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Abstract Above-ground biomass (AGB) is an important
indicator of grassland ecosystem performance. Easily
measured plant functional traits (PFTs) may provide
useful predictors of the response of plants to grazing.
Understanding the response of PFTs to grazing and the
relationship between PFTs and AGB is very important
for effectively predicting the response of ecosystems to
grazing and rangeland management. A grazing experi-
ment was conducted in Gangcha County, Qinghai Pro-
vince, in the northeastern part of the Qinghai–Tibet
Plateau in 2012 and 2013. We investigated the response
of PFTs in three dominant species (Elymus nutans, Ko-
bresia humilis, and Stipa purpurea) to grazing, using six
stocking rates. Plant height (PH), plant weight, leaf area,
and leaf dry biomass of these three dominant species had
significantly negative relationships with stocking rate.
Leaf thickness (LT) of these three species usually showed
a unimodal response to grazing. Specific leaf area gen-
erally showed a quadratic relationship with grazing
intensity. No consistent effects of grazing were observed
on nitrogen content per unit mass (Nmass) and nitrogen
content per unit area (Narea). PH, leaf area, and leaf dry
mass (LDM) were positively associated with AGB, but
LT, Nmass, and Narea had no statistically significant
association with AGB. We thus conclude that PH, leaf
area, and LDM best predict the effects of grazing on
AGB. Finally, 2.87 sheep/ha is recommended as the

optimal stocking rate in this region to maintain the
health of this grassland ecosystem and to allow for
sustainable development.
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Introduction

Livestock grazing is the most important human use of
the world’s grasslands (Milchunas and Lauenroth 1993).
Grazing affects grasslands in multiple ways: it affects
above-ground biomass (AGB; Gao et al. 2008; Schoen-
bach et al. 2009), creates changes in community struc-
ture and composition (Milchunas et al. 1998; Hendricks
et al. 2005; Catorci et al. 2012), and regulates the mor-
phology, physiology, and reproductive allocation of
plants (Hickman and Hartnett 2002; Cerato et al. 2010).

As an important indicator of grassland ecosystem
performance under grazing management (Seaquist et al.
2003), increased grazing intensity generally negatively
affects AGB (Liang et al. 2009; Schoenbach et al. 2011).
Grime (1998) proposed a biomass ratio hypothesis,
which postulates that ecosystem properties should be
related to species traits and the contribution of domi-
nant species to the total biomass of a community. Pre-
vious studies tested this hypothesis and verified that
some leaf traits exist that could predict ecosystem
properties and AGB (Cruz et al. 2010; Garnier et al.
2004; Pontes et al. 2007). Zheng et al. (2010) pointed out
that leaf traits of dominant species had positive rela-
tionships with AGB. Leaf traits represent plant func-
tional traits (PFTs), which include whole plant and leaf
morphology as well as root traits (Dı́az et al. 2001;
Cingolani et al. 2005; Zheng et al. 2011; Leuschner et al.
2013). However, little is known about the relationships
between various PFTs and AGB under grazing in the
alpine steppes of the Qinghai–Tibet Plateau; this region
includes habitats that are very vulnerable to both
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ongoing climate change and grazing (Klein et al. 2004).
An investigation of the relationship between PFTs and
AGB is needed to explore a useful method that can be
used to predict AGB.

Plants vary in how their PFTs respond to grazing.
Previous studies have shown that changes of PFTs are
related to plant phenotypic plasticity under grazing
(Dı́az et al. 2001; Zhao and wang 2009; Zheng et al.
2010, 2011). In recent years, a number of studies have
been conducted to predict the responses of plants to
grazing using easily measured PFTs including plant
height (PH), leaf area, leaf dry mass (LDM), and specific
leaf area (SLA; Dı́az et al. 2001; Vesk et al. 2004; Cin-
golani et al. 2005). Landsberg et al. (1999) and Dı́az
et al. (2001) reported that PH and leaf size decreased
with increasing grazing intensity. Vesk et al. (2004)
found that tall plants often form smaller plants when
they experience higher grazing pressure. Westoby (1998,
1999) reported that populations of species with a larger
SLA declined faster at low grazing pressure and also
regenerated faster under heavy grazing than plants with
a smaller SLA. Zheng et al. (2011) also found that SLA
of Leymus chinensis initially decreased during light to
moderate grazing intensity and then increased under
heavy grazing during a dry year. Recently, researchers
have used leaf thickness (LT) and leaf N content to
analyze the responses of various plant species to grazing.
LT is probably connected with the tolerance of plants to
grazing (Zhao and Wang 2009); the leaf N content of
different species also responds in different ways to
grazing. Zheng et al. (2011) reported nitrogen content
per unit mass (Nmass) and per unit area (Narea) of L.
chinensis increased with increased grazing intensity in a
dry year; however, increased grazing intensity resulted in
decreased Narea and had no effect on Nmass in a wet year.

Previous efforts have mostly focused on the rela-
tionships between PFTs and grazing intensity, but did
not find an appropriate stocking rate that is adapted to
local environmental conditions. Moreover, results from
studies of particular communities cannot be generalized
because of different climatic conditions and grazing
histories in different areas (Vesk et al. 2004; Dı́az et al.
2007). For example, contradictory views exist related to
the prediction of various species’ responses using simple
traits in sub-humid upland as well as in semi-arid and
arid rangelands (Dı́az et al. 2001; Vesk et al. 2004).
Therefore, additional study is needed to analyze the re-
sponse of PFTs to grazing so that we can gain a better
understanding of the patterns of those responses and to
provide better predictive power of the response of plants
to grazing.

Grazing management and animal production serve as
very essential tools for local social and economic
development on the Qinghai–Tibet Plateau (Yu et al.
2012). However, in recent decades, a larger number of
areas have been heavily grazed by yak and Tibetan
sheep. Grassland degradation has become a severe
problem in alpine steppe habitats of the Qinghai–Tibet
Plateau (Li et al. 2011; Dong et al. 2012; Yu et al. 2012).

Grazing is the main factor that leads to the degeneration
of functioning grassland ecosystems, while also resulting
in a reduction of productivity and a deterioration in
water and soil quality in this region (Dong et al. 2012;
Yu et al. 2012; Yan et al. 2013). Elymus nutans, Kobresia
humilis, and Stipa purpurea serve as three dominant,
valuable and widely distributed grass species in alpine
steppe of the Qinghai–Tibet Plateau. To a large extent,
the changes in the PFTs of these three species can reflect
the characteristic dynamics of an alpine steppe com-
munity under grazing management.

Therefore, E. nutans, K. humilis, and S. purpurea of
the alpine steppe in the Qinghai–Tibet Plateau were se-
lected for analysis to answer the following questions in
this study: how do PFTs of these three species respond
to different stocking rates? What are the relationships
between the PFTs and AGB of these three dominant
species with a gradient of increased grazing intensity?

Materials and methods

Study area description

The experimental site was selected in Gangcha County in
the northeastern districts of Qinghai Province (37�21¢N,
100�04¢E, 3313 m a.s.l., Fig. 1). Based on long-term
meteorological data (1961–2006), the Gangcha County
meteorological station reported the annual temperature
ranged from �17.5 �C (January) to 11.0 �C (July) and
annual precipitation was 370.5 mm with 79–93 % of
precipitation falling during the short and cool summer
(May–September). The patterns of mean precipitation
were similar between 2012 and 2013, but the monthly
temperature was little higher in 2013 than in 2012 (Fig. 2).
The alpine steppe vegetation type was dominated mainly
by E. nutans (Poaceae), K. humilis (Cyperaceae), and S.
purpurea (Poaceae). Companion species included Arte-
misia scoparia (Compositae), Astragalus polycladus
(Leguminosae), Heteropappus altaicus (Compositae),
Koeleria cristata (Poaceae),Potentilla bifurca (Rosaceae),
Potentilla multifida (Rosaceae), and Radix bupleuri (Api-
aceae). The mean AGB was about 50–280 g/m2. About
13–20 vascular plant species and 103–604 individual
plants were recorded per m2. The alpine meadow soil type
(Xu et al. 2015) had an average pH, soil organic carbon,
and total N and P content at depths of 0–10 cm of 7.67,
21.16 g/kg, 5.74 g/kg and 0.73 g/kg, respectively.

Experiment design

The grazing experiment began in June 2010. Grazing
lands were subjected to 3 years of grazing from January
to December. The experimental treatment consisted of
stocking sheep at six stocking rates (0, 1.72, 2.29, 2.87,
4.13, and 5.62 sheep/ha) using six sizes of fenced plots
(0.58, 2.91, 2.18, 1.74, 1.45, and 1.25 ha, respectively;
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Zheng et al. 2012). Three replicates were conducted for
each stocking rate. These six stocking rates were based
on herbage use ratios of 0, 30, 40, 50, 60, and 70 %,
respectively, and were expressed as SR0, SR1.72, SR2.29,
SR2.87, SR4.13, and SR5.62, respectively. A total of 28
castrated 16-month-old Tibetan sheep with an average
weight of 17 kg were grazed continuously on the plots.
Grazing lasted from 8:00 am to 7:00 pm with no sup-
plementary feeding; the sheep were given water to drink
twice daily. During the grazing experiment, no sheep
died and none were slaughtered.

Trait measurement

During August 5–10 in 2012 and 2013, 30 individuals
(ramets) of each of the three species—E. nutans, K. hu-
milis, and S. purpurea—were randomly selected in each

replicate. PHwas measured as the distance from the basal
stem to the natural crown of each individual plant. After
height measurement, each individual was clipped at the
base of the stem and the above-ground clippings were
placed into individual envelopes for each plant, then re-
turned to the laboratory. These specimenswere ovendried
at 70 �C for 24 h to a constantmass andweighed to obtain
the plant weight (PW). In addition, 30–40 fully expanded,
but not senescent, healthy leaves were chosen from 30 to
40 different sexually mature individuals for each species
(Zheng et al. 2011). Mean area per leaf (LA, cm2) was
measured based on fresh leaves using a Yaxin-1241 leaf
areameter (BeijingYaxin Science Instrument Technology
Co., Ltd., Beijing, China). LT (mm)wasmeasuredwith an
electronic Vernier caliper (Wuxi Xigong Tools & Mea-
suring Instruments Corporation, Wuxi, Jiangsu, China).
Next, these leaf samples were taken to the laboratory and
the mean dry mass per leaf (leaf mass in g) was estimated
by oven drying the samples to a constant weight (65 �C)
and then weighing the leaf samples. Mean SLA (cm2 g�1)
was calculated using the above index measurements
(Cornelissen et al. 2003). Moreover, oven-dried leaf
samples from each species were crushed by a FZ102
sample mill plant disintegrator (Taisite Instrument, Ltd.,
Tianjin, China) and leaf N content was analyzed with
Kjeldahl methods (Kjeldahl 2300 Analyzer Unit, Foss,
Sweden). Leaf N content was represented as both mass
base (Nmass, %) and area base (Narea, g m�2), the latter
being calculated as Nmass divided by SLA (Cornelissen
et al. 2003; Zheng et al. 2011).

AGB measurement

AGB measurement was based on the methods of Zheng
et al. (2011). Four 2 · 2-m movable iron cages were set
in each plot to exclude grazers. The iron cages were
randomly moved to a new location each month until the
end of September. From the beginning of June, vegeta-
tion in two pairs of 1 · 1-m quadrats was, respectively,
measured inside and outside the iron cages in each plot.
Then, samples were collected in each quadrat, returned
to the laboratory and oven dried at 75 �C for 24 h to a
constant mass and weighed. AGB of the two paired
quadrats inside and outside cages was measured in the
following months: July, August, and September. The
AGB increment equaled the difference of biomass out-
side and within each iron cage, measured monthly. Bu

and bg represented total AGB produced monthly within
and outside of each iron cage, respectively. The annual
biomass accumulation (Ba) that is AGB was evaluated
by biomass of June added to the biomass increment of
each month and was expressed as the following formula
used by Zheng et al. (2011):

Ba ¼ bg1 þ ðBu2�bg1Þ þ ðBu3�bg2Þ þ ðBu4�bg3Þ ð1Þ

where Bui and bgi represent the total biomass collected
inside and outside of iron cages during the sampling time

Fig. 2 Mean air temperature and the distribution of monthly
rainfall in the study area in 2012 and 2013. Note meteorological
data were collected at an eddy tower approximately 2000 m from
the experimental site

Fig. 1 Location of the grazing experiment; an inset map shows the
vicinity of the project area within China. A solid black triangle
indicates each experimental site
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i, respectively, in June, July, August, and September
with i = 1, 2, 3, and 4, respectively. Generally, AGB
peaks in August; therefore, the AGB of each stocking
rate nearly equals Ba. For SR0, the AGB in August was
the same with Ba.

Statistical analysis

Statistical analyses were performed by SPSS 13.0 soft-
ware (2004, SPSS Inc., Chicago, IL, USA) by applying
several methods. A linear regression model was used to
analyze the tendency for changes in PH, PW, leaf area,
and LDM along the grazing intensity gradient. Quad-
ratic regression analysis was used to assess the changes
in LT, SLA, Nmass, and Narea at different stocking rates.
Prior to regression analysis, we calculated the mean
value of PFTs from 30 individuals as well as all leaves of
each species in each replicate and only used each of the
three replicates as the data points in the regression
analysis model. Pearson correlation analysis was used to
test the relationship between the response of AGB and
PFTs to grazing. In addition, we used regression analysis
to evaluate the relationship between AGB and PFTs
(PH, PW, LA, LDM). Prior to regression analysis, PFT
data and AGB were transformed using a natural loga-
rithm to improve the normality of the data.

Results

Response of plant height and plant weight

Grazing significantly affected PH and PW of the three
species analyzed here (Fig. 3). For example, PH and PW

of E. nutans were very significantly negatively associated
with stocking rate in both 2012 (R2 = 0.92 and 0.84,
respectively, P < 0.001, Fig. 3a, d) and 2013
(R2 = 0.78 and 0.88, respectively, P < 0.001, Fig. 3a,
d). PW decreased by 88 % in 2012 and 92 % in 2013 at
SR5.62 when compared with SR0 (Fig. 3d). PH and PW
of S. purpurea showed a significant linear decrease along
the grazing gradient in 2012 (R2 = 0.87 and 0.84,
respectively, P < 0.001, Fig. 3b, e) and in 2013
(R2 = 0.83 and 0.64, respectively, P < 0.001, Fig. 3b,
e). PW declined by 54 % in 2012 and 30 % in 2013 at
SR5.62 compared with SR0 (Fig. 3e). For K. humilis, PH
had a significantly negative relationship with grazing
intensity in 2012 and 2013 (R2 = 0.81 and 0.74,
respectively, P < 0.001, Fig. 3c). PW of K. humilis
showed a quadratic response to stocking rate, and
peaked at SR1.72, then decreased at higher stocking rates
in 2012 and 2013 (Fig. 3f). At SR5.62, PW decreased by
57 % in 2012 and 30 % in 2013 when compared with
SR0.

Response of leaf functional traits

Stocking rate had significant effects on LA, LT, LDM,
and SLA of the three species analyzed here, although the
effect was not significant for SLA of K. humilis (Fig. 4).
For E. nutans, LA and dry mass were significantly
negatively associated with stocking rate in both 2012
(R2 = 0.85 and 0.82, respectively, P < 0.001, Fig. 4a, g)
and 2013 (R2 = 0.78 and 0.82, respectively, P < 0.001,
Fig. 4a, g). LT showed a quadratic response to stocking
rate and reached the lowest point at nearly SR2.29 in
both 2012 (R2 = 0.51, P = 0.004, Fig. 4d) and in 2013
(R2 = 0.39, P = 0.026, Fig. 4d). SLA had a different

Fig. 3 Relationships between plant heights and weights of Elymus nutans, Kobresia humilis, and Stipa purpurea and stocking rates
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response to grazing in each of the 2 years. SLA in-
creased significantly in 2012 (R2 = 0.46, P = 0.001,
Fig. 4j) and initially decreased and then increased in
2013 (R2 = 0.43, P < 0.014; Fig. 4j). SLA reached a
minimum at SR2.87.

For S. purpurea, LA and dry mass had a significant
negative relationship with grazing intensity both in 2012
(LA: R2 = 0.48, P = 0.001; LDM: R2 = 0.85,
P < 0.001, Fig. 4b, h) and 2013 (LA: R2 = 0.37,
P = 0.004; LDM: R2 = 0.78, P < 0.001, Fig. 4b, h).
LT and SLA had a unimodal response to stocking rate
in both 2012 (LT: R2 = 0.48, P = 0.007; SLA:
R2 = 0.41, P = 0.020, Fig. 4e, k) and 2013 (LT:
R2 = 0.44, P = 0.013; SLA: R2 = 0.47, P = 0.009,
Fig. 4e, k). SLA of S. purpurea reached the lowest value
at SR2.87. For K. humilis, LA and LDM showed signif-
icantly negative relationships with grazing intensity in

both 2012 (R2 = 0.84 and 0.85, respectively, P < 0.001,
Fig. 4c, i) and 2013 (R2 = 0.76 and 0.82, respectively,
P < 0.001, Fig. 4c, i). LT was significantly positively
correlated with grazing intensity in 2012 (R2 = 0.46,
P = 0.010) and had a unimodal response to grazing
intensity in 2013 (R2 = 0.36, P = 0.014; Fig. 4f). SLA
showed no significant response to grazing and was
smallest at SR2.87 in both years (Fig. 4l).

Nmass of E. nutans increased with an increase in the
stocking rate in 2012 (R2 = 0.50, P = 0.006, Fig. 5a),
although it initially decreased and then increased in 2013
(R2 = 0.49, P = 0.007; Fig. 5a). Narea of E. nutans
showed a similar trend in that it initially declined and
then increased with an increasing stocking rate in both
2012 (R2 = 0.54, P = 0.003, Fig. 5d) and 2013
(R2 = 0.55, P = 0.002, Fig. 5d). For S. purpurea, Nmass

and Narea showed a significant quadratic response to an

Fig. 4 Relationships between leaf area, leaf thickness, leaf dry mass, and specific leaf area of Elymus nutans, Kobresia humilis, and Stipa
purpurea and stocking rates
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increased stocking rate in that they both initially in-
creased, then peaked at SR2.87 and then decreased in
both 2012 (Nmass: R2 = 0.46, P = 0.010; Narea:
R2 = 0.39, P = 0.026, Fig. 5b, e) and 2013 (Nmass:
R2 = 0.65, P < 0.001; Narea: R2 = 0.45, P = 0.011,
Fig. 5b, e). Grazing had no significant effect on Nmass

and Narea of K. humilis (Fig. 5c, f).

Correlation between PFTs and AGB under grazing

AGB had a significantly negative relationship with
stocking rate in both 2012 and 2013 (R2 = 0.79 and 0.80,
respectively, P < 0.001) and there was a little reduction
for AGB as stocking rates increased from SR2.29 to SR2.87

(Fig. 6). PH, PW, LA and LDM were significantly posi-
tively related with AGB in E. nutans and S. purpurea
(P < 0.01, Table 1). For K. humilis, PH, LA, and LDM
were positively correlated with AGB but PW had no
obvious relationship with AGB (Table 1).

In addition, linear regression analysis indicated that
these traits including PH, PW, LA, and LDM in E. nutans
and S. purpurea were significantly correlated with AGB
(P < 0.001, Fig. 7). For K. humilis, PH, LA, and LDM
were very significantly correlated (P < 0.001,Fig. 7a, c, d)
with AGB; however, no significant relationship was found
between PW of K. humilis and AGB (P > 0.05, Fig. 7b).

Discussion

Response of plant functional traits of three species
to grazing intensity

PFTs provide very important information related to
grazing management in grasslands; for example, they

may provide effective predictors of the methods by
which plant species respond to grazing (Dı́az et al.
2001; Klimesova et al. 2008). In addition, to some
degree PFTs affect the functioning of grassland
ecosystems (Pontes et al. 2007; Zheng et al. 2010).
Scientists have developed six main models for simu-
lating the response of plants to grazing: (1) the gener-
alized model (Milchunas et al. 1988), (2) the range-
succession model (Dyksterhuis 1949; Arnold 1955), (3)
the competitor, stress-tolerator and ruderal model
(Grime 1977; Grime et al. 1996), (4) the leaf-height-
seed model (Westoby 1998, 1999), (5) resources avail-
ability model (Coley et al. 1985), and (6) physiological
model (Briske and Richards 1995). In the last few
years, several researchers have used PFTs to predict the
response of plants to grazing (Dı́az et al. 2001; Adler
et al. 2005; Cingolani et al. 2005; Zheng et al. 2011).
The changes in PFTs of plants reflect phenotypic
plasticity to a certain degree. Plant morphological
plasticity such as a change in PFTs is a comprehensive
manifestation of how a species adapts to dynamic
changes of the external environment (Louault et al.
2005). Under a relatively high stocking rate, plants
commonly generate one or more avoidance strategies
such as the regeneration of tillers, reduction of PH and
leaf size, dynamic changes in SLA, and anatomical
changes of plant leaves (Dı́az et al. 2001; Klimesova
et al. 2008; Zhao and wang 2009; Zheng et al. 2011).

This study found a consistent response of PFTs in the
three species analyzed here; PH, LA, and LDM all de-
creased with increased grazing intensity, and plants
tended to have a shorter height, smaller leaves, and
smaller LDM as the stocking rate increased. Under
heavy grazing pressure, these dominant species exhibited
miniaturization. These results agree with previous

Fig. 5 Relationship between Nmass and Narea of Elymus nutans, Kobresia humilis, and Stipa purpurea and stocking rates. Nmass nitrogen
content per unit mass, Narea nitrogen content per unit area
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studies in other grassland ecosystems (Landsberg et al.
1999; Dı́az et al. 2001; Zheng et al. 2011).

The PW of E. nutans and S. purpurea showed a sig-
nificant declining trend as the stocking rate increased.
This result is consistent with the findings of Zheng et al.
(2011). PW of K. humilis initially increased from un-
grazed to very light grazing pressure and then decreased
with increased grazing intensity. PW of K. humilis at
ungrazed sites was lower than at very light grazing
intensity, which probably occurred because at ungrazed
areas the community coverage and species density were
very high; the relatively short plants of K. humilis were
shaded by much taller plants such as E. nutans and S.
purpurea. Therefore, without grazing the net leaf pho-
tosynthetic rate of K. humilis was relatively small be-
cause the plants were being shaded leading to a
reduction in PW. Bjorkman and Holmgren (1963) and
Thomas and Bazzaz (1999) reported that shaded plants
tend to have lower light-saturated photosynthetic rates
than plants exposed to the sun. The decrease of PW of
the three species analyzed here was probably caused by
the reduction in both LA and leaf biomass at higher
grazing intensities, which further weaken the assimila-
tion capacity and productivity of the plants (Milla and
Reich 2007; Zheng et al. 2011).

Leaf thickness was connected with grazing; plants
with thicker leaves were more likely to easily adapt to
the stress of higher grazing pressure (Cunningham et al.

1999; Zhao and Wang 2009). LT of three species almost
significantly decreased as grazing pressure increased
from ungrazed to moderate grazing pressure (Fig. 4d–f).
This implies that these three species are suitable for light
grazing conditions. In contrast, LT increased as grazing
pressure increased from moderate to heavy. Species
would likely enhance their LT to mediate the effects of
high grazing pressure.

SLA, an important trait that reveals the investment
of a plant in growth (Westoby 1998), can reflect the
expected return based on previously captured resources
(Wilson et al. 1999). This study showed SLA of the three
species analyzed here had different responses to grazing.
SLA is related to grazing response; that is, species with
high and low SLA show different responses under
grazing (Westoby 1999). In this study, the value of SLA
in these three species was similar under grazing (Fig. 5j–
l). However, E. nutans had a greater LA when compared
with K. humilis and S. purpurea. Vesk et al. (2004)
showed grazers preferred larger leaves for a given LA.
Moreover, E. nutans had a higher Nmass, which provides
better forage quality than the other two species; this
characteristic might cause E. nutans to be preferred by
grazers more than K. humilis and S. purpurea.

Clearly, in this study, the SLA of these three species
reached its lowest amount at a moderate stocking rate
(Fig. 4j–l). Zheng et al. (2011) found the SLA of L.
chinensis initially decreased under light and moderate
grazing intensity and then increased during heavy graz-
ing in typical steppe habitat. Our results also displayed
an inflection point for SLA of these three species at a
moderate stocking rate. Westoby (1999) showed that
species with a low SLA predominate at a moderate
grazing intensity when compared with species with a
high SLA, which implies that species with a relatively
low SLA can compete better at a moderate grazing
intensity. Moreover, some studies have shown that SLA
decreased as the plant life span increased (Reich et al.
1991, 1992). Although species with a high SLA had a
short payback time for a unit of dry matter invested in
leaf tissue (Poorter and Remkes 1990), leaves with a high
SLA are short-lived and relatively vulnerable to herbi-
vores (Coley et al. 1985; Grime et al. 1996). In contrast,
leaves having a low SLA had a better capacity to retain
captured resources in resource-poor environments

Fig. 6 Relationship between above-ground biomass (AGB) and
stocking rates. AGB above-ground biomass

Table 1 Pearson correlation coefficients between plant functional traits of the three species analyzed here and above-ground biomass

Species Plant functional traits

PH PW LT LA LDM SLA Nmass Narea

Elymus nutans 0.829** 0.860** NS 0.847** 0.837** NS NS NS
Stipa purpurea 0.843** 0.776** NS 0.810** 0.826** NS NS NS
Kobresia humilis 0.737** NS NS 0.889** 0.861** NS NS NS

Data were log-transformed before analysis to improve normality
LA leaf area, LT leaf thickness, LDM leaf dry mass, Narea nitrogen content per unit area, Nmass nitrogen content per unit mass, PH plant
height, PW plant weight, SLA specific leaf area
Correlation significance (P) levels of the effects are denoted as follows: not significant, NS (P > 0.05); significant ** (P < 0.01)
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(Wilson et al. 1999). In alpine steppe of the Qinghai–
Tibet Plateau, the environmental conditions are char-
acterized by relatively strong radiation, larger tempera-
ture differences between day and night, and this is a
typical cold and windy climate. These types of envi-
ronmental constraints affect the morphology of plants in
alpine steppe. Generally, a large proportion of plants
inhabiting alpine steppe have a relatively smaller leaf
size and thicker leaves; some species have leaves with
specific morphological characteristics such as having a
columnar or acicular structure (He et al. 2007). Wilson
et al. (1999) reported that LT was strongly negatively
related with SLA, which suggests plants with a small leaf
size and thicker leaves tend to have a lower SLA in
alpine steppe habitat, allowing them to adapt to the
unique environments of alpine steppe of the Qinghai–
Tibet Plateau.

The leaf N content of the three species analyzed here
responded differently to increased stocking rates. Gastal
et al. (2010) reported that the response of species to
grazing was based on growth form, morphology, and
physiology. Different species also had varying strategies
used to obtain available soil N (Xu et al. 2011). Selective
grazing by herbivores might lead to different responses
of leaf N content to grazing in individual species (Singer
and Schoenecker 2003). The present findings suggest the

N response to grazing for the three species analyzed here
was relatively complicated in alpine steppe, which agrees
with previous studies (Singer and Schoenecker 2003;
Zheng et al. 2011). Therefore, leaf N content was a poor
indicator of grazing response. If we want to discover
how leaf N content of plant species regularly responds to
grazing, a long-term experiment investigating the chan-
ges in leaf N content will be needed.

The changes in PFTs observed in this study are most
likely caused by phenotypic plasticity, because the
duration of the present grazing treatment was extremely
short. However, the variability of PFTs within plant
populations is likely caused at least in part by genetic
variability; thus, long-term grazing could lead to genetic
shifts in populations of these species (Silvertown et al.
2006; Strauss et al. 2008).

Correlations between AGB and species functional traits
under grazing

As expected, the results demonstrated the response of
AGB to increased grazing intensity was positively and
significantly related to the response of PH, LA, and
LDM in the three species analyzed here. Many studies
have shown that PH, leaf size, and LDM were consid-

Fig. 7 Linear regression analysis between plant height (a), plant weight (b), leaf area (c) leaf dry mass (d), and above-ground biomass
(AGB) under grazing. LA leaf area, LDM leaf dry mass, PH plant height, PW plant weight. En, Elymus nutans; Kh, Kobresia humilis, Sp,
Stipa purpurea. Data were log-transformed prior to analysis to improve normality of data
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ered the most important traits that can be used in pre-
dicting the responses of plants to grazing (Landsberg
et al. 1999; Dı́az et al. 2001; Cingolani et al. 2005). This
study suggests that as grazing pressure increased the
reduction in PH, LA, and LDM was more limited and
grazing restrained the growth of dominant species, and
further influences AGB. We conclude that the PFTs and
AGB of dominant species respond synergistically to
grazing. The PW of E. nutans and S. purpurea had a
significant positive relationship with AGB, which agrees
with the study of Zheng et al. (2011). AGB was not
significantly correlated with PW of K. humilis. PW of K.
humilis probably had greater variability and initially
increased as grazing pressure increased from ungrazed to
light grazing intensity, and then decreased until a high
stocking rate was reached and then increased under
grazing. Nmass and Narea of the three species did not
manifest a strong relationship with AGB under grazing.
Most likely this occurred because these traits are more
sensitive to environmental changes such as precipitation
(Adler et al. 2005; Zheng et al. 2011) and soil nutrients
(Osem et al. 2004; Pakeman 2004) than to grazing.

Conclusions

Our findings have important implications for predicting
changes in the functioning of grassland ecosystems
based on grazing intensity and for formulating practical
management measures in alpine steppe of the Qinghai–
Tibet Plateau and similar rangelands. This study pro-
poses that simple traits, including PH, LA, and leaf
biomass, are the best predictors of the responses of these
species and AGB to grazing of the traits analyzed here.
Moreover, according to the change in trends observed in
SLA and AGB, a stocking rate no higher than
2.87 sheep/ha should be used in alpine steppe of the
Qinghai–Tibet Plateau to maintain healthy and sus-
tainable development of this grassland ecosystem.

Acknowledgments The National Science-Technology Support Plan
Projects of China (Grant No. 2012BAC01B02), Special Scientific
Research Fund of Agricultural Public Welfare Profession of China
(Grant No. 201203006), Chinese Universities Scientific Fund
(2013QT033), and State Key Laboratory of Grassland Agro-
ecosystems financially supported this research.

References

Adler PB, Milchunas DG, Sala OE, Burke IC, Lauenroth WK
(2005) Plant traits and ecosystem grazing effects: comparison of
US sagebrush steppe and Patagonian steppe. Ecol Appl
15:774–792. doi:10.1890/04-0231

Arnold JF (1955) Plant life-form classification and its use in eval-
uating range conditions and trend. J Rangel Manag 8:176–181

Bjorkman O, Holmgren P (1963) Adaptability of the photosyn-
thetic apparatus to light intensity in ecotypes from exposed and
shaded habitats. Physiol Plant 16:889–914. doi:10.1111/j.1399-
3054.1963.tb08366.x

Briske D, Richards J (1995) Plant responses to defoliation: a
physiological, morphological and demographic evaluation. In:
Bedunah D, Sosebee R (eds) Wildland plants: physiological
ecology and developmental biology. Society for Range Man-
agement, Denver, pp 635–710

Catorci A, Gatti R, Cesaretti S (2012) Effect of sheep and horse
grazing on species and functional composition of sub-
Mediterranean grasslands. Appl Veg Sci 15:459–469. doi:
10.1111/j.1654-109X.2012.01197.x

Cerato CAC, de Quadros FLF, da Rocha MG, de Camargo DG,
Glienke CL, Kuinchtner BC (2010) Morphogenesis and struc-
ture of Italian ryegrass submitted to three grazing intensities.
Acta Sci Anim Sci 32:385–391. doi:10.4025/actascianimsci.
v32i4.8657

Cingolani AM, Posse G, Collantes MB (2005) Plant functional
traits, herbivore selectivity and response to sheep grazing in
Patagonian steppe grasslands. J Appl Ecol 42:50–59. doi:
10.1111/j.1365-2664.2004.00978.x

Coley PD, Bryant JP, Chapin IFS (1985) Resource availability and
plant anti-herbivore defense. Science 230:895–899

Cornelissen JHC, Lavorel S, Garnier E, Diaz S, Buchmann N,
Gurvich DE, Reich PB, ter Steege H, Morgan HD, Van der
Heijden MGA, Pausas JG, Poorter H (2003) A handbook of
protocols for standardised and easy measurement of plant
functional traits worldwide. Aust J Bot 51:335–380. doi:
10.1071/bt02124

Cruz P, De Quadros FLF, Theau JP, Frizzo A, Jouany C, Duru M,
Carvalho PCF (2010) Leaf traits as functional descriptors of the
intensity of continuous grazing in native grasslands in the south
of Brazil. Rangel Ecol Manag 63:350–358. doi:10.2111/08-016.1

Cunningham SA, Summerhayes B, Westoby M (1999) Evolution-
ary divergences in leaf structure and chemistry, comparing
rainfall and soil nutrient gradients. Ecol Monogr 69:569–588.
doi:10.1890/0012-9615(1999)069[0569:edilsa]2.0.co;2

Dı́az S, Noy-Meir I, Cabido M (2001) Can grazing response of
herbaceous plants be predicted from simple vegetative traits?
J Appl Ecol 38:497–508. doi:10.1046/j.1365-2664.2001.00635.x

Dı́az S, Lavorel S, McIntyre S, Falczuk V, Casanoves F, Milchunas
DG, Skarpe C, Rusch G, Sternberg M, Noy-Meir I, Landsberg
J, Zhang W, Clark H, Campbell BD (2007) Plant trait responses
to grazing—a global synthesis. Glob Change Biol 13:313–341.
doi:10.1111/j.1365-2486.2006.01288.x

Dong QM, Zhao XQ, Wu GL, Shi JJ, Wang YL, Sheng L (2012)
Response of soil properties to yak grazing intensity in a
Kobresia parva-meadow on the Qinghai–Tibetan Plateau,
China. J Soil Sci Plant Nutr 12:535–546

Dyksterhuis EJ (1949) Condition and management of rangelands
based on quantitative ecology. J Rangel Manag 2:243–253

Gao YZ, Giese M, Lin S, Sattelmacher B, Zhao Y, Brueck H
(2008) Belowground net primary productivity and biomass
allocation of a grassland in Inner Mongolia is affected by
grazing intensity. Plant Soil 307:41–50. doi:10.1007/s11104-
008-9579-3

Garnier E, Shipley B, Roumet C, Laurent G (2004) A standardized
protocol for the determination of specific leaf area and leaf dry
matter content. Funct Ecol 15:568–695. doi:10.1046/j.0269-
8463.2001.00563.x

Gastal F, Dawson LA, Thornton B (2010) Responses of plant traits
of four grasses from contrasting habitats to defoliation and N
supply. Nutr Cycl Agroecosyst 88:245–258. doi:10.1007/s10705-
010-9352-x

Grime JP (1977) Evidence for the existence of three primary
strategies in plants and its relevance to ecological and evolu-
tionary theory. Am Nat 111:1169–1194

Grime JP (1998) Benefits of plant diversity to ecosystems: imme-
diate, filter and founder effects. J Ecol 86:902–910. doi:
10.1046/j.1365-2745.1998.00306.x

Grime JP, Cornelissen JHC, Thompson K, Hodgson JG (1996)
Evidence of a causal connection between anti-herbivore defence
and the decomposition rate of leaves. Oikos 77:489–494. doi:
10.2307/3545938

523

http://dx.doi.org/10.1890/04-0231
http://dx.doi.org/10.1111/j.1399-3054.1963.tb08366.x
http://dx.doi.org/10.1111/j.1399-3054.1963.tb08366.x
http://dx.doi.org/10.1111/j.1654-109X.2012.01197.x
http://dx.doi.org/10.4025/actascianimsci.v32i4.8657
http://dx.doi.org/10.4025/actascianimsci.v32i4.8657
http://dx.doi.org/10.1111/j.1365-2664.2004.00978.x
http://dx.doi.org/10.1071/bt02124
http://dx.doi.org/10.2111/08-016.1
http://dx.doi.org/10.1046/j.1365-2664.2001.00635.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01288.x
http://dx.doi.org/10.1007/s11104-008-9579-3
http://dx.doi.org/10.1007/s11104-008-9579-3
http://dx.doi.org/10.1046/j.0269-8463.2001.00563.x
http://dx.doi.org/10.1046/j.0269-8463.2001.00563.x
http://dx.doi.org/10.1007/s10705-010-9352-x
http://dx.doi.org/10.1007/s10705-010-9352-x
http://dx.doi.org/10.1046/j.1365-2745.1998.00306.x
http://dx.doi.org/10.2307/3545938


He T, Wu XM, Jia JF (2007) Research advances in morphology
and anatomy of alpine plants growing in the Qinghai–Tibet
Plateau and their adaptations to environments. Acta Ecol Sin
27:2575–2583 (in Chinese)

Hendricks HH, Bond WJ, Midgley J, Novellie PA (2005) Plant
species richness and composition along livestock grazing
intensity gradients in a Namaqualand (South Africa) protected
area. Plant Ecol 176:19–33. doi:10.1007/s11258-003-0009-6

Hickman KR, Hartnett DC (2002) Effects of grazing intensity on
growth, reproduction, and abundance of three palatable forbs
in Kansas tallgrass prairie. Plant Ecol 159:23–33. doi:10.1023/
a:1015534721939

Klein JA, Harte J, Zhao XQ (2004) Experimental warming causes
large and rapid species loss, dampened by simulated grazing, on
the Tibetan Plateau. Ecol Lett 12:1170–1179. doi:10.1111/
j.1461-0248.2004.00677.x

Klimesova J, Latzel V, de Bello F, van Groenendael JM (2008)
Plant functional traits in studies of vegetation changes in re-
sponse to grazing and mowing: towards a use of more specific
traits. Preslia 80:245–253

Landsberg J, Lavorel S, Stol J (1999) Grazing response groups
among understorey plants in arid rangelands. J Veg Sci
10:683–696. doi:10.2307/3237083

Leuschner C, Gebel S, Rose L (2013) Root trait responses of six
temperate grassland species to intensive mowing and NPK
fertilisation: a field study in a temperate grassland. Plant Soil
373:687–698. doi:10.1007/s11104-013-1836-4

Li W, Huang HZ, Zhang ZN, Wu GL (2011) Effects of grazing on
the soil properties and C and N storage in relation to biomass
allocation in an alpine meadow. J Soil Sci Plant Nutr 11:27–39.
doi:10.4067/s0718-95162011000400003

Liang Y, Han GN, Zhou H, Zhao ML, Snyman HA, Shan D,
Havstad KA (2009) Grazing intensity on vegetation dynamics
of a typical steppe in northeast Inner Mongolia. Rangel Ecol
Manag 62:328–336. doi:10.2111/08-167.1

Louault F, Pillar VD, Aufrere J, Garnier E, Soussana JF (2005)
Plant traits and functional types in response to reduced dis-
turbance in a semi-natural grassland. J Veg Sci 16:151–160. doi:
10.1111/j.1654-1103.2005.tb02350.x

Milchunas DG, Lauenroth WK (1993) Quantitative effects of
grazing on vegetation and soils over a global range of envi-
ronments. Ecol Monogr 63:327–366. doi:10.2307/2937150

Milchunas DG, Sala OE, Lauenroth WK (1988) A generalized
model of the effects of grazing by large herbivores on grassland
community structure. Am Nat 132:87–106

Milchunas DG, Lauenroth WK, Burke IC (1998) Livestock graz-
ing: animal and plant biodiversity of shortgrass steppe and the
relationship to ecosystem function. Oikos 83:65–74. doi:
10.2307/3546547

Milla R, Reich PB (2007) The scaling of leaf area and mass: the
cost of light interception increases with leaf size. Proc R Soc B
Biol Sci 274:2109–2114. doi:10.1098/rspb.2007.0417

Osem Y, Perevolotsky A, Kigel J (2004) Site productivity and plant
size explain the response of annual species to grazing exclusion
in a Mediterranean semi-arid rangeland. J Ecol 92:297–309. doi:
10.1111/j.0022-0477.2004.00859.x

Pakeman RJ (2004) Consistency of plant species and trait responses
to grazing along a productivity gradient: a multi-site analysis.
J Ecol 92:893–905. doi:10.1111/j.0022-0477.2004.00928.x

Pontes LDS, Soussana JF, Louault F, Andueza D, Carrere P
(2007) Leaf traits affect the above-ground productivity and
quality of pasture grasses. Funct Ecol 21:844–853. doi:10.1111/
j.1365-2435.2007.01316.x

Poorter H, Remkes C (1990) Leaf area ratio and net assimilation
rate of 24 wild species differing in relative growth rate.
Oecologia 4:553–559. doi:10.1007/bf00317209

Reich PB, Uhl C, Walters MB, Ellsworth DS (1991) Leaf-span as a
determinant of leaf structure and function among 23 Amazo-
nian tree species. Oecologia 86:16–24. doi:10.1007/bf00317383

Reich PB, Walters MB, Ellsworth DS (1992) Leaf life-span in
relation to leaf, plant and stand characteristics among diverse
ecosystems. Ecol Monogr 62:365–392. doi:10.2307/2937116

Schoenbach P, Wan H, Schiborra A, Gierus M, Bai Y, Mueller K,
Glindemann T, Wang C, Susenbeth A, Taube F (2009) Short-
term management and stocking rate effects of grazing sheep on
herbage quality and productivity of Inner Mongolia steppe.
Crop Pasture Sci 60:963–974. doi:10.1071/cp09048

Schoenbach P, Wan HW, Gierus M, Bai YF, Mueller K, Lin LJ,
Susenbeth Taube F (2011) Grassland responses to grazing: ef-
fects of grazing intensity and management system in an Inner
Mongolian steppe ecosystem. Plant Soil 340:103–105. doi:
10.1007/s11104-010-0366-6

Seaquist JW, Olsson L, Ardo J (2003) A remote sensing-based
primary production model for grassland biomes. Ecol Model
169:131–155. doi:10.1016/s0304-3800(03)00267-9

Silvertown J, Poulton P, Johnston E, Edwards G, Heard M, Biss
PM (2006) The Park Grass Experiment 1856–2006: its contri-
bution to ecology. J Ecol 94:801–804. doi:10.1111/j.1365-2745.
2006.01145.x

Singer FJ, Schoenecker KA (2003) Do ungulates accelerate or
decelerate nitrogen cycling? For Ecol Manag 181:189–204. doi:
10.1016/s0378-1127(03)00133-6

Strauss SY, Lau JA, Schoener TW, Tiffin P (2008) Evolution in
ecological field experiments: implications for effect size. Ecol
Lett 11:199–207. doi:10.1111/j.1461-0248.2007.01128.x

Thomas SC, Bazzaz FA (1999) Asymptotic height as a predictor of
photosynthetic characteristics in Malaysian rain forest trees.
Ecology 80:1607–1622

Vesk PA, Leishman MR, Westoby M (2004) Simple traits do not
predict grazing response in Australian dry shrublands and
woodlands. J Appl Ecol 41:22–31. doi:10.1111/j.1365-2664.
2004.00857.x

Westoby M (1998) A leaf-height-seed (LHS) plant ecology strategy
scheme. Plant Soil 199:213–227. doi:10.1023/a:1004327224729

Westoby M (1999) The LHS strategy scheme in relation to grazing
and fire. In: Eldridge D, Freudenberger D (eds) VIth interna-
tional rangeland congress. International Rangeland Congress,
Townsville, pp 893–896

Wilson PJ, Thompson K, Hodgson JG (1999) Specific leaf area and
leaf dry matter content as alternative predictors of plant
strategies. New Phytol 143:155–162. doi:10.1046/j.1469-8137.
1999.00427.x

Xu XL, Ouyang H, Cao GM, Richter A, Wanek W, Kuzyakov Y
(2011) Dominant plant species shift their nitrogen uptake pat-
terns in response to nutrient enrichment caused by a fungal
fairy in an alpine meadow. Plant Soil 341:495–504. doi:
10.1007/s11104-010-0662-1

Xu MH, Peng F, You QG, Guo J, Tian XF, Liu M, Xue X (2015)
Effects of warming and clipping on plant and soil properties of
an alpine meadow in the Qinghai–Tibetan Plateau. China J
Arid Land 7:189–204. doi:10.1007/s40333-014-0010-z

Yan L, Zhou GS, Zhang F (2013) Effects of different grazing
intensities on grassland production in china: a meta-analysis.
PLoS One 8:e81466. doi:10.1371/journal.pone.0081466

Yu CQ, Zhang YJ, Claus H, Zeng R, Zhang XZ, Wang JS (2012)
Ecological and environmental issues faced by a developing Ti-
bet. Environ Sci Technol 46:1979–1980. doi:10.1021/es2047188

Zhao XY, Wang SP (2009) Responses of the anatomical charac-
teristics of plant leaf to long-term grazing under different
stocking rates in Inner Mongolia steppe. Acta Ecol Sin
29:2907–2917 (in Chinese)

Zheng SX, Ren HY, Lan ZC, Li WH, Wang KB, Bai YF (2010)
Effects of grazing on leaf traits and ecosystem functioning in
Inner Mongolia grasslands: scaling from species to community.
Biogeosciences 7:1117–1132. doi:10.5194/bg-7-1117-2010

Zheng SX, Lan ZC, Li WH, Shao RX, Shan YM, Wan HW, Taube
F, Bai YF (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 Soil
340:141–155. doi:10.1007/s11104-010-0369-3

Zheng W, Dong QM, Li SX, Li HT, Liu Y, Yang SH (2012) Im-
pact of grazing intensities on community biodiversity and
productivity of Alpine grassland in Qinghai Lake Region. Acta
Agrestia Sin 20:1034–1038 (in Chinese)

524

http://dx.doi.org/10.1007/s11258-003-0009-6
http://dx.doi.org/10.1023/a:1015534721939
http://dx.doi.org/10.1023/a:1015534721939
http://dx.doi.org/10.1111/j.1461-0248.2004.00677.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00677.x
http://dx.doi.org/10.2307/3237083
http://dx.doi.org/10.1007/s11104-013-1836-4
http://dx.doi.org/10.4067/s0718-95162011000400003
http://dx.doi.org/10.2111/08-167.1
http://dx.doi.org/10.1111/j.1654-1103.2005.tb02350.x
http://dx.doi.org/10.2307/2937150
http://dx.doi.org/10.2307/3546547
http://dx.doi.org/10.1098/rspb.2007.0417
http://dx.doi.org/10.1111/j.0022-0477.2004.00859.x
http://dx.doi.org/10.1111/j.0022-0477.2004.00928.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01316.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01316.x
http://dx.doi.org/10.1007/bf00317209
http://dx.doi.org/10.1007/bf00317383
http://dx.doi.org/10.2307/2937116
http://dx.doi.org/10.1071/cp09048
http://dx.doi.org/10.1007/s11104-010-0366-6
http://dx.doi.org/10.1016/s0304-3800(03)00267-9
http://dx.doi.org/10.1111/j.1365-2745.2006.01145.x
http://dx.doi.org/10.1111/j.1365-2745.2006.01145.x
http://dx.doi.org/10.1016/s0378-1127(03)00133-6
http://dx.doi.org/10.1111/j.1461-0248.2007.01128.x
http://dx.doi.org/10.1111/j.1365-2664.2004.00857.x
http://dx.doi.org/10.1111/j.1365-2664.2004.00857.x
http://dx.doi.org/10.1023/a:1004327224729
http://dx.doi.org/10.1046/j.1469-8137.1999.00427.x
http://dx.doi.org/10.1046/j.1469-8137.1999.00427.x
http://dx.doi.org/10.1007/s11104-010-0662-1
http://dx.doi.org/10.1007/s40333-014-0010-z
http://dx.doi.org/10.1371/journal.pone.0081466
http://dx.doi.org/10.1021/es2047188
http://dx.doi.org/10.5194/bg-7-1117-2010
http://dx.doi.org/10.1007/s11104-010-0369-3

	Response of plant functional traits to grazing for three dominant species in alpine steppe habitat of the Qinghai--Tibet Plateau, China
	Abstract
	Introduction
	Materials and methods
	Study area description
	Experiment design
	Trait measurement
	AGB measurement
	Statistical analysis

	Results
	Response of plant height and plant weight
	Response of leaf functional traits
	Correlation between PFTs and AGB under grazing

	Discussion
	Response of plant functional traits of three species to grazing intensity
	Correlations between AGB and species functional traits under grazing

	Conclusions
	Acknowledgments
	References




