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Abstract

Livestock grazing activities potentially alter ecosystem carbon (C) and nitrogen (N) cycles in grassland ecosystems.

Despite the fact that numerous individual studies and a few meta-analyses had been conducted, how grazing, espe-

cially its intensity, affects belowground C and N cycling in grasslands remains unclear. In this study, we performed a

comprehensive meta-analysis of 115 published studies to examine the responses of 19 variables associated with

belowground C and N cycling to livestock grazing in global grasslands. Our results showed that, on average, grazing

significantly decreased belowground C and N pools in grassland ecosystems, with the largest decreases in microbial

biomass C and N (21.62% and 24.40%, respectively). In contrast, belowground fluxes, including soil respiration, soil

net N mineralization and soil N nitrification increased by 4.25%, 34.67% and 25.87%, respectively, in grazed grass-

lands compared to ungrazed ones. More importantly, grazing intensity significantly affected the magnitude (even

direction) of changes in the majority of the assessed belowground C and N pools and fluxes, and C : N ratio as well

as soil moisture. Specifically,light grazing contributed to soil C and N sequestration whereas moderate and heavy

grazing significantly increased C and N losses. In addition, soil depth, livestock type and climatic conditions influ-

enced the responses of selected variables to livestock grazing to some degree. Our findings highlight the importance

of the effects of grazing intensity on belowground C and N cycling, which may need to be incorporated into regional

and global models for predicting effects of human disturbance on global grasslands and assessing the climate-bio-

sphere feedbacks.
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Introduction

Grassland ecosystems cover approximately 40% of the

terrestrial lands and provide important ecosystem ser-

vices including carbon (C) sequestration and climate

regulation as well as economic and recreational values

(Lecain et al., 2002; Lal, 2004; Piao et al., 2009; Wang &

Fang, 2009). Global grasslands store 10–30% of soil

organic C (SOC) with a sequestration rate of

0.5 Pg C yr�1 and harbor more than 10% of terrestrial

biomass C (Follett & Reed, 2010; Qiu et al., 2013). Cur-

rently, a majority of grasslands are experiencing over-

grazing (Salvati & Carlucci, 2015), which not only

threatens the biodiversity and stability of grasslands,

but also alters ecosystem structure and functioning,

leading to increased C and N losses (Knops & Tilman,

2000; Stavi et al., 2008; Fornara et al., 2011; Liu et al.,

2015).

Over the past 40 years, a large number of studies

have been conducted to examine the responses of

aboveground processes to grazing in grassland ecosys-

tems, which have considerably improved our under-

standing of the mechanisms underlying the grazing

effects (Bai et al., 2012; Stahlheber & D’Antonio, 2013;

Dean et al., 2015). For example, intermediate grazing

could contribute to sustain plant species diversity and

ecosystem stability, while no grazing may decrease

diversity of equilibrium community (i.e., intermediate

disturbance hypothesis, Connell, 1978; Sasaki et al.,

2009). Aboveground biomass often increased by inter-

mediate grazing compared to that by light and heavy
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grazing, due to the fact that medium grazing resulted

in a higher species diversity than no or low grazing

(Connell, 1978; Yan et al., 2013; Gong et al., 2014). How-

ever, effects of grazing on belowground C and N stor-

age remain uncertain due to methodological difficulties

and spatial heterogeneity (Holland & Detling, 1990;

Henderson et al., 2004; Liu et al., 2015).

Currently, numerous studies have investigated the

responses of belowground C and N cycles to livestock

grazing, showing contradictory results, especially on

SOC with decrease (He et al., 2011; Liu et al., 2015),

increase (Knops & Tilman, 2000; Bai et al., 2012) and no

effect (Bagchi & Ritchie, 2010). In addition, root bio-

mass under grazing treatment was approximately 1.5

times higher than those under grazing exclusion (Gong

et al., 2014). In contrast, livestock grazing led to signifi-

cant decreases in MBC and MBN, while TN in the top-

soil remained constant compared to ungrazed

grassland (Wen et al., 2013). To clarify the inconsistency

among individual studies, Mcsherry & Ritchie (2013)

conducted a meta-analysis to examine grazing effects

on soil C in grasslands and found that grazing

increased SOC under heavier intensities in C4-domi-

nated grasslands and decreased it in C3-dominated

grasslands, probably due to increases in fine and shal-

low roots of C4 grasses.

Contradictory responses of belowground C and N

processes to grazing may be associated with the differ-

ences in grazing intensities, grazing duration or cli-

matic conditions (Mcsherry & Ritchie, 2013). Grazing

intensity may be the major driving factor in influencing

belowground C and N processes because grazing inten-

sity alters plant community structure, soil microenvi-

ronment, and soil microbial diversity and activity

(McNaughton et al., 1988; Manley et al., 1995; Stavi

et al., 2008). However, effects of grazing intensity on

belowground C and N dynamics are also contradictory.

For example, Schuman et al. (1999) found that neither

light nor heavy grazing could significantly change total

plant biomass and soil C and N pools. In contrast, Lin

et al. (2010) and Liu et al. (2012) found that light grazing

stimulated both soil C and N sequestration, while mod-

erate and heavy grazing enhanced soil C and N losses

in both typical and desert steppes. In addition, Yan

et al. (2013) showed that soil C and N pools decreased

with increased grazing intensity in a semiarid grass-

land, China. Therefore, it is necessary to compile all the

available data to reveal the patterns and mechanisms of

belowground C and N responses to different grazing

intensities.

In this study, a meta-analysis was conducted on 622

paired comparisons from 115 experimental studies to

evaluate the responses of belowground C and N cycles

to grazing intensities. Specifically, our objectives were

to (i) examine global patterns of belowground C and N

responses to livestock grazing; (ii) assess effects of graz-

ing intensities on the belowground C and N dynamics;

and (iii) investigate regulation of the environmental fac-

tors on soil C pools (SCP) and soil N pools (SNP) alter-

ation in response to grazing.

Materials and methods

Data sources

Peer-reviewed journal articles published before October 2015

were searched using Web of Science and China Knowledge

Resource Integrated Database (CNKI) with the following

search term combinations: (grazing or herbivory or defolia-

tion) and (carbon or nitrogen) and (grassland or pasture or

meadow). To avoid bias in publication selection, the follow-

ing five criteria were set to select studies: (i) Experiments

were conducted in the field and had at least one pair of data

(under control and treatment); (ii) grazing regimes were

clearly defined with both quantitative and/or qualitative

descriptions for grazing intensity, experimental duration

(DUR) and livestock type (i.e., cattle, sheep or others); (iii) to

avoid short-term noise, experiments with durations less than

one growing season were excluded; (iv) initial environmen-

tal and climate conditions, soil parameters and species com-

positions in the control and treatments were the same; (v)

the mean, standard error (SE) or standard deviation (SD)

and sample size (n) of selected variables (see below for the

detailed description) in control and treatment groups could

be extracted directly from tables, digitized graphs or con-

texts. In total, 115 published papers (of 2000), among which

71 addressed soil C, 52 addressed soil N and 44 were associ-

ated with both belowground C and N cycles under different

grazing conditions, were selected (Fig. 1, Appendix S1 and

Table S1).

The selected study had at least one of 19 response vari-

ables to be included in the database. The database included

belowground C and N pools [C and N stocks in soil, litter,

root and microbial biomass], C : N ratio [i.e., soil C : N

(SCN), root C : N (RCN), litter C : N (LCN), microbial

C : N ratio (MCN)], fluxes [i.e., soil respiration (Rs), soil net

N mineralization (SNNM) and soil net N nitrification

(SNNN)] and related soil parameters such as soil bulk den-

sity (BD), soil moisture (SM), soil temperature (ST), soil pH

and soil depth. In total, 19 variables related to belowground

C and N cycling were selected in the database. The number

of studies for the following variables included carbon pools

(n = 68), nitrogen pools (n = 55), C : N ratio (n = 38), fluxes

(n = 18) and environmental conditions (n = 41). All the data

were extracted from figures and tables in selected published

papers. Meanwhile, environmental variables including lati-

tude, mean annual temperature (MAT), mean annual pre-

cipitation (MAP) were recorded directly from papers or

cited papers, or in case that the MAT and MAP were not

reported in studies, extracted from the global climate data-

base (http://www.worldclim.org/) using site geographical

coordinates information.
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To test the differences in responses of belowground C and

N cycling to grazing, the chosen 19 variables were then

grouped into five categories including carbon pools, nitrogen

pools, C : N ratio, fluxes and environmental variables. This

study used the soil and root data at the depth of 0–100 cm,

which were divided into 0–15 cm and >15 cm due to the lim-

ited data when soil depth was >30 cm. Environmental vari-

ables included MAT between �0.1° and 18.3°, MAP between

145 and 860 mm and latitude between 42.1°S and 52.3°N
(Fig. 1). The study sites were considered as arid/semiarid and

semihumid/humid climate when MAP was <400 mm and

≥400 mm, respectively. Grazing duration varied between 0.4

and 30 years. Grazing intensity was divided into ungrazed or

fenced treatments (UG) as the control, light grazed (LG), mod-

erate grazed (MG) and heavy grazed (HG) treatments based

on the authors’ qualitative classification directly from papers

or cited papers, as diverse grasslands may have the different

carrying capacity in the specific study area. Livestock type

was classified into cattle and sheep. The spatiotemporal varia-

tions of belowground C and N responses were examined with

climatic factors, grazing duration and soil depth.

Data analysis

We followed the methods used by Hedges et al. (1999) and

Luo et al. (2006) to calculate the response ratio (RR) of below-

ground C and N processes to grazing. RR is defined as natural

log of the ratio of the mean value of a concerned variable in

the grazing treatment group (Xt) to that in the control group

(Xc) to represent the magnitude of changes of belowground C

and N processes as below:

RR ¼ LnðXt=XcÞ ð1Þ
where Xt and Xc are the means in the treatment and control

groups, respectively. The variance (v) of RR is estimated by:

v ¼ s2t
nt�x2t

þ s2c
nc�x2c

ð2Þ

where nt and nc represent the sample sizes, and st and sc are

the standard deviations of the concerned variable in the treat-

ment and control groups, respectively. The reciprocal of vari-

ance (w ¼ 1
v) was considered as the weight (W) of each RR.

The means of response ratio (RR++) are calculated from

individual RR of each paired comparison between the control

and grazing treatments, RRij (i = 1,2,. . .,m; j = 1,2,. . .,k) with

the weight of each RR. Here, m is the numbers of groups (e.g.,

different intensity, climate type, livestock type or soil depth),

and k is the number of comparisons. The mean response ratios

were calculated using the following equation:

RRþþ ¼
Pm

i¼1

Pk
j¼1 wijRRijPm

i¼1

Pk
j¼1 wij

ð3Þ

The weighted standard error (SE) was

SðRRþþÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1Pm
i¼1

Pk
j¼1 wij

s
ð4Þ

The 95% confidence interval (95% CI) is RR++ � 1.96 S

(RR++) (Zhang et al., 2015a). We applied a t-test to examine the

significance of variation in each variable between the control

Fig. 1 Global distribution of grazing experiments used in this meta-analysis. Most studies were conducted in eastern Asia. LG, MG

and HG represent sites with light, moderate and heavy grazing treatments, respectively. LMG, LHG, MHG and LMHG represent the

combinations of two or three grazing intensities (e.g., LMG includes both light and moderate grazing; LMHG includes all three grazing

intensities). GWI represents the sites with no grazing intensity information. Based map with green color represents the distribution of

global grasslands.
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and treatment, and the difference in RR++ between grazing

intensity, climate type, grazing type and soil depth. The effect

of livestock grazing was considered to be significant if the 95%

CI of a response variable did not overlap zero (Luo et al.,

2006). The percentage changes of variables were calculated on

the basis of [exp (RR++) � 1] 9 100%. Frequency distributions

of RR (n > 25) of belowground C and N pools were plotted to

validate the results from the meta-analysis by a Gaussian

function (i.e., normal distribution) using Eqn (5) in SIGMAPLOT

software (Systat Software Inc., San Jose, CA, USA).

y ¼ a exp �ðx� lÞ2
2r2

" #
ð5Þ

where x is RR of a variable; y is the frequency (i.e., number of

RR values); a is a coefficient showing the expected number of

RR values at x = l; and l and r2 are mean and variance of the

frequency distributions of RR, respectively. Pearson correla-

tion analyses were performed to examine the relationships

between the response ratio of SCP and SNP with environmen-

tal conditions (i.e., grazing duration, latitude, MAT and

MAP).

Results

Effects of grazing on belowground C and N pools and
fluxes

The mean response ratios (RR++) of the 19 variables to

grazing related to belowground C and N cycles and

environmental variables were all significantly different

from zero (P < 0.05; Fig. 2). On average, grazing signifi-

cantly decreased C pools in bulk soils, root, soil

microbes and litter by 10.28%, 13.72%, 21.62% and

8.93%, respectively, and N pools by 13.38%, 4.40%,

24.40% and 10.39%, respectively (Fig. 2; Table S2).

Among the variables, microbial biomass C and N

showed the largest decrease in response to grazing

compared to other variables (Fig. 2). In contrast, soil

and root C : N ratios increased under grazing whereas

microbial biomass and litter C : N ratios decreased

under grazing compared to the control (Fig. 2). Grazing

also significantly increased soil respiration (Rs), soil net

N mineralization and soil net N nitrification by 4.25%,

30.63% and 12.88%, respectively (Fig. 2; Table S2). In

addition, grazing increased soil bulk density (BD), soil

pH and temperature but decreased soil moisture

(Fig. 2).

Effects of grazing intensity on belowground C and N
pools and fluxes

Grazing intensity significantly affected the responses of

belowground C and N processes to livestock grazing

(Fig. 3; Table S2). Heavy grazing decreased soil C and

N pools more than those of light and moderate grazing

with two exceptions observed in SNNN and RCN.

Specifically, light grazing increased SCP and SNP by

0.78% and 3.24%, respectively (P < 0.01, Fig. 3;

Table S2). However, moderate and heavy grazing sig-

nificantly decreased SCP by 3.45% and 9.92%, and SNP

by 8.41% and 13.04%, respectively, resulting in a

decreasing trend in effects of light to heavy grazing on

soil C : N ratio (SCN, Fig. 3). The responses of RCP,

LCP and MBC to grazing were significantly correlated

with RR (SCP) but with different slopes under three

intensities (Fig. 4). Specifically, the significant relation-

ships of RR (SCP) with RR (RCP) decreased from light

intensity (R2 = 0.75) to heavy intensity (R2 = 0.37,

Fig. 4b). However, the most significant correlation

between RR (SCP) and RR (MBC) was found in moder-

ate intensity compared with light and heavy intensities

(Fig. 4b, d). In addition, RR (SCP) showed a significant

negative correlation with the response of bulk density

to grazing, but was positively correlated with pH

(Fig. S2).

Fig. 2 Weighted response ratio (RR++) of 19 variables related to

carbon and nitrogen cycling in response to grazing. Bars repre-

sent 95% confidence intervals. The vertical line was drawn at

RR++ = 0. Numbers for each bar indicate the sample size. SCP,

soil carbon pool; RCP, root carbon pool; MBC, microbial bio-

mass carbon; LCP, litter carbon pool; SNP, soil nitrogen pool;

RNP, root nitrogen pools; MBN, microbial biomass nitrogen;

LNP, litter nitrogen pool; SCN, soil C : N ratio; MCN, microbial

biomass C : N ratio; RCN, root C : N ratio; Rs, soil respiration;

SNNM, soil net mineralization; SNNN, soil net N nitrification;

BD, bulk density; SM, soil moisture; ST, soil temperature.
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1170 G. ZHOU et al.



Similarly, light grazing increased root C pool (RCP)

and litter C : N ratio (LCN) by 2.99% and 10.14%,

respectively, while moderate and heavy grazing

decrease RCP by 3.17% and 24.1% and LCN by 22.61%

and 30.18%, respectively. The increasing magnitudes

also occurred for responses of microbial biomass C

(MBC) to grazing from light to heavy intensity (Fig. 3).

However, microbial biomass N (MBN) and litter N pool

(LNP) showed the larger decreases in response to light

grazing compared with those to moderate and heavy

grazing. In addition, responses of litter C pool (LCP),

root N pool (RNP) and root C : N ratio (RCN) to differ-

ent grazing intensities did not vary (P > 0.05).

For belowground C and N fluxes, the weighted

response ratio of Rs [RR++ (Rs)] differed significantly

among grazing intensities (P < 0.05, Fig. 3). Rs

increased by 11.53% under light intensity, whereas

moderate and heavy intensities decreased Rs by 12.7%

and 32.6%, respectively. The weighted response ratios

of SNNM [RR++ (SNNM)] decreased by 48.87–10.85%
from light to heavy grazing intensities. However, light

grazing did not affect the response ratios of SNNN

[RR++ (SNNN)], but moderate and heavy grazing inten-

sities significantly increased [RR++ (SNNN)] by 13.43%

and 103.06%, respectively.

Effects of environmental factors, livestock type and soil
depth on soil C and N pools under grazing

Grazing disturbance decreased RCP, SNP and RNP

greater in semihumid/humid regions than those in arid/

semiarid regions. Similarly, the weighted response ratio of

Rs [RR++ (Rs)] in semihumid/humid regions was

0.099 � 0.023 (P < 0.01; Fig. 5a), which was slightly higher

than those in arid/semiarid regions with 0.011 � 0.017

(P > 0.05). However, MBC and LCP exhibited the larger

negative effects in response to grazing under arid/semi-

arid regions compared to those under semihumid/humid

regions. In contrast, SNNM, SNNN and ST increased posi-

tively in arid/semiarid regions under grazing compared

to those of semihumid/humid regions (Fig. 5a). Different

livestock type and soil depth showed different magnitudes

of changes (even direction) for many of the considered

variables (Fig. 5b, c). For example, the response of SCP,

SNP, RCP and RNP under sheep grazing showed a

greater decrease than those under cattle grazing. Response

of MBC to grazing was positive at the depth of <15 cm,

but negative at the depth of >15 cm.

Climate type, livestock type and soil depth also

affected the overall magnitude and even direction of

the weighted response ratios of SCP, SNP and SCN

under different grazing intensities (Fig. 6). For exam-

ple, both SCP and SNP significantly decreased with

increasing intensity in semihumid/humid regions,

whereas moderate and light intensity exhibited positive

effects on SCP and SNP, respectively, in arid/semiarid

regions. Decreased SCP was highest under heavy graz-

ing, followed by light and moderate ones, irrespective

Fig. 3 Weighted response ratio (RR++) of 19 variables related to

carbon and nitrogen cycles in response to different grazing

intensity. Bars represent RR++ � 95% confidence intervals. The

vertical line was drawn at RR++ = 0. Numbers for each bar indi-

cate the sample size. Symbols a, b and c represent the significant

differences among three grazing intensities for the responses of

selected variables to grazing. SCP, soil carbon pools; RCP, root

carbon pools; MBC, microbial biomass carbon; LCP, litter car-

bon pools; SNP, soil nitrogen pools; MBN, microbial biomass

nitrogen; LNP, litter nitrogen pools; RNP, root nitrogen pools;

SCN, soil C : N ratio; MCN, microbial biomass C : N ratio;

RCN, root C : N ratio; Rs, soil respiration; SNNM, soil net min-

eralization; SNNN, soil net N nitrification; BD, bulk density;

SM, soil moisture.; ST, soil temperature. LG, light grazing; MG,

moderate grazing; HG, heavy grazing.
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of cattle or sheep grazing. SNP exhibited positive

effects under light grazing at the soil depth of >15 cm,

while moderate and heavy intensity at the same depth

had the opposite trends (Fig. 6).

Our meta-analysis also showed that grazing duration

and MAT displayed significant correlations with RR

(SCP) and RR (SNP, Fig. 7; Table S3). Both RRs of SCP

and SNP to grazing decreased with increasing grazing

duration, with a larger decrease for SCP (Fig. 7a, b). The

MAP exhibited a significant correlation with the

response of SCP (P < 0.05), but it was not correlated with

response of SNP to grazing (Fig. 7; Table S3). Similarly,

the latitude showed a significantly negative correlation

with RR (SCP), but no correlation with RR (SNP) was

observed (Table S3). In addition, the responses of SCP to

grazing exhibited a significant positive correlation with

RR (SNP). Therefore, all of these changes showed a con-

ceptual framework in which there were positive or nega-

tive effects of livestock grazing on belowground C and

N cycles in grazed ecosystems (Fig. 8).

Discussion

Grazing-induced decreases in belowground C and N pools
and fluxes

Grazing by domestic livestock is one of the major

human activities that significantly affects the C and N

Fig. 4 Relationships of response ratios (RR) of soil carbon pools (SCP) with aboveground carbon pools (APCP, a), root carbon pools

(RCP, b), litter carbon pools (LCP, c) and microbial biomass carbon pools (MBC, d). All sites represented the data for all intensities and

some with no intensity information – black closed circles; LG, light grazing intensity – green closed triangles; MG, moderate grazing

intensity – purple closed circles; HG, heavy grazing intensity – red closed triangles.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1167–1179
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Fig. 5 Weighted response ratio (RR++) of 19 variables related to carbon and nitrogen cycles in response to arid/semiarid – white

columns and semihumid/humid – gray columns (a), cattle grazing – white columns and sheep grazing – gray columns (b), 0–15 cm –

white columns and >15 cm – gray columns (c). Bars represent RR++ � 95% confidence intervals. The vertical line was drawn at

RR++ = 0. Numbers for each bar indicate the sample size. Symbols a and b represents the significant differences among two categories

(panel a, arid/semiarid vs. semihumid/humid climate; panel b, cattle vs. sheep grazing; panel c, soil depth of 0–15 cm vs. >15 cm) for

the responses of selected variables to grazing. SCP, soil carbon pools; RCP, root carbon pools; MBC, microbial carbon; LCP, litter carbon

pools; SNP, Soil nitrogen pools; MBN, microbial nitrogen; LNP, litter nitrogen pools; RNP, root nitrogen pools; SCN, soil C : N ratio;

MCN, microbial C : N ratio; RCN, root C : N ratio; Rs, soil respiration; SNNM, soil net mineralization; SNNN, soil net N nitrification;

BD, bulk density; SM, soil moisture.; ST, soil temperature.

Fig. 6 Weighted response ratio (RR++) of soil carbon pools (SCP), soil nitrogen pools (SNP), and soil C : N ratio (SCN) in different

grazing intensities with respect to climate type (a), livestock type (b), and soil depth (c). Bars represent RR++ � 95% confidence inter-

vals. The vertical line was drawn at RR++ = 0. Number values for each bar indicate the sample size. Symbols a, b and c represents the

significant differences among three grazing intensities for the responses of selected variables to grazing.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1167–1179
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cycles in grassland ecosystems (Knops et al., 2002; Wu

et al., 2014). Our meta-analysis showed that grazing

decreased the C and N pools in soils, belowground

plants, microbes and litters (Figs 2 and 8; Table S2). The

decreased C and N pools may be attributed to the

decreased aboveground plant production due to plant

removal induced by livestock grazing (Frank & Groff-

man, 1998; Bagchi & Ritchie, 2010). Specifically, grazing

decreased aboveground biomass leading to reduced lit-

terfall and litter mass, which was also supported by our

meta-analysis (Liu et al., 2015). Plant damage and

removal by livestock grazing are also likely to decrease

root elongation and biomass (Bagchi & Ritchie, 2010),

resulting from the reduced C allocation to roots (Mcsh-

erry & Ritchie, 2013). Changes in litter and root biomass

decreased soil bacterial community and diversities

(Knops et al., 2002) and then microbial biomass and soil

C pool (Bai et al., 2015a). It has been shown that C

inputs from root production and biomass may have a

significant effect on soil C storage compared to above-

ground biomass (Russell et al., 2009; Lu et al., 2011).

Our results also found that the grazing-induced

decreases in SCP were linearly correlated with that in

root C pool (RCP) but not with that in aboveground

inputs (Fig. 4a, b). In addition, livestock disturbance

activities can change soil structure, aggregates and sur-

face crust, leading to increased soil susceptibility to

water and wind erosion and enhancing soil C and N

loss (Neff et al., 2005).

Our results indicated a decrease in soil microbial bio-

mass in grazed areas. The decreased belowground C

and N pools under grazing in our study were consis-

tent with those from previous studies in many Ameri-

can and Chinese grasslands (Mcsherry & Ritchie, 2013;

Liu et al., 2015). Decrease in C inputs led by grazing

has shown to negatively affect microbial N immobiliza-

tion and then lowered N stocks in soils (Schuman et al.,

1999; Knops et al., 2002; Luo et al., 2006), as the C

cycling is closely coupled by N cycling (Bai et al.,

2015b).

Effects of grazing intensity on belowground C and N
processes

Grazing intensity affected belowground C and N cycles

with different magnitudes and even directions in a

large number of individual studies (Schuman et al.,

1999; Savadogo et al., 2007; Liu et al., 2012). Using a

Fig. 7 Relationships of grazing duration (a, b), mean annual temperature (MAT, c, d) and mean annual precipitation (MAP, e, f) with

response ratios (RR) of soil carbon pools (SCP, a, c, e) and soil nitrogen pools (SNP, b, d, f).

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1167–1179
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meta-analysis method, we found that light intensity sig-

nificantly enhanced SCP and SNP, while moderate and

heavy intensity exhibited the opposite trends (Figs 3

and 8; Table S2), which was similar to the results

from Lin et al. (2010) and Liu et al. (2012) in typical and

desert steppes, respectively. The increased above-

belowground biomass induced by light grazing

(including livestock foraging) stimulated more photo-

synthetically fixed C inputs to belowground roots, lead-

ing to increased root exudates and root biomass

(Mcsherry & Ritchie, 2013; Liu et al., 2015; Zhang et al.,

2015a). Increased root exudates in soil may enhance C

accumulation and further stimulate N inputs into soils

(Derner et al., 1997). Due to the increased root biomass

and soil C accumulation, light grazing also significantly

stimulated soil respiration (Reicosky, 1997; Baker et al.,

2007; Gong et al., 2014). Our meta-analysis showed that

light grazing increased soil moisture, which may be

due to increased ground cover and decreased soil com-

paction under light grazing compared to moderate and

heavy grazing (Thomey et al., 2011; Zhang et al., 2015b).

Increased soil moisture and temperature would also

stimulate plant growth and microbial activities, leading

to increased Rs (Savadogo et al., 2007).

Both moderate and heavy grazing, however, signifi-

cantly decreased SCP and SNP (Figs 3 and 8; Table S2),

which was consistent with many previous studies (Par-

ton et al., 1987; He et al., 2011; Wu et al., 2012). The

decreased SCP and SNP may arise from decreased C

inputs through plant removal by livestock and

Fig. 8 Potential mechanisms of belowground C and N processes in response to livestock grazing. The numbers refer to percentage

change (eRR++ � 1) 9 100% of belowground C and N variables in response to grazing. SCP, soil carbon pools; RCP, root carbon pools;

MBC, microbial carbon; LCP, litter carbon pools; SNP, soil nitrogen pools; MBN, microbial nitrogen; LNP, litter nitrogen pools; RNP,

root nitrogen pools; APCP, aboveground plant carbon pools; APNP, aboveground plant nitrogen pools. APCP and APNP data were

provided in supporting information. L, light grazing intensity presented with green color; M, moderate grazing intensity presented

with purplish color; H, heavy grazing intensity presented with red color. ↑, positive response to livestock grazing; ↓, negative response

to livestock grazing.
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decreased litter mass as well as RCP and microbial bio-

mass (Detling et al., 1979; Schuman et al., 1999; Knops

et al., 2002). Similarly, Rs also exhibited negative

responses to moderate and heavy grazing (Figs 3 and 8;

Table S2), largely resulting from a decrease in RCP and

the limited substrate availability, which largely reduced

root and microbial respiration, respectively (Kuzyakov

& Cheng, 2001; Ryan & Law, 2005). Moderate and

heavy grazing probably also depressed soil infiltrability

and nutrient availability, inhibiting plant biomass accu-

mulation and microbial activity (Savadogo et al., 2007).

In addition, the faster soil evaporation with poor

ground cover under heavy grazing lowered soil mois-

ture, which might also further explain decreased Rs

(Savadogo et al., 2007; Stavi et al., 2008; Thomey et al.,

2011).

Similarly, our results found that light grazing

increased litter C : N ratio, but both moderate and

heavy grazing significantly decreased litter C : N ratio

(Figs 3 and 8; Table S2). The increased aboveground

biomass under light grazing may increase accumula-

tion of both fallen litter and dieback of the above-

ground biomass, leading to increased litter C : N ratio

(Li et al., 2008; Lin et al., 2010). Lower N circulation rate

under light grazing would also contribute to increased

litter C : N ratio in grassland ecosystems (Holland

et al., 1996; Li & Chen, 1998; Pineiro et al., 2009). Litter

C : N ratio, however, significantly decreased under

moderate and heavy grazing (Figs 3 and 8; Table S2),

probably resulting from large mixture with livestock

feces by livestock trampling and/or litter N fixation

under moderate and heavy grazing (Knops et al., 2002;

Neff et al., 2005; Liao et al., 2008).

Grazing-induced changes in SCP may be related to

alteration of RCP, LCP and MBC (Knops et al., 2002;

Bagchi & Ritchie, 2010; Liu et al., 2015). In our study,

we found that grazing intensity significantly affected

the relationships of RR (SCP) with C pools (e.g., RCP,

LCP and MBC). Positive correlation between RR (SCP)

and RR (RCP) under light grazing was more significant

than those under moderate and heavy intensities

(Fig. 4b), suggesting that RCP was more important in

affecting the SCP under light grazing with increased

photosynthetically C inputs (Liu et al., 2015). RR (MBC)

was also positively correlated with RR (SCP) at the

ecosystem scales with the largest significant effect

under moderate grazing (R2 = 0.44, P < 0.01), which

probably resulted from abundant root exudates under

moderate grazing that may increase microbial activity

(Zhao et al., 2014). The litter C transfer and transport

may cause a positive correlation between RR (SCP) and

RR (LCP) under light intensity (Bai et al., 2012) but with

large uncertainty due to the limited numbers of

samples (Fig. 4c).

Factors regulating the responses of belowground C and N
processes to grazing

Environmental factors (both MAP and MAT), climate

type, livestock type and grazing duration have shown

to affect plant performance and belowground C and N

dynamics (Mcsherry & Ritchie, 2013). Grazing-induced

decreases in RCP were more significant in semihumid/

humid than arid/semiarid climate regions, which may

be related to faster root turnover in wetter regions com-

pared to those in the drier regions (Chapin et al., 2002).

We found that changes in the weighted response ratio

of MBC were consistent with those of LCP (Fig. 5),

which were supported by the close relationship

between LCP and MBC in terrestrial ecosystems (Su

et al., 2005). Grazing significantly decreased the MBC

and LCP in arid/semiarid climate, where lower pro-

ductivity was more responsive to grazing disturbance

compared to those in semihumid/humid condition. In

addition, the larger decrease from litter inputs by graz-

ing may considerably weaken MBC in arid/semiarid

climate (Osem et al., 2004; Liu et al., 2012; Shi et al.,

2013). Furthermore, Rs in semihumid/humid regions

increased more than that in arid/semiarid regions,

which might be associated with existing high net

ecosystem productivity (Xia et al., 2009) and high

microbial activity (Zhou et al., 2009) in the wetter

regions than those in the drier regions.

The response of belowground C and N cycles to graz-

ing did not show a similar trend at different soil depths

(0–15 vs. >15 cm; Fig. 5). Differences in foraging selec-

tivity by livestock usually lead to the variation of spe-

cies composition and community structure, inducing

the difference of C and N inputs/outputs in grazed

ecosystems (Knops et al., 2002). At different depths,

thus, grazing-induced spatial variations of root biomass

distribution (Schuman et al., 1999) and different sensi-

tivity to environments (Holland & Detling, 1990) within

plant–soil system probably caused response differences

of belowground C and N cycles to livestock grazing.

A weak correlations between RR (SCP) and MAP

were observed in this study (Fig. 7; Table S3), which

was consistent with Mcsherry & Ritchie (2013) and Hu

et al. (2016). As plant productivity and microbial activ-

ity in wetter areas are usually greater than those in

drier climate, the actual responses of SCP to grazing

may have been masked, causing weak correlation

between SCP and MAP (Raich & Schlesinger, 1992; Wil-

liams et al., 2000; Luyssaert et al., 2007). In our study,

despite the fact that there was a weak correlation

between RR (SCP) and MAP, MAT was negatively cor-

related with RR (SCP) and RR (SNP) (Fig. 7; Table S3;

P < 0.001). Grasslands in tropical and temperate

regions have high MAT and greater microbial activity
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than those in boreal regions with the low-MAT (Chapin

et al., 2002). The higher microbial activity in high-MAT

regions can usually accelerate decay of soil organic

matter and increase turnover rate, and then lower the

SCP and SNP more in those grazed ecosystems, result-

ing in the negative correlation between MAT and RR

(SCP) or RR (SNP). On the other hand, soil tempera-

ture, water content and their interactions fundamen-

tally determine the temporal dynamics of C cycle in

grassland ecosystem, especially Rs (Wang et al., 2006).

Soil organic C showed a significant negative correla-

tion with bulk density, which was in line with a previ-

ous grassland mesocosm study (Fig. S2, Steffens et al.,

2008). The compacted soil by livestock trampling may

destroy soil aggregates and then stimulate organic mat-

ter decomposition as well as increasing accessibility to

wind erosion (Hamza & Anderson, 2005; Neff et al.,

2005), resulting in the lower SCP. However, a positive

correlation between SCP and pH was observed in this

study. Low pH condition favors fungal communities,

which would stimulate the decomposition of recalci-

trant organic matter and then decrease SCP in grazed

grassland ecosystems (Brodie et al., 2002; Jensen et al.,

2003).

Implications for grassland management and model
development

Overgrazing has been a primary contributor to grass-

land degradation and desertification, which not only

decreases biodiversity and stability of grassland ecosys-

tems but also threatens global C and N balance and fur-

ther contributes to accelerate climate change in the

future (Lal, 2004; He et al., 2011; Mcsherry & Ritchie,

2013). Our results may provide some insights to explain

to what extent belowground C and N cycles respond to

grazing at a global scale. Thus, this study offers recom-

mendations for development and improvement of

land-surface models as well as design of manipulative

experiments in the future, at least in three aspects as

follows.

First, the majority of current studies were distributed

in temperate climate, especially in eastern Asia and

northern America. Thus, more long-term manipulative

experiments in cold and hot regions, especially in

Africa and Australia, need to be conducted to examine

the effects of grazing on belowground C and N cycles

at temporal and spatial scales. Experimental duration

of livestock grazing in most studies was less than

10 years; hence, there is a need to undertake studies

over one decade to better understand the effects of

grazing on belowground C and N cycling.

Second, the response of belowground C and N cycles

to livestock disturbance differed among light, moderate

and heavy grazing intensities. However, current land-

surface models usually do not differentiate the effects

of grazing intensities on belowground C and N cycles

(Lal, 2004; Henderson et al., 2015; Tagesson et al., 2015),

which often creates a great challenge to the prediction

of future feedbacks between the climate and the C

cycle. Future land-surface models may need to differen-

tially treat with grazing intensity in order to develop

more precise process-based mechanism for forecasting

the feedback of grassland ecosystems to climate

change.

Third, the responses of SCP [RR (SCP)] and SNP [RR

(SNP)] to livestock grazing were negatively correlated

with MAT (Fig. 7). The response ratios of SCP and SNP

to grazing in warmer biomes were clearly higher than

those in the low range (Fig. 7), suggesting that sensitiv-

ity of RR (SCP) and RR (SNP) to grazing changed with

MAT. These results indicate the importance of conduct-

ing transect studies of livestock grazing along the MAT

gradient to better examine the effects of grazing on C

and N cycling when other environmental variables

(e.g., precipitation and soil) do not affect the explication

of spatial patterns (Mcsherry & Ritchie, 2013; Zhou

et al., 2014). Therefore, these relationships can be incor-

porated into land-surface models to improve the pre-

diction about livestock grazing-regulated response of

terrestrial ecosystems C and N cycles if they are vali-

dated in transect and other studies.

Acknowledgements

The authors thank two anonymous reviewers for their insightful
comments and suggestions. This research was financially sup-
ported by the National Natural Science Foundation of China
(Grant No. 31370489), the Program for Professor of Special
Appointment (Eastern Scholar) at Shanghai Institutions of
Higher Learning and ‘Thousand Young Talents’ Program in
China. We would like to acknowledge the work carried out by
the researchers whose published data were used for this meta-
analysis.

References

Bagchi S, Ritchie ME (2010) Introduced grazers can restrict potential soil carbon

sequestration through impacts on plant community composition. Ecology Letters,

13, 959–968.

Bai YF, Wu JG, Clark CM et al. (2012) Grazing alters ecosystem functioning and C:N:

P stoichiometry of grasslands along a regional precipitation gradient. Journal of

Applied Ecology, 49, 1204–1215.

Bai SH, Blumfield TJ, Reverchon F et al. (2015a) Do young trees contribute to soil

labile carbon and nitrogen recovery? Journal of Soils and Sediments, 15, 503–509.

Bai SH, Xu ZH, Blumfield TJ, Reverchon F (2015b) Human footprints in urban forests:

implication of nitrogen deposition for nitrogen and carbon storage. Journal of Soils

and Sediments, 15, 1927–1936.

Baker JM, Ochsner TE, Venterea RT et al. (2007) Tillage and soil carbon sequestration

– what do we really know? Agriculture, Ecosystems and Environment, 118, 1–5.

Brodie E, Edwards S, Clipson N (2002) Bacterial community dynamics across a

floristic gradient in a temperate upland grassland ecosystem. Microbial Ecology, 44,

260–270.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1167–1179

EFFECTS OF GRAZING INTENSITY ON C AND N CYCLES 1177



Chapin IIFS, Matson PA, Mooney HA (2002) Principles of Terrestrial Ecosystem Ecology.

Springer, New York, NY, USA.

Connell JH (1978) Diversity in tropical rain forests and coral reefs. Science, 199,

1302–1310.

Dean C, Kirkpatrick JB, Harper RJ et al. (2015) Optimising carbon sequestration in

arid and semiarid rangelands. Ecological Engineering, 74, 148–163.

Derner J, Briske D, Boutton T (1997) Does grazing mediate soil carbon and nitrogen

accumulation beneath C4, perennial grasses along an environmental gradient?

Plant and Soil, 191, 147–156.

Detling J, Dyer M, Winn D (1979) Net photosynthesis, root respiration, and regrowth

of Bouteloua gracilis following simulated grazing. Oecologia, 41, 127–134.

Follett RF, Reed DA (2010) Soil carbon sequestration in grazing lands: societal bene-

fits and policy implications. Rangeland Ecology and Management, 63, 4–15.

Fornara DA, Bardgett R, Steinbeiss S et al. (2011) Plant effects on soil N mineralization

are mediated by the composition of multiple soil organic fractions. Ecological

Research, 26, 201–208.

Frank DA, Groffman PM (1998) Ungulate vs. landscape control of soil C and N pro-

cesses in grasslands of Yellowstone National Park. Ecology, 79, 2229–2241.

Gong JR, Wang YH, Liu M et al. (2014) Effects of land use on soil respiration in the

temperate steppe of Inner Mongolia, China. Soil and Tillage Research, 144, 20–31.

Hamza MA, Anderson WK (2005) Soil compaction in cropping systems: a review of

the nature, causes and possible solutions. Soil and Tillage Research, 82, 121–145.

He NP, Zhang YH, Yu Q et al. (2011) Grazing intensity impacts soil carbon and nitro-

gen storage of continental steppe. Ecosphere, 2, 304–316.

Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis of response ratios in

experimental ecology. Ecology, 80, 1150–1156.

Henderson DC, Ellert BH, Naeth MA (2004) Grazing and soil carbon along a gradient

of Alberta rangelands. Journal of Range Management, 57, 402–410.

Henderson BB, Gerber PJ, Hilinski TE et al. (2015) Greenhouse gas mitigation poten-

tial of the world’s grazing lands: modeling soil carbon and nitrogen fluxes of miti-

gation practices. Agriculture Ecosystems and Environment, 207, 91–100.

Holland EA, Detling JK (1990) Plant response to herbivory and belowground nitrogen

cycling. Ecology, 71, 1040–1049.

Holland JN, Cheng WX, Crossley DA (1996) Herbivore-induced changes in plant car-

bon allocation: assessment of below-ground C fluxes using carbon-14. Oecologia,

107, 87–94.

Hu ZM, Li SG, Guo Q et al. (2016) A synthesis of the effect of grazing exclusion on

carbon dynamics in grasslands in china. Global Change Biology, 22, 1385–1393.

Jensen KD, Beier C, Michelsen A et al. (2003) Effects of experimental drought on

microbial processes in two temperate heathlands at contrasting water conditions.

Applied Soil Ecology, 24, 165–176.

Knops JMH, Tilman D (2000) Dynamics of soil nitrogen and carbon accumulation for

61 years after agricultural abandonment. Ecology, 81, 88–98.

Knops JMH, Bradley KL, Wedin DA (2002) Mechanisms of plant species impacts on

ecosystem nitrogen cycling. Ecology Letters, 5, 454–466.

Kuzyakov Y, Cheng W (2001) Photosynthesis controls of rhizosphere respiration and

organic matter decomposition. Soil Biology and Biochemistry, 33, 1915–1925.

Lal R (2004) Soil carbon sequestration impacts on global climate change and food

security. Science, 304, 1623–1627.

Lecain DR, Morgan JA, Schuman GE et al. (2002) Carbon exchange and species com-

position of grazed pastures and exclosures in the shortgrass steppe of Colorado.

Agriculture Ecosystems and Environment, 93, 421–435.

Li X, Chen Z (1998) Influences of stocking rates on C, N, P contents in plant-soil sys-

tem. Acta Agrestia Sinica, 6, 90–98.

Li CL, Hao XY, Zhao ML et al. (2008) Influence of historic sheep grazing on vegeta-

tion and soil properties of a Desert Steppe in Inner Mongolia. Agriculture Ecosys-

tems and Environment, 128, 109–116.

Liao C, Peng R, Luo Y et al. (2008) Altered ecosystem carbon and nitrogen cycles by

plant invasion: a meta-analysis. New Phytologist, 177, 706–714.

Lin Y, Hong M, Han GD et al. (2010) Grazing intensity affected spatial patterns of

vegetation and soil fertility in a desert steppe. Agriculture Ecosystems and Environ-

ment, 138, 282–292.

Liu N, Zhang YJ, Chang SJ et al. (2012) Impact of grazing on soil carbon and microbial

biomass in typical steppe and desert steppe of Inner Mongolia. PLoS One, 7,

e36434.

Liu N, Kan HM, Yang GW et al. (2015) Changes in plant, soil, and microbes in a typi-

cal steppe from simulated grazing: explaining potential change in soil C. Ecological

Monographs, 85, 269–286.

Lu M, Zhou XH, Luo YQ et al. (2011) Minor stimulation of soil carbon storage by

nitrogen addition: a meta-analysis. Agriculture Ecosystems and Environment, 140,

234–244.

Luo YQ, Hui DF, Zhang DQ (2006) Elevated CO2 stimulates net accumulations of car-

bon and nitrogen in land ecosystems: a meta-analysis. Ecology, 87, 53–63.

Luyssaert S, Inglima I, Jung M (2007) CO2 balance of boreal, temperate, and tropical

forests derived from a global database. Global Change Biology, 13, 2509–2537.

Manley J, Schuman G, Reeder JD et al. (1995) Rangeland soil carbon and nitrogen

responses to grazing. Journal of Soil and Conservation, 50, 294–298.

McNaughton S, Ruess R, Seagle S (1988) Large mammals and process dynamics in

African ecosystems. BioScience, 38, 794–800.

Mcsherry ME, Ritchie ME (2013) Effects of grazing on grassland soil carbon: a global

review. Global Change Biology, 19, 1347–1357.

Neff JC, Reynolds RL, Belnap J et al. (2005) Multi-decadal impacts of grazing on soil

physical and biogeochemical properties in southeast Utah. Ecological Applications,

15, 87–95.

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. Journal of Ecology, 92, 297–309.

Parton WJ, Schimel DS, Cole C et al. (1987) Analysis of factors controlling soil organic

matter levels in Great Plains grasslands. Soil Science Society of America Journal, 51,

1173–1179.

Piao SL, Fang JY, Ciais P et al. (2009) The carbon balance of terrestrial ecosystems in

China. Nature, 458, 1009–1013.

Pineiro G, Paruelo JM, Jobbagy EG et al. (2009) Grazing effects on belowground C

and N stocks along a network of cattle exclosures in temperate and subtropical

grasslands of South America. Global Biogeochemical Cycles, 23, 1291–1298.

Qiu LP, Wei XR, Zhang XC et al. (2013) Ecosystem carbon and nitrogen accumulation

after grazing exclusion in semiarid grassland. PLoS One, 8, 268–277.

Raich J, Schlesinger WH (1992) The global carbon dioxide flux in soil respiration and

its relationship to vegetation and climate. Tellus Series B, 44, 81–99.

Reicosky DC (1997) Tillage-induced CO2 emission from soil. Nutrient Cycling in Agroe-

cosystems, 49, 273–285.

Russell JA, Moreau CS, Goldman-Huertas B et al. (2009) Bacterial gut symbionts are

tightly linked with the evolution of herbivory in ants. Proceedings of the National

Academy of Sciences of the United States of America, 106, 21236–21241.

Ryan MG, Law BE (2005) Interpreting, measuring, and modeling soil respiration. Bio-

geochemistry, 73, 3–27.

Salvati L, Carlucci M (2015) Towards sustainability in agro-forest systems? Grazing

intensity, soil degradation and the socioeconomic profile of rural communities in

Italy. Ecological Economics, 112, 1–13.

Sasaki T, Okubo S, Okayasu T et al. (2009) Management applicability of the interme-

diate disturbance hypothesis across Mongolian rangeland ecosystems. Ecological

Applications, 19, 423–432.

Savadogo P, Sawadogo L, Tiveau D (2007) Effects of grazing intensity and pre-

scribed fire on soil physical and hydrological properties and pasture yield in the

savanna woodlands of Burkina Faso. Agriculture Ecosystems and Environment,

118, 80–92.

Schuman GE, Reeder JD, Manley JT et al. (1999) Impact of grazing management on

the carbon and nitrogen balance of a mixed-grass rangeland. Ecological Applica-

tions, 9, 65–71.

Shi XM, Li XG, Li CT et al. (2013) Grazing exclusion decreases soil organic c storage

at an alpine grassland of the Qinghai–Tibetan Plateau. Ecological Engineering, 57,

183–187.

Stahlheber KA, D’Antonio CM (2013) Using livestock to manage plant composition: a

meta-analysis of grazing in California Mediterranean grasslands. Biological Conser-

vation, 157, 300–308.

Stavi I, Ungar ED, Lavee H et al. (2008) Grazing-induced spatial variability of soil

bulk density and content of moisture, organic carbon and calcium carbonate in a

semi-arid rangeland. Catena, 75, 288–296.

Steffens M, K€olbl A, Kai UT et al. (2008) Grazing effects on soil chemical and physical

properties in a semiarid steppe of Inner Mongolia (P.R. China). Geoderma, 143,

63–72.

Su YZ, Li YL, Cui HY et al. (2005) Influences of continuous grazing and livestock

exclusion on soil properties in a degraded sandy grassland, Inner Mongolia, north-

ern China. Catena, 59, 267–278.

Tagesson T, Fensholt R, Cropley F et al. (2015) Dynamics in carbon exchange fluxes

for a grazed semi-arid savanna ecosystem in West Africa. Agriculture Ecosystems

and Environment, 205, 15–24.

Thomey ML, Collins SL, Vargas R et al. (2011) Effect of precipitation variability on

net primary production and soil respiration in a Chihuahuan Desert grassland.

Global Change Biology, 17, 1505–1515.

Wang W, Fang JY (2009) Soil respiration and human effects on global grasslands.

Global and Planetary Change, 67, 20–28.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1167–1179

1178 G. ZHOU et al.



Wang CK, Yang JY, Zhang QZ (2006) Soil respiration in six temperate forests in

China. Global Change Biology, 12, 2103–2114.

Wen HY, Niu DC, Fu H et al. (2013) Experimental investigation on soil carbon, nitro-

gen, and their components under grazing and livestock exclusion in steppe and

desert steppe grasslands, Northwestern China. Environmental Earth Sciences, 70,

3131–3141.

Williams M, Eugster W, Rastetter EB et al. (2000) The controls on net ecosystem pro-

ductivity along an Arctic transect: a model comparison with flux measurements.

Global Change Biology, 6, 116–126.

Wu HH, Wiesmeier M, Yu Q et al. (2012) Labile organic C and N mineralization of

soil aggregate size classes in semiarid grasslands as affected by grazing manage-

ment. Biology and Fertility of Soils, 48, 305–313.

Wu X, Li ZS, Fu BJ et al. (2014) Restoration of ecosystem carbon and nitrogen storage

and microbial biomass after grazing exclusion in semi-arid grasslands of Inner

Mongolia. Ecological Engineering, 73, 395–403.

Xia JY, Niu SL, Wan SQ (2009) Response of ecosystem carbon exchange to warming

and nitrogen addition during two hydrologically contrasting growing seasons in a

temperate steppe. Global Change Biology, 15, 1544–1556.

Yan L, Zhou GS, Zhang F (2013) Effects of different grazing intensities on grassland

production in China: a meta-analysis. PLoS One, 8, e81466.

Zhang BC, Zhou XH, Zhou LY et al. (2015a) A global synthesis of below-ground car-

bon responses to biotic disturbance: a meta-analysis. Global Ecology and Biogeogra-

phy, 24, 126–138.

Zhang T, Zhang YJ, Xu MJ et al. (2015b) Light-intensity grazing improves alpine mea-

dow productivity and adaption to climate change on the Tibetan Plateau. Scientific

Reports, 5, 15949.

Zhao N, Zhuang Y, Zhao J (2014) Effects of grassland managements on soil organic

carbon and microbial biomass carbon. Pratacultural Science, 31, 367–374 (In Chinese

with English abstract).

Zhou XH, Talley M, Luo YQ (2009) Biomass, litter, and soil respiration along a precip-

itation Gradient in Southern Great Plains, USA. Ecosystems, 12, 1369–1380.

Zhou LY, Zhou XH, Zhang BC et al. (2014) Different responses of soil respiration and

its components to nitrogen addition among biomes: a meta-analysis. Global Change

Biology, 20, 2332–2343.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Frequency distributions of response ratios (RR) of
soil carbon pools (SCP, a), soil nitrogen pools (SNP, b),
belowground plant carbon pools (RCP, c), root nitrogen
pools (RNP, d) microbial biomass carbon (MBC, e) and
microbial biomass nitrogen (MBN, f) to livestock grazing.
Figure S2. Relationships of response ratios (RR) of soil car-
bon pools (SCP) with bulk density (BD, a) and pH (b).
Table S1. Response ratio (RR) and number of data sets (in
parentheses) of 19 variables extracted from each of the
papers.
Table S2. Percentage of change concerned variables in
responses to livestock grazing.
Table S3. Correlation analysis of environmental variables
with each other and with response ratio of SCP [RR(SCP)]
and SNP [RR(SNP)] of surface soil (<15 cm).
Appendix S1. A list of 115 papers from which the data were
extracted for this meta-analysis.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1167–1179

EFFECTS OF GRAZING INTENSITY ON C AND N CYCLES 1179


