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Abstract

Grazing can have implications for ecosystem management, biodiversity conservation,
human livelihoods and global biogeochemical cycles. Grazers can either depress or
promote plant production, with weak or strong effects on vegetation composition.
Such variability is a major challenge for sustaining production while avoiding
undesirable vegetation shifts. It is also uncertain how knowledge obtained from
native herbivores can be used to manage domestic livestock and vice versa. In
addition, grazer effects on production and vegetation composition tend to vary
along prominent environmental gradients and are also negatively related to each
other. Here, we evaluate these patterns for both livestock and native grazers under
comparable grazing intensity and evaluate competing hypotheses that can account
for the negative co-variation between these two types of grazer effects. A dataset
from a four-year herbivore exclusion experiment in the Trans-Himalayan ecosystem
in northern India shows the following: (a) grazer effects on plant production and on
vegetation composition were indeed negatively correlated, but the relationship
depends on the choice of data metrics; (b) incidental autocorrelation due to an
underlying soil moisture gradient does not fully explain this pattern; instead, (c) their
relationship is explained by variation in local plant species richness. Vegetation
responses after excluding livestock and native grazers were qualitatively similar. But,
despite comparable grazing intensity, livestock had quantitatively stronger effects on
plant species composition. Production in species-rich communities was more
grazing-tolerant and showed greater compositional stability. So, understanding the
determinants of variation in species richness and how it is, in turn, influenced by
grazing can offer a framework to interpret and manage highly variable impacts of
herbivores on grazing ecosystems.

Keywords: Grazing, Ungulates, Grassland management, Herbivory, Productivity,
Species diversity, Stability, Semi-arid rangeland
Background
Terrestrial grazing ecosystems, featuring both wild and domestic ungulates, represent

the most expansive land use, encompassing semi-arid to arid regions of the world

(Du Toit et al. 2010). Here, the primary management concern is to sustain animal

populations without compromising the ecosystem structure and function for which

grazer effects on (1) plant community composition and (2) plant production are most

relevant to managers (Levin 1993; Watkinson and Ormerod 2001). Natural ecosystems
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with a long history of grazing can be resilient to changes in species composition over de-

cadal timescales but may be more responsive to variation in climate (e.g. East African

savannas; Anderson 2008). Human-modified ecosystems on the other hand - where native

ungulates have been replaced by domestic livestock (Crosby 1986; Prins 1992) - can ex-

perience reduced ecosystem function (Bagchi and Ritchie 2010b) with consequences for

biodiversity, human livelihoods and global biogeochemical cycling (FAO 2007, Reid et al.

2010), although under different socio-ecological settings, there is evidence for both com-

petition as well as facilitation between wild and domestic herbivores (e.g. Bagchi et al.

2004; Mishra et al. 2004; Young et al. 2005; Namgail et al. 2008), and recent initiatives

have explored greater coexistence under such multiple-use scenarios (e.g. Mishra et al.

2010, Augustine et al. 2011).

These differences between natural and human-modified ecosystems are often attribu-

ted to the high stocking densities of livestock, but recent studies have found this view

to be overly simplistic (Fuhlendorf and Engle 2004; Bagchi and Ritchie 2010b; Winter

et al. 2012). Intensive commercial ranching poses numerous challenges for ecosystem

management in all continents (e.g. Fleischner 1994; Cabral et al. 2003; McIntyre et al.

2003; Albon et al. 2007). Even traditional pastoral land use is often thought to be in-

consistent with the goals of conservation (Prins 1992), although studies have asserted

that all forms of degradation and wildlife declines are not necessarily related to pastor-

alism per se (e.g. Homewood et al. 2001). Therefore, considerable uncertainties persist

over how to utilize information from natural ecosystems to manage human-modified

ecosystems and vice versa (Levin 1993; Watkinson and Ormerod 2001). This is further

compounded by high variability as the effects of grazing can differ considerably, even

idiosyncratically, between ecosystems (Milchunas and Lauenroth 1993; Proulx and

Mazumder 1998; Olff and Ritchie 1998; Chase et al. 2000; Vesk and Westoby 2001;

Gruner et al. 2008). But, amidst these differences, both within and between ecosystems,

an important insight for managers is that grazer effects may vary predictably along

prominent natural environmental gradients such as precipitation (Milchunas and

Lauenroth 1993; Olff and Ritchie 1998; Anderson et al. 2007; May et al. 2009).

So, is it possible to account for variability by developing site-specific management

policies depending on prevailing soil and climatic conditions? Such a scenario would be

relatively straightforward, but studies have also found that grazer effects on vegetation

composition and on plant production not only vary across ecosystems, but also co-vary

with one another. Specifically, grazer effects on plant community composition are in-

versely related to their corresponding effects on plant production (Milchunas and

Lauenroth 1993; Chase et al. 2000). This additional complexity suggests that under-

standing the mechanisms that establish their inter-dependency may be critical, but

these aspects remain inadequately resolved to inform ecosystem management.

Therefore, two important questions then become as follows: (1) Can comparable

levels of grazing by native ungulates and livestock have different effects on vegetation

composition and production? (2) Why do grazer effects on vegetation composition and

on plant production co-vary? Several lines of explanations, or null hypotheses, can be

offered to account for the observed negative co-variation between grazer effects (Table 1).

One explanation may invoke biogeographical legacies. When data from different ecosys-

tems are summarized in cross-site reviews (Milchunas and Lauenroth 1993; Chase et al.

2000), composite patterns may emerge coincidentally due to differences in latitude,



Table 1 Alternative explanations for observed negative co-variation between grazer
effects on plant communities and plant production

Scenario Explanation Description Test

A Biogeography Merging data across ecosystems can lead to
false patterns

Does the pattern occur within an
ecosystem

B Inconsistent
parameters

Studies reporting effects on plant biomass
and production are pooled together

Compare patterns of biomass
against those of production

Studies reporting changes in relative
abundance and species occurrence are
pooled together

Compare patterns in the Bray-Curtis
index against the Sørensen index

C Autocorrelation Each response is independently related to a
gradient of precipitation

Assess autocorrelation with soil
moisture

D Species richness Local variation in species richness determines
the strength of each response

Evaluate partial correlation

Alternative scenarios (A to D) are listed alongside a description of their underlying arguments and the analytical tests to
evaluate them.
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altitude, soil fertility and climate. But, if the co-variation is non-trivial, then it should be

detected within an ecosystem as well (scenario A, Table 1); such evidence remains frag-

mentary (Kuijper and Bakker 2005; Anderson et al. 2007; Pajunen et al. 2008). Another

explanation may invoke inconsistencies due to the collation of data from widely different

methodologies. Indeed, some studies document grazer effects on plant biomass, while

others evaluated plant production. Likewise, some studies document change in vegetation

composition with relative abundance of plant species, while other studies rely on species

occurrence (scenario B, Table 1). One can also implicate statistical artifacts. If each of

these two responses to grazing - in plant communities and in plant production - is inde-

pendently related to another variable, then this could yield an autocorrelation (scenario C,

Table 1). Indeed, grazer effects on plant community composition are known to increase

along the gradient of precipitation, while the effects on production decline along the same

gradient (Chase et al. 2000).

Finally, a non-trivial explanation may posit that these responses may be functionally,

if not mechanistically, related to each other, due to an underlying role of species diver-

sity and identity (de Mazancourt and Loreau 2000; Garibaldi et al. 2007). For example,

studies often document scenarios where species-rich communities are more resistant to

compositional change than species-poor communities (e.g. Frank and McNaughton

1991), and such diversity-stability relationships may even extend to the ecosystem

structure and function (Proulx et al. 2010; Haddad et al. 2011; Aragón et al. 2011). So,

do the determinants of variation in species diversity across natural gradients influence

whether grazing has weak or strong effects on plant communities vis-à-vis plant pro-

duction? If so, then this provides a conceptual framework for interpreting, and poten-

tially managing, the effects of grazing on the ecosystem structure and function.

Here, we visit a dataset from an herbivore exclusion experiment in the shrub-steppes

of the Trans-Himalayan ecosystem of northern India (Bagchi and Ritchie 2010a; Bagchi

and Ritchie 2010b) to scrutinize the co-variation between grazer effects - under both

native ungulates and livestock at a comparable grazing intensity - on plant communities

and on plant production. We confront the alternative scenarios (Table 1) to investigate

whether the co-variation between the two responses is (1) detected within an ecosystem;

(2) consistent between native and livestock grazers; (3) influenced by choice of data

metrics, viz. biomass or production, and relative abundance or species occurrence; (4)
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merely a statistical autocorrelation due to an underlying soil moisture gradient; and (5)

explained by variation in plant species richness.

Methods
Study area and experimental design

Agro-pastoral settlements across a mountainous landscape in the Spiti region of northern

India (4,300- to 4,500-m elevation) have established rangelands that are either grazed pri-

marily by domestic livestock (goat, sheep, donkey, horse, cattle and yak-cattle hybrids)

or by free-ranging native herbivores (ibex, Capra sibirica; bharal, Pseudois nayaur; yak,

Bos grunniens) (Bagchi and Ritchie 2010b). Livestock are herded to these rangelands

nearly year round, with three to seven days separating consecutive visits, although visi-

tation declines between January and March due to snow cover, when they are stall-fed.

The rangelands are demarcated by natural features - ridges, canyons and streams - rather

than by fencing. So, although native herbivores are not physically excluded, they generally

avoid areas that are frequently visited by livestock. While the predominantly Buddhist so-

ciety is not known to actively engage in hunting, retaliatory persecution of carnivores in

response to livestock losses - since both native herbivores and livestock are prey for pre-

dators such as the snow leopard (Uncia uncia; Bagchi and Mishra 2006) - is a conserva-

tion challenge across the greater Trans-Himalayan landscape.

Importantly, grazing intensity, measured using 1-m2 cages at monthly intervals du-

ring the growth season following the study of McNaughton et al. (1996), was compa-

rable between the rangelands used by livestock and by native herbivores. Between 2005

and 2007, native herbivores consumed between 45% (±8% SE) and 66% (±11% SE) of

plant production, whereas the livestock consumed between 55% (±5% SE) and 64%

(±9% SE) of plant production, and these grazing intensities were not statistically disti-

nguishable from one another (F1,5 = 0.49, P= 0.51; Bagchi and Ritchie 2010b). Historical

grazing pressures were also likely to be comparable to the prevailing conditions (Bagchi

and Ritchie 2010b). Here, similar to other ecosystems (e.g. Frank and McNaughton

1993), grazers are known to have favourable effects on net aboveground plant production

(Bagchi and Ritchie 2010a). Concomitantly, similar to other ecosystems (e.g. Anderson

et al. 2007), experimental herbivore exclusion at this site is accompanied by shifts in spe-

cies composition: an increase in the relative abundance of forbs and grasses and a decline

in sedges (Bagchi and Ritchie 2010b).

The Trans-Himalayan climate is cold and arid with temperatures dropping below

−30°C between November and March, with a short growth season for plants (May to

August). The annual precipitation is 200 to 400 mm, and most of it occurs as snow

outside the short growth season. As in other high-altitude ecosystems, plant growth is

primarily dependent on soil moisture derived from the early-season snowmelt (April to

May) rather than on the late-season monsoon in India (August). Terrain and topog-

raphy influence snowpack and snowmelt which results in natural variation in soil mois-

ture across the mountainous landscape. Soils are relatively nutrient-poor, and plant

production is also low: the average soil N is 0.14%, and the average net aboveground

production (NAP) is 47 g�m−2 (Bagchi and Ritchie 2010a).

To create this dataset, 24 herbivore exclosures with a 1.5-m high chain-linked fence,

100 m2 each with adjacent paired control plots, were set up in May to June 2005. Three

to four exclosures were constructed in seven different rangelands surrounding the
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village Kibber (32° N, 78° E) and spread over an area of approximately 150 km2. Three

of these rangelands, containing ten paired plots, were grazed primarily by livestock;

four rangelands, containing 14 paired plots, were grazed primarily by the native ungulates

(Bagchi and Ritchie 2010b). At each location, the paired fenced and grazed plots were

10 m apart and were matched by vegetation type, terrain and topography. The sampled

vegetation at these locations comprised 39 native perennials such as grasses (Elymus

nutans, Festuca olgae, Poa alpina), forbs (Lindelofia anchusoides, Eurotia ceratoides),

small shrubs (Caragana versicolor) and sedges (Carex melanantha), while trees were ab-

sent (Bagchi and Ritchie 2010b). During the growth seasons from 2005 to 2008, data were

collected from the paired grazed and fenced plots on species composition, plant biomass,

NAP and soil moisture. Here, we analyse trends in these data after four years of herbivore

exclusion.

Data collection

Plant species richness and community composition

In this dataset, plant species composition was estimated using 50 points along a 10-m

line intercept located at the centre of each plot during peak standing biomass (early

August; Bagchi and Ritchie 2010b). All species were recorded in the sample if there

were multiple hits to estimate:

1. Species richness at the beginning of the study and after four years of herbivore

exclusion

2. Community evenness at the beginning of the study and after four years of

herbivore exclusion as 1-Simpson’s dominance index D, with D ¼
X

ni ni � 1ð Þ
N N�1ð Þ

, where

ni is the abundance of the ith species, and N is the pooled abundance of all species

3. Bray-Curtis dissimilarity index to represent changes in the relative abundance of

plant species between the paired grazed and fenced plots after four years,

B ¼
X

nik � njk
� �

X
nik þ njk
� �, where nkj is the abundance of the ith species of the k th sample

4. Sørensen’s dissimilarity index to represent changes in species occurrence after four

years, S ¼ 2c
aþb, where c is the number of shared species, and a and b are the number

of species in that pair of samples (Krebs 1989)

Plant production and biomass

Data on NAP were collected from grazed plots by measuring the average dry weight of

the harvested aboveground biomass (sun-drying, and oven-drying at 40 °C for 48 h)

of randomly located 1-m2 movable exclosures at monthly intervals between May and

August. In ungrazed plots, the corresponding data on NAP were from the end of the growth

season (Bagchi and Ritchie 2010a). Data on the grazer effect on production were obtained

from the log ratio of the grazed NAP relative to the ungrazed NAP (Bagchi and Ritchie

2010a). The grazer effect on plant biomass was calculated as the log ratio of the ungrazed

standing biomass relative to the grazed standing biomass at the end of the growth season.
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Soil moisture

In lieu of a precipitation gradient, we utilized a natural gradient of early-season soil mois-

ture. We estimated the volumetric water content of soil (VWC as percentage) as the ave-

rage of four to six random locations in a plot using a 20-cm time domain reflectometry

probe (Spectrum Technologies Inc., Plainfield, USA) at monthly intervals, but here, we

use the estimates from the early part of the growth season (during May) for analysis.
Data analysis

We estimated the grazer effects on plant species richness from the difference in the

number of species encountered in the paired grazed and ungrazed plots after four years

of herbivore exclusion, relative to any pre-existing difference at the beginning of the

study, using two-way analysis of variance (ANOVA) with grazing and herbivore type as

independent factors. We estimated the grazer effect on community evenness in the

same way with a separate two-way ANOVA. We estimated the grazer effects on vegeta-

tion composition from species dissimilarity between the paired plots after four years of

herbivore exclusion, relative to any initial differences, using paired two-way ANOVA

with herbivore type and year as independent factors.

To target the alternative scenarios (Table 1), we used correlation analyses to first eva-

luate whether there was any negative co-variation between the grazer effects on NAP and

on vegetation composition. Next, we assessed whether the choice of data metrics affected

the resulting correlations by using all four combinations of data types. Subsequently, we

analysed whether any observed negative co-variation was due to the potential autocorre-

lation with an underlying soil moisture gradient through partial correlation. Likewise, we

evaluated whether the negative co-variation was due to the differences in initial species

richness between the ungrazed plots at the beginning of the study through partial corre-

lation. Finally, we evaluated the co-variation among these two aspects after accounting for

the partial effects of soil moisture and initial species richness. All analyses were performed

using R 2.8.1 (R Development Core Team 2008).
Results
Grazer effect on species richness

There were no systematic differences in species richness between the paired grazed and

ungrazed plots at the beginning of the study in 2005 (Figure 1a), but richness was higher

in the areas used by native grazers (Table 2). However, after four years of herbivore exclu-

sion (Figure 1b), species richness was significantly greater in the grazed plots than in the

adjacent ungrazed plots, but there was no effect of herbivore type (Table 2).
Grazer effect on community evenness

There were no systematic differences in plant community evenness (Figure 1c) between

the paired grazed and ungrazed plots at the beginning of the study in 2005, but evenness

was higher in the areas used by native grazers (Table 2). Similar patterns were observed

after four years of herbivore exclusion (Figure 1d); the difference in plant community

evenness between the areas used by livestock and native herbivores had decreased

(Table 2). Community evenness increased after fencing in the livestock areas, and
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Figure 1 Change in three aspects of vegetation structure: species richness, evenness, and
community composition. The change was measured after four years of herbivore exclusion in the Spiti
region of northern India using paired grazed and ungrazed plots. Species richness at the beginning of the
study (a) is compared with that after four years (b). Likewise, initial community evenness (c) is compared to
evenness at the end of the study (d). Differences in species composition between paired plots were much
greater after four years, relative to initial differences, measured by indices of relative abundance (Bray-Curtis
index (e)) and species occurrence (Sørensen index (f)). Areas used by native herbivores are shown as black
symbols, while areas used by livestock are grey. Dashed lines represent equality, and statistical details are in
Table 2.
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these became comparable to the areas used by native grazers by the end of the

study (Figure 1d).
Grazer effect on species composition

There were modest differences in plant species composition between the paired grazed

and ungrazed plots at the beginning of the study, but after four years of herbivore ex-

clusion, compositional differences were significantly greater relative to these initial dif-

ferences - both in terms of the Bray-Curtis index (Figure 1e) as well as the Sørensen

index (Figure 1f ). In general, vegetation dissimilarity after four years was nearly twofold



Table 2 Summary of two-way ANOVAs for grazer effects on species richness and
evenness and on species composition for Bray-Curtis index and Sørensen index in Spiti
region, northern India

Variable Factor df SS MS F P

Species Richness (2005) Grazing 1 0.75 0.75 0.13 0.71

Herbivore type 1 184.01 184.01 33.36 <0.001

Interaction 1 0.19 0.19 0.03 0.85

Error 44 242.71 5.51

Species Richness (2008) Grazing 1 17.52 17.52 10.06 0.003

Herbivore type 1 1.80 1.80 1.03 0.31

Interaction 1 2.07 2.07 1.19 0.28

Error 44 76.58 1.74

Evenness (2005) Grazing 1 0.01 0.01 0.01 0.96

Herbivore type 1 0.26 0.26 25.52 <0.001

Interaction 1 0.01 0.01 0.91 0.34

Error 44 0.46 0.01

Evenness (2008) Grazing 1 0.01 0.01 1.41 0.24

Herbivore type 1 0.05 0.05 7.46 0.01

Interaction 1 0.01 0.01 0.27 0.60

Error 44 0.27 0.01

Bray-Curtis dissimilarity Herbivore type 1 0.01 0.01 0.66 0.42

Time 1 0.21 0.21 14.81 <0.001

Interaction 1 0.17 0.17 11.97 <0.001

Error 44 0.62 0.01

Sørensen dissimilarity Herbivore type 1 0.02 0.02 1.18 0.29

Time 1 0.19 0.19 14.41 <0.001

Interaction 1 0.22 0.22 16.77 <0.001

Error 44 0.58 0.01

df, degrees of freedom; SS, sum of squares; MS, mean squares.
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compared to the initial differences (Figures 1e,f ). Excluding the livestock led to a

greater change in species composition than excluding the native grazers (Table 2).
Co-variation between grazer effects

We detected a significant negative correlation between the grazer effects on NAP and

on plant species composition in the study area, but the choice of data metrics influenced

the overall pattern (Figure 2). The grazer effect on NAP was negatively correlated with

both the Bray-Curtis dissimilarity (Figure 2a) and Sørensen dissimilarity (Figure 2b) indi-

ces, and the trend did not differ between herbivore types (F1,20 = 1.99, P= 0.17 for the

Bray-Curtis index; F1,20 = 1.38, P=0.25 for the Sørensen index). But the grazer effect on

biomass was not correlated with the indices of species composition change regardless of

herbivore type (Figures 2c,d).
Autocorrelation with soil moisture

Grazer effects on NAP were positively correlated with soil moisture, but the correlation

was statistically not significant (Figure 3a) and did not vary between the areas used by
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Figure 2 Four ways to express the relationship between grazer effects on plant production or
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livestock and native grazers (F1,20 = 0.11, P= 0.73). Grazer effects on plant biomass, and

on species composition, were not related to soil moisture regardless of whether the area

was used by native or livestock grazers (Figure 3b,c,d).
Influence of species richness

The grazer effect on NAP showed a positive correlation with initial species richness

(Figure 4a), and this trend did not differ between the areas used by livestock and native

grazers (F1,20 = 1.62, P= 0.21). But the grazer effect on biomass was not significantly

related to species richness (Figure 4b). Expectedly, both measures of species compo-

sition change were related to initial species richness, and each showed negative correla-

tions (Figures 4c,d). This trend did not differ between herbivore types (F1,20 = 1.58,

P= 0.22 for the Bray-Curtis index; F1,20 = 1.02, P= 0.32 for the Sørensen index). A con-

siderable negative partial correlation between the grazer effects on NAP and on species

composition persisted even after accounting for the concomitant variation in soil mois-

ture, both as the Bray-Curtis dissimilarity (R=−0.36, P= 0.06) and as the Sørensen dis-

similarity (R=−0.38, P= 0.06). But there was no detectable correlation between the

grazer effects on NAP and on species composition after accounting for initial species
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Figure 3 Potential autocorrelation between grazer effects on NAP, or plant biomass, and plant
community change. The potential autocorrelation (measured as the Bray-Curtis or Sørensen index) was
due to the incidental background effects of an underlying soil moisture gradient (VWC) in the Spiti region
of northern India. While the change in NAP was weakly related to soil moisture (a), change in plant biomass
(b) and community change (c, d) were unrelated to soil moisture. Areas used by native herbivores are
shown as black symbols, while areas used by livestock are grey. Solid lines, when shown, represent the
linear relationship between variables.
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richness, both as the Bray-Curtis dissimilarity (R=−0.27, P= 0.18) and as the Sørensen

dissimilarity (R=−0.28, P= 0.17). Expectedly, once the potential influences of both soil

moisture and species richness were removed, there was no partial correlation between

the grazer effects on NAP and on species composition change measured by either dis-

similarity index (Figures 5a,b).
Discussion
These data may help understand how herbivores modulate the structure and function

of grazing ecosystems, particularly under multiple-use scenarios (Du Toit et al. 2010),

as they show the following: (1) a negative relationship between the grazer effects on

plant production and on vegetation composition, but this was influenced by the choice

of data metrics; (2) the incidental autocorrelation due to the background variation in

soil moisture is likely less important than the variation in local plant species richness.
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native herbivores are shown as black symbols, while areas used by livestock are grey. Solid lines, when
shown, represent the linear relationship between variables.
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The pattern of co-variation between the grazer effects was qualitatively comparable

under both native herbivores and livestock. But, despite similar grazing intensity (Bagchi

and Ritchie 2010b), livestock had a stronger effect on plant community composition than

native grazers as their exclusion resulted in greater change in plant species composition

(Figures 1e,f). These results may have practical implications for the management of na-

tural and human-modified ecosystems.

These data can distinguish between the alternative explanations on why grazer effects

on vegetation composition co-vary with their effects on plant production (Table 1).

They suggest that the observed negative co-variation may not be a trivial outcome of

biogeographical differences (scenario A, Table 1). They also suggest that the choice of

data metrics is an important consideration (scenario B, Table 1). While autocorrelation

with a moisture gradient, or broadly with precipitation, can be partially responsible, this

alone does not dismiss the pattern as a mere statistical artifact (scenario C, Table 1).



−0.4 −0.2 0.0 0.2 0.4

−
0.

6
−

0.
2

0.
2

0.
4

0.
6

Residual (Bray−Curtis index)

R
es

id
ua

l (
E

ffe
ct

 o
n 

N
A

P
)

(a)

R= −0.22, P=0.29

−0.4 −0.2 0.0 0. 2 0.4

−
0.

6
−

0.
2

0.
2

0.
4

0.
6

Residual (Sorensen index)

R
es

id
ua

l (
E

ffe
ct

 o
n 

N
A

P
)

(b)

R= −0.25, P=0.24
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region of northern India. Patterns indicate a lack of residual co-variation.
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Instead, our results are consistent with the hypothesis that determinants of species rich-

ness may influence whether grazers have weak or strong impacts on vegetation compo-

sition and, simultaneously, on production (scenario D, Table 1).

For a low-productivity ecosystem with relatively nutrient-poor soils in this case

(Milchunas and Lauenroth 1993; Olff and Ritchie 1998; Chase et al. 2000), grazers, ex-

pectedly, had favourable impacts on local plant species richness, and herbivore exclu-

sion also led to strong responses in vegetation composition (Figure 1). Consistent with

other studies (Frank and McNaughton 1991), species-poor communities underwent

greater compositional change compared to species-rich communities (Figures 4c,d).

This likely reflects the combined effects of herbivores on dominance hierarchies

and on colonization-extinction processes (Olff and Ritchie 1998) and is consistent with

the general premise that species richness influences compositional stability (Frank and

McNaughton 1991).

Also important is the positive relationship between the grazer effects on production

and initial species richness (Figure 4a). Under what circumstances should species-rich
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communities show a stronger response to grazing than species-poor communities?

Herbivores’ effects on species composition are mediated by selective foraging (Augustine

and McNaughton 1998; Ritchie and Olff 1999), inter-specific differences in diet selectivity

(Bagchi and Ritchie 2010b) and plant regrowth after defoliation (Bagchi and Ritchie

2011). Non-selective foraging can effectively promote dominance by one or a few grazing-

tolerant plants and thereby establish species-poor conditions. Production in these com-

munities, due to the predominance of tolerance traits (de Mazancourt and Loreau 2000),

is likely to show a large response to grazing (Figure 4a), and it is also likely to undergo

large compositional shifts after herbivore exclusion (Figure 4c,d).

Relevance to grazing management

The data align favourably with the previous studies (Olff and Ritchie 1998) that grazer

effects may vary predictably with natural gradients, and their co-variation may be func-

tionally related to the determinants of local species richness (de Mazancourt and Loreau

2000), although these data do not clarify the underlying mechanisms of such functional

linkages. Therefore, rather than idiosyncratic variability, the highly variable grazer impacts

in different ecosystems may, in fact, be interpretable in a manner that can inform mana-

gers (Levin 1993; Watkinson and Ormerod 2001). These can be viewed in terms of quali-

tative similarities, and quantitative differences, between the effects of livestock and native

grazers.

Qualitative similarities between livestock and native grazers

The effect of both livestock and native grazers on plant production was negatively cor-

related to their impact on species composition, and this was explained by the local

variation in plant species richness. This indicates that, when grazing intensities are

carefully managed, information from natural ecosystems may be broadly relevant to

human-modified ecosystems and vice versa (Levin 1993; Watkinson and Ormerod 2001).

In agreement with the well-documented patterns of plant production in experimental

(Tilman et al. 1997) as well as natural settings (Bai et al. 2007), species-rich communities

were more tolerant of grazing (Figure 4). Furthermore, as seen in other ecosystems (Frank

and McNaughton 1991) species-rich communities also showed greater compositional sta-

bility under grazing (Figure 4). So, fostering local species diversity could facilitate the ove-

rarching management goal of maintaining plant production while avoiding large

vegetation shifts. In addition to mechanistic and niche-based factors that relate to edaphic

heterogeneity, grazing can also be an important determinant of species richness. Thus,

understanding the determinants of species diversity not only is an interesting ecological

question (Ricklefs and Schluter 1993; Rosenzweig 1995), but can also have practical re-

levance for management. Beyond grazing tolerance and compositional stability, species

diversity is also positively associated with valuable ecosystem services in the Trans-

Himalayas (Bagchi and Ritchie 2010b) and in semi-arid ecosystems globally (Maestre

et al. 2012).

Quantitative differences between livestock and native grazers

The areas used by livestock had lower species richness than the areas used by native

grazers at the beginning of the study and could represent the effects of land use change

(Bagchi and Ritchie 2010b). But four years of herbivore exclusion led to strong vegeta-

tion recovery such that the plant communities released from livestock grazing became
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comparable with the areas used by native grazers (Figure 1). This indicates that live-

stock may promote dominance by a few grazing-tolerant plants and effectively lower

species richness, and community evenness, relative to the effect of native grazers. This

effect can be enhanced by the general lack of diet differentiation between the different

types of livestock as previously indicated by studies on their diet selectivity (Bagchi and

Ritchie 2010b). The results also indicate that managing the livestock’s effect on local

species richness may be a key management concern, particularly to prevent livestock

from reducing plant diversity. Towards this end, several management frameworks have

been developed to reduce the negative impacts of livestock on plant diversity, and these

have been studied in a variety of environmental settings (e.g. McIntyre et al. 2003; Fuh-

lendorf and Engle 2004; Albon et al. 2007). Since any effective reduction in species di-

versity under livestock would amount to a declining ecosystem function compared to

native grazers (Bai et al. 2007; Bagchi and Ritchie 2010b), it can be addressed by site-

specific restoration targets (Martin and Wilsey 2006). In summary, an understanding of

the determinants of variation in species diversity, and whether it is promoted or depleted

by grazers, can lead to a conceptual framework for managing the highly variable effects of

grazing on natural and human-modified ecosystems.
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