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ABSTRACT
The effects on vegetation of three small mammalian herbivores
were determined experimentally in a subalpine meadow in southwestern
Colorado. pikas (Ochotona princeps) inhabit talus and forage on
surrounding vegetation.

Their foraging was consistent with predictions

of central place foraging theory. Amount of foraging decreased with
distance from talus, whereas selectivity increased.

These patterns are

expected to influence the resources used by pikas, and plant abundance
and species richness increased with distance from talus, as predicted.
Experimental exclusion of pikas demonstrated that a significant
portion of the lower vegetational cover and species richness was due to
pikas.

A model postulating that the effects of pikas on vegetation

resulted from a gradient in herbivory, and a corresponding gradient in
relative importance of herbivory and competition among plants, was
generally supported. Total vegetational abundance and species richness
increased in the absence of pikas.

The increase in pika exclosures

compared to cqntrols was greatest near talus and decreased with
distance. The initial effect of pika exclusion on cushion plants
(assumed to be the poorest competitors among the plants in the absence
of herbivory) was positive near talus, but was insignificant and tended
to be negative at greater distance from talus. The prediction of
eventual decline of cushion plant populations in the absence of pikas
was supported in two of three sites after three years.

ix

x

The effects on vegetation of two co-occurring herbivores,
pocket gophers (Thomomys talpoides) and voles (Microtus montanus), were
evaluated using a factorial exclusion experiment.

Non-independence of

effects was assessed as presence of a significant interaction term in
2-way ANOVA. Gopher x vole interaction terms were at least marginally
significant for many analyses. Results only weakly suggested direct
foraging interactions between gophers and voles, but showed
considerable importance of indirect, plant-plant interactions.
Exclusion of either gophers or voles significantly increased
vegetational abundance, however, no additional increase in abundance
resulted when both were excluded simultaneously. Exclusion of either
increased forb abundance; and exclusion of gophers increased grass
abundance. Only simultaneous exclusion of both, however, altered the
proportional abundances of plant groups.

CHAPTER 1
INTRODUCTION
It frequently is asserted that herbivores are relatively
unimportant to the productivity and species composition of terrestrial
plant communities, yet few data support this statement.

The

observation that little plant tissue appears to be consumed by
herbivores in natural communities is often cited as evidence for the
insignificance of herbivory. Plant tissue damaged, however, is
difficult to quantify, and the effects of a given amount of tissue lost
may vary greatly with leaf age, season, or other environmental factors.
Assessing

the role of herbivores in plant communities requires

experimental manipulations of herbivore populations.
I have estimated the importance of herbivory in a subalpine
meadow ecosystem using controlled, replicated, experimental
manipulations of the populations of several herbivore taxa.

I have

tested for specific effects of herbivores in the context of
environmental factors that are expected to influence the activities of
the herbivores. Studies of plant-herbivore interactions rarely consider
constraints on both the plants and tte animals, yet there is much
utility to this approach.
Chapter 2 considers the foraging behavior of a mammalian
herbivore, the pika (Ochotona princeps), which
returns to a fixed nest site.

forages from and

Chapter 3 uses the foraging behavior of

1

2

pikas to develop a model of how pikas might be expected to influence
the vegetation they graze. The model is then tested against results of
an experiment in which pikas were excluded from patches of vegetation.
In Chapter 4, the effects on vegetation of two locally co-occurring
mammalian herbivores, pocket gophers (Thomomys talpoides) and voles
(Microtus montanus), are studied using selective exclosures.

Results

of a factorial experiment designed to determine whether the effects of
these two herbivore taxa are independent are presented.

CHAPTER 2
FORAGING BEHAVIOR OF THE PIKA (OCHOTONA PRINCEPS:LAGOMORPHA),
WITH COMPARISONS OF GRAZING VERSUS HAYING (CACHING)

Abstract
Pikas (Ochotona princeps) inhabit talus

and forage on

surrounding vegetation. Their foraging behavior was consistent with
several predictions of central place foraging
foraging
increased.

decreased with distance from talus,

theory. Intensity of
whereas

selectivity

These patterns are expected to influence the resources used

by pikas, and plant abundance and species richness increased with
distance from talus, as predicted. Differences between grazing (direct
consumption of plants) and haying (harvesting and caching plants)
behaviors appear to reflect differences in costs and benefits between
these activities. Higher proportions of forbs and tall grasses were
hayed than grazed.

When

farther into the meadow

haying, pikas
from

traveled

significantly

the talus border than when grazing.

pikas grazed year round, but hayed only during a restricted time when
plant biomass had peaked.

Introduction
North American pikas are small, diurnal, herbivorous mammals
that inhabit high altitudes and latitudes.

3

They are invariably

4

associated with talus (rock slides and boulder piles), where
individuals hold territories from which they forage. Consequently,
pikas are central place foragers

(~Covich

1972, Andersson 1978,

Orians and Pearson 1979, Schoener 1979); costs associated with foraging
will vary with distance

from talus.

While most central place foraging

models have expressed distance-dependent costs in terms of travel time,
we believe that another factor, predation risk, varies impo;tantly with
distance from talus and is a major cost influencing pika foraging.
Pikas alarm-call and retreat to talus in response to terrestrial
predators, and they are at considerably greater risk when away from
talus (Conner 1983, Ivins and Smith 1983).

When small rockpiles are

provided near talus, pikas extend their foraging range and graze around
these, suggesting that distance to cover constrains foraging. The
models of Rosenzweig (1974) and Covich (1976) explicitly consider
predation as a foraging cost.
Although optimal foraging models have been successfully applied
to analysis of foraging of many taxa (e.g., Pyke, Pulliam, and Charnov
1977; Kamil and Sargent 1981; Krebs and McCleery 1984), analyses of

foraging of generalized herbivores have been relatively unsuccessful.
The diets of generalized herbivores tend to be considerably broader
than model predictions

~estoby

Lacher, Willis and Mares 1982).

1974; Owen-Smith and Novellie 1982;

This may in part reflect nutrient

balancing constraints, which can be addressed using models of
imperfectly- or non-substitutable resources (e.g., Covich 1972, Pulliam
1975, Rapport 1980, Tilman 1982). However, given the large number of

5

locally present species and the large inter- and intraspecific
variability in plant chemistry, modelling of herbivore foraging is
probably intractable if each plant species must be r.egarded as a unique
resource.
Alternatively, it may be possible to reduce specific herbivore
biology to a few simple but realistic constraints and to group plants
into categories which are relevant to these.

This approach has been

taken by Belovsky (1978) in his analysis of moose (Alces

alces)

foraging and in recent studies of other mammals (Belovsky 1984a,b,c).
Here, we compare foraging of the North American pika with several
predictions of central place foraging theory.
as groups defined by life form and

We consider the plants

growth rate, which are correlated

with pika feeding preferences. We then compare the behavior of pikas
while directly grazing with that while harvesting and caching plants.
P~edictions

for central place foraging pikas

If foraging

costs increase with distance from talus, two

predictions as to allocation of foraging effort and
alternative

f~ods

follow (e.g., Andersson 1981).

selectivity among

A pika should forage

most near talus, where the cost of foraging is lowest.

Also, as costs

for a given plant type rise with distance while benefits remain
constant, the selectivity of a pika is expected to increase with
distance from talun.
These predicted patterns of foraging will, in turn, affect
distribution

of vegetation used by pikas.

If foraging intensity

decreases with distance from talus, a gradient of plant abundance

will

be produced (Andersson 1981).

Depression

of vegetation

will be

greatest near talus and decrease with distance. Furthermore, a gradient
from high to moderate grazing will produce a corresponding gradient in
plant diversity (Lubchenco 1978; Connell 1979). Plant species richness
should increase with distance from talus, paralleling the gradient in
grazing intensity.
Comparison of grazing and haying economics
Pikas remain active year-round, feeding during winter on stored
vegetation and from snow-tunnels (Sevareid 1955, Krear 1965, Markham
and Whicker 1973). Pikas are therefore of particular interest as
foragers because they both graze plants directly and gather and store
vegetation

(hay) in caches (haypiles) among the rocks.

These two

behaviors contribute in different ways to the fitness of a pika.
Grazing must meet current metabolic expenditures for maintenance and
reproduction; haying contributes primarily to winter survival and
successful initiation of spring reproduction (Smith and Ivins, 1983a).
Constraints on these behaviors will therefore differ and will be
reflected in the economics of grazing and haying.

We compare grazing

and haying with regard to vegetation selection, distance traveled to
forage, and time investment.
Methods
Pika foraging was studied 1979-1981 at two sites near the Rocky
Mountain Biological Laboratory, Gothic, Gunnison County, Colorado
Data were gathered in Copper Creek Valley (3200 m elev.)

USA.

as part of a

7

study of pika social behavior, and in Virginia Basin (3400 m elev.) as
part of a study of herbivore foraging and its influence on meadow
vegetation. Detailed descriptions of the study sites and vegetation are
in Smith and Ivins (1983a, 1983b) and Chapters 3 and 4.
Distributions of vegetation abundance and grazing damage were
measured in mid-July 1980 along transects perpendicular to the talusmeadow interface at Virginia Basin. Two 0.25 x 0.25-m plots were
censused by species for percent cover at
distances along each of 10 transects.

0.5, 1, 2, 3, 4, and 5 m

Cover was estimated using a 0.25

x O.25-m frame divided into a 10 x 10 grid; number of squares in which
a given plant species was present were counted and summed to

estimate

cover. Grazing damage was estimated as percent cover showing removed
leaves or other parts. Because rock-covered area was assumed to be
unavailable to plants, total rock cover was also measured and
subtracted from 100 to estimate total available area for each quadrat.
Cover was expressed relative to this corrected total area.
Plant species were grouped as graminoids, forbs and cushion
plants for

an~lyses

of distribution and grazing patterns.

Cushion

plants are forbs which grow as low matted clusters of basal rosettes
with a common root system (e.g., Sedum groenlandicum, Saxifraga
bronchial is, Silene acaulis). This growth form is most characteristic
of alpine environments and
Preference of pikas for

includes many wintergreen species.

certain categories

to discr iminate among them.

demonstrated their ability

8

Data on foraging behavior of individuals were collected at 8
sites

within Copper Creek Basin. At each locality all plant types were

available. Data were collected

during a two-week period of August

1981, when animals of both sexes were actively grazing and haying. Only
adult resident animals observed for at least 10 grazing and 10
trips

were included in the sample.

haying

Animals were observed from a

position near the area used for foraging. The presence of an observer
had no apparent effect on pika behavior.
Activity (haying or grazing), distance to point of foraging,
and plant type taken were recorded for each foraging bout.
Perpendicular

distances from meadow-talus interface to the point of

foraging were estimated to the nearest meter by comparison to
previously

established reference points.

Plants harvested were

further classified as taIlor short graminoids, forb leaves or
flowering stalks, or woody plants.

These were generally identified

using binoculars while an animal was
inspection

foraging.

of the meadow was necessary

to

Occasionally

verify identification.

When unambiguous identification could not be accomplished, these data
were eliminated from the vegetation selection analysis.
Seasonal patterns of pika foraging were determined from
observations of marked individual pikas of known sex and age over two
growing seasons (May through September, 1980 and 1981) at Copper Creek.
Behaviors were recorded at one minute intervals using
sampling (Altmann 1974).

We calculated

for adult pikas of each sex by month.

focal animal

time spent haying and grazing

9

Results
Predictions from central place foraging theory
Distributions of vegetation cover and percent vegetation grazed
indicated that foraging intensity was highest near talus and decreased
with distance (Figure

1).

Total vegetation cover increased with

distance from talus.
All plant types were grazed by pikas when nearest talUS.
Cushion plants, however, were only grazed near talus and were rarely
used, while forbs and grasses were used throughout the area grazed
(Figure

2).

Use of forbs was highest overall across the transects,

despite the relative rarity of this group near talus. Graminoid use
declined more strongly with distance.
Plant

species richness increased across the region grazed by

pikas (Figure 3). Species occurring only at greater distances were those
preferred by pikas.
Comparisons of haying and grazing foraging choices
Vegetation selection.

Grazing pikas tended to harvest

different plant types than did pikas engaged in haying (Figure 4).
Relatively more grasses were grazed than hayed, and much of the
difference between grazing and haying could be attributed to frequent
grazing of short grasses.

Forbs contributed a higher proportion of

hayed vegetation, with flowerstalks contributing significantly more to
total forb use in haying than in grazing.
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Distance traveled to forage.

pikas grazed closer to the talus

than they hayed (Table 1, Figure 5).

Although average grazing and

haying distances varied among individuals, average distance traveled to
graze was less than that traveled to hay for each pika observed.

In

addition, in 112 of 1017 observations (11%) a pika both grazed and
hayed during the same foraging bout.
distance

as

A pika hayed

from

the

same

it grazed 49 times (43%); 62 times one traveled farther

from talus before haying (55%); and only 2 times did one hay closer
talus (2%;

X2 = 55.42,

< .001).

P

to

There were no significant

differences between males and females in foraging distances (Mann-

= 9,

Whitney t

p> .90, grazing; t

=

6, P

> .41,

haying).

Frequency distributions of haying and grazing trips differed
significantly (Figure 5).

Although both behaviors decreased in

frequency with distance from talus, the decrease was more rapid for
grazing.

No grazing was observed beyond 10 m from talus in any

locality sampled; haying was observed at up to 30 m.

Additionally,

proportionately fewer graminoids and more forbs were hayed from greater
than 1 m from talus than from within
P

< .001).

Within forbs, proportionately

hayed from

the

more

= 19.06,

sexes (Figure

haying prior to females.
males and females from

df

=

2,

flowerstalks were

greater distances (X 2 = 3.92, df = 1, P

Time allocation.
for both

1 m (X 2

< .05).

Haying activity peaked in late summer to fall
6).

Males, however, initiated a high level of

Total time spent foraging was similar for
May through

September

(males: 5.10

min/hi

females: 5.21 min/h), and represented a large proportion of a pikas'
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Table 1. Average distances (m) for haying and grazing trips by pikas.
Standard deviations in parentheses. Means tested with Mann-Whitney Utest.

Grazing
All Observations
(n =

Haying

2.19

(2.13)

7.49

(5.05)

2.07

(0.90)

7.07

(2.78)

1017)

All Animals
(n = 24)

t = 20.09
P < .001

t

P

= 5.63

< .001
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total activity (Smith and Ivins, 1984). Females, however, allocated a
higher proportion of foraging time to grazing than did males (74.6%
versus 50.7%).
Discussion

----

Central place foraging and its influence on vegetation
Pikas behaved as predicted by central place foraging theory.
Intensity of foraging effort, measured either as percent vegetation
used (Figure 1) or percent trips per distance (Figure 5), was highest
near talus and decreased with distance. Consequently, vegetation was
expected to be strongly depressed in the region grazed, with depletion
decreasing with distance. Percent vegetation cover did increase with
distance from talus.

Although an edaphic productivity gradient could

also produce this distribution of plant abundance, experimental
exclusion of pikas resulted in significant increases in vegetation near
talus (Chapter 3).

Vegetation increase was largest near talus, as

expected if pikas depress vegetation more strongly there than at
greater distances.
Foraging selectivity also varied as predi~ted from central
place foraging theory. All plant types, including the least preferred
cushions plants, were used to some extent when present nearest talus.
With increasing distance pikas became more selective grazers and only
forbs and the most preferred grasses were frequently harvested.
Although

neither absolute nor relative abundance of vegetation was

constant along the distance gradient sampled, preference experiments in
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which

pikas were offered choices among potted plants at each of

several distances from talus supported this interpretation of
preference and selectivity.
The plant species diversity gradient which existed across the
talus-border meadow grazed by pikas was consistent with expectations
from pika foraging. Diversity was lowest near talus, where pikas
foraged most heavily, and increased with distance. This diversity
pattern is consistent with the models of Lubchenco (1978) and Connell
(1979) which postulate that 1) low levels of predation
prey species diversity by

should increase

suppressing dominance, and 2) heavy

predation should result in elimination of species.

Experimental data

also support the notion that pika foraging causes the observed
diversity gradient. Exclusion of pikas from heavily grazed areas
results in increased species diversity;

diversity is lower in ungrazed

than in moderately grazed areas (Chapter 3).
Grazing and haying economics
Vegetation selection.
vegetation

wh~n

Pikas selected different classes of

haying than when grazing.

Forbs and woody plants

comprised a larger percentage of plants hayed than

grazed. More

flowering stalks were hayed than grazed, and tall bunch grasses were
disproportionately

represented among hayed versus grazed graminoids.

We suggest that vegetational characteristics which influence
foragin9 economics cause the observed differences in plant preference
between haying and grazing.
present when grazing:

Haying entails additional costs not

hayed vegetation is transported to talus and
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undergoes a period of storage before being consumed. Both plant size
and plant nutrient content could contribute to balancing these
adrlitional costs. Consumption rate while grazing should be relatively
independent of plant size.

A haying pika, however, could increase

harvest return rate by selecting larger plants.

Suitability of

vegetation for storage may involve either initial nutritional quality
or rate of change in quality

with time.

Energetic, vitamin, and

protein contents of vegetation generally decline during storage
(Stoddart, Smith and Box 1975, NRC 1978).

While we know of no data for

relative decomposition rates of non-agricultural plants during open
storage, haypiles show significantly lower nitrogen and carotene
contents in spring than in fall (Paddock 1961). Decomposition is
apparent in spring.
Other studies support the generalization that plants hayed
proportionately more often than grazed are larger or of higher nutrient
content. Millar (1971) found that pikas selected different species when
haying than when grazing,
plant size

an~/or

with haying preference correlated with

local density. Also, pikas frequently harvest entire

plants at ground level when haying; entire plants are rarely
when grazing.

Higher

consumed

protein, lipid, and energy contents were found

in preferentially hayed plant species by Millar and Zwickel (1972) and
West (1981). The higher variance in distance traveled to hay (Table 2)
is consistent with our suggestion that pikas hay more selectively than
they graze.
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Distance traveled to forage.

Individual pikas hayed farther

from talus than they grazed. This was true for each pika observed.

We

found this particularly interesting because pikas therefore appeared
regularly to travel farther than necessary when haying.

Assuming that

pikas are efficient foragers and that this behavior is adaptive, we
sugge~t

two factors which may be res?onsible for the discrepancy in

grazing and haying distances.
First, the effects of prior grazing may influence the distance
from talus pikas travel to hay.
the growing season for plants,

Because haying occurs at the end of
earlier grazing

available vegetation near talus.

Lor.ger-term

could

deplete

grazing-induced

depletion of vegetation near talus clearly occurs (Chapter 3). Biomass
is decreased and species composition is changed such that calorie and
protein contents of plants are greater beyond the area grazed. However,
pikas continue to graze near talus during the haying season.

Thus,

there must also be some difference in suitability of vegetation for
haying versus grazing for prior foraging to cause the distance
difference.

If higher quality vegetation is required to hay and is

sufficiently rare near

talus, then pikas must travel farther on

average while haying than while grazing.
Alternatively, haying at greater distances from talus than
grazing could result from selection for sustained yield of vegetation
near talus. Resource husbandry may evolve in sedGntary, territorial
foragers as a result of selection for long-term resource yield (Katz
1974; Pyke, Pulliam and Char nov 1977).

Resource use which appears
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suboptimal on a short time scale but which results in increased longerterm yield can

result.

Resident adult pikas

are long-lived (Smith

1978), most occupy a single area of talus for life (Smith and Ivins
1983b), and the available plants are strongly influenced by previous
local foraging (Chapter 3).

Thus, pikas are potential candidates for

selection for long-term yield. Foraging patterns could develop in \o,Ihich
vegetation nearer talus was passed,

while plants located farther from

talus (and thus more expensive to harvest) were used. Additionally,
local pika

populations are closely related (Glover et al. 1978), and

kin selection could contribute to evolution of resource husbandry. If
individual pikas do not reside on territories for sufficient time to
experience resource depletion as a result of their own previous
foraging, the inhabitants which do experience this

will likely be

closely related (Smith and Ivins 1983a). Although the large overlap of
grazing and haying distances (Figure 5) does not suggest conservation
of resources for grazing, further quantitative exploration of
conditions under which pikas could evolve so as to optimize long-term
yield are warranted.
Although pikas use vegetation nearest talus less heavily than
they might, their heavy grazing nevertheless results in decreased plant
biomass and increased occurrence of less nutritious plants (Chapter 3).
Local vegetation

depression near talus may be advantageous to pikas by

increasing visibility of diurnal terrestrial predators (e.g., weasels
and martens). Pikas appear to avoid high vegetation and have been
observed to pull up vegetation and produce open pathways in heavily
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vegetated enclosures (Markham and

Whicker, 1973).

Both avoidance of

high vegetation and plant clipping not associated with

foraging are

also reported for prairie dogs, and there is evidence that they are
subject to heavy predation when they cannot depress local vegetation
(Hansen and Gold 1977).

Our observations of predation on adult pikas

have been exclusively of cases
vegetation
predation we

where the predator appeared from higher

beyond the area grazed.

The only cases of successful

have observed occurred while a pika was beyond the region

grazed (Ivins and Smith 1983).
Time investment.

While grazing occurs throughout the snow-free

season, haying is strongly seasonal (Figure 6).

We suggest that

seasonal change in vegetation which affects foraging economics may
produce this pattern. Because haying entails additional costs not
present when grazing (storage prior to consumption, transport of
vegetation),

haying may only be profitable given a threshold

vegetation aensity or nutritional quality.

Initiation of haying by

pikas occurs as plant biomass and flowering peak (Millar 1971, this
study). In some managed prairies, both hay quality and long-term hay
yield are maximized by cutting at a similar time, when significant
nutrient translocation has not occurred and plant reaccumulation of
reserves prior to winter is possible (Launchbaugh and Owensby 1978).
Additionally, although haypiles rarely contain sufficient
energy or protein to provide adequate sole resources for surviving
winter (Krear 1965, Johnson and Maxell 1966, Millar and Zwickel 1972,

West 1981), pikas cease haying before snowfall or obvious depletion of
local vegetation (Smith 1974, this study).
which

might cause early

We

haying termination.

suggest two factors
First, vegetation

quality may decrease to the point that harvest and stcrage is no longer
more profitable than winter grazing from snow-tunnels.

Reduction in

food value could be produced by withdrawal

of nutrients, particularly

non-structural carbohydrate and

from deciduous vegetation.

nitrogen,

Nutrient retranslocation from deciduous to perennating
documented,

parts is well-

with large proportions of many potentially important

nutrients being seasonally redrawn (Rodin and Bazilevich 1967, Chapin
1980, Mattson 1980).

Second, at this time of year, vegetation

decreases in water content and becomes very noisy to hay.

A foraging

pika in fall is very conspicuous by virtue of this and may be more
vulnerable to predation.
We found few sex-specific differences in foraging. Males and
females did not differ in either diet selection or distance traveled to
forage at the time of our observations. The proportional differences we
observed in grazing and haying (Figure 6) may be accounted for by the
energetic costs of reproduction of females.

All female pikas breed

each year (Millar 1974, Smith 1978, Smith ana Ivins 1983a) and their
high allocation of grazing time
to meet demands of lactation.
may

relative

to

males

may be necessary

Additionally, rate of haying by females

peak later than that of males because of the

female's

reproductive commitment earlier in the summer (Smith 1978).
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In conclusion, we have offered several hypotheses for the
observed foraging of pikas. Our current data can only define, not test,
these hypotheses; however, our suggestions are amenable to modelling
and direct experimentation. We find this system particularly
interesting because pika foraging both affects and is affected by
local vegetation.

Additionally, the behavior of the forager appears to

be strongly influenced by its predators.

Further field studies are

needed, in this and other plant-herbivore systems, which take account
of both the influence of vegetation on foraging and the influence of
foraging history on vegetation.

CHAPTER 3
INFLUENCE OF A REFUGING CONSUMER ON RESOURCES: PIKAS
(OCHOTONA PRINCEPS: LAGOMORPHA) AND SUBALPINE MEADOW VEGETATION

Abstract
Talus slopes in

western North America are frequently bordered

by a region of vegetation which differs in biomass, cover, height, and
species composition from vegetation located farther from the talus.
These areas are grazed by pikas (Ochotona princeps), which nest in the
talus. In a subalpine meadow in west-central Colorado, several plant
groups showed clinal variation in abundance with increasing distance
from talus. Plant species that were seldom grazed by pikas were more
common near talus; species which were frequently grazed were rare. This
suggested that grazing by pikas contributed significantly to the
differences in vegetation between sites near and farther from talus.
Exclusion of pikas from small plots in the grazed area resulted
in increases in vegetation cover and species richness and changes in
plant species composition. The magnitude of the effects of excluding
pikas varied inversely with distance from talus, paralleling a gradient
of decreasing foraging by pikas. The net effects of pika grazing on
plant population interactions also changed with distance from talus.
The current effect of pikas on the poorest competitors among the
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plants, cushion plants,

was negative near talus but posi ti ve at a

greater distance from talus. The longer-term effect of pikas on cushion
plants appeared to be positive at all distances.

Introduction
The controversial paper by Hairston, Smith, and Slobodkin
(1960) proposed that herbivores as a group were limited by predation
whereas plants were limited by resources. Since publication of their
paper, much attention has been focused on both a) the importance of
interspecific competition for scarce resources as an organizing force
among organisms within various trophic levels and b) the importance of
herbivores as regulators of either local plant community productivity
or competition among plants. The roles of both competition and
herbivory have remained controversial, and it has become apparent that
manipulations of populations within natural communities are necessary
to define the current influences of these processes. Although
interpretation of the results of experimental perturbations of
ecological

co~unities

can be a non-trivial task (e.g, Dayton 1973:

Schaffer 1981; Bender, Case, and Gilpin 1984), this remains the best
way to demonstrate the dynamic processes which control the distribution
and abundance of species.

Experimental manipulations designed to

investigate the presence and importance of competition have
proliferated (reviewed in Schoener 1982 and Connell 1983), but similar
studies of the significance of herbivory in natural communities are
less common. For marine ecosystems, major progress in documenting the
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extent and nature of herbivore effects has followed a large number of
experimental manipulations of herbivore and plant populations (reviewed
in Lubchenco and Gaines 1981). A parallel development in our
understanding of the ecological significance of herbivores in
terrestrial plant communities has not occurred.
Although data from managed grazing systems clearly demonstrate
large changes in plant communities in response to herbivory, evidence
from naturally occurring terrestrial systems remains largely anecdotal
(see Harper 1977, p. 497). Recent terrestrial plant-herbivore research
has focused on the influence of herbivores

on plant defenses (Rhoades

and Cates 1975, Feeny 1976, Coley 1983), the responses of individual
plants to herbivory (Dyer and Bokhari 1976; Dyer et al. 1982:
McNaughton 1983,1984: McNaughton and Tarrants 1983) or herbivore
limitation of single plant populations (Cantlon 1969, Waloff and
Richards 1977, Parker and Root 1981, Louda

198~).

Thus, attempts to

reevaluate, modify, or extend the ideas of Hairston, Smith and
Slobodkin (e.g., Van Valen 1973, Fretwell 1977, Lubchenco and Gaines
1981, Oksanen.et al 1981, Oksanen 1983) remain largely untestable.
Experimental studies of the influencp. of terrestrial herbivores
in natural communities do p.xist, and the number of these has increased
since 1960.

Herbivores which have been studied using direct

experimental density manipulations include rabbits (Farrow 1916, 1917:
Tansley and Adamson 1925: Hope-Simpson 1941: Gillham 1955,1962: Watt
1957, Bartholomew 1970), microtines (Summer hayes 1941, Schulz 1964,
Batzli and Pitelka 1970, Chapter 4) several African ungulates (Sinclair
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1974; McNaughton 1976, 1984), and pocket gophers (Turner 1969, Chapter
4). However, the number of herbivore populations and the range of
habitats studied remain small. We still have few data with which to
evaluate the general importance of herbivory in terrestrial plant
communities. In many of the previous experimental studies only total
vegetation or one or a few species were measured; data which elucidate
the ways in which herbivory influences plant population dynamics to
alter community composition are particularly rare. A notable exception
among terrestrial work is the study of desert granivores by Brown and
Davidson which has shown profound effects of these primary consumers on
the desert annual flora (Inouye, Byers, and Brown 1980; Brown et al.
1985; Davidson, Samson, and Inouye 1985).
I report here some results of a study of the influence on
subalpine vegetation of a small, generalized herbivorous mammal, the
pika (Ochotona princeps). I first examined the patterns of distribution
of plants and of grazing damage to plants near talus (rock slides or
boulder slopes) inhabited by pikas. I used these data, in combination
with studies of the foraging behavior of pikas (Chapter 2) to develop
a mechanistic model of the
they graze.

effects of pikas on the plant community

I then tested this model by experimentally manipulating

pika grazing. The initial results show the current effects of pikas on
the population dynamics of the plants they graze. They also indicate
the relative strength of the effects of pikas in different regions of
the area they graze.

Longer-term results will provide estimates of the

full extent to which pikas alter local productivity and species
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composition of the plant community on which they feed.
Pikas are one of many small mammalian herbivores which forage
out from a fixed refuge, i.e., they are central place foragers (sensu
Covich 1976, Orians and Pearson 1979). Because refuging herbivores, by
definition, remain associated with and dependent upon a local plant
assemblage, one would expect these animals and the plants they feed
upon to show close interrelationships. Foraging theory predicts that
these animals will generate gradients of predation intensity and
selectivity, with foraging decreasing but becoming more selective as
distance from the refuge increases (Covich 1972, Orians and Pearson
1979, Schoener 1979).

Here I test for the existence of such a gradient

in herbivory by pikas and

for its influence on the local plant

community.
Methods
Plant community
The study was conducted in Virginia Basin, a high subalpine
basin northeast of the Rocky Mountain Biological Lab in Gunnison
County, Colorado,

USA. Virginia Basin contains several large talus

slopes (ie, rock or boulder slides). The talus slopes studied were
located at about 3400 m elevation, and abutted subalpine meadow for
approximately 350 m.

The flora of the Gunnison region has been

described by Langenheim (1962), who classified the vegetation of
Virginia Basin as upland herb and fescue grassland. Common forbs
included Thalictrum fendleri, Erigeron speciosus, Senecio crassulus,
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Potenti1la gracilis, Lathyrus leucanthus, Geranium richardsonii,
Epilobium angustifolium, Achillea millefolium, and Agoseris aurantiaca.
The most abundant grass was Festuca thurberi:
canadensis,

Agro~

~

rubra, Calamogrostis

trachycaulum, and Stipa lettermanni are also

common.
A 2-10 m wide strip adjacent to talus differed markedly in
species composition from the meadow further from talus. Most plant
species present near talus occurred only patchily (Huntly, personal
observation).

However, morphologically similar groups of plants

appeared to exhibit consistent patterns of distribution.

I therefore

attempted to classify plant species into functional groups according to
similarities in traits which should reflect differences in both
a) relative competitive abilities in >the absence of grazing and
b) palatability to pikas (which should reflect relative decrements of
competitive ability in the presence of pika grazing). I used four
groups: graminoids, forbs, woody plants and

cushion plants.

This

grouping reflects differences in growth form and potential growth rate,
and should

re~lect

gross differences in competitive ability in the

absence of herbivores. Growth rate or competitive ability in the
absence of herbivory and palatability to generalized herbivores are
commonly positively correlated in terrestrial (Gillham 1955, 1962:
Cates 1975: Cates and Orians 1975: Mattson 1980: Dirzo 1984), aquatic
(Shelden 1984) and marine (Lubchenco 1978, Littler and Littler 1980,
Hay 1981, Lubchenco and Gaines 1981) 'ecosystems. In part I test here
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the validity and utility of grouping species to analyze community-level
plant-herbivore interactions.
The most common graminoids near talus were Festuca thurberi,

~

rubra, Blepharineuron tricholepsis, Carex ebenea, and Juncus drummondi.
Forbs were composed entirely of species which grow primarily as
vegetative rosettes, producing upright stems only when flowering.
Common species included Senecio atratus, Cirsium parryi, and

Campanula

rotundifolia. Cushion plants are most typical of alpine and arctic
regions. They grow as clusters of prostrate rosettes with a common root
system.

Common representatives included Erigeron simplex, Saxifraga

bronchial is, and Sedum lanceolatum. Common woody species in study plots
included Potentilla fruticosa, Ribes cereum, Rubus sp, Berberis repens,
and Pachystima myrsinites.
Pikas
North American pikas (Ochotona princeps) are small (about 160
g; Smith 1978) herbivorous lagomorphs. Individuals are territorial and
an animal generally spends its life on a single talus area (Smith 1981,
Smith and

Ivi~s

1983). Pikas are restricted in North America to talus

at high elevations and latitudes. They do not hibernate. During the
growing season they both graze plants near talus and store vegetation
in caches in talus for winter use (Sevareid 1955, Millar 1971, Huntly
personal observation). Pikas are very generalized feeders, with
individuals commonly using more than 30 plant species as forage.
Nevertheless, they feed very selectively (Millar 1972,
Chapter 2).
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Distribution of vegetation near talus
In mid-July 1980, I sampled vegetation along transects
perpendicular to the talus-meadow interface at Virginia Basin.

I

measured percent plant cover by species and the proportion of that
which showed grazing damage for plots located at fixed distances from
talus. Detailed methods and results are in Chapter 2 (see Figures 1
through 3), and are only summarized here. Total grazing damage to
plants decreased significantly with distance from talus, while total
vegetation cover increased significantly. Plant species richness also
increased significantly with distance from talus. These patterns were
as expected for the resources of a refuging herbivore. Direct
observation of pikas also indicated that their foraging activity
decreased with distance from talus.
Local abundance of plant groups also varied with distance from
talus. Density of graminoids and cushions were inversely correlated,
with cushions most abundant and grasses least abundant at an
intermediate distance from talus. Different grass species predominated
at the near and far edges of the area grazed by pikas. Forbs were
uncommon near'talus, but increased in abundance at the far edge of the
grazed area. CWoody plants did not occur in these samples.)

Freqency

of grazing damage to each group also changed with distance from talus.
Forbs were grazed most heavily across the entire transect region;
graminoids were grazed frequently near talus but this declined
significantly with distance. Cushion plants were observed to be grazed
only in plots at the smallest distance from talus examined.
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A number of abiotic factors could contribute to the observed
differences in species composition and physiognomy between talus-edge
vegetation and that located farther from talus. The apparent
productivity gradient could result from an edaphic gradient of nutrient
availability, soil texture (rockiness), or water availability, or from
differences in disturbance or time of snowmelt. However, the
distributions of plant groups and of grazing on these groups suggested
that grazing by pikas was an important influence. They further suggest
a mechanistic model for the potential influence of pikas on the
standing crop, species richness, and species composition of the
vegetation they graze.
Role of pikas in the talus-border plant community: a model
I present a model consistent with the observed vegetation
zonation and gradient in herbivore pressure. This postulates mechanisms
fpr the effects of pikas in,terms of changes in relative competitive
abilities among plant groups in the presence and absence of pika
grazing (Figure' 7).
The

~asic

assumptions of the model are a) a trade-off between

plant competitive ability and resistance to or avoidance of herbivory,
and, b) a decrease in grazing pressure with distance from talus. The
gradient of intensity of grazing by pikas should produce a parallel
gradient in the importance of competition among plants. Near talus,
severe grazing should reduce competition. Rapid potential growth

and

the capacity for increase in height should be of little value to
plants, and, to the extent that these are correlated with palatability
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Figure 7. Schematic representation of the mechanisms controlling plant' distribution and abundance in the talus-border area
grazed by pikas.
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to pikas, they would be a liability near talus.

At increasing distance

from talus, herbivory declines and competition among plants should
become increasingly more important in determining plant population
abundance. Here, plants with low growth rates would be at a
disadvantage, even if they were relatively unpalatable to pikas.
In this system, cushion plants should be the poorest
competitors in the absence of herbivory. This follows from their slow
growth rates and lack of vertical growth capacity. Owing to the
interaction between competition and herbivory, the poorer competitors
among plants should show a qualitative change in dynamic relationship
to pikas with increasing distance from talus. Near talus, these plants
are grazed; pikas should therefore directly limit cushion populations
in this area. At greater distances from talus, pikas graze only the
competitors of cushion plants. In this region, pikas should have a
purely positive indirect effect on cushion populations, through
limiting growth and density of their potential competitors.
This model generates three predictions which can be tested by
manipulating pika populations:
1) Removal of pikas should result in increases in vegetation cover
and species richness.
2) The response of vegetation to removal of pika grazing should be
greatest near talus and should decrease with distance from
talus, paralleling the gradient of decreasing herbivore
pressure.
3) The short-term effect of exclusion of pikas on cushion plants
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should be positive near talus, where pika grazing limits
cushion populations. However, this effect

should become

negative at greater distances from talus where pikas affect
cushions only indirectly, by grazing their competitors.

The

longer-term effect of pika exclusion should be negative for
cushions throughout the area grazed by pikas. This would result
from closure of the plant community and increased importance of
rapid growth rate and increased height in plant dominance.
Role of pikas in talus-border plant communities: direct tests
I established four sets of pika exclusion and control plots
along the talus border at Virginia Basin in August 1979.

These were

located in four different areas, referred to as sites 1 through 4,
along a 200 m length of talus border. Experimental plots were located
at different distances from the talus edge in the four sites.

At Site

1, the plots were approximately 0.5 m from

m~

talus~

at Site 2, 1

at

Site 3, 2 m; and at Site 4, 9 m. Because the distance to which pikas
forage varies among sites (Chapter 2), these four sites cannot be
considered as representing points along an exact local distance axis.
However, they can be ranked from nearest to farthest with respect to
distance from talus and do represent four points along a qualitative
distance gradient.
At each site, I built 2 pika exclosures and marked permanent
unmanipulated control plots.

Pikas were excluded by 1 m diameter by 46

cm high above-ground fences of 2.5 cm diameter chicken-wire supported
by 0.6 cm diameter concrete reinforcing rod.

Within each treatment
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plot, four 0.25 x 0.25 m permanent sampling quadrats were marked.
These quadrats were censused for local population size, measured as
percent cover, for each

speci~s

present.

Cover was measured using a

0.25 x 0.25 m frame divided into a 10 x 10 grid. One cover unit was
counted for each square in which a plant species was present, and total
vegetation cover was calculated as the sum of individual species' cover
values for each sampling quadrat. It was thus possible for total cover
to be greater than 100.

Censuses were conducted at the time of

establishment of the exclosures, and in mid-August of 1980 through
1982. August is the end of the growing and flowering season for
vegetation. Average percent cover for the 4 sampling plots in each
exclosure or control was used as an estimate of local population size.
I used analysis of variance, blocked on site, to test for differences
in square-root transformed local population size for each year of the
experiment.
Results
In 1979, prior to initiation of the experimental exclosures,
there were no 'significant within-site differences in total vegetation
cover, cushion plant cover or species richness between plots from which
pikas were excluded and their controls (Table 2). Subsequent divergence
between treatments is thus attributable to the effects of removing
pikas.
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Table 2. Results of analysis of variance, blocked on site, for effects
of removal of pikas on vegetational variables. E = pikas excluded; C ~
control. All d.f. = 1,4.

Variable
All vegetation

Year

Treatment effect
(F)

Direction
of effect

0
1
2
3

0.892
5.295
9.132
5.022

(p> .3)
(p=.042)
(p=.012)
(p=.035)

E> C
E> C
E> C

0
1
2
3

0.058
1.954
8.077
10.556

(p> .8)
(p=.190)
(p=.016)
(p=.008)

E> C
E> C
E> C

0

7.030 (p=.023)

E>C

Nonpalatable

0
1
2
3

0.807
0.082
0.029
0.014

(p>
(p>
(p>
(p>

Palatable

0
1
2
3

5.643
7.408
8.303
20.78

(p=.037)
(p=.020)
(p=.015)
(p< .001)

E> C
E> C
E>C
E> C

0
1
2
3

4.272
0.904
17.391
86.464

(p=.054)
(p=> .3)
(p=.009)
(p< .001)

C>E
E>C
E> C

0
1
2
3

1.739
5.295
9.132
5.022

(p> .2)
(p=.042)
(p=.012)
(p=.035)

E> C
E> C
E> C

0
1
2
3

0.772 (p> .3)
1.099 (p> .3)
7.735 (p=.018)
9.189 (p=.Oll)

E> C
E> C

Forbs

Graminoids

Woody plants
(sites 2
& 4 only)

Cushion plant:;;

Species number

.3)
.7)
.8)
.9)
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Vegetatioml abundance
Vegetational standing crop increased rapidly in the absence of
pikas. After one year of removal, treatment plots contained
significantly higher vegetation cover than did controls, and
differences became more pronounced with time (Figure 8, Table 2).
Species richness
Pikas also influenced local vegetation diversity. Species
number consistently increased in pika exclosures relative to controls
(Figure 9, Table 2).

There were significantly more species in plots

from which pikas had been excluded in the second and third years of the
experiment. This was true both on a per quadrat basis and for
experimental plot species totals.
Effects of pika exclusion on plant groups
All plant groups initially increased in overall absolute
abundance relative to controls when pikas were prevented from grazing
(Table 3). The magni'tude of the increase varied among groups, with
forbs and woody plants showing the highest overall differences between
pika exclosures and controls. For forbs, a large portion of the
increase in cover in exclosures relative to controls was attributable
to establ ishment.
Cushion plants initially increased in exclosure plots relative
to controls, and cushion populations were significantly larger in pika
exclosures than their controls in Sites 1, 2, and 3 in the second year
of the experiment (Figure 10). However, in the third year of pika
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Table 3. Overall average percent cover vegetation by group in pika
removals and controls. E = pika exclosures, C = controls.
Year of pika exclusion
1

2

3

10.1
7.6

8.0
3.8

9.6
2.6

8.3
2.6

10.5
12.5
10.8
5.7

l3.4
11.7
8.6
4.2

21. 7
9.2
8.6
3.3

22.3
12.8
12.3
6.1

2.9
3.9

5.3
4.4

5.0
2.4

5.9
2.6

0

Cushions

E:

C:
Forbs

E:

C:
Graminoids

E:

C:
~~oody

E:

plants

C:
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exclusion, cushion densities declined in exclosures at Sites land 3
and were no longer significantly larger than in controls. In Site 4, no
significant differences between exclosure and control populations
occurred.
Distance-dependence of effects of pika exclusion
I examined the correlation between distance from talus and the
relative magnitude of the response to pika exclusion for total
vegetation cover, species richness and cushion plant cover. Because
initial

plant abundance and diversity varied among plots, I used the

ratio of average cover or species number in pika exclosures to that in
control plots as a measure of relative response. This ratio was
inversely correlated with distance from talus for total vegetation
cover and species richness in each of the 3 years of removal (Figure
11) •

For cushion plants, the relative increase in cover was also
initially negatively correlated with distance from talus of the
experimental plots (Figure 11). However, as cushion cover declined in
two sites in the third year of removal, the correlation with distance
ceased to exist.

Discussion
General effects of pikas on vegetation
Vegetation near talus slopes in the area in which I worked is
very heterogeneous at the species level. However when species are
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grouped by growth form it is apparent that a vegetation zonation exists
with distance from talus. Plants which were observed to show frequent
grazing damage when present were less common near talus than farther
away. The most common species nearest talus, cushion plants and
Blepharineuron tricholepsis, were rarely grazed. Associated with the
change in species composition with increasing distance from talus was
an increase in number of plant species present. These observations are
consistent with a model postulating that pikas cause this vegetation
pattern by selectively grazing plants growing near talus.
The exclosure experiments demonstrate that pikas are
responsible for significant decreases in plant cover and species
richness. Additionally, pika foraging is associated with changes in
species composition. Exclusion of pikas from small patches of
vegetation resulted in local establishment and increased growth of
preferred forage species, particularly forbs. Vegetation within pika
exclosures became more similar to meadow vegetation located farther
from talus.
While all plant groups initially showed increased population
densities when pikas were excluded, the magnitude of the response
differed among groups. Because

I used percent cover as an estimate of

population size, my results do not reflect the full magnitude of
changes in relative abundance of plant groups in response to presence
or absence of pikas. Percent cover provides a good estimate of the
population size of cushion plants, which show no vertical growth. For
graminoids, forbs and woody plants, vertical growth is a very important
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component of local abundance and this is strongly restricted by pika
grazing. Percent cover is thus a very conservative measure of
differences in these populations between grazed and ungrazed plots.
Therefore, while the data clearly show that cushions show the lowest
population growth rates in the absence of pika grazing, relative growth
rates of the other groups based on cover data are probably
underestimates. Additionally, many graminoids and forbs became
established in exclosure plots only after pika removal. Comparison of
the growth rates of established plants with that of seedlings is also
misleading.
Several additional results support the proposed model for

th~

mechanisms of pika influence on talus-edge vegetation. Blepharineuron
tricholepsis was common near talus and was virtually never grazed. I
therefore separated graminoids to Blepharineuron tricholepsis versus
all other species and tested for differences in local population sizes
as functions of pika exclusion. Percent cover of other, presumably more
palatable, graminoids increased significantly in exclosures (Figure
12): percent c,over of Blepharineuron did not vary significantly between
treatments. This is consistent with both strong pika limitation of
grazed populations and low importance of competitive interactions in
the heavily grazed areas.
Additionally, at site 3, both forb cover and species richness
showed minor increases in exclosure plots relative to controls. This
site contained a population of the thistle, Cirsium parryi, which
appeared to be avoided by pikas and to protect other plants from
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grazing. If forbs in this site are separated to Cirsium versus all
others, there is a significant increase in cover of other forbs (Fig
13). Cirsium cover was

unaffected by removal of

pikas during the

three years of the experiment. It is likely that pika foraging does not
directly affect adult Cirsium, but that this population will not be
replaced as vegetation becomes more closed. "If only plants not growing
under adult Cirsium are counted, species richness was higher in 1982 in
plots from which pikas were removed (10 versus 6 per .25 x .25 m
quadrat~

19 versus 9 per experimental plot).

Distance-dependence of the effects of pikas on vegetation
While exclusion of pikas should ultimately result in the same
effects at any site, given no edaphic differences, the initial effects
of excluding pikas varied with distance from talus. This was predicted
from the distance-dependent variation in pika grazing activity (Chapter
2) The initial magnitude of divergence between pika exclusion plots and
their controls decreased with distance from talus. This paralleled the
gradient of decreasing grazing by pikas.
It

wa~

also predicted that the net effect of pikas on cushion

plants should change qualitatively with distance from talus. Cushion
plants should initially increase near talus when pika grazing is
removed, but should decrease at distances where they are not grazed
owing to competition from plants of other growth form that have been
released from herbivory. (Alternatively, they might show no short-term
effect, if competition were sufficiently weak.) This was generally
supported by the data; but the decrease in Site 4, the most distant
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exclosure site, was non-significant.

The longer-term prediction of

cushion plant population decline in exclosure plots relative to
controls, regardless of location, was also supported.
Initial differences in species composition within experimental
plots may have contributed to the differences in the observed responses
of cushion plants to pika exclusion.

Woody plants were present in 1979

only in Sites 2 and 4. In 1982, these plots were dominated by woody
vegetation.

Sites 1 and 3, in contrast, had large graminoid and

Cirsium populations, respectively. Cushion plants may persist as an
understory below woody plants that produce slight shade (Huntly,
personal observation), and this could produce the slower cushion
declines in Sites 2 and 4.
Inferences concerning competition among plants
A clear demonstration of competitive interactions among plants
would require manipulations of various plant population densities.
Because I did not manipulate plant populations, the evidence for
competition among plants "in this system is primarily indirect.

The

observed respOnses of plant groups, particularly cushion plants, were,
however, supportive of the model's assumptions regarding relative
competitive abilities in the presence versus absence of grazing. Other
field observational (Griggs 1955) and laboratory (P. Dixon, personal
communication) work supports the assertion that cushion plants are
generally competitively inferior when other plant types can become
established. Observational studies of vegetation associated with
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prairie dog towns (Osborn and Allan 1949) and rabbit warrens (Gillham
1955) also suggest competitive displacement of prostrate plants in the
absence of herbivory. Lubchenco and Cubit (1980) report analogous
patterns for encrusting versus upright marine algae.
General implications for plant-herbivore interactions
The extent to which herbivores in general affect the
productivity or species composition of their resources remains an open
question.

This study demonstrates that pikas exert strong control over

local abundance and species composition of the subalpine meadow
vegetation they graze.

This is true despite the small size and

generalized feeding preferences of pikas.
The results reported here also illustrate the role of herbivore
foraging behavior and its constraints. Because of the strong variation
in pika foraging with distance from talus (Chapter 2), the effects of
pikas on plants vary in strength and, in some cases, direction with
distance from talus. A study which did not consider distance from talus
would not accurately estimate the role of pikas in producing and
maintaining trye vegetation located near talus. In particular, for
cushion plants, which are the least competitive plants in the absence
of herbivory, the effects of pikas are reversed with distance from
talus. Analysis of randomly located plots might well show no net effect
of pikas on cushion plants, despite the strong effects revealed when
distance is taken into account.
It is likely that other small herbivores which forage from a
fixed nest, den or burrow have similar effects on local vegetation to
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those shown here for pikas. Gillham (1955, 1962) found such effects of
old world rabbits (Oryctolagus

cuniculu~),

as did Farrow (1917), though

neither. reports direct measures of plant population growth rates or
densities. Vegetation zonation is also reported around the refuges of a
number of other small mammalian herbivores, including woodchucks
(Merriam and Merriam 1965) prairie dogs (Osborn and Allan 1949, King
1955), desert cavies (Rood 1970), and marmots (del Moral 1984) • This
is expected if these animals generate a gradient of herbivore pressure
that results in clinal changes in plant competitive abilities. Similar
effects may be produced by less sedentary herbivores which nevertheless
vary foraging according to proximity to cover, but these may be more
difficult to detect. Examples are given by Bartholomew (1970) and
Jaksic and Fuentes (1980).
The interactions of herbivory and competition among plants
reported here parallel patterns reported for several marine intertidal
(Paine and Vadas 1969, Lubchenco 1978, Lubchenco and Cubit 1980), reefedge (Randall 1965, Ogden et ale 1973, Hay 1981), and freshwater
(Shelden 1984). ecosystems. In each case, more rapidly growing and/or
taller plants are limited in distribution and abundance by herbivory.
This in turn facilitates increased occurrence and abundance of slower
growing and prostrate plants which are poorer competitors for resources
in more closed communities. The similar pat tens for plants and
herbivores of different Kingdoms (plants and algae) and Phyla (mammals,
fishes, echinoderms, and molluscs) suggests that a general trade-off
between competitive ability and susceptibility to herbivory exists
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under certain environmental conditions. Direct elucidation of this
trade-off and of conditions under which it may hold are warranted.
Conclusions
Experimental exclusion of pikas from areas of vegetation near
talus slopes in southwestern Colorado indicated that a significant
portion of the lower vegetation cover and species richness in this
region is due to pikas. While edaphic differences may ultimately also
affect prcductivity and contribute to the impoverishment of vegetation
in this area, pikas are nevertheless an important factor.
The predictions of a model postulating mechanisms for the
effect of pikas on local vegetation were supported by results of the
exclusion experiment. Total vegetation cover and species diversity
increased when pikas were prevented from grazing small plots. The
increase on pika exclusion plots was greatest nearest talus, and was
inversely correlated with distance from talus.
of removing pikas

The short-term effect

was positive near talus for cushion plants, which

should be the poorest competitors in the absence of grazing.

However,

the effect on cushions was non-significant and tended to be negative at
the greatest distance from talus tested. The long-term prediction of
cushion plant decline in the absence of grazing by pi'kas was supported
in two of three sites in the third summer of exclusion. Mechanisms
similar to those proposed and tested for the effects of pikas in this
system should be expected for other small herbivores which forage from
fixed nest sites.
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INFLUENCE OF CO-OCCURRING CONSUMERS ON THEIR RESOURr.ES:
INDIVIDUAL, COLLECTIVE, AND INTERACTIVE

EFFEC~S

OF TWO

MA~~LIAN

HERBIVORES ON VEGETATION

Abstract
The effects on subalpine meadow vegetation of two co-occurring
mammalian herbivores, pocket gophers (Thomomys talpoides) and voles
(Microtus montanus), were evaluated using a factorial exclusion
experiment. The primary purposes were to determine the effects of each
on vegetation abundance, species composition, and diversity, and to
determine the extent to which effects were interactive as opposed to
independent.

Non-independence of effects was assessed as presence of a

significant interaction term in 2-way ANOVA. Gopher by vole interaction
terms were at least marginally significant for many analyses.
The effects of co-occurring consumers are expected frequently
to be interactive: this tendency is increased when resource popUlations
interact strongly. Where both pocket gophers and montane voles occur in
similar habitats, they are primarily forbivorous and are reported to
have considerable diet overlap. Results of the experiments only weakly
suggested foraging interactions, but showed considerable importance of
indirect, plant-plant interactions in determining the effects of
herbivores.

Effects of herbivore removal on vegetational standing crop

S6
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were less than additive; removal of both gophers and voles produced no
significant increase in total vegetational biomass over removal of
either alone. Removal of either group resulted in increases in forb
abundance; and removal of gophers increased grass abundance. However,
only simultaneous removal of both altered the proportional abundances
of grasses and forbs.
Introduction
Consumers, including both predators and herbivores, can
profoundly influence the abundance and competitive ability of prey
populations (Connell 1961a,1961b; Whittaker 1979; Zaret 1980; Lubchenco
and Gaines 1981; Louda 1982,1983; Dirzo 1984; Paine 1984) and thus can
influence species composition of the resources on which they subsist
(Brooks and Dodson 1965, Paine 1966, Lubchenco 1978, Inouye et ale
1980, Zaret 1980, Lubchenco and Gaines 1981, Davidson et ale 1985,
Huntly MS). However, most experimental verifications of consumer
influence on prey communities consider either a single consumer or the
consumer biota as a whole. Most communities contain more than one
potentially

s~gnificant

consumer taxon.

The ways in which co-occurring

consumers contribute to the net effects of predation in any community
are little known.
The extent to which the effects of consumers on their resources
may be interdependent is also an open question. However, indirect
evidence suggests that the effects of consumers often will not be
independent. Recent theory indicates the potential importance of
indirect interactions, both among consumers using the same resource
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base (Levine 1976, Lawlor 1979, Vandermeer 1980) and among prey sharing
common consumers (Holt 1977, 1984). This work emphasizes that community
context can change the net effects of a given species on other
community inhabitants both qualitatively and quantitatively. Empirical
studies are beginning to verify the importance of these indirect
effects in natural communities (May et al. 1979: Paine 1984: Davidson
et al. 1984, 1985: Dethier and Duggins 1984: Brown et al. 1985).
Indirect empirical evidence also suggests that the effects of
consumers on their resources often are not independent. Interspecific
facilitation has been suggested among African ungulate populations,
some of which selectively graze vegetation patches produced by the
others' activities (Vesey-Fitzgerald 1960, Gwynne and Bell 1968,
McNaughton 1976). Similar microhabitat and diet selection in response
to activities of another herbivore taxon is reported for North American
bison (in response to prairie dogs: Coppock et al. 1983) and
grasshoppers (in response to pocket gophers: Huntly and Inouye in
preparation).
to show

Small mammalian herbivores frequently have been reported

inter~pecific

interference (Findley 1954: Miller 1964: Grant

1972,1978). Gillham (1962) suggests that birds and rabbits can either
increase or decrease use of vegetation by the other, the actual result
depending on the particular taxa present, and local environmental
conditions.

When consumers influence each other's population densities

or foraging behavior, whether directly or through modification of
resources or habitat, their effects on the resource base they jointly
exploit are unlikely to be independent. For example, if

b/o

consumer
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taxa have similar preferences and show exploitative or interference
interaction, changes in the density of one population may be
compensated by the other consumer and thus have little or no effect on
the resources. The species may nevertheless strongly limit some or all
resources. If habitat or diet shifts occur when one consumer taxon is
absent, manipulative studies may fail to reveal even strong effects
unless other taxa are also manipulated. This situation may occur on
local as well as larger geographic scales. In such cases, factorial or
nested manipulations are necessary to measure consumer influence
accurately because it varies with composition of the consumer
community. Compensatory predation or herbivory by different kinds of
consumers does not necessarily imply higher order interactions among
consumers, at least not in the conventional sense of non-linearities in
purely pair-wise interactions, but may arise from indirect interactions
mediated through the resource populations.
Here I evaluate experimentally the effects of two co-occurring
vertebrate herbivores and the extent to which effects of each depend on
occurrence of,the other. Subalpine meadows frequently are inhabited by
a rich vertebrate fauna which subsists, wholly or in part, on plants. I
examined the effects of two of these, Thomomys talpoides (the mountain
pocket gopher) and Microtus montanus (the montane vole), in a subalpine
meadow in which they were the only two consistently present vertebrate
herbivores. Both taxa are reported to be primarily forbivorous in
similar habitats

~~ard

and Keith 1962, Vaughan 1974).

While

interference has been suggested to be important both among voles and
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other above-ground small mammalian herbivores and among the fossorial
gophers, the interaction between these two geographically widespread
and abundant groups has not to my knowledge been studied.
possible effects on a resource population of removing 2 cooccurring consumers, at least one of which directly affects the
resource, are illustrated in Figure 14. Given their similar diet,
pocket gophers and voles might compete and each show compensatory
foraging on plots from which the other was removed. Their effects on
resources would thus be interdependent. Alternatively, gophers and
voles might have sufficient independent microhabitat or diet
preferences that their effects on resources would be

la~gely

independent. Their effects could be symmetrical, with both equally
likely to influence resources (Figure 14, a-c), or hierarchical, with
one animal showing effects despite presence/absence of the other and
the other showing effects only in the absence of the first (Figure 14,
d-f). In practice, the possibility of indirect, consumer-influenced
interactions among resource populations complicates interpretation of
results.

Int~ractions

among resources may cause consumer effects to be

interdependent.
Methods
I studied the influence of herbivores on the plant

cow~unity

Virginia Basin, a high subalpine meadow (approximately 3400 m
elevation) in Gunnison County, Colorado, near the Rocky Hountain
Biological Laboratory at Gothic. The flora of the region has been

of
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described by Langenheim (1962), who categorized

the vegetation of

Virginia Basin as upland-herb to fescue grassland. The flora was rich,
averaging 12 species per O.S m2 (ranging from 1 to 20) The most
abundant graminoid was Festuca thurberi, with Festuca rubra,
Calamagrostis purpurascens, Stipa lettermanni, and Bromus ciliatus also
common. Cdmmon forbs included Thalictrum fendleri, Erigeron elatior,
Senecio crassulus, Achillea millefolium, Lathyrus leucanthus, Helenium
hoopesi, Agoseris glauca, Geranium

richardsonii, and Potentilla

gracilis.
I assessed the effects of pocket gophers and voles on the local
plant community using a 2 x 2 factorial exclosure experiment, with 2
replicates of each of the 4 treatments assigned randomly to plots.
Gophers and voles were excluded separately and in combination from 2-m
diameter plots with

1.27 cm-mesh hardware cloth fences.

Gophers were

excluded with fences buried to 4S-S0 cm, while fences buried only S-lO
cm allowed gophers access. Small doors (S x Scm, 6 per fence) were cut
at ground level in half the fences to allow voles entry. All plots were
trenched to 45-50 cm before installing the wire mesh. This depth was
below the primary root zone. Additionally, two entirely unmanipulated
plots (no fencing or trenching) were designated for comparison with
experimental controls to determine any effects of fencing per see
Construction of fences was completed in early August, 1979.
Effectiveness of treatments was verified by live-trapping with
folding Sherman traps (3 nights/month, June to August of 1980 and 1981,
August only in 1982) and by recording amounts of gopher disturbance,
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and presence of vole runways and winter-nests each year. Voles were not
captured within plots lacking doors. They were captured in plots
containing doors, and runways and winter nests were observed only in
plots with doors. However,

vole captures in 1980 and 1981 were too low

to detect significant differences in use of plots. Gophers did not
invade gopher-removal plots between 1979 and 1982. Gopher disturhance
was present in all gophers-present treatments.
Plant community structure was measured as percent vegetational
cover by species. Within each experimental plot, 4

0.25 x 0.25 m

subplots were located along the 4 cardinal compass axes and permanently
marked with 15 cm nails. Each plot was sampled for plant cover by
species, using a quadrat divided into a 10 x 10 grid. Each plant
species present was assigned one cover unit for each quadrat square in
which it occurred. Total vegetation cover was therefore not constrained
to sum to 100, and species cover values are not necessarily linearly
dependent. Mean percent cover and variance of the mean were calculated
for each species in each plot. Plants were grouped for analysis as
graminoids (including sedges) or forbs, and forbs were further divided
to annuals, legumes, or other. These groups reflected previously
observed differences in herbivore preferences.
Percent cover by species was measured in mid-August 1979, when
experimental fences were constructed, and in mid-August 1981. In midAugust 1982, one 10 cm x 1.5 m strip along the NE-SW
was clipped at ground level, dried at 55 0

axis of each plot

C, and weighed to estimate

above-ground standing crop biomass. These samples were sorted to
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graminoid, legume, or other forb before weighing. The sampling time \'las
chosen to reflect maximum annual standing crop. In mid-August, biomass
typically has peaked, but senescence is not yet apparent.
Data were analyzed using SPSS version 7.9 ANOVA and MANOVA, and
were transformed as appropriate to justify assumptions of the analyses.
Both univariate tests for consumer effects on individual plant groups
and multivariate tests for overall effects on community composition
were conducted. Analysis for simple main effects of each consumer taxon
(i.e., effects of voles with gophers present, effect of voles with
gophers absent, effect of gophers with voles present, effect of gophers
with voles absent) were also conducted. All resulting F-values with
probability of occurrence of

.15 are reported.

Results
Total vegetation, bare ground, and diversity
Year ly mean values for all vegetational var iables for each
treatment are summarized in Table 4. There were initially no
significant differences among treatments in total vegetational cover or
amount of

bar~

ground (Table 5, Figure 15). In 1981, after 2 years of

selective exclusion of gophers and voles, total plant cover had
increased on gopher removal plots relative to controls and was
marginally greater on these plots. Both gopher (G) and gopher by vole
interaction (G x V ) effects were significant in 1982, the third year
of the experiment. The significant interaction term reflected less than
additive effects of the removal of voles and gophers. Simple main
effects showed that both the vole (- V) and gopher (- G) removal

Table 4. Average treatment means (+1- 1 SD) in 1979, 1981, and 1982. 1979 and
1981 values are percent cover, 1982 are biomass (g/m 2). a = 1979, b = 1981,
c = 1982.
CONTROL

- VOLES

- GOPHERS

- BOTH

Graminoids

a:
b:
c:

11.2 (5.9)
35.8 (1. 7)
90.1 (16.8)

21.5 (12.2)
45.1 (1. 9)
160.7 (28.2)

15.5 (5.0)
43.2 (8.7)
208.8 (57.4)

25.6 (8.1)
40.8 (14.9)
75.4 (9.4)

Forbs

a:
b:
c:

90.6 (3.9)
61.7 (1.0)
90.7 (35.4)

72.2 (9.3)
72.3 (11. 5)
172.1 (28.2)

75.9 (2.0)
92.7 (15.0)
186.1 (46.2)

74.1 (21. 6)
79.0 (11. 2)
219.4 (26.6)

Legumes

a: 8.8 (0.7)
b: 6.8 (3.0)
c: 10.7 (0.7)

11.7 (2.7)
14.0 (10.3)
52.0 (10.8)

6.7 (6.9)
6.1 (1. 4)
17.3 (14.0)

7.8 (0.7)
9.8 (1. 7)
33.4 (6.0)

NonLegumes

a: 81.8 (4.6)
b: 54.9 (5.0)
c: 80.0 (36.4)

60.5 (12.0)
58.3 (1.1)
120.1 (13.2)

69.2 (4.9)
86.8 (12.2)
168.8 (32.6)

66.3 (20.9)
69.2 (9.5)
186.0 (41. 6)

91.4 (3.0)
135.8 (3.2)
394.9 (104.0)

99.8 (13.4)
119.8 (4.1)
294.8 (17.4)

Total

a:l02.9 (5.9)
b: 97.5 (4.4)
c:180.1 (52.0)

93.7. (21. 6)
117.3 (7.3)
332.8 (26.8)

0'
VI

Table 5. Results of 2-way ANOVA for total plant abundance and percent bare ground. Values are F
(p); all df = 1,4. (Abundance data were square-root transformed percent cover for 1979, 1981;
log-tranformed biomass (g/m2) for 1982. Bare ground data were arc-sine transformed percent cover:
bare ground was not estimated in 1982.)

Gopher s
1979
All
Vegetation

0.029
(.872)

Bare
Ground

0.402
(.561)

1981

1982

3.699
( .127)

29.412
(.006)

Gopher x Vole
Interaction

Vo 1 e s

4.794
(.094 )

1981

1979

0.000
(.995)
0.227
(.658)

1982
0.046

( .840)
16.139
( .016)

1.309
( .316)

1979

1981

1982

0.662

3.012

8.673

(.461 )

( .158)

(.042 )

0.948

1.589

( .382)

( .280)
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Figure 15. Average vegetational abundance by group for each
herbivore treatment in 1979, 1981, and 1982.

G8
treatments resulted in increased vegetational biomass relative to
controls. However, removal of both simultaneously (- Both) did not
result in further increase of total vegetational biomass (Table 6).
Probability of random occurrence, p, decreased through time for all
effects, and it is likely that the full effect of the treatments was
not yet expressed in 1982.
Bare ground, which often limits plant establishment (Platt
1975, Harper 1977, Gross 1980, Gross and Werner 1982, Lubchenco 1983),
decreased markedly in all herbivore removal treatments (Tables 4 and
5). Both G and V effects were highly significant in the second year of
the experiment, and bare ground had declined to less about 6% ground
cover on average in plots from which both were removed. Control plots
showed similar values to the pretreatment means of 20-35%.
Herbivores have been reported both to increase and to decrease
plant diversity (Harper 1977, Lubchenco 1978, Crawley 1983).

Total

species richness, measured as the number of species occurring in the
yearly census for a given plot, did not differ among treatments in 1979
at p

= .20.

However, number of grass species was initially

plots from which voles were subsequently excluded (p

higher in

= .070).

In 1981,

species richness was marginally lower in plots from which gophers had
been excluded (Table 7; grass species: p
p

= .10B;

total species: p

= .116).

= .171;

forb species:

Because of the initial significant

vole effect, I also tested for treatment effects on the change in
species number between 1979 and 1981. The results were little altered;
only gophers significantly affected species richness (grass: p

= .102;
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Table 6. Decomposition for simple main effects of gophers and voles on
total vegetational biomass in 1982. Data were log-transformed before
analysis.

Effect of Gophers

F

( p )

+ Voles

- Voles

13.182

0.285

(.022)

(.622)

Effect of Voles

+ Gophers
8.360
(.045)

- Gophers
1.622
(.272)
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Table 7. Average species richness (+/- 1 SD) in herbivore removal
treatments in 1979 and 1981. a = 1979, b = 1981.

Grass:

a:
b:

Forbs:

CONTROL

- VOLES

- GOPHERS

3.5 (0.7)

4.0 (1.4)

3.0 (1.4)

5.5 (0.7)

6.5 (0.7)

5.0 (1.4)

5.0 (1.4)

17.0 (1.4)

17.5 (4.9)

18.0 (2.8)

14.0 (1.4)

14.0 (1.4)

6.0 (1.4)

a: 19.5 (4.9)
b: 19.0 (4.2)

16.5 (2.1)

- BOT!-I
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forbs: p

= .177;

total species: p

= .086).

However, probability level

for V and G x V interaction terms approached significance in the
analysis of change in species number (both p

=

.209).

Community level patterns
Multivariate ANOVA (MANOVA) showed a marginally significant G x
V interaction effect on overall vegetational composition, measured as
the vector of relative abundances of plant groups, in both 1981 and
1982 (Table 8). The 1981 data also showed highly significant G effects
on community composition; and, in 1982, both G and V effects were also
significant. Simple main effects showed minor asymmetry or hierarchy
(Table 9). In 1981, gopher effects were significant whether voles were
present or removed, and vole effects were marginally significant in
presence or absence of gophers. In 1982, effects' of vole removal on
plant composition were increasingly significant in both gopher
treatments; however, overall effect of gopher removal was significant
only in the absence of voles.
Responses of plant groups
I also examined the effects of herbivore exclusion treatments
on each plant group. Because plant abundance may vary substantially
from year to year, apparently due to weather' conditions, trends through
time may be obscured. To facilitate comparison of treatments over the
three years of the experiment, I have plotted the data as ratios of
treatment means to the control mean for each year (Figures 16 and 17).
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Table 8. Results of multivariate 2-way ANOVA for effects of herbivore
treatments on proportional abundance of plant groups. Values shown are
F and level of significance (p).

1979:

GOPHERS

VOLES

GOPHER x VOLE
INTERACTION

0.448

1.930

1.046

(.745)

1981:

2629.517
(.015)

1982:

6.200
(.086)

(.359)

1.036
(.619)

24.719
(.014)

(.523)

109.335
(.072)

8.926
(.055 )
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Table 9. Two alternative mUltivariate decompositions of the data for
simple main effects of gophers and voles on plant species composition.
Values are F and significance level (p) for multivariate 2-way ANOVA's
of arc-sine transformed relative abundance by group.

EFFECT of GOPHERS
+ Voles

1981:

1982:

- Voles

1905.362

833.589

(.017 )

(.026)

0.369

11.829

(.719)

(.038)

EFFECT of VOLES
+ Gophers

65.224
(.093)

13.923
(.030)

- Gophers
45.147
( .111)

6.492
(.081)
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Figure 16. Absolute abundance of grasses, forbs, and total vegetation, expressed as
the ratio of herbivore exclusion treatment means to control means for each year of the
experiment.

-.J
-'='

Forbs

IZ2I '87'
II?1ZI 'Me
2 '1Km

g
§
(,)

20

"00
::l
'0
)(

2

1M2

:. •

Q)

0

:p

2

oj

~

r;7A

~

''is

Grass

13

I

~
0

(,)

~
0

0

"~

1

X

Q)

Legumes

~

2

0

+i

cd
~

o
Voles

Gophers

Group Excluded

Both

Voles

Gophers

Both

Group Excluded
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These more clearly illustrate systematic changes among treatments
through time.
In 1979, both absolute and relative abundance of graminoids
were marginally greater in vole removal plots than in plots accessible
to voles (abundance: p

= .153;

relative abundance: p

= .146).

~Jo

other

differences among treatments approached significance at the beginning
of the exper iment.
In 1981, there were few detectable effects of the treatments on
single plant groups. Non-leguminous forbs were significantly more
abundant in gopher removals than in plots with gophers present (Table
10, Figure 16); the proportional abundance of non-legumes was also
marginally greater in gopher removals (Table 10, Figure 17). There \>Jere
no detectable effects of voles on abundance of any plant group, and
only a weak G x V interaction effect on non-leguminous forb abundance.
The biomass samples taken in 1982, the third year of the
experiment, showed significant V effects on legumes (Table 10, Figure
16), which were more abundant in the absence of voles. Exclusion of
gophers also increased the abundance of forbs significantly, but
affected only the non-legumes. Abundance of grasses showed no
significant overall V or G effects, but the G x V interaction term was
significant. Removal of either voles or gophers resulted in increased
grass abundance; however, grass biomass decreased in the - Both
treatment.
Proportional abundances of plant groups were profoundly
influenced by removal of herbivores (Table 11, Figure 17).
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Table 10. Results of 2-way ANOVA of vegetational abundance data for
effects of herbivore treatments. 1981 data: percent cover; 1982 data:
.15
biomass. NS = not significant at p = .15; significance levels
given in parentheses. (+: exclusion greater than control; -:
exclusion less than control; ++: effects greater than additive;
effects less than additive)

GOPHER x VOLE

1981:

Grass
Forbs:
Legumes
Non-legumes

1982:

Grass
Forbs:
Legumes
Non-legumes

GOPHERS

VOLES

NS

NS

NS

NS

NS

NS

NS

+ (.066)
NS

+ (.034)

NS

+ (.058)

NS

+ (.030)

INTERACTION

!-IS

(.147)

NS

( .069)

NS

NS

+ (.034)

NS

NS

NS
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Table 11. Results of 2-way ANOVA of proportional abundance data for
plant groups in 1981 and 1982. Symbols as in Table 10.

GOPHER x VOLE
GOPHERS
1981:

INTERACTION

Grass

NS

NS

NS

Forbs:

NS

NS

NS

NS

NS

NS

+

(.115)

NS

NS

Grass

-

(.087)

Forbs:

Legumes
Non-legumes

1982:

VOLES

- (.008)

( .045)

+ (.087)

+ (.008)

++ (.045)

Legumes

-

(.024)

+ (.002)

Ncn-legumes

+ (.035)

+ (.133)

NS

++ (.036)
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Proportional abundance of forbs was significantly greater in vole
removals, and was marginally greater in gopher removals. The G x V
interaction term for grass or forb proportional abundance was also
significant. Proportionnl abundance of legumes was significantly
decreased by gopher removal and increased by vole removal. proportional
abundance of non-leguminous forbs was increased significantly by gopher
removal, and was marginally increased by vole removal. The G x V
interaction term was also significant, the effects being greater than
additive.
The simple V and G effects on absolute and proportional
abundance of plant groups showed significant dependence of removal
effects on the presence or absence of the second herbivore taxon. The
effects again appeared to accumulate through time.

Few effects were

apparent in 1981. Forbs, particularly non-legumes, were significantly
more abundant in gopher removals only where voles were present (p

=

.044 and .027, respectively). Forbs were also proportionately more
abundant in gopher removals where voles were present (p

= .058).

The

only effect of vole removal in 1981 was a marginal increase of nonlegumes when gophers were absent (p = .105).
In 1982, effects of herbivore exclusion were increasingly
apparent.

Plant abundance was altered primarily by removal of one

herbivore group (Table 12). Abundances of grasses and total forbs were
increased by gopher removal on in the presence of voles. Non-leguminous
forbs in particular increased in gopher removals, but this effect was
marginal when voles also were removed. Vole removal increased total
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Table 12. Two alternative decompositions of the experiment for simple
main effects of gophers and voles on absolute abundance of plant groups
in 1982. Biomass data were log-transformed before analysis. Symbols as
in Table 10.

GOPHERS
+ Voles

Grass
Forbs
Legumes
Non-legume

+ (.083)
+ (.069)

NS
+ (.057)

VOLES

- Voles

+ Gophers

NS

NS

- Gophers

- (.051)

NS

+ (.148)

NS

NS

+ (.046)

NS

NS

NS

+ (.114)
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forb abundance significantly only when gophers were present; whereas
removal of voles in the absence of gophers produced a significant
decrease in grasses.
Significant shifts in proportional representation of plant
groups occurred primarily in the - Both treatment (Table 13).
Proportional abundance of grasses was markedly lower (and that of forbs
higher) in vole removal plots only if gophers were also absent. Tests
for simple gopher effects showed the same general pattern. Relative
abundance of all groups shifted markedly with gopher removal, but only
if voles also were absent. Only the effect of voles on legumes was
constant across gopher treatments. Proportional abundance of legumes
was significantly higher where voles were removed, regardless of
presence/absence of gophers.
Possible influence of fencing on results
~omparison

of experimental (fenced) control plots with

unmanipulated controls showed only one difference at the .20 level.
Legumes were significantly more abundant in fenced than in.unfenced
control plot$ (1.6 g/m2 versus 0.8 9/m2;

F = 32.00,

p

<

.05), one of

which had no legumes present in the sample. The presence of fences per
se does not seem to have substantively influenced the results.
Discussion
The effects of voles and gophers on vegetation
These experiments demonstrate significant effects of gophers
and voles on the standing crop and species composition of a subalpine
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Table 13. Two alternative decompositions of the experiment for simple
main effects of gophers and voles on proportional abundance of plant
groups in 1982. Symbols as in Table 10.
GOPHERS

+ Voles
Grass
Forbs
Legumes
Non-legumes

NS
NS
NS
NS

VOLES
- Voles

- (.022)
+ (.022)
NS

+ (.012)

+ Gophers
NS
NS

+ (.003)
NS

- Gophers

-

(.005)

+ (.005)

+ (.016)
+ (.024)
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meadow. The activities of gophers and voles limit vegetational
abundance and alter species composition and diversity. In 1982, average
vegetational biomass was 28% greater in the - V treatment and 119%
greater in the - G treatment than in the control. The effects were not
independent. Vegetational biomass in the - Both treatment was only 63%
greater than in controls, significantly less than predicted from
single-species removals.
Two years of gopher removal at Virginia Basin also affected
plant species richness. The decrease in species richness when gophers
were removed was consistent with observational data, which showed a
significant correlation between plant diversity and gopher-generated
disturbance.

Diversity peaked at about 45% ground cover disturbed, and

was lower at higher or lower disturbance levels. The short-term effect
of gopher removal on plant species richness probably derives from the
rapid decrease of bare ground and the consequent loss of species which
may not persist in more closed communities. Two annual plant species,
Chenopodium album and Polygonum douglasii, were present in Virginia
Basin only on,disturbed soil. Other species probably show similar
dependence on the competitive or physical environment created by gopher
disturbance, but perennial species may decline less rapidly once they
have become established. The data suggest that voles also may affect
plant diversity. While species numbers do not differ significantly
between vole treatments, the change in species number between 1979 and
1981 approaches significance. Long-term data or more powerful
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experiments are required to resolve whether initial differences in
species richness obscure a 9attern here.
The effects of gopher removal on absolute plant abundance were
larger than on proportional abundances of plant groups. Also, the
effects of gophers on relative abundances were generally less than
those of voles. These results suggest that a significant portion of the
influence of gophers on plants may derive from disturbance which is
relatively non-selective as compared to foraging. However, gopher
disturbance need not be random in its effect on plant species. Other
studies show that gopher disturbance may be disproportionately directed
to patches of particular plant species or vegetational characteristics
(Tilman 1983, Huntly and Inouye unpublished).
Removal of voles had generally smaller effects on plant
abundance, excepting that of legumes, than had removal of gophers.
However, proportional abundances of all groups were affected by vole
removals. This suggests that vole foraging, or other activities which
negatively affect plants (e.g., clipping) are selective. The vole
effects on relative abundance were apparent in both 1981 and 1982,
although vole

.populat~.ons

were low in 1981.

The plant abundance data from 1981 provided only weak evidence
of foraging compensation. A marginal increase of non-leguminous forbs
occurred in response to vole removal only when gopher also were
removed. This was expected if gophers compensated for effects of voles
on this plant group, which both animals are reported to preferentially
consume.

Evidence of foraging compensation was not present in the 1982
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data. Vegetational abundance, however, appears to become resource
limited in the - Both treatment (Figure 15, Tables 5 and 6), and
compensatory foraging thus is unlikely to be detectable with
measurements' of the plants.
Although a number of significant differences in the plant
community have developd in 3 years of differential herbivore
exclusion, the full effect of the manipulations is probably not yet
estimable.

Results from 1981 and 1982 are generally consistent, but

treatment differences were larger in 1982 (Figures 15-17). The use of
different sampling methods in the two years, however, poses some
problems in interpreting results. The apparent directional divergence
among treatments could reflect either the development of effects
through time or simply differences in the discriminatory power of the
two sampling methods. Biomass is clearly a stronger and less
potentially biased measure of actual plant abundance; however, I doubt
that this is fully responsible for the increasing divergence of
herbivore removals relative to the controls. Although I cannot dispel
the possibility that sampling differences alone produce the pattern of
Figures 16 and 17, I think it more likely that they reflect a true
temporal development of the effects of herbivore exclusion. Thus, the
1982 results may be a conservative estimate of the full effects of
treatments.
Assuming that the 1982 data do not simply better reveal
differences that already existed in 1981, absolute plant abundance
increases first, then is followed by shifts in proportional abundance.
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This is expected if herbivory both limits total plant abundance and
modifies plant-plant interactions. If herbivory limits total plant
abundance, relaxation of herbivore pressure will be followed by an
increase

i~

total vegetation. As plants then become increasingly

resource limited, changes in proportional abundance reflecting
competitive rankings in the more closed plant community are expected. A
time delay will occur between direct herbivore-plant effects and
indirect plant-plant effects.
The large shifts in proportional abundances of plant groups
occurred only in the absence of both 90phers and voles. In this
treatment, absolute abundance of grasses decreased. This was probably
due to indirect, plant-plant interactions. Other data support the
assertion that the grass/forb ratio reflects plant competitive
relationships modified by differential herbivory. When Turner (1969)
removed forbs from similar Coloradu meadows (using the selective toxin
2,4-D), the absolute abundance of grasses increased sharply, suggesting
release from competitive inhibition by forbs. However, following
cessation of herbicide effects, forbs gradually increased in abundance
and grasses correspondingly decreased until relative abundances similar
to the initial values were reestablished. Thus, forbs appear able to
invade the grass dominated community.

I do not suggest that forbs are

necessarily dominant to grasses in this and similar meadows. Rather, in
the absence of small mammalian herbivores, the forbs that were most
abundant in the unmanipulated community were dominant to the grasses.
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The effects of gophers in meadows similar to Virginia Basin
have been reported by Ellison and Aldous (1952), Turner (1969), and
Laycock and Richardson (1975). Their results suggest that changes in
species composition within forbs and grasses will become increasingly
apparent, reflecting finer scale differences in palatability to the
herbivores which were removed and in competitive ability

i~

their

absence.
Summerhayes (1941) and Batzli and Pitelka (1970) studied vole
populations which consumed primarily grasses. Both found that voles
reduced the competitive dominance of certain grasses. These grasses
increased in absolute and relative abundance in the local absence of
voles. Batzli and Pitelka documented preferential consumption of those
plant taxa which increased when voles were removed. In my study, the
vole population was presumably forbivorous and vole removal increased
the abundance of forbs. Legume abundance was particularly increased in
the absence of voles. Only two legumes species occurred in my samples,
~athyrus

leucanthus and Vicia america; Lathyrus was by far the more

abundant of the two. Vaughan (1974) indicated that Microtus montanus in
similar meadows preferentially consumed Lathyrus leucanthus; Thomomys,
in contrast, consumed only larger legume species (e.g., Luoinus spp).
The effect of removal of voles on a plant group which was presumably
consumed only by voles and which occurs in disturbed areas which may
only slowly show effects of indirect, plant-plant interaction, was
independent of gopher occurrence.
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It has IJeen suggested that grazers may influence nutrient
availability, and that the presence of grazers may therefore result in
higher productivity than would be realized in their absence (Chew 1978,
McNaughton 1979, McKendrick et ale 1980, Owen 1980). Total vegetation
in the -Both treatment appears to have increased relatively less than
in the - G treatments (Figures 15 and 16). The experimental design

do~s

not distinguish direct or indirect grazing effects from other effects
of herbivores; however, the results could reflect alteration of
potential productivity by consumers. A more powerful experiment would
be desirable to test whether a significant decrease in productivity
exists.
Longer-term results are required to determine whether the
initial responses to herbivore removal will predict the ultimate
community composition. Removal of herbivores may result in indirectlymediated changes in species interactions and species composition which
are only slowly expressed.

In addition to the changes in proportional

abundance of grasses, legumes, and non-leguminous forbs reported here,
changes in species composition occurred within the grass and forb
categories in,this and other studies. This suggests that the relative
competitive abilities of different grasses and forbs also change with
alteration of the herbivore fauna.

The results to date show

significant, non-independent effects of voles and gophers on the plant
community they exploit. They do not, however, resolve whether this will
be true of the plant assemblages which ultimately develop or whether
interactions might characterize only the rates or pathways of change.
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The interdependence of consumer effects
These experiments clearly indicate that the effects of two cooccurring herbivores on their resources are not inde?endent. Some
effects of the simultaneous removal of both voles and gophers were
predictable from single species manipulations.

However, most were not.

Most notably, relative abundance of grasses and forbs was unaffected by
either single species removal, but changed dramatically when both
herbivores were absent. Two other recent studies of co-occurring
consumers and their resources have used factorial or nested
manipulation of consumer densities. They report interaction (i.e.,
statistical non-additivity) of the effects of marine fish

~nd

invertebrate consumers on intertidal sessile invertebrates and algae
(Menge and Lubchenco, 1981), and of granivorous rodents and ants on
annual plants in 2 desert sites (Inouye et al. 1980, Reichman 1980,
Davidson et al. 1985, Brown et al. 1985). Numerous other studies, in
which independence of effects on resources has not been directly
tested, suggest similar effects. Since the effects of consumers on
their resources cannot be assumed to be independent, studies of single
consumer species should be interpreted with caution.
Several factors must be considered in assessing the presence or
absence of statistical non-additivity as a measure of interdependence
of consumer effects in natural communities. First, statistical
interaction is in part determined by units of measurement.
Multiplicative responses may be simply additive on a different scale of
measurement. More significantly, the importance of interaction versus
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independence of consumer effects may vary with the scale at which
resources are defined and is influenced by interactions among the
resources. Brown and Davidson's detailed study of desert granivores and
their annual plant resources illustrates the latter two points. Annual
plant seed densities were 4 times greater on plots with both ants anJ
rodents removed, but did not differ significantly between plots
accessible to ants, rodents or both (Reichman 1979).

However, there

were major differences in plant species composition among all
treatments (Inouye et al. 1980). Furthermore, although the increase in
seed densities when both ants and rodents were removed was greater than
additive (a significant interaction effect), the increase in plant
density was not. The seed data could reflect functional compensation by
one consumer group in the absence of the other, and direct measures of
ant and rodent populations in these experiments showed that partial
density compensation occurred (Brown et al. 1979, Brown et al. 1985).
The

plan~

data, however, give no clues to this. The probable cause is

resource limitation of total plant abundance in addition to the seed
limitation caused by ants and/or rodents (e.g.,

Inouye 1980).

In my

study, the effects of removal of gophers and voles on the absolute and
relative abundances of grasses were considerably less than additive.
The probable cause is, again, resource limitation of total plant
abundance.
Vandermeer's (1981) discussion of biological as opposed to
statistical significance of experimental results is germane, although
he addressed a different topic (non-linearities in pair-wise effects,
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or higher order interactions). He argued that sufficiently large
samples (i.e., sufficiently powerful tests) could undoubtedly detect
statistically significant higher-order effects between species, but
chat the biological significance of these minor non-linearities was
questionable.

In the present study, and in those of Brown ani Davinson

and Menge and Lubchenco cited above, only a small number of replicates
was possible and statistical power was thus relatively low.
Nevertheless, many interaction terms were marginally to highly
significant. This was true despite the high spatial variability
characteristic of the resource communities in all three studies.
Interactive effects of consumers are thus sufficiently strong and
consistent to be assumed to have considerable biological significance.
In part, this probably reflects the importance of indirect interactions
in determining net species-pair interactions.
The influence of consumers on plant communities
The roles of herbivores in plant community dynamics remain
controversial (e.g., Hairston et al 1960, Ehrlich and Birch 1967,
Slobodkin et al 1967, Van Valen 1973, Chew 1978, Fret'Jlell 1977, Oksanen
et al 1981, Crawley 1983). In 1977, Harper (p. 497) noted that the
evidence for herbivore regulation of plant communities was largely
anecdotal. The situation has changed little for terrestrial
communities. The effects of herbivory are poorly estimated by measures
of biomass or leaf-area removed (Harper 1977, 'vhittaker 1979, Louda
1984), and direct manipulation of herbivore densities appears to be the
only way to determine their actual net effects. Interpretation of
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experiments may nevertheless be difficult (Schaffer 1981, Bender et ale
1984), and series of experiments will be needed to unravel the roles of
herbivores. After eight years, the annual plant community studied by
Brown and Davidson still showed strong directional change in species
composition in response to the continued granivore removal treatments
(Davidson et ale 1985). This occurred despite the total reestablishment
of the vegetative flora each year. Perennial communities cannot be
expected to yield answers more rapidly.
Although the plant community of Virginia Basin continues to
change in response to the experimental manipUlations reported here, the
results to date show significant effects of 2 small mammalian
consumers.

They also provide evidence that the overall effects of the

two taxa on their resources are not independent. When the effects of
consumers depend on the presence or absence of other consumer groups,
studies of single consumer taxa cannot accurately estimate their
influence in a community.

The influence of particular herbivores

frequently varies from site to site (Gillham
Lubchenco
1983~

1983~

1955~

Fox and Morrow

1981~

Horvitz and Schemske 1984; Louda 1982, 1983; Crawley

Huntly in preparation), but the mechanisms underlying this

variation are rarely determined. I have argued that the composition of
the local herbivore assemblage should often affect the role of a given
herbivore, and have experimentally demonstrated that, in one case, it
does. Local physical environmental factors likely play an ultimate role
in determining composition of the herbivore fauna. Direct testing for
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existence of herbivore-herbivore or herbivore-environment interactions
is necessary for understanding the organization of assemblages of
plants and herbivores.
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