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Current climate change (e.g., temperature and precipitation variations) profoundly influences terrestrial vegeta-
tion growth and production, ecosystem respiration, and nutrient circulation. Grasslands are sensitive to climate
change, and the carbon sequestration ability is closely related to water availability. However, how the terrestrial
water budget influences regional carbon sequestration by the grassland ecosystem is still unclear. In this study,
we modified a terrestrial biogeochemical model to investigate net ecosystem productivity (NEP) of Chinese
grasslands under different aridity index (AI) levels from 1982 to 2008. The results showed that Chinese
grasslands acted as a carbon sink of 33.7 TgC. yr−1, with a clear decrease in the spatial distribution from the
humid end (near-forest) to the arid end (near-desert). During these 27 years, gross primary productivity
(GPP) and net primary productivity (NPP) significantly increased with regional warming over the entire range
of the AI, but no significant tendency was found for NEP. Meanwhile, only NPP in the arid zone (AR) and the
semiarid zone (SAR) were significantly correlated with mean annual precipitation (MAP), and no significant
correlation was found between heterotrophic respiration (Rh) and MAP; NPP and Rh were both positively correlated
with mean annual temperature (MAT) in all AI zones except for NPP in AR; no significant correlation between NEP
andMAP orMATwas found. These results revealed that the grasslandswith different AI levels keep different response
patterns to temperature and precipitation variations. On the basis of these results, we predicted that the gap of carbon
sequestration ability between humid and arid grassland will expand. The total carbon sink in Chinese grasslands will
continue to fluctuate, but there is a danger that it might shrink in the future because of a combination of climatic
and human factors, although CO2 fertilization and N deposition might partly mitigate this reduction.

© 2016 Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

According to the latest Intergovernmental Panel on Climate Change re-
port (2013), global surface temperature increased by 0.85°C from 1880 to
2012 and will continue to rise by approximately 0.3−4.8°C in 2081–2100

compared with the temperature for 1986–2005. Given this situation, the
global terrestrial carbon and hydrological cycles are experiencing
and will continue to experience significant changes (Calzadilla et al.
2013; Gosling and Arnell 2013). Furthermore, because of the tight interac-
tions between these two cycles, theywill strongly affect each other aswell
(Falkowski et al. 2000; Porporato et al. 2003).

Grasslands cover approximately 44% of the total terrestrial area in
China and comprise 13% of the world’s total grasslands (Ni 2002,
2004a; Scurlock and Hall 1998). Grasslands are among the most
important terrestrial carbon pools in China, storing approximately
3.06 Pg of vegetation carbon and 41.03 Pg of soil carbon (Ni 2002).
The Chinese grasslands ecosystem is greatly affected by human activity
via land use and cover change, direct graze, and mowing, so it is also
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closely related to national agriculture and the animal husbandry system
(Cao et al. 2011; Duan et al. 2011; Wang et al. 2011).

Grassland ecosystems are sensitive and vulnerable to global change
(Fang et al. 2003; Ni 2003, 2004b; Piao et al. 2006c; Scurlock and Hall
1998). The impacts of CO2 concentration, temperature, and precipita-
tion variability can significantly affect the grassland carbon and water
budget (Bai et al. 2010; Mitchell and Csillag 2001; Schimmelpfennig
et al. 2014; Shen et al. 2011). Earlier regional results indicated that a sig-
nificant upward trend ofmean annual temperature (MAT) coupledwith
CO2 fertilization stimulated vegetation growth. Results from multiple
studies have shown that the net primary productivity (NPP) of Chinese
grassland increased by approximately 15−20% from 1980 to 2000,
which is regarded as strong evidence for characterizing grasslands as a
carbon sink (Fang et al. 2003; Ni 2000; Piao et al. 2003). During the
past several decades, Chinese grasslands acted as a carbon sink overall,
and this trend is predicted to continue for the next 100 years (Fang
et al. 2007; Ji et al. 2008; Piao et al. 2007). However,more recent studies
noticed that an increase in soil respiration and water consumption due
to climate change could counteract the CO2 fertilization effect and even
reduce the current regional carbon sequestration in Chinese grasslands.
Thus the carbon sequestration ability is likely to remain unchanged or
even shrink in the future, especially in those arid and semiarid areas
(Lu et al. 2009; Piao et al. 2012b; Sui and Zhou 2013).

Previous studies that investigated the responses of the regional ter-
restrial ecosystem to climate change were mostly based on categoriza-
tion of the ecosystems by vegetation types, administrative division or
geographic zoning (Fang et al. 2007; Liu et al. 2013; Ni 2002; Yang
et al. 2008b). In those studies, however, the terrestrial water availability
has not been explicitly identified, which could lead to confusion about
carbon and water interactions and their impact on regional terrestrial
ecosystems. For example, in the widely studied “arid/semiarid” area of
Inner Mongolia, the water budget and the grassland types are diverse,
ranging from the humidmeadow steppe in the northeast to an extremely
arid desert steppe in the southwest. Water availability varies greatly
throughout the region, so the response of these diverse ecosystems to
climate change should vary as well.

In this study, wemodified and validated a terrestrial biogeochemical
model, the boreal ecosystem productivity simulator (BEPS) (Chen et al.
1999), to simulate vegetation primary production (gross primary pro-
ductivity [GPP], NPP), soil respiration (Rh), and net carbon sequestration
ability (net ecosystem productivity [NEP]) in Chinese grasslands from
1982 to 2008. Themodel wasmodified to include the terrestrial carbon,
hydrological, and nitrogen cycles and proved to work well in grassland
ecosystems (Ju and Chen 2005; Ju et al. 2010; Matsushita and Tamura
2002; Zhang et al., 2013a, 2013b). In this study, we further modified
some of the major model input parameters and algorithms to adjust
the model to better simulate the regional grassland ecosystem
(e.g., the maximum carboxylation rate [Vc,max], autotrophic respiration,
production allocation). We divided Chinese grasslands into four subre-
gions according to the aridity index (AI), and we studied the terrestrial
response to climate change in response to differentwater budget levels.
The goals of this study are to (1) investigate the spatiotemporal
variation of the carbon sequestration ability in Chinese grasslands
from 1982 to 2008 using a modified terrestrial ecosystem model and
2) quantify the response of Chinese grasslands to current climate
variations (i.e., temperature and precipitation variations) at different
terrestrial water budget levels (Fig. 1).

Methods

Model Description

In this study, we modified and applied a daily-step biogeochemical
model, the BEPS. Themodel was initially developed to calculate vegeta-
tion GPP and NPP using the Farquhar leaf biochemical model and the
canopy double-leaf scheme (Chen et al. 1999). A terrestrial hydrological

model was incorporated to account for the soil water content (SWC)
and evapotranspiration (Chen et al. 2007; Liu et al. 2003). In addition,
a CENTURY-derived soil carbon and nitrogen model was introduced
by Ju et al. (2006).

We modified the version of BEPS that includes all three
modules mentioned earlier. In this paper, we only describe the major
methods to calculate indexes of terrestrial carbon flux (i.e., NPP,
heterotrophic respiration (Rh), and NEP), SWC simulation, and our
modifications. A detailed introduction of the model can be found in
the Supplementary Material.

The NEP is the difference between NPP and Rh:

NEP ¼ NPP−Rh

where NPP is the difference between GPP and autotrophic respiration
rate (Ra):

NPP ¼ GPP−Ra

For the GPP simulation, the leaf maximum carboxylation efficiency
(Vc,max) is an important input parameter that controls photosynthetic
assimilation (Warren et al. 2003). Instead of using a predefined value,
we used a multienvironmental limits scheme to calculate the Vc,max

with the Farquhar model according to Zhang and Zhou (2012):

V c;max ¼ Vm;0 � f Tempð Þ � f SWð Þ � f CO2ð Þ � f SNð Þ

where Vm,0 is the maximum carboxylation rate under optimal environ-
mental conditions and f(Temp), f(SW), f(CO2), and f(SN) are functions of
the atmospheric temperature (Temp [°C]), surface SWC (SW [%]),
atmospheric CO2 concentration (CO2 [Pa]), and soil nitrogen content
(SN [mg/g]) that affects the Vc,max value. Ra is simulated as the sum of
growth respiration (Rg) and maintenance respiration (Rm). Rg is
calculated as a fixed percentage from GPP. For Rm simulation, in the
prototype model, we replaced the original Bonan (1995) algorithm
with a plant component-specific scheme:

Rm;k ¼ Tk � rm;k � Q
T−Tre fð Þ

10
10;r

Tk is the biomass of plant component k, and rm,k is the coefficient of
the maintenance respiration. T and Tref are air temperature and refer-
ence temperature for maintenance respiration, respectively. Q10,r is a
temperature sensitivity factor for respiration calculated as a function
of temperature (Arora 2003):

Q10;r ¼ 3:22−0:046T

After NPP has been simulated, a production allocation model is
added according to Friedlingstein et al. (1999).

Rh is calculated by multiplying the carbon release rate (pk) from the
total carbon amount of a soil carbon pool (Ck).

Rh ¼
X8

k¼1

pkCk

For the Rh simulation, the major modifications of the soil module
from the previous version were as follows: 1) The woody litter pool
was excluded for grassland simulation and 2) the effect from soil mois-
ture on decomposition (Fw) was calculated using the water-fill pore
space (WFPS) according to the inTECmodel ver. 3.0 (Ju and Chen 2005):

Fw ¼ 5:44WFPS−5:03WFPS2−0:472

where WFPS is calculated as the ratio of SWC and saturated SWC.
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The SWC is calculated by total water inputs (rainfall and snowfall)
minus the total outputs (e.g., evapotranspiration, canopy interception,
interlayer interaction, runoff). To accomplish this, the soil is separated
into three layers and the canopy is divided into sunlit and sunshaded
parts, the same as for the photosynthesis calculation. The SWC is related
to the carbon cycle by defining thewater stress effect on photosynthesis
and soil respiration.

The revised grassland specific input parameters are shown
in Table 1.

Data Preparation

Aridity Index (AI) Classification Map
We used the AI map from the Consultative Group for International

Agriculture Research (CGIAR) from 2009 (aridity index dataset:
http://www.cgiar-csi.org/data/global-aridity-and-pet-database).

In this product, the AI was defined as the ratio of mean annual precipi-
tation (MAP) to theMeanAnnual Potential Evapotranspiration (MAPE):

AI ¼ MAP=MAPE

MAP is obtained from the WorldClim Global Climate Data (Hijmans
et al. 2005). The temporal scale is from 1950 to 2000. MAPE
was modeled using the Hargreaves and Allen (2003) algorithm using
the mean temperature and extraterrestrial radiation (RA), which was
calculated by the method of Allen et al. (1998) method. The spatial
resolution of the product is 0.008333 degrees. It was resampled into
8-km resolution.

According to the original dataset, terrestrial ecosystems are classi-
fied into five levels: hyper-arid (AI b 0.03, HAR), arid (0.03 b AI b 0.20,
AR), semiarid (0.20 b AI b 0.50, SAR), dry and subhumid (0.50 b AI b
0.65, DSH), and humid (AI N 0.65, HU). However, few hyper-arid

Fig. 1. Chinese grassland under different aridity levels.

Table 1
Grassland specific input parameters for the improved model.

Parameter Abbreviation Original Value Value Description Source

Vmax,opt / 100 (mmol m−2 s−1) Optimal maximum rubisco-limited potential photosynthetic capacity (Li et al., 2011)
SLA 0.015 (m2 g−1) 0.025 (m2 g−1) Specific leaf area (Schapendonk et al., 1998)
LR co. 0.008 0.002 Leaf respiration (Matsushita and Tamura, 2002)

Coefficient
SR co. 0.001 0.00005 Stem respiration (Matsushita and Tamura, 2002)

Coefficient
RR co. 0.003 0.0002 Root respiration (Matsushita and Tamura, 2002)

Coefficient
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Chinese grasslands exist, so we combined that category with AR
(see Fig. 1).

Model Input Data

Land Cover Map
The MODIS land cover product (USGS-EROS, MODIS product,

MOD12Q1-2001, Available at: https://lpdaac.usgs.gov) was used due
to its good quality and wide usage. We used the version with IGBP
global vegetation classification and 1-km resolution. Chinese grassland
map was extracted and resampled to 8-km resolution to fit for the
model input.

LAI
We used a daily-step 8-km LAI product (CAS, Global LAI database,

Available at: http://www.globalmapping.org/globalLAI/) to drive
the model. The consistent 8-km daily LAI product was derived from
both Moderate Resolution Imaging Spectroradiometer (MODIS) and
Advanced Very High Resolution Radiometer (AVHRR) products. The
MODIS LAI series was generated using GLOBCARBON LAI algorithm for
the period since 2000 (2000–2008 in this study). Thereafter, the rela-
tionships between AVHRR SR and MODIS LAI were established pixel
by pixel during the overlapped period (2000–2006). On the basis of
these relationships, homogeneous LAI serieswere retrieved fromhistor-
ical AVHRR observations for the period before 2000 (1982–1999 in this
study). More details can be found in Liu et al. (2012).

Daily Meteorological Data
The daily air temperature, precipitation, radiation, and specific hu-

midity are required to drive themodel.We used the GlobalMeteorolog-
ical Forcing Dataset for Land Surface Modeling (Princeton University,
Global Meteorological Forcing Dataset for Land SurfaceModeling, Avail-
able at: http://rda.ucar.edu/datasets/ds314.0/). This database is based
on global observation datasets and NCEP/NCAR reanalysis, and to
enhance its accuracy, it was recently updated with the results from
the World Meteorological Organization (WMO) Solid Precipitation
Measurement Inter-comparison and Global Precipitation Climatology
Project (GPCP) daily product. Thereafter, the data were evaluated by
using the second Global Soil Wetness Project (GSWP-2) dataset and
753 basic meteorological stations across China. The spatial resolution
is 8 km.

Atmospheric CO2 Data
Monthly atmospheric CO2 data were collected from Mauna Loa

Observatory (MLO), Hawaii (20°N, 156°W) (MLO, Air CO2 database,
Available at: http://cdiac.esd.ornl.gov/ftp/trends/co2/maunaloa.co2).

Soil Texture Data
Soil texture data were collected from the Global Soil Dataset for use

in Earth System Models (GSDE, Available at: http://globalchange.bnu.
edu.cn/research/soilw). The data are displayed in the volumetric
percentages of silt, clay, and sand, from which hydrological parameters
including the wilting point, field capacity, soil porosity, and maximum
water-holding capacity can be estimated. The spatial resolution is 1 km.

All the input datasetswere extracted and resampled to 8 km to fit for
the model simulation.

Model Simulation and Data Analysis

Themodel uses a semianalytical scheme to calculate the steady state
of soil carbon storage (Ju et al. 2006; Xia et al. 2012). First it calculates
the regional quasi-steady-state pool sizes by setting the terrestrial flux
equal to zero to ensure that the pools’ sizes are close to the assumed
steady state without running the model for hundreds or thousands of
years. Next, the pools are further spun up by using mean historical
forcing data to meet the steady-state criterion. The run time depends

on the carbon residence time in the various pools. In this study, we
used the daily climatic data during 1948–1953 and a corresponding
CO2 concentration of 311 ppm to execute the initialization. Finally, we
ran the model with transient climatic forcing and a rising CO2 concen-
tration to obtain the carbon storage level at the beginning of 1982. Dur-
ing this period, LAI was estimated using the specific leaf area (SLA, the
ratio of leaf area to leaf biomass) and simulated leaf biomass. A param-
eter of maximum LAI was used to constrain the LAI upper limit. After
that, themodelwas run againwith the historical LAI andmeteorological
inputs from 1982 to 2008 with a daily step.

We defined a linear regression model y = a + bx to analyze the
spatiotemporal trend of GPP, NPP, and NEP, where x represents the
study year.

A one-way analysis of variance (ANOVA) was used to test the signif-
icance of correlationships between ecosystem indexes (i.e., NPP, NEP,
and Rh) and climatic factors (i.e., MAP and MAT) using SPSS 20.0 (IBM
SPSS Inc., Chicago, IL, USA). Differences at p b 0.05 and p b 0.01 were
considered as significant and very significant, respectively.

Model Validation

Simulation results for both the original and modified models were
compared with EC measurements and field work results (Table 2).

The two Eddy Covariance (EC) sites are located at Xilinhot (IM) and
Tongyu (TY) (Chen et al. 2009; Yang et al. 2008a). Daily-step data for GPP
andnet ecosystememission (NEE, equal to−NEP)with completemeteoro-
logical information were used to evaluate the corresponding model results.

Field measurements of biomass were collected from major grass-
lands in China, including grasslands in Xinjiang, Inner Mongolia and
on the Qinhai-Tibet Plateau. Each of these sites represents a typical veg-
etation pattern in a local area. The biomass datawere sampled from four
replicates within each test site. The total biomass was defined as the
sum of the herbaceous, litter, and root biomass. The peak-season living
aboveground biomass and litter was measured by the destructive sam-
pling of 1.0m2. The recent litters were selected. Thereafter, the samples
were dried at 65°C to constant weight and then weighted. Roots were
collected by excavating 1.0m2 squares to a depth of 0.5m. Rootmatters
were hand sorted from soil, washed, dried at 65°C, and weighted. The
dry matter values were converted to carbon assuming a proportional
factor of 0.475 (Garbulsky and Paruelo 2004).

Information about the sites can be found in Table 2.

Results

Model Validation and Comparison

Themodifiedmodel had better performance than the originalmodel
for both comparisons with the EC sites and field studies (Figs. 2 and 3).
For the EC sites, the average R2 values of GPP (GPPMOD) against GPP
from EC measurements (GPPEC) were increased by 0.15 (0.77 and 0.83
for the revised model compared with 0.64 and 0.66 for the original
model in IM and TY, respectively). The average R2 increase in the net
ecosystem emission (NEE, equal to −NEP) was 0.11 (0.84 and 0.78 for
the revised model compared with 0.73 and 0.68 for the original model
in IM and TY, respectively). The average RMSE values of GPP decreased
by 0.66 gC.m−2 (1.25 gC.m−2 and 1.4 gC.m−2 for the revised model
compared with 1.99 gC.m−2 and 1.96 gC.m−2 for the original model
in IM and TY, respectively), and the value decreased by 0.21 gC.m−2

for NEE (0.96 gC.m−2 and 0.92 gC.m−2 for the revisedmodel compared
to 1.21 gC.m−2 and 1.1 gC.m−2 for the original model in IM and TY,
respectively). The modified model also showed a better correlation
with the field NPP (R2 = 0.79 for the modified model against 0.76 for
the original model, P b 0.001, see Fig. 3).

On the basis of these statistics comparisons, we believe that our
modifications could improve the model performance for Chinese grass-
lands. Themodel results are credible and suitable for this regional study.
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Spatiotemporal Pattern of GPP, NPP, and NEP at Different AIs

Fig. 4 shows the spatial distribution of the mean annual value, slope
(b), and correlation coefficient (r) of GPP, NPP, and NEP in China from
1982 to 2008. GPP and NPP have similar spatial distributions and varia-
tion trends for Chinese grasslands, indicating a relatively stable autotro-
phic respiration level. Grassland production has a clear zonal
distribution from near-forest to near-desert. High-productivity grass-
lands are mainly located in HU, DSH, and those SAR areas connected
to forests, such as themeadow steppe joined to Great Khingan and Sibe-
ria Forest in the eastern and southeastern part of the Mongol Steppe,
and the alpine meadow near the southern and eastern part of the
Qinghai-Tibet Plateau. The values for those areas are generally above
200 and 150 gC.m−2 per year for GPP and NPP, respectively. These
parts are also among the fastest-growing areas with a significant posi-
tive trend (see Fig. 4b and c). Grasslands with lower productivity are
those areas near the Gobi and Taklimakan deserts, for which GPP and
NPP are typically b 20 and 10 gC.m−2 per year, respectively. A large
part of these areas also experienced a significant production increase;
however, the absolute value was strongly limited by the environmental
condition and the intrinsic vegetation growth potential. The main re-
ductions were concentrated around the northwestern part of the
Tibet-Qinghai Plateau and the northeastern corner of Inner Mongolia

extending to the central part, but the decreasing trend was mostly
insignificant.

NEP calculated by themodel has a similar spatial distribution to NPP.
Chinese grasslands mainly acted as a carbon sink during the 27 years
under consideration (see Fig. 4a). Strong sink areas are those with
high productivity, andweak sink or source areas are thosewith lowpro-
ductivity. The regional temporal trend showed a divergence with pro-
duction (see Fig. 4c). A decreasing trend was found in the northern
part of Xinjiang Province, the northern and eastern part of Inner
Mongolia, and the southeastern part of the Qinghai-Tibet Plateau.
However, only small parts of these areas showed significant changes.
A significant increasing tendency was found in the SAR areas near
Taklimakan desert and in southern Inner Mongolia.

Temporal Variations of Meteorological Factors and Terrestrial
Carbon Flux Indexes

During the research period, the entire region’sMAT increased by ap-
proximately 1.3°C according to the fitted linear regression equation,
showing significant trends in all four subregions (Fig. 5a). However,
no significant MAP trend was found except a slight increase in the AR
region (Fig. 5b). Under such environmental conditions, Chinese
grasslands’ productivity increased in all AI zones. The overall

Table 2
List of site information for model validation.

Site Data type Long. Lati. Climate⁎ Time extent Number of samples

IM FLUX 116°40'E 43°33'N BSk 2004 /
TY FLUX 122°52'E 44°25'N Dwa 2008 /
Northern Tibet Field 100°51’-101°17’E 36°57’-37°36’N ET 2004-2007 49
Xinjiang Field 88°37'E-88°40'E 44°29'N-44°31’N Bwk 2012 52
Inner Mongolia Field 111°6'3"E-118°20'24"E 42°19'12"N −46°9'36"N BSk, Dwb 2004-2008 54

⁎ Climate type of grassland is based on Koeppen-Geiger classification (http://koeppen-geiger.vu-wien.ac.at/). BSk: main climate— arid, precipitation— steppe and temperature— cold
arid; Dwa:main climate— snow, precipitation—desert and temperature—hot arid; ET:main climate—polar and temperature—polar tundra; Bwk:main climate— arid, precipitation—desert
and temperature— cold arid; Dwb: main climate— snow, precipitation— desert, temperature—warm summer.

Fig. 2. Comparisons ofmodeled GPP (GPPMOD, gC.m−2.d−1) and NEE (NEEMOD, gC.m−2.d−1) to daily EC sites’measurements in Tongyu (TY) and InnerMongolia (IM): (a) the results with
the original model (OR); (b) the results with revised model (RE). The unit of RMSE is gC.m−2.
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increments were about 50.1 gC.m−2 and 36.1 gC.m−2 for GPP and NPP,
respectively (Fig. 5c and d). However, during the period, NEP showed a
continuous fluctuation without any significant trend (Fig. 5e).

Impact of Changes in Meteorological Factors on NPP, Rh, and NEP

The responses of NPP and Rh to climate change in the different AI
zones are shown in Table 3. Significant relationships exist between
NPP andMAT in HU, DSH, and SAR zones, with relatively good explana-
tion ability. Slope increases from SAR to HU from 12.33 to 29.18 were
evident. Rh also showed significantly positive correlation with MAT in
all AI zones and slope increases from AR to HU from 6.50 to 26.91.

The linear correlations between NPP andMAP become progressively
weaker from the arid end to the humid end. Significant correlations
were found for AR and SAR but not for DSH and HU. In contrast, we
did not find a significant correlation between Rh and MAP across the
entire range of AI levels.

Moreover, no direct correlation was found between NEP and MAT
or MAP.

Discussions

Our modified model performed better for grasslands than the origi-
nal BEPSmodel at both EC sites and for fieldmeasurement comparisons.
From a regional perspective, our NPP result is generally consistent with
the results ofmajormodels butmuch less than the result from the CASA
model (Potter et al. 1993) (Table 4). However, it seems that the original
CASAmodel overestimatedNPP because the value declined significantly
after an improvement byXing et al. (2010) andwas close to our result as
well. For NEP, we found that our result was similar to the result from the
GLPM and slightly higher than the result from the TEM. The main rea-
sons for these differences could be the longer study period in the Sui
study (1951–2007), which covered 3 decades during which NEP was
lower than in recent times. Furthermore, different model inputs could
also influence the results. Our result is much higher than that derived
from the grassland resource inventory. We think that the use of differ-
ent methods to calculate vegetation production is one of the main rea-
sons for the discrepancy in the results. In the work of Fang et al.
(2007), the aboveground biomasswasdirectly estimated via a statistical
model from the annual maximum NDVI and the grassland biomass C
density, and the C content was derived from the biomass using a factor
of 0.45. Belowground biomass is estimated by a predefined root-to-
shoot ratio for each grassland type. However, for BEPS and similar

terrestrial biogeochemical models, the total carbon input is estimated
by the Farquhar biochemical model or a light-use efficiency scheme
and ecosystem respiration is estimated using a multipool scheme. This
mechanical difference in estimation methodology has produced large
discrepancies in regional studies. According to the study by Piao et al.
(2012a), an estimation using the ensemble terrestrial ecosystem
model (without considering biofuel consumption) is higher than the re-
sult from the inventory method for East Asia (−0.413 ± 0.141 Pg
C.yr−1 vs. −0.293 ± 0.033 Pg C.yr−1). Moreover, the different land
cover classifications could also account for the discrepancies. In Fang’s
study, more barren regions were classified as grasslands, especially
arid/semiarid areas located in Central and Northwestern Tibet (close
to the Taklimakan Desert). These areas are characterized as desert
steppe and have a very low carbon density and sequestration potential.

In this study, the AI classification distinguishes Chinese grasslands
with different aridity levels and reveals the different situations, trends,
and responses to climate change. Induced by various biogeographic fea-
tures of grasslands in different AI zones, the response pattern of the
grasslands to hydrothermal conditions varies. Different responses
from grassland toMAP could be explained by a change in themajor lim-
itation for vegetation growth. For relatively humid areas, precipitation is
always sufficient for regular vegetation growth and transpiration, so
toomuchwater input can induce ineffectivewater use and a higher bio-
geochemical requirement, such as a nutrient limitation (Austin and
Vitousek 1998). For arid/semiarid areas, vegetation production is seri-
ously limited by water scarcity and induces vegetational limitations
such as low LAI and high root-to-shoot ratio (Bai et al. 2010; Fan et al.
2009). Thus vegetation production is much more sensitive to water
availability in such areas. Our results for arid/semiarid areas are in ac-
cordance with those of Yang et al. (2010) and Ni (2004a), who also
noted a significant positive correlation between NPP and MAP. In con-
trast, we do not find a direct correlation betweenMAP and Rh. One pos-
sible explanation is that MAP hardly represents the true soil moisture
conditions because moisture is consumed by other means such as
evapotranspiration or runoff and less is conserved in the soil, especially
in arid/semiarid areas. In addition, the intra-annual precipitation distri-
bution could have a profound impact on this response. If more extreme
rainfall events occur, the actual period for which the soil water content
is suitable could be reduced in humid ecosystems, while it could be
prolonged in arid ecosystems. This mechanism has been theoretically
explained and demonstrated by multiple studies and might contribute
to the ambiguous relationship between MAP and Rh (Jentsch and
Beierkuhnlein 2008; Knapp et al. 2008; Luo et al. 2008). For MAT,

Fig. 3. Comparison between modeled NPP (NPPMOD, gC.m−2) and observed NPP (NPPField, gC.m−2) from independent field measurements collected from Inner Mongolia, Qinghai-Tibet
Plateau and Xingjiang: (a) the result with the original model (OR); (b) the result with revised model (RE).
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significant positive production correlations were found in most areas,
except for the AR zone. This suggests that a difference still exists be-
tween the present temperature conditions and optimal temperature
conditions for grass growth. According to the results from Piao et al.
(2006a) and Parmesan (2007), an overall increase in temperature
could promote earlier greening and extend the growth season in tem-
perate grasslands, especially in these areas that have a high growth po-
tential (Knapp and Smith 2001). Additionally, higher temperatures
could also promote soil N mineralization and therefore benefit the nu-
trition supply for vegetation (Melillo et al. 2002).

Chinese grasslands mainly consist of SAR (N50%) with the largest
amount of carbon sequestration of approximately 16.4 TgC per year
and the HU zone with approximately 9.5 TgC per year. These two
zones comprise the major contributors to the carbon sink in Chinese
grasslands. Under the current trend of climate warming, a concurrent
increase in vegetation production and soil respiration leads to a fluctu-
ation in carbon sequestration. We did not find a direct relationship be-
tween NEP and MAT, but significant a positive correlation between
NPP/Rh and MAT was found, and the Rh was found to increase more
quickly than NPP in the AR and SAR zones (70% of the entire area) but
more slowly in the DSH and HU zones (≈30% of the entire area) as

MAT increased. Then, we calculate the net increase of MAT-driven
NPP and Rh over the entire region by multiplying them by the areas of
each AI (we assumed that no NPP variation occurred in AR with a
MAT increase). The results showed that Chinese grasslands could lose
1.29 TgC per year with each 1°C rise in MAT, whichmeans that regional
warmingwill lead to larger differences in carbon sequestration between
arid and humid grasslands and an overall reduction of the grassland car-
bon sequestration ability. The result is in accordance with previous
studies by Piao et al. (2012b) and Lu et al. (2009), who also remarked
thatwithout the influence of other unforeseen factors, grassland carbon
fixation ability will probably weaken due to climatic warming in the fu-
ture, especially in arid/semiarid areas. A possible increase in precipita-
tion during the growth season may slightly mitigate this trend by
stimulating productivity in the AR and SAR zones. But the extra water
inputmay also indirectly stimulate themicrobial respiration by creating
a more suitable soil environment (Janssens and Pilegaard 2003; Peng
et al. 2009; Zheng et al. 2009).

The current atmospheric CO2 concentration is not at the saturation
point for plant photosynthesis, so an increase could still cause increased
biomass accumulation, which has been demonstrated in some regional
studies (Piao et al. 2006b; Sitch et al. 2013). At the same time, the

Fig. 4. Spatial distribution of (a)mean annual value (MEAN), (b) annual change rate (SLOPE) and (c) correlation coefficient (R) of GPP, NPP and NEP during the period from 1982 to 2008.
Positive (negative) values of SLOPE and R represent increase (decrease) of the corresponding index; p values represent significant levels.
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Fig. 5. Temporal trends of (a) MAT(°C), (b) MAP (mm), (c) GPP (gC.m−2.yr−1), (d) NPP (gC.m−2.yr−1) and (e) NEP (gC.m−2.yr−1) in different AI zones during the period from 1982 to
2008. Green lines representHUzone, yellow lines represent DSH zone, orange lines represent SAR zone,maroon lines represent AR zone andblack lines represent regionalmeans. The solid
straight lines represent that the significant linear trend (p b 0.05) exists during the period.

Table 3
Linear correlationships between annual NPP/Rh and MAT/MAP.

MAP MAT

NPP Equation R2 p Equation R2 p

AR y = 0.1498x + 4.0693 0.4014 b0.001 N
SAR y = 0.1067x + 59.78 0.1558 b0.05 y = 12.328x + 73.522 0.4251 b0.001
DSH N y = 19.695x + 151.71 0.5139 b0.001
HU N y = 29.182x + 223.81 0.5107 b0.001

Rh Equation R2 p Equation R2 p
AR N y = 6.4972x + 19.678 0.5426 b0.001
SAR N y = 13.473x + 53.486 0.6622 b0.001
DSH N y = 18.742x + 126.56 0.6309 b0.001
HU N y = 26.907x + 183.79 0.455 b0.001

“N” represents no significant relationship exists, i.e. p N 0.05.
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studies in both recent decades and future predictions agree that the
greatest part of the carbon sink attributed to a rise in CO2 is distributed
in Southeast China (Sui et al. 2013; Wang et al. 2014). Hence this re-
sponse patternmay contribute to larger differences in carbon sequestra-
tion between arid and humid areas. Moreover, it should be noted that
CO2 fertilization may only play a minor role in the NEP variation of Chi-
nese grasslands. For example, Mu et al. (2008) indicated that although
CO2 fertilization could have a strong impact on the Chinese carbon
sink, its impact on grasslands is the weakest and only accounts for
0.3% of the total NPP. The results from the TEM showed that CO2 fertil-
ization could only counteract 1.4% of a NEP decrease while the climatic
factor caused a NEP variation of 15.3% (Sui et al. 2013).

N deposition could enhance photosynthesis input by increasing the
leaf nitrogen levels and decelerate soil carbon decomposition by raising
the ratio of C and N in soil pools. According to a summary by Piao et al.
(2012a), N deposition could lead to an increase in carbon sequestration
in China ranging from −0.125 Pg C to b −0.089 Pg C. Currently, most
studies on Chinese grasslands are focused on semiarid temperate
steppes (e.g., InnerMongolia), while little work has been done on grass-
land areas on a national scale. The limitations come from a paucity of
field research and the existence of large uncertainties in nitrogen-
coupled model simulations (Liu et al. 2011).

By incorporating LAI to drive the model, we implicitly include the
impacts from some major disturbances in grasslands, such as grazing,
mowing, and fire. On the basis of this calculation, vegetation responses
to disturbances are actually added into the production prediction and
the bias range could largely depend on how much productivity is con-
sumed or lost to the disturbances. In the past 30 years, the number of
livestock in China has exploded. According to our previous research in
Inner Mongolia, the total number of livestock in 2010 more than dou-
bled from that in 1986 (≈100 million head vs. 40 million head, respec-
tively), which largely aggravated grazing and mowing pressure on
grasslands and led to continuous degradation (Mu et al. 2013). This sit-
uation is currently common in the SAR and AR zones in China, such as in
the temperate steppe in the Mongol Plateau and the alpine meadow
grasslands in the northwestern part of the Qinghai-Tibet Plateau (Li
et al. 2005; Li et al. 2006). According to the surveys of Liu et al.
(2004), approximately 90% of Chinese natural grasslands is degraded
to various extents. As one thing leads to another, this trend will finally
result in an undesirable transformation of the land cover from grass-
lands to sand land or desert (Pei et al. 2008). In addition, other distur-
bances such as mining and fires on grasslands are predicted to
increase (Liu and Diamond 2005; Stephens et al. 2014; Wang et al.
2013). Thus a direct loss in productivity major perturbations increased
from the 1980s to 2000s, and these trends will probably continue
in the future due to the increasing demands of animal production
(McMichael et al. 2007). Because the aggravation of regional degrada-
tion has been noted in major Chinese pasture areas (especially during
the period 1980–2000) (Zhang et al., 2013a), we think that regional dis-
turbances negatively affect grassland ecosystems. Therefore the pure

NPP responses to climate change are actually greater than our current
calculations indicate. This bias could also be present in former regional
simulations and predictions based on diagnostic models because the
model inputs for canopy data are similar (e.g., LAI, NDVI, vegetation cov-
erage) for representing photosynthetic capacity and vegetation growth.
Therefore we think that stronger production responses to climate
change should be noted in future studies, and a comprehensive
description of terrestrial biogeochemical cycle responses to distur-
bances is urgently needed for large-scale ecosystem carbon budget
modeling and calculations.

Land use and cover change (LUCC) is another unpredictable factor.
The current LUCC is closely related to human activity and government
policies. On the onehand, inappropriate human use and activities, in ad-
dition to the increasing frequency of extreme climatic events
(e.g., drought, snowstorms), have contributed to grassland degradation
in arid/semiarid areas, as discussed in the previous paragraph. On the
other hand, the Chinese government has instituted several large regional
programs to address these problems since the late 1990s. One of the
most well-known projects is the Grain to Green Project (GTGP), which
has induced a land conversion from deserts and croplands to grasslands
or forests (Wang et al. 2007). Reports indicate that the grassland area in-
creased by 77,993 km2 from 2000 to 2009, with 29,432.71 Gg C. yr−1 in
Inner Mongolia (Mu et al. 2013). A similar trend has been reported
for Shanxi, Gansu, Qinghai, and Xinjiang provinces (Feng et al. 2005).
Moreover, the current trend of urbanization has accelerated the expan-
sion of urban areas to original natural ecosystems, and this process also
moves a large amount of the rural population to the cities, thus contrib-
uting to the recovery of grasslands and shrublands in rural areas (Pärtel
et al. 2007; Peng et al. 2009). According to a summary by Liu et al. (2010),
climate warming and the pursuit of economic profits are the major
drivers of grassland reduction, while large ecological projects, for
example, the GTGP, drive grassland expansion in China. Therefore we
think that a combination of these factors accounts for part of the large
uncertainty regarding carbon sequestration in Chinese grasslands.

Above all, on the basis of our predictions, the carbon sink ability of
Chinese grasslands will continue to fluctuate in the future, but a danger
exists that this sink might be minimized because of multiply factors.

Implications

According to the results from our model, under current climate
change trends, grassland production increased in all AI zones from
1982 to 2008. However, because soil respiration was simultaneously
increased, the grassland carbon sequestration ability fluctuated and
did not show a significant trend. Meanwhile, grassland production
was only sensitive to MAP in arid/semiarid areas, while a higher MAT
led to production increases in a wider range of grasslands because of
the large difference between present temperature conditions and the
optimum temperature conditions for grasslands. The warming trend
led to an Rh increase as well. However, no direct correlation was

Table 4
Result comparison between recent studies and this paper of Chinese grassland’s NPP (gC.m−2.yr−1) and NEP (gC.m−2.yr−1).

Study area Study period Method Results (gC.m−2.yr−1) Corresponding results in this paper⁎

(gC.m−2.yr−1)
reference

Northern China 2000-2005 Improved CASA model NPP:153.26 143.4 (Xing et al., 2010)
China 2000 CASA NPP:245 141.58 (Gao and Liu, 2008)

CEVSA NPP:208
GLOPEM NPP:145
GEOLUE NPP:178
GEOPRO NPP:168

China 2007 BEPS NPP: 122.6 155.72 (Feng et al., 2007)
Xilin River basin, Inner Mongolia 2002 GLPM NEP:1.91 2.23 (Zhang et al., 2009)
Inner Mongolia 1951-2007 TEM NEP:11.25 15.97 (from 1982 to 2007) (Sui et al., 2013)
China 1981-2000 Chinese Grassland resource inventory NEP:2.12 5.65 (from 1982 to 2000) (Fang et al., 2007)

⁎ the results are extracted from the simulated map in this study with the same spatiotemporal scale to the corresponding recent studies. The results are mean annual values of the
corresponding study period.
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found between NEP and MAP or MAT. On the basis of these results, we
predict that a danger exists: Chinese grasslandsmay exhibit a lower car-
bon sequestration ability in the future in response to multiple factors,
including those arising from terrestrial biogeochemical cycles, distur-
bances, and LUCC. The difference between the carbon sequestration
ability between arid and humid zones will probably increase. In addi-
tion, we also suggest that to accurately quantify regional carbon seques-
tration ability and its responses to climate change, a comprehensive
disturbances model should be incorporated into current terrestrial eco-
system modeling.

This paper could contribute to an in-depth understanding of carbon
sequestration and response mechanisms in Chinese grasslands under a
background of global change and be a reference for policymakers to use
in the development of further plans and projects to protect grasslands
and preserve their functions in terrestrial carbon circulation.
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