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Abstract

In the present study, we aim to analyze the effect of grazing, precipitation and temperature on plant species dynamics in
the typical steppe of Inner Mongolia, P.R. China. By uncoupling biotic and abiotic factors, we provide essential information
on the main drivers determining species composition and species diversity. Effects of grazing by sheep were studied in a
controlled experiment along a gradient of seven grazing intensities (from ungrazed to very heavily grazed) during six
consecutive years (2005–2010). The results show that plant species composition and diversity varied among years but were
little affected by grazing intensity, since the experimental years were much dryer than the long term average, the abiotic
constraints may have overridden any grazing effect. Among-year differences were predominantly determined by the abiotic
factors of precipitation and temperature. Most of the variation in species dynamics and coexistence between C3 and C4
species was explained by seasonal weather conditions, i.e. precipitation and temperature regime during the early-season
(March-June) were most important in determining vegetation dynamics. The dominant C3 species Stipa grandis was highly
competitive in March-June, when the temperature levels were low and rainfall level was high. In contrast, the most common
C4 species Cleistogenes squarrosa benefited from high early-season temperature levels and low early-season rainfall.
However, biomass of Stipa grandis was positively correlated with temperature in March, when effective mean temperature
ranges from 0 to 5uC and thus promotes vernalization and vegetative sprouting. Our results suggest that, over a six-year
term, it is temporal variability in precipitation and temperature rather than grazing that determines vegetation dynamics
and species co-existence of grazed steppe ecosystems. Furthermore, our data support that the variability in the biomass of
dominant species, rather than diversity, determine ecosystem functioning. The present study provides fundamental
knowledge on the complex interaction of grazing – vegetation – climate.
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Introduction

Sustainable grazing management of semi-arid grassland

ecosystems requires holistic knowledge about vegetation dynam-

ics and their responses to varying climatic conditions and

grazing intensity in order to understand the causes of change in

species composition of plant communities. Grazing by livestock

is the main anthropogenic disturbance of native grasslands [1]

and it plays an important role in determining species

composition and plant species diversity [2,3]. Previous studies

have indicated that long-term grazing can affect species diversity

of plant communities in grasslands either positively or negatively

[4–6] but grazing at moderate intensity could promote increased

species diversity [7–9]. However, in some previous studies the

effect of grazing on species diversity may have been overesti-

mated and limited either by the duration of the study or lack of

information on grazing intensity and the effects of climatic

variability [9–11]. Recent studies have shown that environmen-

tal moisture, the evolutionary history of grazing, and community

productivity also need to be considered when determining the

relationships between grazing intensity and species diversity

[3,5].

In semi-arid grassland ecosystems climatic factors are the main

drivers that determine plant growth and species dynamics [12–14].

Inter-annual variations in precipitation and temperature are

reported to be closely correlated to aboveground net primary

production and vegetation dynamics (e.g. botanical composition,

species diversity) [10,15–17]. However, the vegetation dynamics in

semi-arid grasslands have predominantly been analyzed in terms

of mean annual precipitation rates and the effect of intra-annual

variability in precipitation or temperature remains largely

unknown. Little is known about the linkage between temporal

variability in precipitation and temperature and the shift in species

composition, in particular with regard to the interdependencies

between C3 and C4 species. In semi-arid grasslands, initial growth

of C4 grasses typically lags behind that of C3 species owing to their

requirement for higher temperature in metabolic processes [18].

Thus, C4 species are presumably disadvantaged relative to C3

species in their ability to utilize early spring water resources [19].

In this context, the effects of within-year variation in precipitation

PLOS ONE | www.plosone.org 1 December 2012 | Volume 7 | Issue 12 | e52180



and temperature, as well as the interaction between these two

abiotic factors, are still not fully understood.

The present study aims to analyze the effect of abiotic (i.e.

precipitation and temperature) and biotic factors (i.e. grazing

intensity) on the vegetation dynamics in semi-arid grassland of

Inner Mongolia, P.R. China. The semi-arid grassland was

considered unproductive owing to the relatively low annual

precipitation (340 mm) and low aboveground net primary

production (under 200 DM g/m2) in the context of the MSL

(Milchunas, Sala, and Lauenroth [1988]) model [5,20]. An

important aspect was the effect of temporal intra-annual variability

of precipitation and temperature and their interactions with the

effect of different grazing intensities. The vegetation dynamics

were analyzed by the parameters of species diversity and species

composition. The relationship between species diversity and

ecosystem functioning has been studied for several decades and

results have suggested that species diversity may increase, decrease

or have no significant effect on primary production [6,21–24].

Furthermore, individual species may respond in different ways to

varying environmental factors [25–27]. Thus, not only diversity,

but also species composition plays an important role in determin-

ing ecosystem functioning [28–31]. According to the intermediate

disturbance hypothesis [7], we assume a positive and negative

effect of moderate and heavy grazing, respectively, on species

diversity. Furthermore, based on the study of Milchunas and

Lauenroth [32], we assume that precipitation has positive effect on

species diversity. This may counteract, at least partly, the effect of

grazing, due to the current low productivity grassland that has a

long evolutionary history. We also hypothesize that increasing

temperatures change the proportions of C3 to C4 species

according to the different metabolism preferences [18]. In order

to comprehensively understand potential shifts in vegetation and

underlying processes, it is necessary to uncouple biotic and abiotic

determinants of species dynamics in the investigated grazed

grassland system. Therefore, a six-year (2005–2010) grazing

experiment was conducted to determine: (1) the response of plant

species (species composition and diversity) to grazing intensity,

varying precipitation and temperature, (2) the effect of temporal

within-year variation (annual, seasonal, monthly) in precipitation

and temperature on species composition and diversity, and (3) the

homeostasis between C3 and C4 species as a function of temporal

precipitation and temperature patterns.

Materials and Methods

Study Area
The present grazing experiment was conducted during 2005–

2010 in a semi-arid grassland of Inner Mongolia, P.R. China,

situated near the Inner Mongolia Grassland Research Station of

the Chinese Academy of Sciences (IMGERS: 43u 389N; 116u
429E, 1200 m a.s.l.). This grassland is classified as typical steppe

ecosystem [33]. Based on the long-term meteorological data

(1982–2004), the mean annual precipitation of 343 mm and mean

annual temperature of 0.7uC characterize a semi-arid, continental

climate. This region is characterized by high inter-annual

variations in precipitation, which is described by a coefficient of

variation (CV) of 22%. Plant growth typically starts between late

March and May and lasts until September/October. The typical

steppe is dominated by C3 grasses, i.e. Stipa grandis P. Smirn.

(perennial bunchgrass) and Leymus chinensis Trin. Tzvel. (a

perennial rhizomatous grass) which together account for approx-

imately 60–80% of the total community aboveground biomass in

the experimental area. The most common C4 species is Cleistogenes

squarrosa (Trin.) Keng, which accounts for 3–9% of the community

aboveground biomass (Table 1).

Experimental Design and SAMPLING
An area of 150 ha of natural grassland was fenced and split into

2-ha sized paddocks. Seven grazing intensities (GI) (no grazing

(GI0), very light (GI1), light (GI2), light-moderate (GI3), moderate

(GI4), heavy (GI5) and very heavy (GI6) grazing) were randomly

distributed to 2-ha sized paddocks. A gradient of herbage

allowances was used to modulate the grazing intensities. The

seven GI corresponded to different herbage allowance classes

ranges from ,1.5, 1.5–3, 3–4.5, 4.5–6, 6–12 to .12 kg dry matter

(DM) kg21 live weight (LW) of sheep. Due to the spatial

heterogeneities and the varied available herbage on offer between

the plots, the numbers of sheep were adjusted monthly to achieve

herbage allowance target ranges [12,16] and thus to keep the

grazing pressure of each grazing intensity constant by using the

put-and-take stocking method [34]. Further details on herbage

allowances, stocking rates and the grazing intensity classification

are given in Schönbach et al. [20]. GI treatments were replicated

on two blocks according to the topographic positions: one was on a

level area and the other on slopes. The area has a long history of

being managed at moderate to heavy grazing intensity levels, but

livestock had been excluded from this area two years prior to the

start of the experiment in 2005. Sheep grazing lasted from June to

September for 98, 90, 93, 94, 94 and 95 days in 2005, 2006, 2007,

Table 1. Effect of grazing intensity (GI) and year on
aboveground biomass (g DM m22) of species and diversity
indices (richness, diversity and evenness).

GI L.ch S.gr C.sq Richness Diversity Evenness

0 33.5 55.0 6.1 11.5 1.4 0.6

1 71.0 33.2 3.1 13.1 1.3 0.5

2 42.5 56.7 6.1 10.8 1.3 0.5

3 21.5 62.6 5.7 9.5 1.2 0.5

4 36.4 38.3 4.5 12.4 1.4 0.6

5 19.8 47.2 5.6 9.9 1.3 0.6

6 20.8 37.5 3.0 11.3 1.3 0.6

YEAR

2005 45.4 26.4 9.8 14.1 1.6 0.6

2006 30.2 26.2 7.8 13.0 1.5 0.6

2007 40.4 38.1 2.4 10.4 1.2 0.5

2008 42.0 48.8 4.3 12.4 1.2 0.5

2009 29.7 53.1 3.1 8.1 1.2 0.6

2010 40.0 73.5 1.7 9.3 1.1 0.5

F-values statistics for the test of particular analysis

GI 3.6* 1.9 ns 0.7 ns 0.9 ns 1.1 ns 0.4 ns

YEAR 1.9 ns 8.3*** 12.4*** 14.7*** 12.3*** 3.9**

BLOCK 15.4** 1.0 ns 0.2 ns 2.1 ns 0.8 ns 0.0 ns

GI6YEAR 0.6 ns 1.7 ns 1.5 ns 1.1 ns 2.0 ns 1.7 ns

The abbreviations are: L.ch (Leymus chinensis), S.gr (Stipa grandis), C.sq
(Cleistogenes squarrosa).
(*: 0.01,P,0.05, **: 0.001,P,0.01, ***: P,0.001, and ns means not significant,
P.0.05).
doi:10.1371/journal.pone.0052180.t001
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2008, 2009 and 2010, respectively. The duration of grazing was in

accordance with the common local grazing season.

On each treatment plot, three representative sampling areas

were chosen before the grazing period started in June. In each

sampling area, exclosure cages (263 m) were set up and moved at

monthly intervals, subsequent to each sampling, to locations that

had been grazed previously. The aboveground community

biomass was sampled monthly (June, July, August and September)

inside and outside of the exclosures, with sampling taken inside a

0.25 m 6 2 m rectangular frame ( = 3 6 0.5 m2 frames).

Aboveground biomass sampling of each species was done once a

year at peak biomass in July inside the exclosures for determina-

tion of botanical composition (i.e., species biomass sampled was

not subjected to current-year grazing). Plant species were recorded

as present/absent for the purpose of assessing species richness (R)

inside the rectangular frames, then clipped to 1 cm stubble-height,

separated by species, and taken to the laboratory for quantitative

dry matter determination after drying at 60uC for 48 h.

‘Species composition’ comprises aboveground biomass of the six

most common grass species sampled (L. chinensis, S. grandis, C.

squarrosa, Carex korshinskyi, Agropyron cristatum, and Achnatherum

sibiricum). Other plant species that comprised less than 1% of the

biomass were allocated to the fraction termed ‘‘remaining

species’’. Species diversity was characterized by three different

parameters. The number of plant species and plant biomass

density of each species in each plot was counted to calculate (i) the

‘species richness’ (R), (ii) the ‘Shannon–Wiener diversity index’ (D)

(see equation 1), (iii) and the ‘species evenness’ (E) (see equation 2)

D~{
X

Pi ln Pi; ð1Þ

E~D=ln R; ð2Þ

Where Pi is the weighted average proportional biomass density

of the i species.

Meteorological Data
In order to determine the relationship of vegetation dynamics

with precipitation and temperature, three different scales of

temporal variation were investigated: annual, seasonal, and

monthly. Seasonal partitioning comprises three periods: early-

season (March-June), late-season (July-October) and out-of-season

(November-February) (Table 2). In order to increase the level of

detail, early-season precipitation and temperature were further

divided into four sub-periods, i.e. March, April, May and June

(Table 3). Thus, precipitation sums and temperature means during

certain periods were used to analyze their relationship with

vegetation dynamics.

The annual effect of precipitation was determined by using the

effective annual precipitation (previous-year September to current-

year September) instead of using calendar annual (January to

December) sums (Figure 1). This was because the previous-year

precipitation during winter was likely to have affected species

composition in the current growing season [36]. On a monthly

basis, the mean daily temperatures above 0uC were used to

calculate effective mean temperature for March, April, May and

June; whereas for seasonal and annual periods all temperature

values were included.

Apart from the above-mentioned mean temperature, further

temperature indices (e.g. active accumulated temperature) were

tested by multiple stepwise regression analysis (see statistics section)

regarding their effect on vegetation dynamics. However, in this

study we focus only on the indices that explained most of the

variances in vegetation dynamics, i.e. precipitation sums during

specified periods, effective annual precipitation (previous-year

September to current-year September), mean temperature during

specified periods and effective mean temperature in individual

months.

The decision to use effective mean temperature rather than

actual mean temperature on a monthly basis was made, because

mean temperatures in March and April in this region are below

0uC, and plant species will not grow under this temperature.

During the six experimental years (2005–2010), effective annual

precipitation varied from a minimum of 219 mm (2009) to a

maximum of 345 mm (2008) and annual mean temperature

ranged from a minimum of 0.5uC (2010) to a maximum of 2.2uC
(2007) (Figure 1). In comparison with the long-term average

(1982–2004) of 343 mm, the effective annual precipitation rates

during the experimental period (2005–2010) were relatively low

(Figure 1). The opposite is true for annual mean temperature

during the experimental period, which was above the long-term

average of 0.7uC for most years (Figure 1). During the 6

experimental years, the mean annual precipitation and tempera-

ture are 264 mm and 1.4uC, respectively, and the CV is 19%.

Temporal patterns of precipitation and temperature were

observed from 2005 to 2010 (Table 2 and 3). During the early-

season, monthly precipitation and effective mean temperature

(above 0uC mean daily temperature) varied strongly within and

among years (Table 3).

Statistics
The experimental design was a randomized complete block

design with two replicates, i.e. one on a level area and one on a

sloping area. All statistical analyses were carried out in SAS,

Version 9.1 (SAS Institute Inc., Cary, NC, USA). Simple linear

regression was used to test the correlation between the biomass of

the target species and diversity parameters. The effects of grazing

intensity, year and their interactions on species composition and

species diversity were analyzed by using the residuals of diversity-

species biomass linear regression in the Repeated Measures

ANOVA - mixed model. The statistical model included grazing

intensity, block, year and their interactions as fixed effects. The

factor year was used as repeated effect and grazing intensity 6

Table 2. Precipitation (PPT in mm) and mean temperature
(MT in uC d21) in early season (March-June), late season (June-
October) and out of season (October-March) in six
experimental years.

Early-season Late-season Out-of-season

Year MT PPT MT PPT MT PPT

2005 8.8 68.7 1.9 230 215.9 13.6

2006 8.4 130 0.6 79.0 216.9 18.7

2007 9.8 131 1.3 154 215.4 31.5

2008 9.6 146 0.7 86.8 216.6 17.5

2009 8.6 111 1.6 196 214.5 16.7

2010 6.9 116 1.1 131 216.9 2.1

Mean 8.7 117 1.2 146 8.7 16.7

Early season: March to June; Late season: July to October; Out of season:
November to February.
doi:10.1371/journal.pone.0052180.t002
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block as random effect. ‘Block’ was a fixed effect because

treatments were replicated on a level area as well as on slopes,

and then considered as block level and block slope. Thus block was

not randomly chosen but explicitly assigned to two out of several

typical areas with different environmental conditions. The level of

significance was P,0.05. Owing to the limitation of the ANOVA

mixed model to deal with quantitative determining variables, the

effects of seasonal variations in precipitation and temperature were

tested by Pearson correlation and multiple regressions. The

Pearson correlation analysis was used to examine the associations

of species composition and diversity parameters (richness, diversity

index and evenness) with the variation of both the precipitation

rates and mean temperature at annual and seasonal level. The

multiple regression model with stepwise selection was additionally

applied to in order to provide quantitative information on the

correlations and importance of precipitation and temperature on

species biomass and diversity parameters. Variables of precipita-

tion and temperature during certain periods of time were selected,

and the variable that improved the model the most (determined by

higher R-square and significance at the 0.05 level) was maintained

by using stepwise selection model comparison criterion. The

stepwise-building used forward selection and the variables already

built in could not be thrown out at a later stage. The coefficient of

determination R-square was tested with a two-sided test for

significance of the stepwise regression model (P,0.05). By

comparing the model coefficients of determination, the optimum

model accounting for maximum variation was chosen.

Results

The Effects of Grazing Intensity and Years
The aboveground biomass of dominant species L. chinensis

significantly decreased with increased grazing intensity, while

other investigated species and species diversity parameters

(richness, Shannon-Wiener diversity index and evenness) were

not significantly affected by grazing intensity (Table 1). However,

species composition and diversity varied significantly among

experimental years over all grazing intensities. The biomass of

Figure 1. Effective annual precipitation rates (left y-axis) and annual mean temperature (right y-axis) from 2005–2010. The horizontal
dashed line denotes the 20-year (1983–2004) mean effective annual precipitation of 343 mm, and the horizontal solid line denotes the mean annual
temperature of 0.7uc over the same 20–year period.
doi:10.1371/journal.pone.0052180.g001

Table 3. Monthly precipitation (PPT in mm) and effective mean temperature (EMT in uC d21) during the early season (i.e. March,
April, May, June) in six experimental years.

March April May June

Year EMT PPT EMT PPT EMT PPT EMT PPT

2005 1.7 1.7 6.5 9.2 10.4 3.8 17.8 54.0

2006 2.4 2.5 5.8 4.1 11.7 62.7 16.4 60.5

2007 3.7 16.4 4.3 16.8 11.4 32.3 20.4 65.4

2008 3.0 15 7.2 25.2 9.7 32.3 17.2 73.1

2009 3.9 1.3 5.5 51.7 12.8 10.6 14.9 47.2

2010 3.1 3.4 3.3 40.7 10.7 50.4 17.8 21.5

Mean 2.9 6.7 5.4 24.6 11.1 32.0 17.4 53.6

Effective mean temperature: above 0uC mean daily temperature in the respective period of time.
doi:10.1371/journal.pone.0052180.t003
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the dominant C3 grass S. grandis was two-fold higher in the final

year 2010 compared with the first experimental year of 2005,

whereas the biomass of the C4 species C. squarrosa and C3 species

A. sibiricum decreased by 83% and 60% respectively. The species

grouped as ‘remaining species’ contributed the highest amount of

biomass in the initial year 2005 and reached the lowest value in

2009. In comparison to 2005, species richness, diversity and

evenness in 2010 decreased by 34, 31 and 16%, respectively. No

significant interactions between year and grazing intensity on

species composition and diversity were detected.

The Effects of Precipitation and Temperature
Pearson correlation analysis showed that calendar year-based

annual precipitation and mean temperature had no significant

effect on almost all measures of species biomass. The exception

was C. squarrosa which was negatively correlated with annual

precipitation. There was also no significant relationship between

the variations of both effective annual precipitation and mean

temperature and diversity (except richness) (Table 4). On a

seasonal scale, most of species biomass and all diversity parameters

were correlated with early-season (March to June) precipitation

and mean temperature, whereas precipitation and temperature

conditions during late-season (July to October) and out-of-season

(November to February) had only little effect on species dynamics

(Table 4).

Multiple regression analysis indicated that early-season precip-

itation and early-season mean temperature strongly correlated

with S. grandis, C. squarrosa and A. sibiricum biomass, ‘remaining

species’ biomass and diversity parameters (Table 5). The

coefficients of determination from the multiple stepwise regression

analysis showed that early-season precipitation and early-season

mean temperature accounted for most of the variations in species

composition and diversity. Precipitation and mean temperature

during the early-season together explained 12–42% of the

variation in species biomass and 11–40% of the variation in

diversity (Table 5). The dominant C3 species S. grandis responded

positively to increasing early-season precipitation and negatively to

early-season mean temperature, whereas the opposite was true for

all other species and for all diversity parameters (Table 5).

In order to increase the level of detail, early-season precipitation

and temperature were further subdivided into monthly periods of

March, April, May and June. Multiple stepwise regression analysis

revealed a strong linkage of monthly precipitation and effective

mean daily temperature with the biomass of S. grandis and C.

squarrosa and diversity (Table 6). In March, the variability in the

biomass of the C3 species S. grandis, the C4 species C. squarrosa and

in diversity were correlated only with effective mean daily

temperature but not with precipitation. Meanwhile, inverse

responses were found as the biomass of the C3 species S. grandis

increased while that of the C4 species C. squarrosa and any of the

diversity parameters decreased with increasing effective mean

daily temperature in March (Fig. 2A, Table 6). In April, it was

precipitation rather than temperature that determined vegetation

dynamics, i.e. C3 species S. grandis biomass increased while C4

species C. squarrosa biomass and any of the diversity parameters

decreased with increasing precipitation (Fig. 2B, Table 6). By

combining precipitation and effective mean daily temperature of

March and April, 30% of the variance in the biomass of the C3

species S. grandis, 59% of that of the C4 species C. squarrosa, and 60

and 54% of the variance of richness and diversity, respectively, can

be explained. In May, no significant correlation relationship was

found for any parameter. In June, only the aboveground biomass

of the C3 species S. grandis, richness and diversity were correlated

with precipitation, and the coefficients of determination were low

(Table 6).

Discussion

The Effects of Grazing Intensity and Years
An aim of this study was to investigate whether grazing intensity

has a strong effect on species composition and diversity in the

Mongolian steppe. Our results demonstrate that grazing intensity

has relatively little effect on species composition; only the

aboveground biomass of L. chinensis differed among grazing

intensities, and no diminishing effect on species diversity was

observed. Also, grazing intensity had no effect on cumulative

biomass of species and diversity over six consecutive years of

grazing. The results obtained, therefore, do not support the

intermediate disturbance hypothesis, which assumes that moderate

grazing intensity increases species diversity and that high grazing

intensity leads to a shift in the proportion of dominant and

opportunistic species [7,8,32]. It has been suggested that long-term

grazing induces a significant shift in the aboveground biomass

composition of Inner Mongolian grasslands, from perennial C3

grasses, such as S. grandis or L. chinensis, to C4 grass species such as

C. squarrosa (e.g. [18,36]). Thus, the time scale over which the

grazing effects are analyzed plays an important role in determining

whether or not grazing affects vegetation dynamics. According to

the findings of many previous studies, and as suggested by the

above-cited references [7,8,18,32,36], shifts in the botanical

Table 4. Correlation coefficients (n = 84) for relationship between aboveground biomass of each species and diversity indices
(richness, diversity and evenness) with precipitation (PPT in mm) and mean temperature (MT in uC d21).

Parameters Early season (Spring) Late season (Summer) Out of season (Winter) Annual

PPT MT PPT MT PPT MT PPT MT

L.ch 20.1 ns 0.0 ns 0.1 ns 20.1 ns 20.0 ns 20.1 ns 0.1 ns 0.1 ns

S.gr 0.3* 20.3** 20.1 ns 20.2 ns 20.2* 20.0 ns 0.2 ns 0.1 ns

C. sq 20.3** 0.2* 0.1 ns 0.0 ns 0.0 ns 20.1 ns 20.2* 20.1 ns

Richness 20.3** 0.2* 20.1 ns 0.1 ns 0.1 ns 20.1 ns 20.1 ns 0.2*

Diversity 20.3** 0.2* 0.1 ns 0.1 ns 0.1 ns 20.1 ns 20.1 ns 20.2 ns

Evenness 20.3* 20.0 ns 0.2 ns 20.0 ns 0.0 ns 0.1 ns 20.1 ns 20.2 ns

Early-season: March to June; Late-season: July to October; Out-of-season: November to February.
(*: 0.01,P,0.05, **: 0.001,P,0.01, ***: P,0.001, and ns means not significant, P.0.05).
For abbreviations of species names see Table 3.
doi:10.1371/journal.pone.0052180.t004
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composition and species diversity are likely to occur under long-

term grazing, i.e., during periods of at least ten years duration.

Long-term experiments are indeed very valuable but also very

rare. Transect studies provide an alternative to highlight grazing

effects. Although these studies have to consider the unfairly

heterogeneous areas, such as different vegetation unit, steppe type,

species richness and soil parameters, they allow assessments

covering historical old gradients of grazing activity, as some work

already done in the same region, e.g. [9,37,38]. However, our

findings suggest that vegetation dynamics are much less influenced

by grazing in the medium-term, as most of the investigated species

and all of the analyzed diversity indices remained unaffected by

the factor of grazing intensity. The long history of grazing in the

study region may have led to the development of a steppe

vegetation community that was adapted to and tolerant of grazing

[3]. It has also been considered likely that selective grazing by

sheep and the competitive balance among species (e.g. various

grazing resilience abilities and regrowth rates of species) counteract

the effects of grazing in the medium-term. Furthermore, during

the experimental period, annual precipitation patterns in the study

region were much lower than the long-term average. Most of the

species present, and their composition, may have been well

adapted to more average conditions. Therefore, the current

grazing system was perhaps untypical for the conditions with

abiotic constraints, including droughts. Conversely, the biotic

constraints of grazing may become more effective under more

average conditions. The long evolutionary history of grazing and

low habitat productivity as a result of low environmental moisture

on this study site have contributed to the grazing intensity-diversity

relationship fitting the MSL (Milchunas, Sala, and Lauenroth

[1988]) original equilibrium curves. According to our results, the

aboveground biomass of the plant species investigated here

respond differently to the effects of grazing. The pronounced

decrease in the aboveground biomass of L. chinensis with increased

grazing intensity was presumably a result, at least in part, of its

relatively high forage quality [39–41]. In consequence, sheep

preferentially graze L. chinensis so that the aboveground standing

biomass of this species was significantly reduced with increased

grazing intensity. In contrast, S. grandis is characterized by a

relatively low nutritive forage value owing to high concentrations

Table 5. Partial R-square coefficients of determination (n = 84) associated species diversity and species composition with
precipitation (PPT in mm) and mean temperature (MT in uC d21) in the early-season (March - June) for stepwise variance regression
analysis.

Parameters L.ch S.gr C.sq Richness Diversity Evenness

Partial R2 coefficients of determination

Precipitation (mm) 0.0 ns 0.1** 0.3*** 0.2*** 0.3*** 0.1**

Temperature (uCd21) 0.0 ns 0.2*** 0.1** 0.1** 0.1** 0.0 ns

Model Equation Adjusted R2 P

S. grandis YS.gr = 0.186PPT - 0.234MT +103.686 R2 = 0.3 P,0.0001

C. squarrosa YC.sq = 2 0.036PPT +0.024MT +15.726 R2 = 0.4 P,0.0001

Richness YRichness = 2 0.017PPT +0.017MT +9.755 R2 = 0.3 P,0.0001

Diversity YDiversity = 2 0.002PPT +0.001MT +1.763 R2 = 0.4 P,0.0001

Evenness YEvenness = 2 0.001PPT +0.714 R2 = 0.1 P,0.01

For abbreviations of species names see Table 3.
(*: 0.01,P,0.05, **: 0.001,P,0.01, ***: P,0.001, and ns means not significant, P.0.05).
doi:10.1371/journal.pone.0052180.t005

Figure 2. Relationship between aboveground biomass (g DM m22) of the C3 species S. grandis and C4 species C. squarrosa and
effective mean temperature (6C d21) in March (A) and precipitation rates (mm) in April (B) (n = 84, i.e. 14 observations per year).
doi:10.1371/journal.pone.0052180.g002
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of fibre and lignin and thus has low digestibility [39]. Therefore, S.

grandis is less-preferentially grazed by sheep compared with L.

chinensis [42,43]. However, it should be taken into account that

current-year species sampling was done in July inside exclosures,

and therefore any grazing-related effects on species would have

been determined by the previous year’s grazing, rather than

grazing in the current year. Furthermore, not only grazing

preference will have determined the grazing effect on the

aboveground biomass of plant species, but also the different

strategies of plants to compensate for herbage removal under

grazing. For example, C. squarrosa is characterized by a relatively

high nutritive forage value [39], but nevertheless grazing intensity

had no effect on aboveground biomass of this major C4 species.

We therefore assume that the strong regrowth ability (grazing

tolerance) of C. squarrosa [39] compensated for the removal of its

biomass under grazing.

In the present study, vegetation dynamics were predominantly

determined by inter-annual differences and to a lesser extent by

grazing intensity. Owing to the weak correlation between the

investigated vegetation parameters and annual precipitation (data

not shown), the decrease of species diversity over time may not be

attributed to the cumulative effects of persistent droughts. Even

though the precipitation increased from 2005 to an average level

in 2008, species diversity did not show increase with higher

precipitation. This result did not support our assumption that

precipitation leads to species diversity increasing. Thus, precipi-

tation and temperature factors and their inter-annual variability

have to be taken into account when analyzing the complex

competition and colonization processes of grazed steppe vegeta-

tion [10,32,44]. In our study, the vegetation was subjected to six

years of grazing at different intensity levels. Therefore it should be

considered as a starting point during the long-term dynamic

process of vegetation formation in grazed grasslands. The

pronounced variability in species composition and diversity among

years supports the hypothesis that inter-annual variability in

precipitation and temperature predominantly determines vegeta-

tion responses to grazing [10]. Therefore, the effect of year is

discussed in the following sub-section in the context of precipita-

tion and temperature.

The Effects of Precipitation and Temperature
Our results highlight the importance of temporal distribution

patterns of precipitation and temperature on vegetation dynamics.

Most of the variation in species composition and diversity was

determined by precipitation rates and temperatures in the early

season (March to June), whereas only a small proportion of the

variance in the investigated vegetation parameters could be

explained by precipitation rates and mean temperature on an

annualized scale or in late-season (July to October) or out-of-

season (November to February) period. In terms of the responses

of species composition (slowly and long-term) and plant produc-

tivity (fast and short-term) to environmental influences, previous

studies also reported that the temporal distribution, rather than the

annual sum of precipitation, determines aboveground net primary

productivity of semi-arid grasslands [45,46]. Thus, seasonal

distribution of precipitation and temperature presented in the

following paragraphs are considered when analyzing vegetation

dynamics in steppe ecosystems. Stepwise regression analysis

confirmed that vegetation dynamics are strongly affected by

precipitation and mean temperature in the early season (March to

June). In this period, most species initiate their growth processes

and thus they are highly sensitive to variations in precipitation and

temperature. According to our results, a combination of those two

factors (precipitation and temperature) explains most of the

variation in species diversity (R2 = 0.32–0.40) and species compo-

sition (R2 = 0.12–0.42). However, species varied in their response

to precipitation and temperature. For example, the early-season

mean temperature (R2 = 0.18) was the main factor determining the

aboveground biomass of the dominant C3 species S. grandis, with a

slightly greater effect than early-season precipitation (R2 = 0.13)

(Table 4). In contrast, aboveground biomass of C. squarrosa was

predominantly determined by early-season precipitation

(R2 = 0.34) and to a lesser extent by early season-temperature

(R2 = 0.09) (Table 4). The inverse impact of temperature and

precipitation on plant species in the Inner Mongolian steppe is

presumably a result of their different sensitivity to temporal

fluctuations of precipitation or temperature variability and thereby

diverse behavior and strategies to adapt to the habitats (e.g. high

photosynthetic capacity and high resource-use efficiency of C4

species in the dry environment and high freezing-resistance of C3

species in the frozen environment). In order to predict and explain

shifts in plant species composition, both precipitation rates and

temperature sums during the early season need to be taken into

account.

The inverse responses of the C3 species S. grandis and C4 species

C. squarrosa to early-season precipitation and temperature support

the temporal niche differentiation theory, which claims that the

competitive balances of C3 and C4 species are related to temporal

variances of climatic factors [47]. Considering that C3 and C4

species have different phenological (reproductive) development as

well as different competitive strategies (e.g. trade-off between fast

Table 6. Adjusted R-Square coefficients of determination (n = 84) associated C3 vs. C4 species (S. grandis vs. C. squarrosa) and
diversity with precipitation (PPT in mm) and effective mean temperature (EMT in uC d21) for multiple stepwise variance regression
analysis.

March April June

Parameters R2 P R2 P R2 P

S. grandis Y = 12.174EMT+8.501 0.1 0.0038 Y = 0.76PPT+26.917 0.2 ,0.0001 Y = 0.678PPT+80.653 0.2 0.0003

C. squarrosa Y = 23.513EMT+15.190 0.3 ,0.0001 Y = 20.085PPT+0.914EMT+1.829 0.3 ,0.0001 NS NS .0.05

Richness Y = 22.487EMT+18.536 0.3 ,0.0001 Y = 20.112PPT+13.778 0.3 ,0.0001 Y = 0.066PPT+7.679 0.1 0.0036

Diversity Y = 20.217EMT+1.936 0.3 ,0.0001 Y = 20.008PPT+1.488 0.2 ,0.0001 Y = 0.004PPT+1.067 0.1 0.0287

Evenness Y = 20.035EMT+0.670 0.1 0.0088 NS NS .0.05 NS NS .0.05

‘‘NS’’ means no variable met the 0.05 significance level for entry into the model.
Effective mean temperature: above 0uC mean daily temperature in the respective period of time.
doi:10.1371/journal.pone.0052180.t006
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growth and nutrient storage) within a given growing stage, this

would change their final survival [18,48], the effects of monthly

distribution of precipitation and effective mean daily temperature

were tested further. The results show that March and April were

two very important months for C3 and C4 species and for species

diversity for the upcoming growing period. In March, the main

driver was the effective mean temperature. In April, the main

driver was precipitation. The shift from temperature to precipi-

tation between March and April may be attributed to the main

determining factor changing in response to the different growth

stage of plant species, as reported by Lundholm and Larson [49].

Taking the effects in these two months together, 59% of the

aboveground biomass variance of C4 species C. squarrosa and 54–

60% of the variance in diversity can be explained.

From March to June, the responses of species to precipitation

and effective mean temperature vary. In the early spring

phenophases during March, the stimulating of propagation in S.

grandis occurred. This included seeds germinating and vegetative

sprouting [50,51]. The seeds of S. grandis were presumably

stimulated by low temperature for vernalization and breaking

dormancy [50,52–54]. The vegetative sprouting of S. grandis was

also presumably stimulated by effective mean temperature for a

period of warm stratification after the cooler winter temperatures

[50], which resulted in the spring phenophases moved earlier and

promoted lengthening of its growing season. Thus the competitor

C3 species S. grandis started its growth in March one month earlier

than C4 species C. squarrosa, when the effective mean daily

temperatures in March (,4.0uC) are suboptimal for growth of C4

plants but are optimal for C3 species vernalization and sprouting.

The C4 species C. squarrosa required higher temperature to activate

tillers and initiate new-season growth, and higher temperature for

metabolism than C3 species like S. grandis. For this reason S. grandis

is able to exhibit a superior metabolic performance at low

temperatures [18,55]. In April, the precipitation amount increased

and the C3 species S. grandis could make full use of rainfall for

aboveground biomass growth, while the C4 species C. squarrosa was

unable to grow, owing to its delayed spring initial growth and

shallow rooting depth of only 20 cm [56]. In May, in order to

provide enough energy for later flowering and fruiting, species

gradually started to accumulate carbohydrate in their root system,

so that they need less precipitation and temperature for

aboveground biomass growth [35]. This may explain why no

significant correlation was found between precipitation and

temperature factors in May and species aboveground biomass.

In June, the C3 species S. grandis turns moves into its flowering and

fruiting period and thus needs water to continue growing, but the

C4 species C. squarrosa remains in the root carbohydrates

accumulating period. This may explain the positive response of

C3 species and the lack of response of C4 species to precipitation

in June. Information on the temporal dynamics of species

composition regarding C3 and C4 species is required in order to

formulate carrying capacities and predict future change of C3 and

C4 species with specific temporal distribution of precipitation and

temperature variation, as well as to develop appropriate manage-

ment practices.

Species diversity parameters were observed to have the same

trends as the C4 species C. squarrosa to either early-season or

monthly distributions of temperature and precipitation. The

results suggest that not just C4 species, but other subdominant

species and rare species are contributing to the species diversity,

have similar mechanisms to stay competitive against the trade-off

with dominant species, according to temporal distribution of

environmental factors. The dominant species S. grandis is generally

known for its root biomass being several times larger than the

above-ground biomass [18]. It may prove to be highly competitive

to maintain its population in the community because it occupies

resource space for long periods, and therefore captures the chance

of other species for contributing to early season production. Under

persistent limited resource availability, the semi-arid grassland

may be evenly distributed by dominant species in the long term, as

species richness and evenness decreased over time. The similar

responses of C4 species’ biomass and diversity parameters and

inverse responses of C3 species S. grandis’ biomass to environmen-

tal factor effects are consistent with the result confirmed by our

data that there is no significant correlation between diversity

parameters and community biomass (R2
richness = 0.06; R2

diversity = 0.03; R2
evenness = 0.10) (detailed data not shown). From

another point of view, since controversial arguments about the

relationship between species diversity and community productivity

or ecosystem stability are presented, the mass ratio hypothesis,

which holds that ecosystem functioning and stability is largely

controlled by dominant species rather than diversity in the

medium-term, supports our results [57]. Since dominant species

could also control the effect of diversity on community stability,

our finding that the variances of the most productive species S.

grandis influenced species dynamic more than species diversity is

considered to be evidence for this.

Conclusions
We find that temporal distribution of precipitation and

temperature, in particular during the early-season (from March

to June), determined the variation in vegetation dynamics much

more strongly than annual rates of precipitation or temperature.

In the medium term (6 years), the effects of early-season

precipitation and temperature on the trade-off among species

were more important than the effect of grazing. However, grazing

decreased the aboveground biomass of those species that are more

preferentially grazed by sheep, such as L. chinensis. Therefore,

based on these findings, the effect of grazing in a grassland system

cannot be analyzed without considering the characteristic traits of

species and also the precipitation and temperature variation,

especially in the medium term. Our findings demonstrate that the

temporal fluctuation of precipitation and temperature, especially

in early season, seems to provide more robust and comprehensive

predictions on vegetation dynamics in semi-arid typical steppe,

and helps to understand species coexistence and grassland

management in response future extreme precipitation and drought

events.

Acknowledgments

We acknowledge the Inner Mongolia Grassland Ecosystem Research

Station (IMGERS) of the Chinese Academy of Sciences for providing lab

and field facilities and long-term meteorological dataset.

Author Contributions

Conceived and designed the experiments: HR PS HW MG FT. Performed

the experiments: HR PS HW. Analyzed the data: HR. Contributed

reagents/materials/analysis tools: HR. Wrote the paper: HR. Acquisition

of funding: MG FT.

Grazing Effect on Species Composition in Steppe

PLOS ONE | www.plosone.org 8 December 2012 | Volume 7 | Issue 12 | e52180



References

1. Liu N, Zhang YJ, Chang SJ, Kan HM, Lin LJ (2012) Impact of Grazing on Soil
Carbon and Microbial Biomass in Typical Steppe and Desert Steppe of Inner

Mongolia. PloS one 7: e36434.

2. Milchunas DG, Lauenroth WK, Chapman PL, Kazempour MK (1989) Effects

of grazing, topography, and precipitation on the structure of a semiarid
grassland. Vegetatio 80: 11–23.

3. Milchunas DG, Sala OE, Lauenroth WK (1988) A generalized-model of the

effects of grazing by large herbivores on grassland community structure.
American Naturalist 132: 87–106.

4. Bullock JM, Franklin J, Stevenson MJ, Silvertown J, Coulson SJ, et al. (2001) A

plant trait analysis of responses to grazing in a long-term experiment. Journal of
Applied Ecology 38: 253–267.

5. Cingolani AM, Noy-Meir I, Diaz S (2005) Grazing effects on rangeland

diversity: A synthesis of contemporary models. Ecological Applications 15: 757–

773.

6. Grace JB, Anderson TM, Smith MD, Seabloom E, Andelman SJ, et al. (2007)
Does species diversity limit productivity in natural grassland communities?

Ecology Letters 10: 680–689.

7. Connell JH (1978) Diversity in tropical rain forests and coral reefs - high
diversity of trees and corals is maintained only in a non-equilibrium state.

Science 199: 1302–1310.

8. Huston M (1979) General hypothesis of species-diversity. American Naturalist

113: 81–101.

9. Sasaki T, Okayasu T, Jamsran U, Takeuchi K (2008) Threshold changes in
vegetation along a grazing gradient in Mongolian rangelands. Journal of Ecology

96: 145–154.

10. Auerswald K, Wittmer MHOM, Bai YF, Yang H, Taube F, et al. (2012) C4
abundance in an Inner Mongolia grassland system is driven by temperature -

moisture interaction, not grazing pressure. Basic and Applied Ecology 9: 1439–

1791.

11. Sasaki T, Okayasu T, Ohkuro T, Shirato Y, Jamsran U, et al. (2009) Rainfall
variability may modify the effects of long-term exclosure on vegetation in

Mandalgobi, Mongolia. Journal of Arid Environments 73: 949–954.

12. Chou WW, Silver WL, Jackson RD, Thompson AW, Allen-Diaz B (2008) The
sensitivity of annual grassland carbon cycling to the quantity and timing of

rainfall. Global Change Biology 14: 1382–1394.

13. Adler PB, Levine JM (2007) Contrasting relationships between precipitation and
species richness in space and time. Oikos 116: 221–232.

14. Shmida A, Wilson MV (1985) Biological determinants of species-diversity.

Journal of Biogeography 12: 1–20.

15. Bai YF, Wu JG, Pan QM, Huang JH, Wang QB, et al. (2007) Positive linear

relationship between productivity and diversity: evidence from the Eurasian
Steppe. Journal of Applied Ecology 44: 1023–1034.

16. Schonbach P, Wan HW, Gierus M, Bai YF, Muller K, et al. (2011) Grassland

responses to grazing: effects of grazing intensity and management system in an
Inner Mongolian steppe ecosystem. Plant and Soil 340: 103–115.

17. Wittmer MHOM, Auerswald K, Bai YF, Schaeufele R, Schnyder H (2010)

Changes in the abundance of C3/C4 species of Inner Mongolia grassland:

evidence from isotopic composition of soil and vegetation. Global Change
Biology 16: 605–616.

18. Liang C, Michalk DL, Millar GD (2002) The ecology and growth patterns of

Cleistogenes species in degraded grasslands of eastern Inner Mongolia, China.
Journal of Applied Ecology 39: 584–594.

19. Murphy BP, Bowman DMJS (2007) Seasonal water availability predicts the

relative abundance of C3 and C4 grasses in Australia. Global Ecology and

Biogeography 16: 160–169.

20. Schonbach P, Wan H, Schiborra A, Gierus M, Loges R, et al. (2012) Effects of
grazing sheep and precipitation on herbage production, herbage nutritive value

and animal performance in continental steppe. Grass and Forage Science.DOI:
10.1111/j.1365–2494.2012.00874.x.

21. Grime JP (1997) Ecology - Biodiversity and ecosystem function: The debate

deepens. Science 277: 1260–1261.

22. Huston MA (1997) Hidden treatments in ecological experiments: Re-evaluating
the ecosystem function of biodiversity. Oecologia 110: 449–460.

23. Waide RB, Willig MR, Steiner CF, Mittelbach G, Gough L, et al. (1999) The

relationship between productivity and species richness. Annual Review of

Ecology and Systematics 30: 257–300.

24. Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, et al. (2001) Ecology -
Biodiversity and ecosystem functioning: Current knowledge and future

challenges. Science 294: 804–808.

25. Hooper DU, Vitousek PM (1997) The effects of plant composition and diversity
on ecosystem processes. Science 277: 1302–1305.

26. Petchey OL, Gaston KJ (2002) Functional diversity (FD), species richness and

community composition. Ecology Letters 5: 402–411.

27. Abella SR, Engel EC, Springer JD, Covington WW (2012) Relationships of

exotic plant communities with native vegetation, environmental factors,
disturbance, and landscape ecosystems of Pinus ponderosa forests, USA. Forest

Ecology and Management 271: 65–74.

28. Lyons KG, Brigham CA, Traut BH, Schwartz MW (2005) Rare species and
ecosystem functioning. Conservation Biology 19: 1019–1024.

29. Naeem S, Wright JP (2003) Disentangling biodiversity effects on ecosystem

functioning: deriving solutions to a seemingly insurmountable problem. Ecology
Letters 6: 567–579.

30. Reich PB, Tilman D, Naeem S, Ellsworth DS, Knops J, et al. (2004) Species and
functional group diversity independently influence biomass accumulation and its

response to CO2 and N. Proceedings of the National Academy of Sciences of the
United States of America 101: 10101–10106.

31. Spehn EM, Scherer-Lorenzen M, Schmid B, Hector A, Caldeira MC, et al.
(2002) The role of legumes as a component of biodiversity in a cross-European

study of grassland biomass nitrogen. Oikos 98: 205–218.

32. Milchunas DG, Lauenroth WK (1993) Quantitative effects of grazing on

vegetation and soils over a global range of environments. Ecological

Monographs 63: 327–366.

33. Zheng SX, Lan ZC, Li WH, Shao RX, Shan YM, et al. (2011) Differential

responses of plant functional trait to grazing between two contrasting dominant
C3 and C4 species in a typical steppe of Inner Mongolia, China. Plant and Soil

340: 141–155.

34. Schonbach P, Wan H, Schiborra A, Gierus M, Bai Y, et al. (2009) Short-term

management and stocking rate effects of grazing sheep on herbage quality and
productivity of Inner Mongolia steppe. Crop and Pasture Science 60: 963–974.

35. Yuan WP, Zhou GS (2005) Responses of three Stipa communities net primary
productivity along Northeast China Transect to seasonal distribution of

precipitation. Chinese Journal of Applied Ecology 16: 605–609.

36. Christensen L, Coughenour MB, Ellis JE, Chen ZZ (2004) Vulnerability of the

Asian typical steppe to grazing and climate change. Climatic Change 63: 351–

368.

37. Stumpp M, Wesche K, Retzer V, Miehe G (2005) Impact of grazing livestock

and distance from water sources on soil fertility in southern Mongolia. Mountain
Research and Development 25: 244–251.

38. Zemmrich A, Manthey M, Zerbe S, Oyunchimeg D (2010) Driving
environmental factors and the role of grazing in grassland communities: A

comparative study along an altitudinal gradient in Western Mongolia. Journal of
Arid Environments 74: 1271–1280.

39. Chen SP, Bai YF, Zhang LX, Han XG (2005) Comparing physiological
responses of two dominant grass species to nitrogen addition in Xilin River Basin

of China. Environmental and Experimental Botany 53: 65–75.

40. Fanselow N, Schoenbach P, Gong XY, Lin S, Taube F, et al. (2011) Short-term

regrowth responses of four steppe grassland species to grazing intensity, water

and nitrogen in Inner Mongolia. Plant and Soil 340: 279–289.

41. Schiborra A, Gierus M, Wan HW, Glindemann T, Wang CJ, et al. (2010)

Dietary selection of sheep grazing the semi-arid grasslands of Inner Mongolia,
China at different grazing intensities. Journal of Animal Physiology and Animal

Nutrition 94: 446–454.

42. Distel RA, Didone NG, Moretto AS (2005) Variations in chemical composition

associated with tissue aging in palatable and unpalatable grasses native to central
Argentina. Journal of Arid Environments 62: 351–357.

43. Golluscio RA, Paruelo JM, Mercau JL, Deregibus VA (1998) Urea supplemen-
tation effects on the utilization of low-quality forage and lamb production in

Patagonian rangelands. Grass and Forage Science 53: 47–56.

44. Fynn RWS, O’Connor TG (2000) Effect of stocking rate and rainfall on

rangeland dynamics and cattle performance in a semi-arid savanna, South

Africa. Journal of Applied Ecology 37: 491–507.

45. Lauenroth WK, Sala OE (1992) Long-term forage production of North-

American shortgrass steppe. Ecological Applications 2: 397–403.

46. Knapp AK, Smith MD (2001) Variation among biomes in temporal dynamics of

aboveground primary production. Science 291: 481–484.

47. Yang H, Auerswald K, Bai YF, Han XG (2011) Complementarity in water

sources among dominant species in typical steppe ecosystems of Inner Mongolia,
China. Plant and Soil 340: 303–313.

48. Potvin C, Goeschl JD, Strain BR (1984) Effects of temperature and CO2

enrichment on carbon translocation of plants of the C4 grass species Echinochloa-

Crus-Galli (L.) P. Beauv from cool and warm environments. Plant Physiology 75:
1054–1057.

49. Lundholm JT, Larson DW (2004) Experimental separation of resource quantity
from temporal variability: seedling responses to water pulses. Oecologia 141:

346–352.

50. Merritt DJ, Turner SR, Clarke S, Dixon KW (2007) Seed dormancy and

germination stimulation syndromes for Australian temperate species. Australian

Journal of Botany 55: 336–344.

51. Lavrenko EM, Karamysheva ZV (1993) Steppes of the former Soviet Union and

Mongolia, In: Coupland, R.T. In: Grasslands N, editor. Ecosystems of the world
8b. Elsevier, Amsterdam, London, New York, Tokyo. 3–59.

52. Wang YH, Zhou GS (2004) Response of Leymus chinensis grassland vegetation in
Inner Mogolia to temperature change. Acta Phytoecologica Sinica 28: 507–551.

53. Ronnenberg K, Wesche K, Hensen I (2008) Germination ecology of Central
Asian Stipa spp: differences among species, seed provenances, and the

importance of field studies. Plant Ecology 196: 269–280.

54. Zhan X, Li L, Cheng W (2007) Restoration of Stipa kryloviisteppes in Inner

Mongolia of China: Assesment of seed banks and vegetation composition.
Journal of Arid Environments 68: 298–307.

Grazing Effect on Species Composition in Steppe

PLOS ONE | www.plosone.org 9 December 2012 | Volume 7 | Issue 12 | e52180



55. Redmann RE, Yin LJ, Wang P (1995) Photosynthetic pathway types in grassland

plant-species from northeast China. Photosynthetica 31: 251–255.
56. Chen SH, Zhang H, Wang LQ, Zhan BL, Zhao ML, editors (2001) Roots of

grassland plants in northernChina. Changchun: Jilin University Press.

57. Grime JP (1998) Benefits of plant diversity to ecosystems: immediate, filter and

founder effects. Journal of Ecology 86: 902–910.

Grazing Effect on Species Composition in Steppe

PLOS ONE | www.plosone.org 10 December 2012 | Volume 7 | Issue 12 | e52180


