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Abstract

Accurate assessments of spatio-temporal patterns in net primary productivity and their links to climate

are important to obtain a deeper understanding of the function, stability and sustainability of grassland

ecosystems. We combined a satellite-derived NDVI time series dataset and field-based samples to

investigate spatio-temporal patterns in aboveground net primary productivity (ANPP), and we

examined the effect of growing-season air temperate (GST) and precipitation (GSP) on these patterns

along a climate-related gradient in an eastern Eurasian grassland. Our results indicated that the ANPP

fluctuated with no significant trend during 2001 to 2012. The spatial distribution of ANPP was

heterogeneous and decreased from northeast to southwest. The interannual changes in ANPP were

mainly controlled by year-to-year GSP; a strong correlation of interannual variability between ANPP

and GSP was observed. Similarly, GSP strongly influenced spatial variations in ANPP, and the slopes

of fitted linear functions of the GSP-ANPP relationship increased from arid temperate desert grassland

to humid meadow grassland. An exponential function could be used to fit the GSP—ANPP relationship

for the entire region. An improved moisture index that combines the effects of GST and GSP better

explained the variations in ANPP compared with GSP alone. In comparisons with the previous studies,

we found that the relationships between spatio-temporal variations in ANPP and climate factors were

probably scale-dependent. We imply that the quantity and spatial range of analyzed samples contribute

to these different results. Multi-scale studies are necessary to improve our knowledge of the response of

grassland ANPP to climate change.

Keywords: temperate steppe; aboveground net primary productivity; remote sensing; spatio-temporal
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1 Introduction

The net primary productivity of terrestrial vegetation is a key component of the global carbon (C) cycle,

as its spatio-temporal patterns reflect the potential of vegetation to act as a carbon sink (Scurlock et al.

2002; Thurner et al. 2013). Among terrestrial ecosystems, Eurasian grasslands, which are located in

arid and semi-arid regions, play an important role in regional carbon cycles because they have a

widespread spatial distribution and a high proportion of biomass in roots (Ma et al. 2010). Furthermore,

Eurasian grasslands provide a variety of ecological functions, including water and soil conservation,

windbreak and sand fixation (Dai, 2016). Eurasian temperate grasslands are one of the most sensitive

terrestrial ecosystems, where aboveground net primary productivity (ANPP) often shows dramatic

spatio-temporal variations that are strongly influenced by rainfall (Knapp & Smith, 2001). Since

grassland ANPP in this region is the basis for regional livestock production, it influences regional

land-use patterns (Soussana et al. 2004). Investigating grassland ANPP and its climatic drivers is

essential to understanding the potential role of grasslands in regional C cycles and the response of

ANPP to climate change and for improving livestock management under future climate change

scenarios (Reynolds et al. 2005; Fang et al. 2010).

Remote sensing is an efficient approach for monitoring vegetation dynamics at a large

spatio-temporal scale because of its global coverage at relatively high temporal and spatial resolutions

(YYang et al. 2009; Gao et al. 2012; Li et al. 2013). The normalized difference vegetation index (NDVI),

which indicates the density and photosynthetic capacity of vegetation, is often combined with in situ

measurements to estimate vegetation ANPP over broad areas (Piao et al. 2007; Xu et al. 2008; Ma et al.

2010; Zhao et al. 2012; Schweiger et al. 2015). At a national scale, for example, the interannual
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changes and spatial distribution of China’s grassland biomass carbon stocks have been examined over

the past two decades using Advanced Very High Resolution Radiometer (AVHRR) NDVI time-series

data and ground-based observations (Piao et al. 2007; Ma et al. 2010). At a regional scale, the

production of temperate grasslands in Xilingol has been estimated by combining Moderate Resolution

Imaging Spectroradiometer (MODIS) NDVI data with ground-truth data collection at in situ sample

sites (Kawamura et al. 2005; Jin et al. 2011). Although remote sensing images are the main source of

data for large-scale spatial vegetation observations in these estimating processes, field-based samples

are required for modeling NDVI-ANPP relationships and testing models. However, sufficient field

sampling data are still relatively lacking for certain years due to the broad distribution of Eurasian

temperate grasslands and their harsh conditions. Additionally, previous studies have evaluated ANPP

using a single model, in which case the spatially varied relationships between ANPP and vegetation

index may be ignored (Xu et al. 2008).

The impact of climate factors on the spatio-temporal patterns of ANPP is a key issue concerning

the response of grassland ecosystems to climate change (Hsu et al. 2012). Precipitation is a principal

climate factor that impacts temperate grassland ecosystem processes (Hu et al. 2010; Beier et al. 2012).

Temporally, both field-based and remote sensing-based studies have suggested that year-to-year

precipitation variation is a major factor driving interannual fluctuations of ANPP (Fang et al. 2001;

Knapp & Smith 2001; Bai et al. 2004; Ma et al. 2010). As future climates are forecast to undergo

greater precipitation variability, ecologists are increasingly interested in how future climate may

influence precipitation variability and ANPP (Craine et al. 2012; Guo et al. 2012). However, the

relationships between interannual ANPP variability and precipitation variability (usually expressed by

coefficient of variation) are debated (Fang et al. 2001; Knapp & Smith 2001; Hu et al. 2007). At a
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spatial scale, linear relationships have been proposed between precipitation and ANPP of Eurasian

temperate grasslands, but this view has been challenged by recent studies (Ma et al. 2008; Hu et al.

2010; Guo et al. 2012). For example, Guo et al. (2012) observed an exponential relationship between

ANPP and precipitation for Inner Mongolian temperate grasslands. The increasing slope in the

precipitation—ANPP relationship along a precipitation gradient can be explained by different

precipitation-use efficiencies among various plant communities (Guo et al. 2012). Nevertheless, the

quantity of samples and the utilized analytical methods limit our understanding of the nature of

precipitation—productivity relationships (Hu et al. 2010; Siefert et al. 2012). Furthermore, temperature

should be considered in any explanation of productivity variation. Climate warming may intensify

water evaporation and thus induce drought, which contributes to the further loss of grassland

productivity in arid and semi-arid regions (Huang & Anderegg 2012). This coupled

temperature—precipitation effect on grassland productivity is poorly understood at a large

spatio-temporal scale.

Inner Mongolia is located in the eastern Eurasian grassland, which contains the most important

grassland resources in China (Fan et al. 2009). In this study, we used field-based samples, remote

sensing time-series data and climatic data to investigate the spatio-temporal variations in ANPP and the

effects of temperature and precipitation on these variations in the grasslands of Inner Mongolia. The

main objectives of this research were to examine (1) the interannual changes and spatial distribution of

grassland ANPP from 2001 to 2012 and (2) the relationships between spatio-temporal variations in

ANPP and the climate factors. The latter objective mainly includes evaluating the relationship between

the interannual variability of precipitation and ANPP and the coupled temperature—precipitation effect

on the spatial variations in ANPP.
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2 Materials and methods

2.1 Study area

The study region for this research was the Inner Mongolian grasslands in northern China, an important

part of Eurasian temperate grasslands. This region is located throughout most of the Inner Mongolian

Plateau and has a relatively flat topography and typical vegetation communities. Thus, due to the lack

of additional variables that could complicate interpretations, this location is suitable for investigating

ANPP variations in grasslands. The study region stretches across sub-humid, semi-arid and arid regions

that are strongly affected by the Asian monsoon climate. Under the influence of Asian monsoons,

annual precipitation levels exhibit a strong east-west gradient that decreases from more than 500 mm

to less than 150 mm, mainly falling in the summer. The mean annual temperature of the study area

ranges from —5 to 9<C. This wide climate gradient can allow us to systematically understand how

spatial patterns of temperature and precipitation affect grassland ANPP. The grassland types are

dominated by a temperate meadow steppe (dominant species of Leymus chinensis, Stipa baicalensis,

Stipa grandis, etc.), a temperate steppe (dominant species of L. chinensis, S. grandis, Agropyron

cristatum, etc.) and a temperate desert steppe (dominant species of Agropyron desertorum, Stipa

klemenzii, Cleistogenes songorica, etc.) from the east to the west (Guo et al. 2012) (Fig. 1). Chernozem,

chestnut and brown are the three zonal soils in this region (Genetic Soil Classification of China).
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Fig. 1. Spatial distribution of grassland types in Inner Mongolia. Sub-region | is the eastern meadow

grassland region; sub-region Il is the middle temperate grassland region; and sub-region Il is the

western desert grassland and desert region (Department of Animal Husbandry Veterinary 1996).

2.2 In situ ANPP measurements

Field samples were obtained from eight consecutive large-scale field campaigns, mainly in July and

August from 2005 to 2012. The sampling sites, each with an area of at least 1 km?, were chosen to

represent typical vegetation communities. For most sites, three plots (1 m>1 m) were selected, with the

distance between plots greater than 250 m, and all aboveground plants in the plots, most of which were

herbaceous, were harvested to measure their fresh grass yield (FGY). For shrubs, one plot (10 m>10 m)

was sampled by measuring representative plants; green parts and bundled branches from the current

year were cut to measure their FGY. A total of 3,634 field samples of FGY, which were represented by



141

142
143

144

145

146

147

148

149

150

151

152

153

154

fresh weight were finally obtained to estimate in situ ANPP (Fig. 2).
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Fig. 2. Frequency distributions of the fresh grass yield (FGY).

2.3 Remote sensing data

The remote sensing data used in this study were taken from an NDVI time-series dataset at a spatial

resolution of 250 m and based on 16-day composited products for the period from 2001 to 2012. These

data were re-projected to Albers Equal Area projection with MODIS Reprojection Tool, and the

monthly VI data were calculated using the Maximum Value Composition (MVC) method to minimize

the effects of cloud cover, atmospheric perturbations, sunlight and viewing geometry (Goetz et al. 2006,

Tang et al. 2010). Since the samples were collected during July and August, the NDVI of the peak

season was then calculated using the average NDVI values for July and August. Then, we produced the

spatial distribution of the NDVI data for the entire study area (Gao et al. 2013A). Because NDVI data

in sparsely vegetated areas are largely influenced by the spectral characteristics of the soil, we only

analyzed areas with a peak season NDVI >0.1 (Myneni et al. 2001; Fang et al. 2004).
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2.4 Climate datasets and interpolation

Monthly mean air temperature and precipitation data from 2001 to 2012 were derived from 47

meteorological stations across Inner Mongolia and acquired from the National Meteorological

Information Center (NMIC). To explore the effects of air temperature and precipitation on ANPP, we

used the Anusplin 4.3 software package to interpolate and produce a continuous spatial distribution of

temperature and precipitation data with a spatial resolution of 500 m (Hutchinson 2004; Guo et al. 2012;

Luo et al. 2013; Zheng et al. 2013). An error analysis of the interpolation method in our study area

presented a mean relative error (REE) of 10 to 30% for monthly precipitation and of <6% for the

average monthly temperature during the growing season (Gao et al. 2013B). The error derived from the

spatial interpolation of climate factors, especially precipitation, may be higher in areas far from

meteorological stations. To reduce this uncertainty, we only extracted interpolation areas within 50 km

of a meteorological station.

2.5 Remote sensing-based ANPP estimation

We adopted a conventional approach by establishing an empirical relationship between in

situ-measured ANPP and MODIS NDVI data to estimate the ANPP of the entire region for the period

of 2001 to 2012 (Xu et al. 2008; Guo et al. 2012; Irisarri et al. 2012). An ANPP model for a given

region may fit the relationships between NDVI and ANPP values better than a model for a different

region. We divided Inner Mongolia into three sub-regions (Fig. 1) and established an ANPP estimation

model for each sub-region (Gao et al. 2013A).

We estimated the grassland ANPP using the following four steps. First, we calculated the mean

NDVI1 value within a circular area of the plot (one of three plots in a sampling site; 250 m radius) (Xu

10



176 et al. 2008); subsequently, we established a database for the actual site-specific FGY values versus the

177 peak season NDVI values for each year. Second, we used this database to develop unitary linear,

178  quadratic, power and exponential regression models and to evaluate the estimated model precision. As

179  shown in Table 1, the optimal estimating functions for the eastern, middle and western sub-regions

180  were the exponential, power and unitary linear functions, respectively. Third, we selected the best

181 regression models to estimate the FGY for each pixel for the period from 2001 to 2012.

182 Table 1 Statistical models for FGY versus NDVI for the three sub-regions
RMSE REE Precision
Regions models R? F value
(gm?yr?) (%) (%)
The eastern region Y=28.615¢3%90% 0.65 1049.73 135.44 25.92 74.08
The middle region Y=850.2x16069 0.64 2630.07 83.27 27.40 72.60
The western region Y=750.86x-51.47 0.57 1137.48 4421 32.92 67.08

183  Note: 80% and 20% samples were used for modeling and evaluation, respectively. The RMSE and REE

/ Y, —V,)2 =Y/ Y,
184  were calculated as RMSE = Z(ITI) and REE = \/Z[(Y' NI ) ]2 , Where Y; is the

185  actual ANPP (random reserved field samples), Yi' is the estimated ANPP and N is the number of

186  samples.
187
188 The field-based samples that were used to model the relationship between the FGY and NDVI

189  values were expressed in terms of fresh weight. To obtain grassland ANPP, finally, the estimated wet

190  yield was converted to air-dried weights according to conversion coefficients for different grassland

191  types (Department of Animal Husbandry Veterinary 1996). The air-dried weights were then converted

192  to dry weights, assuming a 15% water content (Fang et al. 1996). The estimated ANPP values were

11
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ultimately converted into units of carbon with a conversion factor of 0.45 (Fang et al. 1996).

2.6 Analysis of the relationships between ANPP and climatic factors

The growing season for temperate grasslands in Inner Mongolia is approximately from May to October

(Piao et al. 2006; Cong et al. 2013), and the main period of carbon sequestration in grassland

vegetation is from May to August (Xu et al. 2008). Thus, we calculated the main growing season (May

to August) mean air temperature (GST) values and the main growing season total precipitation (GSP)

levels. To examine the effects of climate factors on interannual changes in ANPP, we analyzed their

relationships using an anomaly index (Ma et al. 2010). Furthermore, a coefficient of variation (CV) was

introduced to express the magnitude of interannual ANPP and GSP variability.

Generally, interpolation accuracies of climate data decrease as the increasing distance between

interpolated locations and climate stations. To promote reliability of analysis results, we extracted

points within 50 km of climate stations by randomly selecting 100 points for each climate station and

examined the effects of climate factors on the spatial variation of ANPP. For each point, we averaged

the 12-year values of ANPP, GSP and GST to analyze their relationships. Moreover, we employed an

improved moisture index K to examine the combined influence of the GSP and GST values (K=GSP/

(accumulated GST>0.1) (Ren & Hu 1965; Hu et al. 2007). All statistical analyses were performed

using the SPSS 17.0 software.

3 Results

3.1 Spatio-temporal patterns of grassland ANPP

The total amount of grassland ANPP averaged 20.9 TgC yr? over an area of 67.7x10* km? for the

12
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period from 2001 to 2012. Over these 12 years, ANPP in this study region fluctuated, showing no

significant trend (R?=0.03, P=0.57), with an annual ANPP CV of 10.5% being observed. None of the

three sub-regions showed significant trends, but their interannual variabilities were different. The

annual ANPP CV was 8.6% for the eastern sub-region, 12.4% for the middle sub-region and 22.5% for

the western sub-region, showing an increasing trend from east to west.

The total ANPP over the study area was 30.8 gC m=2 yr? (Fig. 3). The ANPP was highly spatially

heterogeneous. A high ANPP (>45 gC m yr') was observed in the Daxinganling Mountains in eastern

Inner Mongolia; a medium ANPP (15 to 45 gC m yr') was observed in most parts of Xilingol and

Hulunbuir in central Inner Mongolia; and a low ANPP (<15 gC m yr?) was observed from western

Xilingol to the Ordos Plateau in western Inner Mongolia. Overall, the grassland ANPP gradually

decreased from the northeast to the southwest, which is consistent with the zonal grassland types,

showing a climate-related spatial pattern.

ANPP (gC m?yr)
<15

[ 15-30

B 30-45

B 45-60

Il >60

0 100200 400 600

0
Kilometers

Fig. 3. Spatial distribution of the 12-year-averaged ANPP

3.2 Effects of climate variables on spatio-temporal patterns in grassland ANPP

The interannual ANPP dynamics were generally consistent with the year-to-year GSP variations over

13
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the entire study region (Fig. 4). For some years, however, negative correlations between GSP and

ANPP were observed. These exceptional years were quantified by a definition that product of PAI

(precipitation anomaly index) and ANPP-AI (anomaly index) was negative, and the absolute value of

their differences was greater than 0.1 for a given year. There were three exceptions for the eastern

sub-region (Fig. 4a), one exception for the middle sub-region (Fig. 4b), one exception for the western

sub-region (Fig. 4c) and no exceptions for the study region as a whole (Fig. 4d). However, we did not

find a strong relationship between the ANPP and GST values using the same method.
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Fig. 4. Coupled interannual patterns between ANPP and climatic factors. (a) The eastern temperate
meadow grassland region; (b) the middle temperate grassland region; (c) the western temperate desert
grassland and desert region; (d) the Inner Mongolian grassland. ANPP-AI: ANPP anomaly index; TAI:
temperature anomaly index; PAI: precipitation anomaly index. ANPP Al = (ANPP-ANPP )/ ANPP ,
where ANPP; is the ANPP of an individual year in Inner Mongolia, and ANPP is the mean ANPP

from 2001 to 2012. PAI and TAI were calculated using the same method.
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We introduced annual CVs to examine the effects of GSP on ANPP variability. As shown in Fig.
5a, there was a significant negative relationship between CVanep and GSP, indicating that ANPP
stability generally increased as the GSP gradient increased from west to east for the entire study region
(R?=0.43, P<0.001). The results also showed that grasslands in the humid region exhibited higher
ANPP values and lower interannual variability compared with the arid region, which exhibited lower
ANPP values and higher interannual variability. Furthermore, our statistical analysis showed a positive
trend between CVaneer and CVesp (R?=0.22, P<0.001; Fig. 5b), suggesting that the interannual

variability of ANPP increased with GSP variability.
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Fig. 5. (a) Interannual variability of ANPP (CVanpp) along a precipitation gradient in Inner Mongolian

grasslands; (b) relationships between the interannual variability of annual growing season precipitation

(CVesp) and that of ANPP (CVanpp) in Inner Mongolian grasslands.

We analyzed the relationships between the 12-year-averaged ANPP estimates and the interpolated
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climatic data and found that spatial variations in ANPP were partly controlled by GSP. As Fig. 6a

illustrates, the ANPP of three sub-regions generally grouped at different precipitation intervals. For

each sub-region, GSP could explain over 20% of the spatial variation of ANPP with the given linear

function. The slope of the linear function for the eastern sub-region (0.2116) was steeper than the

slopes for the middle sub-region (0.1497) and the western sub-region (0.0708). For the entire study

region, the relationship between ANPP and GSP could be fit with an exponential function

(ANPP=2.7803e%00%8C5P ' n=2907, R=0.6818, F=6224.53, P<0.001). Although a linear function and a

power function could also be used to fit this relationship, the R and F values were lower.

Conversely, differences in the GST of the three sub-regions were smaller (Fig. 6b). Higher

temperatures were recorded in the western sub-region, whereas lower temperatures were recorded in

the middle sub-region and the eastern sub-region. ANPP increased as GST decreased, but the

correlation was weaker (R?=0.29, P<0.001). Furthermore, ANPP showed a significant increase as the K

value (moisture index) increased (Fig. 6¢), which explained marginally more of the spatial variation in

ANPP compared with GSP alone (70% vs. 68%).
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273 Fig. 6. Relationships between ANPP and climatic factors. (a) Growing season precipitation (GSP); (b)

274 growing season temperature (GST); (c) moisture index (K). Each data point in the figure represents a

275 12-year average value for the period from 2001 to 2012.

276 4 Discussion

277 4.1 Effects of GSP on interannual changes in ANPP

278 Our findings indicate that the year-to-year variations in GSP were a predominant factor influencing the

279 interannual changes in the ANPP of Inner Mongolian temperate grasslands. The middle sub-region and
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the western sub-region showed very similar interannual patterns of GSP—ANPP, whereas the trend that

was observed in the eastern sub-region was weaker. These results suggest that interannual GSPs in the

middle sub-region and the western sub-region dominate ANPP more strongly than that in the eastern

sub-region. Some studies have suggested that an increase in temperature may promote vegetation

productivity due to rising soil nitrogen availability and an extension of the growing season (Melillo et

al. 2002; Piao et al. 2006; Piao et al. 2007). However, in the present study, we did not find that ANPP

was strongly associated with GST, which did not support previous findings. Differences in the study

regions might help to explain these contrasting results. Furthermore, our results indicated that the

interannual variability of ANPP increased progressively as GSP decreased, implying that the stability of

ANPP in temperate grassland ecosystems decreases with aridity. A significant positive trend was also

revealed between the interannual ANPP and GSP variabilities. This finding does not support the results

observed by Hu et al. (2007) and Knapp and Smith (2001). We inferred that this disagreement may be

due to differences in the analyzed samples, including variable quantities and spatial ranges, which were

caused by different observed scales and approaches. The main data used in the present study were

satellite-derived NDVI time-series datasets and continuous spatial climate data; therefore, the analyzed

samples were abundant in quantity and broad in their spatial distribution. Conversely, the data used in

the studies of Knapp and Smith (2001) and Hu et al. (2007) were in situ samples from ground

observation sites; thus the quantities and spatial extents of the analyzed data may be limited. These

differences in methodology may have led to discrepancies in analytical results, such as the spatial trend

of annual CVgsp. For example, Hu et al. (2007) found that the interannual CV of precipitation did not

show a well-defined trend across Inner Mongolia based on in situ data from 56 sites. Using 2,907

random points, nevertheless, we found that the interannual CVgsp Was negatively correlated with GSP
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(R?=0.35, P<0.001). It should be noted that the interannual CV aner also showed a trend similar to that

of GSP. In other words, both CVgsp and CVanpe increase along the east—west precipitation gradient,

thus leading to their similar positive trends.

4.2 Effects of GSP and GST on the spatial variation of ANPP

GSP also strongly affected the spatial variations in ANPP. Our findings suggest that ANPP increased

exponentially as GSP increased from west to east in the Inner Mongolian temperate grasslands

(R=0.68, P<0.001, Fig. 6a). We verified that the slope of the precipitation—~ANPP relationship

increased as the climate shifted from arid to humid, as reported by Guo et al. (2012). Linear

relationships were also found between ANPP and precipitation in the temperate grasslands of Inner

Mongolia (Bai et al. 2004; Fan et al. 2009). For example, Fan et al. (2009) reported a linear relationship

between ANPP and precipitation on the basis of 48 sites. Differences in scale among the various studies

may contribute to this disagreement in results. Hu et al. (2010) indicated that the slope of the

precipitation—ANPP relationship may be variable if the analyzed samples are sufficient. This

assumption was supported by the remote sensing-based study of Guo et al. (2012) and the results of the

present study. In the present study, the randomly selected samples throughout Inner Mongolia grassland

types that were derived from in situ ANPP measurements, remote sensing and climate data should

constitute a powerful data source with which to examine the spatial relationship between GSP and

ANPP.

Generally, the increasing slope of the precipitation—ANPP relationship along a precipitation

gradient can be explained by differences in the precipitation-use efficiency of various grassland types

(Huxman et al. 2004). In the humid eastern sub-region, vegetation communities have a relatively high
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leaf area index and plant biodiversity and can thus use water more efficiently (Bai et al. 2004; Hu et al.

2008). The different water use strategies of plant communities from different grassland types, including

the conservative water use strategy of arid grassland plants and the open water use strategy of humid

grassland plants, may also contribute to the increasing slope of the GSP—ANPP relationship (Webb et

al. 1978; Paruelo et al. 1999; Guo et al. 2012). Therefore, in terms of the differences in

precipitation-use efficiency for various grassland types, ANPP in humid grasslands seems to be more

sensitive to altered GSP (Guo et al. 2012). Additionally, Inner Mongolia is characterized by a spatial

pattern of warm-dry to cold-wet from west to east (Fig. 7). Thus, in the eastern sub-region, water for

plants is relatively abundant due to not only high GSP values but also low rate of evaporation caused

by the GST. Conversely, in the western sub-region, high GST values promote water evaporation and

further intensify vegetation response to drought. This hydro-thermal spatial distribution should be

considered when explaining the GSP-ANPP relationship.
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Fig. 7. Relationship between the moisture index (K) and longitude in Mongolian grasslands.

5 Conclusion

Field-based measurements and remote sensing and climate data together constituted a powerful data
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source that allowed us to investigate the spatio-temporal variations in vegetation ANPP and examine

the effects of GST and GSP on these patterns in a Eurasian temperate grassland. The total amount of

grassland ANPP was estimated to be 20.9 TgC yr?, although it generally fluctuated over time. The

ANPP was 30.8 gC m2yr? over the entire area, and it gradually decreased from east to west. The

interannual changes in ANPP were mainly driven by GSP, and a significant correlation was observed

between the interannual variability of ANPP and GSP. Spatial variations in ANPP were also strongly

affected by GSP, which increased exponentially as GSP increased from the west to the east along a GSP

gradient. The rising slope of the fitted function may be explained by varying precipitation-use

efficiencies of plants and GST-GSP spatial patterns. Our findings suggest that the relationships

between spatio-temporal variations in ANPP and climatic factors, both temporally and spatially, are

highly dependent upon the quantity and spatial range of the analyzed samples at different scales of

observation. Therefore, multi-scale studies should be conducted to improve our knowledge of the

effects of climate change on grassland ecosystems.
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