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VEGETATION RESPONSES TO 35 AND 55 YEARS OF NATIVE
UNGULATE GRAZING IN SHRUBSTEPPE COMMUNITIES
Echo A. Rexroad1, Karen H. Beard1,2, and Andrew Kulmatiski1
ABSTRACT.—Ungulate populations are managed in shrubsteppe ecosystems around the world, but relatively few
long-term datasets are available that test the impacts of these grazers on shrubsteppe structure and function. This study
evaluated 8 exclosures in 4 shrubsteppe communities to determine the effects of deer and elk over 35 or 55 years on (1)
plant biomass and species composition, (2) soil nitrogen (N) mineralization and net nitrification rates, Olsen extractable
phosphorus (P), and C:N ratios, and (3) arthropod diversity and abundance. The site with deer, the highest ungulate
densities, and coldest climate (Sinlahekin Wildlife Area, WA) had greater vegetative biomass and cover inside the exclosures than outside. The sites with elk, moderate ungulate densities, and intermediate climatic conditions (Oak Creek
and Wenas Wildlife Areas, WA) had no effects of exclosures on vegetative biomass or cover. The site with elk, the lowest
ungulate densities, and driest climatic conditions (L.T. Murray Wildlife Area, WA) had greater shrub cover outside of
the exclosures. Ungulates significantly increased net N mineralization and nitrification rates, providing a potential explanation for compensatory growth by grazed plants. Our data suggest that arthropod herbivory does not substitute for
ungulate herbivory. To the contrary, arthropod diversity reflected ungulate-induced changes in plant biomass. In addition to effects on standing biomass, ungulates were associated with increased exotic plant species richness at all 4 sites.
Our results suggest that there may be a balance between indirect positive and direct negative effects of herbivory on
plants that varies with ungulate densities and site characteristics, and that arthropod herbivory does not functionally
replace ungulate herbivory.
Key words: shrubsteppe, ungulate, vegetation, arthropod, C:N ratios, nitrogen mineralization, net nitrification, soilavailable phosphorus.

cycling rates often overlook long-term native
ungulate effects on shrubsteppe ecosystems
(e.g., Hobbs 1996, Frank and Groffman 1998)
or lack a field component to test their hypotheses (e.g., DeMazancourt et al. 2001).
However, the relative importance of these
impacts and the response of vegetation and
soil properties to native ungulates are often
ecosystem-specific (Milchunas and Lauenroth
1993). Thus, it is necessary to determine the
role of native ungulates in shrubsteppe ecosystems because ungulates are presently being
managed similarly in different ecosystems
(Porter and Underwood 1999). Only a small
proportion of long-term studies on ungulate
influences have been on native ungulates, the
majority of which came from grassland ecosystem types (Milchunas and Lauenroth 1993).
Additionally, in studies that have focused
on shrubsteppe ecosystems, the average time
for ungulate exclusion was 20 years. Thus,
few studies have evaluated the communityand ecosystem-level impacts of large native

Native ungulates influence plant growth
directly through consumption and trampling
of aboveground plant parts, and indirectly
through shifts in apparent competition and
increased nutrient cycling rates (Hobbs 1996).
Ungulates influence nutrient cycling rates
through 2 main mechanisms. Ungulate herbivory converts plant-bound carbon (C) and nitrogen (N) into forms that are more available to
plants and soil microorganisms, a process called
the fertilization effect (Frank and Groffman
1998, Wardle 2002). Grazing also stimulates a
reallocation of plant C reserves to aboveground
growth (Tracy and Frank 1998, Johnson and
Matchett 2001). This reallocation decreases root
exudation of soluble C and, therefore, microbial demand for N; this can free N for plant
uptake (Hobbs 1996, Frank and Groffman 1998).
Models attempting to explain these interactions
often underemphasize the potential for ungulates to have fertilization effects (e.g., Milchunas
et al. 1988). Studies that do account for the
potential of ungulates to increase nutrient
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ungulates in a shrubsteppe ecosystem for a
period longer than 20 years (Milchunas and
Lauenroth 1993).
Many field studies on ungulate effects are
conducted using exclosures. When ungulates
are excluded from an ecosystem, their effects
on vegetation could be masked if there is herbivore substitution. Herbivorous arthropods,
for example, could play a functional role similar to ungulates; however, the substitution of
grazer functions by arthropods is rarely considered in herbivory studies. Rather, it is often
assumed that ungulates have the greatest influence on arthropods through changes in vegetation structure and composition (Stewart 2001).
However, approximately 75% of arthropods are
phytophagous (Lawton and Strong 1981, Rambo
and Faeth 1999), and an increase in vegetative
quantity (e.g., biomass and cover) following
ungulate removal should increase arthropod
abundance and potentially arthropod diversity.
In addition, if ungulate removal reduces the
number of exotic plant species, this should
increase the diversity of arthropods and potentially herbivory (Samways et al. 1996).
The objectives of this study were to determine the effects of either native deer (Odocoileus hemionus hemionus and O. virginianus
ochrourus) or elk (Cervus canadensis nelsoni)
grazing over 35 and 55 years in 4 shrubsteppedominated wildlife areas located in central
Washington State. More specifically, using existing ungulate exclosures, we determined the
effects of either deer or elk on (1) vegetative
structure and composition (e.g., biomass, percent cover, and species richness), (2) soil properties such as N mineralization, net nitrification, bicarbonate-extractable phosphorus (P),
C:N ratios, and soil moisture, and (3) arthropod
diversity and abundance.
STUDY SITES
The 8 exclosures in this study are located in
central Washington (Table 1). Comparison plots
were established directly adjacent to each exclosure. Mean annual precipitation was greatest and mean annual temperature was lowest
at the Sinlahekin Wildlife Area; mean annual
precipitation was lowest at the Oak Creek and
Wenas Wildlife Areas; and mean annual temperature was highest at the L.T. Murray Wildlife
Area (Table 1). These patterns in temperature
and precipitation were reflected in the vegeta-
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tion found at each site and support the wellestablished correlation between productivity
and water availability in arid systems (Semmartin et al. 2004). Ponderosa pine (Pinus ponderosa P. & C. Lawson) was only present at
the coolest and wettest site (Sinlahekin). At
the drier Oak Creek site, we found smaller
trees and shrubs, such as Prunus virginiana L.
(Nutt.), Amelanchier Medik., and Purshia tridentata (Pursh) DC. No trees were observed
at L.T. Murray or Wenas.
Whitetail and mule deer were the dominant ungulates at the Sinlahekin Wildlife Area;
however, moose (Alces alces) and bighorn sheep
(Ovis canadensis) were occasionally observed.
Elk were the dominant ungulates in the Oak
Creek, Wenas, and L.T. Murray Wildlife Areas,
although bighorn sheep have been occasionally observed in the Oak Creek and Wenas
Wildlife Areas, and mule deer have been found
in the L.T. Murray Wildlife Area. The L.T.
Murray and Oak Creek Wildlife Areas have
maintained an annual winter feeding program
for elk since 1964 and 1945, respectively. Other
than by trespass, livestock have not grazed in
these areas since the early 1980s (W. Hunt, D.
Kuehn, J. McGowen, and D. Swedberg personal communication).
METHODS
Vegetation
Near the end of the growing season in June
2003, plant abundance (percent ground cover),
height, biomass, and species richness were
estimated along four 30.5-m or 61-m transects
inside and 4 transects outside the exclosures.
Measurements were recorded at 5-m intervals
in 1 × 1-m quadrats for a total of 5 or 10 quadrats along each 30.5-m or 61-m transect,
respectively. Transect lengths varied with the
size of the original exclosure (Table 1). Percent
cover of plant species, litter, bare soil, and
rock was determined for 81 points along a regularly spaced 9 × 9 grid in each quadrat. Vegetation height was measured at 16 randomly
selected points within each quadrat. To determine biomass, we used a comparative yield
method similar to Haydock and Shaw (1975).
Every quadrat was described using a biomass
category that ranged from bare soil (0) to thick
shrub understory or tree overstory (6) in increments of 0.5 (0, 0.5, 1, 1.5, and so forth).
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20.7
10
10
650

Arthropod Communities

240 (elk)

5, 5, 25
535, 557,
570
1920 (deer)

Arthropods were collected along four 30-m
transects inside and outside each exclosure
using a sweep net once a month during the
growing season (May, June, and July 2003). To
ensure that no single area was swept twice, 1
pace separated each sweep for the entire 30-m
transect (as in Baines et al. 1994) for approximately 20 sweeps per transect. Arthropods were
collected between 1000 hours and 1500 hours
and immediately placed into 70% ethanol until
they were identified. Individuals were counted,
identified to taxonomic order, and separated
into morphospecies.

35

13 × 9 to
13 × 20

24 × 46,
46 × 49,
46 × 61
61 × 61
55

Data Analyses

aHeight 2.44 m
bWRCC (2004)

1
Wenas
(46°49′N, 120°39′W)

3

31 × 31
55
2

In May 2003 we extracted 10 paired soil
cores from both inside and outside each exclosure for a total of 40 cores per exclosure to
determine net N mineralization and net nitrification rates using the buried bag technique
(Robertson et al. 1999). We stratified sampling
locations by dominant vegetation type (i.e.,
grass, shrub, or no vegetation). Total C, total
N, and bicarbonate-extractable P were determined from preincubation soil samples (n =
10 inside and n = 10 outside each exclosure).
Total C and N were determined using a LECO
CN analyzer (LECO Instruments, Loveland,
CO; Sparks 1996). Extractable P was determined using the Olsen NaHCO3 method (Olsen
et al. 1954, Robertson et al. 1999). Gravimetric
soil moisture content was determined using
75-g subsamples that were oven-dried at 105°C
to a constant weight. Dried soils were sieved,
and rocks and roots (>2 mm) were weighed
and subtracted from wet and dry soil weights
to determine gravimetric soil moisture content
of the fine fraction.

S

29
9.4

20, 25
533, 533
240 (elk)

E, W,
S–SW

20.7
10

22.4
10.4

S–SE,
S–SW
E, E
10, 10
305, 421

13 × 9 to
13 × 20
16 × 7 to
16 × 14
15 × 8 to
17 × 20
61 × 61

L.T. Murray
(47°60′N, 120°50′W)
Oak Creek
(46°43′N, 120°49′W)
Sinlahekin
(48°43′N, 119°41′W)

Site (coordinates)

2

35

100 (elk)

Slope
(%)
Elevation
(m)
Mesh size
(cm)
Sizea
(m)

Ungulate
density
(#/100 km2)
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Soil Properties

Age
(yr)
Exclosure
number

TABLE 1. Physical attributes of the 4 study sites and exclosures located in Washington State.

Aspect

Mean annual
temperatureb
(°C)

Mean annual
precipitationb
(cm)
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We used a split-plot ANOVA design with a
2-way factorial to evaluate the fixed effects of
site (whole plot factor with 4 levels: L.T. Murray Wildlife Area, Oak Creek Wildlife Area,
Sinlahekin Wildlife Area, and Wenas Wildlife
Area) and treatment (subplot factor with 2 levels: inside and outside the exclosure) on the
following response variables: percent plant
cover (e.g., total cover, cover by life form, and
total woody cover), plant species richness, vegetation height, percent soil moisture, soil extractable P, soil C:N ratio, net N mineralization
and nitrification rate of soils, and arthropod

28.6
15.2
5.0
8.1
0.0
8.1
58.9
11.5
17.0
9.5
4.40
1.6
2.8
Treatment differences among sites are denoted by the following significance level:
^ P ≤ 0.05

27.6
11.7
8.2
7.5
0.0
7.5
61.0
6.6
20.9
7.9
3.43
1.10
2.3
53.7 ± 10.5**
31.9 ± 4.8
4.4 ± 1.9
15.5 ± 7.1***
1.2 ± 1.2**
16.7 ± 8.2**
18.0 ± 7.3**
22.6 ± 7.1
30.6 ± 3.8**
28.1 ± 5.7
4.7 ± 0.8
1.3 ± 0.2
3.3 ± 0.5
72.7 ± 6.9**
25.8 ± 8.8
7.5 ± 3.6
24.9 ± 6.0***
11.0 ± 7.3**
35.8 ± 3.8**
8.4 ± 6.0**
17.6 ± 12.3
51.9 ± 10.6**
32.6 ± 8.6
5.0 ± 1.3
1.0 ± 0.1
3.7 ± 1.2
68.0 ± 3.7
20.6 ± 3.3
14.8 ± 2.1
20.1 ± 0.5
11.8 ± 5.1
31.9 ± 4.6
7.2 ± 5.7
20.6 ± 0.8
47.0 ± 4.6
32.1 ± 3.5*
8.9 ± 0.8
3.1 ± 0.0**
5.7 ± 0.8

Treatment differences by site are denoted by the following significance levels:
* P ≤ 0.1 ** P ≤ 0.05 *** P ≤ 0.01

Sinlahekin
______________________________
Inside
Outside
Oak Creek
___________________________
Inside
Outside
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74.5 ± 6.4
26.8 ± 3.0
17.5 ± 2.7
18.7 ± 2.0
11.4 ± 2.8
30.1 ± 0.7
6.6 ± 3.0
17.7 ± 6.7
56.3 ± 0.7
44.3 ± 4.9*
7.8 ± 0.3
2.2 ± 0.3**
5.4 ± 0.1
38.1 ± 2.2
20.2 ± 3.7
4.7 ± 0.2
13.1 ± 1.3*
0.0 ± 0.0
13.1 ± 1.3
57.0 ± 1.0
10.8 ± 9.2
27.2 ± 7.0
11.2 ± 3.3
4.4 ± 0.4
0.61 ± 0.4
3.8 ± 0.8
31.5 ± 1.7
19.1 ± 0.4
4.2 ± 2.2
8.1 ± 0.03*
0.0 ± 0.0
8.1 ± 0.02
57.4 ± 3.6
5.4 ± 4.9
26.2 ± 3.2
8.3 ± 0.9
4.1 ± 0.3
0.51 ± 0.4
3.6 ± 0.1

At Sinlahekin, total plant cover and total
native plant cover were greater inside the exclosures than outside the exclosures (Table 2).
Sinlahekin also had a greater percentage of
both shrub and tree cover and a lower percentage of bare soil inside the exclosures than
outside the exclosures (Table 2). Oak Creek
was found to have greater plant heights inside
the exclosures compared to outside the exclosures (Table 2). In contrast, the L.T. Murray
Wildlife Area showed a greater percent cover
of shrubs outside the exclosures than inside
(Table 2).
Oak Creek had a greater number of exotic
species outside than inside the exclosures

Vegetation cover
Grass cover
Forb cover
Shrub cover
Tree cover
Shrub + tree cover
Bare soil cover
Exotic cover
Native cover
Height
Richness
Exotic richness^
Native richness

Vegetation

Variable

RESULTS

L.T. Murray
_____________________________
Inside
Outside

morphospecies, orders, and abundance. Quadrats within each treatment were averaged
prior to statistical analysis. To meet assumptions of normality and homogeneity of variance, vegetation heights and soil C:N ratios
were log-transformed, and mean percent cover,
tree cover, tree with shrub cover, and grass
cover were arcsine square-root transformed.
Comparisons of means were used to clarify
interaction effects. A Tukey-Kramer adjustment
was used for this assessment to decrease experiment-wise Type I errors. Due to the conservative nature of the Tukey-Kramer interaction analyses, P-values <0.10 were considered
significant. Model assumptions of normality
and homogeneity of variance were examined using Kolmogorov-Smirnov tests and graphical
analysis of residuals. ANOVA calculations were
obtained using PROC MIXED in SAS/STAT
version 9.0 for Windows (SAS Institute, Inc.,
Cary, NC).
Biomass data were initially recorded on an
ordinal scale from 0 to 6 in increments of 0.5;
however, the data recorded on this scale could
not be analyzed using ANOVA because assumptions of normality and homogeneity of variance were clearly violated. Consequently, differences in the distribution of quadrat data
across categories inside and outside exclosures
at the 4 sites were assessed using log-linear
models. In addition, a single cross-tabulation of
counts was constructed for each site without
regard for different exclosures at a site. Loglinear models were fit using PROC CATMOD
in SAS for Windows release 9.1.2.

Wenas
____________________
Inside
Outside

VEGETATION RESPONSE TO UNGULATE GRAZING
TABLE 2. Mean percent cover (%), height (cm), and species richness of vegetation inside and outside ungulate exclosures at the L.T. Murray, Oak Creek, and Sinlahekin, and Wenas
Wildlife Areas, Washington. Standard errors are given.
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(Table 2). Oak Creek also had a greater number of exotic species outside of the exclosures
than Sinlahekin and L.T. Murray Wildlife Areas
(Tukey-Kramer: P < 0.10). All 4 sites had more
exotic species outside the exclosures than inside the exclosures (Table 2).
For the biomass categories, a standard, saturated, 3-way log-linear model fit to the data
indicated that the 4 sites did not share a common distribution (G2 = 11.28, df = 3, P =
0.01). To clarify the nature of the 3-way interaction, the saturated log-linear model was reparameterized to incorporate separate treatment-by-biomass interactions for each site
(“nested-by-value effects”; Stokes et al. 1995).
At Sinlahekin, the distribution of biomass differs between treatments because biomass levels outside exclosures tend to be lower than
biomass levels inside exclosures (G2 = 19.58,
df = 8, P = 0.01). There was no evidence of
biomass distribution differences inside and
outside exclosures for either L.T. Murray (G2
= 9.48, df = 8, P = 0.30), Oak Creek (G2 =
3.41, df = 8, P = 0.91), or Wenas (G2 = 4.05,
df = 4, P = 0.40) Wildlife Areas.
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Soil Properties
Net N mineralization and net nitrification
rates were greater outside than inside exclosures when measured across sites (Fig. 1A,
1B). Net nitrification was greater outside of
the Oak Creek exclosures than inside (Fig.
1B). Oak Creek also had greater extractable P
outside of the exclosures (Fig. 2A). Exclosure
treatments did not affect C:N ratios (Fig. 2B).
There was greater soil moisture in the top 15
cm of soil inside the exclosures than outside at
Oak Creek, Sinlahekin, and Wenas (Fig. 2C)
Wildlife Areas.
Arthropod Communities
We found no significant differences in arthropod abundance inside and outside the exclosures at any site during any sampling period
(Table 3). We also found no significant differences in the number of morphospecies inside
and outside the exclosures at any site during
any sampling period, except for the June sampling period at Oak Creek, when there was a
greater number of morphospecies found inside
the exclosures than outside (Table 3).
In July, L.T. Murray Wildlife Area had a
greater number of arthropod orders outside
than inside exclosures (Table 3). In July, Oak

Fig. 1. (A) Mean nitrogen mineralization rates and (B)
mean net nitrification measured across sites (* above
bracket) and within sites (* under bracket) for inside and
outside ungulate exclosures (where * is significant at P <
0.1 and ** is significant at P < 0.05) in L.T. Murray, Oak
Creek, Sinlahekin, and Wenas Wildlife Areas, Washington. Bars represent 1 standard error.

Creek had a greater number of orders inside
than outside the exclosures (Table 3). In May,
the Sinlahekin Wildlife Area had a greater
number of orders inside exclosures than outside, but in July, Sinlahekin had a greater
number of orders outside than inside exclosures (Table 3).
DISCUSSION
Vegetation Structure
and Composition
The response of vegetation to 35 and 55
years of native ungulate grazing varied across
sites. Aboveground biomass at Sinlahekin was
greater inside the ungulate exclosures than
outside, suggesting that vegetation at this site
did not compensate for biomass losses to grazers.
Conversely, at the Oak Creek site, it appears

C:N

mg P ⋅ kg–1
Inside

Outside

A

B

C

Fig. 2. (A) Mean extractable P, (B) mean C:N ratios, and
(C) percent soil moisture measured across sites (* above
bracket) and within sites (* under bracket) for inside and
outside ungulate exclosures (where “ns” denotes no significance, * is significant at P < 0.05, and ** is significant at P
< 0.01) inside and outside ungulate exclosures in L.T.
Murray, Oak Creek, Sinlahekin, and Wenas Wildlife Areas,
Washington. Bars represent 1 standard error.
95.6 ± 14.7
39.75 ± 5.61
20.8 ± 3.0
24.6 ± 3.0
18.0 ± 1.4
15.5 ± 2.3
9.5 ± 0.6
8.5 ± 0.2
9.0 ± 0.0**

115.0 ± 19.9
44.13 ± 3.35
25.6 ± 1.8

26.8 ± 3.0
17.5 ± 1.7
15.9 ± 1.4

10.0 ± 0.4
8.0 ± 0.4
8.0 ± 0.4**

L.T. Murray
_____________________________
Inside
Outside

7.0 ± 0.4
11.0 ± 0.0
10.0 ± 0.0***

9.8 ± 2.5
35.6 ± 3.5*
27.1 ± 2.6

27.3 ± 15.8
131.4 ± 11.6
70.1 ± 9.5

9.3 ± 0.4**
10.7 ± 0.3
8.7 ± 0.3***

22.9 ± 3.5
25.9 ± 4.2
19.3 ± 2.1

57.2 ± 23.4
90.8 ± 21.0
41.8 ± 5.3

8.7 ± 0.4**
11.0 ± 0.4
10.8 ± 0.7***

20.0 ± 2.4
31.0 ± 1.6
18.4 ± 1.8

50.8 ± 14.3
118.8 ± 14.4
41.5 ± 7.4

Sinlahekin
______________________________
Inside
Outside

Treatment differences among sites are denoted by the following significance level:
^ P ≤ 0.01

7.0 ± 0.0
11.0 ± 0.4
8.5 ± 0.2***

12.3 ± 3.2
27.9 ± 2.6*
24.9 ± 2.7

29.9 ± 2.6
136.8 ± 14.2
87.8 ± 22.9

Oak Creek
___________________________
Inside
Outside

8.0
9.0
7.0

17.5
18.8
13.3

82.0
58.0
23.0

8.0
11.0
8.0

16.0
25.8
16.5

58.0
79.5
34.5

Wenas
____________________
Inside
Outside

VEGETATION RESPONSE TO UNGULATE GRAZING

Treatment differences by site are denoted by the following significance levels:
* P ≤ 0.1 ** P ≤ 0.05 *** P ≤ 0.01

Individuals
May
June
July
Morphospecies
May
June
July
Orders
May
June^
July

Month

Measure

TABLE 3. Mean number of individuals, morphospecies, and scientific orders of arthropods measured inside and outside exclosures in 2003 at the L.T. Murray-Wenas, Oak Creek,
and Sinlahekin Wildlife Areas, Washington. Standard errors are given.

% Moisture
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that plants had a compensatory response equal
to vegetation loss, because ungulates had no
effect on any vegetation measure other than
height. Shrub cover at the L.T. Murray site
was greater outside exclosures than inside,
suggesting that vegetation at this site compensated or even weakly overcompensated for biomass losses to grazers.
This study did not examine each of the
mechanisms that cause compensatory growth,
although across sites we observed an increase
in soil nutrient availability outside relative to
inside the exclosures. Thus, presence of ungulates apparently increased soil nutrient availability, which could be expected to increase
plant growth. This indirect positive fertilization effect was obvious at the low ungulate
density site, but was less obvious at the high
ungulate density site. At Sinlahekin the direct
negative effects of ungulate grazing appeared
to outweigh the indirect positive effects of fertilization.
These feedbacks could have been amplified
by physiological responses of plants. For example, high rates of defoliation are expected to
increase plant defenses at the expense of plant
growth (DeMazancourt 2001). Because vegetation at the L.T. Murray site is defoliated to a
much lesser degree, defense mechanisms are
less crucial for plant survival, and increases in
nutrient cycling and additions can be more
efficiently utilized for growth (DeMazancourt
2001). Alternatively, grazing could have provided a selective advantage to woody plant
growth, resulting in larger standing biomass in
grazed plots.
Exotic species are often positively associated with disturbance (Milchunas and Lauenroth 1993, Walters and Martin 2003). Similar
to other studies on the effect of ungulates
facilitating plant invasion (Kimball and Schiffman 2003, Walters and Martin 2003), we
found that exotic richness was greater outside
the exclosures than inside at all 4 sites. However, identifying the mechanism behind this
association is difficult because disturbances
often simultaneously remove plant competitors (D’Antonio 1993), alter propagule pressure
(Rouget and Richardson 2003), and increase
resource availability (D’Antonio 1993).
Soil Properties
Across all study sites, we found that net N
mineralization and nitrification rates were
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higher outside exclosures than inside. This
suggests that the addition of concentrated and
labile forms of C and N in ungulate urine and
dung likely increased rates of N mineralization (Wardle 2002). We also found that soils
were drier outside of exclosures across sites,
which is interesting because in arid systems,
net N mineralization and nitrification are expected to be faster in wetter soils (Paul and
Clark 1996). Thus, we suggest that the presence of ungulates had a greater effect on N
cycling than differences in soil moisture.
The addition of urine and dung to grazed
soils may explain fast N cycling but does not
provide an obvious explanation for reduced
soil moisture in grazed soils. Reduced soil moisture could be explained by increased plant
growth (evapotranspiration), which could be
explained by increased N or P availability. It
appears, then, that grazing-induced increases
in plant productivity increased plant demand
for soil water. Grazers, through the addition of
concentrated forms of labile wastes, were able
to overcompensate for plant demand for N,
but not for water. Grazing may have also induced the production of relatively labile plant
materials, resulting in faster N cycling rates
(Olofsson and Oksanen 2002). This, however,
does not provide a likely explanation for the
increased net N mineralization in our system
because no differences in soil C:N ratios were
found inside and outside exclosures, and this
would not explain the decreases in soil moisture (Frank and Groffman 1998).
Oak Creek had a greater amount of extractable P outside the exclosures compared to
inside. This likely resulted from the deposition
of eliminated wastes, which adds slow-to-mineralize organic P (Whitehead 2000). Grazing
and the elimination of waste are expected to
return P to soils faster than plant senescence
and decomposition (Whitehead 2000). However, the lack of treatment differences at the
L.T. Murray and Sinlahekin sites fails to support this hypothesis.
Arthropod Abundance,
Orders, and Morphospecies
If arthropod abundance had increased inside
exclosures, then the potential would have existed
for arthropods to replace ungulate effects.
Because arthropod abundance did not increase
inside exclosures at any site for any sampling
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period, arthropods do not appear able to functionally replace ungulates. It is possible that
arthropod abundance did not differ between
treatments but that productivity did. However,
this condition is unlikely because arthropod
growth rates are strongly dependent on temperature, and temperature was not influenced
by the exclosures. Thus, it appears that ungulates, not arthropods, determined vegetation
and soil differences found at each site from
exclosures.
Another potential explanation of our results
is that we had insufficient sampling to detect
an arthropod abundance difference inside and
outside of exclosures. Arthropod data are notorious for having large standard errors (Robinson 1998), and we found large differences by
month. However, because our results reflect
what has been found in previous studies, we
believe our sampling was sufficient (e.g. Baines
et al 1994, Rambo and Faeth 1999). In addition, we recognize that because this study was
conducted for only 1 year, it may be difficult to
extrapolate our invertebrate sampling to longer
periods of time.
There was no clear relationship between
arthropod diversity and exotic plant species
richness. However, arthropod diversity did
appear to respond to vegetation changes induced by ungulates. The number of scientific
orders and morphospecies increased with percent plant cover and aboveground biomass.
The relationships we found support the hypothesis that arthropod diversity will increase
with plant biomass (Rambo and Faeth 1999).
Future Directions
There were differences across sites in this
study that make cross-site comparisons difficult. For example, most of the study sites supported populations of elk; however, 1 study site
(Sinlahekin) supported populations of deer.
Some of the differences only observed at Sinlahekin could be a result of this difference.
Many studies have shown that mule deer
diets contain predominantly forbs in spring
and summer and browse in winter (Cowan
1947, Hansen and Reid 1970, Mackie 1970,
Hobbs et al. 1983, Singer and Norland 1994).
Though elk diets also contain significant
amounts of forbs in early spring (Nelson and
Leege 1982, Brown 1990), grass is the predominant component throughout much of the
year (Nelson and Leege 1982). Thus the exclo-
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sure-induced differences in the shrub and tree
layer observed in the Sinlahekin Wildlife Area
could be a result of deer preference for this
forage type. However, there were no trees at 2
of the other sites; therefore, it is difficult to
speculate on how the different ungulate species
might have had different effects on vegetation
at the different sites.
In addition to the difference between elk
and deer at the study sites, there was a difference in ungulate densities and climatic conditions. For example, Sinlahekin had greater
ungulate densities than the other study sites;
thus, the impact of ungulates might have been
expected to be greater at this site. Sinlahekin
was also at the highest latitude and had the
greatest amount of annual precipitation, the
lowest mean annual temperatures, and the
greatest aboveground plant biomass inside the
exclosures. On the other hand, L.T. Murray
Wildlife Area had the lowest ungulate densities, the highest mean annual temperatures,
and the lowest aboveground plant biomass
inside the exclosures. These differences would
be expected to support a different vegetative
community as well as different densities of
ungulates.
We know that native ungulates do not exist
in a homogenous environment and their effects
on vegetation are likely to vary across productivity gradients (Milchunas and Lauenroth 1993,
Osem et al. 2004, Pakeman 2004). Not only are
ungulate effects likely to vary as a function of
site productivity, but effects are likely to vary
as a function of the ungulate species and ungulate density, which in turn may vary as a
function of site productivity—with different or
more ungulates in areas that are more productive (Bender et al. 1997, Bauer 1990). However,
little field data exist to determine whether
these interdependent factors stabilize productivity across environmental gradients over the
long term in shrubsteppe ecosystems. Crosssite comparisons are difficult with our particular dataset and with many others because of
confounding variables such as ungulate species,
climate, and elevation. We believe that future
research should focus on determining how
gradients of productivity in shrubsteppe ecosystems influence ungulate densities as well as
site productivity. Only with cross-site comparisons will we gain increased insight into general patterns about the relationships between
native ungulates and vegetation.
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