
activities. Well-defined beaver dams surrounded by
riparian shrubs were found in the upper Horseshoe Park
valley in 1937/1946. Almost all of these ponds
disappeared by 1996, but no noticeable changes in
riparian shrub vegetation were documented as was
observed in Moraine Park.

These contrasting responses of the riparian shrub
community to decline in beaver could have resulted from
differences in interactions between basin geomorphol-
ogy and beaver activities. Johnston and Naiman (1987)
distinguished the characteristics of beaver dams in up-
land V-shaped valleys from wetlands with extensive
floodplains. Beaver dams in upland streams produced
small ponds with well-defined contours. In these ponds,
there was little change in surface water level when stream
water level fluctuated. In wetland floodplains, small
beaver dams often inundated a large surface with shal-
lower water depth and the pond boundary was diffuse.
Beaver alterations seemed to have less impact on eco-
system level processes in wetlands than on uplands be-
cause soils in wetlands were under saturated conditions
(Johnston and Naiman 1987). Well-defined beaver dams
were found in the upper areas of Horseshoe Park, in the
V-shaped part of the valley. There, the water table was
probably not reduced by the decrease in beaver and their
ponds, because the water table was controlled by geo-
morphology more than by beaver ponding. If this was
the case, then hydrological conditions for shrub growth
were little affected by the beaver decline.

Floodplains of both warersheds represented
conditions that were intermediate between the two
contrasting situations just described. On floodplains,
geomorphic characteristics were similar to a valley with
a low elevation gradient, but soil water saturation could
occur only during a short period of time, in a restricted



area close to the river. Water tables, in areas close to the
river, fluctuated between 20 cm and 100 cm during the
annual peak in stream flow (June) (Zeigenfuss et al.,
this volume). In this situation, beaver dams noticeably
changed the hydrological conditions for vegetation
growing around edges of ponds. Although ponds did
not have a defined boundary as in the case of wetlands,
they were not large. The gradient of the floodplain in
Moraine Park was large enough to limit the size of the
pond because further increases in pond surface area were
limited by the formation of a new drainage channel. In
this valley, well-defined beaver ponds were difficult to
identify in 1946, but there were several small
impoundment areas and many branches of the river.

This hydrological process ultimately increased the
branching pattern of the river, and probably resulted in
a larger area of water subsidization than would occur
with a few large beaver ponds. Thus, decreases in beaver
abundance caused a simplification of the river course
and a reduction in the area of land surface influenced by
the river and associated water tables. In areas where
water tables were diminished, drier conditions prevailed,
and riparian shrub communities were replaced by
meadows.

Willow decreases in Horseshoe Park seemed 1o be,
in large part, caused by the flood disturbance following
the collapse of an earthen dam in 1982. Most of the
reduction in riparian shrub cover occurred on down-
stream areas that were directly affected by the flood. In
1996, areas with bare soils created by the flooding were
being colonized by willow. Periodic large flood distur-
bances that destroy vegetation and generate open patches
for plant establishment have been considered to be im-
portant in models of riparian landscape structure (Miller
et al. 1995). Some riparian species depend on these re-
current disturbance events for establishment. Thus, al-
terations of the flood regime have negatively affected
many riparian ecosystems (Bradley and Smith 1986).

The flood event that occurred in Horseshoe Park
produced a larger disturbance than normally expected
in a recurrent flood regime in mountain valleys (Patten
1998). The hydrological characteristics of the river were
not only altered downstream but also upstream, through
a large mass of rocks and boulders that slid into the
valley (Jarret and Costa 1993). Restriction of river flow
in the area of the alluvial fan could have increased wa-
ter tables in the upper areas of the valley. This is the
area where major reductions in beaver ponds were found.

In addition, water table levels in the meadows that
were colonized by willow in the upper areas of the valley
(Figs. 3 and 6) could have increased since the flooding,
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producing favorable conditions for willow establishment.
Willow seedlings rapidly colonized the sediments
deposited in the alluvial fan in the summer of 1983
(Keigley 1993). Even though some patches contained a
high density of seedlings, few of them survived to the
following years (Keigley 1993). Most of the willow
observed on the alluvial fan in 1998 came from the
original establishment of 1983 (Keigley 1993). This area
was classified in the GPS survey as being colonized
several years ago because it was dominated by young
short willows (Fig. 6). These willows were no older than
15 years.

Willow produces wind-dispersed seeds that have a
limited viability and no willow seed bank ever develops
(Raven 1992). In RMNP, tall willow normally produce
a large number of seeds and seed availability does not
limit willow establishment (Cottrell 1995). Willow sap-
lings (younger than 4-5 years) were observed in mead-
ows with high soil water content indicating that
recruitment is not restricted to bare soil as occurs with
other riparian species (Bradley and Smith 1986). How-
ever, wet sandbars are suitable sites for willow estab-
lishment, as indicated by high recruitment observed in
areas affected by flooding.

The study areas have been intensively affected by
human activities since the late 1800s. Important changes
could have occurred in riparian communities before the
area became part of the national park. Nevertheless,
during the period covered by this study, the impacts of
human activities on riparian communities decreased
because the area became protected under national park
policy. However, in the last 50 years, both watersheds
have shown signs of deterioration in the riparian plant
communities, These changes do not seem to have been
caused by direct impacts on the ecosystem. However,
humans may have generated conditions that led to in-
creased elk population size, which could have affected
the riparian ecosystem.

The large proportion of willows with short
morphotypes in 1996 could be a result of increased elk
browsing. Elk browse on willow mainly during the
winter, on the new shoots developed during the previous
growing season. An increase in elk browsing on willow
leaders could produce suppressed willow morphotypes.
In a similar way, high elk browsing pressure inhibits
height elongation on young aspen stems, and suppressed
plants are preferentially browsed by elk (Romme et al.
1995). Tall plants are protected from browsing because
new meristems are beyond the reach of elk. Disturbances,
such as flooding or beaver activitics, facilitate elk access
to willow shoots. Interestingly, in Horseshoe Park, short
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and intermediate willow morphotypes were primarily
located in the downstream flooded area. Disturbances
might open up the willow canopy, stimulating stem
turnover. Elk could then access new stems causing an
increase in the density of stems with a suppressed
morphology. This process would ultimately lead to a
short willow community. Additionally, young willows
growing under heavy browsing levels will be kept in a
short morphotype. It is expected that under heavy
browsing, areas newly colonized by willow will be
primarily comprised of short morphotypes, thus
increasing the total area of short willow.

Elk browsing pressure on willow increased following
reintroduction and cessation of artificial controls, but it
is not clear how this could have affected the extent of
willow cover. We hypothesize that increased elk browsing
did not directly cause a long-term decrease in riparian
shrub cover but may have indirectly contributed to the
decline. All of the areas where willow disappeared
suffered important hydrological changes. A willow cover
decline was also found in Yellowstone National Park
(Engstrom et al. 1991), where a similar interaction
between elk and drier conditions had occurred (Singer
etal. 1998a). During the 1988 drought in Yellowstone,
willow in two stands located on dry marginal sites died.
Willows in one stand were heavily browsed but willows
in the other were not (Singer et al. 1994). Under a long-
term trend of reduced water availability, other vegetation
types will replace riparian shrubs, since they are not
adapted to withstand water stress (Patten 1998). Under
this scenario, differences in the level of elk browsing on
willow would make little difference in the long-term
vegetation trend. Thus, elk could have reduced willow
canopy cover within a willow patch by suppressing plant
growth, but the total area covered by willow in the valley
would be primarily controlled by the amount of wet
habitats suitable for riparian vegetation growth. However,
elk could indirectly affect beaver by reducing the extent
of tall willow morphotypes. Beaver decreases induced
the reduction of river length and water subsidized surface
area, causing drier conditions for willow growth. It is
not clear why beavers have almost disappeared from
these RMNP watersheds, but it is possible that the elk
increase contributed to the beaver decline.

Direct species interactions (physical interaction)
have been most commonly studied, but recently, indircct
effects have been shown to be important in many studies
(Wootton 1994; Schmitz et al. 1997; OIff and Ritchie
1998). Beaver have a direct effect on riparian shrubs by
cutting stems that are used for food or building dams

and lodges (Nolet et al. 1994). Additionally, beaver
impoundments create favorable physical conditions for
riparian vegetation growth (Naiman 1988; Johnston and
Naiman 1990b,c). Shrub reinvasion has been observed
in abandoned beaver ponds (Remillard et al. 1987).
Fragmentation of willow plants and the movement of
the cut stems by beaver could be an important factor in
the asexual propagation of the species (Cottrell 1995).
At the same time, a direct interaction occurred between
elk and willow. Changes in willow communities induced
by elk, such as increases in cover of suppressed
morphotypes, will have indirect negative effects on
beaver. One of the major challenges in ecology is the
identification of the strength of species interactions
(Wootton 1994; Bertness and Leonard 1997). The signs
and intensities of the interactions are dynamic. They
depend on the size of the beaver and elk population, as
well as the characteristics of the riparian vegetation and
environmental conditions. Plant biomass production
responses to different levels of browsing (Bergstrdm and
Danell 1987), beaver cutting (Kindschy 1989), and
biogeochemical changes induced by elk or beaver also
need to be considered (Naiman and Melillo 1984; Pastor
and Naiman 1992; Hobbs 1996). Species interactions,
particularly between beaver and willow, seem to be an
important source of stability in these riparian ecosystems,
which are subject to continuous disturbance events.
These ecosystems are largely dependent on beaver, which
act as a keystone species (Bond 1994; Heywood 1995)
generating favorable conditions for willow growth. Thus,
persistence of these riparian communities will depend
on the reestablishment of the biotic and abiotic conditions
that support beaver populations.

Conclusions

Trends in willow cover were similar in both parks,
but the characteristics of the decline and conditions of
the current vegetation were different. In Moraine Park,
riparian shrub declines were spatially associated with
major reductions in river complexity. In Horseshoe Park,
declines were mainly spatially associated with areas that
were directly affected by the 1982 flood disturbance.
Willow vegetation in Moraine Park was more
heterogeneous than in Horseshoe Park. This
heterogeneity was caused by a high proportion of short
willow morphotypes that grew in low density in areas
dominated by birch and dead willow cover. Willow
colonization was found in both parks on wet meadows
and also in areas affected by flooding in Horseshoe Park.



The potential causes of willow decline are many,
but it is clear that beaver played a role in increasing
riparian habitat cover by increasing stream channel com-
plexity, creating impoundments of water, and thus in-
creasing the area of land surface where there is an
elevated water table. The decline in beaver between 1939
and 1969 is not well quantified, and the available data
indicate that there were still many beaver present in 1969.
It would be useful, therefore, to conduct an additional
willow survey using 1969 aerial photography, to try and
determine how much of the willow decline occurred be-
fore or after 1969.

Humans may have played a role in decreasing
riparian habitat, through their activities between 1875—
1961, including substantial alterations of the hydrology
through ditching in Moraine Park. Despite these
alterations, however, beavers were still present in
abundance in 1939 and to a lesser extent in 1969.
Horseshoe Park was not affected this way, yet there was
still a decline in willow cover, and a shift to shorter
morphotypes. There is a need to try to reconstruct human
activities and their effects more precisely.

Elk wintering in RMNP increased in number from
0 in 1914, to at least 800 in 1943, were kept at 600 or
below 1944-1968, and then increased to over 1,000 in
the late 1980s. Yet, studies indicate that willows are well
adapted to tolerate herbivory. Willows were still abun-
dant in 1939-1946, when there were also abundant elk.
There may also have been abundant elk prior to their
extirpation through market hunting. Climate data sug-
gest a slight warming and drying, but the impacts of
such a climate shift on hydrology and riparian habitats
have not been determined. In our opinion, decreases in
the area of riparian, water-subsidized habitat resulting
from beaver decline have probably becen much more sig-
nificant than either changes arising from elk herbivory
alone, or from lower precipitation. The cause(s) of the
beaver decline are still unknown. There is a need to
evaluate alternative explanations which might include:
disease outbreak; beaver overabundance and resultant
crash due to loss of forage; competition with elk; and
loss of habitat and forage due to human land use and
hydrologic alterations.
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CHAPTER THREE

Vegetation Responses to Natural Regulation
of Elk in Rocky Mountain National Park

By

Linda C. Zeigenfuss and Francis J. Singer
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Fort Collins, Colorado 80525-3400
and
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Fort Collins, Colorado 80523

and
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Fort Collins, Colorado 80523

Abstract, Little experimental information is available on the relationship between herbivory by na-
tive ungulates and vegetation in relatively undisturbed environments. A quasi-experimental situation ex-
ists in Rocky Mountain National Park, where elk (Cervus elaphus) populations have increased about 3-
fold since 1968, following their release from artificial controls within the park boundaries. We reviewed
data collected on vegetation transects established and monitored over the 25-year period from 1968 through
1992. Data were subjected to rigorous statistical analysis to detect trends following the release of elk from
artificial controls. Increases in elk habitat use and decreases in deer habitat use were observed on all
transects over the 25-year period. Significant increases in moss and lichen cover occurred in three of four
vegetation types. Percent cover of bare ground, forbs (particularly Selaginella densa), and Carex spp.
increased on grassland transects. Increases in timothy (Phleum pratense) were observed on meadow
transects. Graminoid and litter cover increased on sagebrush transects, and shrub and litter cover in-
creased on bitterbrush transects.

We concluded the lack of control (fenced) plots in this sampling design, the types of measures, the
small number of replicates, and nonrandom placement of plots limit the inferences and sensitivity from the
work. Unique strengths of the work included the long time period (25 years), good distribution of samples,
consistency of the observer (D. Stevens), and placement of the plots in the most heavily grazed sites.

Some grazing-induced responses were detected. Grazing-resistant species such as sedges (native),
timothy (exotic), and club mosses increased and the amount of bare ground increased on some grazed
sites. However, the changes within this sampling program alone were not alarming. The amount of bare
ground increase was minor (4%), and grass and shrub cover increased in the shrub plots. The inferential
power of this sample design was limited to the study plots only. Other factors (climate change, succession)
were not controlled for using fenced plots and the sensitivity of the methods and plots to detect change
were limited. For example, the low number of transects in willow was not adequate to monitor conditions
on the entire winter range. Lacking controls, observed changes may have been due to other factors (climate
trends, beaver dam abandonment, stream channel changes), not elk herbivory alone. We recommend using
a new sampling design that would include controls, pretreatment data, rdndom site selection, and much

more replication. ) ) )
First published as a BRD science report, USGS-BRD-BSR--1999-0003

Keywords: Elk, herbivory, natural regulation, potential overgrazing, vegetation monitoring.
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Introduction

Little experimental information is available on the
relationship between herbivory by native ungulates and
vegetation in relatively undisturbed environments. A
quasi-experimental situation exists in Rocky Mountain
National Park, where elk (Cervus elaphus) populations
have increased about 3-fold since 1968, following their
release from artificial controls within the park bound-
aries. Elk were native in the area, but were extirpated, or
nearly so, by the late 1800s. Elk were reintroduced to the
areain 1913—1914, and steadily increased until they num-
bered about 1,000 in 1944 (Packard 1947), but due to
concerns over vegetation conditions, populations were
reduced and then held below 500 from that time until
1968. Culling of the herd was discontinued in 1969 un-
der the premise that elk within the park would regulate
themselves if left alone, and following release from arti-
ficial controls, they subsequently increased. Ambitious
efforts were made by the agencies involved to slow or
control the elk densities on lands immediately outside
the park through late season harvests of both sexes. In-
teragency goals were to harvest 500-600 elk per year, a
number that was 15% to 17% of the estimated elk popu-
lation — a level of harvest that might have limited or
regulated the elk population, depending on the rate of
other elk losses. The maximum rate of increase in a wild
elk population where survival rates are high is about 33%
per annum (Eberhardt et al. 1996). But it has proven
impossible to obtain a harvest of 500-600 elk, and more
recently, access to private lands and tolerance for sport
hunting have declined in the area. Human developments
such as subdivisions, town developments, and ranchettes
with a few head of horses, have increased exponentially
in the past 10-15 years. The human population of the
Estes Valley in 1970 was 3,554. That number had reached
8,889 by 2000 (U.S. Census Bureau data). As a result of
less access by sportsmen to private lands, elk harvests
declined from 442 + 78 (% + SD) before 1987 to 302 + 36
since 1987, raising concerns that the elk population has
further increased since 1987 (Fig. 1). Elk have habitu-
ated to people and the developments in town, and as a
result, have recently gained access to rich food sources
in the form of irrigated and fertilized golf courses, pas-
tures, lawns, and ornamental shrubs. Access to these new
food sources, combined with shallow snows in town,
might have further fueled the elk increases. Concerns
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Fig. 1. Total hunter harvest of elk outside Rocky
Mountain National Park from 1983-1996.

over possible further elk increases since 1987 have been
expressed by agency managers and others (Hess 1993).

Elk were absent or held to low densities by human
controls on the winter range for over half the century
(late 1800s to 1969) and vegetation conditions and
succession may have changed as a result of the
underpopulation of a large native herbivore. Some
vegetation changes observed since 1969 might be
interpreted as a return to more natural conditions with
the return of elk to a more significant role in the
ecosystem. Vegetation conditions may not be declining
beyond natural conditions to be expected from elk grazing
(Stevens 1980,1992; Houston 1982).

National parks have a mission to preserve natural
ecosystems and processes (U.S. Department of the Inte-
rior, National Park Service 1988). Large native ungulate
herbivores can influence many aspects of plant structure,
growth, and net primary productivity. Ungulates graz-
ing and the action of their hooves can result in more bare
ground, soil compaction, and higher sediment yields from
grazed sites. Increases in bare ground could result in a
wariner or drier soil microclimate. A warmer soil, if
moisture is equivalent, could result in increased nitro-
gen mineralization on grazed sites. Ungulates can also
influence the nitrogen cycle by changing litter quality,
thereby affecting nitrogen mineralization rates, and by
adding readily available nitrogen to the upper soil levels
in the form of urine and feces (Hobbs 1996). Thus, the
natural heterogeneity of nitrogen within the landscape
can be influenced by ungulates.



Net primary productivity can either increase or de-
crease as a result of ungulates. Elk grazing increases ni-
trogen and other nutrient content and digestibility of
forages in other study areas (Frank and McNaughton
1992; Singer and Harter 1996). Elk apparently return
nutrients to the grasslands at a high rate (Frank and
McNaughton 1992) and grazed plants may be less sus-
ceptible to drought effects. Intensely grazed grasses and
shrubs had more optimal root:shoot ratios, longer grow-
ing seasons, higher water conductance, and higher sur-
vival than ungrazed counterparts (Georgiadis et al. 1989;
Welker and Menke 1990). McNaughton (1979) and Hol-
land and Detling (1991) observed that rates of photosyn-
thesis and nitrogen uptake were higher on grazed sites.
Ungulates can create spatial heterogeneity, modulate suc-
cessional processes, and control the switching of ecosys-
tems between alternative states (Hobbs 1996). Thus, we
regard ungulate herbivory as a natural ecosystem pro-
cess. Some effects of elk on vegetation, soil, and nutrient
processes, whether positive or negative, should be con-
sidered normal and natural in a national park ecosystem
where elk are a native species.

The challenge for land and resource managers is to
determine what conditions are “natural” ( a value-laden
term) because so little information is available for the
area prior to the influence of settlers in the mid-1800’s.
It is not clear at what point the effects of elk herbivory
exceed those expected under natural conditions and be-
come excessive effects, or overgrazing. National Park
Service (NPS) policy states that ungulates in parks can
be controlled when those concentrations are unnatural
and due to the effects of modern man, but unnatural con-
centrations can also be hard to define operationally (U.S.
Department of the Interior, National Park Service 1988).
However, natural processes to control populations of na-
tive species should be relied upon to the greatest extent

possible.

Definitions of Overgrazing

Overgrazing is also a value-laden term which can
be defined in various ways (see review by Coughenour
and Singer [1991]). Overgrazing is defined simply as
any excess of herbivory that leads to degradation of plant
and soil resources. The excess, which may be caused by
humans, should be defined. By our definition, overgrazing
could not occur in a pristine pre-Columbian ecosystem
with intact predator fauna. Those grazing effects should
all be considered natural and undisturbed.
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One’s perceptions might influence how overgrazing
will be defined. A range manager might define
overgrazing as any grazing in excess of that level which
would result in maximum production of livestock animal
tissues from the system. A wildlife manager might seek
maximum sustained yield (MSY) for sport hunting
purposes. In that context, overgrazing would be in excess
of that for MSY. Typically, MSY for a wild herbivore
like elk might be 53% to 60% of the ecological carrying
capacity of the habitat (ECC or K). Ecological carrying
capacity, or the ungulate-vegetation ceiling, is defined
as the maximum dynamic capacity of the habitat, forage,
and climate of the area to sustain the herbivore. Thus, if
K of'a certain area was estimated at 1,700 elk, MSY might
occur at about 1,200 elk and any grazing in excess of
that would be overgrazing. In the most liberal context,
ungulates, whether native or nonnative, are predicted to
obtain a new stable equilibrium with their vegetative
forage base — the Caughley model (Caughley 1979,
1981). In the Caughley model, considerable mortality of
some plants, major shifts in plant species to less palatable
and more resistant species, and some reduction in plant
productivity, are quite acceptable. Just let the animals
and plants do their own thing and everything will be all
right. That is what has happened time and time again in
nature. For example, when elk and other ungulates
crossed the Bering Land Bridge, they encountered systems
that were not yet adapted to their herbivory and yet,
eventually, the system adapted. Obviously, none of these
definitions is appropriate for a national park.

Four hypothetical scenarios of elk density have been
proposed for Yellowstone National Park, where this
subject has been intensely investigated but where little
agreement exists within the scientific community (Fig. 2).
The first proposed density scenario, the natural regulation
hypothesis of Cole (1971) and Houston (1971, 1976),
predicts a food-limited elk density at or near ECC or K
with little or no limitation by predators or Native
Americans. This was the premise by which elk were
released from artificial controls in both Yellowstone and
Rocky Mountain National Parks in 1968. But in the
ensuing decades it was determined that predators,
especially where both bears and wolves were significant,
could limit, and possibly regulate, ungulates in many
situations (Bergerud et al. 1983; Boutin 1992; Gasaway
etal. 1992). The second proposed sccnario, bascd on
predictions and extensive computer simulations, suggests
wolves and bears would reduce elk 8% to 20% following
full restoration of 75—100 wolves to the northern area —
the predator-limited K; of Garton et al. (1990), Boyce
(1993), and Mack and Singer (1993). Third, based on
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Fig. 2. Four hypothetical scenarios of elk density in
Yellowstone National Park under different carrying ca-
pacity models (from Cole 1971; Boyce 1993; Lime et al.
1993; Kay 1994).

observations from the far north, other wolf experts predict
200 wolves will occupy the area and wolves and bears
will limit elk to 40% to 50% of K — the predator-limited
K> (Gasaway et al. 1992; Lime et al. 1993; Messier 1995).
The fourth scenario, the rare elk hypothesis, is based on
the premise that Native Americans were efficient at
hunting and pursued elk to great lengths and reduced
elk populations to <10% of K (Kay 1990, 1994; Wagner
etal. 1995a,b).

For purposes of this paper, we define overgrazing in
three contexts. We suggest all three might be consider-
ations in a management decision. First, appropriate graz-
ing may be defined in terms of the population density of
elk that are suspected to have occurred on the park win-
ter ranges at the time of pre-Columbian man, with natu-
ral migrations of elk in place and intact native predator
fauna.

This, our preferred choice for a population density
definition of overgrazing, is that wolves, bears, and other
predators limited elk numbers in prehistoric times in
Rocky Mountain National Park to about one-fourth less
than the K for the area. We selected this scenario based
on the greater consensus of experts and modelers who
preferred this option (Garton ct al. 1990; Boyce 1993;
Lime et al. 1993; Mack and Singer 1993). We hasten to
add, however, that a high degree of uncertainty and sci-
entific debate surround these predictions.

Secondly, we propose another definition of
overgrazing for Rocky Mountain National Park based

on plant mortality, species composition, alterationsto less
palatable plants, or alterations to ecosystem processes
beyond those effects expected from the system prior to
arrival of modern man. There should be no reduction in
plant cover, no increase in bare ground, no reduced input
of organic matter, no increase in soil temperature or
decrease in soil moisture, nor any increase in sediment
or nutrient loss beyond levels expected from elk in a
natural, undisturbed ecosystem. In other words, the effects
of grazing of elk that occurred in prehistoric times with
an intact native predator guild should be acceptable and
grazing effects beyond that level should be unacceptable,

A third definition of overgrazing is any grazing be-
yond that level of elk grazing that is sustainable over
long periods of time. In other words, there should not be
a net loss of nitrogen, organic matter, or other nutrients
of a magnitude that would not be sustainable over a long
period of time. Elk herbivory in excess of that level would
be overgrazing.

The objectives of this report are to review, analyze,
and interpret the data collected on vegetation transects
and plots esiablished and monitored by former park
biologist D. Stevens, from 1968, following the release of
elk from artificial controls, to 1992. We subjected the
data to statistical analysis to detect trends following the
release of elk. We also comment on whether this sampling
design is sensitive enough to detect changes on this range
from 1968-1992 and we provide recommendations on
improved experimental and sampling designs that are
more robust.

Description of the Study
Area and Elk Populations

Study Area

Description of the study area was taken from Gysel
(1959), Stevens (1980), and Hobbs et al, (1981). The elk
winter range on the east side of Rocky Mountain National
Park encompasses about 10,000 ha on the eastern slope
of the Continental Divide in the upper montane zone.
Glacial moraines running east-west divide the body of
this area into four major valleys: Horseshoe Park, Beaver
Meadows, Moraine Park, and Hallowell Park. Elevations
in the study area range from 2,400 m at the valley bottoms
to 2,800 m on moraine ridgetops. Mean annual
precipitation is 41 cm, most occurring as wet spring
snows. North-facing slopes are dominated by dense stands
of lodgepole pine (Pinus contorta) and Douglas fir
(Pseudotsuga menziesii), while communities of



ponderosa pine (Pinus ponderosa)/shrub (mainly Purshia
tridentata) and big sagebrush (Artemisia tridentata)
dominate south-facing slopes. The flat valley bottoms are
covered with sedges (Carex spp.), grasses, and riparian
shrubs (Salix spp., Betula spp.) in wetter areas, and
grasses in drier areas.

Predominant vegetation types in the upper montane
zone include ponderosa pine/shrub, ponderosa pine/
Douglas fir, lodgepole pine, mesic montane forest, aspen
(Populus tremuloides), willow, shrub/grassland,
grassland, meadow, and wet meadow. Elk typically utilize
the conifer forests mainly for resting during midday and
move into meadows and grasslands in the morning and
evening to feed (Stevens 1980; Green and Bear 1990).
While the winter range extends beyond the park
boundaries into the town and valley of Estes Park, this
study was primarily limited to the areas within Rocky
Mountain National Park (Fig. 3).
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Elk Populations

Our analysis of elk use of plants and vegetation trends
would be incomplete without concurrent knowledge on
elk population densities. At the time elk were released
from artificial controls in 1968, park managers estimated
500 elk occurred within the park (Stevens 1980, 1982).
Some uncertainty surrounds this figure since itwas based
on ground counts. But the estimate was generated by
biologist, Neil Guse, who knew the elk population and
winter range well. Elk could be found and were regularly
hunted outside of the park from 1942 to 1968, but at the
time of the release of the park elk from controls, few elk
inhabited the town of Estes Park (T. Hobbs, personal
communication.). Following cessation of controls within
the park, elk increased rapidly and in 19791982, Bear
(1989) estimated there were 2,273 (range 1,627 to 3,075)
elk in the entire (park and Estes Valley) population.

ROCKY MOUNTAIN NATIONAL PARK

LOVELAND

ELK RANGES

EAST OF THE CONTINENTAL DIVIDE

B gt w
sty
==

Fig. 3. Winter and summer elk ranges east of the Continental Divide in Rocky Mountain National Park.
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Unfortunately, Bear (1989) did not report a separate
estimate for the park alone, but it appears that elk
increased 2- to 3-fold in the park. Additionally during
this period, elk began to habituate to, and use, the town
area more, where they gained access to rich food sources
in irrigated and fertilized pastures and lawns. The town
of Estes Park is approximately 250 m lower in elevation
than park winter ranges, snow depths are shallower, and
temperatures are warmer. Between 1968 and the present,
elk increasingly invaded and took advantage of an
unoccupied, but fertile, habitat in the town.

Calf:cow ratios (calves:100 cows) gathered in the
area also provided evidence that elk were increasing after
1968. Calf:cow ratios averaged 48 + 7 from 1979-1982,
suggestive of an elk increase, but calf ratios declined to
36 + 8 from 1991-1996, suggestive of a slowing of the
elk increase (Fig. 4). Calf:cow ratios were also higher in
the town than the park during 1990-1996, suggesting
the rate of elk increase, at least in recent years, was higher
in town,

Methods

Vegetation Trends

In 1968, then park biologist David Stevens, estab-
lished a long-term monitoring program in key vegeta-
tion types used by elk. He selected representative sites in
those vegetation communities and locales receiving the
highest elk use (Stevens 1980, 1992). Transects were cho-
sen nonrandomly and were well-distributed across the
winter range in easily accessible areas of highest elk den-
sities. Transects were not established in peripheral or low-
use areas of the winter range.

Forty-two line transects were established in six key
vegetation types on the elk winter range of Rocky Moun-
tain National Park from 1968-1971 (Fig. 5). Primary
transect lines were 100 fit (30.49 m) in length and estab-
lished along the contour. Nine of these transects were in
bitterbrush (Purshia tridentata); 4 in sagebrush (4.
tridentata); 4 in aspen (Populus tremuloides), 6 in wil-
low (Salix spp.); 8 in meadow; and 11 in upland
grasslands. Elk diets on the eastern winter range of Rocky
Mountain National Park consisted of a wide variety of
species, mainly graminoids, 55%, followed by shrubs,
38%, and forbs, 6% (Table 1) (Stevens 1980; Hobbs et al.
1982).
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Fig. 4. Ratio of calves:100 cows on Rocky Mountain
National Park winter range, 1984—1996 (a); and com-
pared between the park (aerial classification) and town
(ground classification), 1988-1996 (b).

Elk Use

Transects in bitterbrush, sagebrush, willow, and
aspen were established to monitor browsing by ¢lk and
deer on the major shrub species on these transects. On



ZFIGENFUSS ET AL. 53

LOCATION OF VEGETATION TRANSECTS
IN RMNP ELK WINTER RANGE
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Fig. 5. Location of vegetation transects on Rocky Mountain National Park elk winter range used by D. Stevens

from 1968-1992.
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Table 1. Predominant components of elk winter diets in Rocky Mountain National Park from Hobbs et al.

(1982) and Stevens (1980).

Graminoids Forbs

Shrubs

Bromus inermis
Bouteloua gracilis
Calamagrostis canadensis
Carex spp.

Juncus balticus
Muhlenbergia montana
Muhlenbergia richardsoni
Phleum pratense

Stipa comata

Poa spp.

Potentilla spp.

Eriogonum umbellatum

Salix spp.

Populus tremuloides
Purshia tridentata
Potentilla fruticosa

Rosa woodsii

Alnus tenuifolia

Prunus virginiana
Chrysothamnus viscidiflorus
Betula spp.

Ribes spp.

each of these transects, 25 to 40 shrubs of the key species
for that vegetation type were tagged along the transect
line and assessed annually for percent leader use, form
class, and decadence following the “key browse
technique” of Cole (1963). Data on average height and
percent cover of shrub species were collected
approximately once every 5 years using the line intercept
method (Canfield 1941), on bitterbrush, sagebrush, and
willow transects. Data on height, basal area, and density
were collected approximately once every 5 years using
the point-centered quarter method (Phillips 1959;
Mueller-Dombois and Ellenberg 1974), on aspen
transects.

Plant utilization and use of the transects by elk and
deer were measured annually on grassland and meadow
transects. A variety of methods were used throughout
the 25-year period to determine percent utilization on
these transects, including clip-and-weigh, counts of
grazed versus ungrazed plants, and ocular estimation.
Use by deer and elk was monitored annually by counting
the number of pellet groups of each species on 10 100-ft*
(9.3 m?) plots, located on a line parallel to the primary
transect line, on all transects, except those in willow.
Days use per acre by deer and elk were calculated fol-
lowing the methods described by Overton and Davis
(1969), using the formula:

Gy,
e

where 7= days of use per acre by deer or elk, a = the total
area sampled (in acres), and y; = the total number of pellet

groups per acre on the ith sample plot. A defecation rate
of 13 groups per day was assumed for both deer and elk,
thus:

43.55}y;/13 = 3.35}y;

which is days use per acre we used.

A modified Daubenmire (1959) technique was used
to determine occurrence and percent cover of herbaceous
and small shrub species on bitterbrush, sagebrush,
grassland, and meadow transects. These samples were
collected approximately once every 5 years. This
technique involved sampling 21 (20 x 50 cm) plots
distributed at 5 ft (1.52 m) intervals along the 100 ft
(30.5 m) transect line.

Statistical Methods

Both parametric and nonparametric methods of
analysis were used. Because transect locations were
subjectively selected, transects were treated as fixed effects
using two-way analysis of variance with year as the other
factor. Linear contrast methods were used to test for
significant trends in the responses over time.
Nonparametric analyses (rank transformations) were used
for variables which otherwise might violate the
distributional assumptions required for analysis of
variance procedures (parametric analyses). In the
nonparametric analysis, the data were ranked by transect,
and then ranked data were analyzed using general linear
models. Annual data were analyzed using general linear
models (PROC GLM) to determine significant changes



over the 25-year period in average percent leader use,
average days of elk use per acre, and average days of
deer use per acre year. Percent cover by species, height,
density, and basal area data, from the Daubenmire, line
intercept, and point-centered quarter plots were analyzed
using PROC GLM and ranked by species. Percent change
in variables which is reported in the Results section is
based on regression models fitted to the data. Analyses
were performed using SAS 6.08 statistical software.

We did not analyze utilization data from grassland
and meadow transects because variation in sampling
methods through the years may have affected the
comparability of the data from one sampling period to
the next. We performed no statistical analyses on
decadence and form class data on browse transects due
to the subjective and qualitative nature of these data, and
because tag numbers were often reused when the original
tagged plant died.

The entire data set for each vegetation type was
broken into smaller subsets for analysis in those instances
where the first sampling year differed among the
transects. When significant trends over time were
observed in all subsets for a vegetation type, we assumed
that the trend was significant for the vegetation type as a
whole. One willow transect and one aspen transect were
dropped from the 25-year analysis because the original
transects were destroyed in 1982 by the Lawn Lake flood.

Results
Trends in Elk Habitat Use

Increases in elk habitat use and declines in deer
habitat use, as evidenced by pellet counts over the 25-
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year period, were observed on all transects which had
pellet counts. There was no overall change in
consumption (percent leader use) of browse species.
Changes in cover of graminoids, forbs, shrubs, mosses/
lichens, litter, and bare ground varied by vegetation type
(Table 2). Significant (P <0.05) trends are summarized
by vegetation type below.

Grassland Transects

Elk habitat use, as indicated by density of fecal piles,
on grassland transects increased by 48% over the period
1969-1993 (Fig. 6a). Deer habitat use, however, de-
creased from the period 1969-1984 and then increased
from 1985-1993 (Fig. 6b). Overall, deer habitat use de-
creased by 48% on these transects over the entire sam-
pling period. Significant increases in percent cover of
bare ground (34%), forbs (30%), and lichens/mosses
(1,200%) on these transects occurred from 19681988
(Fig. 7a.b.c). Most of the increase in forbs is attributable
to the increase of Selaginella densa. Percent cover of
Carex spp. more than doubled (136% increase). Little
clubmoss (8. densa) and lichen species increased sig-
nificantly (76% and 728%, respectively) throughout this
period as well (Fig. 8a,b,c).

Meadow Transects

Elk habitat use on meadow transects doubled over
the period 1971-1992 (Fig. 9). Percent cover of Phleum
pratense showed a significant increase of 54% over the
period 1978 1988 (Fig. 10).

Table 2. Statistically significant change of measured variables (P <0.05) over 25-year period 1968-1992 (0 = no

change, + = increase, — = decrease).

Percent Percent cover by functional group
Vegetation Days use per acre leader use Mosses/ Bare
type Elk Deer of shrubs Graminoids Forbs Shrubs lichens Litter ground

Grassland + - 0 + 0 + 0 +
Meadow + 0 0 0 0 0 0 0
Willow 0

Aspen 0

Sagebrush + - 0 + 0 0 + + 0
Bitterbrush + - 0 0 0 = + + 0
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Aspen Transects

No significant changes were found in basal area,
density, or average height of aspen trees on these transects
for the period 1968—1988. But the variance between
transects was large and the number of sample plots
(n = 3-4) was small.
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Willow Transects

Ungulate herbivory, documented by percent leader
use on willow transects, did not change substantially dur-
ing the period 1968-1992. There are indications of a
slight decline from 1968-1983 (9%), followed by an in-
crease (3%) through 1992 (Fig. 11). Overall, percent
leader use declined by 6% from 1968-1992. Mean height
of Alnus tenufolia increased 78% from 1973-1988
(Fig. 12).

Sagebrush Transects

No significant changes in consumption (percent
leader use) on sagebrush transects occurred during the
period 1968—1992. Elk habitat use (days use per acre)
increased 112% on these transects throughout the period
between 1968-1992 (Fig. 13a). Deer days use per acre
declined from 19681983, then increased during 1984—
1992 (Fig. 13b). Overall, deer use declined 48.7% over
the entire period. Ranked data for mean height of Purshia
tridentata showed a significant increase over the period
1968—1988. Mean height (unranked data) increased 56%
over this period (Fig. 14). Percent cover of grasses,
mosses/lichens, and litter increased by 32%, 1063%, and
62% respectively, on sagebrush transects between 1968—
1988 (Fig. 15a,b,c).

Bitterbrush Transects

No significant trend in consumption (percent leader
use) was apparent on bitterbrush transects from 1969-
1992. Elk days use per acre increased 62% on bitterbrush
transects from 1969-1992 (Fig. 16a). Deer days use per
acre decreased 63.6% over this same period (Fig. 16b).
Percent cover and mean height of P. tridentata increased,
36% and 14%, respectively, on bitterbrush transects over
the period 1968—1988 (Fig. 17a,b). Percent cover of
mosses/lichens, litter, and shrubs increased 123%, 50%,
and 24%, respectively, over this period (Fig. 18a,b,c).

Discussion
Vegetation Trends

We were unable to determine whether or not
overgrazing occurred based on the experimental design
and limitations of the sample. We concluded there were
no overwhelmingly obvious indications of any
overgrazing based on the following evidence: (1) bare

ground increased only in grassland type and this increase,
while statistically significant, was relatively minor, only
about 4% (Fig. 7a), and there was no evidence of any
concomitant reduction of plant cover; (2) no obvious
significant shifts toward less palatable species were
indicated; (3) assuming changes in plant productivity can
be reflected by increasing canopy coverage, no decline,
and possibly an increase in plant production, may be
inferred from the increases in canopy cover of grasses
and sedges; and (4) significant shifts in species
composition, as would be indicated by significant increase
of weedy species and exotics coupled with decreases of
native plants, were not evident with two exceptions. The
first exception that we observed was an increase in cover
in grassland of lichens and S. densa, which tend to grow
on rock and gravel substrates (Nelson 1992). Their
increase may be a response to the minor increase in bare
ground. MacCracken et al. (1983) found that the lichen,
Parmelia chlorochroa, was significantly associated with
bare ground and drier sites in Montana grassland and
sagebrush vegetation. This lichen decreased in the
absence of grazing. Increases in mosses/lichens were also
observed in sagebrush and bitterbrush types. Anderson
et al. (1982) reported a 3-fold increase of lichen and moss
cover in moderately to heavily grazed areas over areas
with light grazing intensity. During and Willems (1986)
found similar decreases in lichen and mosses with
decreased grazing in Dutch chalk grasslands. Second,
we documented an increase in timothy, an exotic grass,
over the study period. Timothy is grazing-resistant, but
is also a preferred elk forage. The changes documented
are not suggestive of overgrazing. However, we were
unable to investigate all of our stated criteria of
overgrazing. In particular, the very limited data from
controls (exclosed vegetation) did not permit us to
determine which of these changes were due to elk
herbivory alone. The very limited data from within the
exclosures (statistical tests were not possible) indicated
there were similar amounts of bare ground, and that Carex
spp., S. densa, and lichens also increased in the controls.
Thus, at this time, and based on this data set and sampling
program, we found no overwhelmingly obvious
indications of any severe overgrazing of the herbaceous
species. We do suggest, however, that additional data be
gathered.

Increases in height of bitterbrush may be due to de-
creasing days use per acre by deer in both bitterbrush
and sagebrush plots. P. tridentata is a primary browse
species for mule deer (Odocoileus hemionus) as well as
elk in both sagebrush and bitterbrush types (Stevens 1980;
Hobbs etal. 1981).
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Increasing height of alder may be an indication of
changes in dominant species in willow sites. However,
though significant, this increase was relatively minor (ap-
proximately 1 ft [30 cm] average height increase over
25 years). The increase was not paralleled by similar in-
creasing cover of alder and decreasing cover of willow
species. Increasing heights of alder may reflect the fact
that alder is not as heavily browsed by elk as willow (per-
sonal observation) and could point to an eventual shift
in species composition from willow to alder.

Stevens’ annual reports (Stevens 1983-1992)
indicate increases in decadence and decreases in
reproduction of willows on willow transects — an
observation which is not corroborated by our analysis of
willow percent cover data on these transects. While it is

true that percent cover of willows decreased on at least
two of the transects, the other four transects remained
stable or increased over the 25-year time span (Fig. 19).
Also, we were not able to use data from transect 22 in
our 25-year analysis because that transect was moved
after the 1982 flood destroyed the original transect. Our
analysis does indicate declines on transects 17 and 19,
the same two transects that Stevens noted as declining;
however, these declines are offset in our analysis by
increases in cover on sites 16 and 20. In Stevens’ reports,
only the declines in transect 17 were attributed primarily
to elk, while declines on transect 19 in Lower Moraine
Park were attributed primarily to changes in hydrology
and secondarily to elk herbivory. A larger sample size
across all winter range willow communities would give
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a better picture of the direction of change in these willow
communities. Larger sample size would also reduce the
impact of loss of a few sample plots to events such as the
1982 flood.

This same case is even more exaggerated in the as-
pen transects. Stevens’ annual reports specifically men-
tion declines in aspen recruitment (Stevens 1969-1992).
Slight increases in the density of mature trees (>8 ft tall)
were observed on all three transects (Fig. 20a). While
the density of young trees declined dramatically on one
transect, it increased on another, while it initially de-
creased, then increased again over time on the third
(Fig. 20b). When all transects are analyzed together, the
impact of dramatic change in one plot is diminished.
With only three transects to analyze, we have no way of
knowing whether any of these plots is more representa-
tive of conditions on the range as a whole than any other.
That the plots were not randomly selected makes con-
clusions about the entire winter range aspen community
even less valid. Addition of data points from a fourth
transect illustrates how additional points might or might
not cause shifts in averages for a community type
(Fig. 20c,d). It should be pointed out that many of the
aspen sampling points actually violated one of the as-
sumptions necessary to use the point-centered quarter
method (Mueller-Dombois and Ellenberg 1974). The

point-centered quarter method is limited by the need for
each quarter at a sampling point to contain a plant. Many
points contained one or two quarters which had no as-
pen plants. Thus, the aspen densities reported here are
not entirely accurate, and more suitable methods should
be considered in future monitoring programs.

Increases in graminoids and litter in grasslands on
the study area suggest that with increased elk herbivory
grazing “lawns” may be developing (McNaughton 1984),
One species of exotic grass, timothy, increased in meadow
sites and native sedges increased in grassland sites. Both
of these graminoid groups are grazing-resistant and
potential increasers under elk grazing (Smith 1960). Both
timothy and sedges are readily consumed by elk (Hobbs
etal. 1981, 1982), and are not considered unpalatable
forages to elk. Are the increases in timothy and sedges
resulting in declines in other native species? Our data
did not verify any declines, but we hasten to add that
such declines might have occurred and not been detected
with this sampling program, due to inadequacy in the
number or extent of sampling.

Changes in species cover may be poorly estimated
using cover classes of unequal sizes as occurred here.
Methods which use unequal cover classes tend to
overestimate abundance of species with low average cover
and underestimate abundance of species with high
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average cover (Floyd and Anderson 1987; Mitchell et al.
1988). As a result, a minor change in canopy cover of a
particular species may occur and be obscured since only
the midpoint of the class is used in calculation of average
canopy cover for the sites. For example, two coverage
values, one of 52% and one of 74%, would both be
assigned to the cover class 50%-75%, the midpoint of
which is 62.5. Thus, the 22% increase in canopy cover
of this species would not be evident. Canopy cover
estimates may also be biased by size of individual plants
of a species, plant density, or size of the plot being
sampled (Hanley 1978; Floyd and Anderson 1987;
Mitchell et al. 1988). Tests of statistical power to estimate
the number of samples required to detect atreatment effect
were not routinely done in 1968. Thus, either the degree
of community stratification or the number of sample plots
may have been inadequate to detect a significant trend
even when one actually occurred.

Research and Monitoring
Recommendations

A Clear Statement of Questions and Needs

No monitoring program can afford to sample
everything, everywhere. Thus, research hypotheses need
to be more clearly stated than in the past. The changes in
vegetation and ecosystem parameters that will be
acceptable need to be better defined. Any premise that a
significant wintering population of elk will have no effect
on vegetation or ecosystem processes is naive. Any
human-caused concentrations of elk should be managed
by the National Park Service (U.S. Department of the
Interior, National Park Service 1988). At what point do
elk concentrations become unnatural? At what point do
vegetative conditions become unacceptable? These
threshold points need to be unambiguously defined.
Predictions need to be made as to what density of elk
wintering in the park should be expected from a naturally
functioning ecosystem. This will be acomplex assignment
because elk migrations are disrupted by human
developments to some extent, and because so little
information exists on prehistoric conditions. This subject
is so complex that an advisory panel was asked to assist
park staff'in April 1997 on the development of vegetation
management goals for elk range in the park.

In particular, park staff needs to decide which groups
of plants or ecosystem processes to focus on. Should the
focus be on plants which are most sensitive to changes
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in elk numbers? That would be most valuable if any
control of elk numbers is proposed, or if there is an
increase or decrease in elk numbers. This analysis
suggests that timothy, sedges, lichens, S. densa, and bare
ground are most sensitive to changes in elk numbers.
Should rare or declining plants be emphasized? If so, the
ongoing studies of Stohlgren et al. (1997) should tell the
park what species to focus on. Changes in rare plants
will be harder to detect and will require more sampling
and dollars. Another option is to focus sampling on highly
visible or high public profile plants, such as willow and
aspen.

Monitoring of Ungulate Populations

Ultimately, elk population goals will be set as a way
of achieving vegetation goals. Thus, any continued moni-
toring of vegetation under current elk management, or
any change in elk management, will depend on a paral-
lel effort to census the elk population. Predictive modeling
might be useful in this context. What level of change in
elk density will result in a specified vegetation response?
A census technique(s) is needed by park management
that will detect a +15% change in elk numbers both in
town and in the park sectors (Homer Rouse, Park Super-
intendent, 1993—-1995, personal communication). One
town census should be conducted per year. Census work
in progress, employing the Idaho aerial sightability model
(park sector) and mark-resight (town), meets these crite-
ria. Detailed classifications (bulls, cows, spikes, calves)
should be conducted each year to sample production and
recruitment in the elk population. This should continue
to be done both in town and the park. Any evaluation of
density-dependence in the elk population will require
annual counts and detailed classification to detect, for
example, a decline in calf recruitment with increasing
elk population size that might indicate density depen-
dence. Since each year will provide only one data point
in regression analyses, no annual counts/classifications
should be missed.

Mule deer populations may have declined over the
sample period. Additional monitoring of the mule deer
population should occur.

Experimental Design

The single greatest strength of the 25-year sampling
program and data set of Stevens (1980, 1992) was the
high level of consistency in how and when the measures
were taken (Stevens took every measure) and the
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impressive length of time of the study. Another strong
point was that the samples were well-distributed over
the entire winter range. Also, the transects were placed
in areas of greatest elk use and densities. Thus, the
sampling was most likely to detect any changes due to
elk abundance. The sampling program was a tremendous
accomplishment in its consistency and number of years,
and we compliment Dave Stevens for the work.

Stevens® (1980, 1992) 25-year study provided an
impressive data set which sampled a large number of
variables and vegetation types. However, future experi-
mental or monitoring programs would benefit from con-
sideration of additional design features, including:
random site selection stratified by vegetation type; larger
numbers of independent sample sites; objective and quan-
titative measurement techniques; consistent data collec-
tion methods; and consistency of sampling dates within
vegetation types (Table 3).

The single greatest weakness in the Stevens (1980,
1992) program was in the lack of adequate controls. Equal
sampling effort should have been expended in control
situations such as inside grazing exclosures or in similar
sites with few elk. Otherwise, the reatment of elk grazing
cannot be isolated from other potentially confounding
influences such as effects of climate, fire suppression,
natural succession, or others. For example, timothy might
have increased both inside and outside of exclosures. We
do not know that.

Only three large long-term exclosures exist and they
were erected 6 years prior to the release of elk from
controls and no canopy coverage data were collected
within these exclosures at the time they were erected.
These exclosures sample slightly different communities,
only one of which is included in two different exclosures.
The exclosures are inadequately replicated and all three
are located within the Beaver Meadows area and therefore

represent one small portion of the entire winter range.
Sampling in these exclosures was inconsistent over the
study period and not conducted in concert with the
sampling of the unprotected vegetation transects. As a
result, we were unable to do a trend analysis using these
data. We did visually examine mean canopy coverage
data for those species which showed significant changes
on the unprotected vegetation transects, but the data were
too limited for statistical tests (Appendix). Thus, our
highest priority recommendation is that any new
sampling program include the new network of exclosures
that were established in 1994 and/or any additional
exclosures added at a later date.

Additional limitations of the 25-year program were
that the sample sites were originally selected to be repre-
sentative and their selection was nonrandom. Greater
inference can be made to the entire elk winter range if
sample sites are located in a completely random fashion
across the entire landscape. Representative site selection
is the preferred option if the number of sample sites is
very limited by funds. But when sites are selected
nonrandomly in representative locales, statistical infer-
ences are limited only to those plots themselves, and not
to the general area, nor to the entire winter range. Non-
random selection of sample sites limits conclusions about
changes on larger scales.

Also, the 25-year program relied heavily on line
transects. While use of line transects is a widely accepted
and efficient means to sample plant communities, they
have a high degree of spatial autocorrelation. As a re-
sult, individual samples along a transect are not inde-
pendent from each other. Within-site variance is reduced,
but at an expense of time and labor. We suggest that this
time would be better used sampling a smaller number of
plots/sites, but across more sites. A greater number of
sites would provide a more accurate estimation of the

Table 3. Advantages and disadvantages of various experimental designs and sampling regimes.

Experimental design

Advantages

Disadvantages

Annual measurement
Less frequent measurements
Greater replication at a site

Fewer data points

Time efficient
Greater inference
Greater inference

Landscape replication
Random selection of sites
Representative site selection

More data points in regressions

Samples within-site variance

Best when funds are limited

Greater monetary and labor cost
Lower monetary and labor cost
Loss of landscape inference

Time consuming
Greater monetary and labor cost
Less inference




true means of variables measured. The size and shape of
plots used to count pellets (100 ft?) and the plots used for
sampling plant cover (20 x 50 cm) were adequate. Aerial
plant cover, however, is a highly variable measure easily
influenced by observer differences, wind at the time of
sampling, and other variables. We suggest basal plant
cover is less variable and a better measure. We also sug-
gest that plant productivity, by species, is even better,
since ultimately the productivity of the site is the final
measure of the success of any elk management program.
The 25-year sampling program provides a unique
and valuable long-term data set for assessing trends. The
complete dropping of this program is a decision that must
be weighed heavily and is beyond the purview of our
research group. We have identified enough shortcom-
ings in the program to recommend that the program no
longer be conducted in its existing fashion. If portions of
the existing program are to be maintained, power calcu-
lations need to be conducted, and, if necessary, additional
sample sites need to be selected. An equivalent number
of samples should be added inside of the new exclosures
to provide adequate controls to the treatment of elk graz-
ing. Only the most valid plots and measures should be
continued. Any of the remaining measures or plots that
are subjective should be dropped. All of the new sites
should be randomly located. We suspect portions of the
current program would need to be approximately tripled
to meet these criteria. Park staff need to ask themselves
if they are comfortable with the measures, the original
selection of sites, and a significant increase in time and
effort to stick with portions of the old program. Any drop-
ping of the old program would have to be weighed against
the loss of a unique, long-term sampling program.
Should the park management decide to develop an
entirely new sampling program, we suggest the follow-
ing steps. First, park staff needs to decide which plant
groups to focus on: species most likely to change, rare
species, or high profile-visible shrubs and trees (see Dis-
cussion above). Second, the specific treatments to be
sampled need to be selected. Will fire, trend over time,
changes in beaver abundance or water tables, climate, or
other factors be incorporated into the design? What should
the sensitivity to any change in elk density be? Will the
program need to detect changes due to a 25%, 50%, or
100% change in elk numbers? Third, the study area of
concern needs to be defined. Should the sampling focus
only on the high elk use areas, to save time and money?
Elk use may not be linear in habitats as numbers change,
so perhaps less preferred types should also be sampled.
Fourth, once these questions have been answered, the
optimal sample plot size, shape, and sample measures
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can be selected, and tests of power conducted to deter-
mine adequate sample sizes to detect a treatment effect.
Fifth, plot locations can then be located randomly using
the park’s geographic information system.

Plant recruitment and population turnover rates need
to be sampled. In particular, concern exists for inadequate
levels of seed production, seedling establishment, root
sprouting, and recruitment or stand expansion in aspen
and willows. Willow stands and aspen clones appear to
be stationary or slowly declining. Greater consistency in
tagging of browse plants in the future would allow
measures of age-specific mortality. In Stevens’ work,
changes in individual plant identification made it difficult
to follow decline of the plant population through time.
This problem could be solved in the future by having
stricter definitions of plant age categories and
discontinuing tag numbers of plants which die, and
assigning previously unused numbers to replacement
plants which are added at later dates. Percent protein
(N) should be measured, along with additional nutrient
concentrations and fibrous constituents, if estimation of
nutritional-based ecological carrying capacity is to be used
in elk management. Nutrient measures could also provide
information to evaluate the sustainability of elk grazing
in the system. Belowground plant reserves have been
ignored, and although difficult to measure, they are
important to understanding the effects of elk on plant
production. Therefore, we recommend the park consider
looking not only at traditional vegetation species
composition, but also at these ecosystem variables.
Ultimately, managers may determine that a shift in species
composition is acceptable, providing the productivity and
sustainability of the system is maintained.
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Appendix. Percent canopy cover of selected species from within three exclosures erected in 1962. Means (and

standard errors) are reported. Means with no reported standard error indicate only one data point available for
that sampling period.

Year
Vegetation type  Species 1970 1971 1975 1984 1990
Grassland Bare ground 12.00 23.20 9.60 8.20 10.70
(6.00) (0.30) (3.60) (1.90) (5.55)
Carex spp. 1.00 Trace 0.40 1.18 3.60
(0.30) (0.72) (2.50)
Selaginella densa 0.90 0.89 1.05
(0.10) (0.06) (0.35)
Lichen 2.14 1.25
(0.95) (0.75)
Meadow Bare ground 1.55 36.25 12.50
(1.45) (5.15) (2.50)
Carex spp. 45.50 0.55 2.00 21.20 14.90
(8.50) (0.45) (1.00) (9.50) (9.50)
Selaginella densa 1.50
(0.50)
Sagebrush Bare ground 22.30 13.60 7.50 20.30 15.27
(2.33) (3.15) (3.60) (129)
Carex spp. 14.00 3.63 6.50 13.08 12.73
(6.03) (0.88) (2.34) (1.65)
Selaginella densa 7.00 0.88 0.90
(0.78) (0.20)
Lichen 5.85 1.80
(2.15) (0.80)




CHAPTER FOUR

Factors Influencing Plant Productivity in Shrub Communities
on Elk Winter Range of Rocky Mountain National Park: Experiments
on Elk Herbivory, Water Availability, and Burning
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Abstract. Elimination of large predators and reduced hunter harvest has led to concerns that an increasing elk
(Cervus elaphus) population may be adversely affecting vegetation on the low elevation elk winter range of Rocky
Mountain National Park, Colorado. Vegetation production and nutrient responses to herbivory, water availability,
and burning were studied over a 5-year period to determine the effects of these processes on willow (Salix spp.) and
bitterbrush (Purshia tridentata) communities.

Elk herbivory suppressed willow heights, leader lengths, and annual production, as well as herbaceous
productivity of willow sites. Water impoundment had a positive effect on herbaceous production (P <0.05), but little
effect on shrubs in willow sites. Water impoundments on drier sites increased graminoid production over sites that
had naturally high water tables. Surveys conducted to evaluate current beaver numbers and distribution documented
a 94% population decline on the elk winter range since 1940, indicating the potential for altered hydrologic regimes
in the past 50 years.

Burning in upland bitterbrush communities decreased amounts of shrub cover and production, but had no
apparent effects on herbaceous standing crop biomass, with the exception of Stipa comata, which had lower
production after burning (P <0.001) and the carbon content of summer grasses. Grazing resulted in decreased
herbaceous standing crop biomass, increased nitrogen content of upland grasses, and increased dry matter
digestibility of forbs and grasses.

Vegetation conditions in willow sites on the elk winter range appear to be affected by a number of factors, of
which elk herbivory is only one. Elk herbivory appears to be the predominant force in determining vegetation
productivity in willow sites, but its effects may be exacerbated by lowered water tables. Restoration of fire through
prescribed burning to bitterbrush communities does not appear to be effective in increasing herbaceous forage
production; however, the majority of burns took place in spring when there was little fuel to carry a fire. Fall burns
may prove more effective.

Keywords: Beaver, Cervus elaphus, herbivory, hydrology, national park management, prescribed fire, Salix.
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Introduction

Native large mammalian herbivores significantly
influence plant species abundances and ecosystem
processes (McNaughton 1984; Hobbs 1996). However,
human developments can concentrate animals onto
smaller ranges, thus increasing population densities
while diminishing forage availability, and may decrease
movements between, and within, seasonal ranges,
potentially changing the scope of herbivore influence.
Additionally, human manipulations of landscapes, such
as the draining of wetlands for agricultural purposes and
planting of crop species, can alter the plant communities
on which herbivores rely. These influences may combine
to create situations where less common plant
communities and associated animal species are altered
due to increased herbivory, competition from non-native
or grazing-resistant plant species, and changing
environmental and climate conditions.

Ideally, national parks and other protected areas
should be pristine areas where habitats are protected from
“unnatural” influences. However, many of these areas
have been subjected to extensive human alterations, ei-
ther presently or in the past. Therefore, many of the eco-
systems represented in these areas are missing important
elements, including key predators and other animal spe-
cies; an intact complement of native habitats, including
healthy riparian areas; and plant communities unaltered
by exotic species (Huff and Varley 1999; Wright 1999).

The impact of ungulate herbivory on plant produc-
tion has been hotly debated. Several researchers have
demonstrated “grazing optimization”, where plant pro-
ductivity increases in response to grazing through over-
compensation of the plant for tissues lost to herbivores
(McNaughton 1979, 1984; Dyer et al. 1991). However,
application of this theory to U.S. western rangelands
was questioned by Painter and Belsky (1993), Patten
(1993), and Bartolome (1993). DeAngelis and Huston
(1993) pointed out the importance of physiological char-
acteristics and environmental conditions in response of
individual plants to herbivory.

Broad-scale declines in willows (Salix spp.) have
occurred at a number of locations in the Intermoun-
tain U.S. West where there are also dense ungulate
populations (Boyce 1989: Singer et al. 1994). Elk
(Cervus elaphus) are protected at some of these loca-
tions, such as in national parks and the National Elk
Refuge, Wyoming. Predators were eliminated at some
of these sites and considerable confusion exists over
what effect predators and Native Americans might

have had in regulating or limiting the abundance of elk
(Kay 1990, 1994; Wagner et al. 1995a; McNaughton
1996; Singer et al. 1998a). Willow declines in the pres-
ence of high elk densities have been documented in Rocky
Mountain National Park (RMNP) and Yellowstone Na-
tional Park (YNP) (Singer et al. 1998b; Zeigenfuss et al.
1999) and the National Etk Refuge (Smith and Robbins
1994). All of these areas have similar histories of hu-
man alterations of the landscape and hydrologic condi-
tions. The climate has become warmer and drier
throughout the century, thus contributing to willow de-
clines in YNP and RMNP (Balling et al. 1992; Singer
etal. 1998b). Beaver declines have also been documented
in both of the parks on their major elk winter ranges
(Consolo-Murphy and Hanson 1993; D. Stevens and
S. Christianson, Rocky Mountain National Park, unpub-
lished report).

Willows typically become established on disturbed
sites with abundant water. Willows are adapted fo out-
grow the reach of ungulates and to out-compete neigh-
boring plants through rapid vertical growth rates and
large belowground storage of nutrients and energy
(Bryant et al. 1983). A more arid climate might reduce
water availability to willows. Cooper et al. (1998) found
that in a dry year in RMNP, water tables in a restored
area previously drained by ditching dropped to a degree
similar (40-70 cm) to pre-restoration levels. It could be
assumed that this dry climate effect would be exacer-
bated in areas where natural flows had not been restored
over longer periods of arid conditions. Beaver declines
may also contribute to willow declines. Beaver popula-
tions play important roles in channel geomorphology,
increasing water tables, retention of sediment and or-
ganic matter, modifying nutrient cycling and decompo-
sition, and habitat modification, including community
and species compositions (Naiman et al. 1986). Climate
change, increasing elk numbers, and beaver declines
varied this century (Singer and Cates 1995; Wagner et al.
1995b) and potentially interacted in their impacts on
ecosystem processes. Thus, any research other than ex-
periments planned to differentiate these effects are un-
likely to shed further light on the factor(s) most
responsible for willow declines.

Water stress may act to make plants more vulner-
able to herbivory and reduce the ability of a plant to
compensate for tissue losses. Physiologically stressed
plants may produce less total resin and phenols com-
pared to healthy plants (Kozlowski 1971; Singer et al.
1994, 1998b; Cates et al. 1999), and thus may be fed on
preferentially by herbivores (Gurchinoff and Robinson
1972; White 1984; Halls et al. 1994; Swihart and Picone



1998). Herbivory may interact with water stress in a
number of ways. Herbivory may lower shoot/root ratios,
thus reducing the transpiration tissues (leaves, shoots)
and improving the water status (i.e., reducing water
stress) of the grazed plants (Wright et al. 1989). Where
most of the plants are grazed, such as in the Serengeti
grasslands, the reduction in overall transpiring plant tis-
sues may serve to increase soil water and extend the
growing season (Georgiadis et al. 1989). However, her-
bivory and water stress may also interact to reduce the
long-term ability of the plant to recover. Browsed wil-
lows in RMNP apparently have less access to the ground
water table than unbrowsed willows, suggesting that
browsed willows have lost root structures that had ac-
cess to the water table (Menezes et al., this volume).

Fire also plays an important role in plant produc-
tion by releasing nutrients to the soil in a more acces-
sible form for plant uptake, as well as introducing
structural heterogeneity to the plant communities. Wild-
fires have been suppressed in RMNP for most of its his-
tory, and until recently, prescribed fire has not typically
been used as a management tool.

Management of elk and vegetation in Rocky
Mountain National Park, Colorado has been an issue
since the 1930s. Elk populations were maintained at
constant levels through removals by park management
from the 1930s—1967, but have increased about 3-fold
since the cessation of artificial controls within the park
boundaries in 1968. Park managers are concerned that
possible unnatural concentrations of elk may alter natural
plant communities and ecosystem sustainability.
Concerns over possible further elk increases and
concurrent vegetation declines [particularly in willow
Salix spp.) and aspen (Populus tremuloides) communities
on the winter range] have been expressed in recent years
(Olmsted 1979, 1980; Hess 1993). Analysis of vegetation
conditions on the winter range from 1968-1992 led
former park biologist, David Stevens, to conclude that
only willow and aspen stands on optimum habitat would
survive under current browse pressure (D. Stevens,
National Park Service, unpublished report).

Changing vegetation conditions may be a natural
product of climate change, human-induced changes,
hydrologic changes, fire suppression, or an expected
result of recovery of elk to greater densities following
cessation of artificial controls. All of the meadows that
make up the significant proportion of elk feeding areas
on the park winter range were altered throughout this
century by extensive hydrologic changes. Direct human-
induced alterations included: drainage and irrigation for
cultivation; water removals to support homesteads,
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lodges, and National Park Service (NPS) administrative
and visitor facilities; and water rights diversions. Beaver
declines resulted in altered stream courses, dry channels,
and drained ponds. Elk were absent, or their populations
controlled at low densities, for over half a century (late
1800s to 1969). Vegetation conditions and succession
may have changed because of underpopulation of a large
native herbivore. Some vegetation changes observed
since 1969 might be interpreted as a return to more
natural conditions (pre-European settlement) with the
return of elk to a more significant role in the ecosystem.
Vegetation conditions may not be declining beyond
natural conditions to be expected from elk grazing
(Houston 1982).

Upland bitterbrush communities make up 50% of
the feeding areas within the park’s elk winter range.
Elk utilize the understory grasses to a great extent in
the winter, removing approximately 60% of growth an-
nually (Singer et al., this volume). Previous studies have
shown that since elk were released from artificial con-
trols, percent of cover of bare ground on grasslands has
increased (Zeigenfuss et al. 1999), and in bitterbrush
areas, shrub cover is increasing. Stevens (unpublished
report) observed that grasslands predominate with the
disturbance of fire or heavy ungulate grazing. Grass-
lands may be decreasing and shrub cover increasing on
xeric sites due to fire suppression policies that have pre-
vailed in the park since its establishment. There has also
been concern over the potential for shifts in species com-
position towards more palatable, grazing-resistant spe-
cies, such as Poa pratensis, Phleum pratense, and
Koeleria macrantha because of high levels of grazing.

We addressed the major issues of herbivory, water
availability, and fire through a series of controlled ex-
periments based on the following hypotheses:

(a) Plant productivity has declined due to elk. It will
increase when elk are excluded and levels of her-
bivory that are higher than ambient levels will
decrease plant productivity.

(b) Production in willow sites will respond positively
to increased water availability. Willow sites with
high water tables will better sustain elk herbivory
asreflected by increased willow production, wil-
low heights, and herbaceous production.

(c) Plant species composition has been altered by
several years of elk herbivory. Excluding elk
herbivory will result in shifts in plant species
diversity.

(d) Beaver populations have continued to decline
over the past 17 years.
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(e) Plant production and shrub cover in bitterbrush
sites will respond positively to prescribed burn-
ing. Initial increases in herbaceous plant produc-
tion and eventual increases in cover of bitterbrush
will follow burning. Quality of forage in burned
sites will increase as reflected by increased ni-
trogen concentration and dry matter digestibility
of forage.

Study Area and Treatments

Sixteen study sites were randomly selected in the
elk winter range of the northeastern side of RMNP in
the montane riparian and upland shrub communities.
Vegetation communities were identified and random
points generated in each vegetation type using a Geo-
graphic Information System (GIS).

Twelve study sites were located in riparian willow
communities of: (1) the north and south sides of the
Moraine Park area of the Big Thompson River drainage
of the Big Thompson watershed (elevation 2,481 m); and
(2) the Horseshoe Park area of Fall River drainage of the
Big Thompson watershed (elevation 2,598 m). Predomi-
nant willow species throughout all areas were Salix
monticola, S. planifolia, and S. geyeriana mixed with
other mesic shrubs, such as Potentilla fruticosa, Betula
glandulosa, B. occidentalis, and Alnus tenuifolia. Eight
of these sites (four in Moraine Park and four in Horse-
shoe Park) were located in drier areas with little or no
current beaver activity that supported short, heavily
browsed willow. In all of these “short willow” sites, evi-
dence from dead and decadent willows indicates that
plants over 2 m tall were once present on all of these
sites. The other four sites (two in Moraine Park and two
in Horseshoe Park) were located in beaver-occupied ar-
eas (including areas of recent activity), or high water
table areas, that supported taller willow plants subject to
less severe hedging by the elk. These sites are referred to
as “tall” willows.

Two 30.5 m x 45.7 m paired plots were chosen at
each site. One randomly selected plot was fenced to ex-
clude elk and deer and the other remained unfenced.
Exclosures were erected in August-November 1994. In
half of the sites with shorter willows (two in each drain-
age, n = 4), we attempted to raise the water table. This
treatment, referred to as “short-watered” willows, was
imposed in spring 1995. The treatments consisted of
sheet metal check dams placed in both the grazed and
ungrazed (exclosed) areas at each site. The dams were

placed in existing ephemeral stream channels to impede
the flow of rain and snowmelt runoff and raise the water
levels locally. The rest of the shorter willow sites (two
in each drainage, n = 4) were left to their normal hydro-
logic regimes and referred to as “short-control” willows.
Throughout the growing season, water table levels at all
the sites were monitored using wells and by measuring
water levels on either side of check dams. Annual her-
baceous consumption averaged 55% of annual produc-
tion and shrub consumption averaged 33% of current
annual growth throughout the study period (Singeret al.,
this volume). Elk were the primary ungulate herbivore
in these systems,

Within each willow exclosure, simulated browsing
treatments were conducted during winter (January-
March) each year. At the outset, each exclosure was di-
vided into sections that were randomly assigned to a
“clipped” treatment or an “ungrazed” treatment. The
clipped treatment, from fall 1995 onward, consisted of
clipping 75% of the current year’s growth from all for-
age shrubs and clipping 75% of the herbaceous layer in
that section of the exclosure. This was intended to simu-
late greater herbivory that might occur with an increase
in elk numbers or concentrations and to test the effects
of these higher consumption levels. All clipped plant
material was removed from the exclosure. Ungrazed treat-
ments were unmanipulated areas within the exclosures.
The grazed (unfenced) plots were left to unregulated elk
grazing and browsing.

Four study sites were randomly located in upland
communities. These sites were all located on southern
exposures in the areas of Hallowell Park (elevation
2,652 m), Deer Ridge (elevation 2,591 m), Aspenglen
Campground (elevation 2,500 m), and the Beaver Mead-
ows Entrance Station (elevation 2,454 m). Primary veg-
etation cover consisted of antelope bitterbrush (Purshia
tridentata) and mountain muhly (Muhlenbergia
montana) associated with sparse ponderosa pine (Pinus
ponderosa). These sites were established to study the
effects of herbivory and prescribed burning on produc-
tion and species composition in this vegetation type. Two
30.5 x 45.7 m paired plots were chosen at each site. One
was randomly selected to be fenced to exclude elk and
deer and the other was open to grazing and browsing.
Exclosures were erected in March—May 1995. Half of
the area inside and outside exclosures at each site was
burned in late fall 1995 or late April/early May 1996.
Annual herbaceous consumption averaged 60% and
shrub consumption averaged 12% throughout the study
period (Singer et al., this volume).



Methods

Hydrological Monitoring

Area snowpack (at the Willow Park SNOTEL site)
data were obtained from the USDA Snow Survey Office
and growing season precipitation data from Colorado
Climate Center’s Estes Park site. The Willow Park
SNOTEL site is located 9.2 km east of Horseshoe Park,
at the head of the Fall River drainage. During the 1997
growing season, rain gauges were maintained within
Moraine Park and Horseshoe Park. Simple open-top
gauges were placed in open, unobstructed areas and read
at least once every 2 weeks, depending upon rainfall
events. River levels were monitored during the 1997
growing season. Metal bars were placed in river chan-
nels at the study sites in both watersheds. The top ends
of these bars were surveyed with reference to an arbi-
trary elevation plane. Measurements of river levels were
made every 2 weeks.

In the summer of 1994, 81 shallow wells were in-
stalled in the two watersheds under investigation to
monitor seasonal and annual changes in water levels, as
well as those induced by our damming treatments. Fifty
wells were placed in the Horseshoe Park willow study
sitesand 31 in the Moraine Park willow study sites. Wells
at most sites were placed along site boundaries both par-
allel and perpendicular to the flow of water through the
site. Wellheads were referenced to the same arbitrary
plane of elevation as the river channel bars. Depth of
penetration for the wells varied from less than 1 m to
just over 2 m below the surface. Depth of wells was de-
termined by the maximum depth that could be reached
using a gas-powered auger, or 0.5 m past the first sign
of the water table. Wells were constructed of 2-inch di-
ameter PVC pipe slotted along the entire length that
was underground. During the growing seasons from 1995
to 1998, groundwater levels were read at least once per
month at all sites, usually coinciding with the reading
of river levels. It was not possible to collect pre-treat-
ment groundwater data prior to the installation of the
check dams, so we compared them to undammed short
willow sites nearby.

Beaver Surveys

Beaver surveys were conducted on 11 streams within
the Big Thompson River watershed in the northeastern
portion of the park. Field surveys were conducted from
October 1994 through December 1998 repeating similar
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ground surveys conducted in 1939-1940 (Packard 1947),
1964, and 1980-1981 (Rocky Mountain National Park,
unpublished data). We surveyed stream reaches in which
beaver activity had been reported in the prior surveys,
mapping the location of signs of current beaver activity,
including fresh cuts on vegetation, food caches, and
lodges and dams with fresh work or vegetation cuttings
from the current year. Surveys were conducted during
all months, but were concentrated between October and
May when frozen stream channels facilitated walking.
We compared the number of lodges recorded for the
most recent survey of each stream with the number re-
corded for the same areas in the earlier surveys. We es-
timated the population size for each stream based on an
assumed colony of six beavers per lodge following prior
surveys. Where current activity was evident but no lodge
located, we assumed one active colony of six beavers.
We compared the estimate based on our most recent sur-
vey to 1939-1940, 1964, and 19801981 estimates.

Shrub and Herbaceous Production

Three 9.3 m? randomly-selected circular plots were
established in each treatment at each study site in 1994
for measuring shrub production. Data on shrub produc-
tion were collected in the late summers of 1994-1996
and 1998 for willow sites and 1994—1997 for bitterbrush
sites. Data collected on each plant included species;
canopy diameters (widest and perpendicular to widest
diameter); plant height; number of stems; and an esti-
mate of percent of canopy dead. On every fourth indi-
vidual of each shrub of each species, a subsample of the
number of browsed and unbrowsed leaders; diameters
at twig base, tip, and point of browse (grazed plots only);
and leader lengths (1996-1998) were also collected. Sev-
eral willows (n = 2-4) of the three predominant species
in each treatment at each exclosure were also tagged for
more intensive measurement throughout the course of
the study. Catkin production was measured in June 1996
and 1998 on tagged plants. Annual aboveground pro-
duction was estimated using log-log predictor regres-
sions of total production (dependent variable) on canopy
volume (independent variable) of willows and bitterbrush
following Peek (1970). Plant material removed from the
tagged plants during annual willow clipping treatments
was collected for use in creating regression models. A
number of willow and bitterbrush plants located outside
the study sites, but within close proximity to them, were
sampled for plant production in late summer 1995 and
1996. These samples included leaves and twigs and were
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spectroscopy). All dry matter digestibility, non-structural
carbohydrate, and mineral analyses were performed at
the Range Nutrition Laboratory at Colorado State
University, Fort Collins.

Statistical Analyses

Statistical analyses were performed using SAS (ver-
sion 6.12) statistical software. Shrub annual production,
height, species-specific production, canopy area and vol-
ume, catkin production, and leader lengths were tested
for differences between all treatments. Herbaceous stand-
ing crop biomass and species composition were also ex-
amined for treatment differences. Data from willow sites
were analyzed for differences between all treatments us-
ing PROC MIXED in SAS, an analysis procedure that
is a generalization of the standard linear model designed
to analyze data generated from several sources of varia-
tion. This method allowed us to account for, and test
for, the effects caused by the different watersheds (Mo-
raine vs. Horseshoe), as well as random sites. Differ-
ences between individual means were determined using
the probability associated with the ¢-statistic for pairwise
comparisons between least square means. PROC GLM,
the general linear model for data with only one source
of variation, was used for analysis of data from bitter-
brush sites since these sites were not grouped in water-
sheds, but randomly placed over the entire landscape of
available bitterbrush. The F-protected least significant
difference was used to determine significant differences
between means. When the assumptions of equal vari-
ance were not met, variables were log transformed to
stabilize variance. Comparisons between years were per-
formed using only the ungrazed and grazed treatments.
Due to the wide variability in sample means, differences
between treatments were considered significant at the
90% confidence level (P <0.10).

Because the water additions were limited in magni-
tude (12-37 c¢m) and duration (May and June only), we
also investigated the response of willows to water through
correlations of growth parameters to depth to the water
table.

Results
Hydrological Monitoring

Above-average snowpack conditions existed at the
beginning of the growing season for the first 3 years of
the study (1995-1997). The water year 1998 snowpack

was similar to the 30-year average in magnitude, time,
and duration. Figure | compares the 4 years covered by
this study with the 30-year average for 1961-1990 for
the area.

May through mid-June of the 1995 growing season
was a period of above-average precipitation. Total pre-
cipitation for these 2 months was 20 cm above the
30-year average. This precipitation, combined with the
heavy runoff from the above-average late season snow-
pack (Fig. 1), led to very high water tables in our study
sites. The resultant high river levels made data collec-
tion difficult at some sites and led to the late-June
flooding of at least one site in Horseshoe Park. The grow-
ing season precipitation total (May—September) for 1995
was 14 cm greater than the 30-year average. Totals for
the next three growing seasons (1996—-1998) were within
3 cm of the 30-year average. Rain gauge measurements
in the 1997 growing season indicated very similar rain-
fall patterns and totals for the two watersheds (27.4 cm
for Horseshoe Park and 26.5 cm for Moraine Park).

Dates of peak river levels varied, from early June in
1998 to the end of June in 1995, as a function of
snowpack characteristics of that year (L. Zeigenfuss, U.S.
Geological Survey, personal observation). The amplitude
of river level change in Horseshoe Park was
approximately twice that of Moraine Park, perhaps due
in part to differences in channel morphology.
Fluctuations in groundwater peaks and lows from year
to year were the result of variations in timing and volume
of snowpack runoff (May—June), and variations in
precipitation inputs throughout the season (Fig. 2). Even

100 7

+ 1961-1990 average

Snow water equivalents (cm)

Fig. 1. Snowpack data for Willow Park, Rocky Mountain
National Park, Colorado. Thirty-year average (1961—
1990) compared to 1995-1998 Water Years. Source:
USDA Snow Survey Office, Lakewood, Colorado.
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Fig. 2. Distance to groundwater in: (a) tall willow sites; (b) short-watered willow sites; and (c) short-control willow
sites in Moraine and Horseshoe Parks, Rocky Mountain National Park, Colorado, 1995—-1998.



80 ELK AND VEGETATION

when low rainfall conditions were experienced during
July—September, groundwater levels never averaged more
than 1 m below the surface. We hypothesized that tall
willow sites would be wetter (i.e., that wetter conditions
contributed to the presence of taller willows). Sites in
Horseshoe Park followed the pattern we expected. Tall
willow sites were the wettest, followed by short-watered
sites, and short-control sites. However, this pattern was
not present in Moraine Park where the short-control sites
were wettest and the tall sites were the driest (Fig. 2).
The check dams were successful in holding additional
water at the sites during the early growing season. The
mean difference between groundwater levels between
dammed and undammed sites in May of 1997 was 37 cm
for Horseshoe Park and 12 cm for Moraine Park (Fig. 3).
Early season difference between water elevation in the
channel behind the dam and that at the nearby
intersection with the river was approximately 0.6 m. By
early July, after spring run-off had subsided, water no
longer backed up behind the check dams, and the
difference in mean groundwater levels between short-
watered and short-control willow sites had disappeared.
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Fig. 3. Comparison of 1997 well measurements (mean
+S.E.) for undammed and dammed willow sites in:
(a) Horseshoe Park, and (b) Moraine Park, Rocky
Mountain National Park, Colorado.

Within each park, significant differences (P = 0.058 for
Horseshoe Park and P = 0.038 for Moraine Park)
between groundwater levels in short-watered and short-
control willow sites occurred at the beginning of the
growing season (May), before the rise in river levels
(Fig. 3). At the time of high river levels and the resultant
higher ground water levels throughout the system (early
June) the difference between damming treatments
lessened but still existed.

While each site in the study was unique in its surface
water and groundwater characteristics, all sites exhibited
high groundwater levels in the first half of the growing
season. At all sites, even the lower late-season
groundwater levels appeared to be high enough to be
readily accessible for willows and other deep rooted
plants in the sites all years (Alstad et al. 1999). At some
sites in years of low precipitation (1994, 1998), Carex
plants further away from watered channels (which have
shallower roots than willows) may have experienced
periods of water stress during the later half of the growing
season (Alstad et al. 1999).

Beaver Populations

Beaver activity occurred on 8 of the 11 streams
surveyed. Since 1981, one stream (Hidden Valley Creek)
was abandoned and colonies established on one
unoccupied stream (Mill Creek). Two streams that were
abandoned between 1940 and 1981 (Wind River and
Beaver Brook) remained unoccupied.

The total number of active lodges declined 83% be-
tween 1940 and 1981, and an additional 12% by 1994—
1998, resulting in an overall decline of 95% since 1941
(Table 2). Similarly, the total estimated population size
on surveyed drainages declined 79% between 1940 and
1981, and an additional 15% by 1994—1998, resulting
in an overall decline of 94% since 1941 (Table 2). Esti-
mated population sizes declined on all streams except
the North Fork of the Big Thompson. The largest de-
clines occurred on the Fall River, Big Thompson River,
Glacier Creek, and Mill Creek.

Plant Production and Nutrient Responses
to Water Manipulations and Herbivory
Trearments in Willow Sites

Grazingresulted in significantly lower willow
production (P = 0.017) than ungrazed and clipped
treatments by 1998 (Fig. 4). This difference only became



Table 2. Active beaver lodges and estimated beaver population size in the Big Thompson River watershed on elk winter range in Rocky Mountain

National Park, Colorado.

Active lodges Estimated population size
Location 1939-1940 19801981 1994-1998* 1939-1940 1980-1981 1994-1998°
North Fork 1 1 0 6 6 6
Cow Creek 4 2 2 24 18 12
Fall River (Horseshoe Park) 13 10 0 06 24 6
Hidden Valley Creek 10 2 0 70 6 0
Beaver Brook 6 0 0 36 0 0
Big Thompson River (Moraine Park) 52 3 2 315 18 12
Cub Creek 7 1 L 60 6 6
Mill Creek 22 0 2 144 0 12
Glacier Creek/Boulder Brook 18 4 | 150 24 6
Wind River 3 0 0 18 0 0
Total 136 23 7 919 195 60

*Numbers reported are for most recent year surveyed in the period 1994-1998.
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Fig. 4. Willow production (kg/ha) under different grazing
treatments (different letters denote significant difference,
P <0.02) on elk winter range of Rocky Mountain
National Park, Colorado.

evident 4 years post-treatment. There was an interaction
effect between year and herbivory treatment for willow
production (P <0.001). After4 years ofrest from grazing,
willow production had increased by 209% (Fig. 4).
Willows browsed by elk were shorter than those protected
ortreated with clipping (P <0.002) after only 2 years
(Fig. 5). Willow leader lengths were shorter (P = 0.033)
under grazed (17.5 £2.4cm; X + SE)and ungrazed
(15.9 £2.4 cm)treatmentsthan clipped treatments (23.1 +
1.9 ¢cm)in 1998. Overall leader lengths were greater
(P = 0.001) in Moraine Park (23.2 £ 2.0 cm) than
Horseshoe Park (14.9 + 1.4 cm). In 1996, there was an

O Ungrazed
160 -‘ & Clipped a =
140 . M Grazed

b A

1995 1996

1994

1998

Fig. 5. Average heights of willows under different
grazing treatments on elk winter range of Rocky
Mountain National Park, Colorado.

interaction effect on leader length between herbivory
treatment and location (P = 0.021) because all browsed
leaders of willows under grazing were shorter in Moraine
Park. All clipped willow leaders in Moraine Park were
longer than clipped willow leaders in Horseshoe Park.
Willow catkin production (catkins/m® of shrub canopy
volume) was ~70% lower under clipped (21.2+3.5) and
grazed (16.8+ 6.1) than the ungrazed (69.0+ 13.6)
treatment.

Herbaceous standing crop biomass (graminoids +
forbs) in both grazed and clipped treatments was T8—
29% lower than in the ungrazed treatment by the fourth
year post-treatment (P = 0.016; Fig. 6). While we did
detect a pre-treatment difference in herbaceous stand-
ing crop biomass in 1994 with higher biomass in grazed
sites (mainly attributed to grazed sites in Horseshoe
Park), this difference was no longer significant by 1996.
Percent basal cover of grasses and bare ground were
greater (P <0.001 and P = 0.036, respectively) in grazed
sites. Mean cover of bare ground was 7.72 + 2.16% in
grazed as opposed to 3.10 + 1.62 % in ungrazed sites.
Shrub cover (P = 0.004) and litter cover (P <0.001) were
lower under grazing. Less litter accumulated (P <0.009)
in grazed and clipped plots by 2 years post-treatment.

The water impoundments early in the growing
season did not have any impact on willow production
(Fig. 7). Willow production was greater in tall sites than
either short-watered or short-control willow sites in
19941996 (P <0.001); however, in 1998, this difference
was not significant (P = 0.118). The height differences
selected at the start of the study were maintained, despite
water impoundment, and heights were greater (P <0.036)
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Fig. 6. Annual herbaceous production under different
grazing treatments on elk winter range of Rocky
Mountain National Park, Colorado (different letters
denote significant difference, P <0.10).



in tall sites than short-control or short-watered sites in
all years.

Herbaceous standing crop biomass response to the
water impoundment was difficult to interpret. At the
onset of the study in 1994, herbaceous biomass was
greater in short willow sites destined for water
impoundments than other short willow sites. However,
in 1995, the first year of damming, herbaceous biomass
was, on average, 30% greater (P = 0.006) in tall willow
sites, than both watered and control short willow sites.
Following 2 and 4 years of water impoundment, in 1996
and 1998, biomass in short-watered sites was
significantly greater than in short-control sites
(P=0.051 and P =0.036), and exceeded tall sites
(though not significantly so) both years (Fig. 8). This
effect may have been due to apriori site differences
between short-control and short-watered sites, or a
response to water impoundment on the sites.

Shrub production and herbaceous standing crop
biomass responded to total March-September
precipitation, but this response fita quadratic curve well
in most cases (r? ranged from 044 to 0.94), implying
that perhaps there is a threshold level of precipitation
beyond which herbaceous production did not increase.
However, the year of highest precipitation, 1995, also
had a shortened growing season (L. Zeigenfuss, U.S.
Geological Survey, personal observation) due to late
warming. This may also have contributed to the lowered
production during this year. In 1998, litter accumulations
were also significantly greater in short-watered and tall
sites than short-control sites, likely resulting from
increased production in 1997.
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Fig. 7. Willow production (kg/ha) under different water
treatments in willow communities on elk winter range
of Rocky Mountain National Park, Colorado (different
letters denote significant difference, P <0.05).
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Fig. 8. Herbaceous production in willow sites with
different water treatments on elk winter range of Rocky
Mountain National Park, Colorado (different letters
denote significant difference, P <0.05).

Depth to water table in June and July was weakly
correlated to herbaceous standing crop biomass and cur-
rent annual growth of willows, but the percent of varia-
tion explained was very low (r? ranged from 0.04-0.06).
For herbaceous plants, the association was positive, with
consistently higher production with higher water tables
(Fig. 9a). However, the influence of water on willow
growth was difficult to interpret. While the highest pro-
duction levels were achieved in sites with the highest
water tables, overall, the association was slightly nega-
tive. When the data were separated by drainage, we found
that most of this negative association was attributable to
the Moraine Park sites, which had fewer wells, particu-
larly in tall willow sites, and less variation in water table,
with no dry sites, and few wet sites (Fig. 9b—).

N content of graminoids and forbs was lower
(P=0.007 and P = 0.080, respectively) in clipped than
grazed or ungrazed treatments (Table 3). Dry matter
digestibility of graminoids was greater under grazing
(Table 3). Graminoid N content increased and total non-
structural carbohydrates decreased when sites were
dammed as well (P = 0.053; Table 4).

N content of S. monticola and S. planifolia was
lower under grazing and clipping, but only significantly
so in S. monticola (P = 0.035) and only in winter twigs
(Table 5). Summer willow twigs and leaves did not vary
in N content between treatments. Grazing led to lower
percent dry matter digestibility of willows, but these
values were only significantly lower (P = 0.035) in winter
twigs of S. planifolia (Table 5). Calcium and potassium
concentrations of S. monticola (P <0.02; Table 5) were
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Table 3. Nutrient content of herbaceous plants under different herbivory treatments on willow sites on elk winter
range of Rocky Mountain National Park, Colorado, 1998.

Graminoids Forbs
Ungrazed  Clipped  Grazed Ungrazed Clipped Grazed
Carbon (%) 44.26 4435 44.10 43.56 42.43 42.32
Nitrogen (%) 1.74 1.48° 2.00 248 2.03° 2.51
Dry matter digestibility (%) 54.72 55.29 57.16" 75.00 69.96 74.81
Total non-structural 12.12 13.83 11.78 11.78 9.55 9.00
carbohydrates (%)

#Different from other treatments at P <0.10.

greater under grazing. Phosphorus concentration was
lower under both clipped and grazed for S. monticola
and S. planifolia (P <0.10; Table 5). N and C content of
willows were not affected by water treatments.
Concentrations of magnesium and potassium were
higher in winter twigs of S. monticola and S. planifolia
in tall sites (P <0.050; Table 6). Phosphorus content of
S. monticola was greater in both tall and short-watered
sites (P = 0.090).

An interaction effect between herbivory and water
treatments was noted for S. geyeriana. Willows of this
species in tall sites that were subjected to grazing and
clipping had higher potassium concentrations than did
willows in short-control sites subjected to herbivory
(P =0.030). Iron concentrations were also higher in S.
geyeriana plants subjected to elk grazing in short-control
sites (P = 0.048).

Only a few significant differences in species com-
position were found due to herbivory in willow sites,
and all were in forbs. Grazed sites had more Solidago
spp. (P = 0.048), while ungrazed sites had more blue-
bell (Mertensia ciliata) (P = 0.076). Interestingly, one
species, false Solomon’s seal (Maianthemum stellatum),
showed an increase (P = 0.034) under clipping.

Plant Production Responses to Burning
and Herbivory in Bitterbrush Sites

Burning resulted in a reduction of total shrub canopy
volume and area (P <0.013; P <0.021) in 1996 and 1997
(Fig. 10), as was expected from the initial consumptive
effects of fire. However, resprouting from burned plants
was evident in all sites. Production of Purshia tridentata
was not different in 1996, but production was six times
greater (P = 0.006) in unburned sites than bumed sites

by 1997, suggesting that plant mortality took place
during the first year following the fires. Many dead
bitterbrush plants were observed on the burned sites in
1997 as well. No other significant effects of grazing on
upland shrub production variables were observed.

Burning had no significant impacts on total
herbaceous production, graminoid production, or forb
production (P >0.10) in these bitterbrush sites (Fig. 11);
however, production was greater (P = 0.077) in ungrazed
sites (pooled over burning treatment) by 1997.
Herbaceous litter had increased significantly (P = 0.003)
in ungrazed treatments by 1997. Increases in graminoid
production occurred in 1995-1997 when compared to
1994, but these differences were not linked to burning
or grazing treatments and were most likely due to the
low precipitation that year.

Needle-and-thread grass (Stipa comata) had signifi-
cantly less (P = 0.063) production in 1997 in plots that
were burned and was greatest in unburncd, grazced treat-
ments. Percent cover of Artemisia ludoviciana and
Eriogonum umbellatum was greater in ungrazed than
grazed sites; however, no other significant differences
in percent cover or abundance of species were observed.

No differences in nitrogen content, dry matter
digestibility, or total non-structural carbohydrates could be
found to be attributable to burning. However, percent carbon
content of grasses was greater in burned treatments (45.01
+0.25 vs. 44.43 + 0.18%). Nitrogen content and dry matter
digestibility were higher (P =0.090 and P = 0.087
respectively) in grazed grasses (n=1.24 + 0.09%;
DMD = 46.55 £ 1.73%) than ungrazed grasses (n = 0.98
4 0.11%; DMD = 41.77 + 94%) when pooled across
burning treatments. Dry matter digestibility wasalso greater
(P =0.032) in grazed forbs (59.68 + 2.49%) compared to
ungrazed forbs (52.34 + 1.73%).
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Table 4. Nutrient content of herbaceous plants under different water treatments on willow sites on elk winter range of

Rocky Mountain National Park, Colorado, 1998.

Graminoids Forbs
Short- Short- Short- Short-
control watered Tall control watered Tall
Carbon (%) 44.38 44.19 44.15 44.50° 42.43 41.34
Nitrogen (%) 1.53* 1.85 1.84 2.47 2.28 227
Dry matter digestibility (%) 56.54 54.20 54.43 70.96 73.00 75.80
Total non-structural 15.5" 11.21 11.02 9.95 10.66 9.90

carbohydrates

*Significantly different from other treatments (P <0.10).

Discussion

Elk populations in RMNP decreased plant produc-
tivity in willow communities. Elk herbivory is the pri-
mary factor driving productivity declines, in particular,
the shorter stature of many willows. Although an inter-
action effect between herbivory and water table depth in
our experimental manipulations was not found, this may
have been due to our small samples size (n = 4) and high
sample variance, incorrect assumptions as to site-spe-
cific water table differences, relatively short time frame
(4 years post-treatment) for measurement of effects, and
the relatively short-lived and localized nature of our wa-
ter impoundments. Our inferences as to water dynamics
were limited by the smaller number of wells in Moraine
Park, particularly in tall willow sites, and the fact that
our sampling did not include dry years (1995-1999 were
years of average or ahave-average annual precipitation).
This problem was further confounded by the positive
correlation of elk density with water table height found
in these sites (Singer et al., this volume). Higher densi-
ties of elk in locations with higher water tables may mean
the negative effects of elk herbivory on plant production
are overwhelming any positive influence of higher wa-
ter tables in these areas. Comparing grazed sites in years
of different growing season precipitation further empha-
sized the importance of the amount of available water to
plant production. Production was much lower during
1994 in our study area — a year with lower than average
precipitation.

Herbivory by ungulates, such as elk, can influence
many aspects of plant structure, growth, and net pri-
mary productivity. Net primary productivity can either
increase or decrease as a result of ungulate herbivory
(McNaughton 1979; Painter and Belsky 1993). In

RMNP, productivity increased when plants were pro-
tected from grazing. This trend was obvious starting in
1996 and the effect was significant by the fourth and
final year of our study. Based on observation of exclosures
in RMNP and YNP (this study; Singer et al. 1994,
1998b), we expect continued increases in canopy cover-
age and annual production within protected sites for
some years. Herbaceous production may decline as in-
creasing shrub canopy takes over areas or shades out
understory herbs.

The effect of our clipping treatment on herbaceous
biomass indicates that increased grazing pressure could
further depress plant productivity in these communities.
Willow production and average heights were lower in
clipped than unclipped treatments, and lowest in sites
grazed by elk. The timing of clipping vs. elk herbivory
may explain the lesser negative response to clipping.
By the end of the study, it became apparent that elk
remove plant material during the spring, after the
emergence of new shoots and leaves, as well as during
winter dormancy, which was the period when the
clipping treatments were conducted. This difference
could account for the greater willow productivity, longer
leaders, and greater heights observed under the clipping
treatment compared to elk grazing. However, the
decrease in catkin production was similar under clipping
to the grazed treatment, leading us to conclude that
winter clipping and browsing have equivalent effects on
seed production.

Ungulatc grazing and hoof action resulted in more
bare ground and soil compaction on the study sites. There
may possibly be higher sediment yields from the grazed
sites. Any increase in bare ground could result in a
warmer soil microclimate. Warmer soil, if moisture is
equivalent, could result in increased N mineralization



Table 5. Nutrient content of willows under different herbivory treatments on willow sites on elk winter range of Rocky Mountain National Park,
Colorado, 1998.

Salix geyeriana Salix monticola Salix planifolia
Ungrazed Clipped  Grazed Ungrazed Clipped Grazed Ungrazed Clipped  Grazed

Winter

Carbon (%) 52.04 51.84 51.83 51.24 51.49 50.81% 50.80 50.86 50.43

Nitrogen (%) 1.14 .15 1.08 1.18? 1.10 1.08 1.25 .19 1.10

Dry matter digestibility (%)  37.20 3751 36.06 36.26 3584 350 34.60 33.79  32.40°

Calcium (mg/L) 0.61 0.64 0.65 0.71 0.68 0.81% 0.62 0.68 0.65

Potassium (mg/L) 0.23 026 0.25 0.22 0.21 0.27% 0.28 0.24 0.30

Phosphorus (mgL) 0.13 0.14 0.13 0.13* 0.12 0.12 0.14? 0.13 0.13
Summer

Carbon (%) 5097 51.09 50.50* 48.95 48.93 48.73 49.77 49.68 49.43

Nitrogen (%) 1.68 1.72 1.71 1.73 1.78 1.74 1.70 1.72 .79

Dry matter digestibility (%) 42.22 43.12 41.11 42.59 43,08 41.02 4043 40.39 38.17

2Different from other treatments at P <0.10.
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Table 6. Nutrient content of willows under different water treatments on willow sites on elk winter range of Rocky Mountain National Park, Colorado,

1998.
Salix geyeriana Salix monticola Salix planifolia
Short- Short- Short- Short- Short- Short-
control watered Tall control watered  Tall control watered Tall
Winter
Dry matter digestibility (%) 36.46 38.14 36.16 35.88 35.48 35.73 34.20 32.49 34.10
Potassium (mg/L) 0.19 0.23 0.32 0.19 0.22 0.28° 0.25 0.24 0.34*
Phosphorus (mg/L) 0.12 0.13 0.15 0.11° 0.12 0.13 0.13 0.12 0.14
Magnesium (mg/L) 0.12 0.14 0.15 0.13 0.12 0.15* 0.12 0.11 0.15°
Summer
Dry matter digestibility (%) 4245 41.88 42.12 42.60 39.78"  44.30 39.76 39.54 39.68

Different from other treatments (P <0.10).
bDifferent only from short-watered (P <0.10).
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Fig. 10. Annual total shrub canopy volume (m3fha) and
area (m2/ha) responses to burning and grazing treatments
in bitterbrush sites on elk winter range in Rocky Mountain
National Park, Colorado.

on grazed sites. While we did find evidence of increased
percent bare ground in grazed willow sites vs. protected
areas, the mean bare ground was only 7.7%. Studies
conducted in concert with ours found no increase in N
mineralization on grazed sites compared to sites
protected for either 4 years or 36 years (Binkley et al.,
this volume; Menezes et al. 2001). Percentage bare
ground was significantly lower in one of two upland
shrub communities protected from grazing for 36 years,
but not in a wet meadow community (Schoeneckeret al.,
this volume). Percentage spring soil moisture ranged
from 1-10% greater in areas protected from grazing for
36 years (D. Binkley, Colorado State University,
unpublished data), but no differences in soil moisture
were found between 4-year-old exclosures and grazed
areas (R. Menezes, Natural Resources Ecology
Laboratory, unpublished data). Summer soil
temperatures were |1-5 degrees cooler in the 36-year-
old exclosures (D. Binkley, Natural Resources Ecology
Laboratory, unpublished data).

Ungulates can influence the natural heterogeneity
of N in the landscape by changing litter quality, thereby
affecting N mineralization rates, and by adding readily
available N to the upper soil levels in the form of urine
and feces (Hobbs 1996). Elk grazing increased N and
other nutrient content and digestibility of forages in other
study areas (Frank and McNaughton 1992; Singer and
Harter 1996). Increases in graminoid N concentration
under grazing in willow and bitterbrush sites indicate
that elk are having a positive influence, at least in the
short-term, on N cycling in RMNP willow communities.
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Fig. 11. Herbaceous production (g/mz) in response to
grazing and burning treatments in bitterbrush sites on
elk winter range in Rocky Mountain National Park,
Colorado.
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N levels decreased in the clipped treatment, which seems
counter-intuitive until the lack of additions of either urine
and feces, or decomposing plant litter, is considered.
The increased percent dry matter digestibility and
concentration of important forage nutrients (such as
calcium) under grazing may create heavily grazed
patches, which attract continued use. Such “grazing
lawns” have been argued to cause evolution of plants to
withstand long-term heavy grazing (McNaughton 1986).
In the short-term (i.e., less than an evolutionary time
scale), the effects of heavy grazing may be reduced
productivity or species shifts. However, some effects of
elk on vegetation and seil and nutrient processes should
be considered normal and natural in a national park
ecosystem in which elk are a native species.
Hydrologic changes may be exacerbating the effects
of elk herbivory in RMNP, despite our ability to
determine significant response of plant production to
water table dynamics. Hydrologic changes over the last
50 years include a 69% decrease in surface area of water
in Moraine Park and a 47% decrease in Horseshoe Park
(Peinetti et al., this volume). This decline has been
attributed primarily to decreases in beaver activity and
beaver dams. Concurrent declines in willow cover 0f 20%
were observed during the same period. Decline in cover
of tall willows ranged from 54-65% (Peinetti et al., this
volume). Elk populations increased during the same
period from ~700 to 3,000 (Lubow et al. 2002). Beaver
activity on the surveyed streams has declined
substantially over the past 17 years, contributing to a
substantial decline since 1940. Actual beaver population



90 ELK AND VEGETATION

sizes are unknown and comparisons of population
estimates derived from different surveys are problematic;
however, the estimates are likely a reasonable indication
of the relative population trend over time. Low winter
stream flow levels, plague, tularemia epidemic,
poaching, predation, and competition with deer and elk
over woody browse, were suggested as factors that may
have contributed to beaver declines prior to 1980. There
is evidence for each of these possible causes. In 1982,
the Lawn Lake dam collapsed, causing a large flood on
the Fall River downstream of the Rozaring River, which
contributed to the large beaver decline, recorded in that
drainage since 1981 (4 of 10 lodges recorded in 1981
were in the path of the flood). Since 1994, three cases of
tularemia were confirmed from beaver carcasses found
along the Big Thompson and Fall Rivers. Overall
declines have occurred in areas lightly-used (Glacier
Creek) or moderately used (Hallowell Park, Cow Creek)
by elk during winter, as well as elk winter concentration
areas (Moraine Park, Horseshoe Park, and Beaver
Meadows).

The decline in beaver populations may also be con-
tributing to declining willow populations under heavy
elk herbivory through reduced recruitment sites. Beaver
cuttings from willow often root and become established
along beaver ponds, dams, and flooded channels. Old
beaver ponds often provide ideal substrate for establish-
ment of willow seedlings. The loss of beavers and their
consequent effects of raising the water table and stimu-
lation of suckering in willow following beaver cutting
(Kindschy 1989) are potentially leading to lowered re-
generation in willow communities.

Other limiting factors may be hydrologic changes
due to human water use or a change to a warmer, drier
climate over the period of decline (Singer et al. 1998b).
All of the meadows in the major elk feeding areas
experienced water diversions for agriculture, resort and
housing developments, and irrigation along the Colorado
Front Range in the past. In recent decades, 95% of the
diversions in Beaver Meadows, and 80% of those in
Horseshoe Park have been eliminated. Only 50% of water
diversions from Moraine Park have been restored
(K. Czarnowski, National Park Service, personal
communication). However, there is no way of knowing
whether restoration of diverted water reverses changes
to the ecosystem which may have occurred during years
of lower water availability. The combination of climate
change over the last century to drier conditions, in
concert with heavy elk herbivory, may also contribute to
willow decline. Analysis of climate records around Estes

Park shows a temperature increase of 0.89°C and
precipitation decreases of more than 1 cm over the last
century (Singer et al. 1998b).

Whatever the cause of the decline, the decreasing
numbers of beaver have altered hydrology on the elk
winter range in the park. Areas formerly occupied by
beaver are now merely dry channels that fill with water
only during spring runoff or occasional heavy rain events.
The reduction in length of streams on the winter range
(44-56% less) due to channel straightening and simpli-
fication are attributed to the beaver decline (Peinetti
et al., this volume). Several decades following beaver
abandonment, water and/or nutrient-stressed willows
may become less able to recover from tissue losses due
to ungulate herbivory (Kozlowski 1971; Gurchinoff and
Robinson 1972; Bryant and Kuropat 1980).

We did not detect any shifts in species composition
to more palatable, grazing-resistant species due to elk
herbivory. While it might be argued that our time frame
was too short to detect shifts in species composition,
other studies of long-term grazing near three exclosures
of 36 years in the same areas of RMNP have found few
species effects (Stohlgren et al. 1999). One species that
increased under protection in our study, Mertensia
ciliata, was also one of only 24 species found exclusively
within 36-year old exclosures by Stohlgren and others
(L. Schell, Natural Resources Ecology Laboratory,
personal communication). A few significant differences
in species composition that were found in willow sites
were associated with location (Moraine Park vs.
Horseshoe Park) or water treatment (short-control vs.
short-watered or tall). Because many of these differences
have more to do with plant population distributions,
former agricultural practices, or suitable habitat (some
plants naturally grow better in a wetter or drier habitat),
we will not discuss them here, except to mention that
increases in water tables due to reintroduction of beaver
to some of these areas would likely have some consequent
effects on species composition.

Management Recommendations

Reducing elk numbers and/or reducing elk
concentrations, altering the timing of use of willows, or
exclusion of elk from willow communities will likely
result in increases in plant productivity. Fencing parts
of these communities to encourage greater seed
production and establishment, and to allow some
individual willows to increase in size beyond the reach



of elk, may help sustain willow communities over the
long term. Our study showed increased height of willows
within 2 years of protection from browsing and increased
catkin production within 4 years.

Reintroduction or restoration of beaver populations
to parts of this range, or artificial manipulations of
hydrology in willow areas to simulate beaver ponds will
allow these sites to sustain high levels of herbivory, and
will hasten height recovery of any willows that are
protected from herbivory for 5-10 years. While our study
was inconclusive as to the contribution of the water table
to production, hydromanipulations could be aimed at
catching and holding runoff'to provide more water earlier
in the growing season. Simulated beaver cuttings
(Kindschy 1989) to stimulate suckering, and plantings
from cuttings, could be used within protected areas to
increase willow establishment.

Protection from browsing and water enhancement
for short periods (less than 10 years) alone would not
necessarily lead to sustainable willow communities.
Management to encourage elk movement away from wil-
low communitics would also be necessary. Clk tend to
be concentrated in certain areas of the range, such as
Moraine Park. Shrub consumption levels reflect these
increased elk densities (Singer et al., this volume). Man-
agement of elk to decrease these concentrations could
lead to lowered levels of consumption, and thus increased
plant productivity and potentially a return to larger com-
munities of tall, healthy willows.

Prescribed fire had little effect on forage produc-
tion or quality in upland bitterbrush communities. This
may have been because the majority of the fires were
conducted in spring when there was little fuel left to
carry a fire. However, a large natural fire in Yellowstone
had few effects on upland grasslands, with biomass in-
creases only evident 2 years post-fire, and little change
in nutrient concentration or digestibility of forages
(Singer and Harter 1996). As the park’s prescribed fire
program expands, further study of the interaction of elk
herbivory and fire effects are recommended.
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CHAPTER FIVE

Changes Induced by Elk Herbivory in the Aboveground Biomass
Production and Distribution of Willow (Salix monticola Bebb): Their
Relationship with Plant Water, Carbon, and Nitrogen Dynamics

By

H. Raul Peinettj'?
Rémulo S.C. Menezes'?
and
Michael B. Coughenour’

Abstract. Willows are dominant woody plants of many high-elevation riparian areas of the western USA, and
constitute an important food resource for various ungulates, which tend to concentrate in riparian areas. The re-
sponse of willow to grazing was analyzed in the elk winter range of Rocky Mountain National Park, by considering
the effect of elk grazing on Salix monticola Bebb, one of the most common willow species in this area. Ungrazed and
grazed treatments were established during the 1997 growing season (May to October), using eight long-term exclosures
built in the fall of 1994. Plants in the grazed treatment were in areas open to grazing, but were protected from
grazing by small exclosures during the experimental period. Winter grazing by elk induced the following measured
responses in plant morphology and development: (1) higher shoot biomass production but similar leaf biomass and
leaf area per plant, (2) a lower number of and bigger shoots, (3) a lower number of and bigger leaves, and (4) flower
inhibition. In addition, we infer that grazing induces lower belowground allocation and a more negative nifrogen
(N) balance but a higher soil N uptake. We conclude that elk grazing negatively affects willow even though willow
compensate for aboveground biomass removal. Continuous grazing produces long-term changes in willow mor-
phology that constrain plant growth and development. High plant utilization, as occurred in this experiment, could
therefore reduce the competitive ability and survivorship of willow, in particular under drier environmental condi-
tions.

Keywords: Cervus elaphus, grazing, plant-animal interactions, riparian ecosystem, Rocky Mountain National Park,
Salix monticola.
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Introduction

Ungulate activities modify ecosystem structure and
function (Naiman 1988). Large herbivores directly affect
plants through tissue removal, but they can also induce
long-term changes in nutrient cycling (Detling 1988;
Huntly 1991; Pastor and Naiman 1992; Hobbs 1996),
which can modify the competitive ability of a particular
plant species or functional group (Bryant 1987; Pastor
and Naiman 1992). At the plant level, removal of plant
tissues by ungulates causes morphological and
physiological changes in the plant over a broad range of
temporal scales (Briske and Richards 1995). However,
most of the information regarding plant responses to
herbivory is based on studies conducted on grasses, and
the literature on the response of woody plants to
defoliation is limited. Several differences are expected
between graminoid and woody plant responses, due to
plant characteristics and different patterns of ungulate
tissue removal. Woody plants have a juvenile and mature
stage of development, with an age trend in aboveground
annual woody biomass production. Tissue removal can
induce changes in this development pattern (du Toit et al.
1990) determining long-term morphological changes
(Bergstrdm and Danell 1987). Strategies to prevent
grazing differ from those of herbaceous plants (Rohner
and Ward 1997), and involve physical responses such
as the production of thorns (Gowda 1996; Cooper and
Ginnett 1998), chemical defenses (Bergstrom 1992;
Herms and Mattson 1992), and unique growth strategies
(Bergstrom 1992). Many woody plants are grazed during
the period of dormancy, with a lag phase between the
occurrence of grazing and manifestation of a plant
response (Danell et al. 1994). Finally, foraging selectivity
of browsers of woody plants is higher than that of grazers
of herbs (Hofman 1989; Bergstrom 1992), and plant
responses depend on the type and time of tissue removal
(du Toit et al. 1990; Bergstrom 1992). These
characteristics can result in important differences
between woody and graminoid plant responses to
defoliation.

In this paper, we analyzed grazing-induced changes
in various physiological and morphological
characteristics of a riparian willow (Salix monticola
Bebb). Willows are the dominant woody plants in the
high-clevation riparian areas of the western United States
(Patten 1998). Large ungulate herds regularly congregate
in riparian areas and browse on willows. Thus, these
willows have successfully evolved under grazing, and
constitute a good model to evaluate woody plant
responses to grazing. Additionally, grazing pressure on

willows has increased in recent years in many montane
riparian areas due to human interventions (Kay 1994;
Patten 1998). These include livestock grazing, but also
increases in the concentrations of wild ungulates in
riparian areas. Many riparian areas are showing
decreases or degradation of willow communities (Patten
1998). Prediction of the effect of ungulate pressure on
riparian ecosystem processes is largely dependent on
understanding the response of willow to tissue removal.
Few studies have been conducted to analyze changes
induced by grazing on these riparian willows. In
particular, it is not clear how willow physiological
processes altered by grazing are linked to plant
productivity and survivorship (Singer et al. 1998; Alstad
et al. 1999). Higher water potential and higher leaf
carbon isotope discrimination was found in grazed S.
monticola willows than in ungrazed controls, which can
improve willow regeneration and survivorship (Alstad
et al. 1999). We hypothesized that grazing on willow
produces long-term effects in plant morphology
determining changes in physiological processes and
survivorship. Our study had the following primary
objectives: (1) to determine aboveground biomass
production and distribution in willows under grazing
and non-grazing conditions; (2) to relate biomass
production and morphological changes induced by
grazing to plant performance; and (3) to infer how elk
(Cervus elaphus) grazing affects plant survivorship.

Materials and Methods

The experiment was carried out during the 1997
growing season (May to October), on willows growing
inside elk exclosures, and on paired plots adjacent to
each exclosure and open to grazing. Four exclosures
(30 x 46 m) were built in August and November 1994
in short willow (<1.5 m height) communities, at each of
the following sites in Rocky Mountain National Park
(RMNP), Colorado: the Moraine Park area in the Big
Thompson River watershed (2,481 m altitude) and the
Horseshoe Park area in the Fall River watershed
(2,598 m altitude). Two treatments were established: the
ungrazed treatment consisted of two plants inside each
exclosure, and the grazed treatment comprised two plants
of a paired plot open to grazing until May 1997. At this
time, small exclosures were built around each selected
plant to prevent removal of new tissues formed during
the course of the experiment. To select plants, we
identified in each plot (exclosure or paired grazed area)
all S. monticola that represented the most frequent size



type (canopy volume and height) within the plot. From
this subset we randomly chose two plants per plot. S.
monticola is one of the dominant willow species in these
watersheds, and is a common willow in the lower-
elevation riparian areas of the northern Colorado Rocky
Mountains (Cottrell 1995). Mean winter consumption
of willow by elk was estimated to be as much as 28% in
both study valleys and for the entire willow cover (Singer
et al., this volume). However, the utilization of short
willow tends to be higher, though not significantly so,
because elk tend to concentrate in the area of short-
willow communities and in open meadows. During the
winter, elk concentrate at densities as high as 66—110
elk km? in Moraine Park, and at lower densities in
Horseshoe Park (15 to 30 elk km™; Singer et al., this
volume). No other ungulates concentrate in such dense
herds in these valleys, so willow grazing is almost
entirely due to elk.

Soil moisture was monitored on a weekly basis in
all plots with a time domain refractometer, Trace Sys-
tem model 6050 1. Due to soil depths, measurements
were made between 0 and 28 cm in Moraine Park and 0
and 58 cm in Horseshoe Park. Measurements were taken
under the canopy of the selected plants and in the adja-
cent area between willow canopies. Groundwater depths
were monitored each month on wells installed inside
the exclosures and in the grazed areas (Zeigenfuss et
al., this volume). During the growing season, we deter-
mined the time periods of the phenological phases for a
representative sample of stems of different sizes (six to
eight target stems) in each of the selected plants. Plants
were visited every 2 weeks from 10 May until the end of
October. Bud break, flowering, seed dispersal, and leaf
shedding were determined by visual observation of the
target stems. The phenological phase was considered ini-
tiated when more than 50% of the marked stems were
in this phase. The number of 1997 shoots in the target
stem was counted approximately every 2 weeks, and one
shoot at the top of the stem was selected for measure-
ments of shoot length, leaf number, and the length of
the longest leaf. On each sample date, several ungrazed
1997 shoots from adjacent S. monticola plants were col-
lected to determine the morphological variables described
above, and the total leaf area of each shoot. These data
were used to create a multiple linear-regression model
of leaf area per shoot using shoot morphological vari-
ables as predictors. For each shoot and date, morpho-
logical variables were transformed to leaf area and
multiplied by the total number of 1997 shoots on the
stem. Leaf area per stem was expressed as a ratio to the
maximum leaf area value of all measurement dates
within the stem.
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Gas exchange measurements were performed on
selected plants during the second week of June on leaves
of the upper canopy of the 32 selected plants. A second
set of gas exchange measurements was made on fully
developed leaves in the upper portion of the canopy on
the second week of July. Leaves were repeatedly mea-
sured throughout the day, on 2 days, on two plants grow-
ing in the same exclosure and two plants in the associated
grazing plot. Between July 17-22, a third set of mea-
surements was made on five plants per treatment on
leaves located at different positions in the canopy. All
gas measurements were made with a LI-COR LI-6200
portable photosynthesis system (LI-COR, Lincoln, Ne-
braska) equipped with a 0.25-1 leaf chamber. We dis-
carded gas exchange data from any run in which the
standard error of the slope of the CO, concentration over
time was greater than 10% of the value of the slope (LI-
COR 1990). We also discarded data with an error higher
than 20% between the estimation of transpiration using
the relative-humidity method and the estimate using leaf
energy balance (LI-COR 1992).

During the first week of September before leaf shed-
ding started, we harvested eight plants per treatment
(one per exclosure and paired plot) by cutting all stems
at ground level. We measured the total dry weight of
woody and leaf biomass of each stem of the harvested
plants. In addition, leaf number and area were measured
on all marked stems. A regression model of leaf area on
leaf dry weight was constructed for each treatment with
measurements performed on the target stems. These re-
gression models were used to estimate total leaf area of
the harvested plants. For each stem, shoots (segments
of the stem produced each year) of different ages were
separated. The age of each stem shoot was identified
based on the position of the shoot according to the sym-
podial ramification pattern of willows, or the scar marks
of the stems in the case of older shoots (Alliende and
Harper 1989). Ring counts were alsu performed on some
shoots to check the accuracy of the method. In all cases,
the predicted age of the two methods gave the same re-
sult. Cohorts of shoots were formed by grouping all
shoots of the same age within each harvested plant, and
total dry weight determined for each shoot cohort.

Nitrogen dynamics were inferred from samples of
leaves and 1996 and 1997 shoots taken from: (1) all of
the selected plants at four times during the growing
season, (2) the 16 plants harvested in the first week of
September, (3) the 16 unharvested plants in October, and
(4) leaves collected from the soil surface litter in litter
traps in October 1997. Nitrogen was also determined in
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shoot cohorts from one of the largest target stems of each
ofthe 16 harvested plants. Analyses were conducted with
a LECO CHN analyzer and expressed as percent N. In
addition, total N of different plant parts was calculated
based on biomass and percent N measurements from the
harvested plants. Total N in the aboveground woody
biomass (PN) of each plant (m) was calculated as:

PN, = EnNSu.m x SB,, Q)]

where NS and SB are the proportion of N and biomass,
respectively, of each shoot cohort () within a plant. Total
N in leaves and shoot cohorts of the harvested plants
was calculated in a similar manner. Total N
retranslocated back to the plant from the leaves during
senescence (RN) and total N lost through litterfall (LiN)
were estimated using the following equations:

RN,; = (NL1,,-NL2) x LB, 2
LiN,, = NL2 x LB,, 3)

where NL1 and NL2 represent the proportion of N in
leaves prior to and after litterfall (September and October
samples, respectively), and LB is the leaf biomass of
cach of the 16 harvested plants. Note that NL2 is not
plant specific.

Statistical Analysis

A complete randomized-block design ANOVA for
comparison of experiments was used to analyze most of
the measured variables. The exclosure and paired grazed
plot were considered as a block, and the ANOVA test
was used to check for differences between sites (Mo-
raine and Horseshoe Parks), treatments, or interactions.
Treatments were also compared with a covariance
(ANCOVA) analysis in the case of biomass variables to
account for the effect of initial heterogeneity in plant
size. ANCOVA was also used to analyze the relation-
ship between different plant biomass compartments
(leaves, 1996 and 1997 shoots). Gas exchange variables
of the second set of measurements were analyzed using
anested mixed model, and in the case of the third set of
measurements using a /-test of the difference between
values taken in the upper and lower canopies. In the
latter case, data of both treatments were pooled because
of the small sample size. Finally, percent N of different
shoot cohorts was compared considering the differences
among all combinations of cohorts taken by pairs within

the plant, because percent N values of different cohorts
were not statistically independent.

Results
Hydrological Conditions
Jor Willow Growth

Water tables followed a negative trend during the
growing season but records were not deeper than 0.5 m
during June and July, and not deeper than 1 m during
the entire growing season. The volumetric soil moisture
followed the same negative trend, except that it was more
affected by a rain event that occurred at the end of July
1997. No differences were found in soil water content
either between parks, or between versus under willow
canopies. Soils were saturated at the beginning of the
season and soil water decreased to 39% in the first 0-
28 cm at the end July, when it rose to about 46% due to
a rain event. Soil moisture steadily decreased in August
but values were not lower than 37%. Thus, plants were
not water limited during the entire growing season. The
observed soil volumetric moisture values corresponded
to high soil water potentials, as these are relatively coarse
soils (Menezes 1999).

Phenology and Leaf Area Dynamics

The growth period lasted approximately 3 months,
from June through August (Fig. 1). Leaves started to
develop 2 weeks later in S. monticola than in S.
planifolia, the co-dominant willow species in the study
area. Additionally, ungrazed plants started growth a few
days earlier than grazed plants, Catkins began to form
from buds of previous-year shoots just prior to bud break,
and seed dispersal occurred early in the growing sea-
son. No catkins were found on the grazed plants. This
was not only the case for the selected plants but for all
the short willow plants that we checked at different lo-
cations in both valleys. Most shoots were differentiated
early in the growing season (Fig. 2a). Leaves were formed
during the season at the same time as shoot growth, since
all leaves developed on new shoots (Fig. 2b,c). In Au-
gust, changes in the measured variables were minor,
indicating that vegetative growth ended during this
month. Grazed plants produced fewer shoots per stem
than the ungrazed plants (Fig. 2a) but were significantly
longer (P <0.01; Fig. 2b). In addition, grazed plants pro-
duced fewer leaves than ungrazed plants (411 and 228
mean number of leaves/stem, P = 0.035), but leaves were
bigger (3.7 and 5.1 cm? leaf!, P = 0.015).
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Fig. 1. Phenological phases of Salix monticola and relative number of elk on the study areas. (*) no flowers were

found in grazed plants.

No differences between treatments were found in
specific leaf area [77.1 and 74.2 em? g' (P = 0.83) for
ungrazed and grazed treatments, respectively]. Total
plant leaf area steadily increased during the growing
season in a similar manner in both treatments (Fig. 2d).
Differences between treatments were significant only on
the first date of measurement, probably because the
ungrazed plants started growing earlier than grazed
plants.

Plant Biomass

Similar ranges of total woody biomass were found
in plants of the ungrazed (470-2,720 g) and grazed
(380-3,110 g) treatments. Nevertheless, at the beginning
of the experiment, plants in the ungrazed treatments were
taller (1.71 m vs. 0.92 m; P = 0.001) and larger (3.19 m*
vs. 1.36 m*; P=0.03). Ungrazed plants were also taller

at the end of the experiment (1.97 vs. 1.20 m;
P =0.0003). Aside from initial differences in plant
morphology, total dry weights of woody biomass, leaves,
and 1997 shoots were not different at the end of the
experiment (Fig. 3). Total plant leaf area was not different
between treatments (P = 0.4). The range of variation was
1.7-9.4 m? for the ungrazed, and 1.3-6.9 m? for the
grazed treatment. The ungrazed treatment had
significantly more biomass than the grazed treatment in
1994 and 1995 shoot cohorts, but biomasses of the 1996
shoot cohort were similar. The biomass of shoots older
than 1994 appeared to be greater in the grazed plants
but the difference was not significant. Mean plant
biomass at the end of the experiment was greater in
Horseshoe Park than in Moraine Park (1,830 g and
830 g, respectively; P = 0.05); however, the interaction
between parks and grazed treatments was not significant
for any of the variables measured.
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Fig. 3. Dry weight of total woody biomass and different
plant components for the ungrazed and grazed treatments.
References: (**) means are statistically different (P <0.01).

No differences between treatments were found in
the rate of change of leaves, or 1996 and 1997 shoot
biomass when total plant biomass was used as a covariate.
But, as expected, all slopes were significant (P = 0.001).
Treatment means corrected for plant size were different
only in the case of 1997 shoot biomass (P = 0.05). When
the 1997 shoot biomass was analyzed using leaf biomass
or leaf area as a covariate, grazed plants showed a higher
slope (P <0.001) and corrected mean (P <0.01). These
results indicated that grazed plants produced more shoot
biomass per unit of leaf biomass or leaf area. In addition,
grazed plants produced more 1997 biomass when
corrected by the 1996 shoot biomass (P = 0.009). This
latter result is probably related to the observed difference
in the branching pattern of plants of different treatments.
Almost all shoots formed by the ungrazed plants were
developed from previous-year shoots (1996), but in the
grazed treatment, many 1997 shoots were developed
from shoots older than 1 year (epicormic shoots). The
number of epicormic shoots was as high as 30% in grazed
willows, while few shoots (less than 3%) of the willows
inside the exclosures were epicormic (Peinetti 2000).

Gas Exchange

Gas exchange variables obtained at the beginning
of the season did not differ between treatments. The rate
of photosynthesis was not correlated with light intensity
(P =0.2), but transpiration was positively correlated
(P = 0.03) in the restricted range of light intensities over
which measurements were performed (1,000-
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2,000 pmol m? s™'). Water use efficiency (WUE) showed
a linear decrease with higher light intensity in this range
of radiation (» =0.81; P =0.004). In the second series
of measurements, a wider range of microclimatic
conditions was covered, but no treatment effects were
found for any of the gas exchange variables. In this case,
photosynthesis rates increased with increasing light
intensity up to approximately 1,500 pmol m?2s’!
(»=0.59; P=0.0001). Beyond this level, photosynthesis
rates no longer correlated with light intensity (P = 0.31)
(Fig. 4a). Photosynthesis rates tended to increase with
increasing temperature, but the two variables are not
well correlated (r = 0.25; P = 0.03) (Fig. 5a). Conversely,
transpiration followed a linear increase with light
intensity as in the first set of measurements, and an
exponential increase with temperature (Figs. 4b and 5b).
WUE tended to decrease with radiation but the
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Fig. 4. Photosynthesis (a), transpiration (b), and watcr
use efficiency (WUE) (c) as a function of light intensity
in ungrazed and grazed treatments. WUE values at a light
intensity lower than 100 pmol m™ s are not shown. The
regression model was constructed with values of both
treatments.
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use efficiency (WUE) (c) as a function of temperature in
the ungrazed and grazed treatments. The regression
model was constructed with values of both treatments.

correlation between these two variables was low
(r=-0.29; P=0.01; Fig. 4c). WUE displayed a weak
negative linear relationship with temperature (r =-0.33;

P=0.0001; Fig. 5c). At light intensities lower than
100 pmol m2 s, high values of WUE were found due to
very low levels of transpiration (data are not shown in
Fig. 4c).

Light intensity was the variable showing the highest
variability within the canopy of plants of both treatments
(P=10.001). Plant canopies reduced the light intensity
that had reached the upper canopy by 10%, although light
reductions to less than 50% of the upper canopy were
not uncommon. Temperatures tended to be lower in the
lower part of the canopy (P = 0.001), with differences as
high as 2°C. CO, concentrations tended to be higher in
the lower canopy (P = 0.003). Changes in environmental

correlation conditions affected gas exchange variables,
with photosynthesis and transpiration consistently higher
in the upper canopy (P <0.01), but with similar WUE
(P =0.09).

Plant Nitrogen

The percent N in 1996 shoots seemed to be higher
at the beginning of the season, and decreased thereafter
until the end of the growing season when values in-
creased again, probably due to translocation of N from
leaves (Fig. 6). Leaves had highest N concentrations at
the beginning of the season when they were not fully
developed, with concentrations decreasing thereafter. A
significant amount of N was retranslocated at the time
of leaf senescence, producing a decrease in the N con-
centration of the leaves prior to litterfall. Grazed plants
showed a higher leaf N concentration than ungrazed
plants on some sample dates (Fig. 6). The percent N in
1997 shoots did not differ between treatments. At the
beginning of the season, 1997 shoot N was higher than
1996 shoot N, but percent N decreased thereafter with
increasing shoot length until the end of August. At this
time, N concentration increased. It is interesting to note
that this increase in N concentration did not correspond
with the translocation of N from the leaves that occurred
in the following month, but was coincident with the de-
crease in shoot extension growth (Fig. 2b).

Percent N in shoot cohorts did not differ between
treatments. One-year shoots exhibited the highest per-
cent N in woody biomass (1.16%; P <0.001). In gen-
eral, cohorts younger than 3 years showed higher percent
N than older cohorts (P <0.01; mean percent N in co-
horts 4—12 years old was 0.42 + 0.04). Leaves were the
most important N sinks in the plant, but an important
proportion of the total aboveground N was also allo-
cated to the new shoots (Fig. 7a). The estimated total
aboveground plant N content, and the N content of dif-
ferent plant compartments did not differ between treat-
ments. However, on a relative basis, total plant N
allocated into new shoots was significantly higher in
grazed than ungrazed plants (0.11 vs. 0.19 1997 shoot
N/total woody N; P=0.003). Elk grazing reduced 1996
shoot N proportion to lower values than in ungrazed
plants (0.08 vs. 0.047 1996 shoot N/total woody N;
P = 0.001). The amount of N allocated to leaves relative
to total plant N was similar between treatments
(P = 0.40). However, on a relative basis, ungrazed plants
retained more of the N invested in leaves than did grazed
plants (Fig. 7b). The estimated N translocated from
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Fig. 6. Percentage of nitrogen in leaves, 1996 and 1997 shoots. Treatment means are represented only in the case of
leaves. References: (*¥*) means are significantly different (P <0.05); (ns) means are not statistically different.

leaves was 3.9 g plant™ in the ungrazed and 1.8 g plant’
in the grazed treatment. These values were equivalent
to the N allocated into the new shoot (1.6 and 2.1 g plant”’
for the ungrazed and grazed plants, respectively).

Discussion

Willows are grazed primarily during the winter and
late summer, when most of the ¢lk herd is on the winter
range. Thus, the protection of grazed plants during the
summer should not have produced any important
changes in the natural pattern of willow utilization. Leaf
stripping is the common form of elk grazing at the end
of the summer, while during winter, elk select shoots

that developed in the previous growing season. Graz-
ing on willow, as well as aspen (Populus tremuloides),
has increased greatly on the winter range of RMNP in
the last 30 years or so, due to an increase in the elk
population (Hess 1993; Baker et al. 1997; Singer et al.
1998). Despite high winter grazing intensity, shoot and
leaf productivities of short willow were not reduced. This
type of response is considered compensatory growth
(McNaughton 1979, 1983). Compensatory and overcom-
pensatory aboveground growth were documented in
graminoids under moderate herbivory (Briske and
Richards 1995), and in woody species (Wolff 1978;
Danell et al. 1985; Bergstrém and Danell 1987; Edenius
et al. 1993; Hjiltén 1999). However, total plant
aboveground productivity provides a limited view of the
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Fig. 7. Total nitrogen in the plant and in different plant
components (a) and the ratio to total nitrogen of nitrogen
recuperated by the plant and lost through litterfall (b).
Bars represent mean values of ungrazed and grazed
treatments (* means are statistically different at P <0.05).

changes induced by grazing on woody plant performance.
Other aspects need to be considered, in particular plant
morphology (Jacobs 1969; Danell et al. 1985; Bergstrém
and Danell 1987). Changes in plant morphology could,
in turn, have different secondary effects. Elk grazing
reduces the number of axillary meristems and constrains
the number of buds available for new tissue development
in the following growing season. Grazed willows seem
to overcome this constraint by producing longer and
thicker shoots, and increased branching by developing
shoots from axillary meristems of shoots older than 1
year. Since leaves are produced only on new shoots,
which were significantly reduced by grazing, the
production of larger leaves was also a compensatory

response. All of these morphological changes have been
documented as induced responses to winter grazing in
other woody plants (du Toit et al. 1990), and in particular
under winter grazing (Danell et al. 1994). Despite
compensatory growth, continuous grazing will ultimately
reduce plant height and size compared with ungrazed
controls (Wolff 1978; Bergstrém and Danell 1987). After
many years, plants protected from grazing differ from
continuously grazed plants to the extent that they can
no longer be used as controls for measuring grazing
effects (Wambolt et al. 1998; see also Fig. 3). Similarly,
in our experiment, after 3 years of protection, willows
inside the exclosure were taller and had larger canopies
than grazed willows. Plant height suppression occurred
because elk preferentially grazed on shoots developed
in the upper canopy. Height increase is considered an
important strategy of woody plants to avoid grazing
(Romme et al. 1995; Rohner and Ward 1997). Thus, by
stimulating thicker and longer shoots and a lower shoot
position, grazers generate a positive feedback between
present and future grazing (Danell et al. 1985; du Toit
et al. 1990; Romme et al. 1995). Increased palatability
or reduction in concentration of secondary metabolites
in grazed plants could also favor the development of
this positive feedback (Danell et al. 1985; du Toit et al.
1990).

Other woody plant-grazer interactions involve a
negative feedback mediated by plant secondary
metabolites (Bryantet al. 1985). Elk grazing also induced
the development of shoots from the lower part of the
plant (old buds). These shoots do not contribute
significantly to overall plant height increase but will
make the canopy more compact. A more compact canopy
will probably increase leaf overlap and reduce plant
carbon input by self-shading. A strong gradient in
microclimatic and gas exchange variables was found
within the willow canopy. However, our data did not
allow us to determine how different canopy architectures
affect carbon input. Elk grazing also inhibited willow
catkin production. Grazing reduced the number of
axillary buds that are potentially available to develop
into flowers during the next growing season. Flowering
is probably inhibited because plants tend to prioritize
vegetative growth as constrained by the number of
axillary buds (Bergstrém and Danell 1987).
Alternatively, continuously intense grazing induces a
more juvenile pattern of development (Willard and
McKell 1978; Bryant et al. 1985). A reduction in flower
production is commonly documented in woody plants
under grazing (Willard and McKell 1978; Katsma and



Rusch 1980; Bergstrém and Danell 1987). Intense
grazing would have a significant negative effect on
willow population ecology and fitness, if seed abundance
were limiting (Paige and Whitham 1987).

Maost studies of'the effect of herbivory on plants that
have demonstrated compensatory growth have been
limited to measurements on aboveground biomass
(Painter and Belsky 1993). However, increased
aboveground productivity could result from a reduction
in belowground carbon allocation instead of higher plant
productivity. Our results seem to indicate that the
compensatory response observed on grazed willows was
the result of a reduction in the amount of carbon allocated
belowground. We assume that the carbon gain by willows
during the entire growing season is distributed between
different plant compartments as follows:

NCI=LC+ SC + WC +RC “)

where NCI = net carbon input, LC = leaf carbon,
SC = new-shoot carbon, WC = carbon allocated in
woody tissues older than | year, and RC = carbon allo-
cated to roots. We found that grazed willows allocated
more carbon in 1997 shoots than did plants of the
ungrazed treatment:

SC, <SGy )

where the subscripts u and b represent ungrazed and
grazed plants, respectively. From equation 4, and con-
sidering that leaf biomass did not differ between treat-
ments (LC, = LCy), then:

NCI, - WC, - RC, <NCl,- WC, - RC,  (6)

Assuming that the biomass derived from the growth
of the cambium is a small proportion of total plant pro-
ductivity and/or there was no difference between
ungrazed and grazed plants in this biomass component,
then:

NCl,- RC, <NCl, - RG, Q)]

Equation 7 indicates that grazed plants need to have
ahigher NCI in order to maintain a root carbon allocation
similar to that of the ungrazed plants. The data showed
no evidence of a higher NCI in grazed plants, as indicated
by similar photosynthesis rates, total leaf areas, and leaf
area dynamics in plants of both treatments. Together,
these results indicate that there is a lower allocation
belowground in grazed compared to ungrazed plants.
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Woody plants probably tend to allocate more carbon
aboveground in order to restore an allometric shoot/root
ratio after grazing (Kramer and Kozlowski 1979). An
increase in aboveground allocation is important for the
plant to reestablish canopy photosynthesis capability
(Briske and Richards 1995). Reduction of belowground
biomass has been observed in grasses under herbivory
(Coughenour 1985; Holland and Detling 1990), but no
data are available for woody plants. If our inferences
are correct, then persistent grazing will limit root growth,
which will likely result in a shallower root system in
grazed than in ungrazed plants. Since willows primarily
use groundwater (Alstad et al. 1999), a shallow root
system will reduce the ability of grazed willows to obtain
water from a deeper water table. Consequently, reduction
in the area influenced by the river and its associated
water table, and changes in the river course that have
occurred in this watershed have most likely increased
willow mortality (Peinetti et al., this volume). Thus, this
grazing intensity would probably reduce willow survival
in those areas of the watershed where the water table
has been deepened by shifts in stream channels.
Aboveground N concentrations in grazed plants are
often higher than in ungrazed plants (Detling 1988;
Briske and Richards 1995). Grazing also favors an
increase in N concentration in woody plants (Danell et al.
1985; du Toit et al. 1990), but the response is variable,
depending on the time that plants are grazed (Danell
et al. 1994). Grazed willows showed higher percent N,
but only in leaves. This pattern was not consistent
throughout the entire growing season (see also Alstad
et al. 1999). However, N concentrations in leaves and
young shoots of willows varied due to growth and
translocation, making the results difficult to interpret
without considering the overall plant N balance. Grazed
plants showed a more negative nitrogen balance than
ungrazed plants because they recovered less N from
leaves, and every winter they lost some nitrogen in the
younger shoots to elk grazing. Nevertheless, percent N
in the most active aboveground biomass (leaves and
younger shoots) tended to be higher or similar to that of
ungrazed plants. If the N pool is lower in the grazed
willows at the start of the growing season, grazed plants
will need to take up a higher proportion of N from the
soil. In some deciduous species, a significant portion of
the N that supports growth and reproduction comes
largely from retranslocation out of senescing leaves
(Chapin et al. 1990). A lower amount of stored N in
grazed plants could be one reason for later growth
initiation. Even though grazed plants compensate for
lower N storage, late growth initiation could occur
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because the time lags between microbial N
mineralization in the soil, soil N uptake, and
mobilization to the growing tips are probably longer than
the time needed for N translocation from storage reserves.
Grazed plants could mobilize more N from the soil if
grazing increased soil N availability. Elk could increase
N availability by various mechanisms, such as fecal and
urine deposition (Frank et al. 1994; Hobbs 1996), by
inducing lower carbon allocation to roots, which reduces
microbial growth and N immobilization (Holland and
Detling 1990), or by redistributing nutrients within the
landscape (Afzal and Adams 1992; Russele 1992).
Accordingly, elk herbivory in these willow communities
has likely increased N return and litter quality, thus
increasing long-term N cycling and availability (Menezes
1999).

Willow compensated for aboveground tissue removal
by elk by increasing aboveground productivity. Despite
this compensatory response, we infer that continuous
grazing reduces plant performance by reducing root
growth, particularly under the drier conditions gener-
ated by an increase in groundwater depth. Additionally,
elk grazing induced important changes in plant mor-
phology that constrained plant growth and development
and modified carbon and N dynamics.
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CHAPTER SIX

Effects of Herbivory and Proximity to Surface Water
on C and N Dynamics on the Elk Winter Range
in Rocky Mountain National Park
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Abstract. It has been suggested that recent increases in elk herbivory and changes in hydrology towards drier
conditions have contributed to declines in willow (Salix spp.) communities in the winter ranges for elk in Rocky
Mountain National Park (RMNP). During the fall of 1994, we constructed 12 large elk exclosures in two watersheds
of the elk winter range in RMNP, and conducted field experiments during the growing seasons of 1995 to 1999 to
investigate the effects of herbivory and proximity to surface water on the dynamics of carbon (C) and nitrogen (N).
We found that elk herbivory led to increases (P <0.05) in N concentration of willow litter and decreases in litterfall
biomass, but herbivory did not affect losses of C and N from litter in any of the growing seasons. Soil moisture levels
were higher in lower landscape positions, which probably led to higher (P =0.001) C losses from litter, in compari-
son to upper landscape positions. In plots where N fertilizer was added, we observed an increase (P <0.05) in willow
shoot length, shoot biomass, and the average amount of N in the shoots, indicating that availability of N is limiting
plant growth in our study sites. Elk herbivory had no effect on soil inorganic N availability and in situ net N
mineralization rates, maybe because of the short time since treatment establishment (4 years). However, we esti-
mated that the return of N to the soil in grazed plots could be as much as 265% of the N return in exclosed plots, due
perhaps to N transfers from the summer range to the winter range. Our results demonstrate that elk herbivory and
proximity to surface water have significant influences on the biogeochemical cycles of the winter ranges for elk in
RMNP. Greater return of N to the soil, combined with increased litter quality in the grazed plots, indicate that elk
could contribute to increases in N cycling rates and availability in the long-term, which could lead to changes in
ecosystem structure and function in the winter range for elk in RMNFP.
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Introduction

Since 1968, elk (Cervus elaphus) numbers in Rocky
Mountain National Park (RMNP), Colorado, have been
managed under a policy of natural regulation, which
rests on the assumption that density-dependent mecha-
nisms would result in equilibrium between large ungu-
late herbivores and plant resources. During this period,
elk numbers increased from approximately 700 to about
3,000 animals, and park managers are concerned about
the effects these increases will have on the soils and veg-
etation of the elk winter range within the park (Singer
et al. 1998a).

Willow (Salix spp.) communities have reportedly
been declining on elk winter ranges of RMNP during
the last few decades (Hess 1993; Singer et al. 1998b),
and similar declines have also been reported for
Yellowstone National Park (YNP) (Chadde and Kay
1991; Kay and Wagner 1994; Singer et al. 1998b). In
addition to increased elk herbivory, two other factors
have been proposed to explain these declines in willow
communities: (1) climates are warmer and drier this
century, possibly resulting in lowered stream flows and
less water availability to plants (Singer et al. 1998b);
and (2) beaver populations have declined on the eastern
slope of RMNP (Stevens and Christianson 1980), which
may further contribute to the drying of these ecosystems.

Large herbivores can significantly influence plant
community structure and biogeochemical cycles within
the soil-plant system (Frank et al. 1994; Frank and
Groffman 1998; Hamilton et al. 1998; Schuman et al.
1999; Wijnen et al. 1999). Herbivores can influence nu-
trient cycling by removing plant biomass and returning
more readily available nutrients to the soil (McNaughton
et al. 1988; Frank et al. 1994; Hamilton et al. 1998),
increasing soil nitrogen (N) mineralization rates and
plant N uptake (Frank and Groffman 1998; Wijnen et
al. 1999), and spatially redistributing nutrients within
the landscape (McNaughton 1985; Afzal and Adams
1992; Russelle 1992). In some N-limited systems, her-
bivory may lead to slower rates of nutrient cycling due
to increases in the dominance of non-browsed plant spe-
cies, which may produce litter with low nutrient con-
centrations or with high concentrations of secondary
compounds (Pastor et al. 1993; Ritchie et al. 1998). In
addition, herbivory can influence plant growth and physi-
ology (Toft et al. 1987; Welker and Briske 1992; Singer
et al. 1998a,b; Fahnestock and Detling 1999) and alter
carbon (C) and N allocation within plants (Welker et al.

1985, 1987; Holland and Detling 1990; Singer et al.
1998a; Alstad et al. 1999). Changes in the root:shoot
ratio following browsing may lead to improvements in
the water balance of plants (Welker and Menke 1990),
while the removal of meristems (Briske 1986) or over-
grazing (Pengelly 1963; Singer et al. 1998a) may re-
duce their future growth potential. Whether herbivory
has a positive or negative influence on plants may de-
pend in part on the specific characteristics of each sys-
tem (Georgiadis et al. 1989; Hamilton et al. 1998;
Mazancourt et al. 1998; Alstad et al. 1999).

Beaver (Castor canadensis) can also influence plant
communities and biogeochemical cycles of ecosystems.
By building dams, beavers contribute to the entrapment
of sediment and organic matter and modify nutrient cy-
cling and decomposition dynamics (Naiman et al. 1986).
Active beaver ponds may increase N and phosphorus
(P) inputs to the flooded systems (Naiman and Melillo
1984) and increase water availability to plants, which
enhance the conditions for willow growth and reestab-
lishment of shoots, sprouts, and seedlings (Naiman et
al. 1986; Singer et al. 1998b). It has been suggested that
the observed declines in beaver populations on the east-
ern slope of RMNP have contributed to a decrease in the
surface area of water (ponds and streams) within the
winter range of elk since the beginning of this century
(Singer et al. 1998b). These reductions in surface water
may alter the biogeochemical cycles of those ecosystems,
and could further reduce the ability of willow to respond
to elk herbivory.

Plant-available N is usually a limiting element for
plant growth in terrestrial ecosystems (Power 1977; Kiehl
etal. 1997; Wijnen et al. 1999). The cycling of N in
these systems is linked to the C cycle by internal organic
matter transfers and positive and negative feedback loops
between decomposers, plants, and herbivores (Aber and
Melillo 1991; Pastor and Naiman 1992). Therefore, the
dynamics of C and N are of critical importance to primary
productivity and overall ecosystem function (Power 1994;
Schuman et al. 1999). There is no available information
about the effects of elk herbivory or the reduction in
surface water on the dynamics of C and N in the winter
ranges of elk in RMNP. This information is necessary to
help park managers formulate policies that will maintain
elk and beaver populations at levels that are adequate
for preserving the natural functioning of these
ecosystems. Therefore, the objective of this study was to
perform experimental field manipulations to investigate
the effects of elk herbivory and proximity to surface water
on the C and N cycles of the winter ranges of elk in RMNP.


http:NtITRIF.NT

Methods
Study Sites

The low elevation winter range for elk in RMNP
encompasses about 17,000 ha, which includes land
within the eastern side of the park and private and na-
tional forest lands outside the park in the town of Estes
Park and Estes Valley, Colorado (Singer et al. 1998b).
Our study sites were located in two riparian ecosystems
on the northeastem side of RMNP: Moraine Park (Big
Thompson River watershed, elevation 2,481 m) and
Horseshoe Park (Fall River watershed, elevation
2,598 m). The two watersheds are within 5 km of each
other and have perennial alpine snowfields at their head-
waters. Mean annual precipitation for the sites is 41 cm
(Singer et al. 1998b) and peak stream flow usually oc-
curs in early to mid-June (USDA 1995, 1996, 1997).
The 30-year average temperature for the adjacent Estes
Valley ranges from 9°C to 17°C during the 5-month
growing season of May through September (Alstad et al.
1999). The study area consists of wet meadows domi-
nated by willow (S. monticola, S. geyeriana, and S.
planifolia), other shrubs such as birch (Betula spp.),
sedges (Carex spp.), rushes (Juncus balticus), and
grasses (Phleum spp., Calamagrostis spp., Bromus spp.,
Poa spp.). The wintering elk population numbers about
3,000 animals, of which about one-third generally spends
the winter within the park (Larkins 1997; Singer et al.
1998b).

Experimental Treatments

In the wet meadows of both parks, twelve 30 m x
46 m exclosures were erected within willow communi-
ties along the rivers between August and November of
1994. Next to each exclosure, 30 m x 46 m plots were
chosen and marked off as paired plots open to grazing
(grazed plots). Each site consisted of an exclosure and a
grazed plot. Eight sites (four in Moraine Park and four
in Horseshoe Park) were placed in areas with little or no
current beaver activity, and contained heavily browsed
willow (short willow). The other four sites (two in each
park) were located in wetter areas, generally containing
taller willow plants subjected to less severe browsing by
elk (tall willow). In half of the short willow sites (two in
each park), hydro-manipulation treatments were imposed
by placing sheet metal check dams on ephemeral stream
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channels both inside the exclosures and in the grazed
plots (short-watered willow). We expected these check
dams to catch snowmelt and rain runoff through the
spring and raise the water table at the sites. Twenty-five
dams were installed in April and May 1995 and were
relatively successful in holding additional water at these
sites. The dams were intended to add water, but the treat-
ment was unable to simulate water additions in the
amounts accomplished by beaver dams on larger, per-
manent streams (Singer et al. 1997). The other four
exclsoures in short willow sites were left to normal hy-
drologic regimes (short-control willow). In each
exclosure and associated grazed plot, an average of five
shallow (0.5 m to 2 m) wells were installed in the spring
of 1995 for the purpose of monitoring groundwater lev-
els. During early 1996 and 1997, three dams were con-
structed by beaver near two sites within the wetter area
of Moraine Park, but these dams were washed out dur-
ing the spring floods of 1996 and 1997.

The area within each exclosure was sub-divided in
15 x 23 m sub-plots and two treatments were imposed
throughout the period of the study: (1) 75% current an-
nual growth (CAG) removal (clipped plots); and (2) no
clipping at all (ungrazed plots). Additionally, elk
browsed willows outside the exclosures (grazed plots).
The 75% CAG removal treatment was applied between
January and April of 1995, 1996, 1997, and 1998, and
consisted of clipping all forage shrubs and herbaceous
plants in each sub-plot. All clipped plant biomass was
removed from the exclosures.

Litterfall

Litter was collected in each experimental plot dur-
ing the fall of 1995, 1996, and 1997, through the use of
15 greenhouse trays (totaling ~2.3 m?) arranged in a 5
x 3 regularly spaced grid (9.1 x 15.9 m). The grids were
established randomly within each sub-plot before wil-
low senescence began, and each tray was anchored to
the ground using two or more large spikes. Litter was
collected weekly from early September to late October
until litterfall was complete. The litter was then
composited within each experimental replication, sorted
by genus and litter type, air dried, and weighed. Oven-
dry corrections were applied within each category by
drying a subsample at 60°C. Litterfall biomass was cal-
culated as oven dry mass per unit area. Total N and C
content of litter was determined using a LECO CHN-
1000 analyzer.
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Litter Decomposition

During September and October of 1994, we collected
litter material to generate a standard litter that was used
in the decomposition experiments. Willow leaflitter was
collected by locating greenhouse trays directly under
willow canopies. Graminoid litter was collected by clip-
ping and collecting dead biomass throughout the study
area. We dried all litter in a 35°C forced air oven, and
subsamples (2 g) from the two standard litter types (wil-
low leaves and graminoid tissue) were enclosed in 1 mm
nylon mesh bags. The bags were used in litter decompo-
sition experiments to investigate the effects of herbivory,
landscape position, and plant cover on the decomposi-
tion rates of willow and graminoid litter during the 1995,
1996, and 1997 growing seasons. In all experiments,
the litterbags were left in the field during the entire length
of the growing season (from late May until mid-Sep-
tember), and then collected, air-dried, weighed, ground
to a fine powder, and stored until analysis. Carbon and
N in the decomposed litter were analyzed using a LECO
CHN-1000 analyzer, and C and N losses were calcu-
lated on an ash-free dry weight basis by subtracting the
amounts in the pre-decomposition from the post-decom-
position litter.

During the growing season of 1995, four bags of
each litter type (willow leaves and graminoid tissue) were
randomly placed within the exclosures in the ungrazed
plots and outside the exclosures in the grazed plots for
all 12 sites. In 1996 and 1997, in each of the ungrazed
and grazed plots, we selected two willow shrubs located
attwo different landscape positions: (1) lower landscape
positions, next to a stream or a pond; and (2) upper
landscape positions, at least 10 m away from a stream
or pond and 0.5 m higher in the landscape than lower
landscape positions. Bags of both wiilow and graminoid
litter were placed under the canopies of the selected
willow and in open grass areas next (within 2 m) to the
shrubs. Two bags of each litter type were placed within
each treatment replication in order to reduce microsite
variability.

Elk Dung Quantification

We estimated the amount of C and N returned to
the soil in elk dung by counting the number of scat piles
along 30 m transects within our experimental grazed
plots, and measuring the concentrations of C and N in
the dung. The survey was conducted after the elk herds
left the winter range for the summer range during late

spring 1997. We selected eight grazed plots (four in each
park) and established four randomly placed transects per
plot. In each transect, we measured the distance from
the scat piles to the transect, and calculated the density
of piles per area. Only scat piles that were visually
identified as from the previous fall and winter were
counted. In order to estimate dry matter and C and N
content in each dung pile, we obtained 51 samples (26
from Horseshoe Park and 25 from Moraine Park) by
collecting all dung from fresh piles during late fall of
1997. After collection, the samples were air-dried,
weighed, ground to a fine powder, and sub-sampled for
determination of moisture and ash content. The
concentrations of C and N in the dung were determined
using a LECO CHN-1000 analyzer and expressed on an
ash-free dry weight basis.

Soil Characteristics and N Availability

Soil samples (0 to 15 cm) were collected in July
1997 from the grazed, ungrazed, and clipped plots.
Within each treatment replication, 25 to 30 cores were
randomly collected with a soil core sampler 2 cm in di-
ameter and combined in a paper bag. After collection,
the samples were taken to the laboratory, air-dried, and
passed through a 2 mm sieve. Soil particle distribution
was measured in each sample using the hydrometer
method (Gee and Bauder 1986). Sub-samples (10 g) of
each sample were ground to a fine powder with a ball
mill. The sand fraction (>53 mm) of each sample was
ground to a fine powder with a ball mill, for determina-
tion of particulate organic matter (POM) C and N
(Cambardella and Elliott 1992). Total C and N in the
toral soil and sand fraction were determined with aLECO
CHN-1000 analyzer. Soil pH was measured in a 2.5:1
(water:soil) suspension.

In addition, during the summer of 1996, we col-
lected soil samples (0 to 20 cm) under willow trees and
in associated open grass areas within 2 m to the trees. A
total of 35 pairs of samples (shrub canopy plus open
grass) were taken from the 12 ungrazed plots within the
exclosures of Moraine Park and Horseshoe Park. The
samples were air-dried and sieved through a 2 mm
screen. Sub-samples (10 g) of each sample were ground
to a fine powder with a ball mill, and total soil C and N
were determined using a LECO CHN -1000 analyzer.

Soil moisture (0 to 14 cm) measurements were
performed weekly in eight sites in Moraine Park and
Horseshoe Park (four in each watershed) by Time
Domain Reflectometry (TDR) (Ledieu et al. 1986) with



a Trase System model 6050x1 during the 1997 growing
season. Within each site and grazing treatment, soil
moisture was measured under willow canopies and in
associated graminoid plots next to the willow shrubs in
both upper and lower landscape positions.

Within three ungrazed plots in each park, soil
temperature was measured using HOBO® temperature
data loggers during the 1997 growing season. The data
loggers were wrapped with a thin plastic film to avoid
damage by soil moisture, and buried in a vertical position
from 1 to 6 cm depth. In each of the sites, we performed
comparisons of soil temperature between: (1) willow
canopies and graminoid plots; and (2) streamside (lower)
and upper landscape positions. The temperature
measurements were performed every 15 minutes for
periods of 7 to 14 days.

In 1995, 1996, and 1998 soil in situ N availability
in the experimental plots was assessed using ion-
exchange resin bags. Paired cation and anion resin bags
made from nylon stockings and containing about 15 crm?
of exchange resins were placed 5 cm beneath the soil
surface (Binkley 1984). In 1995 and 1996, 15 pairs of
resin bags were placed in a regularly spaced grid (9.1 m x
15.9 m) within each treatment (grazed, ungrazed,
clipped) in the 12 sites. In order to analyze the temporal
variability of N availability, two sets of bags were placed
in each treatment during the 1995 and 1996 growing
seasons. The first set was left in place from mid-June to
mid-July, and the second set from mid-July to mid-
August. A different experimental procedure was utilized
in 1998, in which six pairs of resin bags were randomly
placed within each of the 12 ungrazed and grazed plots,
and left in the field from May to October. For all 3 years,
after removal of the bags, the N adsorbed in the resins
was extracted with 50 ml of 2 M KCl, and the extracts
frozen until analysis on an Alpkem automated
spectrometer.

In 1997 and 1998, in sitru measurements of net N
mineralization were performed by conducting field soil
incubations as described in Kolberg et al. (1997) using
aluminum cores 15 cm long and 5 cm in diameter.
During the 1997 growing season, cores were placed in
upper and lower landscape positions within the 12
ungrazed and grazed plots of the two watersheds. Within
each landscape position and grazing treatment, cores
were placed under willow shrubs and in associated
graminoid patches within 2 m of the willow plants. Four
cores were placed inside each treatment replicate in order
to reduce micro-site variability. Cation and anion resin
bags were placed in the bottom of each core to capture
the inorganic N leached from the core. During the 1998
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growing season, six open-top field soil incubation cores
were placed within the ungrazed and grazed plots in
three different 6-week incubation periods (June to July,
July to August, and August to October). Net soil N
mineralized during the incubation periods was calculated
by subtracting the initial amount of inorganic N in the
soil from the final amount of inorganic N after the
incubations, and the results were expressed in g N m™.

Nitrogen Fertilization

In each ungrazed and grazed plot in the 12 sites,
we placed two paired circular subplots (each with 2 m
radius) around willow plants at the end of the 1998-
growing season. Within each pair of circular subplots,
we applied two fertilization treatments: (1) no fertiliza-
tion, and (2) 10 g N m as ammonium nitrate. During
late July 1999, willow shoots (CAG) were collected from
the plants inside the subplots, dried at 60°C, weighed,
and ground to a fine powder. Concentrations of C and N
in shoots were determined using a LECO CHN -1000
analyzer.

Statistical Analyses

Statistical analyses were performed using the SAS
Statistical Package (SAS, Version 6.12, SAS Institute
Inc., Cary, NC, 1995). There were no significant inter-
actions at any level including watershed, willow height,
and hydro-manipulations. Therefore, the data from the
experiments on litterfall, litter nutrient content, soil char-
acteristics, and elk dung deposition were analyzed for
the effect of elk herbivory using a randomized complete
block design. The data from the experiments on litter
decomposition and soil N availability were analyzed us-
ing a split-plot design with herbivory manipulations as
the main treatment and landscape position or canopy
position as sub-plots.

Results and Discussion
Litterfall

Litterfall biomass in the ungrazed and clipped plots
was greater (P <0.05) than in the grazed plots for the
three growing seasons (Table 1). Across all growing
seasons, litterfall biomass averaged 65.6 and 33.0 g m™
inside and outside the exclosures, respectively. On
average, willow leaves accounted for 58% of the litterfall
biomass followed by herbs (20%), other shrub leaves
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Table 1. Litterfall biomass in ungrazed, clipped, and grazed plots of Moraine Park and Horseshoe Park during 1995,
1996, and 1997. Values represent means (n = 12) with standard errors in parentheses. Means within the same
group followed by different letters are significantly different at P <0.05.

Litterfall (g m?)

Willow (Salix Other Unidentified

Treatment spp.) leaves shrub leaves'  Herbs? Wood material All litter
1995

Ungrazed 32.9 (9.8) 5.9 (2.7)* 10.1 (2.4) 3.0 (1.0) 0.6(02)  52.5(10.2)
Clipped 34.1 (8.5)" 13.2 (6.3) 8.0 (1.0) 44(1.4)  03(0.1)  60.0 (8.9)
Grazed 19.1 (7.1)° 1.7 (0.6)° 6.4 (0.9) 3.1(1.4)  05(02) 309 (8.5
1996

Ungrazed 55.0 (13.6)° 9.1 (3.9)** 3.1 (0.6) 3.1 (1.1) 1.4 (0.4)  71.6 (12.6)°
Clipped 47.1 (10.6)*° 18.3 (8.6)° 2.6 (0.5) .6 (0.4) 0.8(0.2) 702 (9.7)"
Grazed 26.6 (8.1)° 3.7 (0.8)° 3.4 (0.5) 51(22) 07(03) 394 (9.1)°
1997

Ungrazed 45.3 (12.3)* 8.7 (4.0)*® 14.3 (3.3) 3.1 (1.0) - 7150111y
Clipped 41.6 (10.4)° 15.5 (6.3)° 7.2 (0.7) 2.2 (0.7) - 66.4 (10.1)
Grazed 15.9 (6.0)® 3.0 (0.9)° 7.5 (1.0) 2.4 (1.1) - 28.8 (7.1)°

abeDenote significant differences (P <0.05).
"Mostly birch (Betula spp.) leaves.
2Litter material from forbs and graminoid combined.

(16%), wood (5%), and unidentified material (1%).
However, the use of trays for collecting litterfall may
underestimate the amount of grass litterfall, since a
significant portion of the senescent tillers still remain
attached to the plant and were not collected and counted
as litter. Willow leaf litterfall in the ungrazed and clipped
plots was greater (P <0.05) than in the grazed plots
during the 1995 and 1997 seasons, but in 1996 there
were no significant differences between clipped and
grazed plots (Table 1). Leaf litter from other shrubs,
mostly birch (Betula spp.), was significantly lower in
the grazed plots when compared to the clipping treatment
inside the exclosures, but there were no differences
between grazed and ungrazed plots. No grazing
treatment differences were observed for the amounts of
herb or wood litter during the three growing seasons.
Litterfall biomass was lower in the grazed plots, in
comparison to the clipped and ungrazed plots, due to
elk browsing during early fall before leaf senescence.
However, inside the exclosures, even the removal of 75%
of CAG in the clipped plots did not result in significant

differences between the ungrazed and clipped plots
during the three growing seasons. We suggest this lack
of difference between clipped and ungrazed plots
occurred in part because the artificial clipping of willow
did not satisfactorily simulate elk browsing. Other studies
have demonstrated the limitations of clipping
experiments to reflect accurately the natural patterns of
herbivory (Paige 1999). Visual observations in our field
plots suggested that clipped plants inside the exclosures
were morphologically similar to the plants in the
ungrazed treatment, regarding height and canopy
structure, while the grazed plants were apparently more
suppressed and shorter than the plants in the two
treatments inside the exclosures. These patterns probably
resulted from the additional damage to willow leaders
caused by elk when striping off leaves from the plants,
as compared to artificial clipping. On average, elk may
browse on more than 70% of the leaders in each plant in
our study sites, and may remove nearly 40% of the length
of each leader (Singer et al. 1998b). Additional field
observations from our experiments demonstrate that an



average of 20% of the length of browsed willow leaders
may die after elk browsing due to bark damage, while
only 2% of the length of the leader may die in the case
of artificially clipped plants (R. Peinetti, Natural
Resources Ecology Laboratory, personal
communication). We suggest that the differences in
growth and litterfall observed between grazed and
clipped treatments in our study may result from:
(1) greater leader damage during elk browsing, in
comparison to artificial clipping; and/or (2) greater
increases in plant height in clipped plants, in comparison
to grazed plants, due to differences in the patterns of
tissue removal during elk browsing or artificial clipping,
which may influence canopy architecture. Overall, we
suggest that the clipped plants in our study were able to
overcompensate for the biomass removal and achieve
greater fitness, in comparison to browsed plants, but
additional studies are needed to test this hypothesis.
Willow leaf litter in the ungrazed and clipped plots
had lower (P <0.05) N content and higher (P <0.05) C
to N ratio than willow leaf litter in the grazed plots, but
no significant treatment differences were found in litter
from other shrubs, graminoids, or forbs (Table 2). Simi-
lar to our findings, Alstad et al. (1999) reported that
early season willow tissue N concentration in plants
under elk herbivory in our sites was significantly higher
than in plants protected from herbivory. Often, grazing
leads to increases in plant tissue N (McNaughton 1985;
Holland and Detling 1990; Coughenour 1991; Hamilton
et al. 1998) due 1o faster nutrient cycling and uptake by
plants or a reduction in tissue biomass for allocation of
N. Higher N concentration and lower C to N ratios in
litter may lead to faster litter decomposition and greater
nutrient availability (Irons et al. 1991; Ritchie et al.
1998). In our study site, the effects of elk herbivory on
willow litter N concentration could lead to increases in
the rate of litter decomposition and nutrient cycling,
which could lead to changes in species composition and
ecosystem functioning (Aber and Melillo 1991; Holland
et al. 1992; Ritchie et al. 1998; Stohlgren et al. 1999).

Litter Decomposition

Grazing had no effect on the decomposition of
willow and gramoinoid litter in any of our experiments,
but C and N losses between willow and graminoid
litterbags were significantly different. In the three
growing seasons, C losses from willow litterbags were
higher (P <0.05) than from graminoid litterbags
(Table 3). Interestingly, N losses from willow litter were
lower than from graminoid litter (Table 3), perhaps
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because willow litter has a higher content of secondary
compounds or promotes greater N immobilization during
decomposition, when compared to graminoid litter.
Browsed willow plants may increase the concentration
of secondary defense compounds, such as tannins, as a
response to prevent further herbivory (Singer et al. 1994).
The standard litter utilized in our decomposition studies
had arelatively high concentration of tannins, averaging
70.7 mg g' dry matter’' (Cates, et al., this volume). Our
findings indicate that, even though willow litter has a
lower C to N ratio when compared to graminoid litter,
the presence of secondary compounds in willow litter
may have caused a significant reduction in the losses of
litter N when compared to graminoid litter.

In 1996, C losses from litterbags were higher (P =
0.001) in streamside positions than in upper landscape
positions, but no significant differences were observed
for N losses during 1996 or C and N losses during 1997
(Table 4). Soil moisture is usually an important factor
contributing to decomposition and, in general, litter
decomposition increases with increasing soil moisture
in semi-arid ecosystems (Schlesinger 1997). Higher C
losses observed in streamside positions in our study are
likely due to higher soil water availability (Fig. 1).
However, no significant differences in willow or
graminoid litter decomposition were observed between
streamside and upper landscape positions around the two
beaver ponds in 1996. Average C and N losses from
litterbags of the two litter types placed around the ponds
were 36.4% and 2.9%, respectively. The lack of
consistent differences in litter decomposition between
different landscape positions in our experiments may
have occurred because 1996 and 1997 had higher rainfall
levels than the long-term average for those sites (Alstad
et al. 1999). For these reasons, the differences in soil
moisture may not have been as pronounced between
landscape positions as they would have been in drier
years, especially towards the end of the growing season,
as indicated by the increases in soil moisture in July
1997 (Fig. 1).

Litterbags placed under willow canopies lost sig-
nificantly more C and N than bags placed in graminoid
plots (Table 5), even though soil moisture levels were
slightly lower under willow canopies, compared to
graminoid plots, especially in Horseshoe Park (Fig. 1).
Average maximum soil temperatures from 1 to 6 cm in
depth during the 1997 growing season were significantly
lower under willow canopies than in graminoid plots in
both Moraine and Horseshoe Parks (Fig. 2). These re-
sults indicate that the presence of willow shrubs has a
significant influence on microclimatic conditions in our
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Table 2. Nitrogen content and carbon to nitrogen ratio of different litter types in ungrazed, clipped, and grazed plots
of Moraine Park and Horseshoe Park in 1997. Values represent means (n = 12) with standard errors in parentheses.
Means within the same group followed by different letters are significantly different at P <0.05.

Willow (Salix spp.)  Other shrub
Treatment leaves leaves' Graminoids Forbs
Nitrogen (%)
Ungrazed 1.25 (0.10)° 1.23 (0.15) 1.40 (0.11) 1.79 (0.13)
Clipped 1.27 (0.09)° 1.11 (0.13) 1.22 (0.08) 1.71 (0.15)
Grazed 1.49 (0.08)° 1.09 (0.11) 1.23 (0.09) 1.82 (0.12)
Carbon to nitrogen ratio
Ungrazed 458 (3.2 48.5 (12.0) 37.2(2.9) 31.0 (3.0
Clipped 43.0 (4.2 53.4 (11.6) 42.1 (2.8) 32.6 (2.9)
Grazed 37.7 (3.1 49.9 (14.3) 435 (3.1) 31.4 (2.6)

"Mostly birch (Betula spp.) leaves.
abDifferent letters denote statistical differences at P <0.05.

Table 3. Carbon and nitrogen losses from willow (Salix spp.) and graminoid leaf litter bags in Moraine Park and
Horseshoe Park during the growing seasons of 1995, 1996, and 1997. Values represent means (n = 12) with
standard errors in parentheses.

Litter type % C loss % N loss
1995
Willow 30.2 2.7) 6.3 (2.0)
Graminoid 22.9 (2.6) 103 (2.1)
P-value ns.? 0.026
1996
Willow 29.0 (1.9 34 (5.1)
Graminoid 229 (2.4) 15.2 (4.7)
P-value 0.046 0.005
1997
Willow 22.1(1.4) 2.7 (2.4)
Graminoid 16.4 (1.8) 16.4 (4.3)
P-value 0.013 0.005

#Not significantly different at P <0.05.
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Table 4. Carbon and nitrogen losses from litter bags placed in upper and lower landscape positions of Moraine Park
and Horseshoe Park during the growing seasons of 1996 and 1997. Values represent means (n = 12) with standard

errors in parentheses.

Landscape position % C loss % N loss
1996
Streamside 3L.7 (2.3) 5.7 (6.1)
Upper landscape 20.3 (1.9) 12.8 (6.0)
P-value 0.001 ns.?
1997
Streamside 18.1(1.9) 6.5 (4.2)
Upper landscape 20.4 (1.3) 129 (2.7)
P-value n.s. n.s.

“Not significantly different at P <0.05.

sites, contributing to reductions in soil temperature and
soil moisture. We suggest that the rate of nutrient loss
from litterbags was higher under willow canopies be-
cause: (1) shading by willow canopies may decrease soil
temperature and increase soil moisture at the top few
centimeters of the litter layer and soil. This may en-
hance litter decomposition, and/or (2) graminoid plants
may have supported litterbags off of soil in open sites,
which may have let them dry out more and decompose
less than bags placed under willow canopies.

Return of N to the Soil

Based on the biomass and N content of aboveground
litter in our sites (Tables 2 and 3), we calculated that
the N return to the soil in litterfall during the 1997
growing season was greater (P <0.05) in the ungrazed
and clipped plots (0.83 and 0.82 g N m, respectively)
than in the grazed plots (0.42 g N m2), excluding the
contribution of N in wood litter in all treatments. Similar
to our findings, Pastor et al. (1993) found that moose
browsing led to decreases in the amount of litterfall and
nutrient return to the soil in litter. In our site, litter from
willow, other shrubs, and herbs contributed to 62%, 17%,
and 21% of the N returned to the soil inside the
exclasures, and 51%, 16%, and 33% of the N returned
to the soil in grazed plots, respectively. Elk dung biomass
deposited on the soil during the 1997-1998 season
averaged 42.2 + 6.2 g m™ across all sites. This value is
similar to those reported by Frank and McNaughton

(1992), who found that average herbivore dung
deposition during the 5-month season in the winter range
of YNP was 76.9 + 30.1 g N m™, In our sites, average
elk dung N concentration in the samples collected in
late fall of 1997 was 2.0%. Based on our results, we
estimated that approximately 0.87 + 0.12 g N m? was
returned to the soil in elk dung during the 1997-1998
winter season in our study site. Therefore, the amount
of N returned to the soil as elk dung plus plant litter
averaged 1.3 g m? in the grazed plots. The estimated
amount of N returned to the soil in elk urine in our sites,
based on the diet and specific characteristics of the herd,
could be approximately 98% of the N returned to the
soil in dung (Schoenecker et al., this volume). Based on
these estimates, after including the potential N inputs
from urine, the total amount of N returned to the soil in
the grazed plots could be as high as 2.2 g N m*, which
corresponds to 265% of the N returned as aboveground
litter in the exclosed plots. Our results are consistent
with the findings of Frank and McNaughton (1992), who
found that elk and bison populations in YNP excreted
0.81 t0 4.60 g N m2yr!, an amount that corresponded
to roughly four times the amount of N returned in
litterfall. In addition, those authors concluded that the
intensity of herbivory was positively associated with both
aboveground net primary production and the return of
nutrients to the soil.

Ungulates usually accelerate nutrient cycling by
modifying the amount and quality of residues returned
to the soil (Hobbs 1996). Similar to the findings of Frank
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—=&— Streamside graminoid plots
—& — Streamside willow canopies
—O— Upper landscape graminoid plots
—&— Upper landscape willow canopies

Table 5. Carbon and nitrogen losses from litter bags
placed under willow (Salix spp.) canopies and in
graminoid plots in Moraine Park and Horseshoe Park
during the growing seasons of 1996 and 1997. Val-
ues represent means (n = 8) with standard errors in
parentheses.

Horseshoe Park
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Fig. 1. Soil moisture (0 to 14 cm) under willow
canopies and in graminoid plots in upper and lower
landscape positions of Horseshoe Park and Moraine
Park from early June to late August of 1997. Error
bars represent standard errors of the means (n = 8).

et al. (1994) in Yellowstone, a portion of the excess N
returned to the soil by elk in our study sites may
correspond to transfers from the summer range. During
winter, elk migrate from the summer range to the winter
range at lower elevations to avoid snow and usually lose
weight and N (F. Singer, U.S. Geological Survey,

1996 % C loss % N loss
Willow canopies 35.7(1.7) 24.2 (1.8)
Graminoid plots 7.7 (2.9) -1.6 (2.4)
P-value 0.001 0.022

1997
Willow canopies 23.1 (1.5) 15.5 (1.7)
Graminoid plots 16.0 (3.5) 34 (3.5
P-value 0.00 0.012

personal communication). Our results indicate that elk
may be promoting a net transfer of N from the summer
range to the winter range, and the extent of these
transfers are likely related to the number of elk in this
system. In the long-term, these N transfers could increase
N availability, which in turn may affect ecosystem
structure and functioning (Aber and Melillo 1991;
Holland et al. 1992; Ritchie et al. 1998; Stohlgren et al.
1999).

Soil Characteristics and N Availability

There were no significant differences (P <0.05) in
total soil C and N, POM C and N, soil texture, and soil
pH between grazing treatments in our sites within the 4
years after the establishment of the exclosures (Table 6).
Similar to our findings, Frank and Groffman (1998)
found no differences in soil total C and N between grazed
plots and exclosed plots that had been protected from
herbivory for 33 to 37 years in YNP. However, Frank
and Groffman (1998) found that herbivores improved
the quality of soil organic matter, increasing the labile
fractions and decreasing the recalcitrant fractions. In
our study, the relatively short time (4 years) since the
establishment of the exclosures may not have allowed
for the development of significant differences in the
organic matter fractions between herbivory treatments.
In addition, we found no differences in total soil C and
N (0 to 30 cm) between soil samples taken in graminoid
plots or under willow canopies. Total soil C and N
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Fig. 2. Soil temperature (1 to 6 cm) under willow
canopies and in graminoid plots in Horseshoe Park
and Moraine Park during July 1997. Vertical lines
represent the range of the 95% confidence interval
for the means of maximum temperatures (n = 3).
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averaged 6.2 and 0.44 g kg™! in graminoid plots and 5.8
and 0.40 g kg'' under willow canopies, respectively.

In all experiments with both ion-exchange resin bags
and field soil core incubations, there were no significant
differences in soil N availability between grazing
treatments during the 4 years of the study. Several studies
have reported increases in the rates of soil N
mineralization with herbivory (McNaughton 1985;
McNaughton et al. 1988; Holland and Detling 1990;
Frank and Evans 1997). Frank and Groffman (1998)
reported that N availability in plots grazed by elk was
100% higher than exclosed plots. Again, we suggest that
the time since the establishment of the exclosures in our
study did not allow for the development of detectable
differences in soil N mineralization and availability
between grazing treatments.

The assessment of N availability with ion-exchange
resin bags during 1995 and 1996 indicated that, in
general, both NH;*-N and NO;3™-N availability were
higher (P <0.05) during early to mid-season and declined
afterwards (Table 7). In 1998, there was only one resin
bag incubation period, and the total amount of N
adsorbed to the bags was slightly higher than the sum of
both periods of either 1995 or 1996, probably because
the incubation period in 1998 was a few weeks longer.
On average, the amount of NH,*-N adsorbed to the resin
bags was 137 to 412% higher than NO5-N during the
three growing seasons. The higher proportions of soil
NH4*-N could benefit plant productivity in our sites,
since plants with an evolutionary history of grazing show
elevated growth responses to ammonium relative to other

Table 6. Soil characteristics (0—15 cm) of ungrazed, clipped, and grazed plots of Moraine Park and Horseshoe Park
in July 1997. Values represent means (n = 12) with standard errors in parentheses.

Total C Total N POM C POMN  Sand Silt Clay
Treatment g kg soil” pH?
Ungrazed 50.3 3.38 15.9 0.81 523 209 152 4.64
9.0) (0.63) (3.5) (0.19) (59) (40) (19) (0.10)
Clipped 4779 3.27 13.3 0.63 494 235 161 4.67
(7.1) (0.54) (2.0) (0.09) (55) @7 (25) (0.12)
Grazed 42.7 2.82 11.3 0.53 549 234 118 4.60
(6.2) (0.44) (2.0) (0.12) 37) 29) 19) (0.11)

#Measured in water (2:1, water:soil)
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Table 7. Inorganic nitrogen adsorbed to ion exchange resin bags during different incubation periods during 1995
and 1996, and one incubation period during 1998. Values represent means (n = 12) with standard errors within
parentheses.

Inorganic nitrogen (mg bag )

Incubation period NO; -N NH," -N NO; N and NH;" -N

1995
June to July- 1.08 (0.23) 4.45 (0.63) 5.53 (1.45)
July to August 0.64 (0.32) 2.12 (0.44) 2.78 (1.29)
P-value® 0.015 0.001 0.001

1996
June to July 0.95 (0.52) 3.39 (0.81) 4.34 (1.14)
July to August 1.05 (0.55) 1.44 (0.53) 2.49 (0.87)
P-value n.s.b 0.001 0.001

1998
July to October 3.01 (0.55) 7.29 (1.98) 10.30 (2.43)

*P-value of comparisons between means of incubation periods,
®Not significantly different at P <0.05.

Table 8. Inorganic nitrogen mineralized during field soil incubations (0 to 15 cm) using aluminum cores during
1997 and 1998. Values represent means for all treatments (n = 12) with standard errors within parentheses.

Mineralized nitrogen (g m™)

Incubation period® NO;- NH,+ NO;3- + NH4+
1997
June to July 0.11 (0.04) 0.55 (0.15) 0.66 (0.16)
1998
June to July 0.71 (0.44) 0.81 (0.80) 1.51 (0.77)
July to August 1.13 (0.38) 1.33 (0.95) 2.46 (1.17)
August to October 0.51 (0.23) 0.34 (0.52) 0.85 (0.59)

Length of incubation period: 1997 = 4 weeks; 1998 = 6 weeks each period.
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Table 9. Inorganic nitrogen adsorbed to ion exchange resin bags under willow (Salix spp.) canopies and in graminoid
plots during different incubation periods of the 1995 and 1996 growing seasons. Values represent means (n = 12)
with standard errors within parentheses.

Inorganic N (mg bag™")
Position June to July July to August
1995
Willow canopies 5.69 (2.13) 2.87 (1.20)
Graminoid plots 5.80 (1.92) 2.87(1.11)
P-value n.s.a n.s.
1996
Willow canopies 4.98 (0.77) 3.07 (0.55)
Graminoid plots 4.01 (0.68) 2.42 (0.37)
P-value 0.018 n.s.2

"Not significantly different at P <0.05.

Table 10. Effects of nitrogen fertilization on willow (Salix spp.) growth and N assimilation during the growing
season ol 1999. Values represent means (n = 12) followed by standard errors between parentheses.

Shoot length Shoot biomass Shoot N concentration ~ Amount of N per shoot
Treatment (cm) (g) (%) (g)
N fertilizer 28.6 (14)~ 27.3 (2.5 2.25 (0.05) 0.62 (0.06)
(10 gNm?)
No fertilization 225 (1.1 202 (2.4 2.14 (0.06) 0.43 (0.05)°

=bDifferent letters denote statistical difference at P <0.05.
'Means followed by different letters are significantly different at P <0.05.
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inorganic forms of N, particularly when subject to
defoliation (Ruess 1984; Ruess and McNaughton 1987,
Hobbs 1996). Similarly to the results from the
experiments with ion-exchange resin bags, the amounts
of net NH;"-N mineralized in the soil cores were usually
higher than NOy-N (Table 8). In addition, total inorganic
N in the soil was higher during early to mid-season
during the 1998 growing season (Table 8). If plant uptake
is higher during carly to mid-scason when plant growth
and nutrient requirements are probably greater, the
higher availability of nutrients during that period may
contribute to the synchronization of nutrient supply and
demand and enhance primary production and nutrient
retention within the system (Myers et al. 1994).
Interestingly, the presence of willow had a significant
effect on N availability in our experiments with ion-
exchange resin bags. During both incubation periods of
1996, the amounts of inorganic N adsorbed to resin bags
located under willow canopies was higher (P <0.05) than
in bags placed in graminoid plots (Table 9), but no
significant differences were observed during 1995. The
higher N availability may be a consequence of higher
amounts of litter N inputs and higher rates of N loss
from litter under willow canopies, as indicated by our
findings in 1996.

The data from the N fertilization experiment
demonstrated that willow growth in the winter ranges
for elk is limited by N availability, independently of
grazing treatment. Both inside and outside the
exclosures, N fertilizer additions increased (P <0.05)
willow shoot length, shoot biomass, and the amount of
N in the shoots (Table 10). We suggest that elk herbivory
could lead to long-term increases in N availability in
our sites, because of induced increases in both litter
quality and return of N to the soil. Increases in N
availability could lead to changes in plant species
composition and significantly alter ecosystem
functioning because of shifts in the competitive
interactions between plant species (Tilman 1982, 1988;
Holland et al. 1992; Sterner 1994; Ritchie et al. 1998).
Stohlgren et al. (1999) reported that exotic species were
more likely to invade landscape patches with higher soil
N and moisture, which could lead to a decline in native
plant species and ecosystem diversity (Billings 1990;
D’ Antonio and Vitousek 1992).

Conclusions

Herbivory by elk significantly influenced the
biogeochemical cycles of the winter ranges for elk in

RMNP. Losses of C from litter and soil moisture were
greater in streamside positions, when compared to upper
landscape patches, indicating that reductions in surface
water may lead to lower decomposition rates in our site.
Elk grazing reduced the amount of litterfall biomass and
the amount of N returned to the soil in litter. However,
we estimated that the return of N to the soil through elk
excretions plus aboveground litter in the grazed plots
could be as much as 265% greater than inside the
exclosures, maybe due to transfers of N from the summer
range to the winter range. Willow litter contributed to
51% to 62% of the N returned to the soil in litterfall,
and grazing by elk significantly increased the N
concentration and reduced the C to N ratio of willow
litter. We found no differences in soil total C and N,
POM C and N, and N availability between grazed and
ungrazed plots during the period of our study, maybe
because there was not enough time (4 years) to develop
significant differences between herbivory treatments.
Nitrogen fertilization significantly increased willow
shoot length, shoot biomass, and the average amount of
N in the shoots, indicating that availability of N is a
limiting factor for willow growth in our study sites.
Greater return of N to the soil combined with increased
litter quality in the grazed plots indicate that elk could
contribute to increases in N cycling rates and availability
in the long-term in our sites. Increased N availability
could lead to changes in plant species composition and
ecosystem functioning.
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CHAPTER SEVEN

Carbon and Water Relations of Salix monticola in
Response to Winter Browsing and Changes in Surface
Water Hydrology: An Isotopic Study Using '*C and §'*0

By

Karrin P. Alstad'
Jeff M. Welker?
Stephen A. Williams?
and
Milton J. Trlica®

Abstract. To ascertain whether browsing or hydrologic conditions influence the physiological performance of
willow (Salix spp.) and whether willows and graminoids (Carex) use and possibly compete for similar water re-
sources, we quantified the in situ seasonal patterns of plant water and carbon relations over three growing seasons.
Our studies were designed to address the physiological factors which may be responsible for poor woody plant
regeneration in montane riparian habitats of Rocky Mountain National Park, Colorado. As these systems act to
insure the delivery of fresh water to downstream users, the maintenance of their integrity is critical. We quantified
plant water potentials, instantaneous rates of carbon fixation, leaf carbon isotope discrimination (A), leaf nitrogen
content, and water sources using stable isotopes of water (§'0). The carbon and water relations of willow were
significantly affected by winter grazing by elk and in some cases, by landscape position with regards to proximity to
active streams. Winter grazing of willow by elk significantly increased summer plant water potentials and integra-
tive measures of gas exchange (A), though grazing did not consistently affect instantaneous rates of photosynthesis,
leaf nitrogen nor the sources of water used by willow. No effect of experimental manipulations of surface water
conditions on willow physiology was observed, likely due to the mesic nature of our study period. Using a two-
member linear mixing model from §'%0 values, we calculated that willow appears to rely on streams for approxi-
mately 80% of its water. In contrast, sedges derive almost 50% of water from rainfall, indicating divergent water
source use by these two life forms.

Based on these findings, winter grazing by elk improved willow water balance by possibly altering the shoot to
root ratio which in turn leads to higher water potentials and higher degrees of season-long gas exchange while
experimental damming had in general no effect on the physiological performance of willow plants. In addition. as
the water sources of willow and sedge were significantly different, competition for water may not influence the
growth, development and regeneration of willow. Thus, under the conditions of our study, herbivory had a positive
effect on the physiological performance of willow, but it is still unclear whether these changes in physiology tran-
scend into improved willow regeneration and survivorship. However, under drier environmental conditions such as
lower snow packs and lower stream flows, grazing resistance of willow and ecosystem regeneration may be greatly
hindered as willow’s reliance on stream water indicates its vulnerability to changes in surface water and hydrologi-
cal conditions.

Keywords: Plant-animal interactions, riparian ecosystems, Rocky Mountain National Park, stable isotopes, ungulates.
Reprinted with kind permission from Springer-Verlag. Alstad, K. P., J. M. Welker, S. A. Williams, and M. .

Trlica. 1999. Carhon and water relations of Salix monticola in response to winter browsing and changes in

surface water hydrology: An isotopic study using §'*C and §'0. Oecologia 120:375-385.
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Introduction

The carbon and water relations of native plants in
riparian ecosystems are currently receiving attention
because their physiology may influence community and
ecosystem sustainability (Dawson and Ehleringer 1991;
Busch and Smith 1995; Svejcar and Trent 1995; Dawson
and Pate 1996; Kolb et al. 1997; Pimentel et al. 1997;
Gleick 1998). Adequate regeneration of these ecosys-
tems is essential to maintaining acceptable levels of
biodiversity and the structural and functional aspects of
habitats that deliver ecosystem services such as clean
water (Naiman et al. 1995, 1998; Gleick 1998). There
are, however, a host of woody dominated systems, which
apparently are not regenerating adequately (Gordon et al.
1989; Singer et al. 1994, 1997; Kolb et al. 1997), The
extent to which herbivores, changes in surface water
conditions due to beaver (Naiman et al. 1988, 1994),
and competition for water with herbaceous neighbors
may all be influencing the physiology, growth, repro-
duction, and regeneration of woody species in riparian
systems is, however, unclear.

Herbivory can influence growth and the
physiological performance of plants (Coughenour et al.
1985; Toft et al. 1987; Welker and Menke 1990; Welker
and Briske 1992; Busso and Richards 1995; Fahnestock
and Detling 1999). For instance, herbivory may alter
carbon and nitrogen allocation (Welker et al. 1985,
1987), rates of carbon assimilation (Caldwell et al. 1981;
Detling and Painter 1983; Wallace et al. 1984) as well
as plant water balance (Welker and Menke 1990; Day
and Detling 1994). Whether herbivory and browsing
have a positive or negative effect on plants may depend
in part on environmental condition (Georgiadis et al.
1989) as changes in root to shoot ratio following
browsing may be beneficial to the water balance of plants
(Welker and Menke 1990) while the removal of
meristems may reduce their future growth potential
(Briske 1986).

Beaver (Castor canadensis) clearly impact the dis-
tribution of surface water across riparian ecosystems and
greatly influence the biogeochemical cycles of these habi-
tats (Naiman et al. 1988, 1994). Beaver impact woody
species in these systems in both direct and indirect man-
ners; directly by harvesting mature individuals for dam
construction and indirectly as dams act to slow river or
stream flows causing ponding and the dispersal of wa-
ter across the floodplain (Naiman et al. 1994, 1995). This
flooding may be an important component of willow (Salix
spp.) plant survival (Singer et al. 1994) by maintaining

high water potentials, which may enhance carbon gain
improving the resistance of these plants to periodic
browsing by ungulates (Svejcar and Trent 1995). Con-
sequently, in regions where beaver have been trapped-
out and harvested, willow plant water and carbon rela-
tions may be hindered, grazing resistance may be lower,
and willow plant survivorship and ecosystem regenera-
tion possibly threatened.

Herbaceous neighbors may compete with woody
plants for belowground resources (Gordon et al. 1989;
Callaway and Walker 1997) extracting water or nutrients
at rates or to degrees which hinder woody plant resource
acquisition, growth and possibly ecosystem regeneration
(Gordon et al. 1989; Welker et al. 1991). These measures
of competitive interactions between divergent life forms
in montane riparian habitats have seldom, however, been
demonstrated using stable isotope techniques (Dawson
and Ehleringer 1991; Dawson 1993) which provide
direct evidence for common use of groundwater as
opposed to rainfall (Busch and Smith 1995; Dawson and
Pate 1996; Dodd et al. 1998). One would anticipate that
both herbaceous and woody plants in riparian ecosystems
would have access to and utilize common water resources
as grasses often have deep root systems which overlap
with shrubs (Dodd et al. 1998). Ifthese life forms utilize
common resources, it is possible that herbaceous
neighbors may extract resources that are necessary for
woody plant growth and development which could hinder
juvenile or mature woody plant regeneration (Gordon
et al. 1989; Callaway and Walker 1997).

To study how browsing and surface water conditions
affect willow physiology, and whether willow and
herbaceous vegetation use similar water sources, we have
quantified seasonal patterns of plant water and carbon
relations in situ over 3 years where elk were present and
excluded, and where surface water was artificially
dammed and left undisturbed. We have used a host of
approaches, at a multitude of temporal scales, from
instantaneous rates of carbon fixation to integrative
measures of leaf gas exchange ('*C/'2C ratios) plus an
examination of water sources using stable isotopes of
water (8'%0), for both woody and herbaceous species
(Ehleringer 1991; Ehleringer and Dawson 1992; Welker
et al. 1995; Dodd et al. 1998) because we recognize that
field measurements of instantaneous physiological
performance can be limited in scope, especially where
sampling occurs over several days, and that accurate
interpretation of plant responses often requires a host of
parameters (Caldwell et al. 1981; Chapin et al. 1987;
Welker et al. 1997). We had three primary objectives:
(1) to determine whether the carbon and water relations



of willow are influenced by elk browsing and
modifications of surface water hydrology; (2) to quantify
whether the carbon and water relations of riparian
vegetation is influenced by landscape position (adjacent
to or distant from active steam channels); and (3) to
quantify and compare the water sources of willow and
herbaceous neighbors (Carex spp.) and their carbon
relations as indicators of potential competition for similar
water sources.

Materials and Methods

Study Sites

Our study sites were in riparian ecosystems on the
northeast side of Rocky Mountain National Park. Two
willow-dominated communities in the winter range of a
migratory elk (Cervus elaphus) herd were selected within
Moraine Park in the Big Thompson River watershed
(elevation 2,481 m) and in Horseshoe Park of the Fall
River watershed (elevation 2,598 m). The two water-
sheds are within 5 km of each other and have perennial
alpine snowfields at their headwaters (Baron 1992).
Willow species, primarily Salix monticola, Salix
geyeriana, and Salix planifolia, are dominant in both
watersheds with Salix monticola being the primary tar-
get species used in our study. The understory of these
riparian areas was predominantly Potentilla shrubs and
graminoids dominated by sedge species which form a
continuous cover within the willow plant matrix. The
30-year average temperature in the Estes Valley ranges
from 9° to 17°C during the 5-month growing season of
May through September. The average total precipita-
tion during the growing season averages 37 cm with
>70% occurring in May and June (Colorado Climate
Center 1995, 1996). Average peak snowpack level is
51 cm (snow water equivalent), and occurs in mid-April
while peak stream flow typically occurs in early to mid-
June (USDA 1995 and 1996).

Experimental Treatments

The study was designed as a randomized complete
block experiment with a factorial arrangement of treat-
ments, which included four replications (blocks) across
both watersheds with two levels of grazing, grazed and
ungrazed. The ungrazed treatments were established
within four exclosures (46 m x 30 m) that were erected
within each watershed between August and November
of 1994 (eight exclosures total). An area surrounding
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each exclosure (approximately 100 m radius) was used
as the corresponding grazed area used by elk during
winter. We attempted to manipulate increases in the water
table of several sites, as might occur if beaver dams were
present inthe area, by installing small check dams (1 cm
thick sheet metal) in ephemeral stream channels in two
of the study sites in Moraine Park and two sites in Horse-
shoe Park. This affected the surface water conditions
for both an ungrazed and adjacent grazed area. Treat-
ments with water additions will be referred to as short-
watered willow sites. Sites with no water table manipu-
lations will be referred to as short-control willow sites.

Field Measurements of Carbon
and Water Relations

Salix monticola shrubs of medium height (0.75 to
2.0 m) were selected in close proximity to streams
(“streamside™) and in areas distant from streams (“up-
land” at least 10 m in a horizontal direction from streams
and usually <0.5 m higher than streamside plants).
Within 2 m of target willow plants, portions of sedge
plants (10 cm diameter area) were excavated to 5 cm,
which allowed us to retrieve nonphotosynthetic crown
material for water extraction and photosynthetically ac-
tive leaves for nutrient and §'*C analysis (Ehleringer
and Cooper 1988; Ehleringer 1991). Sedge material was
collected three times in 1997, mid-June, mid-August and
mid-September in both streamside and upland locations.

Willow physiological measures were carried out
during 2-week periods each month throughout the
summer from full leaf expansion to leaf senescence
beginning in June and continuing through September
of 1995 and 1996. In 1997, willow physiological
measures were taken less frequently. In 1995 and 1996,
midday willow leaf gas exchange measures were made
between 1000 and 1300 hours, once during each 2-week
period. A LICOR 6200 portable photosynthesis system
(LI-COR, Inc., Lincoln, Nebraska) equipped with 0.25-L
leaf chamber was used to determine instantaneous
photosynthetic rates while recording photosynthetically
active radiation (PAR). Air temperatures were also
recorded at this time from the leaf chamber thermocouple
when the fan was running and the chamber was open
before gas exchange measurements. Arca-specific
photosynthesis results were calculated using the single
leaf surface enclosed in the chamber. Willow leaves used
for photosynthetic measurements were dried, ground,
and analyzed for nitrogen content and carbon isotope
ratios (8"°C) (Ehleringer 1991).
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Willow total water potentials were measured on the
same day as photosynthesis measures between 1100-
1400 hr using the pressure chamber technique (Welker
and Menke 1990). Representative leaders from the up-
per canopy of target shrubs were severed, immediately
placed in the pressure chamber and total water potential
was determined. The stems were then stripped of leaves,
sealed in glass vials, placed on ice, and transported back
to the lab and stored frozen until the xylem water was
extracted and analyzed for 880 (Ehleringer and Osmond
1989; Dawson and Ehleringer 1991).

Monthly water samples for source water evaluation
(8"%0) were collected from snow, groundwater wells
which had a maximum depth of 2 m, stream surface
water, and rain (Ehleringer and Dawson 1992; Dodd
et al, 1998). Snow was collected in the two main water-
sheds in April by coring using a 5 em x 30 cm tube.
Each core was homogenized in a zip lock bag and a
subsample placed into a 250 ml Nalgene bottle (acid
washed and dried). The bottles were capped, sealed with
Parafilm, placed into a cooler, transported to the labora-
tory and kept frozen until isotopic analysis for 8'%0. Five
representative cores were collected between our grazing
exclosures. Stream water was collected at midday by
placing a 250 ml Nalgene bottle just below the water
surface in mid-stream, capping the bottle with little
headspace, and sealing the cap with Parafilm. The
sample was then placed in a cooler which was then trans-
ported back to the laboratory and the water samples fro-
zen until 880 analysis. Well water was collected by in-
serting a Teflon tube down to the water level, and with
the use of a hand pump, water was collected into a250 ml
Nalgene bottle, capped, sealed and transported in a simi-
lar manner as were the stream water and snow samples.
Rain was collected in plastic gauges that contained oil
to prevent evaporative enrichment (Dodd et al. 1998).
Water samples were sealed, placed on ice, transported
from the field and stored frozen until analysis. Snow-
pack data was derived from the SNOTEL data center
for the Willow Park collection station approximately
10 km upstream of the Horseshoe Park study site.

Isotopic (3"°C) and Nitrogen Analyses

For the analysis of leaf tissue 8" Cabundance, leaves
of willow and sedge were dried at 60°C for 72 hrs, and
then ground in a ball mill to a fine powder and
subsamples (<0.01 g) were combusted at 800°C in a
Carlo-Erba NA 1500 Series 2 Carbon and Nitrogen ana-
lyzer attached to a VG-Optima® mass spectrometer. The
mass spectrometer was initially calibrated against the

NBS 22 primary standard while vacuum pump oil with
a 8'*C value of -27.00 + - 0.20 relative to Pee Dee Be-
lemnite (PDB) used as a secondary standard in each batch
of samples. The sample 8'*C values are expressed rela-
tive to the standard for carbon, PDB (Craig 1957) using
the equation:

s"c= (Rsample/Rstandard -1)x 1,000

where 8'3C is the carbon isotope ratio of the sample in
parts per mil (%), Rempie and Ryangarg are the 3C/2C
ratios of sample and standards, respectively. The preci-
sion of each isotope measurement is 0.03%. The §*C
values were then converted to the discrimination (A)
value where:

A= sucsample - Bucslandard’( SI:"Cair = 5I?'Cstam:lard

(O’Leary 1981; Farquhar et al. 1982). The 5'*C of the
air was assumed to be -85% (Farquhar et al. 1989). The
A values are integrative indicators of intercellular CO,
concentration, which is affected by the balance between
the leaf photosynthetic capacity and stomatal conduc-
tance (Farquhar et al. 1982). Willow leaves used for in-
stantaneous gas-exchange measurements were also
subsampled and used for analysis of foliar nitrogen con-
centration using a LECO CHN analyzer (LECO 1993).
Since leaf photosynthate comprises more than 75% of
total leaf N, these concentrations give an estimate of
leaf Ribulose activity and complement information for
analysis of photosynthesis activity. Both total nitrogen
concentration and instantaneous gas-exchange measures
were related to the carbon discrimination values to de-
termine whether increases in leaf carbon isotope dis-
crimination values were caused by increased carbon as-
similation rates or increased stomatal conductance
(Evans et al. 1986).

Plant Water Extraction and "0 Analysis

We extracted xylem water from plant stem tissue
for willow and from nonphotosynthetic crown tissue of
sedge (Dodd et al. 1998) using a vacuum distillation
extraction line (Ehleringer and Osmond 1989). Plant
tissue was placed into a glass vial that was subsequently
evacuated to 10~ mbar. The vial was then heated by
immersion in boiling water for 3 hours to evaporate the
free water. The evaporated water was collected in a cold
finger by freezing with an ethanol-dry ice slurry. We
then took 0.2 ml subsamples of the extracted water and
transferred them to 1.0 ml glass vials, thoroughly



aspirated the vials with CO, in a glove bag and
equilibrated each batch for 10 hours at 40°C. The isotopic
composition of the CO; in the headspace was measured
using a multiprep sampler connected to a dual inlet VG-
Optima® mass spectrometer (Epstein and Mayeda 1953;
Ehleringer and Osmond 1989).

The sample 5'%0 values are expressed relative to
the standard for oxygen, V-SMOW (Vienna Standard
Mean Ocean Water) using the equation:

80 = (Rsample/Rstandard - 1) X 1,000

where 8'%0 is the oxygen isotope ratio of the sample in
parts per mil (%), Rgample and Ryandard are the '#0/'°0
ratios of sample and standards, respectively. The preci-
sion of each isotope measurement is 0.2%.

The usual primary standard for oxygen is V-SMOW,
although the 8§ values of the samples and three secondary
standards were calculated using a linear calibration of the
mass spectrometer against three primary standards of
known & values: V-SMOW, GISP, and SLAP (Gat 1980).
The standard V-SMOW replaced the original primary oxy-
gen standard SMOW, which was subject to characteriza-
tion problems, and which has since been exhausted
(Ehleringer and Dawson 1992). The three secondary stan-
dards we used were deionized tap water (DI); “cooked”
deionized water (DI boiled for 12 hours); and snowmelt
collected from Cameron Pass, Colorado, and all three were
used in each batch of samples. We calculated the §'*0 abun-
dance values of the water samples relative to V-SMOW by
adjusting for any shift in the secondary standard occurring
in separate batches, and applying the original linear cali-
bration equation, as follows:

actual 5'0 = 0.98 x observed §'%0 - 6.211, +2=0.98.

The use of the calibration equation takes account of
the fractionation coefficient of the H;O-CO, equilibrium,
and the contribution of O from the tank CO, used to
aspirate the samples. In any case, the latter factor can be
considered negligible, based on a 125:1 ratio of O in
H,0 vs. CO; in the vials.

Comparisons of the 5'%0 values of the source wa-
ters against the 8'®0 values of the willow and sedge xy-
lem water were made to evaluate the water sources used
by riparian vegetation (Dawson and Pate 1996; Feild
and Dawson 1998) and a simple two-end-member lin-
ear mixing model was used to calculate the proportion
of rain water and subsequently groundwater in willow
and sedge stem tissue (Feild and Dawson 1998). The
two-end-members were defined by the average of stream
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and groundwater (-16.1%) and the average in summer
rainfall (-7.0%). We calculated the rainwater propor-
tion (P,) in our plants by the ratio of the distances be-
tween groundwater 8'°0 (5'®0,,,) and rain "0 (8'%0,)
and rainwater 8'*0 (8'%0,) and plant xylem water §'30
(8'%0,) (willow and sedge) (adapted from Feild and
Dawson 1998), as:

P, = (8"%0gy - 8'°0,)/(8"%04,, - 8'20;).

We were assured that the xylem water we extracted
was unfractionated source water by measuring the 8'*0
values of willow stem bases, current and previous years
growth, which we found to be similar (Singer et al. 1997,
1998).

Statistical Analysis

Leaf CO, assimilation rates, N concentrations, stem
water potential, leaf carbon isotope discrimination, and
stem water 8'%0 values were analyzed using a split-plot
factorial design where watershed was considered a ran-
dom effect (Ott 1993; SAS Institute Inc. 1995). Water-
sheds were not significantly different (P <0.05), therefore
the data values from both Moraine Park and Horseshoe
Park were pooled in the analysis to determine the ef-
fects of browsing, surface water hydrology, and proxim-
ity to streams. Analysis of variance (mixed procedure)
(SAS Institute Inc. 1995) was used to test for signifi-
cance at P <0.05. Under our set of circumstances, we
chose to use ANOVA as opposed to MANOVA as our
response variables were limited and the scale of the re-
sponse variables was appreciably different as in the case
of instantaneous rates of photosynthesis compared to leaf
carbon isotope discrimination (Potvin et al. 1990). A
MANOVA may have improved the power of our statis-
tical test, but the ANOVA results represent the most
conservative findings and thus those are presented here.
For source-water utilization differences between willow
and sedge, we used a student’s £-test (P <0.05).

Results

Precipitation

Snowfall and Runoff

Over the course of our 3-year study, peak snowpack
levels were above the long-term averages for Rocky
Mountain National Park (Fig. 1) though their
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accumulation and dissipation patterns were different.
Snowpack peaked in mid- to late-May in 1995, which
was almost 30 days later than the long-term average
(Fig. 1). In 1996, peak snowpack occurred close to that
of the long-term average date in early May, which was
similar to 1997, though the snow water equivalent at
peak snowpack in 1997 was 30% greater than the long-
term average. These snowpack characteristics
transcended into some year-to-year variation in peak
river levels; peak river levels in 1997 reaching 1 m in
early June, 0.7 m in mid-June in 1996 and peak river
levels of >1 m in late June in 1995 (Singer et al. 1997,
1998). In all years, once peak river depths had been
reached, river levels gradually declined over the summer
reaching their lowest levels in September, though
precipitation events of 1 cm did slightly increase river

levels for up to 1 week by up to 0.1 m (Singer et al.
1998).

Summer Rainfall

Summer precipitation is sporadic in the Rocky
Mountain region. In general, summer rainfall begins in
May with individual events being usually less than | cm
though large showers can occur (Niwot Ridge LTER
database; Alstad 1998). During our 3-year study period,
the average daily precipitation was slightly higher in
1995, averaging 0.3 cm or approximately 47 cm for the
summer period (150 days), while in 1996 summer rain-
fall was lower averaging 0.2 cm per day (30.5 cm total)
(Fig. 2). Summer rainfall in 1996 was substantially less

100
® 30 year average snowpack
—— 1995
— 1996
804 -~ 1997

Snow water equivalents (cm)

Fig. 1. Snowpack above Willow Park, Rocky Mountain National Park. Long-term (1961-1990) average versus
1995, 1996, 1997 water years. (Data from USDA Snow Survey Office Lakewood, Colorado, 1995, 1996, 1997.)



than in 1995 and 1997, especially in the months of June,
July and August.

Total Plant Water Potentials

Stem water potentials of willow were significantly
higher (P <0.01) in 1995 as compared to 1996, averaging
-0.6 MPa (n = 55) in 1995 and -0.9 MPa (n = 68) in
1996. In 1995, stem water potentials of willow decreased
significantly from June (-0.54 MPa) to early September
(-1.1 MPa) (Fig. 3a). There were no significant
differences in plant water potentials between ungrazed
and grazed plants, between plants in the short-watered
willow sites and short-control willow sites, or between
plants from different landscape positions in 1995. The
total water potentials of willow plants decreased
significantly (P <0.05) over the course of the 1996
growing season, as well, (Fig. 3b) with grazed willow
plants having higher water potentials than ungrazed
plants (P <0.05). Consequently, willow water potential
exhibits a significant (P <0.02) 2-way interaction where
during the drier year; herbivory resulted in significant
increases in plant water potentials. Water table
manipulation (short-watered treatment) did not affect

. 19595
11996

1.004

0.75

0.50

Average monthly precipitation (cm)

Fig. 2. Average monthly precipitation (cin) for the 1995,
1996, and 1997 growing seasons, Willow Park Climate
Station, Rocky Mountain National Park. (Data from the
USDA Snow Survey Office Lakewood, Colorado, 1995,
1996, 1997.)
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Fig. 3. Salix monticola plant water potentials for three
sampling dates in 1995 (a) and 1996 (b) growing
season and the yearly average water potentials for the
grazed versus ungrazed (control) plants in 1996
(mean and S.E.). Different letters indicate significant
(P <0.05) differences between sampling dates.
Significant differences between grazed and ungrazed
(control) plants are noted with a * at P <0.05.

willow water potentials in either year, nor were there
significant differences in the total water potentials
between plants that were streamside as opposed to those
in upland positions.

Instantaneous Photosynthetic Rates

Instantaneous CO, assimilation rates of willow
plants were not significantly (P >0.05) different between
1995 and 1996, averaging 12.3-pmol m™s™!. The rates
of leaf CO; assimilation did not differ significantly
between the June, July and September, though higher
rates of assimilation in grazed willow plants were
observed but only in July (P <0.05) (Fig. 4a). Higher
rates of carbon assimilation were also observed in plants
that were streamside, though only where check dams
had been installed and this only occurred in July
(P <0.05) (Fig. 4b).
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Fig. 4. Salix monticola photosynthetic rates for 1995
and 1996 growing seasons combined for grazed versus
ungrazed (control) plants (a) and for plants that were
streamside as opposed to located in upland positions
where streams were either undammed or artificially
dammed (mean and S.E.). An * indicates significant
differences at P <0.05 for grazed or ungrazed plants
or plants that were located adjacent to streams or in
upland positions.

Leaf Nitrogen

Leaf nitrogen content of willow plants decreased
significantly (P <0.05) between June and September
(Fig. 5) while no significant differences between years
were found. Leaf nitrogen contents were initially 3.2%,
remained near this level through July, and decreased to
2.1% in September before leaf senescence. Grazed wil-
low plants exhibited significantly (P <0.05) higher leaf
N contents in June compared to ungrazed plants though
these differences were diminished by September. Leaf
nitrogen content was not affected by damming nor were
the leaf N contents different between streamside plants
and those in upland locations.

Leaf Carbon Isotope Discrimination

Overall, the leaf carbon isotope discrimination
(LCID) was significantly (P >0.001) higher for willow
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Fig. 5. Leaf nitrogen content (%) of ungrazed
(control) and grazed plants for three sampling dates
in 1995 and 1996 combined and for September in
1997 (means and S.E.). Different letters indicate
significant differences, P <0.05, between sample
dates.



(20.5%) as opposed to that for the graminoid sedge that
averaged 19.6% (data not shown). These differences were
about 1%, representing a difference of approximately
30-ppm internal CO, concentrations (Donovan and
Ehleringer 1994), which could be the result of species-
specific differences in gas exchange, differences in leaf
temperatures (Ehleringer et al. 1992) or possible differ-
ences in CO, sources (atmospheric vs. soil respired).
The L.CID of willow plants harvested at the end of
the growing season were found to be significantly
(P <0.05) different between years for ungrazed plants
(Fig. 6a). Carbon isotope discrimination was
significantly (P <0.05) lower in 1996 compared to 1995
and 1997, by up to 1%. Grazing, too, significantly
(P <0.003) affected the LCID of willow, with grazed
plants having higher overall discrimination values
compared to plants that were ungrazed in all years
(Fig. 6b). Proximity to stream channel also affected the
LCID of willow plants whereby plants adjacent to active
stream channels had higher A values than plants away
from stream channels, though this response was only
significant (P <0.05) in year two (Fig. 6¢). The A values
of sedge were unaffected by proximity to stream channels.

80 of Precipitation, Stream Water,
and Plant Xylem Water

The average 8'80 values of the snow collected in
late May in the riparian zone was -16.4%, while the
5'%0 values of summer rain collected near the study sites
averaged almost -8% (Fig. 7a). Over the course of the
summer, stream water was depleted in §'%0 compared
to summer rain, which became progressively enriched
between May and October (Fig. 7b). Both stream water
and groundwater collected from wells within the experi-
mental sites, had §'%0 values almost identical to that of
snow, averaging - 16.1%. The §'30 values of snow, stream
and groundwater (well water) were very similar and were
not significantly different, though on average willow
8'80 values were enriched compared to stream water
while sedge xylem water 8'%0 values were significantly
(P <0.001) enriched compared to stream water. Willow
and sedge §'%0 values were significantly different
(P <0.001; Fig. 7a).

The 8'80 values of willow xylem water was not
significantly different between plants that were
streamside or in upland positions. In addition, the 5'*0
values of xylem water in willow plants that were grazed
by elk were not significantly different than those that
were not grazed (Table 1) nor were there significant
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changes in the §'%0 values of xylem water in willow
plants over the course of the summer (Singer et al. 1998).
Sedge plants exhibited a seasonal enrichment and plants
located adjacent to streams had §'®0 values of xylem
water that were significantly (P <0.01) depleted
compared with plants in upland locations in June and
September (Fig. 8).

Our mixing model analyses showed that three-
quarters (mean = 77%: se = 4.5%) of willow plant water
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Fig. 6. Salix monticola leaf carbon isotope
discrimination (LCID) values (mean and S.E.) based
on plant collections late in the growing season
(September) for 1995, 1996, and 1997 (a); late season
LCID in ungrazed and grazed plants in 1995, 1996,
1997 (b); and late season LCID for plants located
either streamside or in upland positions for 1995,
1996, and 1997 (c). Different fetters indicate
significant differences, P <0.05, between years and
an * indicates significant differences between
ungrazed or grazed plants or between plants located
streamside or in upland positions.
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was derived from stream water/groundwater in these
systems and only one-fourth (mean = 23%; se = 3%) of
their water came from summer rain. In contrast, sedge
reliance was significantly (P <0.01) greater on summer
rain (45%; se = 4%) while obtaining the other one-half
of their water from groundwater (55%; se = 3%).

Discussion

We initially anticipated that winter grazing by elk
would be detrimental to the physiological performance
of willow, reducing rates of gas exchange, for example.
We also anticipated that increases in stream water levels
in short-watered willow sites would have a positive effect
on willow carbon and water relations and that both
willow and associated graminoid species would be
competing for similar water resources in these riparian

habitats. However, we found that in general, most of our
measures of willow physiological performance were
enhanced by winter grazing by elk and that the
improvements in gas exchange (A) were most likely due
to increases in stomatal conductance as opposed to an
increase in photosynthetic rates. Under the mesic
conditions of our study (snowfall and precipitation
similar to the 30 year average in all years) the changes
in surface water that we experimentally induced were
not of a magnitude to elicit a consistent shift in willow
carbon and water relations, though we would anticipate
in years when snowpack and runoff are low, damming
would have significant effect on the carbon and water
relations of willow, especially late in the summer. In
addition, our water source (6“‘0) data indicates that
willow and the surrounding graminoids (sedge) do not
use an identical mix of water sources and thus,
competition for water may not be a factor which is
curtailing the growth, development and regeneration of
willow in these montane riparian habitats.

Generally, willow stem water potentials were high
(-0.8 MPa) for both 1995 and 1996, reflecting the mesic
nature of these ecosystems in contrast to woody plant
water potentials in more arid regions (Gordon et al. 1989;
Welker and Menke 1990; Momen et al. 1992), though
we did observe higher stem water potentials in grazed
willow plants relative to ungrazed plants in 1996 which
is consistent with earlier studies of woody species
(Welker and Menke 1990) and graminoid responses to
grazing (Toft et al. 1987; Day and Detling 1994). The
proposed mechanism by which grazed plants have higher
water potentials is an increase in the root to shoot ratio
of grazed plants whereby canopies are fairly smaller rela-
tive to their root biomass (McNaughton 1983; Wright
etal. 1989). The effect of grazing on willow water po-
tentials was, however, not consistent between 1995 and
1996 due possibly to the variation in snowfall timing
and dissipation and surface water run-off patterns
(Fig. 1). The significant increase in stem water poten-
tials of the grazed willow plants in the second year may
have resulted from the dependence of this response on a
drier overall annual hydrologic regime, especially the
diminished stream flows late in the summer (Singer et al.
1997, 1998).

The nitrogen content of willow leaves ranged be-
tween 3.2% and 2.2% over the entire growing season
(Fig. 5), and were generally higher than other N values
reported for willow leaves from other montane ecosys-
tems (Singeret al. 1994; Demburg 1997; Phillips 1997),
though they were within the range reported by Phillips
(1997). Winter grazing by elk did, however, cause an
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Table 1. &'%0-values (mean and SE) for Salix monticola stem water from riparian areas of the elk winter range in

Rocky Mountain National Park, 1995 and 1996.2

Source water 1995 1996 1995 and 1 C ine
Streamside -14.4 (0.6) -14.4 (0.3) -14.43P (0.4)
Upland -12.5 (0.9) -14.6 (0.3) -13.6 0.3)
Grazed -12.2 (L.1) -15.2 (0.5) -13.7 (0.4)
Ungrazed -13.8 (0.5) -15.0 0.4) -15.0 0.49)
Average -12.9 (0.5) -14.8 0.2) -14.2 (0.3)

#Values are relative to Standard Mean Oceanic Water (SMOW).

bMeans were not significantly different (P <05).

increase in the N content of leaves, though the effects
were not consistent over the entire growing season. Only
in June was leaf N of grazed plants significantly higher
than for ungrazed plants (Fig. 5). This lack of a consis-
tent effect was not surprising as the ungrazed treatment
actually represented the removal of grazing of willow
plants by elk in our exclosure, just one year before our
physiological measurements. The inconsistency of a
short-term response of changes in leaf N associated with
herbivory does not, however, preclude a long-term
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Fig. 8. 8'*0-values of sedge plants over the summer
(1997) that were either streamside or in upland
positions (mean and S.E.). An * indicates significant
differences between landscape positions (P <0.05).

change in leaf mineral nutrition and associated processes.
In grazed grasslands, grasses consumed by herbivores
consistently have higher leaf nitrogen than ungrazed
plants (Ruess et al. 1983; Ruess and McNaughton 1984;
Jaramillo and Detling 1992), resulting from a more ju-
venile nature of leaf tissue in grazed grasses that had
higher N content (Ruess et al. 1983; Wallace et al. 1984;
McNaughton et al. 1988) and from herbivore inputs of
urea and feces which may increase the soil N content
and thus increase the availability of N for plants (Floate
1981; Ruess and McNaughton 1984; Wallace et al. 1984;
Jaramillo and Detling 1992).

Willow leaf carbon isotope discrimination (A) was
significantly higher for grazed as opposed to ungrazed
plants in all years, contrary to our instantaneous gas
exchange measures (Fig. 6). These increases in
integrative leaf gas exchange indicate that over the course
of the entire growing season, grazed plants may have
had consistently higher intercellular CO, concentrations
(Ehleringer et al. 1992). These differences in apparent
carboen gain attributes induced by grazing may or may
not correspond to differences in growth and reproduction,
though higher LCID values were associated with higher
water potentials in grazed as compared to ungrazed
plants.

Higher rates of LCID values and associated higher
rates of stomatal conductance could be due to reductions
in leaf area associated with grazing without reductions
in root biomass (McNaughton 1983). This could result
in a shift in the root to shoot ratio, whereby acquisition
of soil water and nutrients were distributed over a smaller
canopy volume, altering gas exchange. This
improvement in both the intrinsic and extrinsic
conditions of grazed plants had been reported for
graminoid species (Caldwell et al. 1981; McNaughton
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1983) and less frequently for woody plants (Heichel and
Turner 1983; Welker and Menke 1990; Houle and
Simard 1996). Landscape position of willow plants
across our valley floodplains also significantly influences
LCID with streamside plants having higher A values
than those plants that are in upland positions away from
active stream channels (Fig. 6¢). The higher rates of
carbon isotope discrimination in streamside plants is
likely due to greater access to streamwater which resulted
in greater rates of stomatal conductance and higher C;/
C, ratios (Ehleringer and Cooper 1988; Farquhar et al.
1989). Higher leaf carbon isotope discrimination of
streamside plants as opposed to upland willow plants
indicated that plants from streamside positions should
have had either lower rates of photosynthesis or higher
rates of stomatal conductance relative to the upland
plants. However, photosynthesis was not different
between streamside and upland plants. Thus, greater
carbon isotope discrimination for streamside plants was
probably caused by higher rates of stomatal conductance.

One would assume that higher rates of conductance
would be associated with higher total plant water
potentials in streamside plants. However, no significant
differences were found in water potentials for plants from
the two locations, suggesting that there existed a
decoupling of total plant water status and stomatal
conductance. Alternatively, plants near the streams may
experience higher atmospheric humidity and thus lower
vapor pressure deficits that should enhance stomatal
conductance and subsequent carbon isotope
discrimination (Schulze et al. 1987).

The mean xylem water §'%0 values of willow plants
shifted very little over the course of the growing season,
and were consistently close to that of streamwater
averaging -14%. The slight enrichment from -16% to
-14% for willow plants indicated the use of summer rain,
but only to a small extent (~25%) indicating that
streamwater was the dominant source of water used by
willow. In contrast, sedge 8'*O values were much closer
to that of summer rain on average (Fig. 7). However,
sedge plants do exhibit a seasonal enrichment as their
reliance on summer rain progressively increases and
sedge plants close to stream channels make greater use
of streamwater than plants in upland locations, which
utilize summer rain to a greater degree (Fig. 8).

Thesc diffcrences in source water utilization between
the graminoid and woody life forms in our riparian
ecosystem are likely based in part on rooting

characteristics, including root form and distribution.
Grasses typically have fibrous root systems concentrated
in part close to the soil surface providing a mechanism
whereby they may utilize light summer showers (Sala
and Lauenroth 1982; Dodd et al. 1998). Woody plants,
including willow and cottonwood species, often have
roots at depths providing access to deeper water sources,
typically untapped by surrounding herbaceous
vegetation, resulting in the spatial partitioning of soil
resources (Walter 1979). Soil resource partitioning is
typically hypothesized to occur only in semi-arid settings
(Gordon et al. 1989; Dodd et al. 1998), though our study
suggests that even in mesic habitats, different life forms
may utilize different water source combinations.

Landscape position appeared not to influence the
water source used by willow (Table 1). In general, the
stream water is infiltrating the vadose zone across the
entire riparian floodplain and the small difference in
microtopography (<1.0 m) associated with streamside
and upland plants was not enough to significantly affect
the water source, especially in wet years. Ground water
use, regardless of proximity to existing stream channels,
was consistent with the findings of Dawson and
Ehleringer (1991) in a riparian plant water-use study
that showed that streamside trees used ground water
throughout the season. This observation was also seen
with boxelder (Acer negundo L.) trees in a montane ri-
parian system in Arizona (Kolb et al. 1997). Deep root
systems in these cases supplied the majority of the water
regardless of proximity to stream channels.

In summary, the carbon and water relations of
willow were significantly affected by winter grazing by
elk and in some cases by landscape position with regards
to proximity to active steam channels. Grazing of willow
by elk increases plant water potentials and integrative
measures of gas exchange (A), though grazing did not
consistently affect instantaneous rates of photosynthesis
or the sources of water used by willow as measured by
the 8'0 values of xylem water. It appears that under the
mesic conditions of our study, grazing may have a
positive effect on carbon and water relations of willow,
and that competition for water sources with surrounding
graminoids may not be severe and may not hinder willow
water acquisition or carbon fixation. Under drier
conditions (low snowpack and low stream flow),
however, willow plants will likely experience water stress
and increased competition for water with herbaceous
neighbors, leading to reductions in willow carbon




fixation. Decreases in carbon gain may in turn lead to
reductions in grazing resistance which would threaten
the regeneration of S. monticola in these ecosystems.
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CHAPTER EIGHT

Isotopic Evidence of the Effects of Herbivory and
Landscape Position on Plant Nitrogen
Sources in a Riparian Ecosystem

By

Rémulo S. C. Menezes'*
Edward T. Elliott'
and
Jeffrey M. Welker'

Abstract. During the last few decades, changes in ungulate grazing and surface water hydrology have occurred
in elk winter ranges in Rocky Mountain National Park (RMNP). These changes may be influencing the biogeochemistry
and vegetation structure of these habitats, as evidenced by the decline in willow (Salix spp.) communities. Previous
studies in riparian areas of RMNP demonstrated that sedges (Carex spp.) and willow utilize different proportions of
groundwater vs. rainwater across different landscape positions in those habitats. However, whether these two plant
growth forms differ in their sources of N has remained unknown. We conducted field studies in elk winter ranges in
RMNP during the growing seasons of 1997 and 1998. In these studies, we utilized "*N natural abundance and non-
isotopic techniques to identify the N sources of willow and sedge under different herbivory treatments and landscape
positions. Based on the isotopic evidence, we found that sedge plants seemed to acquire smaller proportions of
groundwater N in upper landscape positions in comparison to the woody willow species, suggesting that the deeper
rooting characteristics of willow may allow these plants to access more groundwater N. However, grazed willow
plants in upper landscape positions seemed to acquire less groundwater N as compared to willow plants protected
from herbivory. Therefore, it appears that herbivory by elk and the shifts in landscape hydrology, caused by reduc-
tions in beaver activity and a warming and drying trend, could have an interacting effect on willow by increasing the
frequency of drought stress and possibly reducing the availability of nitrogen. The combination of these factors
could explain, in part, the decline of willow communities across riparian habitats in Rocky Mountain National Park.

Keywords: '*N natural abundance, beaver, Carex, elk, Rocky Mountain National Park, Salix, willow.
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Introduction

Changes in ungulate grazing and hydrology have
occurred in the winter ranges of elk in Rocky Mountain
National Park (RMNP) during the last few decades.
These changes may be influencing the biogeochemistry
and vegetation structure of these systems as evidenced
by reductions in willow (Salix spp.) growth (Singer et al.
1998). Elk numbers have increased 3-fold (Singer et al.
1998) over the last 30 years, and currently a high density
of elk (Cervus elaphus) graze these systems in winter.
Changes in the hydrology of these systems are evident
from aerial photographs between 1937 and 1996, which
indicate that rivers are now less braided and there is
less surface water than in the beginning of this century
(Peinetti et al., this volume). These changes in hydrology
are probably a result of the observed declines in beaver
(Castor canadensis) activity (Stevens and Christianson
1980), which may change the biogeochemical cycles by
altering the availability of stream and groundwater
(Naiman et al. 1994; Terwilliger and Pastor 1999).

Based on 8'®0 measurements, Alstad et al. (1999)
found that sedge (Carex spp.) and willow in the elk
winter ranges of RMNP utilize water from different
sources. Willow appears to rely on groundwater (80%
of total water uptake), which is recharged by streamwater
throughout the floodplains. In addition, water sources
of willow seemed to be independent of landscape position
and consistent throughout the growing season. In
contrast, sedges utilized mostly groundwater early in the
season but seemed to take up increasing amounts of
rainwater (up to 50%) towards the end of the season,
especially when located in upper landscape positions.
These differences in water source between the two plant
functional groups may result from differences in rooting
characteristics, but whether these two plant growth forms
differ in their sources of nitrogen (N) is unknown. Based
on the 8**0 measurements of Alstad et al. (1999), we
anticipated that willows may be relying more strongly
on groundwater N in comparison to sedges, especially
in the case of plants located in upper landscape positions.

The mineral nutrition of plants in native habitats
influences a suite of physiological and ecological
processes such as carbon exchange, stress resistance, and
competitive interactions (Chapin 1980; Welker ct al.
1987, 1991; Nadelhoffer et al. 1999). Of the nutrients
that may influence and limit plant growth, nitrogen is
usually the most limiting element in terrestrial
ecosystems (Aber et al. 1989; Nadelhoffer et al. 1999).

Identifying the sources of plant nitrogen in terrestrial
ecosystems cannot be easily done, but stable isotope
techniques can be employed (Garten 1993; Michelsen
et al. 1996; Nadelhoffer et al. 1996) especially under
controlled experimentation and in combination with non-
isotopic techniques (Handley and Scrimgeour 1997).
Plants may acquire two forms of nitrogen mineralized
from soil organic matter (NH,4* and NO5’) that may have
different 8"°N values due to kinetic effects on isotope
discrimination during organic matter decomposition
(Shearer and Kohl 1986, Evans et al. 1996). In addition,
a few studies have reported the uptake of organic forms
of N from soil by some plants in arctic ecosystems
(Chapin et al. 1993; Kielland 1994; Nasholm et al. 1998),
but the relevance of the uptake of soil organic N forms
by plants in other systems, including our study sites, is
unknown, and still needs further investigation. In
riparian habitats, soil inorganic N is not the only N
source, as ground and stream water may contain
inorganic N. Therefore, in riparian ecosystems, if the
8N signature of soil and water N sources differ, stable
isotope techniques could be useful in combination with
other approaches to characterize the patterns of plant N
uptake (Handley and Raven 1992).

The primary questions asked by this study were:
(1) Are there differences in the N uptake patterns of
willow and sedge in different landscape positions?
(2) How does winter elk herbivory affect the patterns of
N uptake by willow and sedge in different landscape
positions? Based on these questions, we hypothesized
that: (a) sedge relies mostly on soil inorganic N in upper
landscape positions, and on both soil inorganic N and
groundwater N in lower landscape positions, following
the patterns of water uptake; (h) regardless of landscape
position, willow plants protected from grazing utilize a
mixture of both groundwater and soil inorganic N
because these plants, independently of landscape
position, have access to the groundwater table; and
(c) willow plants under elk grazing in upper landscape
positions take up less groundwater N because grazing
by elk may lead to a reduction in belowground carbon
(C) allocation and limit the ability of these plants to
reach the groundwater.

In order to test our hypotheses, we conducted field
studies on the elk winter ranges in RMNP during the
1997 and 1998 growing scasuns. In these studies, we
utilized both *N natural abundance and non-isotopic bio-
geochemical techniques to identify the nitrogen sources
of willow and sedge plants under herbivory treatments
and different landscape positions.



Methods
Study Sites

Our study sites were located in two riparian ecosys-
tems on the northeastern side of Rocky Mountain Na-
tional Park: Moraine Park (Big Thompson River
watershed, elevation 2,481 m) and Horseshoe Park (Fall
River watershed, elevation 2,598 m). The two water-
sheds are within 5 km of each other and have perennial
alpine snowfields at their headwaters (Baron 1992).
Mean annual precipitation for the sites is 41 cm (Singer
et al. 1998) and peak stream flow usually occurs in early
to mid-June (USDA 1995, 1996). The 30-year average
temperature for the adjacent Estes Valley ranges from 9
to 17°C during the 5-month growing season of May
through September (Alstad et al. 1999). The study area
consists of open grasslands and wet meadows dominated
by sedges (Carex spp.) and willow (Salix monticola, S.
geyeriana, and S. planifolia), with some birch (Betula
spp-) (Singer et al. 1998). Among the Salix species, S.
monticola is dominant in most areas and, for this rea-
son, was selected as the target species for this study.

Grazing Treatments

Twelve 30 m x 46 m exclosures were erected to elimi-
nate elk browsing (ungrazed plots) at randomly chosen
sites within both riparian zones (six sites each in Horse-
shoe Park and Moraine Park) between August and No-
vember of 1994. Near each exclosure, 2 30 m x 46 m
plot area was marked off as a paired plot that was grazed
by elk in winter (grazed plots). In each exclosure and
associated grazed plot, an average of five shallow (0.5 m
to 2 m) wells were installed using PVC pipes in the fall
of 1994 to monitor groundwater levels and chemistry.

Design of Preliminary Experiment in 1997

Eight of the 12 sites in Moraine and Horseshoe Parks
were selected (four sites in each park), and two willow
plants were selected within each grazing treatment
(grazed and ungrazed) for physiological and
biogeochemical measurements. One representative plant
was chosen in close proximity to streams (streamside)
and another in areas distant from streams (upper
landscape, which were at least 10 m in a horizontal
direction from streams and approximately 0.4 to 0.6 m
higher in elevation than streamside plants), resulting in
a total of 32 selected plants and four experimental
replications in each park. Sedge plots (1 m x 1 m) were
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marked next to each selected willow plant (within 2 m of
distance). During August 1997, samples from non-
photosynthetic tissue were collected from current year
growth of willow and sedge plants, dried at 60°C for 72
hours, ground in a ball mill to pass a 0.5 mm sieve, and
stored until analysis. Concentrations of carbon and
nitrogen in plant tissue were determined using a LECO
CHN Analyzer.

Surface water samples were collected with plastic
vials from the Big Thompson and Fall Rivers in June,
July, and August. Samples were collected at different dates
from each river, combined in a single sample, and kept
frozen until isotopic and chemical analyses.

In July 1997, 4-week in situ field soil incubations
using aluminum cores (5 cm in diameter, 15 cm in length)
were conducted according to the methodology described
by Kolberg et al. (1997). Incubation cores (n = 5) were
placed next to plants located at both streamside and up-
per landscape positions. At the end of the incubation
period, the soil cores were collected, placed in plastic
bags, kept refrigerated in coolers, taken to the labora-
tory, and kept refrigerated. Within two days of collec-
tion, the total soil weight of each sample was recorded,
sub-samples (25 g) were extracted with 50 ml of 2 M
KCl for | hour, filtered, and the extracts kept frozen un-
til analysis. The total inorganic N (NH," plus NOy) in
river water samples and soil KCI extracts were diffused
into 5 mm acidified filter paper disks according to the
methodology described by Khan et al. (1998).

Experimental Design and
Sampling in 1998

After observing a sharp contrast in the isotopic
signatures of N sources and plants during the growing
season of 1997, we established a different experimental
design and conducted a more detailed study during the
growing season of 1998. In this study, a total of 50 willow
plants (23 and 27 in grazed and ungrazed plots,
respectively) were selected from the 12 research sites of
Moraine Park and Horseshoe Park. All the selected plants
were located within 3 m from a well, in order to allow
groundwater sampling and the determination of the exact
water table depth next to each selected plant. Plants
selected within the same site and grazing reatment were
located at positions with different water table depths. Next
to each willow plant (within 1 m), an associated sedge
plot (0.5 m x 0.5 m) was marked for the purpose of
collecting sedge tissue samples. Willow and sedge tissue
samples (current annual growth [CAG]) were collected
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in both early July and early September, dried at 60°C for
72 hours, and then ground in a ball millto pass a 0.5 mm
sieve. Concentrations of carbon and nitrogen in plant
tissue were determined using a LECO CHN Analyzer.

River water samples were collected from both the
Big Thompson and Fall Rivers in mid-July, mid-August,
and mid-September by immersing a 3.8 L container at
different points along the river surface in the area of the
experimental plots. The water samples were kept refrig-
erated in coolers until the inorganic N was diffused into
5 mm acidified filter paper disks as described by Khan
etal. (1998).

Groundwater depth was monitored throughout the
season by measuring the water levels in the wells associ-
ated with the plants. Groundwater samples (3.8 L) were
collected in early August in each well using a small
manual pump. A sub-sample (20 ml) from each ground-
water and river water sample was placed into scintilla-
tion vials and frozen for the determination of groundwater
N concentration using an Alpkem automated spectro-
photometer. The remaining volume of each groundwater
and river water sample was passed through a plastic col-
umn (20 cm long, 2 cm in diameter) filled with equal
amounts of cation and anion exchange resins (US Filter,
Pittsburgh, Pennsylvania). After all the water had gone
through the column, the resin within each column was
placed in a 250 ml Erlenmeyer flask and sequentially
shaken for 15 minutes with five 30-ml aliquots of
2 M KCl as recommended by Kolberg et al. (1997). Af-
ter each extraction, the extract was drained from the flask
by placing a patch of nylon cloth at the mouth of the
flask, and the five 30 ml aliquots from each sample were
poured into a 200 ml plastic container and kept frozen
until analysis. Before isotopic analysis, the N in river
water and groundwater samples was diffused into 5 mm
acidified filter paper disks, according to the methodol-
ogy described by Khan et al. (1998).

In early August, next to each willow plant and sedge
plot, three soil cores were collected (2.5 cm in diameter)
to the depth of the groundwater. Each core was subdi-
vided in 15 cm intervals up to a depth of 60 cm and
30 cm intervals up to a depth of 120 cm, depending on
the depth of the water table. The soil from all three cores
was combined by depth, placed in plastic bags, trans-
ported to the laboratory, air-dried, passed through a2 mm
sieve, and ground in a ball mill to pass a 0.25 miun sieve,
Concentrations of total soil C and N were determined
using a LECO CHN Analyzer.

Within and adjacent to the 12 exclosures, field soil
incubations using aluminum cores (5 cm in diameter,
15 cm deep) were installed next to 19 willow plants and

within the sedge plots, following the same procedure as
described above for the 1997 growing season (Kolberg
et al. 1997). For isotopic analysis, the inorganic N in the
KCl extracts was diffused into 5 mm acidified filter pa-
per disks as described by Khan et al. (1998).

Isotopic Analyses

The isotopic signatures of plant tissue, total soil N,
and diffusion disks from water samples and extracts were
determined using a Carlo-Erba NA 1500 Series 2 Car-
bon and Nitrogen Analyzer attached to a VG-Optima
mass spectrometer at the Natural Resources Ecology
Laboratory, Colorado State University. Natural "*N abun-
dance is expressed as delta units (d), which denotes parts
per thousand deviations (%), from the ratio "*N:"*N in
atmospheric N,

SUN - [('yNRsunple % ls“"l:{slandattl)""l:h'll‘iRsrtaﬂdaﬂi] X 10°

where R is the isotopic ratio and the standard is N; of
air, which has a 8 value of 0% (Handley and
Scrimgeour 1997; Hogberg 1997).

Statistical Analyses

Statistical analyses were performed using the SAS
Statistical Package (SAS 1995, Version 6.12, SAS Insti-
tute Inc., Cary, NC). During the 1997 growing season,
plant tissue §'*N was analyzed using a split-plot design
with grazing treatments as the main factor and landscape
positions as sub-plots. During the 1998 growing season,
correlation and regression analyses were used to test our
apriori hypotheses regarding the relationships between
the 8"°N values of plant, soil or water, and landscape
position.

Results

Preliminary Experiment —
1997 Growing Season

The 8N values of soil inorganic N in the
experimental plots of Moraine and Horseshoe Parks
averaged -6.14% (+0.51) and were significantly
(P =0.003) more depleted than river water 8'°N values
from Big Thompson and Fall Rivers, which averaged
-1.00% (#0.52). The sharp contrast between 8'°N values



of potential plant N sources in our sites is very relevant,
as it corresponds to the differences in plant tissue 8'°N
values in different landscape positions.

Tissue 8'°N values of sedge plants ranged from -0.6
to +3.2%, while for willow plants these values ranged
from -4.3 to +2.2%. There were no significant effects of
elk herbivory on plant tissue §'*N values, but land
position had a significant effect on sedge tissuesgfg:
(Table 1). Sedge plants located in upper landscape posi-
tions had 8"°N values similar to the 8'°N values of soil
inorganic N, while the "N values of sedge plants lo-
cated adjacent to streams were significantly (P <0.05)
more enriched. To the contrary, willow tissue 5'°N was
not affected by landscape position and was consistently
near the value of stream water 3'"°N.

1998 Growing Season

The patterns of 8'°N values of willow and sedge
leaf tissue in 1998 were similar to 1997. Sedge tissue
8'°N was significantly influenced by landscape
position (shallow water table depth is associated with
streamside locations and deeper water table depth is
associated with upland locations), during both July
and September (Fig. 1). In contrast, willow YN was
not significantly affected by landscape position (water
table depth), with the exception of grazed plants in
July (Fig. 1). For both sedge and willow, there were
no significant differences between the regression lines
of the two grazing treatments in both sampling dates.

The data from our non-isotopic measurements
yielded no significant differences between treatments,
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Throughout the growing season, there were no signifi-
cant correlations between plant tissue total nitrogen con-
tent and water table depth or total soil N. Willow tissue
nitrogen concentration (% dry weight) was significantly
higher (P <0.05) in grazed than in ungrazed plots in
both sampling dates, averaging 2.72% and 2.27% in July,
and decreasing to 2.23% and 2.06% in September, in
grazed and ungrazed plots, respectively. Sedge tissue to-
tal nitrogen content was not significantly affected by elk
grazing in the two sampling dates, and averaged 1.91%
and 1.87% in July and 1.61% and 1.48% in September
for grazed and ungrazed plants, respectively.

Total soil 8'*N (0 to 15 cm) ranged from -2.8% to
+8.0%, and was significantly more depleted in upper
landscape positions (Fig. 2a). Soil inorganic nitrogen
"N (0t 15 cm) ranged from -10.4% to +5.4%, and
also presented a significant positive correlation with water
table depth, being significantly more depleted in upper
landscape positions (Fig. 2b). A significant correlation
(P <0.001; r = 0.73) was observed between 8'°N values
of inorganic N and that of total soil N in the upper soil
horizon and, on average, 8'°N of inorganic soil N was
2.7% more depleted in relation to total soil §'°N. Because
field soil incubations were performed only in ungrazed
plots, values of 8'°N of inorganic soil N in grazed plots
were estimated with a linear equation, Y = -3.71 + 1.77
X; r’=0.53), where Y is estimated 8'*N of inorganic soil
N and X is 8'5N of total soil N. Groundwater §'SN
correlated negatively to water table depth in ungrazed
plots (Fig. 2c), but no significant correlation (P = 0.164)
was observed in the grazed plots. River water §'°N ranged
from +0.58% to +2.93%, and averaged +1.68% (£0.94).

Table 1. "N values of willow and sedge tissue in upper landscape and streamside positions of Horseshoe Park and
Moraine Park during August 1997. Values represent means (n = 8) followed by the standard error between
parentheses. Means followed by different letters are significantly different at P <0.05.

Plant tissue §"*N (%)

Landscape position Sedge Willow
Horseshoe Park

Upper landscape -6.10 (2.34)* -1.87 (0.44)
Streamside -0.74 (0.68)° -1.82 (027)°
Moraine Park

Upper landscape -10.84 (1.45)° 0.03 (0.41)*
Streamside -2.28 (3.10)° -0.41 (0.65)*

abDifferent letters denote statistical differences at P <0.05.
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Fig. 1. Patterns of 8'°N values of grazed and ungrazed willow and sedge leaf tissue as related to water table depth (m)
in willow communities on elk winter range of Rocky Mountain National Park, Colorado, 1998.
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communities on elk winter range of Rocky Mountain National Park, Colorado, 1998.

Sedge tissue 8'°N was significantly correlated to to-
tal soil §'*N only in the case of %razcd plants collected in
September, but willow tissue 8'°N values of grazed and
ungrazed plants were correlated to total soil 8'*N in both
sampling dates (Fig. 3). The regression lines of the rela-
tionships between total soil 8'°N and tissue §'"°N from
grazed and ungrazed sedge plants were significantly dif-
ferent (P <0.05) in September, which suggests that grazed
sedge plants may rely relatively more on soil N than
groundwater N in comparison to ungrazed sedge plants
and that the reliance on soil N may increase over the
course of the summer (Fig. 3).

No significant correlations were observed between
sedge tissue 8'5N and groundwater '°N, regardless of
grazing regime or sampling date (Fig. 4). In contrast,
there were significant correlations between groundwater
8'5N and tissue 8'*N of ungrazed willow plants in both
July and September (Fig. 4). Interestingly, no significant
correlations were observed in the case of grazed willow
plants (Fig. 4), which suggests grazed willow plants may
use less groundwater N. Tissue 8'5N values of sedge plants

ranged from -2.6 to +4.53%, while for willow plants these
values ranged from -4.0 to +2.6%. On average, 6"°N
values of willow tissue were 2.4 and 6.9% more depleted
than soil §'"°N and groundwater 8'5N, respectively.
Similarly, 8N values of sedge tissue were 1.8%and 6.7%
more depleted than soil 8'°N and groundwater §'°N,
respectively.

Discussion

The two potential inorganic N sources for riparian
plants, being either from soil or from groundwater,
differed in their 8'*N values by an average of 5% during
the growing season of 1997. This difference is an
important part of our study as it corresponds to the
differences in the 8'°N values of plant tissue under
divergent experimental treatments. The range of plant
tissue 8'°N values observed in our study is consistent
with values reported for plant tissue in terrestrial
ecosystems, which usually vary between -5 to +2%, but
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in some cases could range between -10 and +10%
(Virginia and Delwiche 1982; Vitousek et al. 1989;
Nadelhoffer and Fry 1994; Frank and Evans 1997). In
general, the differences between plant tissue 8'°N and
groundwater 8"°N in our study were consistently higher
(c. 7%) than the differences between plant tissue 8'°N
and total soil 8N (c. 2%), which suggests that both
willow and.sedge plants in our sites may rely mostly on
uptake of soil N as opposed to groundwater N.

Effect of Landscape Position
on N Sources

During 1997, we found that sedge tissue in lower
landscape positions consistently exhibited enriched §'°N
values when compared to sedge plants growing in up-
land positions in the landscape (Table 1). In contrast,
8'5N values of willow tissue were not significantly dif-
ferent between landscape positions (Table 1). This evi-
dence suggests that the shallow-rooted graminoid may
be relying more on soil N and acquiring smaller propor-
tions of river-groundwater N in upper landscape posi-
tions in comparison to the woody willow species. This
general interpretation is supported by our additional find-
ing during 1998, in which a significant correlation was
observed for sedge tissue 8'°N and water table depth
(Fig. 1), indicating that the lower the water table (i.e.,
less access to groundwater N), the more depleted the
8N values of sedge tissue. To the contrary, willow leaf
8N values were not associated with water table depth
(Fig. 1) with the exception of grazed plants in July. These
findings suggest that the deeper rooting characteristics
of willow may allow these plants to tap groundwater N
independent of landscape position, but grazing may limit
the access to groundwater in upper landscape sites. Simi-
lar to our results, previous studies have reported higher
tissue 8'°N values in plants growing in lower landscape
positions in comparison to plants in upper landscape
positions (Garten 1993; Sutherland et al. 1993).

The observations presented here that landscape
position influences facets of mineral nutrition of riparian
vegetation are corroborated by a previous study conducted
by Alstad et al. (1999) addressing water sources of these
same species in the same experiment. Measurements of
880 showed that sedge plants in upper landscape
positions relied strongly on rainwater acquired from
upper soil layers, while sedge plants located adjacent to
streams and willow plants in both landscape positions,
primarily use streamwater. The agreement between the
paiterns of 8'*0 and 8'°N values in plant tissue strongly

supports our hypotheses regarding the patterns of N
uptake by willow and sedge in our study sites. These
findings further demonstrate the usefulness of stable
isotopes in ecological studies, since we were not able to
detect any influence of landscape position or herbivory
on plant N sources based solely on the non-isotopic data
we collected.

Effect of Herbivory on N Sources

Our findings also suggest that elk herbivory may
have a significant effect on the patterns of N uptake by
willow plants. As indicated by the correlations between
groundwater 8N and willow tissue 8'°N (Fig. 4), grazed
willow plants may have amore limited access to ground-
water N than willow plants protected from herbivory.
These findings were corroborated by a parallel investi-
gation, based on non-isotopic techniques, of the N bal-
ance of willow plants conducted in our study site, which
indicated that grazed willow plants may not have as
much access to groundwater N when compared to
ungrazed willow plants. The findings from this parallel
study demonstrated that ungrazed willow plants could
take up at least 7% of the annual requirements of N
from the groundwater, which was higher (P <0.001) than
that of grazed plants, which averaged only 4% (Peinetti
et al. 2001).

We suggest that grazed willow plants may have less
access to groundwater N due to a less developed rooting
system. A carbon-balance study conducted in our site
indicated that grazed willow plants might allocate less
carbon to the rooting system, in comparison to willow
plants protected from herbivory (R. Peinetti, Natural
Ecology Resources Laboratory, personal communica-
tion). In addition, several previous studies have reported
that heavily grazed plants often allocate a smaller pro-
portion of their photosynthetically fixed carbon to
belowground structures than do ungrazed or lightly
grazed plants (Detling 1987; Briske and Richards 1995;
Detling 1998).

In nitrogen-limited systems, competition for soil N
by coexisting plants may cause plants to resort to different
sources of N in order to meet their physiological
requirements (Welker et al. 1991; Schulze et al. 1994;
Michelsen et al. 1996). Menezes et al. (2001) conducted
fertilization experiments in our study sites and found
that N availability significantly limits growth and uptake
of N by willow plants. Therefore, the ability of plants to
use more than one source may be of significant
importance for plant growth, development, and survival.



A reduced ability by grazed willow plants to access
different sources of N could significantly reduce the
ability of willow plants to respond to herbivory.

Summary and Conclusions

We summarize our findings in Fig. 5, which illus-
trates the suggested patterns of N uptake by grazed and
ungrazed willow and sedge plants in different landscape
positions, and shows the average 8'°N values of N sources
and plant tissue under those treatments during the grow-
ing season of 1998. In conclusion, we suggest that shifts
in landscape hydrology, due to reductions in beaver ac-
tivity and a warming and drying trend, combined with
intense elk herbivory, may have a compounding effect
on willow by increasing the frequency of drought stress
and possibly reducing the availability of nitrogen. Since
willow growth and uptake of N is limited by N avail-
ability in our sites, reductions in stream water N sources
could increase the limitation of N to these plants and
lead to lower rates of photosynthesis and growth, We
suggest that these effects explain in part the sensitivity
of willow communities to elk grazing and their decline
across elk winter ranges in Rocky Mountain National Park.
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CHAPTER NINE

Response of Tannins and Phenolics of Willows to
Simulated Herbivory, Water Dynamics, and Ambient
Elk Herbivory on the Elk Winter Range
of Rocky Mountain National Park

By

Rex G. Cates'
Jiping Zou?
Linda Zeigenfuss®
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and
Francis Singer’

Abstract. Plant secondary metabolites, including phenolics and tannins, function as defenses against natural
enemies, and link several ecosystem processes through diverse mechanisms. We reviewed and summarized litera-
ture regarding the response of natural product chemistry in willows (Salix spp.) to grazing on sites that vary in their
ability to support willow growth. This summary provided a conceptual model that was used to develop hypotheses
regarding the effects that different site conditions might have on the ability of willows to respond to grazing by elk
and mechanical clipping. Willow dynamics in response to elk herbivory on the elk winter range of Rocky Mountain
National Park (RMNP), Colorado has been a topic of concern for most of this century. We examined the secondary
metabolite responses of three willow species on the RMNP winter range under a number of different site conditions
and grazing treatments. Sites were characterized alternatively as either: (1) wet or dry, based on depth to water table;
(2) tall, short-watered, or short-control based on willow growth, presence of beaver activity, and water amendments
made through installation of check dams; and (3) grazed, clipped, or ungrazed based on imposed herbivory treat-
ments. Studies were conducted from 1995-1999 in exclosures erected in 1994. Additionally, we examined responses
of willows protected for 30-35 years to varying levels of mechanical clipping (4) [0%, 50%, 100%] and compared to
willows exposed to ambient elk herbivory for 3035 years.

Willow species differed in phenolic and tannin production in most comparisons with phenolic production high-
est in summer leaves and twigs for S. planifolia followed by S. monticola and then S. geyeriana. S. monticola had
higher tannin concentration than S. planifolia, with S. geyeriana producing the least. Phenolic producticn in twigs
with leaves was significantly greater than that of twigs collected in the winter. Tannin production in willows at the
tall sites in 1995 was higher compared to the short-control and short-watered sites. Tall willows from S. geyeriana
and S. monticola in January 1999 had higher tannin concentrations compared to willows on the short-control sites,
but tall willows did not differ from those at the short-watered sites.

We expected that willows growing on favorable habitats would respond to clipping and elk grazing by increas-
ing their phenolic and tannin concentration. Few patterns were found that were consistent with the predicted results.
However, willows growing on sites that were delineated by the presence of standing water and beaver activity did
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However, willows growing on sites that were delineated by the presence of standing water and beaver activity did
have higher concentrations of phenolics and tannins compared to willows on sites with no standing water or recent
beaver activity. Additionally, few significant increases in phenolic and tannin concentration were noted in the
clipping and grazing treatments. These data, along with the lack of response in willows subjected to natural grazing
levels, suggest that elk grazing has adversely affected the ability of willows to respond to grazing.

Tannins and phenolics tended to increase in the 50% clipped treatment in the 35-year-old exclosure. This
suggests that the heavier 75% clipping level may have prevented willow response in the 4-year-old exclosure experi-
ments. It was expected that willows grazed at ambient levels by elk outside the exclosure would also respond to elk
grazing by increasing their secondary metabolite production such as that observed for the 50% clipping (ambient
level of removal was 33% of current annual growth). Since grazed willows did not respond similarly, this suggests
that elk have adversely affected willow physiology. Overall, the pattern noted among treatments in the 35-year-old
exclosure represents the expected response of willows that are growing in a favorable environment. The lack of
response in terms of increased secondary metabolites of heavily grazed willows could lead to greater palatability,

and thus evermore increased grazing pressure on these plants.

Keywords: Elk, herbivory, phenolics, secondary metabolites, tannins, willow.

Introduction

At one time, secondary metabolites--which include
the phenolics and tannins of willow (Salix spp.)--were
thought to be waste products that might confer advantage
to plants as antiherbivore and antimicrobial agents. Now
they are known to function as defenses against natural
enemies, and to link several ecosystem processes through
diverse mechanisms (Cates 1996; Schimel et al. 1996).
Tannins affect nutritional quality by binding with several
primary metabolites (e.g., nitrogen-containing
compounds like proteins, amino acids, DNA, RNA) often
making them difficult to digest. Low molecular weight
phenolics have been suggested to be toxic and/or act as
feeding deterrents (Robbins 1993). Of these two, low
molecular weight phenolics may play the major role in
deterring ungulate grazing since some large animal
herbivores may have evolved mechanisms that make
tannins less effective as defenses (Robbins et al. 1987).
For willows inhabiting sites favorable for growth, the
challenge from tissue removal by herbivores and
infection from pathogens normally results in an induced
increase in these chemicals in remaining and new leaf
and stem tissues (Karban and Baldwin 1997). In willows,
where conditions for growth are unfavorable, plants may
not be able to respond by increasing their production of
defensive chemicals when exposed to natural enemies
and simulated herbivory (Table 1). Comparing the
response of tall willows versus short willows and willows

growing on wetter sites with those on drier sites may
aid in understanding the effects of abiotic conditions and
grazing on willow physiology and growth (Johnston et al.
1993).

Because secondary metabolites are known to influ-
ence soil, litter, nutrient, and microbial processes, any
change in the ability of willows to produce these chemi-
cals may affect plant community dynamics. Low mo-
lecular weight phenolics serve as carbon sources for
carbon-limited soil microbes, enhance immobilization
of nutrients (Schimel et al. 1996), and act as inducers of
microbial-higher plant interactions (Phillips 1992).
Tannins, low molecular weight phenolics, and terpenes
in litter have been shown to inhibit nitrification (Thibault
et al. 1982; Baldwin et al. 1983; White 1986; Schimel
et al. 1996). Tannins also inhibit microbial activity (Field
and Lettinga 1992) and affect mineralization rates
(Benoit et al. 1968; Schimel et al. 1996), but the mecha-
nisms of action are unclear. Tannins bind to proteins
that may make soil nitrogen (N) less available to mi-
crobes and higher plants; they may also bind to micro-
bial exoenzymes leading to inhibition in the breakdown
of tannin polymers (Benoit and Starkey 1968). Terpe-
nes can act as toxic agents (White 1986) or as carbon
sources for microbial growth, thercby tying up N through
immobilization (Bremner and McCarty 1988). Based on
these complex interactions, we have taken a broad con-
ceptual approach in our studies of the effects of herbivory
on willow secondary chemicals in litter and nutrient
cycling (Table 1).
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Table 1. Verified and predicted parameters describing sites favorable and unfavorable for willow growth, and wil-
low and habitat responses on these sites, in the northern winter range of Yellowstone National Park, Wyoming,

Taken from Cates et al. (1999).

Parameter/Response

Site

Unfavorable

Favorable

Precipitation'* ®
Temperature'- 8
Water tables'”
Streambanks'"?
Flooding'?
Streams®- 7

Beaver 5 ¢

Production'?
Recruitment'?
Leader length and weight'?
Plant height'
Browsing effect on

growth form?
Defense response

Nutrients® ®

Aquatic invertebrates®
Carbon®’

Litter

Plant community® - ®

Parameters

Less, drier winters

Warmer

Lower

Prevalent downcutting
Common, extensive

Single or few streams, narrow
streams; increased flow

Few to none; loss of food supply

Willow Response

Reduced; negative gain in CAG
Reduced to nonexistent

Short, lighter

Reduced in stature

Morphological juvenility response;
reduced physiological response
Reduced or none

Habitat

Reduced input of N

Shredders, scrapers; biomass less
Low carbon input

More recalcitrant; slower processing
Grass, sedges, conifer
encroachment, dryland shrubs

Higher, wetter

Cooler

Perennially higher

Less downcutting, vegetated

Infrequent, reduced intensity

Network of braided, expounded
streams, ponds; impounded water,

high sediment organic matter
Common; food supply abundant (aspen,
willow)

Net increase, vigorous gain in CAG
Seed productivity high, asexual
Longer, heavier

Able to grow beyond reach of elk
Morphological and physiological
Jjuvenility

Induced response vigorous

Enhanced N availability

Collectors, predators; greater biomass
High carbon input and processing
More rapidly processed

Mosaic of riparian vegetation; willow,
aspen maintained

ISinger et al. (1998)
*Singer et al. (1994)
Singer and Cates (1995)
“Balling et al, (1992a,b)

5Consolo-Murphy and Hanson (1993)

SNaiman et al. (1988)

"Naiman and Melillo (1984)

®Houston (1982)
Jonas (1955)
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Willow and aspen dynamics on the elk winter range
of Rocky Mountain National Park (RMNP), Colorado
has been a topic of concern and discussion during most
of this century (Hess 1993). Over a 25-year period (1968—
1992) after elk were released from human controls and
when elk increased dramatically in the park, park bi-
ologist David Stevens concluded that increased grazing
may be the most important cause of willow decline in
some areas of the winter range (D. Stevens, National
Park Service, unpublished annual reports 1969-1992).
Stevens suggested that under current high levels of elk
herbivory, willow survival might occur only in habitats
capable of sustaining sufficient growth. Changes in wil-
low cover over the 25-year period from 1968 to 1992 on
six sites containing marked willows, were inconclusive,
with one-third of the sites showing willow decline, one-
third showing stable cover, and one-third showing in-
creasing willow cover (Zeigenfuss et al. 1999).
Zeigenfuss et al. (1999) noted that this sample size of
willow plots was very small (n = 6) and inference was
limited in this study. However, analysis of willow cover
across the entire winter range landscape using aerial
photo interpretation indicates that the willow decline
on the entire winter range since 1946 has been about
19-21% (Peinetti et al., this volume).

Stevens (National Park Service, unpublished annual
report [1991]) also suggested that beaver eliminated
willow at pond sites and then abandoned these sites on
the winter range. He noted that the loss of beaver might
be related to a drop in the water table such that many
sites on the winter range may not be able to support
heavily grazed willow. Beaver populations have declined
94% over the last 60 years on the winter range
(Zeigenfuss et al., this volume). Consequently, elk her-
bivory, hydrological considerations, and beaver may be
important and interactive factors that affect willow dy-
namics in various ways. With these scenarios in mind,
we reviewed the literature in an effort to develop a con-
ceptual model delineating the response of natural prod-
uct chemistry of willows to grazing on sites that may
vary in growing conditions (Table 1).

Willows growing under favorable abiotic conditions
appear to be able to withstand moderate levels of graz-
ing by ungulates (Table 1, references therein). Under
these conditions willows add new tissues, reproduce, and
respond to grazing with induced defenses while rapid
vertical growth rates allow at least a portion of the plant
to grow beyond the reach of ungulates. Sites character-
ized by high water tables and favorable nutrient dynam-
ics appear to be favorable to the vigorous growth of
willows (Table 1). These dynamics appear to be greatly

facilitated by the presence of beaver. Alternatively, sites
characterized by lower water tables, relatively narrow,
fast moving streams, lack of suitable litter and nutrient
dynamics to sustain willow growth, and fewer beaver,
seem to result in conditions unfavorable to healthy ri-
parian willow communities (Table 1).

Based on these considerations, the following pre-
dictions were developed. For sites at RMNP that appear
to have more favorable growing conditions for willows
(e.g., tall willow sites, or sites with higher water table
levels), the expectation was that willows inside
exclosures that were clipped at levels similar to that for
elk grazing would respond by increasing their phenolic
and tannin concentration. On sites less favorable to wil-
low growth (e.g., short willow sites, or sites with lower
water tables), the expectation was that willows would
not respond to clipping when compared to the unclipped,
ungrazed control. Tall willow were predicted to respond
differently than short willows in that the tall structure
was demonstrated on this winter range to be largely a
function of not only lower levels of ambient herbivory
(Singer et al., this volume), but also good growing con-
ditions. Tall willows on good sites were suspected to
have deeper rooting zones than heavily browsed wil-
lows in locations further from streams, based on differ-
ent isotopic signatures (Menezes et al., this volume). In
other words, even though height of tall browsed willow
was a product of several multiplicative factors includ-
ing level of elk herbivory and site conditions, we ex-
pected tall willows to respond to the herbivory treatments
differently than short, browsed willows.

Protection from grazing for long periods was also
predicted to result in greater ability to respond with an
increase in these natural products to moderate clipping.
However, willows would not be able to respond by in-
creasing phenolic and tannin concentration when sub-
jected to either clipping 100% of new growth, or the
high level of elk grazing observed on short willows on
some parts of the winter range. For willows that were
not protected from grazing prior to clipping treatments,
it is difficult to predict if they would be able to respond
to either protection or high clipping levels.

Study Area and Treatments

Details concerning site selection and description of
experiments are found in Zeigenfuss et al. (1999, this
volume), and are only slightly modified here. To reduce
confusion, names of sites and types of treatment follow
Zeigenfuss et al. (1999, this volume). Willow
communities in elk winter range of the northeast side of



RMNP were identified and random locations for potential
sites were generated using a Geographic Information
System (GIS). Twelve study sites were selected from these
points in riparian willow communities of: (1) the north
and south sides of the Moraine Park area of the Big
Thompson River watershed (elevation 2,481 m), and (2)
the Horseshoe Park area of Fall River watershed
(elevation 2,598 m). Predominant willow species
throughout all areas were Salix monticela, S. planifolia,
and S. geyeriana mixed with other mesic shrubs, such
as Potentilla fruticosa, Betula glandulosa, B.
occidentalis, and Alnus tenuifolia. Eight of these sites
(four in Moraine Park and four in Horseshoe Park) were
located in generally drier areas (i.e., side channels,
abandoned beaver dams) with little or no current beaver
activity (i.e., beaver-abandoned sites) that supported
short, heavily grazed willow. Evidence from dead and
decadent willows on these sites indicated that plants over
2 m tall were once present and each of these sites had an
abundance of evidence of prior beaver pondings (old
dams, old lodges that were now abandoned). The other
four sites (two in Moraine Park and two in Horseshoe
Park) were located in beaver-occupied areas (including
areas of recent activity) that supported taller willow
plants with less severe hedging by elk, referred to as
“tall willow” sites.! Two 30.5 m x 45.7 m paired plots
were chosen at each site. One randomly selected plot
was fenced to exclude elk and deer and the other
remained unfenced. Exclosures were erected in August—
November 1994.

In half of the sites with shorter willows (two in each
drainage, n =4 total), we attempted to raise the water
table. This treatment, referred to as “short-watered
willows™ (sites 3. 4. 8. 9). was imposed in spring 1995,
The treatments consisted of sheet metal check dams
placed in both the grazed and exclosed areas at each
site. The dams were placed in existing ephemeral stream
channels to impede the flow of rain and snowmelt runoff
and raise the water levels locally. The rest of the shorter
willow sites (two in each drainage, n = 4 total) were left
to their normal hydrologic regimes and are referred to
as “short-control willows” (sites 5, 6, 7, 10). Sites were
also classified as “wet or dry” sites based on

'Two of the “short willow” sites that were beaver-abandoned
in Moraine Park had high water tables. Best model selection
suggested that high levels of elk hertivory at these sites were
a more important factor to the willow growth parameters than
was depth to the water table (Singer et al., this volume;
Zeigenfuss et al., this volume).
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measurements of depth to water table. “Wet” sites were
the six sites with the highest average water table levels
(1,2, 4,7, 8, 10), while those designated as “dry” sites
were the six sites with the lowest water table levels (3,
5, 6,9, 11, 12). In the results, these effects are referred
to as “water table” while those designated as “tall, short-
control, and short-watered” are referred to as “height/
water amended” treatments.

Throughout the growing season, water table levels
at all the sites were monitored using wells and by mea-
suring water levels on either side of check dams. An-
nual herbaceous consumption averaged 55% of annual
production and shrub consumption averaged 33% of
current annual growth (27% in winter alone) through-
out the study period (Singer et al., this volume). Elk
were the primary ungulate herbivore in these systems.

Within each willow exclosure, simulated grazing
treatments were conducted during winter (January—
March) each year 1995-1998. At the outset, each
exclosure was divided into sections that were randomly
assigned to a “clipped” treatment or an “ungrazed” treat-
ment. The clipped treatment, from fall 1995 onward,
consisted of clipping 75% of the current year’s growth
from all forage shrubs and clipping 75% of the herba-
ceous layer in that section of the exclosure. This was
intended to simulate greater herbivory that might occur
with an increase in elk numbers or concentrations, and
to test the effects of these higher consumption levels.
All clipped plant material was removed from the
exclosure. Ungrazed treatments were unmanipulated
areas located within the exclosures. The unfenced plots
were left to the ambient level of elk grazing of herba-
ceous vegetation and browsing of shrubs characteristic
of that site. Elk densities and thus herbivory levels, var-
ied greatly across these winter range sites (Singer et al.,
this volume). In the results, these clipping and grazing
treatments are referred to as “herbivory” treatments.
Twig and leaf (summer) or twig only (winter) samples
were collected from the current annual growth (CAG)
of the same tagged willow plants in July 1995, July 1998,
and January 1999.

One 0.4 ha exclosure was established in 1963 in a
willow/wet meadow community in the Beaver Meadows
area of the elk winter range. Few willows were avail-
able, so we selected 15 plants from a mix of species and
randomly assigned each to a clipping treatment of 0%,
50%, or 100%. During winter (prior to spring bud-
break), we removed all CAG from plants clipped at the
100% level, and we systematically clipped every second
CAG shoot from plants clipped at the 50% level. The
0% treatment willow plants were completely protected
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from ungulate herbivory and clipping. We clipped wil-
lows from spring 1993 and through winter 1995—1996.
All willow plants inside the exclosure had been protected
from ungulate herbivory for 30 years prior to the begin-
ning of the current study. Samples were collected in July
1996 from all 15 plants inside the exclosure, as well as
from several willows (n = 10) exposed to ambient elk
grazing (~33%) outside the exclosure.

Total tannins and phenolics from the current year’s
growth were analyzed to determine if there were
differences in their production due to clipping or elk
grazing, or due to artificial water amendment, or
differences in water table levels. Leaf litter was collected
from plants inside exclosures and those grazed by elk
outside, but adjacent to the exclosures, in 1995. This
was done by collecting senesced leaf material directly
from willow plants prior to leaf abscission. Leaf litter
that was exposed to decomposition in the field for six
months was also collected as part of another study
(Menezes et al. 2001) and analyzed for tannin and
phenolic concentration.

Isolation and Quantification of Tannins

Shoots from each plant were analyzed for total
tannins by the butanol-HCl method keeping willow spe-
cies separate. Approximately 200 mg of freeze dried leaf
and twig tissue (July 1995 and July 1998 samples) or
twig tissue (January 1999) were extracted in 70% aque-
ous acetone in a test tube by sonication for 5 minutes at
room temperature, and then centrifuged (4,500 rpm) for
10 minutes. The supernatant was taken to dryness, and
7 ml distilled water was added and sonicated for 5 min-
utes to dissolve the extract. From the solution, 0.2 m}
was piperted out of the solution into a test tube contain-
ing 4.8 ml MEOH. This was thoroughly mixed. One ml
was removed and added to 6 ml butanol-HCl and 0.2 ml
ferric ammonium sulfate solution. All was well shaken
and heated to 95°C for 40 minutes. The sample was
cooled and analyzed at 520 nm wavelengths using a spec-
trophotometer. From each willow species, tannins were
extracted, purified, and used to formulate the reference
standard for that species. Data were expressed as mg/g
dry wt. Litter that was collected represented a combina-
tion of three willow species that were common at each
site (S. geyeriana, S. planifolia, and S. monticola).

Isolation and Quantification of Phenolics
Freeze dried leaf and twig tissue (200 mg), or twig

tissue (200 mg) for the winter sample, were extracted
three times each with 3 ml MeOH/CH,Cl, (50/50). The

three extracts were combined. This solution was filtered
and injected into a high-pressure liquid chromatograph
(HPLC; Hewlett Packard 1090). HPLC solvents were:
solvent A = water-acetic acid (98:2), solvent B =
acetronitrile-acetic acid (98:2). Temperature was 50°C,
flow was 1 m¥/min, and wavelength detection was at
280 nm. The column was a Phenomenex Ultracarb 20,
C,, reverse-phase 5-m column 25 cm x 4.6 mm, and
fitted with a matching guard column. Total phenolics
for both fresh and litter tissues were determined by sum-
ming the peak heights for compounds that consistently
appeared each year in the chromatograms. These were
generally the major peaks in the chromatograms. Data
were expressed as relative peak height divided by 10,000
on a dry weight basis.

Statistical Analysis

All analysis was performed using SAS (ver. 6.12)
statistical software. Total phenolics and tannins were
tested for differences between species, water table, height/
water amended, and herbivory treatments, and their in-
teractions. Total phenolics and tannin data were ana-
lyzed for differences using the PROC MIXED program
in SAS. This is a procedure that is a generalization of
the standard linear model designed to analyze data gen-
erated from several sources of variation (SAS Institute
1995). Outliers were noted and eliminated from the sets
according to the criteria found in the SAS univariate
procedure. The number of samples analyzed for the July
1995, July 1998, and January 1999 data sets for each set
of water table-height/water amended-herbivory-species
combination ranged from three to five. Total sample
number analyzed for July 1995 was 264, July 1998 was
235, and for January 1999, 273 samples.

The responses of willow phenolics and tannins
among species, water table, and grazing and water
amendment treatments were examined. Some investi-
gators (Alstad et al. 1999; Zeigenfuss et al., this vol-
ume) found few or no differences in several willow
measurements (height, annual production, rates of pho-
tosynthesis, total plant water potential) in the short wil-
low sites due to water amendment. However, phenolics
and tannins may respond differently in willows as com-
pared to responses in willow elongation growth rates,
current annual biomass production, or N dynamics. Con-
sequently, we analyzed phenolic and tannin data in the
context of the tall, short-control, and short-watered sites
as well,

One of the objectives of this study was to determine
if a different effect of clipping would occur on phenolic



and tannin concentration of willows that had been iso-
lated from grazing for about 30 years, in comparison to
willows that had been removed from grazing for only
four years or had clipping imposed upon them conse-
quent with protection from elk grazing. Two sources of
variation that had not been addressed previously were
of concern; one due to chance variation in the aliquot of
sample taken from the bulk sample for analysis, and the
other due to species differences. These are especially
important because the sample size is small due to the
limitations of only one long-term exclosure and few in-
dividuals of each species being available. The variation
within an individual willow was addressed by determin-
ing the phenolic and tannin concentration on three
subsamples taken from each sample. An average across
the subsamples was used in the statistical analysis. The
tannin data were combined across species at this long-
term exclosure. However, qualitative and quantitative
differences in phenolics among willow species indicated
that total phenolics could not be combined across spe-
cies. Thus, we reduced the samples available for the
analysis of the treatment cffect on phenolics to only S.
monticola.

Additionally, a colinearity test between the ambi-
ent elk consumption rates of willows at each site and
phenolic and tannin concentrations was conducted us-
ing a SAS PROC GLM program. This linear regression
analysis was carried out to determine if any relationship
existed between consumption rates at each site and natu-
ral product concentration. The specific pairwise com-
parisons were elk consumption vs. 1995 summer willow
tannin and phenolic concentration, 1998 summer tan-
nin and phenolic concentration, and 1999 winter tan-
nin and phenolic concentration. No significant (P <0.05)
correlations were noted in these analyses for any year or
season.

Results

Tannin Responses to Treatments in
4-Year Exclosures

July 1995 represents the first year of sampling of
willows for phenolics and tannins after installation of
treatments. Ungrazed and clipped willows produced
more tannin than did grazed willows when species and
sites were combined (Table 2b). S. monticola tannin
production in leaves and twigs was not significantly
different from S. planifolia, but both species had higher
tannin production than S. geyeriana (Table 2c,d,e). As
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expected, willows from the tall sites produced
significantly more tannin than those at the short-control
and short-watered sites (Table 2c). S. monticola produced
more tannin at the wet sites, while S. planifolia willows
produced more tannin at the dry sites (Table 2d).

After 4 years of treatments (July 1998), ungrazed
willows produced more tannin than did clipped willows,
but neither of these were significantly different in tan-
nin production compared to grazed willows (Table 3b).
All species were significantly different from the other
species in their tannin production with S. monticola pro-
ducing the highest level and S. geyeriana the lowest
(Table 3c,d). Overall, there was no significant differ-
ence in tannin production between wet and dry sites
(Table 3c). However, S. planifolia produced more tannins
in willow leaves and stems at the dry sites compared to
wet sites (Table 3c).

No differences in tannin production were found be-
tween grazed, ungrazed, and clipped willows when
pooled across species in January 1999 (Table 4a). There
were significant differences between all species with S.
planifolia twigs containing the highest amount of tan-
nin and S. geyeriana the lowest (Table 4b,c.e). No over-
all differences among tall, short-control, or short-watered
sites were observed, but S. geyeriana and S. monticola
produced more tannin at the tall sites than at the short-
control sites (Table 4b). Alternatively, S. planifolia wil-
lows at the short-control sites produced more tannin than
did willows at the short-watered sites (Table 4b). No
overall differences were observed in tannin production
between wet and dry sites (Table 4c); however, S.
planifolia produced more tannin in willows at the dry
sites compared to those at the wet sites (Table 4c). Fi-
nally, ungrazed and clipped willows at the dry sites pro-
duced more rannin than did grazed willows, but no
differences among grazing treatments occurred at the
wet sites (Table 4d).

Phenolic Responses to Treatments in
4-Year Exclosures

The phenolic data for 1995 did not meet the criterion
of homogeneity for the statistical analysis; consequently,
no statistical analysis was performed on these data.
Unexpectedly, more phenolic was produced by willows
at the dry sites in Inly 1998 compared to those growing
on sites with a higher water table (Table 5b). No overall
differences were observed among willows at tall, short-
watered, and short-control sites (Table Sc). For individual
species, nodifferences in phenolic production across sites
was noted for S. geyeriana and S. planifolia (Table 5c),
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Table 2. Tannin production (mg/g dry wt) in willow on elk winter range of Rocky Mountain National Park, Colo-
rado, July 1995. (a) Test statistics for tannin production among species, water table, height/water amended and
herbivory treatments, and their interactions; (b) mean tannin production (% + se) among herbivory treatments
when sites and species are combined; (c) mean tannin production (% + se) among species across tall, short-
control and short-watered sites, and for species when sites are combined and sites when species are combined;
(d) mean tannin production (% + se) among species across wet and dry site; and (e) for species when sites are

combined.
(a) Source F P
Species 6.0 0.003
Height/water amended 4.6 0.010
Herbivory 2.7 0.066
Water table 0.6 0.425
Species x Height/water amended 3.0 0.018
Species x Herbivory 1.7 0.139
Water table x Species 9.6 0.000
(b)  Herbivory Ungrazed Clipped Grazed
68.8 +22° 69.7 + 2.0° 63.7 +2.0°
(c)' Species x Height/water amended Tall Short-control Short-watered
S. geyeriana 67.8 +3.2¢ 52.8 +32° 66.4 +3.7°
S. monticola 75.6 + 3.0° 72.3 +3.1* 65.3 +2.8"
S. planifolia 734 + 3.4 73.0 + 7.9* 62.6 + 3.1*
Height/water amended 722+19° 653 +29° 64.7 +2.5%
(d)" Species x Water table Wet Dry
S. geyeriana 60.1 +2.9° 639 +2.7°
S. monticola 76.9 + 3.0° 65.4 +2.0°
S. planifolia 63.3 + 3.5° 76.2 +4.0°
(e)  Species S. geyeriana S. monticola S. planifolia
62.0 + 1.9° 70.9 + 1.7° 69.5 + 2.9

'Horizontal means, se followed by different letters significantly different (P <0.10) between sites within a species.
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Table 3. Tannin production (mg/g dry wt) in willow on elk winter range of Rocky Mountain National Park, Colo-
rado, July 1998. (a) Test statistics for tannin production among species, water table, height/water amended and
herbivory treatments, and their interactions; (b) mean tannin production (X + se) among herbivory treatments
when sites and species are combined; and (c) mean tannin production (% + se) among species across wet and dry
sites; and (d) for species when sites are combined.

(a) Source F P
Species 76.8 0.000
Water table 24 0.159
Height/water amended 0.3 0.746
Herbivory 3.1 0.045
Species x Water table 24 0.095
(b) Herbivory _ Ungrazed Clipped Grazed
67.4 + 1.6* 62.4 + 1.5 65.0 + 1.5%
(c)' Species x water table Wet Dry
S. geyeriana 525+ 1.9° 53.1£1.8°
S. monticola 773 + 2.6° 774 +2.0°
S. planifolia 62.6 +2.5° 71.5 +2.5°
Water table 63.4+1.5° 66.5 + 1.3*
(d) Species S. geyeriana S. monticola S. planifolia
52.8+1.3° 774 + 1.6° 66.9 + 1.8°

'Horizontal means, se followed by different letters significantly different (P <0.10) between sites within a species.
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Table 4. Tannin production (mg/g dry wt) in willow on elk winter range of Rocky Mountain National Park, Colorado,
January 1999. (a) Test statistics for tannin production among species, water table, height/water amended and
herbivory treatments, and their interactions; (b) mean tannin production (% + se) among height/water amended
among species; (c) mean tannin production (% + se) between water table among species; (d) mean tannin production
(% + se) between water table herbivory treatments; and (e) for species when sites are combined.

(a) Source F P
Species 97.9 0.000
Height/water amended 1.3 0.321
Herbivory 14 0247
Water table 0.2 0.657
Species x Height/water amended 2.0 0.101
Species x water table 34 0.035
Water table x Herbivory 2.5 0.083
(b)" Species x Height/water amended Tall Short-control Short-watered
S. geyeriana 54.8 + 2.0° 495 +22° 502 +22%
S. monticola 64.1 +2.2° 58.4 +2.2° 60.9 + 2.1=f
S. planifolia 814 +3.1° 91.7 + 6.4% 78.0 & 3.1°¢
(c)' Species x Water table —Wer ____ Dry
S. geyeriana 533 + 19" 4956 + 1.7¢
S. monticola 60.2 + 2.0° 62.0 + 1.6°
S. planifolia 79.8 +3.5° 87.4 + 3.1°
(d)* Water table x Herbivory Ungrazed Clipped Grazed
Wet 64.8 +2.3° 62.1 +2.1* 63.6 +2.6°
Dry 654 + 2.0° 674 +2.1° 60.9 + 1.7°
(e) Species S. geyeriana S. monticola S. planifolia
514+ 1.2 61.1 +12° 83.5 +2.5°

'Horizontal means, se followed by different letters significantly different (P <0.10) between sites within a species.
?Horizontal means, se followed by different letters significantly different (P <0.10) between herbivory treatments
within a site designated by water table.
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Table 5. Phenolic production (expressed as peak height divided by 10,000, dry weight) in willow on elk winter
range of Rocky Mountain National Park, Colorado, July 1998. (a) t-test statistics for phenolic production among
species, water table, height/water amended and herbivory treatments, and their interactions; (b) mean phenolic
production (% + se) between water table; (¢) mean phenolic production (% + se) species x height/water amended

interaction; and (d) for species when all sites are combined.

(a) Source F P
Species 6,072.2 0.000
Water table 6.8 0.044
Height/water amended 0.5 0.639
Herbivory 1.7 0.177
Species x Height/water amended 0.2 0.051
(b) Water table Wet Dry
1,583.8 + 70.5* 1,833.7 + 67.0°
{c)' Species x height/water amended Tall Short-control Short-watered
S. geyeriana 729 +4.3° 704 + 5.5° 839 +5.8°
S. monticola 32214 +175.1° 2,720.8 + 170.2° 2,850.6 + 166.9%°

S. planifolia

(d) Species S. geyeriana

23,495.6 + 1438.9°

23,148.1 £ 2,784.7° 20,685.1 + 362.3*

S. monticola S. planifolia

75.5 + 3.0°

2,923.0 + 98.8° 22,414.7 + 1121.2¢

'Horizontal means, se followed by different letters significantly different (P <0.10) between sites within a species.

but S. monticola produced more phenolic compounds at
the tall site compared to willows at the short-control
site.

Phenolic production in 1999 winter willow twigs
differed between species with S. geyeriana producing
significantly more phenolics in twigs than either of the
other two species (Table 6b). S. planifolia produced the
least quantity of phenolic compounds (Table 6b). Clipped
willows produced significantly more phenolic than did
ungrazed or grazed willows (Table 6¢). Phenolic pro-
duction among willows at the dry sites, when species
and treatments were combined, was higher than that for
willow at the wet sites (Table 6d).

Phenolic and Tannin Production in Willows
Protected from Grazing for 35 Years

For the 35 year-old exclosure, tannins were signifi-
cantly higher in the 50% clipped treatment than the 0%
clipped. 100% clipped. or elk herbivory treatments
(Table 7). Tannins from willows subjected to the 100%

clipping level inside the exclosure were lower than the
tannin concentration in ungrazed (0% clipped), lower
than in the 50% clipped treatment, and lower than in
willows outside the exclosure grazed by elk. Total phe-
nolics increased in the 50% clipped treatment (P = 0.155;
Table 7). Response of willow height and growth paral-
leled the responses for tannins and phenolics. Clipping
willows at the 50% level resulted in no reductions of
rate of height growth or rate of CAG production of wil-
lows (F = 0.21, F = 0.93 respectively; P=0.81,P=04
respectively; Singer et al. [1998]).

Willow Litter Phenolics and Tannins

Decomposed litter collected from tall, short-control,
and short-watered sites contained only a minor amount
of phenolic, and no measurable tannin, when compared
to fresh litter (Table 8). Fresh litter contained higher
tannin and phenolic concentrations than decomposed
litter at all sites (P <0.05). However, no differences were
found between treatments within a site.
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Table 6. Phenolic production (expressed as peak height divided by 10,000, dry weight) in willow on ek winter
range of Rocky Mountain National Park, Colorado, January 1999. (a) Test statistics for phenolic production
among species, water table, height/water amended and herbivory treatments, and their interactions; (b) mean
phenolic production (% + se) among species when all treatments combined; and, (c) mean phenolic production
(% + se) among herbivory when species and water table and height/water amended are combined; and (d) mean
phenolic production (* + se) for water table when species and treatments are combined.

(a) Source F P
Species 215.1 0.000
Height/water amended 0.8 0.493
Herbivory 25 0.090
Water table 8.3 0.025
Species x Water table 1.9 0.154
(b)' Species S. geyeriana S. monticola S. planifolia
1403 + 4.7° 130.9 +3.7° 574 + 2.1
(c)' Herbivory Ungrazed Clipped Grazed
100.0 +3.3* 107.3 +3.4% 983 +3.2°
(d)' Water table Wet Dry
95.8 + 3.1 108.2 + 2.9

'Horizontal means, se followed by different letters significantly different (P <0.10).

Discussion

Species Differences

Species differed in phenolic and tannin production
in practically every comparison regardless of treatment
or how sites were divided. In particular, tannin
production in summer twigs and leaves among species
was highest for S. monticola followed by S. planifolia
and then S. geyeriana, but occasionally S. planifolia had
higher tannin concentration than S. monticola. Tannin
production in the winter was generally highest for S.
planifolia followed by S. monticola and then S.
geyeriana. A similar pattern was observed for phenolic
production in summer twigs and leaves among species
with S. planifolia highest followed by S. monticola and
then S. geyeriana. For winter twig samples, phenolic
production was highest in S. geyeriana followed by S.
monticola. Phenolic production in samples of summer
twigs and leaves combined was significantly greater than
that of twigs collected in the winter.

A high level of variation in total phenolic produc-
tion was shown among the three species tested. This
variation is primarily due to each willow species differ-
ing in their qualitative and quantitative production of
phenolics. Interaction between variables was apparently
species driven (Table 6). This source of variation in it-
self may have masked water table, height/water amended,
and herbivory effects. In addition, S. monticola and S.
planifolia did not respond to water table and herbivory
effects in the same way. For example, tannin production
in 1995 was higher for willows of S. monticola at the
wet sites, but for S. planifolia tannin, concentration was
always higher in willows of this species growing on drier
sites (Tables 2d, 3c, 4c).

Phenolic and Tannin Production in Willows
as Related to Water Table and Treatments

It is unclear as to why a lack of homogeneity oc-
curred in the July 1995 phenolic data set. No other data
set had a similar problem. This collection immediately
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Table 7. Total tannin (mg/g dry weight) response [ (sd)] and phenolic (expressed as peak height divided by 10,000,
dry weight) in willow species subjected to clipping levels inside and outside of 35-year old exclosures on elk
winter range in Rocky Mountain National Park, Colorado, July 1996.

Simulated herbivory Elk herbivory
Species 0% 50% 100%
All species
Tannins* 60.9(10) 80.1(17)° 48.7(2)° 63.1(22.5)*
S. monticola
Phenolics** 297(35)¢ 411(87)° 307017)* 337(81)

*Means followed by different letters are significantly different, P <0.10.
** Phenolics for S. monticola only; means followed by the letters d,e; » = 0.155 (n =2 or 3).
*sd is the % of three runs of the same sample for the only individual in this category (not used in statistical analysis).

Table 8. Tannin (mg/g dry weight) and phenolic (expressed as peak height divided by 10,000, dry weight) concentration
of fresh willow litter versus decomposing willow litter among herbivory and height/water amended treatments
[%, (sd*)] on elk winter range in Rocky Mountain National Park, Colorado, 1995. No significant differences
between treatments were found.

Height/water amended treatment Ungrazed Clipped Grazed

Tall

Phenolics F 424 (162) 555 (38) 412 (206)
D 2,011 (501) 3,326 (538) 2,913 (2,693)

Tannin F 64.1(21) 67.7 (10) 65.1 (19)

Short-control

Phenolics F 189 (33) 372 (283) 325 (269)
D 50 (42) 29 (98) 21(9)

Tannin F 77.2 (8) 70.7 (2) 72.0(4)

Short-watered

Phenolics F NA NA NA
D 40 (26) 22 (9) 22 (8)

* All comparisons between fresh and decomposed litter significantly different, P <0.05.
NA = data not available; F = fresh litter; D = decomposed litter.
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followed the beginning of the clipping treatment and
perhaps the initial clippings disrupted natural product
metabolism such as was noted for Douglas-fir phenolic
and tannin metabolism (Horner et al. 1993). In addi-
tion, the weather in spring 1995 was unusually cold and
wet. Standing water from spring runoff was present on
many sites into July, and cold temperatures delayed both
spring runoff and leaf emergence 34 weeks (Zeigenfuss
etal., this volume; L. Zeigenfuss, personal observation).

With regard to site quality, the expectation was that
tall willow growing on sites with some beaver activity
would produce the highest levels of phenolics and
tannins. The data supported this expectation. Tannin
production in willows at the tall sites in 1995 was higher
compared to the short-control and short-watered sites.
Tall willows from S. geyeriana and S. monticola in
January 1999 also had generally higher tannin
concentration compared to willows on the short-control
sites, but tall willows did not differ significantly from
those at the short-watered sites.

The tall willow with some beaver activity category
represented the accumulated product of multiple factors
in Rocky Mountain NP. The height of the willows was
primarily influenced by elk densities and rates of elk
herbivory (Singer et al., this volume). Multiple factor
models and information criteria suggested that elk
herbivory was the factor of overriding importance on
eight parameters of willow growth and thus on observed
willow heights, and that depth to the water table had a
significant, but lesser, influence (Singer et al., this
volume). Elk rate of consumption of CAG 0f 37% had a
negative, suppressing influence on willow growth and
biomass production peaked at consumption levels of
about 21% (Singer et al., this volume). In other words,
the tall willow patches were tall primarily due to elk
herbivory levels, which were lower than for the short
(beaver-abandoned) willow patches, but shallower depth
to the water table and beaver dams also contributed to
larger, more optimal sizes of willows. Other associated
factors also contributed to the large size and higher
densities of willow stems in this type. A portion of the
willow plants were above the reach of elk and thus
unbrowsed each year, the dense jungle of willow clumps
also protected part of the patch from access by elk, and
any active beaver dams and ponds made some of the
willows less accessible to elk. Beaver dams increased
the height of the water table and ponds neglected for a
few years by beaver still retained some water. Also, depth
of the rooting zone of short browsed willows on sites
away from streamsides were apparently more shallow,

further contributing to less-than-ideal water relations of
the short-control willow category. Although depth to the
water tables was shallow for a few of the short control
patches, this type was generally characterized by long-
term beaver abandonment of the site. There were no
active dams, and streamside channels, meanders,
oxbows, and braided channels were all dry, except for
brief periods in the spring during peak run-off,

The short willows (beaver-abandoned sites) pro-
duced less secondary metabolites in RMNP (and also in
Yellowstone NP; Singer et al. [1994], Singer and Cates
[1995]) and these lower levels were near or below levels
(e.g., 5% for tannins) that have been identified as thresh-
olds where ungulates will browse more on shrubs (Coo-
per and Owen-Smith 1985). The lower growth rates,
poorer growing conditions, and possible greater palat-
ability to ungulates place the short willows in a down-
ward spiral, particularly if elk populations continue to
increase on the winter range. Apparently, long-term re-
sponses of heavily browsed willows led them to be more
vulnerable to ungulate herbivory. This vulnerability in-
cludes the entire willow plant becoming within acces-
sible reach of ungulates through shorter stature and
smaller canopies with more perimeter accessible to
browsers, lower growth rates, and lower secondary me-
tabolites leading to greater palatability.

When sites were designated as wet or dry sites based
on water table levels, mixed results occurred. In some
cases, phenolics or tannins were higher in willows on
the wet sites, but in other cases, these compounds were
higher in concentration in willows on dry sites. Overall,
the tall-short willow designation appeared to represent
site quality better compared to the designation by water
table depth (wet vs. dry).

We expected that willows would respond to both
clipping and grazing through an increase in willow
phenolic and tannin. The January 1999 clipped willows
showed a significant increase in phenolics compared to
ungrazed willows. However, in the majority of
samplings, no difference in response in either phenolics
or tannins occurred between the clipping and grazing
treatments. Either the willows in general were not
growing on sites favorable for supporting vigorous
growth and hence were unable to respond to clipping or
grazing, or the clipping and grazing levels were too
severe. Data from willows in the 35-year-old exclosure
and other studies on the willows at the study sites (Singer
et al., this volume), suggest that the latter was likely
and that ambient levels of elk herbivory not only
negatively influence a wide spectrum of willow growth



parameters (total CAG, twig CAG, mean height,
maximum height stem density, plant density, canopy
volume and area, catkin production; Singer et al., this
volume; Zeigenfuss et al., this volume), but also
production of secondary metabolites. The data from the
35-year exclosure also may indicate that 30 years relief
from grazing allowed willows to recover enough to
respond chemically to moderate levels of clipping,

Response of Tannins and Phenolics to
Treatment in the 35-Year-Old Exclosure
Compared to the 4-Year-0Old Exclosure

The expected response was that the 50% clipping
would result in an induced increased production in
tannins and phenolics. Our observations in the 35-year-
old exclosure support this expectation--tannins increased
under 50% clipping and decreased significantly in the
100% clipping level compared to the no clipping
treatment. With regard to elk grazing, the decreased
response in tannins in willows grazed by clk outside the
long-term exclosure suggests that elk have affected the
ability of willows to respond to grazing. The significant
increase in tannins at the 50%, but not at the 100%
simulated herbivory level is also consistent with the
literature (Karban and Baldwin 1997), and suggests that
growing conditions inside this exclosure were sufficient
to allow willows to respond positively in terms of
secondary metabolites to this moderate clipping level.

The responses in the 4-year exclosures suggested
that the 75% clipping was too high to permit an induced
reaction in willows. Total phenolic production was lower
in the older exclosure than observed for S. monticola in
the 4-year-old exclosure possibly because willows in-
side the older exclosure had not been grazed for an ex-
tended time. The evidence also suggests that the 75%
clipping level was too severe for a willow response in
the 4-year-old exclosure, particularly with no recovery
period from grazing.

It was expected that willows outside the exclosure
would also respond to elk grazing by increasing their
secondary metabolite production such as that observed
for the 50% clipping. But we observed that elk grazed
willows did not respond by increasing secondary
metabolite production suggesting that elk herbivory
levels had an adverse, long-term, accumulated, negative
effect on not only willow size, structure, depth to the
rooting zone, physiology, and growth rates (Alstad et al.
1999; Menezes et al., this volume; Singer et al., this
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volume; Zeigenfuss et al., this volume), but also a
negative effect on the ability of willow to respond to
herbivory with increased production of secondary
metabolites. Overall, the pattern noted among treatments
inside the 35-year-old exclosure represents the expected
response of willows that are growing in a favorable
environment.

Information from Yellowstone NP (YNP) tends to
corroborate these conclusions. Apparently, most willows
are growing on poor sites on Yellowstone’s northern
winter range (Singer et al. 1994) and the growing
conditions are less favorable than in RMNP (Singer et al.
1998). Similar clipping experiments in YNP revealed
no response in tannin or phenolic production at the 50%
clipping level, and significant decreases in heights (22%
decline) and CAG (250% decline) at the 100% clipping
level (Singer et al. 1998). Similarly, height-suppressed,
ungulate-browsed willows in YNP produced 41-64% less
phenolics and 15-17% less tannins than ungrazed
controls (Singer et al. 1994; Singer and Cates 1995),
declines due to ungulate herbivory that are unprecedented
in the ecological literature. The evidence from both parks
suggests that poor site growing conditions and a long
history of heavy browsing with associated reductions in
plant sizes (and possibly also root biomass and depths)
reduces the ability of willows to respond to ungulate
herbivory by increasing production of secondary
metabolites. Declines in nitrogen concentrations and
content also occurred at the heaviest clipping levels
(100%) and in ungulate-browsed willows compared to
controls in YNP (Singer et al. 1998). Tannin production
may be linked to the availability of nitrogen.

Summary

Based on our conceptual review of prior research of
the effects of growing conditions and grazing on willow
chemistry, the expected results were that willows growing
on favorable habitats would respond to clipping and elk
grazing by increasing their phenolic and tannin
concentration. Patterns across the three years of sampling
of the current year’s growth in a series of 12 exclosures
in place for only 4 years were not consistent with these
predicted results probably because the clipping treatment
of 75% was too severe to permit an increase in phenolic
and tannin concentration. However, results at an
exclosure in place for 30 years were consistent with the
expectations, and willows clipped at moderate levels
(50%) responded by increasing phenolic and tannin
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content, while willows clipped at high levels (100%)
and unclipped willows (0%) did not. Tall willow sites
with less negative effects of elk herbivory on size and
growth of willow, and with beaver activity (cuttings,
some active dams) and the presence of standing water
in channels, followed our original expectation and
possessed higher concentrations of phenolics and tannins
compared to short, hedged willows growing on beaver-
abandoned sites (dry channels, abandoned dams). Few
significant increases in phenolic and tannin
concentration were noted in the clipping and grazing
treatments, apparently because there has been a long-
term (elk have been at high densities at the study sties
for about 20 years) negative effect of the ambient levels
of elk herbivory (average 33% removal of CAG) on
willow response, and apparently because the 75%
clipping treatment was too severe to permit an increased
response by the willows. The lack of response in willows
subjected to natural grazing levels, suggest that elk
grazing has adversely affected the ability of willows to
respond chemically to grazing and these lower levels of
secondary metabolites can lead to greater palatability of
grazed willows. Increased grazing pressure from
increasing populations or concentrations of elk could
further adversely affect willow growth and nutrient
dynamics in these communities.
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CHAPTER TEN

Influence of Elk Grazing on Soil and Nutrients in
Rocky Mountain National Park

By

Dan Binkley'?
Francis J. Singer’”
Margot Kaye'
and
Richard Rochelle!

Abstract. We used three 35-year exclosures to examine the effects of high elk populations on a variety of soil
properties in three vegetation types: upland sagebrush, aspen, and meadow. Grazing and hoof action by elk
significantly increased bulk density (from 0.87 kg/L ungrazed 10 0.94 kg/L grazed), with greater effects on soils with
fewer rocks. Grazing substantially reduced extractable calcium, magnesium, potassium, and phosphorus in the
upland sagebrush type, but not in the aspen or meadow types. The only grazing effect on pH came in aspen vegetation
types, where grazing prevented aspen establishment, and kept soil pH about 0.7 units higher than under aspen inside
the exclosures. Grazing had no overall effect on total soil C and N across all exclosures and vegetation types, but soils
from grazed portions of upland shrub areas had lower concentrations of extractable cations and phosphorus. The
availability of soil nitrogen, indexed by in-field resin bags and net mineralization in soil cores, showed little overall
effect of grazing. Limited data on soil leaching indicated a possibility of strong increases in nitrate leaching with
grazing for an aspen vegetation type at one exclosure. Although we found little effect of grazing on soil N supply, we
note that N fertilization doubled the production of grasses and shrubs; if grazing eventually led to changes in soil N
supply, species composition and growth would likely change.

Keywords: Cervus elaphus, ecosystem processes, elk, grazing, mineralization, nitrogen, soil nutrients.
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Introduction

The population of elk (Cervus elaphus) has varied
dramatically in the Front Range of the Rocky Moun-
fains in Colorado. Intensive hunting extirpated elk in
the late 1800s, but populations rose quickly following
reintroduction in the early 1900s. Across the park, elk
use varies by location and season. Areas of heavy graz-
ing (particularly winter range for elk) show a lack of
regeneration of aspen (Baker et al. 1997; Suzuki et al.
1999). The increases in elk populations, and concen-
trated areas of elk use, resulted from the elimination of
all large predators (other than cougars), elimination or
abbreviation of migration routes, and habituation of elk
to humans and managed pastures, hay stacks, lawns,
and golf courses.

Problems caused by overabundance of large mam-
mals have concerned wildlife managers and scientists
for decades (Caughley 1981). Traditionally, species were
considered to be excessively abundant if high popula-
tion densities reduced harvested yields, or if they caused
unacceptable changes in the structure and composition
of plant communities (Caughley 1981). For several rea-
sons, these traditional approaches have been problem-
atic. Approaches that define acceptable abundance in
terms of harvestable yield focus narrowly on one spe-
cies, and ignore effects of that species on other plants
and animals. Defining desirable levels of abundance in
terms of structural changes in plant communities may
allow populations to reach undesirable levels before such
changes can be detected (Caughley and Lawton 1981).
Challenges in defining “harm™ have prevented consen-
sus [see reviews in Wagner et al. (1995) and Coughenour
and Singer (1995)]. Basic ideas about density-depen-
dent regulation of animal populations at equilibrium
levels have also been questioned (Ellis and Swift 1988).
These issues provide a problematic context for the dis-
cussion of “natural regulation” of herbivore populations
by food supply, as currently practiced by the National
Park Service in Yellowstone, Rocky Mountain, Grand
Teton, and several other large western national parks
(Wagner et al. 1995).

Grazing by domestic livestock typically alters soil
organic matter, pools and turnover of nitrogen, and soil
erosion, but these effects vary widely among locations
(Risser and Parton 1982; Milchunas and Lauenroth
1993; Burke etal. 1997). Livestock impacts may be
concentrated in some areas by fences, salt blocks, and
supplemental water sources. Heavy livestock grazing
compacts soil, reduces soil moisture up to 60%, lowers

infiltration rates, creates a drier microclimate, and
accumulates less litter (Knapp and Seastedt 1986; Fuls
1992),

The effects of wild, migratory ungulates on ecosys-
tems may differ from those of domestic livestock. Wild
populations of ungulates typically vary spatially and tem-
porally in response to seasonal migrations and long-term
population trends. In many cases, ideas and expecta-
tions about the nature and magnitude of grazing effects
go far beyond the experimental tests available. Some
sites are grazed only during the winter pericd when
plants are dormant or for periods of only a few weeks
during the growing season (McNaughton 1983; Frank
and McNaughton 1992). Native ungulates may increase
plant productivity, at least in the short term, by increas-
ing nitrogen in forms that are more available to plants.
Grazing may reduce root biomass and thus decrease the
microbial biomass, thus reducing C:N ratios and mak-
ing nitrogen more available to plants (Holland and
Detling 1990; Seagle and McNaughton 1992). Herbi-
vore feces and urine also provide large inputs of soluble
nitrogen to plants (Risser and Parton 1982; Bazely and
Jefferies 1985; McNaughton 1990). As a result of in-
creased availability of nitrogen in a readily usable form
on grazed sites, plant uptake of nitrogen is higher, lead-
ing to higher plant tissue concentrations of nitrogen
(Moss et al. 1981; McNaughton 1983; Coughenour 1991;
Singer 1995; Singer and Harter 1996). Tissue concen-
trations of nitrogen might be elevated above levels criti-
cal for overwinter survival of ungulates (Mould and
Robbins 1981). Ungulates prefer to graze on regrowth
from previously grazed sites, which leads to improved
body condition and higher reproductive success (Moss
etal. 1981; lason et al. 1986; Gordon 1988; McNaughton
1988).

How substantial are the effects of elk on soils in the
Rocky Mountains? Frank and Groffman (1998)
examined soil properties inside and outside seven 2-ha
exclosures that were in place for about 30 years, all in
grass-dominated ecosystems in Yellowstone National
Park. The net mineralization of soil nitrogen (N) was
higher outside all seven exclosures than inside, with an
average difference of about 2-fold. Four of the exclosures
had substantial shrub cover, and no simple pattern of
grazing impact was found. Shrubs at two exclosures
showed no differences with respect to grazing, one had
higher N mineralization under shrubs outside the fence,
and the other higher N mineralization under shrubs
inside the fence.

We assessed the impacts of heavy elk use on N using
three large elk exclosures that have excluded elk and



deer (but not small herbivores) for 35 vears. We examined
soil bulk density, total carbon (C) and N, as well as the
minerals calcium (Ca), magnesium (Mg), phosphorus
(P), and potassium (K), soil pH, available N, N-limitation
on plant growth, and N leaching losses from the soil.
The complete absence of ungulate grazing inside the
exclosures is an artificial condition, given the long-term
presence of ungulates in the region, so the gradient in
grazing impacts between inside and outside the
exclosures may be larger than would be found between
typical ungulate populations and the current high-density
situation.

Site Description and Methods

The three long-term elk exclosures are located in
the Beaver Meadows area of Rocky Mountain National
Park at an elevation of about 2,500 m. The climate is
dominated by long, cold winters (average January tem-
perature, -1°C), and sunny summers with frequent storms
(July average temperature, 17°C). Precipitation averages
about 41 cm/yr, distributed fairly evenly throughout the
year with about half falling as snow.

The Estes Valley elk population was about 3,000 in
the late 1990s (Lubow et al., this volume). In winter,
about 70% of the elk stay within the town of Estes Park,
and 25% to 30% reside inside the park. Grazing im-
pacts are heavy in the lower valleys over winter and
during spring and fall migrations to and from high-el-
evation summer range.

Exclosure 1 (0.4 ha) contains an upland sagebrush
(Artemisia tridentara) community with scattered goose-
herry (Ribes inerme), ponderosa pine (Pinus ponderosa),
and grasses (Bouteloua gracilis, Koeleria macrantha,
and Muhlenbergia montana). Exclosure 2 (1.2 ha) en-
compasses three vegetation types: upland sagebrush,
mid-slope aspen (Populus tremuloides) with some scat-
tered willows (Salix monticola, S. geyeriana, and S.
planifolia), and lower-slope wet meadows dominated by
sedge (Carex spp.) and grass (Calamagrostis
canadensis). Exclosure 3 (0.4 ha) has two vegetation
types: aspen and a mesic meadow (Poa pratensis,
Bromus inermis, and Phleum pratense).

We stratified each exclosure into major vegetation
types and sampled inside and outside the exclosures to
determine the effects of elk grazing. Ten soil samples
(6.2 cm diameter by 30 cm length, divided into two 15-
cm intervals) were collected (in April 1999) at 2-m
intervals along transects within each vegetation type and
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exclosure, and along paired transects that ran parallel
to the fence lines. The transect locations were chosen
5-10 m away from the fence, in areas with matching
microtopography. These samples were analyzed (by
methods in USDA Natural Resources Conservation
Service 1996) for bulk density (oven-dry basis), pH (2:1
water:soil paste), extractable phosphorus (Bray-1), and
1 M ammonium acetate-extractable calcium, magnesium,
and potassium.

Available N was assessed by two methods, using
the same sampling design as the soil samples. Net N
mineralization was estimated with the closed-top-core
technique (Adams and Attiwill 1986). Plastic tubes were
pounded 15 c¢m into the mineral soil and capped for
incubation periods ranging from 4 weeks (summer 1998)
to 6 weeks (autumn 1998) to 6 months (winter 1998—
1999). After the incubation period, soils were collected,
mixed, and 10-g subsamples were extracted for 24 hours
with 100 mL of 2 M KCI; ammonium-N and nitrate-N
were determined on a Perstorp automated colorimeter.
Net N mineralization was calculated as the post-
incubation concentrations of ammonium and nitrate
minus the concentrations from paired cores taken at the
beginning of each incubation period. About one-third
of the net mineralization rates were negative, and these
values were set to 0 (representing no N available to plants
for that sample location and period). The net N
mineralization rates were summed across periods to give
an annual estimate.

lon exchange resin bags (Binkley and Hart 1989)
were also used to estimate the availability of ammonium-
N and nitrate-N. Resin bags were constructed with two
sections: one with anion resin (14 mL of Sybron [ONAC
ASB-IPOH), and one with cation resin (14 mL of Sybron
IONAC c¢-251 H*). Each section of the resin bag was
about 4 x 4 cm, with a band of heat-applied glue
separating the pouches. In each vegetation type in each
exclosure, 10 bags were placed 2 cm below the mineral
soil surface, at 2-m intervals along a transect in May
1998, and retrieved in October 1998. A second set of
resin bags was installed in October 1998 and retrieved
in May 1999. In the laboratory, the anion and cation
resin pouches were combined and extracted with 100
mL of 2 M KCI. Concentrations of ammonium and
nitrate were determined colorimetrically on a Perstorp
autoanalyzcr.

We assessed the nitrogen limitation on plant growth
by fertilizing small 2-m radius plots (12.5 m?) with
10 g N/m? as urea, in March 1999. Two plots were
fertilized in each vegetation type, inside and outside each
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exclosure. The extent of N limitation was evaluated by
the length, mass, and N content of the 25 largest new
shoots per shrub in July 1999 and by clipping herbaceous
biomass from 0.25 m? plots.

The losses of N from the soil were estimated with
porous cup lysimeters (2-cm diameter cups at 30-35 cm
depth) in the wet meadow vegetation type for exclosure 2
and for the aspen vegetation type in exclosure 3. All the
other exclosure and vegetation types were too rocky to
insert lysimeters. Ten lysimeters were installed inside
and outside at each site. The soils were too dry or frozen
for sampling soil leachate except in the spring following
snowmelt and major storms. On May 3, 13, 24, and
June 22, 1999, water samples were collected from the
lysimeters by applying a suction (-1 MPa), and returning
several hours later to collect the accumulated water.
Samples were stored in a cooler (2-4°C) for up to 5
hours before freezing for later analysis by automated
colorimetry. Nitrogen concentrations were averaged
across three sampling periods for each site. The variances
of the soil solution concentrations were not normally
distributed, so we used a non-parametric Kruskal-Wallis
comparison to test for the effect of grazing.

We analyzed the effects of grazing three ways. We
used #-tests to compare all samples within each exclosure
with all samples outside that exclosure. We also used ¢-
tests to compare individual vegetation types at each
exclosure. These r-tests compared values inside and out-
side the exclosures, but given the lack of replication of
sites, the t-tests could not separate true grazing effects
from any other site difference that may have covaried
with the location of the exclosure fences. No site differ-
ences were obvious, so we expect the r-tests represent
primarily the grazing effects. Each vegetation type hap-
pened to be present at two exclosure sites, so we were
able to test for the effect of grazing among sites with a
split plot ANOVA approach (grazing treatment within
exclosure site). We also tested for the overall effect of
grazing by a split plot ANOVA (split-plot effect for graz-
ing replicated at three sites).

Results

Across all vegetation types in all exclosures, the bulk
density of the 0~15 cm depth mineral soil was higher in
grazed units (0.94 kg/L; Table 1) than in ungrazed units
(0.86 kg/L; P =0.04). The pattern of greater bulk den-
sity on grazed units was strongest at exclosure 3, where
the bulk density in the outside (grazed) area was

0.96 kg L, compared with 0.77 kg/L inside the exclosure.
The mesic meadow vegetation type showed a greater
difference in bulk density at exclosure 3 than did the
aspen type. Despite the overall effect of higher bulk den-
sity in grazed units, the rocky upland sagebrush type
showed no trend (Table 1).

No overall effect of grazing on pH was apparent
across the exclosures and vegetation types, but grazing
significantly affected soil pH in the aspen vegetation
types (Table 1). This effect was consistent in both
exclosures with aspen and was strongest at exclosure 3,
where the 0—15 cm depth soil was 0.7 units lower inside
the exclosure.

Grazing had no overall effect on total soil C and N
across all exclosures and vegetation types (Table 2). The
only significant effect among the vegetation types and
exclosures was the mid-slope aspen type in exclosure 2,
where the grazed area had 2.11 kg C/m? more C (to
30 cm) and 0.17 kg/m? more N than inside the exclosure.
The effect of grazing in the aspen vegetation type at
exclosure 3 was not significant (and was near 0), so we
expect the large difference at exclosure 2 may result from
site factors other than the effect of grazing.

The effects of grazing on soil cations and phospho-
rus were mixed. Grazing substantially reduced the quan-
tities of extractable calcium, magnesium, potassium and
phosphorus in the upland sagebrush type (Table 3), with
average reductions of about one-third. The only other
significant effect of grazing was higher extractable po-
tassium in grazed aspen types.

Resin bags showed no overall effect of grazing
through the growing season across all exclosures and
vegetation types. The only significant effect was in
exclosure 1, where net nitrification was three times
higher with grazing than without (Table 4). Net N
mineralization showed no significant effects of grazing
treatments for individual communities within or across
sites (Table 4). The resin estimates of N supply were
generally higher for aspen than for upland sage or
meadow, and net N mineralization also appeared higher
for aspen.

No effects of grazing were evident in the soil solution
concentrations in the wet meadow at exclosure 2 (Fig. 1),
with both grazed and ungrazed units showing an average
of about 0.10 mg N/L in springtime soil leachate. The
effect of grazing appeared to be extremely large for the
aspen vegetation type at exclosure 3, where the ungrazed
unit with aspen trees averaged well under 1 mg N/L,
compared with an average of nearly 5 mg N/L (mostly
as nitrate) for the adjacent area where elk grazing has
removed most of the aspen.



Table 1. Soil bulk density and pH by depth (means with standard deviations in parentheses).

Soil property __Upland sagebrush Mid-slope aspen Lower-slope meadow Site average
Site # by depth (cm) Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed

1 Bulk density 0-15  1.19(0.10) 1.17 (0.13) 1.19 (0.10) 1.17 (0.13)
(kg/L) 1530  1.10 (0.21)  1.21 (0.25) 1.10 (021)  1.21 (0.25)
pH 15 6.6 (0.2) 6.6 (0.3) 6.6 (0.2) 6.6 (0.3)

15-30 6.7 (0.1) 6.7 (0.1) 6.7 (0.1) 6.7 (0.1)

2 Bulk density 0-15 1.02 (0.14) 1.04(0.18) 0.82 (0.14) 0.90(0.14) 0.68(0.23) 0.64(0.33)  0.84 (0.22) 0.86 (0.29)
(kg/L) 15-30 1.03 (0.19) 1.10(027) 0.99(0.16) 1.02(0.19) 0.82(0.16) 0.92(0.11)  0.95(0.19) 1.02 (0.21)
pH 0-15  6.3(0.2) 6.4 (0.2) 6.1(02) 62 (0.6) 5.9 (0.3) 5.6 (0.3) 6.1(0.3) 6.1 (0.5)

15-30 6.4 (0.3) 6.4 (0.4) 6.1(0.2)  6.4(0.4) 5.8 (0.3) 5.6 (0.4) 6.1(0.4) 6.1 (0.5)

3 Bulk density 0-15 0.83 (0.17)* 0.94(0.12)*  0.70 (0.26)* 0.98 (0.15)*  0.77 (0.22)* 0.96 (0.14)*
(kg/L) 15-30 1.00 (0.18) 0.96 (0.14)  0.88 (0.33) 0.96 (0.28)  0.94 (0.27) 0.96 (0.22)
pH 0-15 540.)*  6.1(0.3)" 6.3 (02  6.5(0.0)7 58(0.5 6.3(0.3)?

15-30 52(02) 62(0.3)* 6.3 (0.  6.5(0.1)* 5.7(0.6) 6.3 (0.3)°
Vegetation type average
Bulk density 0-15  1.11(0.15) 1.10(0.17) 0.82(0.15) 0.92(0.15) 0.69 (0.24)* 0.81(0.31)® 0.86 (0.25) 0.94 (0.25)
(kg/L) 15-30  1.06 (0.20) 1.15(0.26) 1.00(0.17) 0.99(0.16) 0.86 (0.26) 0.94 (0.26)  0.97 (0.22) 1.03 (0.23)
pH 0-15  6.5(0.2) 6.5 (0.3) 5.7(04)" 6.2(0.5)°* 6.1 (0.3) 6.0 (0.5) 6.1 (0.4) 6.2 (0.5)
15-30 6.6 (0.3) 6.5 (0.4) 5.6(0.5)* 6.3(0.3) 6.1 (0.3) 6.1 (0.6) 6.1 (0.5) 6.3 (0.5)

ap <p.1.
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Table 2. Total soil C and N (kg/mz) by depth (means with standard deviations in parentheses).

Element, soil Upland sagebrush Mid-slope aspen Lower-slope meadow Site average
Site #  depth (cm) Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed
1 C 0-15 1.81 (0.84) 1.78 (0.63) 1.81 (0.84) 1.78 (0.63)
15-30  3.60 (1.00) 3.11(0.88) 3.60 (1.00) 3.11 (0.88)
0-30 541(1.53) 4.90(1.47) 5.41 (1.53) 4.90 (1.47)
N 0-15 0.14(0.06) 0.14 (0.05) 0.14 (0.06) 0.14 (0.05)
15-30  0.30(0.09)  0.27 (0.08) 0.30 (0.09) 0.27 (0.08)
0-30 044 (0.13) 041 (0.12) 0.44 (0.13) 0.41 (0.12)
2 C 0-15 1.71 (0.39) 1.62 (0.58) 5.08 (1.94)* 6.48 (1.38)* 6.18 (2.06) 6.51 (1.12) 4.69 (2.17) 5.28 (2.06)
1530  2.81(0.79)  2.86 (0.83) 3.85(1.35) 4.56 (0.86) 4.04 (1.01)*  4.98(1.30)"  3.20 (1.44) 3.72 (1.78)
0-30 4.53(0.84) 448 (1.10) 8.93(2.83)7 11.04 (1.67) 10.22 (1.87)  11.49(1.86) 7.89 (3.15) 9.00 (3.60)
N 0-15 0.14(0.04) 0.12 (0.04) 0.40 (0.15)° 0.51 (0.12)* 0.52 (0.17) 0.52 (0.11) 0.38 (0.18) 0.42 (0.17)
15-30  0.23 (0.06)  0.24 (0.09) 0.31 (0.13) 0.37 (0.06) 0.37 (0.12) 0.48 (0.18) 0.28 (0.14) 0.32 (0.18)
0-30  036(0.06) 0.36(0.11) 0.71 (0.23)? 0.88 (0.14) 0.89 (0.17) 1.00 (0.18) 0.65 (0.27) 0.75 (0.32)
3 C 0-15 6.84 (1.24) 6.39 (1.33) 3.96 (1.78) 4,34 (0.97) 5.40 (2.10) 5.37 (1.54)
15-30 3.44 (1.22) 3.94 (1.53) 3.15(1.90) 2.38 (0.94) 3.30 (1.56) 3.16 (1.47)
0-30 10.28 (1.36) 10.33 (2.77) 7.12 (3.45) 6.72 (1.62) 8.70 (3.02) 8.52 (2.88)
N 0-15 0.54 (0.10) 0.48 (0.09) 0.32 (0.13) 0.33 (0.08) 0.43 (0.16) 0.41(0.11)
15-30 0.25 (0.10) 0.31 (0.12) 0.25 (0.16) 0.16 (0.07) 0.25 (0.13) 0.23 (0.12)
0-30 0.80 (0.13) 0.79 (0.20) 0.57 (0.27) 0.50 (0.13) 0.68 (0.24) 0.64 (0.22)
Vegetation type average
C 0-15 321(096) 2.99 (0.84) 5.96 (1.82) 6.43 (1.32) 5.07 (2.19) 543 (1.51) 4.75 (2.06) 4,95 (1.91)
15-30  1.76 (0.64) 1.71 (0.60) 3.64 (1.27) 4.25 (1.25) 3.60 (1.55) 3.68 (1.73) 3.00 (1.48) 3.21 (1.67)
0-30 497(1.28)  4.69 (1.28) 9.60 (2.27) 10.68 (2.26) 8.67 (3.13) 9.10 (2.98) 7.75 (3.07) 8.16 (3.40)
N 0-15 026(0.09) 0.25(0.08) 0.47 (0.14) 0.49 (0.10) 0.42 (0.18) 0.43 (0.14) 0.39 (0.16) 0.39 (0.15)
15-30  0.14 (0.05)  0.13 (0.05) 0.28 (0.12) 0.34 (0.10) 0.31(0.15) 0.32 (0.21) 0.24 (0.13) 0.26 (0.16)
0-30  0.40(0.11)  0.39(0.11) 0.75 (0.19) 0.83 (0.18) 0.73 (0.28) 0.75 (0.30) 0.63 (0.26) 0.66 (0.29)

ap <0.1.
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Table 3. Extractable calcium, magnesium, potassium, and phosphorus (means with standard deviations in parentheses).

Cations
(mmo]fclrnz)
and Bray-1 P Upland sagebrush Mid-slope aspen Lower-slope meadow Site average
Site # (g/mz) Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed
1 Calcium 6.3 (2.5) 46 (2.4 6.3 (2.5) 4.6(2.4)
Magnesium 1.1 (0.4) 0.7 (0.4 1.1(0.4) 0.7 (0.4)
Potassium 0.57 (0.16) 0.36 (0.21) 0.57 (0.16) 0.36 (0.21)
Phosphorus 3.4 (2.2)* 1.9 (1.2)° 3.4 (2.2) 1.9 (1.2)
2 Calcium 6.5 (1.3)° 2.8 (2.2 13.4 (8.1) 11.3 (8.3) 13.0 (8.1) 16.1 (6.4) 10.9 (7.2) 10.4 (7.9)
Magnesium 1.4 (0.2) 0.7 (0.4 5.0 (3.5) 3.4 (2.5) 3.7 (2.3) 3.8 (1.5) 3.3(2.8) 2.7(2.2)
Potassium 0.4 (0.1) 0.5 (0.2) 0.61 (0.30) 0.71 (0.36) 0.71 (0.33)  0.92 (0.40) 0.58 (0.29) 0.65 (0.41)
Phosphorus 13.Qa4)" 0.1 (0.3  0.04 (0.13) 0.54 (1.46) <0.01 <0.01 0.45 (0.97) 0.24 (0.86)
3 Calcium 125 (3.9) 13.8 (3.6) 11.4 (2.6) 11.5 (4.1) 12.0 (3.3) 12.6 (4.0)
Magnesium 3.8(L3) 3.1(1.0) 2.2 (0.8) 2.0 (0.7) 3.1(1.3) 2.5(1.0)
Potassium 0.85 (0.27)* 1.34 (0.51)* 1.18(0.51)  0.90 (0.49) 1.01 (0.42) 1.12 (0.54)
Phosphorus 0.03 (0.08) 045 (142) 3.12.9) 4.7 (4.1) 1.56 (2.53) 2.59 (3.72)
Landscape average
Calcium 6.4° 4.2° 13.0 12.6 12:2: 13.8 10.5 10.2
Magnesium L2* 0.7 4.4 3.2 30 2.9 2.9 2.3
Potassium 0.50* 0.33* 0.73? 1.04* 0.95 0.91 0.72 0.76
Phosphorus 2.4° 1.0° 0.03 0.50 1.55 2.37 1.31 1.29
ap <0.01.
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Table 4. Annual resin-bag N and net N mineralizations (means with standard deviations in parentheses).

Resin-N
(mg/bag), or net
mineralization Upland sagebrush Mid-slope aspen Lower-slope meadow Site average
Site # (g Nr‘mz) Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed
1 Resin NH4-N 7.3 (9.0) 7.8 (7.5) 7.3 (9.0) 7.8 (7.5)
Resin NO3-N 3.2 (2.8 10.5(7.3)° 3.2 2.8)° 10.5 (7.3)
Resin sum 10.5(10.2) 18.3 (13.9) 10.5 (10.2) 18.3 (13.5)
Net N min. 3.8 (5.0) 3.8(24) 3.8(5.0) 3.8(24)
2 Resin NHy-N 52(2.8) 4.1 (0.8) 10.0 (19.6) 5.8 (4.2) 5.0 (2.8) 2.8 (2.5 6.7 (11.4) 4.5(3.2)
Resin NO3-N 4.5 (4.3) 4.3 (2.6) 13.2 (29.4) 7.6 (5.5) 3.1(0.7) 4.6 (2.6) 6.9 (17.1) 6.2 (5.2)
Resin sum 9.7 (5.2) 8.4 (2.9 23.2 (48.6) 13.3 (7.2) 8.0 (2.6) 7.4 (2.4) 13.7 (28.0) 10.6 (6.7)
Net N min. 2.5 (1.0) 3.0 (1.6) 5.9 (4.2) 7.2 (8.2) 2.9(1.8) 6.0 (7.8) 3.8 (3.0) 4.6 (5.2)
3 Resin NHs-N 11.7 (15.9) 9.1 (9.1) 2.7 (1.6) 2.7 (1.6) 5.2 (6.3) 72(11.9)
Resin NO3-N 6.7 (4.5) 6.8 (3.8) 4.8 (2.3) 3.5(2.2) 4.8 (3.2) 5.7 (3.6)
Resin sum 18.4 (18.6) 16.0 (12.7) 7.6 (2.7) 6.2 (1.9) 10.0 (9.0) 13.0 (14.1)
Net N min. 6.1(5.9) 7.9 (5.0) 6.2 (5.3) 3.7(1.5) 6.2(5.4) 5.6 (4.1)

Landscape average

Resin NH4-N 6.2 59 10.9 7.1 3.8 2.8 7.0 5.1
Resin NO3-N 39 74 9.9 7.3 4.0 4.0 6.0 6.2
Resin sum 10.1 13.4 20.8 14.4 7.8 6.8 13.0 11.3
Net N min. 3.1 34 6.0 1.5 4.6 4.9 4.3 5.0

ap <0.01.
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Fig. 1. Average (4 sampling periods at 2-week intervals in spring 1999) concentrations of ammonium-N and nitrate
N in soil solutions sampled at 30-35 cm depth with ceramic cup tension lysimeters. No effect of grazing was apparent
for the wet meadow site, but at the aspen site grazing substantially increased nitrate leaching (P <0.03) and

ammonium-+nitrate leaching (P <0.02).

Fertilization with N doubled the production of
grasses (Fig. 2) and shrubs (Fig. 3), indicating that
current productivity in these ecosystems are strongly N
limited. The fertilization treatments showed no
interaction with grazing (P <0.5), so the N limitation
on growth was not alleviated or exacerbated by grazing.

Discussion

The major effects of high elk populations in our
study sites appear to be an increase in soil bulk density
with grazing (except for the rocky upland sagebrush
type), and an increase in soil pH with grazing of aspen
vegetation types. We did not assess the direct cause of
the lower pH under aspen, but given similar soil C and
extractable cation concentrations, we expect the
difference likely results from the accumulation of more-
strongly acidic organic matter under aspen (Binkley et al.
1989). The total quantity of C and N stored in soils did
not differ across the exclosures and vegetation types, with
one exception (exclosure 2 aspen type), so we conclude
there was no evidence of substantial effects of elk grazing
on soil C and N. Grazing lowered the extractable
quantities of base cations and phosphorus in the upland

sagebrush soils, but not in the other soils. The resin bags
and net N mineralization assays showed no strong effects
of grazing.

These findings contrast somewhat with those of
Frank and Groffman (1998) for seven exclosures in grass-
tand sites in Yellowstone National Park. They found no
effect of grazing on 0—-10 cm depth soil bulk density,
soil C, or soil N, but a consistently higher rate of net N
mineralization from grazed areas. Lane and Montagne
(1996) also examined these exclosures, and concluded
that grazing increased the bulk density of the 0-5 cm
depth soil by 30%. In Rocky Mountain National Park,
elk grazing and hoof action compacted soils at two of
the three sites, particularly in the grass type. Our single
case of significant differences in soil C and N came from
an aspen-dominated vegetation type, which was not rep-
resented in the Yellowstone study. Interestingly, the an-
nual rates of net N mineralization were similar between
the studies, ranging from 2.5to 7.2 gN m™ yr for Rocky
Mountain (average 4.7 gN m™ yr'), and between 0.9 and
8.1 eN m2yr’ for Yellowstone (average 3.0 gN m? yr™).
The biggest difference between the two studies was in
the rates of net N mineralization. The incubation meth-
ods differed slightly with the Yellowstone study using
soils in plastic bags rather than tubes, but this should
not introduce any major artifact. Our Rocky Mountain
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Fig. 2. Average mass and N content of grasses (with some herbs) in 0.25 m? plots with and without N fertilization (P
<0.1 for mass, P <0.05 for N content; effect of grazing not significant).
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Fig. 3. Average shoot length, shoot mass and N content (total of 25 shoots/shrub) with and without N fertilization P
<0.02 for length, P <0.05 for mass, P <0.1 for N content; effect of grazing not significant).



study used longer cores (0—15 cm, rather than 0-10 cm),
which might increase the Rocky Mountain values rela-
tive to Yellowstone. The effect of grazing on net N min-
eralization was clear for the Yellowstone study, but no
substantial effect was evident in our Rocky Mountain
study. Given the similarity of approaches, we expect this
difference in pattern between the two national parks prob-
ably represents a real difference in the effect of grazing
rather than artifacts of the methods.

Why should the effects of elk grazing differ among
vegetation types in Rocky Mountain National Park and
between this park and Yellowstone National Park? No
simple answers are available, and given that the much
larger literature on livestock grazing shows the same
inconsistent stories (Milchunas and Lauenroth 1993;
Burke et al. 1997), we expect the real effects of grazing
have real differences across vegetation types and loca-
tions. Important factors that influence the effect of graz-
ing on a particular location might include the actual
intensity of grazing (across years), the particular spe-
cies present, any changes in vegetation composition, and
the properties and dynamics of the soil.

The apparent effect of grazing on soil N leaching at
exclosure 2 in the aspen vegetation type was surprisingly
large. The differences in soil solution concentrations
were consistent among lysimeters and across sampling
dates, so we are confident the pattern was real. However,
without replication of the exclosures, these real
differences could result either from grazing or from site
factors. Unfortunately, other studies have not examined
soil leachates with respect to grazing exclosures, so we
cannot say if our findings are representative or unusual.

Overall, the only clear effects ofhigh elk populations
in our study were: (1) higher soil bulk density (except
for rockier, upland sage communities); and (2) lower
extractable base cations and phosphorus in upland
sagebrush sites, and higher soil pH where elk grazing
prevented aspen growth. Grazing also appeared to have
a large effect on nitrate leaching losses for the aspen
type at exclosure 3, but without replication of sites we
remain unsure about the contribution of grazing or site
effects. We found no other clear evidence of major
impacts of heavy elk grazing on soil N supply or overall
accumulation of total N and C in the soil, and without
such changes, we conclude there is no evidence of a
substantial effect of elk on sustainability of soil fertility
We found no reason to speculate that any major decrease
in elk populations would have major effects on soils.
Any potential effect of large increases in elk populations
would be difficult to predict, and we would not be
confident in concluding that no soil changes would
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result. Our fertilization treatments clearly showed that
the availability of N strongly limits plant growth, so we
expect that any future development of grazing effects on
N supply would have important implications for plant
species composition and growth.

We stress that three large exclosures may not be
enough to identify any effects except very large ones,
and that more subtle effects might be apparent over
longer time periods, or with stronger experimental
designs (such as more replicate exclosures). A new suite
of 16 exclosures was established in 1994; if these are
maintained for several decades, they may provide a
strong enough design to identify the effects of elk grazing
on soils and nutrient cycling more definitively.
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CHAPTER ELEVEN

Sustainability of Vegetation Communities Grazed by
Elk in Rocky Mountain National Park

By
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Abstract. Current management of much of the worlds’ grazing lands is either based on changes in plant species
composition or on other management evaluation programs that emphasize changes in net aboveground production.
Management based solely on changes in aboveground production has been criticized as too limited in view, because
it ignores root production, nitrogen pools, nutrient processes, and the long-term sustainability of the ecosystem. The
purpose of this study was to compare the effects of elk (Cervus elaphus) grazing on aboveground production, inter-
nal nitrogen (N) fluxes, N pools and inputs, and elk nutrient transfers across the landscape in different vegetation
types in Rocky Mountain National Park (RMNP), Colorado. Nitrogen processes and possibly N pools were signifi-
cantly reduced in the willow community, but not in the upland grass/shrub community. Nitrogen mineralization
rates were lower in grazed versus ungrazed short willow sites (P = 0.07: n = 4 sites), as were nitrate (NO,) pools (P =
0.10), but not in tall willow sites (P >0.10; n = 4 sites) after 4 years. There was about half the annual N inputs to the
soil surface in grazed willow sites (5.79g N/m?%yr = annual herbaceous biomass — offtake + litterfall + elk urine and
feces) compared to ungrazed sites (9.66 g N/m?yr = annual herbaceous biomass + litterfall), suggesting elk her-
bivory and movement led to a net loss of N in the willow vegetation type. Elk substantially reduced the annual
growth of willows (Salix spp.) by 98% after 35 years and 66% after 4 years of treatment. Thus, height and canopy
size of willows were reduced as well as willow litter biomass (65 g/m¥yr in ungrazed versus 33 g/m¥yr in grazed),
and N yield of willows was 64% less in grazed plots. Elk grazing had no significant effect on other soil N pools
(NH,) or litter decomposition rates in either of the two willow types, nor on any nitrogen process rates or pools in the
upland grass/shrub type (P >0.10). Nitrogen concentrations in plant tissue were not influenced for the most part by
elk grazing (increased N concentration found in only 4 of 13 species). Elk apparently also transported N away from
aspen at an even higher rate (N inputs were 1.65 g N/m%yr in grazed sites vs. 3.79 g N/m?/yr in ungrazed sites). Elk
grazing reduced shrub biomass at 35-year treatments in upland grass/shrub communities, but led to more N inputs
to the soil surface in this vegetation type (2.28 g N/m?%yr grazed versus 0.59 g N/m%yr ungrazed). CENTURY
modeling supported these observations. This soil N model predicted almost no change (0.5-2% less) in N or carbon
(C) pools in 50 years in the upland grass/shrub vegetation type, but greater losses in the willow type. If elk popula-
tion levels were increased to carrying capacity in the ecosystem (about 25% more consumption) projected losses
after 50 years were greater, but still <4% for soil C and 1% for soil N in the upland type, and 6% for soil C and 2%
for soil N in the willow type. Total shrub C was projected to decline 10% in 50 years in the willow type at current elk
densities. We recommend conservative management of elk numbers and grazing until additional years of measures
are gathered on the lower mineralization rates in the short willow type and until the projected declines in N pools
can be verified.

Keywords: Cervus elaphus, elk, mineralization, nitrogen, overabundance, overgrazing, Rocky Mountain National
Park, sustainability, willows.
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188 SUSTAINABILITY OF VEGETATION

Current management of much of the world’s graz-
ing lands emphasizes changes in plant species compo-
sition (Dyksterhuis 1949; Lauenroth and Laycock 1989).
One common example of current grazing management
limits for western U.S. rangelands is the “increaser-
decreaser-invader species™ concept of Sampson (1919).
Change in aboveground production of plants (Westoby
et al. 1989; McNaughton 1993) is another common cri-
teria for setting grazing limits. Milchunas and Lauenroth
(1992) rated the long-term ability of the system to sus-
tain productivity under the level of grazing as the high-
est priority for rangeland management. Change in net
aboveground production due to grazing is also currently
used to evaluate and manage many western U.S. range-
lands, both in national parks, national wildlife refuges,
and other public lands (Milchunas and Lauenroth 1992;
Biondini et al. 1998). But emphasizing net aboveground
production has been criticized as an incomplete view, in
that changes in aboveground production might be short-
lived and at the expense of root biomass (Belsky 1986)
or long-term N pools and soil organic matter (Risser
and Parton 1982; Burke et al. 1989). We selected elk
grazing in RMNP, Colorado as a study situation where
we could sample and compare both effects of elk on
aboveground plant production and also effects of elk
herbivory on longer-term ecosystem variables such as
belowground root biomass, N pools, N inputs, soil or-
ganic matter, and N cycling.

Elk have become increasingly abundant in Rocky
Mountain ecosystems in the U.S. and Canada. The elimi-
nation of large predators, disruption and loss of migra-
tion routes, and the creation of artificial forage sources
in towns and developed areas have contributed to pos-
sible overconcentrations of elk (Wagner et al. 1995),
Density-dependent regulation of elk in national parks
has been questioned as to its ability to produce the ex-
pected equilibria behavior in animal populations (Ellis
and Swift 1989), although net aboveground production
has been maintained or even increased under natural
regulation (Frank and McNaughton 1992, 1993; Singer
et al. 1998a; Huff and Varley 1999). In this study, we
explore an alternative approach to evaluating the ap-
propriate numbers of ungulates based on the premise
that alterations in ecosystem nutrient pools and flows
will alter sustainable plant production and can also drive
plant species composition changes.

Nitrogen is an essential nutrient that determines
ecosystem production in most temperate ecosystems.
Ecosystem N pools may take centuries to accumulate
and turnover rates may be slow. In ecosystems with a

high availability of N, plant species typically have a
higher requirement for N and cycle N more rapidly.
Organic matter content of the soil is also closely tied to
N availability and ability of the soil to hold moisture.
Depletion of N and soil organic matter by ungulates could
reduce long-term plant productivity and alter plant spe-
cies composition since many plants have specific N re-
quirements.

Ungulates may be more than just consumers of
plants and products of ecosystems. Ungulates may also
be regulators of ecosystem processes (Frank and
MecNaughton 1992; McNaughton 1993; Hobbs 1996).
The indirect effects that ungulates may have on ecosys-
tem processes may exceed their direct effects of con-
suming plants. These indirect effects may include
changes in N and defense chemical concentrations in
plants, changes in the quality and quantity of litter, and
changes to decomposition and mineralization rates
(Fig. 1). Grazing may result in increased N availability
to plants by reducing root biomass and thus microbial
biomass, which reduces C:N ratios (Schimel et al. 1985;
Holland and Detling 1990; Seagle et al. 1992). Ungu-
late feces and urine provide large inputs of soluble N
that is readily available to plants (Risser and Parton 1982;
Bazely and Jeffries 1985; McNaughton 1990), and the
excretions promote decomposition rates (Seagle et al.
1992; Pastor et al. 1993). Nitrogen is more available to
plants on grazed sites (Holland and Detling 1990; Seagle
et al. 1992), especially near the soil surface where it is
more accessible to plants (Archer and Smeins 1991).
As a result, uptake rates of N by plants, plant tissue con-
centrations of N, N mineralization, and aboveground
production of plant biomass may be increased on grazed
sites (Moss et al. 1981; McNaughton 1984; Coughenour
1991; Frank and McNaughton 1992; Singer and Harter
1996; Frank and Groffman 1998). Ungulates may pref-
erentially graze on plant regrowth from previously
grazed sites leading to improved body condition and
higher reproductive success (Moss et al. 1981; Iason et
al. 1986; Gordon 1988) in a positive feedback loop that
maintains grazing “hot spots” (McNaughton 1988).

Alternatively, ungulate grazing may result in re-
duced N pools and reduced N mineralization rates (Risser
and Parton 1982; Mclnnes et al. 1992; Ritchie et al.
1998). Ritchie et al. (1998) reported that the resource
limiting plant growth might dictate whether ungulates
accelerate or decelerate N cycling and plant responses.
If the plants are N limited and ungulates select N-rich
plants and thus increase the dominance of plants with
low tissue N, then litter quality, decomposition, and N



Internal cycling of N by elk

Ecosystem Inputs . Any secondary effects of
All N deposition Consumption ~~ ™* haulates on plant

All N fixation of plant N by production, plant sizes, and
l / ungulates N inputs from leaf/litterfall
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ecosystem \/ and urinary N
cycling of N
L Ecosystem Losses
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Fig. 1. Schematic diagram of N flows and fluxes demonstrating internal cycling of N by elk and ecosystem, or external inputs and outputs. Nitric oxide
is represented by NO and DON represents dissolved organic nitrogen.
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mineralization is lowered. However, if the dominant
plants have high tissue N and/or tolerate herbivory, then
herbivory will likely accelerate N cycling.

We conducted this study to determine whether:
(1) elk herbivory results in a net gain or net loss of N
inputs to the soil surface of the elk winter range; (2) there
is a net transfer of N between vegetation types on the
winter range or between seasonal ranges; (3) there are
any secondary effects of elk on N pools or inputs through
structural changes to the plant communities; (4) elk in-
fluence ecosystem processes such as mineralization rates
or decomposition rates; and (5) there are long-term pro-
jections for N losses or N gains due to elk.

Study Area

The elk winter range in RMNP is located in the
upper montane zone on the eastern slope of the Conti-
nental Divide and includes four major valleys: Beaver
Meadows, Horseshoe Park, Moraine Park, and Hallowell
Park (Gyse!l 1959; Stevens 1980; Hobbs et al. 1981;
Zeigenfuss et al. 1999). The area is about 10,000 ha in
size and ranges from 2,400 to 2,800 m in elevation.
Valley bottom vegetation includes sedges (Carex spp.),
grasses, and riparian shrubs {willow (Sa/ix spp.), birch
(Betula spp.)]. Slopes are vegetated by ponderosa pine
(Pinus ponderosa)/shrub, mixed conifer (ponderosa pine/
Douglas fir (Pseudotsuga menziesii)), lodgepole pine
(Pinus contorta), aspen (Populus tremuloides), and up-
land grass/shrub [predominantly bitterbrush (Purshia
tridentata))] vegetation types.

35-Year Exclosure Sites

National Park Service staff established three
exclosures in Beaver Meadows in 1963. Exclosure 1 (0.4
ha) supports primarily upland grass/shrub type; exclosure
2 (1.2 ha) supports aspen, upland grass/shrub, and wil-
low type; and exclosure 3 (0.4 ha) supports aspen and
mesic meadow. The upland grass/shrub type is prima-
rily big sagebrush (Artemisia iridentata), with sparse
bitterbrush and rabbitbrush (Chrysothamnus
viscidiflorus). Predominant grasses include junegrass
(Koeleria macrantha), blue grama (Bouteloua gracilis),
and mountain muhly (Muhlenbergia montana). The
willow type suppurts muuntain willow (Salix monticola),
planeleaf willow (S. planifolia), and Geyer willow (S.
geyeriana). Canadian reed grass (Calamagrostis
canadensis) and sedges (Carex spp.) predominate in the
understory, as well as cow parsnip (Heracleum

sphondylium), a forb species. Major grasses in the mesic
meadow include smooth brome (Bromus inermis), Ken-
tucky bluegrass (Poa pratensis), and timothy (Phleum
pratense), while the predominant forb is golden banner
(Thermopsis divaricarpa) (Table 1).

4-Year Exclosure Sites

Sixteen exclosures were established in 1994 on the
park’s elk winter range in montane riparian and upland
shrub communities. These sites were randomly located
within strata using GIS procedures. Exclosures prevented
large ungulate (deer and elk) herbivory, but did not ex-
clude smaller herbivores. Areas inside the exclosures
were considered the “ungrazed” treatment. “Grazed”
treatment areas were located adjacent to these exclosures
in the same vegetation community types, but beyond the
area of any influence of the exclosure fence line (at least
5-7 m distant).

We focused on four of the exclosures that were es-
tablished in short willow communities, four in tall wil-
low communities, and four in upland grass/shrub
communities, which were predominated by bitterbrush
(Table 1). Short willow sites make up the largest part of
the willow communities in the park (short willows, in-
cluding dead, saplings, intermediate and low density
willows make up 70% of all the willow communities,
while tall willows make up the remaining 30%; Peinetti
etal., this volume). Willow communities (both short and
tall) make up only 4% of the elk winter range, although
willows comprise a larger percent (30%) of the core win-
ter range (Singer et al. 1998b) and about 11.7% of elk
winter diets (Singer et al., this volume). Elk densities
and consumption rates are higher in short willow com-
munities than tall willow communities (30 + 6 elk/km?
vs. 24 = 10 elk/km?).

Methods

Nitrogen Pools

Aboveground N Pools

Herbaceous standing crop biomass was sampled by
clipping three to five randomly placed 0.25-m? circular
quadrats at each ungrazed and grazed site at 35-year
and 4-year exclosures. All graminoids and forbs within
the quadrat were clipped to measure annual peak
production. Vegetation was oven dried at 55°C for 48
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Table 1. Sampling locations for all ecosystem parameters showing in which treatment and vegetation type they were

measured.

4-year exclosures (n = 12)

35-year exclosures (n = 3)

Upland Upland
Parameter measured Willow  grass/shrub Willow  grass/shrub Aspen
Litterfall X - - X X
Herbaceous production X X X X X
Shrub production X X X X -
Nutrient concentration X X X X p 3
Consumption by elk X X X X X
Decomposition X - - - -
N mineralization X X X X X
Soil N availability X - X X X
Soil N concentration X - X X X
Root production and N concentration X X X X X
Elk feces deposition (grazed plots only) X - - X X

hours and then weighed. Visual estimates of percentage
bare ground, moss, lichen, cacti, and shrubs were also
recorded. Shrub current annual growth (CAG) was
sampled from three to five 9.3-m? circular plots at
ungrazed and grazed sites following Singer et al. (1994).
Regression equations were developed for prediction of
willow production for the three major willow species
and bitterbrush (Peek 1970). R? values for these equations
were high and ranged from 0.75 to 0.92 (Zeigenfuss
et al., this volume). Shrub production values for
sagebrush were estimated based on average twig weights
and average twig counts per plant.

Nutrient concentration (% N) was measured at 35-
and 4-year exclosures on composite graminoid and forb
samples and shrub CAG twigs in ungrazed and grazed
sites in August 1998. Samples were analyzed for con-
centrations of C, N, lignin, acid detergent fiber (ADF),
cellulose, dry matter digestibility, calcium, manganese,
magnesium, phosphorus (P), potassium, copper, zinc,
and iron. Nutrient analyses were performed at the Range
Nutrition Laboratory at Colorado State University, Fort
Collins, Colorado.

Belowground N Pools

Total C and N in soil and sand fraction were deter-
mined at all 4-year exclosures as described in Menezes
et al. (2001). In 35-year exclosures, 10 soil samples
(6.2 cm diameter, 30 cm depth) were collected at 2 m

intervals along transects in each vegetation type and
exclosure, and along paired transects 5—-10 m outside
exclosures. Samples were analyzed by methods in USDA
Natural Resources Conservation Service (1996) for N
and C content.

Root samples in 4-year exclosures were collected in
the fall of 1996 and the fall of 1998 in 35-year exclosures.
We removed three root cores (6.35 cm in diameter, 20 cm
deep each) from ungrazed and grazed plots for each
vegetation type at the 35-year and 4-year exclosures.
Cores were washed to remove soil, oven-dried, brushed
to remove large particles of soil, sorted to coarse (>2 mm)
and fine (<2 mm) components, and analyzed for biomass
differences and N content. A subsample of roots was
weighed, combusted at 550°C for 6 hours, then weighed
to determine percent organic matter based on the ash
sample. Actual root biomass was determined by
multiplying % organic matter by the weight of the entire
dried root sample.

Nitrogen Fluxes
N Inputs and Transfers

Litterfall was collected as part of a companion study
(Menezes et al. 2001) at 4-year exclosure sites during
the falls of 1995, 1996, and 1997, and at 35-year sites
during the fall of 2000 in upland grass/shrub and aspen
vegetation types (Table ). Litter was collected using
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plastic greenhouse trays (15 trays, 2.3m? total area 4-yr
and 20 trays, 3.1m? total area in 35-yr) placed in grids
or linear transects in both ungrazed and grazed treat-
ments at each site. In upland grass/shrub, we alternated
the position of trays under and between shrubs. Litter
was collected weekly to bi-weekly from September to
October until litterfall was complete. The litter was then
composited within each experimental replication, sorted
by litter type, dried, and weighed. Litterfall biomass was
calculated as oven dry mass per unitarea. Total N and C
content of litter was determined using a LECO CHN-
1000 analyzer.

We measured elk fecal and urinary deposition from
plots to determine the amount of N input by elk. We
established three line transects in each of the main val-
leys, and placed eight 1-m? randomly located plots along
each transect (9 transects, 72 plots total). Transects were
sampled in the winters of 1997-1998 and 1998-1999.
Plots were cleared and new fecal piles/plot recorded at
the end of each season. We collected 22 piles of fresh
elk feces to determine average N content/pile and aver-
age mass/pile. Samples were oven dried, and N and C
content/pile determined using a LECO CHN analyzer.
Fecal N added to sites during winter was calculated by
multiplying fecal mass by % N of feces.

We estimated urinary input from elk with a ratio of
urinary N to fecal N (U,,,) using the formula:
U,uio = 2.66-1.1DN, derived from studies by Mould and
Robbins (1981) assuming an average mass of elk of
200 kg, where DN = digestible N. Total input from urine
and feces was calculated from: N = FN + U, ,FN,
where FN = fecal N. Estimates for volatilization loss
from urine patches were taken from Schimel et al. (1986)
and Jarvis et al. (1989).

To determine potential rates of transfer by elk be-
tween different vegetation types, (e.g., between willow,
aspen, mixed conifer, mesic meadow, upland grass/shrub,
and Ponderosa pine/shrub), we observed groups of ra-
dio-collared elk for 24-hour periods, one to two times
per month during the winters of 1997-1998 and 1998-
1999. We recorded behavior, location, vegetation type,
group size, and movements of one to five groups for 24-
hour periods. We pooled locations by time of day: morn-
ing (0600-0959 hr), midday (1000-1559 hr), evening
(1600-1759 hr), and night (1800-0559 hr).

To estimate N transferred by elk during seasonal
migrations, we calculated elk body mass losses and gains
on summer and winter ranges using data from Cassier
(1990) and Murie (1951). We followed Hobbs et al.
(1982) for converting body mass lost to N and used
population estimates from Lubow et al. (this volume).

Decomposition, Mineralization, and Soil N Availability

Decomposition was sampled as part of a companion
study (Menezes et al. 2001). Net N mineralization was
estimated with the closed top-core technique (Adams
and Attiwill 1986). Plastic tubes were pounded 15 cm
into the mineral soil and capped for incubation periods
ranging from 4 weeks (summer) to 6 weeks (autumn) to
6 months (winter). After the incubation period, soils were
collected, mixed, and 10-g subsamples extracted for 24
hours with 100 mL of 2 M KCl. Ammonium-N and
nitrate-N were determined with Perstorp automated
colorimetry. Net N mineralization was calculated as the
post-incubation concentrations of ammonium and nitrate
minus the concentrations from paired cores taken at the
beginning of each incubation period. About half of the
net mineralization rates were negative, so these values
were set to 0 (representing no N available to plants for
that sample location and period). The net N
mineralization rates were summed across periods to give
an annual estimate.

Soil N availability was assesscd using ion-exchange
resin bags (Binkley and llart 1989) in 1995, 1996, and
1998 in 4-year exclosures (Menezes et al. 2001). Resin
bags were also used at 35-year exclosures to estimate
availability of ammonium-N and nitrate-N. In each veg-
etation type, 10 bags were placed 2 cm below the min-
eral soil surface, at 2 m intervals along a transect from
May 1998 to October 1998, and again from October 1998
to May 1999. The two-section (anion and cation) resin
pouches were combined and extracted with 100 mL of
2M KCL. Concentrations of ammonium and nitrate were
determined colorimetrically on a Perstorp autoanalyzer.

Elk Consumption

To measure winter herbaceous consumption by elk,
six 1-m? grazing cages were randomly located at grazed
plots of 4- and 35-year exclosures. Paired 0.25m?
quadrats inside and outside cages were clipped in spring
prior to greenup. Cages were randomly replaced after
spring sampling to measure early summer consumption
that occurs while elk migrate to summer ranges. Clipped
vegetation was dried at 55°C in a forced air oven for 48
hours, and then weighed. Percent consumption was
determined by the difference method:

% consumption = 100 x (B,- B /B,

where B; = dry weight of biomass inside grazing cage,
and B, = dry weight of biomass outside cage.



Statistical Analysis

Non-normal data was transformed using arcsine
square root transformations and SAS statistical software.
Satterthwaite’s t-test for unequal variances was con-
ducted, unless otherwise noted. The F-protected least
significant difference was used to determine significant
differences between grazing treatment means in willow
sites. Differences were determined at the 90% level (P
<0.10).

Biogeochemical Modeling

We simulated long-term responses of soil C, N, net
N mineralization, total shrub C, shrub C production,
shrub coarse root C, shrub fine root C, and aboveground
live grass C using the CENTURY model (U.S. National
Science Foundation Ecosystem Studies Research Project
1983). CENTURY simulates the long-term dynamics of
C, N, P, and sulfur (S) for grassland, crop, forest, and
savanna systems. The soil organic (NELEM) submodel
simulates the flow of C and N through plant litter and
the inorganic and organic pools in the soil. We entered
major input variables using our empirical data whenever
possible including: (a) monthly average maximum and
minimum air temperatures (from Estes Park weather
station); (b) monthly precipitation (from Estes Park
weather station); (c) lignin content of plant material (this
study); (d) plant, N, P, and S content (this study); (e) soil
texture (R. Menezes, unpublished data); (f) atmospheric
N inputs (from Baron et al. 2000); (g) N recycling from
elk (this study); (h) initial soil C and N levels (this study);
and (i) N and C removals by elk (this study). The model
includes three soil organic matter pools (active, slow,
passive) with different potential decomposition rates,
above and belowground litter pools, and a surface
decomposing litter pool. Decomposition rate is a function
of precipitation, monthly temperature, and monthly
potential evapotranspiration. The N assaciated with C
lost in respiration was assumed to be mineralized. For
total litter inputs with C:N ratios similar to this study,
the model assumes decomposition results in net N
mineralization, and decomposition of the structural
component of the litter results in N immobilization
(Parton et al. 1987; Metherell et al. 1993).

We simulated three scenarios of elk density and elk
offtake: (a) no change from current density or offtake
levels; (b) a 25% increase over current offtake levels on
willow to simulate a possible further increase in elk
numbers in the entire town-park population, increased
willow use as elk numbers increase, and/or invasion of
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the winter range by moose (Alces alces) that currently
inhabit the west side of the park (moose prefer willow
as a key forage and even a few moose that enter the area
would raise herbivory levels on the willow); and (c) a
40% less offtake by elk to simulate suspected offtake in
the absence of human-altered forages in town, and if
wolves (Canis lupus) and brown bears (Ursus arctos)
were still present (Singer et al. 2002). The model was
run for the previous 10 years to equalize the model and
then 50 and 100 years into the future. We simulated only
the upland grass/shrub and the willow vegetation types
where our empirical data were most complete. We
calculated weighted means for vegetation input variables
to the CENTURY model by multiplying grams of
biomass in the system by proportion of total biomass for
the two vegetation types modeled.

Results

Nitrogen Pools

Aboveground N Pools

Elk herbivory reduced the structure (height, canopy
volume, stem density) of willows and CAG produced by
willows by 66% after 4 years (” = 0.05) and 98% after
35 years (P = 0.10) compared to protected willows
(Table 2). Elk herbivory also reduced herbaceous pro-
duction in the willow type by 22% after 4 years, but this
difference was not significant (Table 2). Elk herbivory
similarly reduced mean height and annual biomass pro-
duction of several shrubs in the upland grass/shrub type
(67% reduction in CAG after 35 years; P = 0.01). An-
nual herbaceous biomass produced in upland grass/shrub
was not substantially altered by ungulate herbivory af-
ter 4 years, but decreased 32% after 35 years (P =0.10)
of protection. This was most likely due to the large in-
crease in shrub cover of A. tridentata after 35 years of
protection.

Concentrations of N were not greatly altered by elk
herbivory (Table 2). We found increased N
concentrations in only 4 of 13 grazed plant species (A.
tridentata, P = 0.10; Bouteloua gracilis, P = 0.01;
Heracleum sphondylium, P = 0.09; and Koeleria
macrantha, P=0.01) after 35 years of treatment. Higher
N concenrrations were also found in grazed forb specics
in the willow type after 35 years (7 =0.01), and in grazed
upland shrubs after 35 years (P = 0.02; Table 2).

EIK herbivory reduced annual N yield (N produced/
m?*yr) of willows by 64% after 4 years (P = 0.05) and
98% after 35 years (P = 0.10), and N yield of upland



Table 2. Mean production and nitrogen values (and standard errors) of vegetation grazed by elk and protected from grazing for 4 ycars and 35 years.
Root values are in grams/m? at 0-20 cm soil depth. * indicates significant difference (P <0.10).

Production (g/m*/yr) Nitrogen concentration (%) Nitrogen yield (@/myr)
4-yT treatment 35-yr treatment 4-yr treatment 35-y1 treatment 4-yT treatment -yr treatment
Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed Unzrazed Grazed Ungrazed Grazed Ungrazed Grazed
[Willow (tall and short pooled)
’(;::‘,)“""“""‘ 496290 385452 391441 415101 1.78:0.15 | 2.0040.19 | 1.50:0.14 | 1.64:0.17 | 9.09:235 | 7.40:092 | 6.09:0.64 |  678+1.48
Forb (2/m”) 101:29 69:22 78:18 23+14% 2.43:022 | 2.50£0.22 | 2.31¢0.07 | 2.62:006° | 2.81:0.72 | 2.13:0.53 | 1.79:0.40 0.58:0.35%
Graminoid{g/m”) 40678 319445 209:52 393+144 1.72:0.18 | 1.88+0.21 | 1.34+.10 1.42:011 | 7312204 | 5.93:1.02 | 4.07:0.83 376:2.00
Shrub (@m’) §2:22 38:8° 7393103 50:1.4° 1712007 | 1.7120.05 | 1.6320.05 | 1.82:0.08 | 132:0.31 | 0.4820.14% | 3.74:1.68 0.00:0.03°
fg'}fg foots 11684470 4141125 4423 160424+ 0.64+0.11 | 0.7340.10 | 0.604017 | 1104048 | 7744321 | 2604057 | 0.3140.00 1.08:1.14
Fine roots (&/m’) | 2033:384 | 3,055:1206 | 85761 7.676:714% | 097006 | 0.93:0.11 | 0.73:0.04 | 1.09:0.01% | 206:4.81 | 372:21.9 | 6.19:0.60 | 29.247.87%
Litterfall (2/m”) G511 73:8° . 3 125:0.1 | 1.49+0,1° - . 057 024 . -
Upland grass/shrub
g;:‘,)"“b’“““‘ 193455 111:4 4838 7122* 122:0.10 | 1382007 | 1.11:0.01 | 122:0.06 | 2.36:0.72 | 1.53:0.09 | 0.54:0.00 0.87+0,02*
Forb (/m?) 10155 a2:13 12:3 14:6 147:0.17 | 1.60:020 | 1.4740.17 | 1.60:020 | 1.56:0.94 | 0.72:0.23 | 0.18+0.04 0.74:0.00
Graminoid (2/m’) 92139 69:13 36413 5812 097:0.14 | 121£0.05 | 1.110.01 | 122:0.06 | 0.89:041 | 0.82:0.14 | 0.40:0.15 0.70:0.01
Shrub (/m’) 18:0 1647 159:2 53:15% . 1.19:0.1" | 1.24:0.04 | 1.58:0.13* : 0.20:0.04 | 1.98+0.08 0.59:0.05°
(Cg?:;'?; suote 1045 95+29% 53:21 69:55 059:0.00% | 0.87:0.13 | 0592009 | 1.59:099 | 0.06:0.03 | 0.83:0.25* | 0.30+0.07 1.65+1.56
Fine roots (2/m’) 764:99 345+ 101 308+56 162:3 0.85:0.17 | 1.07:0.21 | 0.76:0.03 | 0.79:0.11 | 2.14:0.58 | 3.00:0.88 | 1.620.51 127:0.15
Litterfall (/m’) : z 8:2 1323 : - 0.74:0.06 | 0.74:0.07 2 z 0.05:002 | 0.10:0.01
Aspen
g‘m",)""[’m"‘" - . 123:20 121537 : - 190:0,12 | 1.68:0.07 - - 23710.52 2.0640.71
Forb (g/m) . - 43:11 36:16 - - 290:0.03 | 2.82:0.14 - - T1.29:0.32 | 1.05:0.49
Graminoid (g/m’) - - B0:0 | 85:21 - - 1.32:0.090 | 1.1520.12 - E 1.09:0.18 0.94:0.14
Shrub (g/m’) p p = : = - - - - s 5 - -
fsj;?; POt . = 4182248 310:232 - . 0912037 | 094:0.32 - - 2.83:0.65 4194371
| Fine roots (2/m’) - - 358:53 406202 - . 1.18:0.22 | 1.03:0.04 - - 4.16:0.22 370137
Litterfall (2/m”) - - 03222 36287 - . 0.70:0.01 | 0.50:0.017 - - 1.42:049 0.10:0.11

*Value from Hobbs et al. (1981).
Byalue from 35 yeardata, since no coarse roots available during sampling year for nutrients. Production numbers for these coarse roots were derived from averaging 1995 and 1996 estimates,

NOLLVIIDFA 40 ALINAVNIVISNS {61



shrubs by 70% (P < 0.0001; Table 2). Nitrogen yield of
herbaceous vegetation in upland grass/shrub type was

reduced after 35 years of protection from grazing (P =
0.07; Table 2).

Belowground N Pools

We found no effect of grazing treatment on soil N
concentration in either 4- or 35-year exclosures, with
the exception of a single sample site at mid-slope aspen
type at 35-year exclosure 2, which had significantly
higher N in grazed than ungrazed plots at depths of 0—
15 cm and 0-30 cm (P <0.10).

After 35 years of treatment in willow type, we found
differences in fine root biomass (P = 0.0009), fine root
N concentration (P = 0.003) and N yield (P =0.10), but
not in upland grass/shrub communities (Table 2). Coarse
root biomass was nearly four times greater in grazed
than ungrazed sites (P = 0.03; Table 2). Coarse root pro-
duction was higher in grazed plots of upland grass/shrub
communities (P = 0.02) after 4 years, but no differences
were found in 35-year treatments (Table 2).

Nitrogen Fluxes
N Inputs and Transfers

Elk herbivory greatly reduced the sizes (height,
diameter, volume) of some shrubs (Salix spp., 4.
tridentata) and thus reduced the amount of shrub leaf
litterfall. After 4 years, biomass of litterfall in willow
type was significantly higher in ungrazed than grazed
plots (P <0.05; data combined for 1995, 1996, and 1997,
Table 2). No significant grazing treatment differences
were detected for herb or wood litterfall in willow sites.
Willow leaf litter N content was significantly higher in
grazed than ungrazed plots (P <0.05). At 35-year
treatments, aspen litterfall biomass was four times higher
in ungrazed than grazed plots (P <0.0001; Table 2). At
ungrazed sites in upland grass/shrub communities, litter
biomass was higher specifically in leaf (P = 0.005), and
wood (P = 0.04) litterfall, but not for overall litter
biomass. Litterfall N content was higher in ungrazed
than grazed plots in aspen type (P <0.0001), but no
difference in N concentration was found in upland grass/
shrub litter (Table 2).

Elk deposited substantial amounts of fecal and uri-
nary N on the winter range (Fig. 2). Fecal-N deposited
averaged 0.71 g/m¥/yr in grazed sites in all the valleys
(Table 3). The highest deposition was at Moraine Park
(P =0.115) compared to Horseshoe Park and Beaver
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Meadows. Nitrogen concentration was 1.53% of fecal
pile mass and the average mass was 138 g/pile (n =22
piles); thus average N content/pile was 2.1 g N. The
highest amount of fecal-N deposited was in willow veg-
etation (Table 3). We calculated an urinary-N:fecal-N
ratio of 0.9768 and thus estimated the average urinary-
N input from elk was 0.69 g/m¥yr. We estimated the
total combined N input from both fecal- and urinary-N
as 1.41 g/mYyr in grazed sites (Table 3) versus 0 g/m¥
yr in ungrazed sites.

During eleven 24-hour observation periods, elk were
observed 49% of the time bedded and 51% grazing. They
were observed more often grazing in morning and
evening (P = 0.0001), and more often bedded at night
(P = 0.0001) than other times of the day (Table 4).
Overall, elk were observed more often in mesic meadow
vegetation (58%; P = 0.0005) than all other vegetation
types, including Ponderosa pine/shrub (16%), upland
grass/shrub vegetation (10%), willow (7%), mixed
conifer (7%), and aspen (2%). There were no differences
in use of vegetation types in the morning, but elk were
observed significantly more in mesic meadow vegetation
in midday and evenings (P <0.05; Table 5). Elk were
seen in mixed conifer and mesic meadow vegetation at
night, and mesic meadow, aspen, willow, and upland
grass/shrub vegetation in the evenings between 4 and 6
p.m. Elk appeared to be grazing in all vegetation types
in mornings, in primarily mesic meadow during midday
and evenings, and in willow, mixed conifer, and mesic
meadow vegetation types at night. Elk transported N
from the aspen, mesic meadow, and willow types where
they spent more time feeding, to the conifer types where
they spent less time feeding. The net movement of N
away from aspen type was 0.60 g N/'m¥yr (1.13 g N/m%
yr removed by elk grazing minus 0.53 added by feces
and urine; Table 6). Similarly, the net movement of N
away from the willow vegetation type was 2.01 g N/m?%
yr (4.23 g N/m?*yr removed by elk minus 2.22 g N/m?/
yr added by feces and urine; Fig. 2). Seasonal estimates
of elk body mass gained on the summer range and lost
on the winter range suggest a net transfer by elk of
0.016 g N/m*yr from summer to winter range.

Decomposition, Mineralization, and Soil N Availability

We documented lower N mineralization in grazed
versus ungrazed plots of short willow sites after 4 years
of protection (0.39 grazed versus 1.83 ungrazed, P =
0.07, n = 4 sites, versus 3.25 grazed and 2.11 ungrazed,
P >0.10, n = 4, in tall willow sites). Nitrate pools were
also lower in grazed than ungrazed plots of short willow
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Table 3. Average fecal biomass, fecal-N, urinary-N, and total N deposited in different vegetation types on elk winter
range in Rocky Mountain National Park, Colorado, winters 1997-1998 and 1998-1999.

Average mass Average fecal- Average urinary-  Average total

Vegetation Number of deposited N deposited N deposited N deposited
type transects (g/m¥/yr) (g/m?/yr) (g/m?/yr) (g/m?/yr)

Meadow 10 34.6 + 15.0 0.53+023 0.52 +0.22 1.05
Upland grass/shrub 2 60.5 + 8.6 093 +0.13 0.90 +0.13 1.83
Willow 4 73.4 +294 1.12 + 045 1.09 +0.44 222
Aspen 2 17.3 0.26 0.26 0.53
Total average 18 46.44 0.71 0.69 1.41

sites (0.31 grazed versus 1.44 ungrazed, P = 0.10), but
no differences for these N variables were detected in tall
willows. Short willow sites are apparently a browsing
induced conversion from the tall willow type (Peinetti
et al,, this volume), and the two types are structurally
and functionally different from each other. Short willow
grazed sites had 33% lower herbaceous production, 27%
less CAG, and 38% shorter mean willow height than
tall willow sites, while tall willow sites had more ground
shade.

Elk herbivory had few effects on the structure, func-
tion, and N processes in the upland grass/shrub type
(Fig. 2). We found no other grazing effect on total soil
N availability, with the exception of upland grass/shrub
type at 35-year exclosure 1, where NO, was three times
higher in soil from grazed versus ungrazed plots (P <
0.10; n = | site). We found no grazing treatment effect
on decomposition of willow or sedge litter, but nitrogen
losses from litterbags were significantly higher in sedge
than willow litter (P =0.012).

Elk Consumption

Annual percent consumption of herbaceous biomass
by elk in grazed plots was considerable (Table 6). In short
willow sites, herbaceous consumption by elk averaged
67 £ 11% and 41 + 7% in tall willow sites. Shrub CAG
consumption (primarily bitterbrush) averaged 12 + 3%
in upland grass/shrub, and 33 +2% in pooled willow
vegetation types during winter.

Biogeochemical Modeling

Upland Grass/Shrub

If elk herbivory was reduced 40% relative to cur-
rent levels, CENTURY predicted elk grazing was sus-
tainable. Total soil C, total soil N, net N mineralized,
total shrub C, and coarse and fine root C would be
roughly stable over periods of 50 and 100 years into the
future. However, current levels of consumption by elk
might decrease nutrients slightly. CENTURY predicted

Table 4. Average percent of time elk were observed
bedded or grazing at different times of day during
eleven 24-hour observation periods on the elk winter
range, Rocky Mountain National Park, Colorado,
winter of 19971998 and 1998-1999 (+ SE).

Average % of Average % of
Time of day n  time bedded time grazing
Morning 40 21+5 79+5
Midday 68 54+4 46+4
Evening 26 10+2 90 +2
Night 123 63+3 37+3
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Table 5. Average percent of time at different times of day that elk were observed in each vegetation type during eleven
24-hour observation periods on the elk winter range, Rocky Mountain National Park, Colorado, winters 1997—

1998 and 1998-1999 (+ SE).

Mesic Upland Ponderosa
Time of day meadow grass/shrub Willow Aspen Mixed conifer pine/shrub
Morning 23+4 12+3 18+4 14+4 17+5 1646
Midday 35+4 11 +2° 9+2° 9+3% 20+ 5° 16 + 32
Evening 36 +4 22 +4* 16 +2° e No observation 15 +2*
Night 26 +4 11 +4° 15+6 6+3° 28 + 17 14 + 4°

Denotes significant difference (P <0.05) to mesic meadow vegetation type, the most used type.

total soil C would decrease 2% in 50 years, and 2.5% in
100 years, total soil N would decrease 0.5% in 50 years
and 1% in 100 years, net N mineralized would decrease
0.7% in 50 years and 1.5% in 100 years, total shrub C
(below and aboveground) would decrease 4% in 50 years
and 7% in 100 years, and aboveground live grass C would
decrease 0.4% in 50 years and 0.7% by 100 years (Fig. 3).

If levels of consumption increased 25% due to elk
population increases and/or moose expansion into the
area, larger nutrient losses were projected. Soil C would
decrease 4% in 50 years and 5% in 100 years; total soil
N would decrease 1% in 50 years and 2% in 100 years;
net N mineralized would decrease 2% in 50 years and
3.5% in 100 years, while aboveground live grass C would
increase 0.01% in 50 years (Fig. 3). The largest pro-
jected declines were in total shrub C, which decreased
15% in 50 years and 26% in 100 years. These projected
nutrient declines were due to both consumption of veg-
etation by elk and to the secondary effects of elk her-
bivory, such as large reductions in sizes of several shrub
species and the subsequent reduction in high quality and
decomposable shrub leaf litter.

Willow

The model projected slightly larger decreases in C
and N in willow vegetation type at current and higher
elk consumption scenarios than for the upland grass/
shrub type, except for total shrub C (Fig. 3). These larger
predicted decreases were due to a combination of higher
offtake levels by elk in willow vegetation and the
reduction in sizes of shrubs (willow and birch) and

subsequent lower shrub leaf litter inputs. Movement of
N away from vegetation types where preferential feeding
by elk occurred (aspen, willow) also contributed to a
loss of nitrogen.

Discussion

Elk herbivory had a potentially large negative ef-
fect on N and C dynamics in willow and aspen types.
We concluded elk herbivory and activity resulted in a
net transfer and loss of N from these vegetation types.
Elk reductions in willow shrub size, aboveground N
pools, shrub litter, willow annual N yield, and elk con-
sumption was not compensated for by elk inputs of fecal
and urinary N [and N mineralization and N pools (NO,)
were lower after 4 years in short willow sites]. Elk con-
sumption was also not compensated for by elk inputs in
the aspen type. Long-term projections from the CEN-
TURY model tended to support these conclusions. Nev-
ertheless, we concluded that elk herbivory and activity
resulted in almost no net change in N in the upland grass/
shrub type. Elk apparently returned approximately as
much N to the system to compensate for N removals
from grazing and changes to N yield due to reductions
in canopy size of shrubs. Long-term projections from
the CENTURY model also tended to support this con-
clusion. The model projected only a 0.5% decline in soil
N in 50 years at current high elk densities — a decline
that would likely be difficult to detect using standard
sampling techniques. More time may be needed to de-
tect any additional changes, especially any effects on
slower changing N pools.



Table 6. Estimated nitrogen inputs and outputs based on herbaceous offtake in four vegetation types on elk winter range, Rocky Mountain National

Park, Colorado, 1998-1999.

Net gain or loss

of N due solely
N removed to elk inputs CENTURY
byelk based  (feces, urine) modeled effects

% of elk group %oftimein  Naddedbyelk % herbaceous/ on % offtake and offtake on soil N
Vegetation type observed feeding  vegetation type (g/m¥yr)y shrub offtake (g/m?lyr) (g/mP/yr) (g/myr)®
Aspen 92 7 0.53 55¢ 1.13¢ -0.60 n.d.
Mesic meadow 51 39 1.05 S6/NA 2.69 -1.64 n.d.
Upland grass/shrub 65 17 1.83 60/12 0.59 +1.24 -0.03
Willow 74 13 2.22 55/33 4.23 -2.01 -0.08

®Based on fecal plots sampled 1997-1999.

®Annual effects on soil N due to all effects of elk inlcuding secondary effects on plant morphology.
“Winter offtake only; no summer or shrub data available.

NA = not applicable.
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In contrast to our findings of lower N mineraliza-
tion and N pools in the short willow type, other authors
have reported increases in N mineralization due to graz-
ing (Ruess 1984; Ruess and McNaughton 1987) and
increases in the rate of N recycling as a result of fecal
and urinary deposition. Soil mineral N levels were high-
est at moderate grazing levels in grasslands, but other
model efforts have suggested overgrazing would deplete
N. As in our study, Seagle et al. (1992) found a decrease
in net soil N-mineralization with heavy grazing. There
is evidence that elk herbivory may be high enough in
the short willow type to reduce N processes.

We found higher N concentrations in only one-third
of the grazed plant species we sampled and in willow
litter on grazed sites. This is consistent with many stud-
ies, which report higher N concentrations in plant tis-
sues due to native ungulate herbivory (McNaughton
1984; Coughenour 1991; Singer 1995; Singer and Harter
1996). Typically, higher N concentration in grazed plants
is associated with higher N mineralization on grazed
sites (Frank and Groffman 1998; Ritchie et al. 1998).
We do not know why mineralization rates were not
higher due to grazing in RMNP grasslands. Our find-
ings generally fit the criteria for decelerated N cycling
predicted by Ritchie et al. (1998), at least in short wil-
low sites.

We caution that we did not sample or quantify the
entire N cycle in this ecosystem and that several un-
knowns exist. For example, volatilization from urine was
not measured, but other research suggests these losses
would be minor [10-15% of urinary N; Vallis et al.
(1982); Schimel et al. (1986)]. In either case, the losses
of N from urine might be less than the volatile losses
from ungrazed plants, and thus ungulates might even
reduce total volatile losses of N (Ruess and McNaughton
1987, Detling 1988). No effects of elk on leaching of N
from soil were reported by a companion study (Binkley
et al., this volume). Water erosion losses were unknown.

We concluded elk were transferring N between veg-
etation types and winter and summer ranges. In agree-
ment with Frank et al. (1994) for Yellowstone National
Park, our calculations for body mass lost on the winter
range combined with winter elk consumption measure-
ments, suggest there is a net movement of N over the
year from summer to winter range by elk. Elk appeared
to be preferentially feeding in aspen type in RMNP, as
opposed to other types, and were transporting N away
from aspen to surrounding vegetation types. In addition,
our aspen offtake rates are for winter only, suggesting
that elk may be having an even greater effect than we
report here, if we were able to include summer offtake
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as well. Aspen type comprises a small part of the elk
winter range (2%), thus elk may be having a significant
effect in this type but relatively less impact on N dy-
namics across the entire winter range. McNaughton
(1993) reported that African ungulates seek shade when
they rest and deposit more feces and urine under trees
than in the open. A redistribution of N means bedding
areas in conifer forests might be enriched, while willow
and aspen types would be depleted. At some point, the
depletion might result in the slowing of plant growth
rates and changes in plant species composition (McInnes
et al. 1992; Ritchie et al. 1998).

Management Implications

Our findings concerning the effect of elk herbivory
on nitrogen cycling and plant growth responses were
somewhat conflicting. On one hand we documented sub-
stantial declines due to elk in the amount of N deposited
to the soil in both willow and aspen vegetation types,
but on the other hand we documented little effect of elk
in the upland grass/shrub type. Observational studies of
elk verified that elk were transporting N from willow
and aspen types, their preferred feeding types, prima-
rily to the conifer types, their favored bedding habitat.
We predict declines in N in the willow and aspen types,
a prediction also generally supported by CENTURY soil
modeling, although the CENTURY model predicted
smaller declines.

In support of these predictions, we found a decline
in the NO, pool and N mineralization due to elk
herbivory in the short willow type, but not in the upland
grass/shrub type. Perhaps not enough time has passed
to document other altered N pouls ur N mineralization
rates. Therefore, we recommend conservative
management of elk numbers and grazing effects, since:
(1) all modeling scenarios of increased elk density
resulted in projections of decreases in N and C;
(2) scenarios of reduced elk density were more optimistic;
and (3) a decline in N processes was found in one
vegetation type. Conservative management of elk
numbers would be appropriate until more time has passed
to study the slow changing N pools and until further
research is conducted on the effects on plant communities
of observed differences in N processes and pools.
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CHAPTER TWELVE

Ecological Evaluation of Potential Overabundance
of Ungulates in U.S. National Parks: A Case Study
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Abstract. We conducted a study into the possibility of overabundance or overconcentration of elk (Cervus
elaphus) and human alterations of elk habitat in Rocky Mountain National Park and the adjacent town of Estes Park,
Colorado. National Park Service (NPS) policy is clear that an overabundance and unnatural concentration of
ungulates can be managed, but ambiguities and vagueness exist in the ecological literature as to what constitutes an
overabundance of ungulates. We reviewed the utility of applying five different ecological views or approaches--the
ungulate population-predator limitation, biodiversity, sustainability/grazing optimization, overgrazing, and
allowable use approaches--to a case study of a potential overabundance of elk. Unfortunately, most of the approaches
available to ecologists were developed with goals in mind that were very different from goals for a national park. For
example, the sustainability, cvergrazing, and allowable use approaches were all originally developed with maximum
secondary production by ungulates as the primary goal in mind. Our goal was to search these common views and
methods for those approaches that were the most clear, easiest to apply, unambiguous, and most closely allied to
National Park Service policy and guidelines. ElIk within Rocky Mountain National Park increased to levels
approximating food-limited carrying capacity (K) following release from human controls (live capture and removals)
within the park in 1968. Estimates of the food-limited K using forage/nutritional-based methodology in the park
averaged 1,154 + 163 elk (x &+ se), while independent density-dependent population-based estimates of K were
similar at 1,069 + 55. Elk populations in the park stabilized approximately at these numbers over the previous 10
years (2001 population estimate = 1,074 + 39 elk). However, elk numbers in the town sector averaged 1,975 + 150
in 2001, and elk in town were still increasing. Our estimates of food-limited K that elk could eventually grow to in
the town sector were 2,869 + 415 elk, based on population analyses and ranged from 3,082 + 103 to 3,391 + 113 elk,
based on forage estimates for an average year (based on 50-55% consumption rate). In a dry year, the forage-based
estimate of the potential for elk the area could_support was lower, ranging from 2,330 + 78 to 2,563 =+ 85 elk. The
forage base for elk in town was artificially enhanced in a few locales due to fertilization and irrigation of human-
altered grassland types such as pastures, lawns, and golf courses. The habituation of elk toward humans in the town
sector allow them to use these rich forages and other grassland habitats in an area that is lower in elevation, has less
snow cover, and also likely has fewer predators due to the human developments than does the park sector. However,
these human increases to the elk forage base in town were more than balanced by losses to_ human activities such as
housing developments and water impoundments on former usable riparian winter range. We estimated the town
could support about 169 fewer elk following the human modifications than before the human developments took
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place. Elk negatively influenced seven different willow growth parameters in the park (P <0.001) when elk numbers
reached approximate densities of 32 + 1 elk/km? and when consumption exceeded about 37%. Consumption rates of
willow by elk averaged 30 + 2% of the current annual shrub growth across the winter range, but grazing optimization,
i.e., greater peak production of grazed willows compared to ungrazed willows, occurred at levels lower than this
where moderate consumption rates of about 21% occurred on willows. On grazed grassland sites, there was a minor
increase in bare ground. Also, the cover or production of three forb species decreased when compared to similar
paired nearby plots that were ungrazed for 4 years. Herbaceous biomass production was 22% less (P <0.05) in grazed
willow sites compared to these paired ungrazed sites. There was no grazing treatment effect on plant species diversity
in upland grass/shrub or willow. There also was no overall decline in nitrogen (N) and few changes in other
macronutrient concentrations in plant tissues and few effects on root biomass or root N attributed to ungulate
herbivory, except some increases in coarse root biomass occurred on grazed herbaceous communities. But in willow
communities grazed for 35 years in the park, a decline in fine root biomass, root N concentrations, and aboveground
N yield were observed compared to ungrazed sites (P <0.10). We also found 79% lower N mineralization (P = 0.07)
and 78% lower NO,” pools (P = 0.01) in grazed short willows compared to willows that were ungrazed for 4 years.

We concluded that the ungulate population-predator limitation and forage-based estimates of food-limited K
approaches, and the overgrazing approach, were the most specific and readily measurable approaches to apply to the
question of a possible overabundance of elk. However, population-based limitation estimates required many years of
data and considerable cost and effort. National Park Service policy calls for preservation of natural processes, and
predation effects were a major natural process potentially limiting ungulates. Restoration of all large capable preda-
tors, or in cases such as in RMNP where that may no longer be feasible, management intervention to duplicate this
predator limitation, appears to be the approach that is closely aligned to NPS policy and guidelines. Recent informa-
tion following the wolf (Canis luypus) restoration into Yellowstone National Park (YNP) suggests that the same
multiple predators in RMNP (grizzly bears [Ursus arctos], coyotes [Canis latrans], in concert with wolves) might
limit elk populations moderately (15-30%) below food-limited K. The overgrazing approach is simple to apply and
this simple approach is the fastest to apply to clear-cut cases of severe overgrazing, or of no overgrazing. However,
for those more ambiguous cases of intermediate effects that are more often the case, the approach can be over-
simplistic for complex ecological systems. We concluded the allowable use approach could be readily applied to a
park ecosystem, but only if park staff conducted considerable sampling of the effects on plants of different ungulate
use levels. Our review of the published literature indicated no generalized guidelines for appropriate use levels, but
instead plant responses to a specific level of consumption varied considerably by the evolutionary history of grazing
in the area, climate, pre-adaptations of the plants to grazing (e.g., plants with prostrate growth and larger belowground
root reserves are less sensitive to grazing), and season of the herbivore use. We concluded that application of the
biodiversity and sustainability approaches were not as readily applicable to park managers, since those views were
dependent on knowledge of complex ecosystem responses to ungulates and judgments as to the level of ungulate
effects and plant changes considered acceptable in light of NPS mandates and policies. However, these approaches
were also closely aligned to NPS policy and guidelines. Thus, their application is encouraged in those park ecosys-
tems with extensive knowledge of ecological processes and conditions, such as is the case for RMNP. All of the
approaches could potentially be useful to apply to a national park situation, providing there is adequate ecological
information available.

Keywords: Allowable use, Cervus elaphus, elk, grazing, national park management, natural regulation, sustainability,
ungulates.




Introduction

National Park Service (NPS) policy states that natu-
ral processes should be permitted to maintain wildlife
populations in national parks to the largest extent pos-
sible (National Park Service 2001). Human activities
have greatly altered some national park ecosystems from
their pre-existing, natural state. Native predators have
been eliminated in many national parks, migrations of
ungulates have been altered by developments and ac-
tivities outside of parks, keystone predator species may
have been lost or their populations altered, and climate
change may have altered ecosystems (Wagner et al.
1995a; Wright 1996; Singer et al. [998a).

Many national parks manage ungulates according
to natural regulation, or “hands-off”, management within
the parks. While natural regulation is largely consistent
with the enabling legislation for U.S. national parks
(NPS Organic Act of 1916; Leopold et al. 1963; Keiter
1988), the policy has been criticized for being based on
inadequately tested scientific hypotheses (Wagner et al.
1995a). The natural regulation policy has been alterna-
tively supported (Houston 1971, 1982; Yellowstone Na-
tional Park 1997) and criticized (Kay and Wagner 1994;
Wagner et al. 1995a) in the ecological literature. The
criticisms of natural regulation point out the lack of limi-
tation of ungulates due to extirpation of large wild mam-
malian predators in many parks (Lime et al. 1993;
Peterson 1999), the absence of Aboriginal human con-
trol of ungulates (Kay 1994), and major alterations of
ungulate migrations (Skinner 1928; Pengelly 1963;
Chase 1986). Natural regulation management may also
be operationally vague. The policy has been applied al-
ternatively to park ecosystems with extirpated large
predators and altered migrations (Cole 1971; Houston
1971, 1982), or to systems with migrations and large
predators intact (Wright 1996; Yellowstone National
Park 1997). NPS policy clearly states that unnaturally
high populations of wildlife that are due to modern hu-
man activities may be controlled (NPS 2001). But the
definition of an overconcentration or overabundance of
ungulates may be vague and ambiguous in the ecologi-
cal literature (Caughley 1976; McNab 1985; Keiter 1988;
Wagner et al. 1995a; McShea et al. 1997; Boyce 1998).

Several commonly used approaches and their crite-
ria cxist in the ccological literature that may help guide
managers during the evaluation of the appropriate num-
bers of ungulates in national parks. Our purpose was to
review these approaches and apply them to a case study
of the potential overabundance of elk (Cervus elaphus)
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in Rocky Mountain National Park (hereafter RMNP) and
the adjacent town of Estes Park, Colorado. Our goal was
to select an approach where both the key measures, and
the logic of the paradigm or approach, were unambigu-
ous, easy to apply, and closely aligned to NPS policy
and guidelines.

Ungulate Population-Predator
Limitation Approach

The analysis of ungulate populations could be the
central focus of a park manager’s assessment of ungu-
late abundance. For example, the estimation of food-
limited ecological carrying capacity (hereafter
food-limited K) is central to all population-based analy-
ses. Food-limited K can be determined from: (a) linear
and nonlinear density feedback relationships (Caughley
1976; Houston 1982; Boyce 1989); or (b) nutritional,
GIS-assisted forage-based methods (Hobbs et al. 1982;
Coughenour and Singer 1996). Populations at food-lim-
ited K are assumed to be regulated within some range
by density-dependent processes caused by animal per
capita restrictions in food availability (Caughley 1976;
Dublin et al. 1990). The process of forage restriction in
ungulates near food-limited K may also result in reduc-
tions in plant cover and production, plant species alter-
ations, reduced body condition of ungulates, reduced
survival rate of ungulates, and subsequently, a new and
lower equilibrium between ungulates and forage condi-
tions (Caughley 1976; Sinclair et al. 1985).

Predator limitation of ungulates below food-limited
K may occur under natural conditions. Predators may
limit ungulates either slightly below (7%—30%) food-
limited K (Boutin 1992; Boyce 1993; Mack and Singer
1993), well below (40%—60%) food-limited K (Gasaway
et al. 1992; Lime et al. 1993; Messier 1994), or the
limitation may be highly variable over time (Fig. 1a).
For example, a highly variable, predator-sensitive
scenario was identified where predators remove
vulnerable individuals and may periodically limit
ungulates only during severe weather when there are
more vulnerable individuals (McLaren and Peterson
1994; Sinclair and Arcese 1995; Mech et al. 1998).
Limitation is more likely where there are multiple
predators. Orians et al. (1997) and Peterson (1999)
concluded that where both wolves and bears (U. arctos,
U. americanus) coexist, ungulates are limited to lower
densities than in cases where only bears or wolves occur.
Additionally, a fourth alternative potential form of
limitation, the Aboriginal overkill hypothesis of Kay
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Fig. 1. Schematic representation of K, the ecological or food-limited carrying capacity for an ungulate released
from human controls, such as elk were in both Rocky Mountain and Yellowstone National Parks. Also represented
are several examples from the literature of moderate (Lime et al. 1993), large (Gasaway et al. 1983; Messier 1995),
and very large (Kay 1994) limitations of ungulates. Most ungulate -vegetation or ungulate-predator limited systems
regularly fluctuate 15% or more over short time scale, while longer term, large fluctuations, or shifts between these
scenarios are also possible (a). The expected and observed elk population size in Yellowstone National Park before
and after wolf reintroduction (Singer et al. 2002) (b).



(1994, 1998) states that Native Americans reduced
ungulates, such as elk, by as much as 90-95% or more
below food-limited K, although evidence for this view
is limited (Boyce 1998; Yochim 2001). Also, ungulates
might not necessarily be overpopulated, but alterations
in movements and migrations might cause an
overconcentration.

Population-based approaches may be useful in that
the population analyses, their evaluation, and the
subsequent management responses can be immediate.
In addition, there is an ever-growing body of evidence
in the scientific literature for suggesting predator-
limitation of ungulates occurs in natural systems
(Gasaway et al. 1992; Mech et al. 1998; Singer et al.
1998a). The approach also lends itself well to adaptive
management, since the management goal is a specific
population size, but the vegetation expectations of that
goal can be periodically evaluated and modified, if
necessary. Unfortunately for managers, a large degree
of uncertainty continues to exist over the precise extent
of predator limitation of ungulates and the variability of
predator limitation in undisturbed, pre-European
herbivore-predator systems (Boutin 1992; Singer et al.
1997). Further constraining application to the RMNP
case, nearly all the evidence of limitation comes from
studies of moose (Alces alces) and caribou (Rangifer
tarandus), and little research has been conducted on
potential limitation of elk (Jedrzejewska and
Jedrzejewski 1998; Singer et al. 2002).

The most applicable example comes from the re-
cent reintroduction of gray wolves into Yellowstone
National Park (YNP). Potential limitation of this elk
population by wolves was recently modeled by Singer
etal. (2002). The dynamics of this elk population are
some of the best understood. Density dependence, har-
vest, and weather relations are well established from
prior quantitative analyses (Houston 1982; Boyce 1991,
Coughenour and Singer 1996; Boyce and Merrill 1996;
Cheville et al. 1998; Singer and Mack 1999). This in-
formation was used to predict an “expected” elk
population’s size and recruitment rate from 1995 to 1998
in the absence of wolves (Singer et al, 2002). The actual
“observed” elk population following wolf restoration in
1995 was about 15% smaller and recruitment was lower
(especially after 1997), strongly suggesting multiple
predator limitation following the recent restoration of
wolves (Singer et al. 2002; Fig. 1b), in concert with al-
ready existing predation on elk by coyotes, bears, and
humans in the system (Singer et al. 1997).
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The Biodiversity Approach

Alternatively, a park manager’s measures in assess-
ing ungulate abundance might focus on plant species,
plant community, or other, diversity measures. Manage-
ment of much of the world’s grazing land is based pri-
marily on changes in plant species composition
(Milchunas and Lauenroth 1992). In particular, domi-
nant individual species have been used as indicators of
range condition under the increaser-decreaser-invader
concept. It has been suggested that ungulates in national
parks should not be allowed to exceed levels that impact
these diversity values (Wagner et al. 1995a; Berry et al.
1997). NPS (2001) policy also states that the natural
abundance and diversity of plants and animals should
be maintained within the bounds of natural processes.

In the biodiversity view, the trend in the relative
amount of both plant community and plant species (i.e.,
richness, evenness) diversity is the measured variable.
Disadvantages to applying this view are that responses
of plant diversity to protection from ungulates
(exclosures) or to new ungulate management programs
may be long-term, on the order of one to many decades.
Other confounding variables to ungulate herbivory, such
as fluctuating beaver populations, climate change,
succession, or hydrologic change, may also affect plant
diversity and, thus, confuse the interpretations of any
effects due exclusively to the ungulates. In addition,
ungulates in pristine, natural ecosystems are known to
alter plant species diversity in highly variable ways
(McNaughton 1979; Pastor et al. 1993; Stohlgren et al.
1999). Research has demonstrated that ungulate grazing
can alternatively decrease plant diversity (Rummell
1951; Chew 1982), result in no difference (Gough and
Grace 1998; Stohlgren et al. 1999), or increase plant
diversity (Grime 1973; Mueggler 1984). Ungulate effects
on plant diversity may be variable in natural systems
depending on environmental conditions, evolutionary
history of grazing, and predator limitation (Collins and
Barber 1985; Stohlgren et al. 1999). The basic tenet by
some researchers that there should be no measurable
effects of ungulates on plant diversity (Wagner et al.
1995a,b) has been questioned by others (McNaughton
1993, 1996). Management for maximum plant species
diversity may, in some instances, include management
for moderate, or even high, densities of ungulates. Thus,
the grazing system and these major ecological
relationships need to be well understood before managers
can set goals for plant diversity.



210  UnNGuULATE MANAGEMENT IN NATIONAL PARKS

The Grazing Optimization and
Sustainability Approaches

Measures to assess potential overabundance of
ungulates might focus on their effects on plant
production, sustainability and fertility of the ecosystem,
and effects on ecosystem processes. These views assume
that plants can respond to removal of aboveground tissues
by ungulates through a number of compensatory
responses and processes. In grassland grazing systems
with native ungulates, less N is typically immobilized
in litter and standing dead biomass (McNaughton 1983;
Seagle et al. 1992), soil microbial biomass is likely
decreased and, thus, net soil N mineralization is
increased (Ruess and McNaughton 1987; Holland and
Detling 1990; Frank and Groffiman 1998). As a result,
increased root uptake of N, increased N concentration
in shoots, and increased N yield/unit tissue is often
observed in herbaceous grassland plants grazed by native
ungulates (Ruess 1984; Jaramillo and Detling 1988;
Coughenour et al. 1990). The grazing optimization
hypothesis has been observed at some moderate or low
level of herbivory, where net primary production (NPP)
is maximized and stimulated over ungrazed controls
(McNaughton 1979, 1983, 1993; Dyer etal. 1993; Frank
and McNaughton 1993; Turner et al. 1993; Green and
Detling 2000). Compensatory responses in grasses
enabled moderate levels of herbivory to be sustained
(Biondini et al. 1998; Mazancourt et al. 1998). Several
authors found no evidence for grazing optimization in
grasslands (Verkaar 1992; Painter and Belsky 1993).
Woody browse species may compensate for herbivory
removals through increased number of branched shoots,
increased size of regrowth shoots, and increased number
of buds and number of long shoots (Bergstrom and
Danell 1987). The central issue of this view is that
providing plant production and soil fertility are
maintained under grazing (McNaughton 1979, 1993;
Frank and Groffman 1998), shifts in abundance of
individual plant species or changes in biodiversity are
of less concern. This view is useful to managers in that
the end product, aboveground net primary production
(ANPP), is a relatively straightforward and immediate
measure to gather. Additionally, long-term productivity
and sustainability is of paramount importance to
ecosystem management. But sustained aboveground
production under grazing may come at the expense of
reduced root biomass, reduced seed production, or altered
plant species abundance. These measures should also
be sampled (Belsky 1986; Verkaar 1992; Painter and

Belsky 1993) and thus is an expensive and complex
approach fo apply. Managers must also decide how much
effects due to ungulates on production, soil, and
ecosystem processes are acceptable in a natural
functioning system (see Mclnnes et al. 1992; Pastor et al.
1993), and that is a complex question to ask.

The Overgrazing Approach

The overgrazing approach is the simplest approach
that might be applied to a question of overabundance of
an ungulate. Overgrazing is a value-laden term, but a
term that is very simply defined as any excess of her-
bivory that leads to degradation of plant and soil re-
sources. The challenge lies in defining what constitutes
excess grazing since that definition is based on one’s
goals in managing an ecosystem. For example, a range
manager, wildlife manager, or park manager might each
define overgrazing differently (Coughenour and Singer
1991). In spite of these differences in opinion, there is
some general agreement on what constitutes overgraz-
ing of western rangelands. It is widely held, for example,
that overgrazing results in reduced plant cover, increased
bare ground, increased soil temperatures, drier soil, in-
creased soil erosion, reduced organic inputs to the soil,
and/or decreased plant productivity (Pengelly 1963;
Westoby et al. 1989; Fuls 1992). Overgrazing also re-
sults in an increase in less palatable native plants, re-
duced size and vigor of plants, increased mortality of
plants, invasion of perennial weeds, and eventually, in-
vasion of annual weeds (Daubenmire 1940; Pengelly
1963; Westoby et al. 1989). These general criteria for
overgrazing are relatively unambiguous. Thus, we feel
the variables used in this view are relatively rapid and
straightforward to sample, but the findings may be dif-
ficult to interpret. The challenge to the park manager is
in deciding what constitutes “too much” of a grazing
effect.

The Allowable Use Approach

Perhaps the most commonly used approach in the
western United States for evaluation of the appropriate
number of ungulates focuses on allowable use levels on
forages. First, aboveground net primary production
(ANPP) is measured. A judgment is then made as to
what level of use, or consumption, is allowable in that
system and then the consumption level is sampled and
monitored. For example, a level of 50% allowzble use is
often applied to livestock forage on western rangelands.




But effects on plants and processes of these proposed
levels of allowable use have only rarely been quantita-
tively evaluated (see Biondini et al. 1998).

This approach is useful to managers since the mea-
sures needed to apply it reflect current conditions. The
measure of interest, consumption rate, is an unambigu-
ous measure of the direct interaction between a plant
species and the ungulate herbivore. The view also lends
itself well to adaptive management programs since new
goals for consumption levels may then be set if expecta-
tions are not met.

Disadvantages of applying this approach are that
measures of production and consumption are labor- and
cost-intensive, and plant responses are highly variable
to any specific level of use depending on the life form of
the plant. Grazing system responses are influenced by
the relative amount of underground root reserves, evo-
lutionary history of grazing in a particular system, envi-
ronmental conditions, and season of herbivore use
(Milchunas et al. 1988; Frank and McNaughton 1992,
1993; Hamilton et al. 1998; Mazancourt et al. 1998).

We concluded from our review of a number of pa-
pers that reported consumption rates and effects on
plants, that any allowable use values would be highly
variable between ecosystems (Fig. 2a,b). We calculated
a mean and variance level of use that appeared to be
either: (a) sustainable, i.e., allowable; or (b) not sustain-
able, i.e., detrimental to plant production, fitness com-
ponents, and continued abundance of the plant(s). Herbs
and shrubs that grow in forest understories were the most
sensitive to ungulate herbivory, followed by plants in
grasslands with less evolutionary history of grazing (e.g.,
South American grasslands, Great Basin grasslands).
Less sensitive ecosystems (e.g., the short-grass prairie
or Serengeti grasslands) were those pre-adapted to her-
bivory through a longer evolution with ungulates, more
prostrate growth forms of plants, and larger underground
root reserves (McNaughton 1979, 1983; Milchunas et al.
1988). Shrubs were generally less tolerant of herbivory
than grasses, probably due to few reserve meristems,
nonintegrated modules, and slow, determinant growth
(Whitham et al. 1991). Understory shrubs and trees that
grow under shade in mature forests were less tolerant
than seral shrubs that grow in strong sunlight that were
characterized by rapid annual vertical growth rates
(Fig. 2b).

Study Objectives

The purpose of this investigation was to present a
broad spectrum of data available from our research on

SINGER ET AL, 211

elk abundance and effects in RMNP and the adjacent
town of Estes Park, Colorado, and compare this
information to the criteria stated for each of the five
different approaches. Elk were eliminated from the park
in the late 1800’s, reintroduced in 1913-1914, and
artificially controlled by trapping in the park ecosystem
by managers until 1968. Since 1969, the elk population
has continued to grow and concerns over their possible
overabundance have been expressed (Hess 1993; Berry
et al. 1997). Our primary goal was to determine which
of'the stated criteria of the five approaches were the least
ambiguous to sample, the easiest to apply to this case
study, and the most closely aligned to NPS management
policies and guidelines. We compared the operational
clarity (i.e., the features of the approach that were
specific, quantifiable, and readily measurable) and the
time, cost, and potential management consequences of
applying a particular approach to the case example.

Study Area

The low elevation elk winter range of RMNP en-
compasses approximately 17,000 ha in the upper mon-
tane zone along the eastern boundary of the park and
the adjacent Estes Valley. EIk are free to move between
protected national park land and the mix of public and
private land in the Estes Valley. Glacial moraines run-
ning east-west divide the body of the park area into four
major valleys, while the town of Estes Park lies in the
middle of a broad park-like valley. Elevations in the study
area range from 2,300 m at the lower end of the Estes
Valley to 2,800 m on moraine ridge tops. Mean annual
precipitation is 41 cm, most of it occurring as wet spring
snows. An additional 2,000 ha of high elevation alpine
tundra support a wintering population of approximately
125 animals.

Methods

Population Analyses and
Elk Concentrations

Seventy-three elk were radiocollared in January
1995 and monitored by ground and aircraft until 1998
(Larkins 1997; T. L. Johnson, RMNP, unpublished data).
We divided the winter range into four logical sectors
based on movements of radiocollared elk (Fig. 3). We
estimated the total size of each sector and the area of
each vegetation cover type in each sector (Appendix A)
using geographic information systems (GIS). All elk
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Fig. 2. Schematic of percent consumption of herbaceous (a) and shrub (b) species by ungulates that were reported in
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radiolocations were plotted and digitized and each
radiocollared elk was classified as to the sector in which
it spent each season (town, Moraine, Horseshoe, Trail
Ridge ranges). Winter elk density was calculated using
data from 6 years of annual aerial surveys (F. J. Singer,
unpublished data). The surveys concentrated on Horse-
shoe and Moraine Parks, and were not flown over the
town of Estes Park or Trail Ridge Range. The surveys
were flown seven times during the 6 years on March 9,
1994; February 14, 1995; December 15, 1995; Febru-
ary 11, 1996; February 19, 1997; March 12, 1998; and
February 13, 1999. Elk density was calculated for each
survey based on a grid with 100 m cell size and a 3,000 m
search radius using the ArcView 3.1 GIS density calcu-
lation function. We used a kemnel density method, which
distributes the group size information from the observed
group location and, therefore, results in a smoother den-
sity gradient. The total number of elk within 3,000 m of
each cell was calculated and divided by the search area
to find the density of the cell. All density grids were
then summed and divided by the number of surveys to
get an average density. The results were then mathemati-
cally smoothed. Elk distributions varied little between
the study years (Larkins 1997), probably because snow
depths were typically shallow across most of the winter
range in the study winters and depths did not vary greatly,
at least during the study years. Thus, we feel these val-
ues accurately represent annual average elk activity and
elk grazing influences.

We estimated the elk population size in the park by
recording sighting variables for each group of elk
observed during systematic helicopter surveys of the
primary winter range. The effect of these variables on
sightability of elk was tested using radiocollared elk and
the sightability corrections were used to estimate the
number of animals missed following the methodology
of Samuel et al. (1987), Unsworth et al. (1994) and this
study. EIk in town were estimated from mark-resight
estimates developed from repeat surveys each winter.
We compared the potential of the town and park sectors
to support elk using three methods: (1) population-based
estimates of food-limited K (Houston 1982: Boyce 1993;
Coughenour and Singer 1996); (2) forage-biomass based
estimates (Holzgang 1997); and (3) forage and
nutritional estimates of food-limited K (Hobbs et al.
1982). We assumed elk would reach food-limited K in
the sectors due to the lack of evidence for any substantial
predator or weather limitation. We compared these
potential capabilities to the current estimates of elk that
exist in the sectors using the aerial sightability estimates
in the park and ground mark-resight estimates in town.

Data to estimate population size, age and sex
composition, and survival rates were intermittently
available for elk populations in RMNP from 1965 to
2001. Similar data were available for elk outside the
park, in the Estes Valley, from 1979 to 2001. A
population-projection model incorporating density
dependence and weather covariates was developed and
fit to the available population data in both the park and
the town sectors. Model fitting was accomplished by
minimizing the sum of squared errors between model
estimates and direct estimates weighted by the inverse
variances of each direct estimate, following Lubow et al.
(this volume).

In the population model, both calf survival, S,, and
recruitment (similar relationship, not shown) for each
population is related to density and four weather statis-
tics through a logistic model:

S¢ = LOGIT(Bo +B N7 +PB2Ts +B3Tw +BgPs +BsPw

where N; is the total population size, ?s and ?w are
average summer (April-August) and winter (September—
February) temperature deviates, P; and Py represent
average summer and winter precipitation deviates, and
the B values are estimated parameters. LOGIT represents
the logistic function:

1
LOGIT[f(x)] = ————
TIF(x)] =TT

Alternative population models were considered and
the best one selected using Akaike’s Information Criteria
(AIC.). The smallest AIC, values represent best
biological models since the AIC, statistic corrects for
additions to the number of parameters (Burnham and
Anderson 1992).

A second, independent food-based estimate of K in
town was calculated following the methods used in the
Swiss National Park (Holzgang 1997). This method
involves using calculations of available forage, offtake,
and forage requirements to estimate ungulate numbers.
We used a 1996 Spot satellite image, with 10 m
panchromatic and 20 m multispectral resolution to
classify vegetation types for the elk winter range in the
town of Estes Park, Colorado (Appendix B). Vegetation
was stratified into open grasslands, pine grasslands, wet
meadows, irrigated and slightly sub-irrigated grasslands,
golf courses, disturbed grasslands, and forested types.
A food-based estimate of K in the park sector was
previously calculated by Hobbs et al. (1982). Total forage
biomass was sampled (see “Allowable Use Measures”



below) and corrected for available forage using a GIS
with vegetation data (Appendices A and B). The total
available forage biomass for elk was adjusted for sampled
offtake values and divided by the forage required per
elk for the 7-month winter use of the town range to arrive
at K for the town. We predicted forage use would average
50-55% over the landscape based on observed use of
forages by elk near K in the park (57% offtake) and near
Maybell, Colorado (60% offtake, Hobbs 1996). We
estimated average forage use across the landscape in
town would be less than the park or Maybell examples
due to some elk-proof fences, other human structures
that blocked elk, and avoidance of some core subdivision
lawns where elk use was restricted. We did not calculate
how much of these town areas were inaccessible to elk,
but we feel this lower range of use levels approximates
the maximum average use level that might occur in town,
We assumed the average elk consumption was 5 kg dried
forage per day (Hobbs 1979). We calculated the average
number of days elk spent in the town winter range (% =
210 + 7 days) from 30 radiocollared elk over four winters
to arrive at a mean of 1,050 kg forage consumed per elk
per winter in town.

We also inspected the extent of any possible artifi-
cial concentrations of forages for elk in town by calcu-
lating the N yield in the fertilized and irrigated grassland
types in town sampled in 1997-1998 and comparing that
to the N yield from undisturbed grasslands in the town
sector. Nitrogen yield was estimated as the concentra-
tion of N in forages multiplied by the peak standing crop
biomass of forages. We also used GIS to estimate the
areas of grasslands lost to human modifications (im-
poundments, buildings, and pavement) and GIS com-
bined with groundtruthing to estimate the grassland areas
that were improved due to human modifications (golf
courses, irrigated pastures). From this, we projected an
elk K for the town sector under pristine conditions. We
present carrying capacity estimates for dry years, since
those are years of critical minimums, and for average
years, since the elk population will be most likely to
track average forage conditions.

Vegetation Sampling Locations

Sixteen study sites were randomly selected in 1994
for placement of grazing exclosures (46 x 30.5 m) and
paired grazed plots, in the elk winter range in the
montane riparian and upland shrub communities of
northeastern RMNP. Vegetation communities were
identified and random points generated in the
appropriate vegetation type using GIS. Twelve exclosure
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study sites were located in riparian willow communities
of the Moraine Park area of the Big Thompson River
drainage (elevation 2,481 m) and the Horseshoe Park
area of the Fall River drainage (elevation 2,598 m). An
additional 25 willow study locations in grazed sites
throughout the park winter range were randomly selected
using GIS and sampled in 1996. Four study sites were
located in upland shrub/grassland sites. These sites were
all located on southern exposures in the areas of
Hallowell Park, Deer Ridge, Aspenglen Campground,
and the Beaver Meadows Entrance Station.

Predominant willow species throughout willow ar-
eas were Salix monticola, S. planifolia, and S. geyeriana
mixed with other wet site shrubs such as Potentilla
Jruticosa, Betula glandulosa, B. occidentalis, and Alnus
tenuifolia. We selected willow communities for intense
study because willow (Salix spp.) was suspected to be a
significant diet component for elk (D. Stevens, personal
communication; Hobbs et al. [1981]) and willows are
not rare--willow communities comprise about 4% of the
total winter range and 30% of the core elk winter range.
We did not want to monitor a rare vegetation type, since
rare plants or rare plant communities may not respond
in linear fashion to elk densities and there may be no
feedback. We also recognized a short willow type that
constituted about 70% of the willow communities and a
tall willow type that constituted 30% (Peinetti et al., this
volume). Both types were sampled proportionately. Eight
of the willow exclosure sites (four in Moraine Park and
four in Horseshoe Park) were located in areas that had
previously held beaver dams but had little or no current
beaver activity, that had dewatered channels, and that
supported short, heavily browsed willow. In all of these
“short willow” sites, evidence from dead and decadent
willows indicated that plants over 2 m tall were once
present. The other four willow exclosures sites (two in
Moraine Park and two in Horseshoe Park) were located
in beaver-occupied areas (including areas of recent ac-
tivity), that supported taller willow plants subject to less
severe hedging by the elk that we referred to as “tall”
willows,

Primary vegetation cover of the upland shrub/grass-
land type consisted of antelope bitterbrush (Purshia
tridentata) and mountain muhly (Muhlenbergia
montana) associated with sparse ponderosa pine (Pinus
ponderosa).

Three pre-existing, longer-term exclosures were
placed in a mixture of big sagebrush (Arremisia
tridentata), wet meadow, and aspen (Populus
tremuloides) vegetation types in 1963 in the Beaver
Meadows drainage. These sites had not been randomly
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located. Grazed and ungrazed sites were also sampled
at these exclosures.

Vegetation sampling in the town sector consisted of
14 sampling sites within six vegetation types sampled
in 1997 through 1998. The vegetation/habitat types cho-
sen reflect areas where elk are most often observed graz-
ing in winter. Six sites in three additional vegetation
types were chosen and sampled in summer 2000.

Elk Density Correlates to Willow
Growth--Grazing Optimization

To test our assumption concerning the relative im-
portance of willow in elk diets, 55 fresh elk fecal samples
were collected on low elevation winter ranges in No-
vember 1994 and 1995; February 1995; and April/May
1995-1997. Samples were also taken on alpine summer
range in the spring of 1995 and the summers of 1995~
1997. Each sample was a composite of 8-10 fecal pel-
lets from 8-10 individual elk in a group. Samples were
frozen until immediately before processing, and then
dried at 55°C for 48 hours before shipping to the Com-
position Analysis Laboratory in Fort Collins, Colorado.
Samples were ground together and three subsamples
taken from each sample for analysis. The dietary com-
ponents in each subsample were identified to genus. Then
the subsamples were pooled to determine average per-
centage contribution to total diet for that sample.

Twenty-five willow sample sites were randomly
selected from within all mapped willow types on the
winter range using G1S procedures and sampled in 1996.
The following variables were measured on three to five
circular subsample plots, each 9.3 m? in size, at each
willow sample site: average shrub height (cm), maximum
shrub height (cm), stem density (stems/ha), shrub density
(shrubs/ha), twig production (kg/ha), total new shoot
production or current annual growth (CAG: kg/ha),
canopy volume (m*/ha), and canopy cover (m%ha). The
data were recorded for 3 willow species (Salix monticola,
S. planifolia, and S. geyeriana) from the 25 plots as
well as the 12 grazed plots paired to the willow exclosures
in Moraine and Horseshoe Parks. The variables from
the subsample plots at each location were averaged and
pooled across willow species. Only this single mean was
entered, since the subsamples of plots at a location were
not independent of each other. Of these willow sample
sites, 31 had enough information to be assigned to a
category of average 1994-1999 elk density from the
mapping effort. At the grazed plots paired to the 12
exclosure sites, consumption rates were calculated for 3

years (1995, 1996, and 1998). A single mean depth to
the water table for the month of June, the time of most
of the annual growth of willows, was also averaged from
three water wells at each of these 12 sites for 3 years.

The effects of elk density, elk consumption of wil-
lows, and depth to the water table on the eight willow
size and growth variables were inspected using linear
regression. The CAG, stem density, plant density, twig
production, shrub volume, and shrub area measures were
log-transformed. Akaike’s Information Criteria corrected
for small sample size (AIC.) was used to evaluate the
best, or most parsimonious models:

INGSSE)  n+K
+

AIC =
c n n—-K-2

where SSE = sum of squares error and K = number
of parameters (Burnham and Anderson 1992; McQuarrie
and Tsai 1998). The AIC_ process provides a quantita-
tive measure for the trade-off between the increased pre-
cision achieved by adding additional variables to the
statistical models versus the “cost” to the parameter es-
timation of adding a variable. The lowest AIC_ values
for a well-designed biological model indicate the “best”
and most parsimonious model of the choices tested
(Burnham and Anderson 1992).

Any threshold values in elk density or elk consump-
tion rates that influenced willow size and growth vari-
ables were also inspected. The approximate threshold
of elk density at which the willow growth variables were
reduced 40% from peak values and to levels below
ungrazed values, were identified using a line fit to the
points using Friedman’s smoothing method (S-plus
2000). A judgment was made that this threshold consti-
tuted a bivlugically important decline in willow growth.
Any potential grazing optimization, or peak aboveground
production that might be observed at moderate levels of
ungulate consumption rates, was identified.

Effects of Elk on Plant
Species Diversity

The Shannon-Weaver diversity index (Shannon and
Weaver 1962) and species richness index (R) were
calculated for 0.25-m?* herbaceous plots sampled in the
park, and then averaged across plots at each site to
determine the average index value for species diversity
and richness for each treatment (Appendix C). We tested
for differences in diversity indices between grazed and
ungrazed sites using non-parametric statistical analysis.



An analysis of variance of ranked data for each index in
each vegetation type was conducted, as well as a
Wilcoxon rank test. These indices were computed using
all plant species without regard to whether plants were
exotic or native. ANOVA tests of abundance of each
individual species between grazed and ungrazed
treatments were also conducted. We categorized plants
into native and exotic species and then compared total
production of natives and exotics between grazed and
ungrazed sites with PROC MIXED, an analysis
procedure that is a generalization of the standard linear
model design using SAS (statistical analysis software)
v6.12. PROC GLM, the general linear model for data
with only one source of variation, was used for data
analysis from upland grass/shrub sites and the F-
protected least significant difference was used to
determine significant differences between means.

Grazing Sustainability or
Optimization Measures

Three 9.3 m? circular plots were established in each
exclosure and grazed site to measure shrub production.
Data on shrub production were collected in late summer
of 1994-1996 and 1998 for willow sites and 1994-1997
for bitterbrush sites (Zeigenfuss et al., this volume). Data
collected on each plant included species, canopy diam-
eters (widest and perpendicular to widest diameter), plant
height, number of stems, and estimate of percent of
canopy that was dead. Regression equations were devel-
oped for prediction of production for the three major
willow species and bitterbrush. Equations were devel-
oped separately for Moraine and Horseshoe Parks for
1995 and 1996. Then a pooled equation was developed
and used to predict total willow production for 1994 and
1998. R? values for these equations were high and ranged
from 0.75 to 0.92. Samples were taken from the 35-year
exclosures following the same methods in 1998 and
2000.

Herbaceous standing crop biomass data were col-
lected by clipping three to five randomly located 0.25 in?
circular quadrats in late summer 1994 at each exclosed
and prazed site. All graminoids and forbs within the
quadrat were clipped and sorted by species to measure
annual peak standing crop. Litter was also collected from
within each quadrat. Vegetation was oven dried at 55°C
for 48 hours and then weighed. Visual estimates of per-
centage bare ground, moss, lichen, cacti, and shrubs were
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also recorded. Town sample sites in subirrigated wet
meadow, slightly subirrigated wet meadow, cattle grazed,
ponderosa pine/grasslands, upland grasslands, and dis-
turbed grasslands were sampled in July 1997 and 1998
(average precipitation years). Golf course sites were
sampled in late November 1997 after mowing ceased.
The wet meadow sites and disturbed grasslands were
also sampled in July 2000 (a dry year). Subirrigated wet
meadow sites were compared between average and dry
years to determine a scale factor for biomass production
between different precipitation years. This scaling fac-
tor was applied to the forage-based model used for esti-
mating elk Kin town. Methods follow those listed above
with the exception that samples were grouped into
graminoids and forbs. Predominant species were noted
for purposes of comparison of sites. All vegetation types
at the 35-year exclosures were similarly sampled in
August 1998.

Several willow individuals (n = 2-4) of the three
predominant species (Salix monticola, S. planifolia, and
S. geyeriand) in each treatment at each exclosure were
also tagged for more intensive measurement throughout
the course of the study. Samples for nutrient analyses
were obtained from these tagged willows in August 1998
and January 1999. Composite graminoid and forb
samples from the previous growing season were collected
from plots subjected to elk herbivory in April 1998 (all
sites). Composite samples from current graminoid and
forb growth were collected in July 1997 (bitterbrush sites)
and 1998 (willow) from all treatments. Samples were
analyzed for carbon (C) and N content using a LECO
CHN-1000 Carbon Hydrogen and Nitrogen Analyzer.
Dried and ground plant samples were combusted in a
chamber and resultant gases passed through infrared
cells to determine C and through a thermal conductivity
cell to determine N.

Root samples were collected using a 6.35 cm diam-
eter root corer driven 20 cm into the soil inside and out-
side of all 4-year exclosures in 1996 and 1999 and
35-year exclosures in 1999. Roots were refrigerated
(~4° C) until they were processed. Processing of samples
consisted of washing to remove soil from roots then dry-
ing them in a forced air oven at 55°C for at least 48
hours. Dried root samples were brushed to remove any
remaining large particles of soil and then sorted into
coarse (>2 mm) and fine (<2 mm) components. Dried
root samples were then weighed to the nearest 0.0001 g
and analyzed for percent total N as described above. A
subsample of the roots was weighed, combusted in a
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muffle furnace at 550° C for 6 hours, then weighed again
to determine the percent organic matter, based on the
ash sample. The actual root biomass weight was then
determined by multiplying the percent organic matter
by the weight of the entire dried root sample.

Allowable Use Measures

Five 9.3 m? circular plots were measured in areas
subjected to elk herbivory at each exclosure site to esti-
mate shrub consumption by ungulates following the gen-
eral methods described above. Winter use was measured
before leaf bud break in May, and summer use was mea-
sured in August, 1994—1998. On every fourth individual
of each species, a subsample of the number of browsed
and unbrowsed leaders, and twig basal, tip, and browse
diameters were also collected. Percent leader use was
determined using the equation:

% leaderuse =
a+b

where a=number of browsed leaders and b = number of
unbrowsed leaders. Average percent twig removed was
determined using the method of Jensen and Urness
(1981) and Pitt and Schwab (1990) following the
formula:

100D, ~Dy)

% twiguse =
Dp =Dy

where D, = twig diameter at point of browsing, D, =
diameter of a representative sample of twig tips, and
Dy, = basal diameter of current year’s twig growth. Total
consumption was determined by multiplying % Icades
use by % twig use.

Six grazing cages were randomly placed at each
grazed plot for measurement of winter herbaceous con-
sumption. Paired 0.25 m? plots inside and outside these
cages were clipped in spring, prior to greenup. Cages
were randomly relocated after the spring sampling to
capture the early summer consumption that occurs dur-
ing elk migration to summer ranges. Vegetation collected
inside and outside these grazing cages was dried at 55°C
in a forced air oven for 48 hours and then weighed. Per-
cent consumption was calculated using the following
formula:

100* (B; - B,)

% consumptin =
Bj

where B; = dry weight of biomass inside grazing cage,
and B, = dry weight of biomass outside of the grazing
cage.

Town sites, except the golf course, were sampled
for winter offtake in March and April 1998, and spring-
summer offtake in July 1998. Methods follow those listed
above. Percent biomass consumed was compared between
vegetation/habitat types for each sample period using
analysis of variance methods.

All analyses of plant measures were performed us-
ing SAS (version 6.12) statistical software. Shrub and
herbaceous production and consumption data from wil-
low sites were analyzed for differences between grazed
and ungrazed treatments using PROC MIXED. PROC
GLM was used for analysis of data from upland grass/
shrub sites and the F-protected least significant differ-
ence was used to determine significant differences be-
tween means. The variables of willow growth were
log-transformed to stabilize variance.

Potential Overgrazing Measures

We sampled percent bare ground in 30 grazed and
ungrazed plots at five paired locations at the 35-year
exclosures in 1998 and at the 4-year exclosures. Bulk
density and percent organic matter for the paired plots
were sampled by Binkley et al. (this volume) and
Menezes et al. (2001). Cover and biomass of herbaceous
plants were sampled on three 0.25 m? plots at each grazed
and ungrazed site. The effects of grazing on individual
plant species and all plant species pooled were compared
using ANOVA methods,

Results

Elk Population Analyses and
Potential Overconcentrations

The radiocollared elk were classified as either town
or park animals based on criteria of >65% of winter lo-
cations in one sector or the other, Sixty-two radiocollared
elk spent the winter in either: (a) town, (b) the Horse-
shoe Park area, or (c) the Moraine Park and Beaver
Meadows complex, and rarely moved among these three
sectors. Eleven other radiocollared animals were classi-
fied as wanderers and moved freely among the town and
park sectors. The Trail Ridge winter range only sup-
ports 100-125 animals and was not included in the plant
studies, although the area is also a significant summer
range for migratory elk.



Population-based estimate of food-limited K for the
park sector of the elk population was 1,069 + 55 (% +
se) animals (Table 1). The park sector of the elk popula-
tion was at or near this level for about the last 10-13
years prior to the analysis (during which time A, or popu-
lation growth, leveled off and approximated 1.0). Colder
winter temperatures were correlated with reduced calf
recruitment (calves:cow at age 0.5 yrs) and with reduced
calf survival (between age 0.5 to 1.5 years) in town.
Recruitment of town elk also increased with warmer
summer temperatures and greater summer precipitation.
No weather covariates were significantly correlated with
calf recruitment or survival in the park. Declining calf
recruitment has been nearly linear and similar in both
the park and town. However, density response of calf
survival in the park was abrupt near carrying capacity
and has not yet been detected in town, suggesting that
this mechanism of density dependence is difficult to de-
tect until the population is near carrying capacity. For-
age-based food-limited K for the park sector was
estimated by Hobbs et al. (1982) as 991 + 102 in a dry
year and 1,481 + 261 in a wel year. Since Hobbs et al.
(1982) only had estimates for years 40% wetter and 20%
drier than average, we calculated an average precipita-
tion year estimate by weighting the dry year estimate by
twice that of the wet year (because it was twice as close
to average). The resulting average precipitation year es-
timate of forage-based K in the park for elk was
1,154 + 163 elk.
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Population-based estimate for potential food-limited
K for elk in the town sector was estimated at about
2,869 + 415 elk, or well above the current (2001) aver-
age numbers of about 1,975 + 150 elk estimated in the
town sector. This sector of the population has recently
grown as rapidly as 11.0% per year, and is most recently
growing at 5.2% per year (1991-2001). Under average
precipitation, the forage-based estimate of food-limited
K for elk in the town sector ranged from 3,082 + 103 to
3,391 + 113 elk if consumption rates were 50—-55%. This
level of consumption was close to the average level mea-
sured in upland and willow areas in the park where elk
exist at food-limited K. However, due to lowered plant
production in dry years, forage-based estimate of food-
limited K for elk in town dropped to 2,330 + 78 10 2,563
+ 85 during a dry year. Population-based estimate of
food-limited K for the entire elk population (both town
and park) was estimated at 3,938 + 419 elk (2,869 +415
in town, 1,069 + 55 in the park).

Elk densities were variable in the park and were
observed to be high (30-65 elk/km?) to very high (66—
110 elk/km?) on about 7% of the park’s winter range.
The high elk concentration areas were almost exclusively
in Moraine Park (Fig. 4). Elk densities were much lower,
<10 elk/km?, on the remaining 82% of the park primary
winter range. Average elk density in the entire town
sector was higher than overall density in the park sector
(Fig. 4). Density of elk in town averaged approximately
28.5 elk/kn?. This is, no doubt, due to the larger total

Table 1. Comparison of three different estimates (x + s.e.) of potential food-limited K and current population
estimates for elk in Rocky Mountain National Park (park sector) and the adjacent town of Estes Park (town

sector), Colorado.

Elk population sector

Park Town
Food-limited K: the potential to support elk
Population-based, from growth trajectories
park 1965-1999, town 1988-1999 1,069 + 55 2,869 + 415
Forage biomass or nutrition-based (1997-2000) 1,154 + 163 3,082 + 103
Population estimates (2001) 1,074 + 39° 1,975 + 150°

*Based on aerial sightability (1995-2001).
"Based on ground mark-resight (1995-2001).
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amount of grassland types in town (28.4 km?) compared
to total grasslands in the park sector (15.0 km?). In
addition, the town sector is about 100 m lower in
elevation and has less snow in winter than the park
sector. Biomass production and N yield on some irrigated
and fertilized grasslands in the town sector also provide
an unnaturally higher concentration of forage on those
sites (Fig. 5). ‘

The human improvements to the managed golf
course and pasturelands (fertilization, irrigation) resulted
in increased nitrogen yield in forages on those sites and
nearly compensated for the complete loss of 0.47 km? of
elk winter range to the Estes Lake impoundment and
[.05 km? to buildings and pavement. At 50% consump-
tion rates, we estimated that 3,251 + 109 elk could have
been supported under average precipitation conditions
in the town sector under pristine conditions, and that
3,082 + 103, or about 5% fewer, elk can potentially be
supported under'these current human-altered conditions
in the town sector. Under lower forage production dur-
ing dry years, we estimated that 2,330 + 77 elk could be
supported under current modified conditions, and
2,424 + 81 elk under pristine conditions.

Correlation of Elk Density
to Willow Growth

Graminoids were the most important diet compo-
nent (71%) during winter and spring, when elk made
significant use of the park’s winter range. All trees and
shrubs combined comprised 22% of fall-winter-spring
diets on the winter range. Willows (Salix spp.) comprised
11.7% of the elk diets during all three seasons when elk
spent some time on the winter range (Appendix D).

Average winter elk density, 1994-1999, was nega-
tively, but weakly, correlated to willow size, density, and
production measures (P <0.10; Table 2). For the 12 wil-
low sites sampled during all 3 years, and where depth to
the water table was also included as a covariate with elk
density, there was also a significant negative correla-
tion between elk density and willow size, stem density,
and production measures, but not to total shrub density
(P = 0.87). AIC, values indicated the best model included
both elk density and depth to water (Table 2; Fig. 6).
We found elk density to be positively correlated with
higher water tables on some of our study sites (those in
Moraine Park; R = 0.44, P=0.01). Moraine Park was
also the location where a negative relationship between
water table levels and willow production and height was
found. This indicates that any positive effects of higher
water tables on willow production may be offset by the
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suppressing effects of high elk density on willow growth.
In Horseshoe Park, where elk densities were lower over-
all, the water table level was positively correlated (though
not significantly) with willow production and height, as
well as herbaceous production. We concluded from these
models that elk density had a much greater influence on
willow growth in this study area than did depth to the
water table. We also noted there were higher, although
not significant, average elk densities in the short willow
(30 + 6 elk/km?) versus the tall willow type (24 + 10
elk/km?; P = 0.68).

Elk consumption rates of willow were positively
correlated with elk density (P = 0.003; r*= 0.495). The
best fit (r? values) for the relation of elk consumption
rates of CAG of willows to willow sizes and growth was
slightly greater using a second order model that included
the independent variable of consumption, consumption?,
and depth to the water table (Table 2). The lowest AIC,
values, however, suggested the best model included a
second order model with consumption only and not depth
to the water table (although the AIC; differences between
the two models were small and biologically insignifi-
cant--only two AIC,; points--indicating water was po-
tentially important). This curvilinear relationship to rates
of consumption strongly suggested grazing optimization
and a peak in willow growth at moderate levels of elk
consumption (% = 21 + 0.4% annual consumption of
willow CAG), but a subsequent negative influence on
willow growth at higher rates of consumption (>37%
consumption; Fig. 7). The smoothed relationship iden-
tified the approximate elk density of >32 £ | elk/km?
and elk consumption rate of >37 £ 3% removal of wil-
low as the threshold levels where our criteria of a 40%
decline in most components of willow growth from maxi-
mum growth levels occurred (Figs. 6 and 7).

Shrub CAG, willow canopy volume and area, and
annual shoot growth of willows were all best explained
(i.e., the lowest AIC, values) by the second order model
of elk consumption rates, while average willow height,
maximum height, and stem and shrub densities were
best explained by models that included both elk density
and depth to the water table (Table 2).

Effects of Elk on Plant
Species Diversity

Elk herbivory did not have a consistent effect on
plant species diversity across vegetation types. However,
species richness was greater in ungrazed plots in short
willow sites in 1995 than grazed plots in the same year,
but this difference was not quite significant (P = 0.15;



222  UNGULATE MANAGEMENT IN NATIONAL PARKS

| B e R | T

o
8 83888 8
M N N

-

(;wy/b) ssewoiq

snoadeqJay doso Buipuels

MMM
]

ELMMIBIDINY

bl

L L L] L]
< ™ ™~ - o

(zw/B) pjeIA usbolN

%, %
%%
X

o@@ O
%

%,

Human modified type

[0 Undisturbed type

Fig. 5. Production and N yield (g/m?) of herbaceous forage of select common human disturbed and undisturbed

vegetation types in the town of Estes Park, and inside Rocky Mountain National Park, Colorado. Some values for N

were not available.



Table 2. Modcl of indcpendent elk density and consumption variables on willow size, density, and growth (dependent) variables in Rocky
Mountain National Park, 1994-1998.

Elk density,
1994-1999 vs. Elk density and Elk consumption,
landscape sites Elk density depth to the Elk consumption,  consumption?, and depth
sampled in 1996  alone 1994-1999 water table consumption’ to the water table
Dependent variables (n=231) (n=35) (n=35) (n=35) (n=35)
Total current annual growth (CAG)
P= 0.111 0.409 0.46 0.466 0.467
= 3.62 7.14 6.34 13.98 9.08
= 0.07 0.0009 0.0008 0.0001 0.0002
AIC, = 1.95 1.30 1.26 1.27 1.35
df = 30 34 34 34 34
Average willow height
P= 0.0005 0.495 0.548 2.656 0.274
F= 0.02 10.12 9.08 5.79 3.98
P= 0.90 0.0001 0.0001 0.007 0.018
AlCc = 9.86 7.13 7.09 7.57 7.67
df. = 30 34 34 34 34
Maximum willow height in plot
= 0.007 0.511 0.604 0.25 0.257
F= 0.21 10.79 11.44 5.37 3.57
P= 0.65 0.0001 0.001 0.010 0.025
AlIC, = 10.63 8.40 8.25 8.89 8.96
df. = 30 34 34 34 34
Willow stem density/plot
P= 0.277 0.266 0.376 0.25 0.26
- 11.13 3.74 4.53 5.35 3.64
= 0.002 0.021 0.006 0.010 0.023
AIC. = 0.58 0.21 0.12 0.29 0.37
df. = 30 34 34 34 34
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Table 2. Concluded.

Elk density,
1994-1999 vs. Elk density and Elk consumption,
landscape sites Elk density depth to the Elk consumption,  consumption’, and depth
sampled in 1996  alone 1994-1999 water table consumption’ to the water table
Dependent variables (n=31) (n=235) (n=135) (n =35) (n=35)
Willow plant density/plot
= 0.101 0.037 0.039 0.009 0.049
F= 3.28 0.40 0.30 0.14 0.54
P= 0.081 0.753 0.87 0.87 0.66
AlC, = 0.94 0.54 0.61 0.62 0.67
df.= 30 34 34 34 34
Twig producticn
r= 0.11 0.406 0.455 0.467 0.468
= 3.67 7.08 6.27 14.01 9.10
= 0.06 0.0009 0.0009 0.0001 0.002
AIC. = 1.94 1.30 1.26 1.27 1.34
df. = 30 34 34 34 34
Willow canopy volume/plot
r= 0.083 0.427 0.483 0.51 0.51
F= 2.62 7.71 7.00 16.69 10.79
pP= 0.117 0.0005 0.0004 0.37 0.0001
AlC. = 2.01 1.70 1.67 1.61 1.69
df. = 30 34 34 34 34
Willow canopy area/plot
= 0.07 0.304 0.337 0.386 0.387
F= 223 451 4.54 10.06 6.51
P= 0.146 0.010 0.0004 0.0004 0.002
AlC.= 1.17 1.12 1.07 1.06 1.14
df = 30 34 34 34 34
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Table 3). No significant differences in plant diversity
indices were evident in upland bitterbrush sites (Table 3).
No differences in productivity of native or exotic spe-
cies were observed between grazed willow and upland
sites and sites that were ungrazed for 4 years (P >0.20).

Any Evidence for Potential Overgrazing

A number of alterations to plant cover, soil, and
plant abundance were observed that might meet the
stated criteria for overgrazing. For example, willow
production, willow height, and willow catkin production
were lower on grazed sites compared to sites ungrazed
for 4 years (Fig. 8). These willow responses were even
more dramatic following 35 years of exclosure protection.
There was more willow canopy area (7 = 0.07), more
willow canopy volume (P =0.08), 265% higher stem
density of willows (P = 0.19), and 244% taller willow
heights (P = 0.10) in ungrazed plots. Shrub volume and
shrub canopy area were also greater (P <0.001) in
ungrazed plots following 35 years of protection for big
sagebrush, A. tridentata, (300% and 178% higher,
respectively). These changes were accompanied by
increases in P. tridentata, Chrysothamnus viscidiflorus,
and Ribes spp. on the grazed plots (824% more total
shrub volume and 665% more shrub canopy cover for
these three species pooled). There were also some minor
changes in the soil surface due to elk herbivory that
would promote erosion. Soil bulk densities were slightly
(1.7%) higher on grazed sites, there was 4.6% more bare
ground on grazed sites following 4 years of protection
(P=0.03), and 6.4% more following 35 years, although
this latter difference only approached statistical
significance (P = 0.14).

A number of other samplings provided little
evidence for any of the stated criteria for overgrazing.
There were very minor alterations to macronutrients in
plants, and no general trend towards depletion of
macronutrients as predicted under overgrazing
(aboveground N availability is presented in Schoenecker
et al., this volume). The only differences noted in
macronutrients in 171 plants sampled were increases in
calcium and potassium on grazed sites for one willow
species (S. monticola), but lower phosphorous for some
willows on grazed sites (Table 4). There were very few,
and almost no consistent, differences in the abundance
of herbaceous species following 4 years of protection.
Biomass of Solidago spp. was more abundant on grazed
sites, while Mertensia ciliata was less abundant. Two

SINGER ET AL. 227

species were altered more dramatically following 4 years
of protection. Live cover of Artemisia ludoviciana was
62% less, cover of Eriogonum umbellatum was 50% less,
and cover of accumulated herbaceous litter was 56% less
on grazed sites. We found no differences in biomass of
fine (mostly herbaceous) roots or N concentration in roots
following 4 years of protection. But there was 850%
greater biomass of coarse roots (still mostly herbaceous
roots) in grazed upland sites compared to sites protected
for 4 years (P = 0.02), and there was 364% more biomass
of coarse roots in grazed willow sites compared to sites
protected for 35 years (P = 0.03). After 35 years of
treatment in willow type, we found differences in fine
root biomass (P <0.001), fine root N concentration (P =
0.003) and N yield (P = 0.10), but not in upland grass/
shrub communities.

Elk Consumption Rates

Consumption of willow species averaged 27 + 2%
in winter (Table 5). Willow consumption was greater in
short willow (34 + 4%) than tall willow sites (26 + 3%,
P = 0.04) and in Moraine Park (31 + 3%) than Horse-
shoe Park (22 + 2%, P = 0.01). Shrub consumption in
willow communities was lower in summer, when it av-
eraged 6 + 0.4% (Table 5).

Leader use (percent of all leaders browsed) of up-
land shrubs averaged 39 + 5% and was lower than in
willow sites (7 <0.08). Percent annual consumption of
the CAG of upland shrubs was consistent between years
(P >0.17), averaging 12 + 2% (range 8%—16%). Per-
cent consumption of upland shrub CAG in summer was
minimal, <[%.

Percent consumption of herbaceous vegetation dur-
ing winter was higher (53 +9%) in bitterbrush sites than
in willow sites (28 + 1%). Percent consumption of her-
baceous biomass during summer averaged 6 + 0.6% in
bitterbrush sites and 28 + 9% in willows. Average an-
nual herbaceous consumption was 60% for upland bit-
terbrush communities and 55% for willow communities
over the 4-year study period.

Overall percent consumption of herbaceous biomass
in town in winter was 30 + 8% and did not differ (P =
0.91) between vegetation/habitat types. Summer
herbaceous consumption averaged 29 + 7% and did not
differ greatly between types with the exception that
consumption was lower (P = 0.06) in pine-grasslands.
Total annual herbaceous consumption on the study plots
in town averaged 57%.



Table 3. Annual values for diversity indices of sampled vegetation type on elk winter range of Rocky Mountain National Park, Colorado.

Diversity (H) Richness (R)
Grazed Ungrazed Grazed Ungrazed
Vegetation type Year Mean 95%c.i Mean 95% c.i. Mean 95% c.i. Mean 95% c.i.
Short willow 1994 1.33 0.93-1.74 1.49 1.07-1.92 3.59 2.50-4.68 3.70 1.78-5.62
1995 1.38 0.42-2.35 1.66 1.14-2.19 1.08 1.07-7.10 5.87 4.15-7.60
1996 1.32 0.61-2.03 1.41 0.63-2.20 5.50 3.45-7.55 6.33 4.08-8.58
1998 1.31 0.45-2.17 1.48 0.89-2.06 8.12 3.04-13.21 8.88 6.50-11.25
Tall willow 1994 1.02 0.45-1.59 0.83 0.06-1.61 2.91 0.44-5.38 2.30 0.13-4.47
1995 0.92 -0.02-1.87 1.15 022-2.07 4.33 0.79-7.88 4.79 0.60-8.99
1996 1.26 0.48-2.04 1.25 0.36-2.15 4.75 2.24-7.26 5.33 0.83-9.83
1998 1.17 0.69-1.64 1.00 0.12-1.88 6.50 1.86-11.14 6.25 0.72-11.78
Upland bitterbrush 1994 1.39 0.89-1.88 1.24 0.75-1.72 3.36 2.39-433 2.95 1.72-4.18
1995 1.64 0.51-2.78 1.71 1.03-2.40 4.17 1.81-6.52 3.17 1.76-4.57
1996 1.48 0.81-2.16 1.46 1.05-1.87 5.17 3.58-6.76 425 3.07-5.43
1997 1.57 1.05-2.08 1.59 1.28-1.90 5.21 4.48-5.94 5.08 3.99-6.18

c.i. = confidence interval,
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Table 4. Nutrient content of willows and herbs under different herbivory treatments on willow sites on elk winter range of Rocky Mountain National
Park, Colorado, 1998.

Graminoids Forbs Salix geyeriana Salix monticola Salix planifolia

Ungrazed  Grazed Ungrazed Grazed Ungrazed Grazed  Ungrazed Grazed Ungrazed  Grazed

Nitrogen (%) 1.74 2.00 2.48 251 1.14 1.08 1.18% 1.08 1.25 1.10
Dry matter 54.72 57.16° 75.00 74.81 37.20 36.06 36.26 35.0 34.60 32.40°
digestibility (%)

Calcium (mg/L) 0.61 0.65 0.71 0.81% 0.62 0.65
Potassium (mg/L) 0.23 0.25 0.22 0.27° 0.28 0.30
Phosphorus (mg/L) 0.13 0.13 0.13 0.12 0.14* 0.13
ip <0.10.
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Table 5. Percent current annual growth of shrubs consumed by elk in willow communities in Rocky Mountain National Park, Colorado.

1994° 1995 1996 1997 1998
Winter Summer Winter Summer Winter Summer Winter Summer  Winter Summer
Willow
% of total leaders which have been
browsed (A) 62.91 N/A 64.45 2544 5748  32.51 48.60 23.48
Average % of leader removed from
browsed shcots (B) 58.43 N/A 32.13 3556  46.52 19.33 32.98 28.25
% current annual growth removed (A*B) 37.14 N/A 21.61 5.76  28.08 6.91 17.09 6.93
Upland bitterbrush
% of total leaders which have been
browsed (A) 39.0 2.76 293 1.0 47.6 <1.0 33.2
Average % of leader removed from
browsed shoots (B) 25.8 N/A 28.6 28.6 33.8 9.5 314
% current annual growth removed (A*B) 10.1 N/A 8.4 <1.0 16.1 <1.0 114

*Winter values may be higher than other years due to variation in sampling methods.
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Effects of Elk on
Ecosystem Sustainability

Concentrations of N in live plant tissues were not
greatly altered by elk herbivory. We found increased N
concentrations in only 4 of |3 grazed plants (4.
tridentata, P = 0.10; Bouteloua gracilis, P = 0.0l;
Heracleum sphondylium, P = 0.09; Koeleria macrantha,
P=0.01). N yield (N produced/m?year) was reduced in
willow 64% following 4 years of protection (P = 0.05).
N inputs from litterfall were also reduced from 0.57 g/
m?/year to 0.24 g/m*year (P <0.05), although elk fecal
and urinary inputs compensated for some of these losses
in N inputs.

N mineralization rates were lower in grazed versus
ungrazed plots of short willow sites after 4 years of pro-
tection (0.39 grazed versus 1.83 ungrazed, P =0.07, n=
4 sites, versus 3.25 grazed and 2.11 ungrazed, P >0.10,
n =4, in tall willow sites; Schoenecker et al., this vol-
ume). Nitrate pools were also lower in grazed than
ungrazed plots of short willow sites (0.31 grazed versus
1.44 ungrazed, P = 0.10), but no differences for these N
variables were detected in tall willows (Schoenecker
et al., this volume).

From the same study plots, Schoenecker et al. (this
volume) calculated that annual N inputs to the soil sur-
face on grazed sites were only 60% (5.79g N/m?¥year)
from acombination of herbaceous biomass left after graz-
ing + shrub leaf litterfall + elk urine and feces com-
pared to ungrazed sites (9.66g N/m¥year; herbaceous
biomass + litterfall). Similarly, annual N inputs to the
aspen type on grazed sites were only 44% (1.65g N/m%
year) that of ungrazed sites (3.79g N/m?¥year;
Schoenecker et al., this volume).

Discussion

Population-Based Predator
Limitation Approach

Our population-based estimates of food-limited X
for elk in the park were strikingly similar to the nutri-
tionally based, or food-limited, estimates of K made by
Hobbs et al. (1982) (1,069 + 55 versus 991 + 102 dry
year or 1,481 + 261 wet year). The similarity of the ap-
proximation of current elk numbers in the park to the
theoretical nutrition-based estimate and the observed
equilibrium population size support the hypothesis that
the park sub-population is currently limited through

density-dependent processes by food resources, rather
than by any other factors such as predators or weather.
The population-based estimate of potential food-limited
K for winter in town of 2,869 + 415 elk was also similar
to the forage-based estimate of food-limited K in town
of 3,082 + 103 to 3,391 + 113 (average precipitation
year), suggesting that X might be fairly well approxi-
mated in the town. However, we caution these estimates
may be subject to errors, since elk in the town sector
have not yet reached their K for winter and we selected
anarbitrary value for average herbaceous forage use (50—
55%) for our calculations, Thus, these town estimates
should by viewed as provisional estimates.
Considerable published information from
undisturbed systems with wolves and bears suggests that
in pristine times, when natural densities of predators
existed, elk in the RMNP system would likely have been
limited below food-limited X most of the time by the
large capable predators present at that time--grizzly
bears, black bears, wolves, mountain lions (Felis
concolor), and coyotes (Gasaway et al. 1992; Boyce
1993; Messicr 1994). We concluded from the modeling
of the northern Yellowstone elk population that limitation
of the elk, on the order of about 15% fewer elk, has
occurred since wolf restoration to the area, especially
since 1997 (Singer et al. 2002). The northern
Yellowstone elk population is similar in historic
conditions to what the RMNP ecosystem must have
represented. Elk are the dominant ungulate in both
ecosystems, and their major predators were the same in
both systems--gray wolves, grizzly bears, black bears,
and coyotes. There is little additional empirical basis
upon which to predict if the ultimate level of limitation
of the northem Yellowstone elk population will be higher,
or how consistent the limitation will be through the years,
although computer models have predicted 25% or even
higher levels of limitation of elk (Boyce 1993),
particularly if harvests of antlerless elk by humans north
of the park are not reduced (Singer and Mack 1999).
Predators can act to hold ungulates at low densities for
long periods (Gasaway et al. 1992; Messier 1995),
especially in concert with periodic severe winters
(McLaren and Peterson 1994; Mech et al. 1998). Wolf
predation may act to increase the decline phase of
ungulates following a peak density (since ungulates in
poor condition are more vulnerable). But long-term
stability under predator limitation should not always be
expected by park managers. For example, predator-
ungulate systems may shift between multiple equilibria
(Messier 1994) due to predator-sensitive limitation and



periodic weather fluctuations (McLaren and Peterson
1994; Mech et al. 1998).

We concluded that rich forage resources in human-
disturbed grass types in the Estes Valley presently com-
pensate for the negative effects of humans on habitat
and forage losses due to developments. Preliminary es-
timates suggest that the town sector supports only about
169 (5%) fewer elk due to these human modifications,
after subtracting all the losses (the area of Estes Lake
impoundment and urban areas) and adding the increases
(golf courses, irrigated grasslands) to the forage biom-
ass for elk. Nitrogen concentrations, biomass produc-
tion, and N yield were higher in these human-modified
grass types in town (golf courses, irrigated pastures)
compared to unmodified native grasslands. Those elk
that selectively feed on these human-enriched sites (e.g.,
elk regularly forage on the golf course) should exhibit
increased foraging efficiency, increased daily energy
balance, decreased winter weight losses, and improved
survival (Robbins 1983; Wickstrom et al. 1984; lason
etal. 1986).

Other factors also contribute to the attractiveness
of the town to elk. The developments and human activity
undoubtedly contribute to less predator activity. The town
is lower in elevation than park winter range and snow
depths are lower. There is no sport hunting within the
Estes Park town limits whereas there is limited hunting
on U.S. Forest Service and private land on the edge of
town. The artificially maintained forage resources in
town due to annual fertilization and irrigation contribute
to unnatural stability in elk numbers, since these human-
managed grasslands tend to dampen natural forage
fluctuations due to drought and fire. Additionally, elk
using the area will be less influenced by severe winters
or predators (McLaren and Peterson 1994; Mech et al.
1998; Singer et al. 1998a). Large, stochastic fluctuations
in ungulate numbers are a natural process that may
permit events, such as episodic recruitment in some plant
groups, and these fluctuations will be less in the altered
town environment. The increased number of elk in town
contribute to higher overall consumption rates on the
park winter ranges since town elk migrate slowly through
the park winter ranges and consume vegetation during
their migrations. Most radiocollared elk that wintered
in town spent an additional 64 + 7 days on park winter
range annually during their migration to the park’s
higher alpine summer range. Elk also demonstrated a
high degree of habituation and willingness to graze rich
forages in lawns, golf courses, and ornamental shrubs.
There are almost no fences in town that obstruct elk. We
predict that, in the absence of any human controls, elk
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populations will continue to increase up to 47% (921
more elk over the 2001 population estimate, assuming a
50-55% use of forage) to food-limited K in the town
sector, and that these additional elk will further influence
the park’s winter ranges during their annual migrations
to the park’s summer range. However, in the long-term,
the K for elk in town is predicted to eventually decline
as human developments continue at a rapid pace in the
area.

Effects of Elk on Plant Community
and Plant Species Diversity

No indications of any large species shifts or declines
in herbaceous plant species diversity due to elk herbivory
after 4 years of protection from elk were found. These
observations were in agreement with the independent
findings of Stohlgren et al. (1999) for the same area.
The abundance of only four herbaceous plant species
was altered by elk herbivory. But we concluded that high
densities of elk contributed to a large decline in willow
size, structure, and growth at both the 4-year and 35-
year exclosures. High levels of elk herbivory (above a
threshold of 37% consumption of willow CAG) sup-
pressed the maximal willow height, densities, volume,
and CAG, although there was compelling evidence for
grazing optimization at lower levels of about 21% use
of willow CAG. These suppressing effects of high elk
herbivory on willow growth likely have already resulted
in declines in the recruitment and abundance of willow
communities and further declines are also likely. Using
aerial photos, GIS, and groundtruthing, Peinetti et al.
(this volume) found that tall willows declined 22% in
Moraine Park and 19% in Horseshoe Park from 1946—
1996.

Our data suggested elk had a much larger effect than
did depth to the water table on willow growth and abun-
dance, at least under the limited range of depths of wa-
ter tables and relatively high water tables in our study
(average water tables varied from 0-1 m from ground
surface at our sample sites and no water table ever fell
below 1 m even during July or August). Thus, willows
likely root to the water table at all study sites. We stud-
ied few of the most watered sites (i.e., we did not study
beaver ponds) and also no dry willow sites with deep
water tables (e.g., no sites of 2 m or lower were sampled).
Also, depth to water table and elk density were posi-
tively correlated at some of the study sites, i.e. the high-
est elk densities were found at some sites that also had
very high water tables, and elk effects overwhelmed any
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potential positive effects of high water at these sites. But
we caution against concluding that depth to the water
table was of little importance. For example, long-term
climate change over the past 90 years to a warmer and
drier climate may have contributed to a willow decline
(although more recent conditions since 1995 have been
wet and cool, Singer et al. [1998b]; Stohlgren et al.
[1998]). It is not known, however, if this minor climate
trend could have influenced depth to water tables.
Greater precipitation and higher winter snow packs re-
sulted in higher early growing season stream flows and
higher measured water tables on the study sites
(Zeigenfuss er al., this volume). Beaver declined 80%—
90% on the elk winter range in the park from the 1940s
through the mid-1990s (Zeigenfuss et al_, this volume).
As a result, stream channels are currently straighter and
less complex in the lower reaches of the park’s streams.
There are presently fewer side channels, fewer oxbows,
and fewer braided channels than was the case in 1946
aerial photos. Willow cover decreased ~20% over this
same time period (Peinetti et al., this volume). Thus,
this large beaver decline dewatered many areas, likely
increased depth to water table at many sites, and likely
contributed to the willow declines. The sites of greatest
alteration and simplification of the stream channels (ap-
parently due to the decline in beaver and the effects of
their dams) corresponded tightly with the locales where
willows also declined the most (Peinetti et al., this vol-
ume). We suggest the return of beaver to the entire win-
ter range would improve growth conditions for willows
and would assist willows in sustaining elk herbivory.

The Sustainability Approach Applied
to Rocky Mountain National Park

Elk herbivory dramatically reduced sizes of four
shrub species (3 willows and 1 upland shrub), and there
was a 22% decrease in herbaceous production in willow
communities. However, there was no measurable effect
of elk herbivory on herbaceous production in any other
vegetation community. Thus, we concluded the current
level of elk herbivory was sustainable for 3 shrubs, but
not a fourth shrub species, and most herbaceous vegeta-
tion in two vegetation types, but not sustainable for the
willows and the herbaceous production in the willow
type.

A key criterion to apply the sustainability approach
is whether or not soil fertility, especially N and C
abundances, are sustained under the level of ungulate
grazing and actions of ungulates. We concluded that N

and C abundances were apparently being maintained in
the upland grass/shrub type, but that N processes and N
pools were being reduced by elk grazing in the willow
and aspen types. Annual inputs of N under elk herbivory
were only about 60% in the willow type and about 44%
in aspen type compared to ungrazed sites, and N
mineralization rates were 79% lower in grazed willow
sites (Schoenecker et al., this volume). Most authors
report an increase in N cycling rates (Risser and Parton
1982) and increased N mineralization (Ruess and
McNaughton 1987; Frank and Groffman 1998) with
grazing by native ungulates due to the transfer of litter
to more usable fecal and urinary inputs. But several other
authors have also reported a decline in N mineralization
and N availability due to ungulate herbivory (Mclnnes
et al. 1992; Ritchie et al. 1998), attributed in some cases
to heavy grazing levels (Seagle et al. 1992; Biondini et al.
1998). Although feedbacks to the elk population may
eventually slow or stabilize the declines in soil fertility,
we caution managers that at some point, the depletions
might result in declines in plant growth and changes in
species composition (Mclnnes et al. 1992; Ritchie et al.
1998).

We found an increase in N concentrations in only
one-third of the plant species we sampled. A number of
studies documented higher N concentrations in grazed
plants, especially grasses, apparently due to higher N
uptake rate by roots of grazed plants, and greater avail-
ability of N to plants due to higher net N mineralization
on grazed sites (Coughenour et al. 1990; Holland and
Detling 1990, Singer and Harter 1996; Frank and
Groffman 1998).

Nitrate (NOy") pools were 78% lower in grazed short
willow sites in RMNP (Schoenecker et al., this volume).
Variable results have been reported for effects of native
ungulate grazing on N and C pools. Some authors re-
ported no overall effect of ungulates on soil N and C
pools (Frank and Groffman 1998; Ritchie et al. 1998),
or even a decrease in these pools (Mclnnes etal. 1992;
Pastor et al. 1993).

Convincing evidence for browsing optimization in
willows at moderate consumption rates was found
(higher willow production occurred at 21% consump-
tion of CAG than with no consumption). Danell et al.
(1985) and Oldemeyer (1981) also reported browsing
optimization at moderate consumption rates for birches
(Betula spp.). But we found no evidence for grazing
optimization in herbaceous plants, in agreement with
Biondini et al. (1998) and Mazancourt et al. (1998) who
found no optimization, although others found evidence



for herbaceous grazing optimization by ungulates in
Africa (McNaughton 1979, 1983, 1993) and in the west-
ern U.S. (Frank and McNaughton 1993).

Aboveground production might be (temporarily)
maintained at the expense of belowground biomass
(Belsky 1986; Verkaar 1992), and thus any assessment
of grazing sustainability should include root responses
(Verkaar 1992). We concluded that grazing generally
resulted in no reduction of root biomass. The majority
of studies report a decline in root biomass due to ungu-
late herbivory (Detling 1988; Coughenour et al. 1990;
Holland and Detling 1990), but in support of our find-
ings, a recent study of 11 locations in the Serengeti,
Africa (McNaughton et al. 1998) found no evidence for
decreases in root biomass even under intense herbivory
by large numbers of wild ungulates, nor did Coughenour
(1991) or Merrill et al. (1993) find any effect of ungu-
lates on herbaceous root biomass in YNP.

Evidence for Overgrazing

A key criterion of the overgrazing approach is that
excess grazing leads to more bare ground and acceler-
ated sediment yields and erosion (Pengelly 1963;
Westoby et al. 1989; Fuls 1992). Elk grazing in RMNP
slightly increased upper soil bulk densities (1.7%) and
slightly increased the percent of bare ground (4.6%).
Accelerated sediment yield is a product of not only bulk
density and bare ground, but also percent plant cover,
infiltration rates, and slope. For the steep slopes of an
elk winter range along the Gallatin River, Montana,
Packer (1963) recommended that soil surface bulk den-
sities be below 1.04 g/cm?® and percent bare ground be
less than 30% to protect soil surfaces from accelerated
erosion. If Packer’s (1963) data can be generalized, sedi-
ment yield should not be a concern on most of the RMNP
winter range since the area consists of mostly flat sites
and very gentle slopes. But the percent bare ground on
wet meadow and upland grass/shrub (X = 28% wet
meadows, X = 38% upland grass) approached or ex-
ceeded Packer’s (1963) thresholds of concern as did ob-
served bulk densities on grazed sites in three vegetation
types (0.81 g/cm® in meadow, 0.92 g/cm® in aspen,
1.10 g/cm’ in upland grass/shrub). These values sug-
gest there might be some concern for accelerated ero-
sion on steeper slopes on the winter range in the upland
grass/shrub type, but specific research into measures of
sediment yield would be required.

Another stated criterion of overgrazing is that shifts
in plant species composition will occur, and in particular,
less palatable forage species will increase (Pengelly 1963,
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Westoby et al. 1989; Fuls 1992). We observed little
evidence for any significant increase in less palatable
plant species due to elk herbivory in the willow or upland
types. Stohlgren et al. (1999) also found no consistent
effect of elk herbivory on plant diversity at the landscape
scale in these same types. Several less palatable species
(Phleum pratense, Carex spp., Selaginella densa)
increased during 25 years on open range plots (grazed
sites only with no controls) in the upland grass and
meadow types on the winter range (Zeigenfuss et al.
1999). We interpret the increases in herbaceous root
biomass in the grazed willow and upland type as an
underground response to the declines in shrubs (Salix
spp. and Artemisia tridentata) due to grazing. We did
not excavate or sample shrub root systems, but we suspect
these declined on the grazed sites.

The Allowable Use Approach
Applied to National Parks

No magic golden rule exists in the literature for al-
lowable use that could be unambiguously applied (o a
number of national parks. In contrast to any general
rules, the published literature we reviewed suggests plant
response to ungulate herbivory varied greatly between
different ecoareas (Coughenour 1985; Milchunas et al.
1988; see review in Fig. 2). Our review indicated that,
in general, plants growing in sites with higher N and
water availability seemingly tolerated higher rates of
herbivory (Hamilton et al. 1998; Mazancourt et al. 1998)
and plants with a larger proportion of their biomass in
roots, such as occurs in the shortgrass prairie and some
other grasslands, also tolerated herbivory better. The tim-
ing of the herbivory also influenced plant responses
(Mueggler 1975; Frank and McNaughton 1992) with
fewer effects predicted from winter herbivory than from
herbivory during the growing season. Herbivory during
winter only is better sustained since the plants are in
senescence, the ground is frozen, and the plants’ reserves
are shunted to the root systems and the ground is frozen
and/or protected by snow cover to some extent from hoof
action of ungulates (Frank and McNaughton 1992;
Singer and Harter 1996; Singer et al. 1998b).

Consumption rates in those grassland types most
similar to RMNP (e.g., mountain bunchgrass, mixed
grass prairie; Fig. 2) that evolved with at least moderate
herds of grazing ungulates (40-45%) appeared to be
sustainable in most instances, but consumption rates of
60-80% were not. Exceptions were the more grazing
resilient short grass prairie and the Serengeti grasslands,
where higher consumption rates of 60-65% by ungulates
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were apparently sustainable. The RMNP grasslands will
not be quite as resilient as the short grass prairie or the
Serengeti grasslands, since both of those areas adapted
to, and evolved with, grazing by large herds of ungulates
(e.g., Serengeti: African buffalo, wildebeest, zebra; short-
grass prairie: American bison). The current high
consumption rate of 60% (averaged over 4 years) in
upland grass/bitterbrush type, in the RMNP case example
might be a concern to management based on the
published literature. These high consumption rates have
probably been limited to the previous 8-12 years. We
suspect that, if maintained, these high consumptions
could possibly result in future vegetation changes in the
park, especially if elk in the town sector are allowed to
further increase to their estimated potential and if
consumption rates of plants in the park increase due to
more town elk migrating through the park’s winter
range.

Our review indicated that, in general, productive,
seral shrub communities (i.e., willow, aspen, birch,
mountain maple) could typically sustain consumption
rates of 42—-50%, but consumption rates of 65-85% are
not sustainable (Fig. 2). These published findings, many
that are based on artificial clipping studies, predict the
range of willow consumption rates we observed in RMNP
should have no negative influences on willows (Aldous
1952; Krefting et al. 1966; Wolff and Zasada 1979; Wolfe
et al. 1983; Bergstrom and Danell 1987). Yet, we
observed substantial reductions in willow heights,
volumes, and production at 37% consumption rates by
elk. This discrepancy is apparently due to the fact that
much of the information on shrubs is based on clipping
studies to simulate herbivory. These studies assume
artificial clipping mimics ungulate herbivory, but we
conclude it does not. The effects of ungulate herbivory
on willows in this study were roughly two-and-a-half
times greater than equivalent CAG removal by clipping
(Zeigenfuss et al., this volume). The physical damage
from elk (rough breakage, stripping of bark) has a greater
effect on willows than the clean, mechanical clipping of
shoots. For example, an average of 20% of the adjacent
length of a browsed leader died after winter browsing
by elk in our study area, but only 2% of the leader died
after mechanical clipping (Menezes et al. 2001).

Our review suggests upland shrubs of the Intermoun-
tain West generally sustained ungulate consumption rates
0f24-28% CAG, while higher studied consumption rates
of 55-68% were not sustainable. In the case example of
RMNP, we found big sagebrush was more sensitive to
removals than suggested by the literature. Although we

found no effect on any upland shrubs due to grazing by
elk at levels of 12% consumption of CAG following 4
years of protection, we found large size reduction in
grazed sagebrush following longer periods (35 years) of
grazing compared to ungrazed plants. However, three
other upland shrub species actually increased slightly
on these same grazed areas compared to ungrazed areas
following 35 years of protection.

Conclusions
The Overgrazing Approach

The criteria for overgrazing are the most clearly
stated and most simply and readily measured of any of
the approaches, and thus we recommend this view be
applied as the first choice in clear cut cases where, clearly,
there is either overgrazing (i.e., many of the criteria for
overgrazing can be documented), or in those cases where
there is no evidence of overgrazing (i.e., when none or
almost none of the criteria for overgrazing can be
documented).

Unfortunately, most cases will fall into an interme-
diate category of observed criteria for overgrazing, as
did the RMNP case example. Here we found the over-
grazing approach to be less than adequate. Consider-
able judgments as to the severity of evidence will be
required in these instances. In the RMNP data set, we
investigated 20 exclosure comparisons that might con-
stitute evidence of overgrazing, and only four of these
comparisons met the criteria for overgrazing (less big
sagebrush production, less willow production, less her-
baceous production, more bare ground). For a fifth cri-
teria, that of possible accelerated erosion, our measures
indicated a concern in only one vegetation type. Does
this mix of evidence for RMNP data constitute evidence
for overgrazing or not? Another concern over this ap-
proach is that it was developed for agricultural systems.
But, natural ungulate grazing might result in some in-
crease in bare ground and some effects on plants, and
many of their other actions (dusting, rubbing trees and
shrubs, hoof action on soil compaction) must be viewed
as natural effects. The variables measured for overgraz-
ing criteria (e.g., percent bare ground, sediment yield,
percent plant cover, trampling) may representa very sim-
plistic view of ecosystem dynamics and plant-herbivore
relations as Westoby et al. (1989), Coughenour and
Singer (1991), and McNaughton (1993) have pointed
out.



The Allowable Use Approach

We recommend the application of allowable use cri-
teria to national parks as another highly useful approach
to managers, but only in cases where considerable em-
pirical data are available for that area on effects of dif-
ferent levels of use. The principal disadvantages of this
approach for widespread use are that, as our literature
review suggested, there are few general rules that could
be readily applied to a new study area with little back-
ground data (see Fig. 2). The response of plants to a
specific use level will vary depending on the ecosystem
type, the structure and growth form of the plants, and
the extent of evolution with ungulate grazing (Fig. 2;
McNaughton 1979, 1983; Milchunas et al. 1988). In the
case example, of RMNP, a large amount of ecological
information gathered by us and other researchers is avail-
able to apply the allowable use approach.

The advantage of this approach is that it provides a
straightforward, quantitative measure of the direct in-
teraction between herbivores and their plant forages,
providing that specific information is available for the
park. The approach provides the opportunity to set very
specific vegetation goals. For example, should NPS
managers decide, based on historical conditions and
natural processes, that the current decline in willows in
RMNP is a departure from natural conditions, the al-
lowable use information we gathered suggest the cur-
rent average rate of consumption of willows in the park
winter range should be lowered from 27% to less than
21% (an approximate 22% decrease in average use). This
would apparently protect most willow patches from over-
use. This goal might be achieved by reducing the elk
population in the park by roughly 22% to 838 elk, (1,074
elk * 0.78). This reduction is also roughly similar to the
reduction (20-30%) suggested by the predator limita-
tion estimates for YNP (Singer et al. 2002). We do cau-
tion, however, that this assumes a linear reduction in
willow consumption and that elk distributions remain
constant, neither of which might hold true. Management
decisions still must be made as to the natural conditions
and processes that prevailed in the park area and, thus,
what effects of a specific use level by ungulates on plants
will be acceptable and what effects are excessive.

The Biodiversity and
Sustainability Approaches

We concluded that both the diversity and grazing
optimization/sustainability approaches would be
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ambiguous and complex for most park managers to apply
to a new assignment to an ecosystem question, although
the approaches could be useful in well-studied and well-
understood ecosystems. In human-altered systems, it is
challenging to determine what influences of ungulates
might be natural and acceptable. For example, ungulates
in pristine, natural systems may alternatively increase,
cause no change, or decrease plant diversity
(McNaughton 1979, 1993; Stohlgren et al. 1999) or plant
production (McNaughton 1983, 1993; Frank and
McNaughton 1993; Biondini et al. 1998). Which
response is the most appropriate in the particular natural
system under observation? There may be no one single
answer. Application of these approaches requires an
understanding of the complex ecological relationships
of that ecosystem. A sound scientific appreciation for
which observed plant changes are due to factors other
than ungulates (such as succession, climate change, fire
suppression, or beaver declines) needs to be isolated from
changes in the system that are due to ungulates alone.
Use of these two approaches should not be ruled out by
managers to evaluate ungulate effects, but acommitment
of many years and much effort will likely be required to
understand the ecosystem dynamics sufficiently to apply
the views.

These two approaches, however, could be readily
applied to a park such as the RMNP case example where
there is extensive information on plant species and veg-
etation community diversity responses to ecosystem pro-
cesses, such as succession, herbivory, fire, and fluvial
processes (Olmstead 1979; Stohlgren et al. 1999;
Zeigenfuss et al., this volume). One advantage of apply-
ing these approaches is that both are closely aligned to
the NPS mandates to manage for diversity and maintain
natural ecosystem processes (NPS 2001).

The Population-Based Predator
Limitation Approaches

As our first choice for the most useful and most
general approach for use by NPS managers, we selected
the population-based or forage-based estimates of food-
limited K applied in concert with actual observations of
the extent of predator limitation of ungulates below food-
limited K in that, or in similar, ecosystems. This
approach is the most central and closely aligned to NPS
policy, which calls for preservation of natural processes.
One of, if not the most important natural process,
includes the effects of large, capable predators on
ungulates.



238 UNGULATE MANAGEMENT IN NATIONAL PARKS

The population-based and forage-based estimates
of food-limited K were also operationally clear, i.e., the
methods were specific, quantifiable, and measurable
(Table 6). Population-based estimates of K compared
favorably (only ~7% different) to independent nutrition-
ally-based estimates of K, lending credence to the accu-
racy of both independent estimates. Any possible
management intervention would most readily be based
on elk population size goals; thus, population-based
analyses will be central to those goals. We concluded
multiple natural predators in the RMNP ecosystem would
have likely limited ungulates below density-dependent
or food-limited K for elk during most years (Gasaway et
al. 1992; Messier 1994; Sinclair and Pech 1996; Orians
et al. 1997; Mech et al. 1998). The challenge to apply-
ing this approach is that the magnitude and duration of
predator-limitation may not always be sufficiently un-
derstood and may be difficult to predict for a specific
park area (Boutin 1992; Sinclair and Pech 1996; Crete
1998). Also, these approaches may require long-term
data sets. For example, the detection of density depen-
dence may require reduction of the ungulate population
to less than or equal to one-fourth of K prior to any re-
lease (Shenk et al. 1998). Detection of density depen-
dence, which is necessary to estimate food-limited K from
the population growth trajectory, is often detected only
after large (>75%) reductions in animals, subsequent
release of the population, and, finally, observation of
the population growth trajectory for 12—18 years follow-
ing release (Coughenour and Singer 1996; Shenk et al,
1998; McCullough 1999; this study in RMNP). This kind
of unique information may not be available for many
parks, but the information was available for our case
study in RMNP.

The evidence for multiple predator limitation of elk
in Yellowstone National Park, Wyoming following wolf
restoration in 1995 should provide a useful starting
number for the likely limitation of elk by multiple
predators in a continental Rocky Mountain ecosystem.
Computer modeling projected that the limitation of elk
by wolves, in concert with other predators, in YNP is
currently about 15% less than food- and weather-limited
K, and additional limitation is possible (Singer et al.
2002). Wolves may also be altering the distributions of
elk in Yellowstone National Park and their foraging
patterns across the landscape (Ripple and Larsen 2000).
Where there is specific information on the effects of
predators, this approach requires more straight-forward
interpretation of natural conditions.
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Appendix A. Vegetation coverage of major elk winter ranges in eastern Rocky Mountain National Park, Colorado.

Horseshoe Range Moraine Range Trail Ridge Range
Cover class Area (km?) Percent Area (km?) Percent Area (km?) Percent
Water 0.30 1 0.39 | 0.16 |
Willow 5.59 9 5.06 11 1.93 9
Grassland 3.57 6 4.14 10 2.55 12
Shrubland 2.57 4 223 5 0.80 4
Unvegetated 0.16 0 0.15 0 2.58 12
Aspen 0.23 0 0.22 1 0.03 0
Conifer 46.36 75 29.55 68 0.00 0
Pine grasslands 3.28 5 1.51 4 0.00 0
Subalpine forest 0.06 0 0.00 0 2.25 10
Tundra 0.00 0 0.00 0 0.137 1
Alpine range 0.00 0 0.00 0 11.07 51
Total 62.08 100 43.14 100 21.50 100
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Appendix B. Vegetation coverage for the town winter elk range, Estes Park, Colorado.

Cover class Area (km?) Percent
Shrubland 4.87 8.0
Grassland 13.83 228
Aspen 0.09 <l
Ponderosa pine 22.46 37.0
Douglas fir 0.36 <l
Lodgepole pine 7.08 1.7
Unvegetated 0.72 1.2
Water 0.80 1.3
Disturbed grasslands 291 4.8
Slightly irrigated grasslands 2.82 4.5
Subirrigated grasslands 0.52 <]
Golf course 0.62 1.0
Willow 3.60 5.9
Total 60.68 100
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Appendix C. Indices used to measure herbaceous species diversity in grazed and ungrazed plots on elk winter range
in Rocky Mountain National Park, Colorado.

Index Formula Source

s
Diversity H= ”kEIU’k) In(Pk ) Shannon and Weaver (1962)
Richness R = s/total number of plots

P, = the proportion of total biomass contributed by species K.

S = the number of species observed in a plot.
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Appendix D. Primary components (>5%) of elk diets in Rocky Mouniain National Park, 1994-1997.

Percent of total diet by season

Seasonal range Genus Spring Summer Winter Fall

Alpine Salix 6.9 57.0
Pinus 423
Carex 20.0 17.6
Stipa 7.6 4.3
Pseudotsuga 6.6
Artemisia tridentata 9.1
Other graminoids 9.4 4.2
Other forbs 4.8 6.0
Other woody browse 2.1 1.5

Low elevation Salix 9.7 10.2 15.2

winter Pinus 6.0 12.6 8.1

Carex 26.8 9.3 8.2
Stipa 274 28.0 26.5
Poa 8.2 8.6
Agropyron 83
Juncus 8.6 8.7 6.9
Phleum 53
Other graminoids 13.8 8.1 9.7
Other forbs 5.7 4.5 9.7
Other woody browse 1.8 1.8 1.4
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Executive Summary of Model-Based Assessment of Elk
in the Rocky Mountain National Park Ecosystem

Michael B. Coughenour

Natural Resources Ecology Laboratory
Colorado State University
Fort Collins, Colorado 80523

Rocky Mountain National Park (RMNP) was estab-
lished after a period of substantial resource extraction
by early settlers, including trappers, hunters, miners, log-
gers, and ranchers. A once abundant large herbivore,
elk (Cervus elaphus) had by that time been extirpated
from the region by a period of intensive market hunting
in the 1860s and 1870s (Guse 1966). Mule deer
(Odocoileus hemionus) were also much reduced. Elk
were reintroduced in 1913-1914, and the population
grew in size to approximately 900 animals in 1938-1939
(Packard 1947a). Elk were intensively managed from
1944—-1968, due to early concerns that they were over-
abundant, and damaging the winter range. The herd was
reduced by culling operations in 1944-1945 and 1949~
1950, and generally kept in the 300-600 range through
1968. Public disapproval of elk culling in Yellowstone
led to an experimental approach to management often
referred to as natural regulation. The hypothesis was
that elk would reach a natural food-limited carrying ca-
pacity, and population growth would be self-regulated
through density-dependent competition for food. Since
1968, the elk herd in RMNP has been managed only by
sport hunting outside of the park boundary, which has
not controlled elk population growth. Furthermore, elk
have been increasingly wintering outside the park bound-
aries in the town of Estes Park, where they also largely
escape hunting.

Concerns about elk impacts on plants and other
components of the ecosystem have heightened consid-
erably during the last two decades (Olmsted 1977, 1979,
1997; Hess 1993; Wagner et al. 1995; Baker et al. 1997,
Berry et al. 1997; Kcigley and Wagner 1998). In par-
ticular, it has been suggested that elk are overabundant
and present in unnatural densities due to lack of natural
predators and Native American hunting. These authors
felt that in pre-settlement times, elk were present at much

lower densities, and they may not have wintered in the
areas that now comprise RMNP. However, there appears
to be no evidence that elk did not winter on the eastern
slope of the park in historic times.

An effort was made to review the literature for pre-
historic and historic elk presence. Prehistoric game drive
systems discovered at high elevations within the park
were most likely used to hunt elk (Benedict 1992, 1999).
There was a considerable amount of historical evidence
of elk presence prior to settlement (Sage 1846; Loring
1893; Sprague 1925; Fryxell 1928; Estes 1939).

Human impacts on the elk winter range prior to the
creation of the national park provided an unnatural start-
ing point for the elk reintroduction program, and likely
exacerbated elk impacts on the range. Livestock graz-
ing was widespread and apparently intense enough to
cause significant changes in herbaceous vegetation cover
(Mills 1924; McLaughlin 1931; Ratcliff 1941). Land had
also been drained and willows cut to support haying
operations (Gysel 1960).

A deer eruption in the 1930s, along with increased
numbers of elk, brought about declines in upland shrubs
(Ratcliff 1941), willow cover (Dixon 1939; Gysel 1960),
and barking and suppression of regeneration in aspen
(McLaughlin 1931; Ratcliff 1941; Packard 1942).
Following the elk reduction programs of the 1940s,
Buttery (1955) concluded that range condition had
improved to fair condition, and was stable. After the
cessation of elk reductions, Stevens (1980) found stable
sagebrush grasslands, but increases in bare ground in
grasslands between 1968-1979. Stohlgren et al. (1999)
found grazing reduced herbaceous cover slightly, and
increased diversity.

A greater level of concern has been recently
expressed about elk impacts on riparian willow
communities, beaver, and aspen. Aspen stands on the
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winter range have exhibited little or no regeneration,
heavy bark scarring, and mortality (Olmsted 1979, 1997,
Stevens 1980; Baker et al. 1997), all attributable to elk
browsing. A recent analysis of historical aerial
photography showed that over the last 50-59 years
willow cover has declined by 19-21% (Peinetti 2000;
Peinetti et al., this volume). These decreases were
associated with 44-56% decreases in total stream
channel density, which was believed to be a consequence
of reduced beaver activity. Beaver have declined both
on and off the winter range from high levels in 1925~
1947 (Warren 1926; Packard 1947b) to current densities
which are apparently 90% less than in 1940 (Hickman
1964; Stevens and Christianson 1980; Gense 1997;
Zeigenfuss et al., this volume). Some authors have
attributed the decline to elk, particularly their negative
impacts on willow (Packard 1947b; Gysel 1960; Hess
1993). However, beaver numbers first declined when elk
were being controlled below their food-limited carrying
capacity.

These concerns led to the inception of several new
studies of the elk winter range, including the present
study. A 3-year study of elk impacts on upland grass-
lands and shrublands has shown little impact of her-
bivory (Zeigenfuss et al., this volume). Few effects have
been noted of elk on soil carbon and nitrogen or herba-
ceous root biomass (Binkley et al., this volume;
Schoenecker et al., this volume); however, in willow
communities Schoenecker et al. (this volume) found
markedly (5x) lower N mineralization outside short-term
exclosures located in portions of the winter range judged
to have high elk densities. All of the sites were in brows-
ing-suppressed short willow communities. A 5-year study
of elk browsing impacts on willow (Peinetti 2000, Singer
et al,, this volume; Zeigenfuss et al., this volume) has
shown large increases in willow growth when protected
from elk herbivory. Zeigenfuss et al. (1999) found a con-
tinuation of some of the negative vegetation trends ob-
served earlier by Stevens (1980). Olmsted (1997) found
further evidence that aspen stands were degrading, Berry
et al. (1997) examined whether vegetation on the elk
winter range has deviated from pre-Columbian condi-
tions due to elk overabundance. They concluded elk were
responsible for aspen and willow declines and decreases
in upland range condition, and suggested that the veg-
etation be protected from herbivory to facilitate recov-
ery from past damage.

The present modeling study was initiated with the
specific aims of estimating elk carrying capacity and
elk impacts on riparian willow. The more general
purpose of this research was to assess the role of elk in

the RMNP ecosystem. Ecosystem modeling was used to
assess the role of elk in the ecosystem, and the way that
ecosystem dynamics have been altered by interactions
between elk, climate, and humans. Ecosystem modeling
is a comprehensive approach to carrying capacity
assessment. It simultaneously addresses different
concepts of carrying capacity by explaining ecosystem
dynamics in terms of underlying ecosystem processes.
The model was used to represent plant and soil responses
to herbivory, food limitation of the herbivore population,
and predation. It was used to project ecosystem dynamics
under past, present, and future management scenarios.

Model Description and
Data Inputs

SAVANNA is a spatially explicit, process-oriented
model of grassland, shrubland, savanna, and forested
ecosystems developed originally for studies in East Af-
rica (Coughenour 1992, 1993). The model has been ap-
plied to Elk Island National Park in Alberta (Buckley et
al. 1995), the Pryor Mountain Wild Horse Range, Mon-
tana (Coughenour 2000), northern Australia (Ludwig
etal. 1999), South Africa (Kiker 1998), and Tanzania
(Boone et al. 2001). SAVANNA simulates processes at
landscape through regional spatial scales over annual
to decadal time scales. The model is composed of site
water balance, plant biomass production, plant popula-
tion dynamics, litter decomposition and nitrogen cycling,
ungulate herbivory, ungulate spatial distribution, ungu-
late energy balance, and ungulate population dynamics
submodels. Wolf predation and wolf population dynam-
ics submodels are derived from a model used to assess
wolf reintroduction into Yellowstone National Park
(Boyce and Gaillard 1992; Boyce 1993).

The model was driven by weather data from weather
stations in and surrounding the study area. Monthly pre-
cipitation and temperature maps were generated from
spatial interpolation on elevation corrected data. His-
torical weather data since 1949 were readily available.
Data for 1931-1948 were sparse, however there were
key stations with data, including Estes Park, Grand Lake,
and Fraser. Data for the period 1910-1930 were recon-
structed based upon deviations from normal observed in
the data from Fraser, Colorado, which had the most re-
liable and longest record. Data for the period 1775-1909
were reconstructed from the tree-ring database of Fritts
(1991a,b).

SAVANNA requires a vegetation map for the
initialization of plant biomass and population variables.



A single-source vegetation map for the entire elk range
did not exist, primarily because the elk range extends
outside the park boundaries, and includes land from three
administrative agencies, the U.S. National Park Service,
the U.S. Forest Service (USFS), and the Town of Estes
Park. Consequently, a vegetation map was constructed
from multiple sources. Vegetation cover maps from
RMNP and the Arapahoe-Roosevelt National Forest
(ARNF) were combined into a single coverage (Ron
Thomas, RMNP GIS lab). Vegetation outside RMNP and
ARNF, i.e., on private landholdings, was derived from
a vegetation map of Larimer County, Colorado that was
developed at Colorado State University from a Landsat-
TM scene (McCool 1995; Todd 1995). Disturbed areas,
human land uses and areas subsidized by water, were
delimited with the aid of satellite data of the normalized
difference vegetation index (NDVI). An “undisturbed”
vegetation map was created to represent the vegetation
cover prior to the settlement of the Estes Valley.
Vegetation and land covers of anthropogenic origin on
the Larimer County vegetation map were restored to
undisturbed conditions. All areas classified as disturbed,
urban, golf course, etc., were reclassified as grassland.
The Big Thompson river course was markedly altered
by development, including the construction of a dam
and lake. Historical photographs of the valley before town
and dam construction showed the former extent of the
river course and riparian floodplain. These features were
incorporated into the “undisturbed” vegetation map.

The model was configured to represent ten plant
functional groups: upland grasses and forbs, riparian
graminoids and forbs, upland shrubs, willow, aspen,
ponderosa pine/Douglas fir, lodgepole pine, and subal-
pine conifers (spruce-fir). The area that was simulated
was defined by the combined winter and summer ranges
of the elk that winter on the east slope of RMNP, and in
the town of Estes Park. Two subherds of elk were simu-
lated, a park subherd and a town subherd, based on in-
formation that animals from these subherds exhibit
fidelity to these ranges (Lubow et al., this volume). Mule
deer were also simulated, primarily to represent their
impacts on plants. Their range was assumed to be the
elk-defined study area, but with different habitat prefer-
ences.

The plant growth model was parameterized from
numerous data sources in the literature, and from recent
field studies in RMNP. Then it was verified by compar-
ing model outputs to observed biomass data from Hobbs
(1979), Fisk et al. (1998), Singer et al. (this volume),
and Zeigenfuss et al. (this volume). Comparisons were
made for several major vegetation types including: dry
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grasslands, mesic riparian herbaceous, upland shrubs,
willow, low elevation woodlands dominated by ponde-
rosa pine (montane woodland), high elevation woodland
and forest dominated by lodgepole pine, Engelmann
spruce and subalpine fir, and alpine tundra. Compari-
sons were made under grazed and ungrazed conditions.
The comparisons proved to be generally favorable.

Model Verification: The Control
Run for 1949-1998

A simulation was conducted to represent observed
ecosystem dynamics for the period 1949-1998. This was
referred to as the control run because it represented a set
of standard conditions to which results from other model
experiments could be compared. Control run output pro-
vided additional information for verifying the model’s
behavior by comparing simulation results to observa-
tions. The control run was a calibration run for animal
submodels, because key model parameters for diet se-
lection, forage intake. energy use, and population dy-
namics were calibrated so that model outputs most closely
matched observed values.

The simulated elk population was reduced using
observed rates of elk offtake by hunter harvest and man-
agement removals. The deer population was maintained
within a range of 400-600 animals throughout the simu-
lation by removals as necessary.

The snow submodel was verified by comparisons
between observed and predicted data at seven SNOTEL
stations 1979-1998. The snow model performed satis-
factorily at most of the sites.

Water table depths in riparian willow stands (Singer
et al. 1999; Zeigenfuss ct al., this volumc) were used to
parameterize model relationships between water table
depth and streamflow in the watershed. These relation-
ships were then used in the model to estimate water table
depths for different willow sites within each watershed.

The elk population model was calibrated to
observed, sightability-corrected count data 1959-1998
(Lubow et al., this volume). The model was calibrated
to pass through the higher of the reasonable data points,
on the assumption that lower values were undercounts.
The model simulated the correct rate of population
increase, and most importantly, represented the leveling-
off of the park population during 1980-1998 (Fig. 1).
This indicates that the model was representing density
dependent competition for food, and thus food-limited
carrying capacity, correctly. There was a clear decline
in the ratio of calves to cows over the period 1949-1998.
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Fig. 1. Simulated (lines) and observed (points) population dynamics for (a) the park elk subherd; and (b) the town
elk subherd of the eastern side of Rocky Mountain National Park and the town of Estes Park, Colorado.



This was consistent with data, and with the hypothesis
that the elk population was exhibiting a density-
dependent limitation on recruitment (Lubow et al., this
volume).

Simulated spatial distributions of elk were in agree-
ment with observed data. High densities of up to 90 elk/
km? were simulated in the Moraine Park area. High den-
sities were also simulated in certain areas of Horseshoe
Park, but overall density was less than in Moraine Park.
These densities are consistent with the contour maps
generated from aerial survey data (Singer et al., this
volume), which show density contours of 12—16 elk/km?
in Horseshoe Park and >90 elk/km? in Moraine Park.

Simulated elk diets were consistent with data of
Riorden (1948), Hobbs (1979), Stevens (1980), Baker
and Hobbs (1982), and Singer et al. (2002).

The model predicted a reasonable spatial distribu-
tion of herbaceous biomass over the winter and summer
ranges. Peak biomass generally ranged 40-150 g/m? on
the winter range on grassland, shrubland, and ponde-
rosa pine woodlands. Low production was simulated in
the subalpine forests (20—40 g/m?). Higher biomass lev-
els were simulated on the alpine tundra and subalpine
meadows. Aboveground net primary production was not
much higher than peak standing crop.

Condition indices of elk reached maximum values
each summer. End of winter minima declined over the
period in response to increasing density and competi-
tion for limited forage. There was considerable variability
among winters, reflecting differences in winter severity,
and foraging conditions. Condition indices of the town
population showed a similar pattern, but when densities
were extremely low, winter minima were ‘much higher
than observed in the park population. As the town popu-
lation increased, winter minima decreased markedly.

Model Experiments

Model experiments were conducted for three dif-
ferent time periods: 1775-1910, 1911-1948, and 1949-
1998.

The Period Before Reintroduction
of Elk (1775-1910)

The period before the reintroduction of elk (1775-
1910) included transitions from an ecosystem undis-
turbed by Euro-American colonists but possibly affected
by Native Americans, to an ecosystem that was heavily
exploited by early settlers. Beaver trapping occurred prior
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to 1850, market hunting and extirpation of elk occurred
in the 1870s, followed by logging, and heavy livestock
grazing throughout the Estes Valley and the elk winter
range inside the current park boundaries. Wolves were
still present in 1894, but were extirpated well before 1917
(Stevens 1980). Simulation studies of this period were
designed to examine the pre-settlement ecosystem, and
the impacts of these initial disturbances.

The reconstructed undisturbed vegetation map was
used in all of the 1775-1910 runs. Human impacts on
ungulates were represented in the model through the
imposition of prescribed hunting reductions. To reduce
confounding effects, deer were kept at or below 600—
700 throughout the entire simulation. Beaver on the elk
winter range inside the park were held at 450 through-
out. The control run for this period (a run to simulate
actual conditions) examined the effects of the extirpa-
tion of elk by market hunting. Experimental runs were
conducted to examine undisturbed conditions assuming
one elk herd, undisturbed conditions assuming two elk
subherds limited to the ranges now occupied by park
and town subherds, respectively, and the effects of
wolves.

When the historic pattern of hunting was imposed,
elk were extirpated as specified (Fig. 2a), and in response
deer numbers increased and wolves were eliminated due
to lack of prey. With no elk hunting, and with wolves
(undisturbed conditions), total elk numbers varied be-
tween 1,500-3,500 and gradually increased throughout
the simulation (Fig. 2b). Distinguishing two subherds
indicated the relative sizes of subherds that would be
expected in the two ranges. The park subherd varied
between 300-800 elk, while the town subherd varied
between 1,400-1,500 elk at first, increasing to approxi-
malely 1,600-2,000 elk in later years (Fig. 2¢). Deer
numbers were kept to <200 by wolf predation. Without
wolves, total elk numbers increased at first to about
3,800, then numbers exhibited a dynamic equilibrium
at approximately 2,800 elk, but with a declining long-
term trend due to deteriorating range conditions
(Fig. 2d). Elk numbers ended at a similar point with or
without wolves, but elk and vegetation conditions were
substantially improved in the presence of wolves. Elk
condition indices remained higher in winter when wolves
were limiting the population compared to when food
was limiting the population. Elk mortalities due to star-
vation were therefore likely to be far less with wolves
present.

When elk were hunted to historic levels, dryland
herbaceous biomass, i.e., herbaceous layer biomass
everywhere on the park elk winter range except in
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Fig. 2. Elk populations of the eastern elk winter range of Rocky Mountain National Park and the Estes Valley,
Colorado, in simulations of the period 1775-1910. All simulations were conducted with undisturbed vegetation and
water table conditions and initialized at 1,200 elk (when two subherds were present, 600 in the park and town each).



riparian willow and wet meadows, increased. In
undisturbed conditions (no market hunting and wolves
present), dryland herbaceous biomass increased and then
decreased slightly when elk were limited by wolves.
Without wolves, dryland biomass declined gradually
throughout the period. With historic elk hunting, willow
cover increased to the maximum level (Fig. 3a), while
with undisturbed conditions willow cover increased to
near-maximal levels (Fig. 3b,c). In contrast, without
wolves, willow cover declined (Fig. 3d). Aspen increased
markedly following the extirpation of elk (Fig. 3a). With
undisturbed conditions, aspen cover decreased even when
wolves were present (Fig. 3b,c). The aspen decline was
not accelerated by lack of wolves (Fig. 3d). This suggests
that aspen cover at the inception of the park and elk
reintroduction, could have been higher than if there were
no elk extirpations.

To summarize the assessment of 1775-1910, it is
very plausible for wolves and other predators to have
maintained elk numbers below food-limited carrying
capacity, but still at moderately high numbers, main-
tained by increased productivity of the vegetation coin-
pared to current conditions. Increased cover of willow
could be supported, but beaver activities would be criti-
cal to maintenance of high water tables. Aspen would
have had a difficult time becoming established or sur-
viving the predator-limited densities of elk and mule
deer on the core, lower elevation portions of the winter
range. Purported evidence for aspen in those locations
prior to 1870 should be carefully examined. Elk extir-
pation could have been a primary cause for the emer-
gence of aspen stands in those locations. Effects of elk
on beaver populations, or of bison impacts on elk winter
forage were not considered.

Establishment of the Park and
Reintroduction of Elk (1911-1948)

The period 1911-1948 included the inception of the
park, the reintroduction of elk, and early conservation
efforts. For most of the period, elk hunting was absent,
or minimal. Hunting offtake was insignificant until 1941,
and was 90—-122 elk per year during the period 1941-
1945 (Stevens 1980). The first significant management
reduction did not occur until 1945, when 301 elk were
removed (Stevens 1980). There were no reductions be-
tween 1946—1948, and hunting offiake was reduced to
20-80 per year. Thus, this was mainly a period of elk
protection, with the first efforts of elk management oc-
curring at the end of the period. Much of the elk winter
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range within the current park boundary was affected by
human settlement, livestock grazing, haying, and resorts.
Willow habitats were drained, and willow was removed
to create pastures or hayfields. | assumed that between
19111931, the elk herd was mainly restricted to the
area east of the current park boundary due to lack of
access to the core grasslands in Moraine Park and Horse-
shoe Park, as these were grazed by domestic stock or
hayed. Elk were introduced into the model in 1913 and
1914. Deer were kept at the 600-700 level until the pe-
riod 1927-1942, when the population increased to
1,000-1,200 animals (Stevens 1980).

In the control run for this period, elk increased to
about 800 animals by 1934, and then kept within a simi-
lar range to the estimated values. The undisturbed simu-
lation began with the elk numbers simulated at the end
of the undisturbed 1775-1910 run, and with wolves
present. In this run, elk also had access to the full win-
ter range, as opposed to being precluded from the core
winter range inside the park. Wolves held the park
subherd to 500-1.000 elk, while the town subherd in-
creased to 2,500 and then declined to 1,200. Without
wolves, the park subherd increased to 1,500, and the
town subherd increased to about 2,700 before declining
markedly to approximately 1,500.

There were few differences among dryland herba-
ceous biomass amounts in the different scenarios dur-
ing this period. Willow cover increased to high levels in
all runs where elk started out at zero, even with no elk
reductions. The initial period when elk were absent or
present at low numbers was sufficient for willow to reach
tall stature. Once willow reached tall stature, it for the
most part escaped herbivory. Subsequent conversion to
short willow depended on the gradual mortality of old
plants, and suppression of replacement plants. With the
observed number of elk, and high water tables, the model
did not simulate a decrease in willow during 1911-1948.
In particular, the model could not explain willow de-
clines under the number of elk present up until 1930. If
water tables were high, the model only simulated wil-
low declines during 1911-1930 if elk were assumed to
be in the 500-1,000 range for the entire period, which
was unrealistic. Willow declines were simulated during
this period only when hydrology was altered. Humans
likely played a significant role in these alterations.

In the control run, aspen increased at first but in
about 1925-1930 began to decrease. In hypothetical runs
with no elk or beaver present, the decrease did not occur.
The results suggested that the combination of elk and
beaver was responsible for the decline. In the undisturbed
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Fig. 3. Willow and aspen cover of the elk winter range of Rocky Mountain National Park and Estes Valley, Colorado,
in simulations of the period 1775-1910. Cover reported as mean canopy cover within the grid-cells having those
vegetation types. All simulations were conducted with undisturbed vegetation and water table conditions.



run with wolves, aspen remained steady at the low initial
value, suggesting that aspen would be present at lower
abundances in some locations on the core winter range.

The assessment of 1911-1948 revealed the
importance of human disturbances both before and after
1911, in moving the system into what could be
considered to be an alternate stable state. Livestock
grazing, draining of wetlands, removal of elk and wolves,
and compression of elevated numbers of beaver into
reduced willow cover, all combined to reduce willow
cover in Moraine and Horseshoe Parks further. Aspen
declined as well, due to the combined effects of elk and
beaver, but the initial presence of some of the aspen that
declined in this period could have been a product of
earlier elk extirpation.

Effects of Elk. Elk Management, and
Simulated Wolf Predation (1948—1998)

Simulation experiments for 1949-1998 were in-
tended to investigate the effects of elk, elk management,
and wolves. In these runs, two elk populations and ranges
were simulated, the park and the town populations. The
first experiment was to allow elk populations to grow
unchecked. The park population grew to a food-limited
carrying capacity earlier than in the control run, and
food-limited population sizes were slightly higher in the
1960s and 1970s than in the 1980s and 1990s. Food-
limited carrying capacity of the park subherd appeared
to be in the range of 1,000-1,300 elk. The town popula-
tion increased to a slightly higher level than in the con-
trol run (1,900 vs. 1,800) before declining. In the
undisturbed run with wolves, the park elk population
was held to 300-500. The town population increased
from 1,000 to 1,800, but then predation decreased the
population to about 1,200. Wolf numbers varied between
14-17 throughout. Elk body condition in the run with
no elk reductions was lower in winter than in the con-
trol run, throughout the simulation. In the undisturbed
run, body condition was maintained at a higher level,
with the exception of several severe winters,

When elk and deer were not reduced, there was about
10% less grass and 30% less forb biomass on drylands
than in the control run by the end of the period. These
results are consistent with Buttery’s (1955) observations
of modest increases in range conditions in some arcas
due to elk removals. In the undisturbed run, there was
about 8% more grass and 5% more forb biomass than in
the control run. Willow cover decreased with no elk
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reductions, while it remained constant in the control. In
the undisturbed run, willow cover increased. All willow
locations in the undisturbed run attained cover >60%.
Reducing water tables had a negative effect on willow
cover at three of the locations, but cover at those locations
declined to lower values with elk than without elk. In
additional experiments conducted to further examine the
effects of water table levels, using undisturbed water
tables led to an increase in willow compared to the
control run which used current water table conditions.
Conversely, switching to current water table conditions
in the otherwise undisturbed run led to markedly lower
willow covers. In the control simulation, aspen cover
declined about 15%. With no elk reductions, the decline
occurred earlier. In the undisturbed run with wolves,
aspen cover also declined due to elk herbivory. In a
hypothetical simulation with no elk present, aspen
increased.

It seems likely, therefore, that the elk reductions in
the 1940s-1950s brought about modest range improve-
ment, and protected some, but not all willows and as-
pen. The reductions did not appear to have led to a
restoration of willow to its former range, primarily be-
cause elk reductions do not address the problem of low-
ered water tables. While the elk reductions would have
created opportunities for aspen recruitment in some ar-
eas, it seems unlikely that they would have promoted
aspen regeneration on the primary elk concentration
areas. While there is some evidence that elk reductions
promoted aspen regeneration (Olmsted 1979; Baker et
al. 1997), the spatial locations of such regeneration are
critical to this interpretation. For example Stevens (1980)
suggested that regeneration occurred in places where
elk were shot and thus avoided using, and Olmsted
(1979) showed that aspen only regenerated in areas with
<50% utilization by elk.

Experiments with Elk and Beaver Densities

A factorially designed experiment was conducted
in which elk and beaver densities were varied in all
possible combinations, to assess their relative effects on
plants. A response surface of willow cover generated
from the results showed that elk and beaver can both
have negative effects, but beaver effects are negligible
at low clk densities. Increasing beaver had little impact
on willow below 400 elk. In the range of predator-limited
elk carrying capacity (400-800 elk), less than 450 beaver
had little impact on willow.
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Alternative Elk Management and
Vegetation Fencing Scenarios

Alternative elk management and vegetation fencing
scenarios were simulated by running the model for 50
years, starting in 1994, using weather randomly selected
from data for the period 1949-1998. All runs began with
current conditions, including current herbivore numbers,
willow sizes and densities, and soil water table depths.
There were three elk reduction scenarios. The park elk
subherd was either never reduced, reduced to 600-800,
or reduced to 200-400. In all elk reduction scenarios,
the town population was reduced to 1,000—1.200. Beaver
were assumed to start at current levels, and then
gradually be restored to historic levels (450) over a 25-
year period. Aspen and willow within the park boundary
were either unfenced, or fenced to exclude elk and deer,
but not beaver herbivory.

With no reductions of the park or town elk subherds,
the park elk population fluctuated between 800-1,100
animals, consistent with the range previously estimated
to be the food-limited carrying capacity (Fig. 4a). The
town population increased at first to 2,400, then varied
between 1,400-2,000. Fencing all of the willow and as-
pen inside the park reduced the food-limited carrying
capacity of the park population by approximately 30—
40% (Fig. 4b). Elk body condition in the winter was low
when elk were not reduced. Reducing elk to 600-800
raised winter body conditions moderately, while reduc-
tions to 200-400 raised body conditions markedly.

Dryland herbaceous biomass remained essentially
constant when elk were not reduced. However, when elk
were reduced to 600800, biomass increased slowly, over
the entire period. Reducing elk to 200-400 causcd a faste
rate of biomass increase, and biomass was still increas-
ing after S0 years. Fencing had no discernable effects
on dryland herbaceous biomass. Without fencing, aspen
declined to similar levels irrespective of elk reductions
(Fig. 5a,c,e). During the years when aspen were pro-
tected by fencing, cover increased markedly (Fig. 5b,d,f).
However, when the fence was removed, aspen began to
decline once again, in all elk reduction treatments. Wil-
low continued to decline when elk were not reduced (Fig.
Sa), increased slightly when elk were reduced to 600
800 (Fig. 5c¢), and markedly increased when elk were
reduced to 200400 (Fig. 5e). Fencing resulted in a large
increase in willow cover irrespective of reductions (Fig.
5b,d,f). After the fence was removed. willow began to
decline when elk were not reduced and when reduced to
600-800 (Fig. 5d). In contrast, when elk were reduced

to 200400, willow cover remained at a high level after
the fence was removed (Fig. 5f).

Increasing water table heights had little positive
benefit when elk were not reduced and willow were
unprotected by fencing (Fig. 6a). With fencing, the added
water supported higher willow cover during the fenced
period, which was sustained after the fences were
removed, even with no elk reductions (Fig. 6b). With no
fencing, higher water tables led to small increases in
willow cover when elk were reduced to 600-800, and
larger increases in willow cover when elk were reduced
to 200400 (Fig. 6¢,e). With fencing, high water tables
led to further increases in willow cover when fences were
removed, and elk were reduced (F ig. 6d.f). Increased
water table depth had no effect on aspen, because it was
assumed that elevated water tables only occurred in
riparian willow and wet meadow habitats, and not in
aspen habitats.

Beginning with current vegetation, soil water table
depths, and elk numbers, a hypothesized wolf reintro-
duction quickly reduced elk numbers in both the town
and park subherds. After 15 years, the system stabilized
at 14 wolves, about 200 elk in the park population, and
about 1,000 elk in the town population. Wolves held elk
to lower levels in future vs. historic runs because of de-
teriorated range conditions. Deer were held to 200.

The assessment of alternative management scenarios
showed that amarked elk reduction to levels which may be
lower than those present in pre-settiement times, or fencing,
would achieve a recovery of willow, but only in locations
where water tables are still elevated. Reintroduction of
beaver or other manipulations to raise water tables would
be required to achieve a complete recovery. Aspen cover
could be increased by fencing or severe elk reductions.
however, elk numbers would have to be maintained very
low, or once fences are taken down, aspen cover on the
core winter range would again decline.

Sensitivity to Wolf Submodel Parameters

Simulations were performed to examine sensitivity
to the wolf submodel parameters. The model was par-
ticularly sensitive to the parameter that represents how
wolves control their own density through territoriality,
the fraction of prey mortality that is compensatory vs.
additive, and the way predation is distributed among
age/sex classes. It was possible to find plausible param-
eter values that resulted in diminished or no effects of
predation on elk population size, as well as values that
resulted in lower elk numbers than noted above.
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Fig. 4. Elk population dynamics under different future management scenarios for the elk winter range population of
Rocky Mountain National Park and the Estes Valley, Colorado. Beaver population dynamics are prescribed, and are
gradually restored to natural levels by 2030. (a) No elk reductions, no fencing; and (b) no elk reductions, fence all
willow and aspen inside the park for the first 25 years. Elk reduction scenarios are not shown because elk popula-

tions in the park were held at either 600-800 or 200-400 animals (depending on the scenario) and the town popu-
lation was held between 1,000-1,200.
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Fig. 5. Responses of willow and aspen to management scenarios for the elk winter range population of Rocky
Mountain National Park and the Estes Valley, Colorado, using randomly selected weather from 19491998 and
current water tables, for 50 years expressed as mean canopy cover within grid-cells of that vegetation type. See
Fig. 6 for the same model scenarios with increased water tables.
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Fig. 6. Responses of willow and aspen to management scenarios for the elk winter range population of Rocky
Mountain National Park and the Estes Valley, Colorado, using randomly selected weather from 1949-1998 and
increased water tables, for 50 years expressed as mean canopy cover within grid-cells of that vegetation type. See
Fig. 5 for the same model scenarios with current water tables.
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The model showed that the situation in RMNP is
more complex than the simple plant-herbivore
equilibrium predicted by natural regulation theory. While
the elk-grassland subsystem may reach an equilibrium,
that equilibrium would probably not have developed in
the presence of wolves and other predators. Instead, a
different dynamic equilibrium would be expected,
involving interactions among three trophic levels. It
would not be totally accurate to refer to this as a predator-
limited number of elk, because the productivity of the
forage base also has an influence. In a more productive
system, there would be more herbivores and more
predators alike, up until a limit on predator and possible
herbivore numbers imposed by other factors aside from
food, such as behavioral spacing. Because the tri-trophic
equilibrium involves fewer elk than the bi-trophic
equilibrium, there could be ramifications for plant species
that are not necessarily limiting the elk population in a
bi-trophic system, in particular aspen and willow.

Management Implications

Management of ungulates in U.S. National Parks is
directed by the enabling legislation of the U.S. Congress
(the Organic Act of 1916) which states that National
Parks are “to conserve the scenery and the natural and
historic objects and the wildlife therein and to provide
for the enjoyment of the same in such a manner and by
such means as will leave them unimpaired for future
generations.” In this view, managers must conserve the
vegetation structure that was a product of pre-settlement
climate, soils, and ungulate herbivory. In Yellowstone
and RMNP, this vegetation structure is thought to be
characterized by greater abundances of aspen and willow
than are present at the food-limited carrying capacities
of their elk populations. Another view places more
emphasis on the conservation of natural processes, and
recognizes that ecosystems are dynamic, not static
entities (Houston 1982; McNaughton 1996; Boyce 1998;
Sinclair 1998; Huff and Varley 1999). National Park
Service Management Policies (NPS 2001) state that the
Service will try to maintain all the components and
processes of naturally evolving park ecosystems, and will
rely on natural processes to maintain native species and
natural fluctuations in populations whenever possible.
Natural processes are those which characterize
ecosystems in general, rather than a specific ecosystem
at a certain point in time. Thus, there is a fundamental
policy discord, between a strict reading of the NPS

Organic Act, and what many believe is a more modern
and scientifically informed view about ecosystem
dynamics in nature.

Ultimately the choice of elk management tactics
reduces to a decision between trying to reconstruct, and
then maintain, the vegetation structure which is believed
to have been characteristic of the pre-settlement
ecosystem, or allowing ecosystem processes to unfold
with a minimal amount of human intervention so long
as indigenous species are conserved. The question of
which would be more natural or desirable cannot be
answered here. The model provided insight into how a
pre-settlement ecosystem might have looked and
functioned, but it did not consider whether or not such
an ecosystem is natural in the present time, most
appropriate Lo NPS policies, or desirable to the American
people who are the true owners of RMNP.
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