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Abstract Future climate may profoundly impact the functioning of terrestrial ecosystems. However,
we do not know well how the functioning of different types of grassland ecosystems is associated with
variation in temperature and precipitation. Here, we used long-term field measurements to examine
how climatic changes between the 1980s and the 2010s (i.e., growing season temperature, precipitation,
habitat moisture index, solar radiation, and sunshine duration) have affected aboveground net primary
productivity (ANPP) for all major grassland types in northern China. We found that ANPP consistently
declined over the 30-year period across all types of grassland, on average by about 6.1%. Warming,
associated with increased solar radiation and, hence, soil temperature, was the primary factor driving
the decrease of ANPP. We further show that ANPP was more sensitive to climate change in alpine and
lowland grasslands than in temperate grasslands. Together, our findings indicate that climate warming
consistently reduces plant productivity of different types of grassland ecosystems, and emphasize the
importance of soil temperature in driving the decline in grassland productivity under climate change.

Plain Language Summary Future climate may profoundly impact the functioning of
terrestrial ecosystems. However, we do not know well how the functioning of different types of grassland
ecosystems is associated with variation in temperature and precipitation. Here, we used long-term field
measurements to examine how climatic changes between the 1980s and the 2010s (i.e., growing season
temperature, precipitation, habitat moisture index, solar radiation, and sunshine duration) have affected
aboveground net primary productivity (ANPP) for all major grassland types in northern China. We found
that ANPP consistently declined over the 30-year period across all types of grassland, on average by about
6.1%. Warming, associated with increased solar radiation and, hence, soil temperature, was the primary
factor driving the decrease of ANPP. We further show that ANPP was more sensitive to climate change in
alpine and lowland grasslands than in temperate grasslands. Together, our findings indicate that climate
warming consistently reduces plant productivity of different types of grassland ecosystems, and emphasize
the importance of soil temperature in driving the decline in grassland productivity under climate change.

1. Introduction

Global changes in climate, nitrogen deposition, and land use are expected to modify processes and functions
in terrestrial ecosystems (Sala et al., 2000), particularly in grassland ecosystems. Climate changes will affect
carbon and water cycles, mineral cycles, solar energy flow, and plant community composition, thereby
directly and indirectly influencing primary productivity of grasslands (Brookshire & Weaver, 2015; Craine
et al.,, 2012; Liu et al., 2018; Vicente-Serrano et al, 2013; Zhu et al., 2016). In terrestrial ecosystems, primary
productivity of grasslands is particularly responsive to climatic variability (Knapp & Smith, 2001). However,
predicting grassland productivity responses to climate change is challenging, due to the multiple drivers of
climatic factors and the possibility of interactive effects on ecological, physiological, and biogeochemical
aspects of grassland ecosystems (Hu et al., 2018; Paruelo et al., 1998). A large number of manipulative
experiments have tested grassland primary productivity responses to controlled variation in temperature
and/or precipitation (Craine et al., 2012; Liu et al., 2018; Song et al., 2019; Zhu et al., 2016), but few studies
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have explored the long-term effects of multifactor climate change on aboveground net primary productivity
(ANPP) in natural grassland ecosystems.

Climate warming strongly governs major biotic process (Garcia-palacios et al., 2018; Pugnaire et al., 2019)
and can reduce soil moisture via stimulating evapotranspiration (Bell et al., 2010; Niu et al., 2008), while
drought will in turn limit the ability of ecosystems to withstand climate warming (Hoeppner & Dukes, 2012).
Additionally, a synthesized ecosystem carbon-cycling to global change from 1,119 experiments showed that
the magnitude of warming was consistent with the ranges of future projections, whereas those of precipita-
tion changes exceeded the projected ranges (Song et al., 2019). The challenge with exploring the effects of
climate change on ecosystem productivity is that the different mechanisms of climate change are complex
(for example, warming and altered precipitation regime), they may be interactive or additive, and often sig-
nificantly modify plant community productivity (Buitenwerf, 2016; Kardol et al., 2010). For example, Hoep-
pner and Dukes (2012) found that the interactive responses of warming and reduced precipitation treat-
ments were negative to aboveground productivity. Nevertheless, another experimental study demonstrated
that warming and decreased precipitation had a direct effect on aboveground biomass production and the
effects were additive rather than interactive (Kardol et al., 2010). Such interactions between temperature
and precipitation changes with grassland community productivity are often difficult to interpret (Shaw
et al., 2002), although numerous manipulative experiments have provided invaluable insights, they are
restricted to specific combinations of environmental conditions and plant communities (Buitenwerf, 2016;
Hoeppner & Dukes, 2012; Kardol et al., 2010; Song et al., 2019; Wang et al., 2012b). Consequently, there is
still a dearth of more information on multifactor climate change impacts on natural grassland ANPP.

The sensitivity of grassland ecosystem to climate fluctuations may depend on soil fertility, community types,
dominant functional group types and soil water availability, etc., (Song et al., 2019). Alpine grasslands occur
at high altitudes, where plant growth is primarily limited by temperature (Ma et al., 2010). For example,
a recent study in alpine grasslands demonstrated that climate warming advanced plant phenology, pro-
moted plant growth rate and increased spring biomass production (Wang et al., 2020). On the other hand,
located in arid and semiarid regions, most grasslands are restricted by water availability (Niu et al., 2008).
Hence, most studies conducted in temperate grasslands have shown positive correlations between ANPP
and precipitation (Guo et al., 2012; Mowll et al., 2015). Most previous studies on grassland productivity
responses to climate change have mostly focused on a single type of grassland (e.g., alpine grassland or tem-
perate grassland) (Brookshire & Weaver, 2015; Durante et al., 2017; Knapp et al., 2018; Liu et al., 2018; Song
et al., 2016). However, it is important to predict ANPP responses to climate change across a broad range of
differ grassland ecosystems. Walker et al., (2020) reported that >50 years of warming drove the subarctic
grassland ecosystem to a new steady state possessing a distinct biotic composition and reduced biomass, and
this steady state was dependent on warming intensity.

How the grassland ecosystems have responded to long-term climate changes is, however, largely unknown.
Especially, climate warming is accelerating (Christensen et al., 2013; Liu et al., 2018), it is still uncertain
whether climate change has consistent effects on ANPP in different grassland ecosystem types. Here, we
used grassland ANPP data from a total of 254 sites across three grassland ecosystems (i.e., low-land, alpine,
and temperate grassland ecosystems) which were monitored in the 1980s and again in the 2010s. Specifi-
cally, we used the changes of aboveground productivity, the main climate variables over the past 30 years,
including mean annual growing season air temperature, soil temperature, precipitation, solar radiation,
sunshine duration, and habitat moisture index to (a) examine effects of climate change on aboveground net
primary productivity (ANPP) across three grassland ecosystems; (b) determine the main climate variables
and quantify their contributions in driving the changes in ANPP for each of these three grassland ecosys-
tems. The findings will better predict the sensitivity of different grassland ecosystems to future climate
change scenarios.

2. Materials and Methods
2.1. Study Sites

Our study region (32°11'-42°57'N, 92°13’-108°46'E) is located at the intersection of the Qinghai Tibetan
grassland, the Loess Plateau, and the Inner Mongolian Plateau (Figure 1). The climate is mostly dry, with
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Figure 1. Locations of sampling sites and grassland types in the study region. Spatial distribution of nine grassland types in study area (based on data of the
Department of Animal Husbandry Veterinary [1996]). Sampling sites were selected in different grassland types distributed throughout the region.

mean annual precipitation of 37-735 mm and mean annual temperature of 0°C-16°C. The annual distribu-
tion of rainfall is uneven, with most rainfall occurring from June to September. The study region includes
nine different arid and semi-arid grassland types (Table S1; Figure 1). These nine grassland types were
grouped into three larger grassland ecosystem types: Alpine grasslands, lowland grasslands, and temper-
ate grasslands (Table S1), based on similarity in structural and functional attributes in climatically similar
regions, such as ANPP and the composition of plant functional types. Since the 1990s, China have succes-
sively carried out the program of restoring grazing to grasslands to ensure the sustainable development of
grasslands. Therefore, all grassland sampling sites were natural grasslands, not grazed or mowed.

2.2. Grassland Productivity

Aboveground net primary productivity (ANPP) was determined by harvesting peak aboveground biomass,
a method widely used to estimate grassland ANPP (Scurlock et al., 2002). Based on the distribution of the
nine types of grasslands in the study region (Figure 1), a total of 254 sites were selected and surveyed in the
1980s and again in the 2010s. In 1980s, China conducted a comprehensive survey of grassland resources in
key pastoral areas across the country. All information about grassland sites in 1980s in this study came from
the “ Gansu Grassland Resources ” data in 1980s. The landmark method was also used to ensure that the
sampling sites in the 2010s were the same as those in the 1980s. At each site, aboveground biomass of all
plants was sampled in late July and August 1980 within ten 1 m X 1 m quadrats distributed randomly within
a 100 m X 100 m area. For each quadrat, fresh aboveground biomass was weighed, oven-dried at 65°C for
48 h, and weighed again. Mean dry mass for each site in 1980 was calculated. The elevation and dominant
species at each site were also recorded in 1980 and used in the investigation 30 years later, when grassland
ANPP at the sites was determined once again. On that occasion, a 100 m X 100 m plot was established at
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each field site at the same location, and ten 1 m X 1 m quadrats were placed at intervals of 10 m along a
100-m diagonal transect. As before, for each quadrat fresh aboveground biomass was weighed, oven-dried
at 65°C for 48 h, and weighed again. The mean value of all quadrats was calculated for each site. This pro-
cedure resulted in ANPP data for the 1980 and the 2010 for 254 sites distributed across nine grassland types
(Tables S1 and S2).

2.3. Climate Data

Climate data were acquired for 65 meteorological stations distributed across the study region (Figure 1)
from the database of China's meteorological science data-sharing service (http://data.cma.cn/). Consid-
ering the lagging response of grassland productivity to climate change (Zhang et al., 2019), we selected
mean climate data of 1974-1983 (represent for the 1980) and 2004-2013 (represent for the 2010), includ-
ing mean annual growing season precipitation, sunshine duration, air temperature, soil temperature at a
depth of 0-20 cm, solar radiation, and cumulative daily mean temperature exceeding 5°C (AccT) (Wang
et al., 2012a). The climate variables were first compiled from daily climate raster surfaces interpolated using
ANUSPLIN 4.37 (Hutchinson, 2004) and then extracted for each site in ArcGIS 10.2 (ESRI, Redlands, CA,
USA). The ratio “growing season precipitation/cumulative daily mean temperature exceeding 5°C” was
used as the habitat moisture index.

2.4. Satellite Observation Data

The MOD13A1 V6 Vegetation Indices product and MOD17A2H V6 Gross Primary Productivity product
were clipped and calculated by boundary of study area, getting average of EVI and GPP data during the
growing season. This process was implemented in Google Earth Engine (https://earthengine.google.com/).
According to the annual spatial distribution maps, the growing season EVI and GPP of each sampling site
from 2000 to 2010 were obtained. The spatial trends of the growing season EVI and GPP were calculated by
grid subtraction over 2000-2010. Those processes were conducted in ArcGIS 10.2.

2.5. Statistical Analysis

All data sources used in the study are provided in the Data sources section (Wu et al., 2021). One-way ANO-
VA was performed to explore the difference of climate variables between the 1980s and the 2010s across all
grassland sites. Then, we tested the ANPP data between the 1980s and the 2010s were not normally distrib-
uted in each grassland type, even though the data met the assumption of homogeneity of variances. Thus,
a Mann-Whitney test (Hutchinson, 2004) was performed to test the ANPP differences between the 1980s
and the 2010s separately for the three grassland ecosystems: Low-land, alpine, and temperate grassland
ecosystems.

To explore the main climate variables driving grassland ANPP change, we first performed Pearson correla-
tion analysis for all sites in the region (Figure S1). We then created a structural equation model (SEM) using
the lavaan package (Rosseel, 2012) in R studio (R Core Team, 2014) to determine the main climate variables
and quantify their contributions in driving the ANPP changes across all studied grassland sites. Moreover,
the latent variables temperature, moisture index, and radiation energy were also used. Further, we used
step-wise regressions (Whittingham et al., 2006) to determine the main climate variables in driving changes
in ANPP for three main grassland ecosystems. One-way ANOVA was performed to further examine differ-
ences in main climate variables between the 1980s and the 2010s for three grassland ecosystems. Based on
the main climate variables from step-wise regression, we constructed structural equation models for each
of the three grassland types to explore the climate drivers of ANPP. The adequacy of SEMs was determined
using Akaike information criterion (AIC), root mean square error of approximation (RMSEA), standard-
ized root mean square residual (SRMA), and comparative fit index (CFI), where low AIC, low SRMR, and
CFI > 0.8 indicate adequate model fit (Grace, 2006) (Table S3). Finally, to further investigate whether our
observation results were consistent with the productivity changes predicted through remote sensing, trends
in growing season EVI and GPP over 2000-2010 were analyzed.
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Figure 2. Mean annual precipitation (mm) and temperature (°C) over a 30-year period (from 1980 (1974-1983 represent for the 1980) to 2010 (2004-2013
represent for the 2010) and changes in mean annual temperature and mean annual precipitation. The error bars in the top two panels indicate the standard
errors of the means. Dark gray areas in the bottom two panels indicate 95% confidence intervals. ***P < 0.001; ns, P > 0.05. The potential changes in regional
climate by analyzing the records from 35 weather stations were used.

3. Results
3.1. Long-Term Decline in Grassland ANPP and Effects of Climate Change

Over the 30-year period, the study region has undergone a significant increased temperatures and non-sig-
nificant changes in precipitation during the past 30 years (Figure 2). Meanwhile, the growing season air
temperature, soil temperature, and solar radiation showed a significant increasing trend, but there was no
significant variation in moisture index, growing season precipitation and habitat moisture index (Figure 3).
Moreover, over the 30-year period, the ANPP of a total of 230 sampling sites decreased, with an average
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Figure 3. Comparison of climate factors in the 1980 (1974-1983 represent for the 1980) and the 2010 (2004-2013 represent for the 2010) across all grassland
types studied. Climate factors were growing season mean precipitation (mm), air temperature (°C), soil temperature of the topsoil at the depth of 0-20 cm (°C),
habitat moisture index, solar radiation (MJ m™), and sunshine duration (hour). **P < 0.001; **P < 0.01.

decrease rate of ~7.0 gm™ yr™' per site, while the ANPP of other 24 sampling sites increased, with an aver-
age increase rate of ANPP of ~1.4 g m™~> yr per site. Across all types of grassland, ANPP declined by more
than 50% (Figure S2) and the average rate of decline was ~6.1 g m™ yr™" over the 30-year period (Table S2),
but the rates of decline strongly varied among the main grassland types. Specially, grassland ANPP in low-
land (—78%) and alpine (—77%) grassland ecosystems significantly declined much more rapidly than in
temperate (—60%) grassland ecosystems (Figure 4)

Structural equation modeling showed that moisture index and radiation energy had direct positive effects
on grassland ANPP, while temperature had a direct negative effect across all sites combined. Moreover,
moisture index had a stronger direct effect on ANPP than temperature and radiation energy. The contribu-
tion of growing season precipitation to moisture index was stronger than the contribution of habitat mois-
ture index (Figure 5). Thus, precipitation is the main climate driver of ANPP across all grassland sites. How-
ever, the growing season precipitation in our grassland sites did not significantly change over the 30-year
period. So, increased temperature was the primary reason for the decline in grassland ANPP. Importantly,
there was a negative indirect effect of radiation energy on ANPP via shift in temperature, thus offsetting
the direct positive effect of radiation energy on ANPP (Figure 5). Further, increased growing season solar
radiation indirectly reduced grassland ANPP by elevating temperature.

WU ET AL.

6of 14



Arot |
ra\ 4% Earth’s Future 10.1029/2020EF001837

ADVANCING EARTH
AND SPACE SCIENCE

blA -

2 | e - systems

~ —~ 1000-

z | (L) % 500- o

£ " \“\ Y

S ] “ / ‘ - \

g 600 \ J 78% | 77% 400- il 60%

kS 750 - 1% N ‘

g \ / ,// \\\ ;i .: %l

1 ] e 300- R ‘

& 400- | ‘

E 500 |

g ‘ | | 1\
‘ 200- A

E / \\ | " {.j ‘L

= 200~ [ ST :

(=== ! 250 -\ ,

= i) il by 0.

e 4

o0 :

o 9

2 :

= 0 - | 0 . ; 0 -

< 1980s 1980s 2010s

Time period
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plots present the distribution of ANPP (median, inner-quartile range). The height of the violin represents the distribution range of the data, and the width
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Figure 5. Structural equation model (SEMs) testing connections between aboveground net primary productivity (ANPP) and climate factors across grassland
types. Climate factors were growing season precipitation, air temperature, soil temperature of the topsoil at the depth of 0-20 cm, habitat moisture index, solar
radiation, and sunshine duration. The rectangles represent measured variables, while the circles represent the latent variables temperature, moisture index, and
radiation energy. Values associated with path arrows represent the standardized path coefficient. Values near the rectangles show the residuals. ***P < 0.001.
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**P < 0.01; *P < 0.05.

3.2. Key Climate Factors Determining ANPP in Different Grassland Type Groups

The climate change effects on grassland ANPP varied between grassland types and appeared to be driven
by different climate factors in different grassland ecosystem types. Specifically, structural equation models
indicated that high temperature exhibited a negative direct effect on grassland ANPP in all three-grassland
ecosystems (Figure 6). Notably, moisture index had a positive but non-significant association with ANPP
for low-land grassland ecosystems, and a significant positive association for temperate grassland ecosystems
(Figures 6a and 6¢). And, radiation energy had direct effects on ANPP, with the direct effects being negative
in alpine and positive in temperate grassland ecosystems (Figures 6b and 6c¢).

Stepwise regression further revealed that growing season air temperature was the main climatic factor af-
fecting ANPP of low-land grassland ecosystems, and growing season soil temperature was the main climatic
factor affecting ANPP of alpine and temperate grassland ecosystems (Table 1). In low-land grassland ecosys-
tems, growing season air temperature had a significant positive effect on grassland ANPP, while soil tem-
perature had a significant negative effect. In alpine and temperate grassland ecosystems, growing season
soil temperature and solar radiation significantly and negatively affected ANPP change. Besides, growing
season precipitation positively affected ANPP only in temperate grassland ecosystems (Table 1). We also
found that growing season soil temperature and solar radiation showed a significant increase, of 1.84°C and
71.54 MJ m™, respectively, over the 30-year period, whereas air temperature and precipitation did not vary
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;::)I:Zislof Step-Wise Multiple Regressions Testing the Relationships Between Aboveground Net Primary Production (ANPP) and Climate Variables in Different
Grassland Ecosystems

Grassland ecosystem type Equations R’ Sig.
Low-land grassland ANPP = 186.20GST—160.90ST + 658.54 0.29 o
Alpine grassland ANPP = —56.95ST + 2.74GSS—1.83GSR + 3871.60 0.53 ok
Temperate grassland ANPP = —12.76ST + 0.62GSS + 0.47GSP—0.34GSR + 576.34 0.39 ok

Note. Significance levels: ***P < 0.001. Climate factors included growing season precipitation (GSP, mm), air temperature (GST, °C), soil temperature of the
topsoil at a depth of 0-20 cm (ST, °C), solar radiation (GSR, MJ m™2), and sunshine duration (GSS, hour).

(Figure S3). Collectively, increased soil temperature was the primary drivers of ANPP decline in all three
grassland ecosystems, and increased solar radiation also caused ANPP decline in alpine and temperate
grassland ecosystems.

3.3. Spatial Patterns of EVI and GPP

The areas of growing season EVI and GPP in the north of study area were basically unchanged during the
period 2000-2010 (Figure S4a and S4b). The areas of increase and decreased in both growing season EVI
and GPP were mainly concentrated in the eastern and southern parts of study area, respectively (Figure S4a
and S4b). However, the extracted growing season EVI and GPP of each site showed no significant trend over
2000-2011 (Figure S4a and S4b).

4. Discussion

A critical challenge in studies of global change is understanding different ecosystems sensitivity to long-
term climate changes at spatial scales. Our results showed that climate change consistently reduces grass-
land ANPP over 30 years for different grassland ecosystems. Furthermore, our results showed that the in-
creased soil temperature and air temperature from increased total solar radiation were the main drivers
for ANPP decline. We also determined the main climate variables driving the ANPP changes for different
grassland ecosystems, which quantify their contributions in driving the ANPP decline. These results both
complement and reinforce claims regarding the importance of scale-dependent analysis when examining
the relationship between ANPP and climate variables in different grassland ecosystems.

In all grassland ecosystems in the study region, there was a common trend for an ANPP decline over the
30-year period. Although changes in moisture index (precipitation and habitat moisture) are more like-
ly to govern biomass and vegetation structure, rather than temperature changes (Ahlstrom et al, 2017),
significant changes in climate variables in the different grasslands did not occur for moisture index, but
were evident for temperature. Therefore, increasing growing season air and soil temperature were the pri-
mary drivers of the ANPP decline. Because drought caused by warmer temperatures will accelerate the
decline of grassland ANPP (Breshears et al., 2005; Brookshire & Weaver, 2015). Thus, projected increases
in global mean temperature of at least 2°C by the end of the 21st century (IPCC, 2013) can be expected to
have profound adverse impacts on vegetation growth and primary productivity in terrestrial ecosystems.
The potential mechanisms of grassland ANPP decline may be drought-induced vegetation die-off and a
warming-induced soil water deficit (Breshears et al., 2005). The effects of drought-induced by a warmer
temperature increase evapotranspiration (partitioning into vegetation transpiration and soil evaporation)
and concomitantly decrease water availability, resulting in a decrease in the photosynthesis rate of the plant
(Han et al., 2018), thus reducing grassland ANPP.

Although ANPP showed a similar declining trend in all grasslands, the ANPP decline rate was different in
different grassland ecosystems. Specifically, the decreasing trend over the 30-year period was more rapid in
lowland and alpine grassland ecosystems than in temperate grassland ecosystems. This result showed that
more attention should be paid to the protection of alpine and low-land grassland ecosystems that were more
sensitive to temperature under future climate scenarios. Alpine ecosystems are considered highly sensitive
to climate change because of the harsher conditions and more fragile ecological environment compared
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with other ecosystems, for example, temperate ecosystems (Guo et al., 2018; Hu et al., 2018; Liu et al., 2018).
Our observational finding of the more rapid grassland ANPP decline in alpine grassland ecosystem further
supports the notion that alpine grassland ecosystems are highly sensitivity to climate warming. In contrast,
temperate ecosystems showed slower grassland ANPP decline, which reveals its less sensitive to warm-
ing temperature. Furthermore, climate change effects on grassland ecosystem types dominated by differ-
ent plant functional groups may be different (Harrison et al., 2015). A grassland with different functional
groups has different effects on climate regulation because of the differences in the adaptation of different
functional groups to habitat conditions and resource utilization efficiency (Eviner & Chapin, 2003). For
example, the vertical root distribution among functional groups was different. The deeper-rooting species
could absorb more subsoil moisture than shallow-rooted species, so grassland types composed of functional
groups dominated by deep roots had stronger resistance to climate warming than grassland types dominat-
ed by shallow roots (Liu et al., 2018; Fischer et al., 2019). The response of productivity to climate change
also depends on the stabilizing effect of compensatory interactions among major functional groups (Bai
et al., 2004; Connell & Ghedini, 2015). So, further studies should be focused on plant functional group levels
on ecosystem response to global change.

The above results reveal that the magnitude of effects of long-term climate change on different grassland
ecosystem types. Furthermore, our results showed that warming temperature, especially soil warming, was
a climate change factor driving the ANPP decline in low-land, alpine, and temperate grassland ecosystems.
In low-land grassland ecosystems, we found that the positive effect of growing season air temperature was
greater than the negative effect of soil temperature, but these effects were not found in alpine and temperate
grassland ecosystems. This suggested that the wetter low-land grassland ecosystems are more responsive to
the growing season air temperature than the alpine and temperate grassland ecosystems. This result may be
due to increased air temperature could promote plant leaf growth and photosynthesis, thereby increasing
productivity, while increased soil temperature could reduce soil moisture and impede root growth, thereby
decreasing productivity (Zhou et al., 2012). Since the growing season air temperature in low-and grassland
ecosystems did not change, the soil temperature increased significantly, so the negative effect of soil temper-
ature was the main climate factor leading to the decline of ANPP in low-land grassland ecosystems.

Conversely, in alpine and temperate grassland ecosystems, we found the effect of soil temperature was
greater than the effect of growing season air temperature on ANPP. This finding is important when predict-
ing the importance of soil temperature for the productivity of terrestrial ecosystems (Guo et al., 2018). The
potential mechanism behind the ANPP decline in response to increasing soil temperature could decrease
soil moisture and inhibit seed germination (Adams et al., 2009), and suppress plant growth through in-
creased evapotranspiration (Jacobs et al., 2011; Vicente-Serrano et al, 2013). This may explain why the soil
temperature increasing is the main driving factor for ANPP decline in all grassland types. And the variation
in grassland aboveground productivity is dominated by increasing soil temperature in our study. Compared
with air temperature, variation in soil thermal regime and its influences on productivity have received less
attention (Helama et al., 2011), partly because soil temperature datasets typically have a much lower spatial
and temporal coverage than air temperature records (Qian et al., 2011). Therefore, our findings suggest that
further studies should pay great attention to soil temperature when exploring the climate change effects on
terrestrial ecosystems.

Our results also showed that solar radiation can play an essential role in the ANPP decline in grassland
ecosystems at a regional scale in a warming climate, apart from growing season soil temperature. Increasing
growing season solar radiation also contributed to the grassland ANPP decline (direct and indirect). And
the increased solar radiation presented the larger effect of soil temperature on alpine grasslands ANPP
decline more than in temperate grasslands. Grassland ANPP is affected by the availability and interception
of photosynthetically active radiation (Feltrin et al., 2016), with a positive relationship between grassland
ANPP and solar radiation. However, water limitations must be considered (Nouvellon et al., 2000), with low
water availability limiting plant growth and productivity in grassland ecosystems (Huxman et al., 2004).
In all three grasslands, increased soil temperature reduces water availability and hinders the utilization
of solar radiation by plants (Han et al., 2018; Huxman et al., 2004; Nouvellon et al., 2000). In those condi-
tions, an increase in solar radiation will accelerate the increase in soil temperature, possibly leading to a
severe drought that in turn accelerates the grassland ANPP decline (Breshears et al., 2005; Brookshire &
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Weaver, 2015). Therefore, we concluded that increased soil temperature accompanied by increased solar
radiation is the main climate factor driving the productivity decline response to climate change in grassland
ecosystems at regional scale. In addition, when exploring ecosystem responses to climate change in temper-
ate grassland ecosystems, growing season precipitation should be taken into consideration, as precipitation
decrease will slightly exacerbate the ANPP decline for temperate grassland ecosystems, especially in arid
and semi-arid areas (Ahlstrom et al., 2017; Hufkens et al., 2016).

Although our study just sampled the data at two single time periods and without getting the full-time series.
Through the analysis of meteorological data for three years before and after 2010s (Figure S5), we found that
the annual temperature and precipitation in 2010s were close to the multi-year (2006-2013) average tem-
perature and precipitation, which indicated that 2010s was not a dry year. So, the decline in ANPP was not
caused by the low precipitation in the 2010s. Meanwhile, by analyzing the satellite-measured growing sea-
son EVI and GPP of each site over 2000-2010, we found that EVI and GPP did not show a decreasing trend
and remained basically unchanged. We further analyzed the relationships between observed ANPP and re-
mote sensing GPP data in 2010, and found that ANPP and GPP are logarithmic (Figure S6). The slope of the
ANPP-GPP relationships showed a decreasing trend with increasing GPP, and it was almost flat under high
GPP. Therefore, the increased GPP did not necessarily cause a significant increase in ANPP, indicating that
the observed ANPP and remote sensing GPP data showed different trends. This result might be attributed to
the inherent deficiencies in the quality of satellite remote sensing data (Zhang et al., 2013). Remote sensing
is difficult to distinguish the differences between different grassland types. Furthermore, satellite-derived
vegetation data are easily contaminated by adverse atmospheric conditions and other background factors
(Shen et al., 2013). For example, aerosols will reduce the vegetation data sensed by satellite sensors, and
are also subject to the limitations of phenological inversion methods (Yi & Zhou, 2011). Importantly, GPP
is the sum of above- and below-ground net primary productivity (BNPP) and the organic C consumed by
plant respiration (Wang et al., 2019). The increased temperature would accelerate the amount of organic
C consumed by plant respiration, and cause a shift from ANPP to BNPP (Liu et al., 2018). So, the organic
C consumed by respiration and the increased in BNPP might offset the increase in GPP, resulting in an op-
posite trend in observed ANPP and remote sensing GPP data. Therefore, field observation is more accurate
and truer for studying different grassland types and will help to better predict trends in the productivity of
different grassland ecosystems under future climate.

5. Conclusions

Our findings showed a universal decrease in ANPP over 30 years across different grassland types, and high-
light the magnitude of ANPP decline differed between grassland types. Our results suggest that the in-
creased growing season air temperature and soil temperature, rather than precipitation, were the primary
drivers of the ANPP decline response by grasslands to climate change. The solar radiation is being critical
climate variable, given the important contributions of the increased air temperature and soil temperature
from increased total solar radiation were the main drivers for ANPP decline. These findings are important
when predicting the potential mechanisms behind the grassland ecosystem productivity decline driven by
climate warming. Our results also showed that the decline rate of ANPP was more rapid in alpine and low-
land grasslands than in temperate grasslands. This indicates that the alpine and lowland grasslands may be
more sensitive to climate warming than temperate grasslands. Our results emphasize that climate warming
has caused irreversible adverse consequences on the productivity functions of different grassland ecosys-
tems, and the different responses for different grassland types may be focused on further studies which pre-
dict the response of different terrestrial ecosystems to climate change. Our results reveal new opportunities
and challenges for grassland ecosystem types in response to the long-term climate change.
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