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Abstract: The burning of fossil fuels by humans emits large amounts of CO; into the atmosphere and
strongly affects the Earth’s carbon balance, with grassland ecosystems changing from weak carbon
sinks that were previously close to equilibrium to core carbon sinks. Chinese grasslands are located in
typical arid—semi-arid and semi-arid climatic regions, and drought events in the soil and atmosphere
can have strong and irreversible consequences on the function and structure of Chinese grassland
ecosystems. Based on this, we investigated the response of the gross primary production (GPP) of
Chinese grasslands to land-atmosphere moisture constraints, using GPP data simulated through four
terrestrial ecosystem models and introduced copula functions and Bayesian equations. The main
results were as follows: (1) Soil moisture trends were not significant, and changes were dominated
by interannual variability. The detrended warm-season SM correlated with GPP at 0.48 and 0.63
for the historical and future periods, respectively; thus, soil moisture is the critical water stress that
regulates interannual variability in Chinese grassland GPP. (2) The positive correlation between
shallow SM (0-50 cm) and GPP was higher (r = 0.62). Shallow-soil moisture is the main soil layer
that constrains GPP, and the soil moisture decrease in shallow layers is much more likely to cause
GPP decline in Chinese grasslands than that in deep-soil water. (3) The probability of GPP decline in
Chinese grasslands caused by drought in shallow soils of 0-20 and 20-50 cm is 32.49% and 27.64%,
respectively, which is much higher than the probability of GPP decline in deeper soils. In particular,
soil drought was more detrimental to grassland GPP in Xinjiang and the Loess Plateau. (4) The
probability of soil drought causing GPP decline was higher than that of atmospheric drought during
the historical period (1.78-8.19%), but the probability of an atmospheric drought-induced GPP deficit
increases significantly in the future and becomes a key factor inhibiting GPP accumulation in some
regions (e.g., the Loess Plateau). Our study highlighted the response of grassland ecosystems after the
occurrence of soil drought, especially for the shallow-soil-water indicator, which provides important
theoretical references for grassland drought disaster emergency prevention and policy formulation.

Keywords: gross primary productivity; water constraint; Chinese grasslands; soil drought;
probabilistic framework

1. Introduction

Global climate change has fundamentally altered the inherent patterns of variability
of weather phenomena, such as precipitation and temperature, leading to the increasing
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frequency of extreme weather events such as droughts, heat waves, and cold waves [1].
Extreme events severely affect the composition and function of terrestrial ecosystems,
thus affecting the terrestrial carbon cycle and its feedback to the climate system. Extreme
droughts, in particular, are highly anticipated natural disasters because they occur with
the highest frequency and exert the greatest influence [2,3]. The intensity and frequency of
droughts are the most limiting factors affecting terrestrial vegetation growth and carbon
cycling [4], and droughts reduce the water available to vegetation directly [5], with extensive
and profound effects on carbon uptake in terrestrial ecosystems [6].

Recent research pointed out that terrestrial carbon sinks are often strongly influenced
by interannual fluctuations in terrestrial water storage. Terrestrial water constraints are also
an important limiting factor for the accumulation of ecosystem gross primary productivity
(GPP) [7], that is, the largest carbon flux [8]. However, the terrestrial water storage referred
to by previous studies includes all water types, such as soil water, groundwater, surface
water, and canopy water. In contrast, there is a lack of exploration of the possible effects of
water shortage from the soil on ecosystem productivity, as the terrestrial water variability
is considerably sensitive [9]. Soil moisture accounts for a relatively large proportion of
terrestrial water storage [10,11]. However, soil moisture is a generalized concept, and
it is generally loosely considered as all the water within 3 m below the ground surface.
Considering the differences in terrestrial water adaptation of different plants and the strong
link between water availability to grass plants and root depth [12], it is necessary to explore
the varying effects of soil water constraints at different soil depths on ecosystem GPP.

In addition to soil drought, atmospheric drought has been recently reported as one
of the hydraulic processes that affect ecosystem productivity [13]. Plants initially draw
water from the soil for photosynthesis and simultaneously dissipate it in the atmosphere
through transpiration from plant leaves [14]. Both supply and depletion stresses can
significantly reduce terrestrial carbon uptake and crop yields [6] and cause widespread
vegetation mortality. However, current research on the primacy of soil moisture (SM) and
atmospheric moisture (vapor pressure difference, VPD) on ecosystem productivity response
is controversial. Novick et al. (2016) pointed out that VPD has a greater constraining effect
on stomatal conductance and evapotranspiration than SM, which is more important for
carbon accumulation. Moreover, as atmospheric VPD will continue to rise in the future,
the negative effect of VPD on stomatal conductance during the plant growing season
will increase significantly, as will its dominance on carbon fixation [15]. Liu et al. (2020)
proposed the opposite conclusion and claimed that soil drought is the main stress that
threatens GPP accumulation in more than 70% of regional ecosystems worldwide, and
by decoupling SM-VPD, found that the impact of VPD on terrestrial ecosystems is much
smaller than that of soil moisture [16]. Given the complexity of the coupling between VPD
and SM, it is highly desirable to use novel methods (e.g., probabilistic) to compare the
dominance of VPD and SM on ecosystem GPP.

Chinese grasslands are mainly distributed in arid and semi-arid regions (typical
temperate grasslands and montane grasslands) and the Tibetan Plateau (typical alpine
grasslands), where the ecological environment is fragile [17,18], providing a natural barrier
to ecological security in Central and Western China. Due to the unique arid-semi-arid
environment and distinct vertical zonality, the carbon cycling processes in Chinese grass-
land ecosystems are very sensitive to climate change and human disturbances [19-21]. In
this study, Chinese grasslands were the study area, and copula functions and Bayesian
equations were introduced to explore the conditional probability of GPP decline in Chi-
nese grassland ecosystems when atmospheric drought (high-VPD event) and soil drought
(low-SM event) occurred, respectively. We aim to address the following three issues.

(1) To analyze the interannual variability of SM and GPP in Chinese grasslands and to
explore the mechanisms of SM regulation of GPP in Chinese grassland ecosystems
during historical and future periods.
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(2) To compare the correlation between the effects of SM on ecosystem GPP in different
soil layers, and analyze the conditional probability of drought in soils of different soil
layers causing a decline in GPP in Chinese grasslands.

(3) To calculate the difference between the probability of ecosystem loss due to soil
drought minus the probability of ecosystem loss due to atmospheric drought and
determine the key moisture constraints controlling GPP in Chinese grasslands.

2. Materials and Methods
2.1. Materials
2.1.1. GPP Datasets

We used the model outputs from four global vegetation dynamics models (CARAIB,
LPJ GUESS, LPJmL, ORCHIDEE DGVM) as GPP (monthly, 0.5°) products. The model GPP
products are all derived from the harmonized general circulation model IPSL-CM5A-LR
as meteorological forcing data, considering historical (1901-2005) and further (2006-2099)
scenarios. The results of the model simulations of GPP are all implemented strictly in
accordance with the ISIMIP 2b standard protocol, so differences between model outputs are
only related to the complexity of the model. Considering that a single model only provides
valuable and usable insights at the regional scale, to effectively eliminate intra-model
variability and reduce uncertainty in GPP products, we conducted pooled averaging of
multi-model GPPs for further processing. Since only LPJmL of the four models of ISIMIP
2b provides mainstream high-emission RCP8.5 climate projections, the future scenarios
consider only medium to high GHG emission scenarios (RCP6.0).

2.1.2. SM Datasets

SM data were used to characterize the degree of soil drought. The previous com-
parison of individual simulated values and pooled averages shows that the amplitudes
of the pooled averages are much smaller than those of individual simulated values [22].
In other words, the ensemble averaging method can effectively eliminate the effect of
variability within the model, which can effectively reduce the uncertainty between different
models. Therefore, we selected the pooled average soil moisture products from the four
model outputs.

However, it should be additionally noted that the different models differ in their
simulation of land atmospheric exchange fluxes and carbon- and water-cycle stocks in
natural and agro-ecosystems, so each model provides different soil moisture soil thicknesses.
Here, to match soil layer thickness and reduce data errors, the soil moisture counted was
limited to the sum of the moisture in all soil layers within 3 m below ground.

In addition, to explore the binding effect of soil moisture in different soil layers on
ecosystem GPP, the LPJmL model with explicit soil stratification thickness was extracted for
further analysis. The LPJmL model output included soil moisture at different soil depths of
0-20 cm, 20-50 cm, 50-100 cm, 100-200 cm, and 200-300 cm.

2.1.3. VPD Datasets

We also obtained standard-corrected model input parameters (temperature and rel-
ative humidity) from ISIMIP to calculate VPD, which refers to the difference between
saturated vapor pressure and actual vapor pressure (AVP) at a given temperature and is a
direct measure of the intensity of atmospheric drought [23].

VPD = SVP — AVP

Saturated vapor pressure is a non-linear function of atmospheric temperature and
can be obtained directly from atmospheric temperature calculations with the following

empirical formula:
17.67T,

SVP =6.112 X fa x eTa+2885
fo=1+47x10"*+3.46 x 10 °P,
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T, + 273.16
Pyst = Pmsl ( ( “ ) >

(Ta 4 273.16) + 0.0065 x Z

where T, is the atmospheric surface temperature (°C); Z is the altitude (m); P, is the
atmospheric pressure at mean sea level (~1013.25 hPa); and P, is the atmospheric pres-

sure (hPa).

RH
AVP = 100 x SVP

The above equation shows that warming significantly increases the amount of water
vapor held by the atmosphere at saturation (saturation vapor pressure), while the actual
vapor pressure of the atmosphere (depending on the relative humidity) remains relatively
constant. Consequently, the warming is followed by a non-linear increase in VPD.

2.1.4. Definition of Warm Season and Screening for Warm-Season GPP, SM, and VPD

The warm season in the grid cell was defined as the hottest three month average (one
value per year) given that the warm season coincides with the main growing season of
plants [24].

We adopted the previous idea of averaging (one value per year) GPP, SM, and VPD
for the three months with larger mean temperature values, as carbon loss due to moisture
shortage is often most intense in the hottest three months. Therefore, the location of the
three months with the largest temperature on the grid unit was extracted by counting the
monthly mean temperatures over the period 1901-2005, and the mean GPP, SM, and VPD
for the three months with the largest temperature on the metric scale were then filtered
from the time series for analysis.

2.2. Methods
2.2.1. Interannual Correlation Measures

For extreme value theory, the correlation coefficient is a good indicator and is com-
monly used to measure the effect of dependence on the likelihood of binary extreme
values [24]. We calculated the interannual correlation between the SM and GPP model
dataset per pixel. To remove the influence of climate change signals on long-term trends,
we performed a linear detrending of the bivariate prior to calculating correlations.

Commonly used correlations include Pearson and Spearman [25]. Pearson correla-
tion coefficients are only applicable to correlation analyses where the two variables are
linear; however, the effect of SM on GPP is often non-linear. Therefore, we chose the
Spearman’s rank correlation coefficient to analyze the correlation between SM and GPP,
with a stronger negative correlation between the two variables indicating more significant
negative feedback.

2.2.2. Bivariate Linkage to Calculate the Probability of Conditions under Soil (or
Atmospheric) Drought Conditions

Based on the copula function and Bayesian equation, we drew on the novel prob-
abilistic assessment framework constructed by Wang et al. (2021) and He et al. (2022)
to calculate the conditional probability of a simultaneous soil drought (or atmospheric
drought) scenario. This consists of the following three steps:

(1) Fitting of marginal distributions

Bivariate frequency analysis requires that the distributions of the random variables U
and V be determined, so determining the marginal distribution of the bivariate is a prereq-
uisite for constructing the joint probability distribution. We used a non-parametric method
for fitting the marginal distributions, because non-parametric estimation methods do not
require prior estimation or assumptions about all parameters of the copula function of the
dependence structure between the bivariate variables, and can be directly estimated to
obtain the fitted values at any point [26]. Non-parametric kernel density estimation is there-
fore more widely used in practice than conventional parameter estimation (e.g., normal,
gamma), and can effectively eliminate errors in the fitted joint probability distribution due
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to partial singular values. Kernel density estimation is the most widely used test in the field
of non-parametric estimation [27], where the kernel distribution produces a non-parametric
probability density estimate that adapts itself to the data, rather than selecting a probability
density estimate with a particular parameter. Here, we used kernel density estimation to
derive marginal distribution fits for the bivariate.

The kernel function density estimation method is described by the following equation:

Fulx) = nthf:lK(x xi>

fu(x) represents the kernel density value; n represents the number of samples in the
bandwidth range; & is the window or bandwidth, representing a reasonable smoothing
parameter and & > 0; K is the kernel smoothing function; (x — x;) is the distance between
points to x;; and x1, X2, ... X, are random samples from an unknown distribution.

The kernel density estimate of the cumulative distribution function is described
as follows:

—00

/ fu(t) XL1G<xh%)KX@=:/xKUMt

(2) Fitting and optimization of joint probability distributions

Copulas are multivariate distribution functions defined in the domain of [0, 1] and are
used to describe correlations between multiple variables. The bivariate copula function is
commonly used to describe the dependence structure between two sets of random variables
and to count the joint probability of an event (such as a compound drought) occurring.
Sklar confirms that the copula function is unique in that if F(-,-) is a joint distribution
function and X(-) and Y(-) are marginal distribution functions of independent variables,
then there must be a copula function C(-,-), satisfying

F(x,y) = C(X,Y)

When X(-) and Y(:) are continuous, there must be a uniquely determined C. Conversely,
X(-) and Y(-) are only one-dimensional distribution functions.

According to Sklar’s theorem, the joint probability distribution function Fx y(x, y) for
variables X and Y can be expressed as:

Fxy(x,y) = C(Fx(x), Fy(y)) = P(X <x,Y <y)

where Fx(x) = P(X < x) and Fy(y) = P(Y < y) are the cumulative distribution functions of
the variables X (e.g., SM) and Y (e.g., GPP). C is the joint distribution function of U = Fx(x)
and V = Fy(y) after marginal fitting, and the new sequence U and V after the marginal
distribution fitting transformation has the characteristics of a uniform distribution.

In addition, a binary copula family connection function is required to calculate the
joint probability of an event, and we chose the joint distribution functions Clayton, Frank,
Gumbel, t, and Gaussian copula to describe the possible dependency structure of the two
variables. The function expression is described in Table 1.

Table 1. Expressions of marginal distribution function.

Expression of Distribution Function

Copula Clu,0) Range of 6 Values
Clayton max< [ -0 + v 0~ 1/9] 0 (0, +00)
Frank —Ln (1 + 9“_612] 16v 1) ) (—00,0) N (0, +00)
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Table 1. Cont.

Copula

Expression of Distribution Function Range of 0 Values

C(u,v)
Gumbel 9 91179 (1, +00)
exp 7[(71nu) +71nv} ’
" A ONICR 2 _opsp ] 2 dsdt ~1,1),k #0
J2 [ Zﬂmexp[l—k 6 ] . ( )k #
Gaussi o) (o (v) 1 2 ppst 2] 2 st —1,1),k #0
aussian (e e L 17926”7[1_,_ sk(179;3 } ( )k #

P(—GPP > 90%|VPD > 90%) =

P(GPP < 10%|VPD > 90%) =

The copula family linkage function was used to reconstruct the dependence structure
of the bivariate. To more accurately describe the dependence structure of the bivariate,
the best-fitting distribution function was then selected from the five mentioned above for
further analysis. The goodness-of-fit test is based on the minimized squared Euclidean
distance (SED) and is described as follows:

SED = (CUV/C)?

where CUV is the empirical value of the individual binary copula function fit and C is the
theoretical value.
(3) Bayesian formula modeling conditional probabilities
Bayesian formulas are causal imputations related to a priori probabilities and phenom-
enal probabilities (observed objective probabilities) and are a deformation of conditional
probabilities. The descriptive formula is:
P(A)P(B|A) P(AB)

P(A|B) = 508) :P<B),P(B)7é0

where P(B) is the probability of the occurrence of event B (a priori probability); P(AB) is
derived from step 2 and represents the probability of simultaneous occurrence of event
A and event B. By simple reasoning, we know that to determine the conditional prob-
ability of the occurrence of loss of ecosystem GPP under drought stress conditions, we
need to calculate the probability of the occurrence of drought and the probability of the
co-occurrence of increased drought and decreased productivity, where P(AB) can be inter-
preted as the compound probability of the simultaneous occurrence of drought and loss of
vegetation productivity.

P(A | B) represents the probability of event A occurring if event B is known to occur
(conditional probability); in other words, P(—GPP > 90% | VPD > 90%) can be interpreted
as the probability of occurrence of —GPP above 90% when VPD is above 90%. The specific
formula is described as follows:

1— P(—=GPP > 90%) — P(VPD > 90%) + C(—GPP > 90%, VPD > 90%)
1— P(VPD > 90%)

Note that it takes a threshold above a certain value of atmospheric VPD to initiate a
decline in ecosystem GPP, so we used —GPP to calculate the conditional probability in the
bivariate relationship. Here, the conditional probability of P(—GPP > 90% | VPD > 90%) is
identical to that of P(GPP < 10% | VPD > 90%). Therefore, above equation can be interpreted
as the conditional probability of an event occurring with a GPP below 10% in the case of
VPD above 90%. It is expressed as follows:

1— P(GPP < 10%) — P(VPD > 90%) + C(GPP < 10%, VPD > 90%)
1— P(VPD > 90%)

We used percentages to define the degree of atmospheric drought and the degree of
ecosystem GPP deficit, defining all samples with VPD values above 90%, 70%, and 50% as
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severe, moderate, and mild atmospheric drought and all samples with GPP values below
10%, 30%, and 50% as severe, moderate, and mild vegetation deficit.

Unlike atmospheric drought, a soil drought event can only be recognized as occurring
when soil moisture falls below a certain threshold. We focused on the joint probability of
extreme SM (below 10%, 30%, 50%) and GPP (below 10%, 30%, 50%). Thus, the conditional
probability of a decline in ecosystem GPP in the presence of an extreme soil drought event
can be derived by combining the Bayes” equation described as:

C(GPP < 10%,SM < 10%)
P(SM < 10%)

P(GPP < 10%|SM < 10%) =

Similarly to atmospheric drought, we defined severe, moderate, and mild soil drought
for all samples with SM values below 10%, 30%, and 50%.

3. Results
3.1. Characteristics of Long-Term Changes in Chinese Grassland SM and Its Constraints on
Ecosystem GPP

Th long-term trend of soil moisture simulation in Chinese grasslands is not insignifi-
cant over the past 100 years. The annual SM in the historical period had an insignificant
soil-degenerating aridity trend, and future projections were largely constant (Figure 1a).
The warm-season SM showed a similar trend, but the moisture anomaly domain was signif-
icantly higher in the warm season than in the annual (Figure 1b). Compared to the trends,
the interannual variability of soil moisture in Chinese grasslands is highly significant, as
can be seen in periods such as 1930-1950 and 2050-2060 when soil moisture is significantly
higher. In conclusion, the long-term change of soil moisture is mainly controlled by its
interannual fluctuations. Therefore, the next analysis will focus on the regulation of the
interannual variability of soil moisture on ecosystem GPP.

Figure 2 shows that the interannual variability of SM and GPP is similar, i.e., years
with low SM correspond to low GPP, and the two are strongly positively correlated. The
correlations between SMjay and GPPjay are 0.171 and 0.477 for the whole year in the histor-
ical and future periods, respectively, and the fluctuation patterns of both are found to have
been basically consistent since 1950. The degree of correlation was significantly stronger
in the warm season than in the whole year, with correlations of 0.48 and 0.63 between
them year by year for the historical and future periods, respectively, and both passed the
significance level (p < 0.05) test. We concluded that soil moisture is an important factor that
strongly regulates ecosystem GPP, and when soil moisture is below a certain threshold, it
significantly constrains the accumulation of ecosystem GPP, because an insufficient soil
moisture supply significantly forces a decrease in plant photosynthetic capacity, which in
turn leads to a decrease in ecosystem GPP. Moreover, this effect more strongly restricts
plant growth during the growing season.

Next, the correlations of SMjay and GPPay were calculated using a sliding window of
41 years for the whole year and warm season from 1901 to 2099 (Figure 3). The bivariate
correlations were found to be consistently positive in most periods and regions of Chinese
grasslands, and the correlation values were higher for the warm season than for the whole year.
The correlations between SMjay and GPPjay in Mongolia, the Loess Plateau, and Xinjiang
all exceeded 0.4 and passed the significance test, while the correlation in the Tibetan Plateau
grasslands gradually increased to 0.2 from year to year. This reflects that the regulation of GPP
by soil moisture is always positive, i.e., it suppresses plant growth in water-scarce years and
promotes it in water-abundant years. In comparison, the positive correlations in the warm
season are higher in all regions and stages than in the whole year, and the correlations in
Chinese grasslands are always around 0.4 throughout the year, while the correlations in the
warm season have been over 0.5 since 1970. In the Xinjiang and Loess Plateau regions in
particular, the correlations of the warm-season bivariate exceeded 0.6. This indicated that
the regulation of GPP by soil moisture is higher in the warm season than in the whole year;
in other words, the warm-season soil moisture deficit can trigger more serious ecosystem
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GPP loss events in most cases. Given that our study discusses the effect of soil moisture
constraint events on ecosystem GPP, the choice of warm-season bivariate better reflects
the limiting effect of extreme moisture constraints on carbon uptake in grasslands, and,
therefore, the SM and GPP in the warm season were chosen for further analysis.

151 ‘ '
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Figure 1. Long-term variation in soil moisture anomalies based on process-model simulations.
(a) Annual SM; (b) warm-season SM. SM anomalies are relative to the distance to the mean during
2006-2015. The shaded line is the doubled standard deviation between the four models. The warm
seasons mentioned are the three months with the largest annual mean temperatures in 1901-2005.

' ' ' - ‘ 21 (c1 A
(b1) Futur ©)
historical - LN _

1 PR R

Standardization
Standardization
o
Standardization GPP

Standardization

Standardization
Standardization GPP
o

-2 ,/'-/ . rfuture =0.631
1900 1920 1940 1960 1980 2000 2010 2030 2050 2070 2090 -2 0 2
Year Year Standardization SM

Figure 2. Standardized interannual variability characteristics of soil moisture (SMjay) and gross
primary productivity (GPPjay) in Chinese grasslands. The upper side shows the annual time series,
and the lower side shows the warm-season time series. (a) historical period; (b) future period;
(c) correlation between SMyay and GPPay per year, * represents passing 0.1 significance test, and
** represents passing 0.05 significance test.
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Figure 3. Correlation between GPP 5y and SMyay for Chinese grasslands during the period 1901-2099.
(a1,b1,c1,d1,el) is annual, and (a2,b2,c2,d2,e2) is the warm season. The correlation between SMjay
and GPPjay per year in the warm season was calculated with a 41-year sliding window, i.e., by
calculating the correlation between the two variables from 1861-1901 as the result in 1901, and so
on, to find the correlation from 1901-2099. The red line in the figure shows the years in which the
correlations passed the significance test (p < 0.05).

3.2. Comparison of the Regulation of GPP by Different Soil Layers

The impact on the GPP of the ecosystem varies across soil layers due to differences
in rainwater recharge and evapotranspiration at different depths. The warm-season SM
and GPP were correlated at the meta-scale to compare the bivariate structure between SM
and GPP at different soil depths (Figure 4). The bivariate correlations for shallow soils
(0-20 and 20-50 cm) were found to show significant interannual agreement, with highly
significant positive correlations in both historical and future periods. Deeper soils (100-200
and 200-300 cm) with higher possible difficulty in water use for plants, did not show a
significant consistent interannual correlation in the historical period, and the interannual
relationship between the two variables tended to be consistent in the future period. As
shown in Figure 4c, most of the pixel correlations between shallow-soil water and GPP
are greater than 0, implying a strong positive coupling between the two, with shallow-
soil water deficit significantly constraining the accumulation of GPP in the ecosystem. In
contrast, about half of the pixels of the deep-soil water are on both sides of the 0 value line,
showing very high uncertainty in the regulation of GPP. Overall, the correlation between
ecosystem GPP and the SM of different soil layers showed a higher correlation the closer
to the surface the soil layer was. Comparing different soil layers, it can be seen that soil
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moisture at different depths has an inconsistent regulating effect on ecosystem GPP, and
uncertainty has a non-negligible effect on GPP constraint.

3
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g X NGPP.SM, 06 5000m) o
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Figure 4. Correlation between warm-season SM and GPP for different soil depths. The upper column
is the historical period and the lower column is the future period. (al,a2) Scatter plots of SM and GPP
per year. Red, green, blue, cyan, and pink represent soil moisture at 0-20 cm, 20-50 cm, 50-100 mm,
100-200 mm, and 200-300 mm soil depths, respectively; (b1,b2) correlation between SM and GPP
regional averages; (c1,c2) probability density plot of correlation between SM and GPP.

Figure 5 shows the spatial distribution of the probability of different degrees of ecosys-
tem GPP loss under the precondition of extreme drought in soils with different soil moisture
levels, and found that the probabilities show great differences between different soil levels.
The probability of severe GPP loss induced by drought events at the 0-20 cm soil depth
was as high as 32.49%, decreasing to 27.64%, 16.79%, 16.43%, 16.43%, and 12.61% with the
increase in soil depth. We found that after drought in shallow soils, the ecosystem GPP
tended to be severely deficient due to water limitations, while the probability of drought-
induced vegetation deficit in deep soils was lower. In addition, we also emphasized that
the probability of severe shallow-soil drought induced moderate and mild ecosystem GPP
loss, while the ecosystem GPP was significantly higher than that of deep-soil drought.

The locations of the spatial distribution of ecosystem GPP loss probabilities for severe,
moderate, and mild were basically the same, indicating that soil drought events of different
soil depths had weaker effects on the changes in probability at different locations. The
spatial heterogeneity of ecosystem GPP loss induced by shallow-soil drought events was
stronger. Xinjiang and the Loess Plateau are the most susceptible grasslands to soil drought,
followed by Inner Mongolia grasslands and Tibetan Plateau grasslands being the least
affected. The probabilities associated with deep-soil drought were more uniform and
consistent in space, with less variation among regions (Figure 5(a6)).
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Figure 5. Conditional probabilities of ecosystem GPP loss under severe soil drought conditions
(i.e., probability when soil moisture is below 10% threshold in the 1901-2005 time series) at different
soil depths of Chinese grasslands during the historical period. (al-a6,b1-b6,c1-c6) The probability
of severe ecosystem GPP loss under severe soil drought conditions; 1-6 represent the soil depths
of 0-300 mm, 0-20 mm, 20-50 mm, 50-100 mm, 100-200 mm, and 200-300 mm, respectively. The
regional average trend values are counted as box plots in the lower left corner. NM, LP, QT, and
X]J represent grasslands in Inner Mongolia, the Loess Plateau, the Tibetan Plateau, and Xinjiang,
respectively, and red dots represent anomalies. The histogram is the frequency statistics.

3.3. Comparison of the Probability of High-VPD and Low-SM Events Leading to Ecosystem GPP Deficits

The difference was obtained by subtracting the probability of GPP decline due to soil
drought from the probability of GPP decline due to atmospheric drought, which can be used
to compare the primary and secondary effects of soil drought and atmospheric drought on
the constraint of ecosystem GPP. A positive value represents a stronger constraint of soil
drought on GPP, while a negative value represents a stronger constraint of atmospheric
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drought. For the historical period, we found that soil drought in Chinese grasslands causes
a higher probability of ecosystem GPP loss than atmospheric drought, but the results
vary widely with different threshold settings (Figure 6). The difference between the two
was relatively large in the most severe drought scenario, with 8.16%, 10.41%, and 6.93%
differences for severe, moderate, and mild ecosystem GPP losses, respectively (Figure 6a—c).
The differences also showed different degrees of reduction with decreasing drought levels.
From the probability perspective, we concluded that the overall impact of soil drought
on Chinese grassland ecosystems is significantly higher than that of atmospheric drought,
and the probability of GPP deficit caused by soil drought is on average 1-10% higher than
atmospheric drought. However, the difference was found to be spatially heterogeneous,
with soil drought in Inner Mongolia, the Tibetan Plateau, and the Loess Plateau apparently
causing a higher probability of ecosystem GPP loss, which is the main constraint limiting
GPP accumulation. In contrast, the probability of atmospheric drought causing ecosystem
GPP deficit was higher in the grassland of the Tibetan Plateau, which represents a stronger
constraint of atmospheric drought on the GPP of the Tibetan Plateau.

For the future period, soil drought remains the main water constraint limiting the
accumulation of GPP in the ecosystem (Figure 7). However, compared to the historical pe-
riod, the spatial differences changed significantly. The difference in the Loess Plateau tends
to be negative from the positive value in the historical period, indicating that atmospheric
drought will become the most important moisture constraint in the future. Inner Mongolia
and Xinjiang, although still positive, have decreased compared with the historical period,
indicating that the moisture constraint from the atmosphere has increased and the soil
moisture constraint has weakened. The Tibetan Plateau is very unique, and soil drought
will become the main constraint on GPP accumulation in the Tibetan Plateau ecosystem in
the future, and its probability difference is more than 10%.

(a) P(GPP<10]SM<10) - P(GPP<10[VPD>90)

(©) P(GPP<50|SM<10) - P(GPP<50[VPD>30)
P 816 22 2

P o693% 25

(b) P(GPP<30/SM<10) - P(GPP<30[VPD>00)
P =1041 s

(@) P(GPP<30[SM<30) - P(GPP<30VFD>70)
P =819% 25

M LP QT X4 -
{g) P(GPP<10]SM<50) - P(GPP<10]VPD>50)
Pooa=178% 25

100°E
Probabilty (%)

Figure 6. Difference between the probability of ecosystem GPP loss under soil drought conditions
minus the probability of ecosystem GPP loss in the atmospheric drought scenario for the historical
period. (a—c) The difference between the probability of severe, moderate, and mild ecosystem GPP
loss corresponding to severe soil drought and atmospheric drought; (d—f) the difference between
the probability of severe, moderate, and mild ecosystem GPP loss corresponding to moderate soil
drought and atmospheric drought; (g—i) the difference between the probability of severe, moderate,
and mild ecosystem GPP loss corresponding to mild soil drought and atmospheric drought; (g—i) the
difference in the probability of severe, moderate, and mild ecosystem GPP loss corresponding to mild
soil and atmospheric drought.
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Figure 7. Difference between the probability of ecosystem GPP loss under soil drought conditions
minus the probability of ecosystem GPP loss in the atmospheric drought scenario for the future
period. (a—c) The difference between the probability of severe, moderate, and mild ecosystem GPP
loss corresponding to severe soil drought and atmospheric drought; (d—f) the difference between
the probability of severe, moderate, and mild ecosystem GPP loss corresponding to moderate soil
drought and atmospheric drought; (g—i) the difference between the probability of severe, moderate,
and mild ecosystem GPP loss corresponding to mild soil drought and atmospheric drought; (g—i) the
difference in the probability of severe, moderate, and mild ecosystem GPP loss corresponding to mild
soil and atmospheric drought..

4. Discussion
4.1. Soil Moisture More Strongly Regulates Carbon Balance Than Atmospheric Indicators in
Chinese Grasslands

Terrestrial ecosystem models can obtain high-resolution long time series of soil mois-
ture products, bridging the gap between remote sensing and station observations [22]
and providing important information for exploring long-term soil drought evolution. We
confirmed that soil moisture deficit can severely weaken the accumulation of ecosystem
GPP and is an important aspect in regulating the interannual dynamics of GPP. Previous
studies have shown that CO, growth rates are sensitive to observed changes in terrestrial
moisture, i.e., drought years are associated with rapid increases in atmospheric CO; [7];
higher water availability promotes ecosystem productivity fixation, and water loss attenu-
ates it [28,29]. Our results are similar and showed that low SM corresponds to low GPP,
reflecting a reduced potential for ecosystem CO, uptake in years with low soil water. Thus,
a lack of soil water supply would affect the division and expansion of individual plant cells
and greatly reduce the ability to obtain carbon from the atmosphere, which in turn would
result in a decrease in ecosystem GPP.

Considering that soil water content is closely related to precipitation, most of the
precipitation infiltrates into the soil, except for a small portion that evaporates and is
trapped by the canopy [30]. Most of the water available for plant uptake originates from
precipitation, which affects the photosynthetic capacity of plants and is mainly regulated by
the intra-annual distribution of precipitation and differences in precipitation intensity [31].
Changes in the intra-annual distribution of precipitation can lead to a mismatch between
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water availability and plant growth requirements [32]. For example, precipitation events
that occur during the germination period do not match actual water demand and supply. As
a result, much of the water is likely to be inefficient and ‘wasted’ in the evapotranspiration
process [33]. It has been suggested that increasing precipitation early in the growing
season can have a positive impact on semi-arid grassland productivity [34]. This may
be due to a number of factors, including the fact that the earlier the precipitation, the
higher the soil moisture, and the fact that more precipitation early in the growing season
promotes plant root growth. In contrast, more precipitation events later in the growing
season do not significantly improve photosynthetic capacity or carbon accumulation [35].
In addition, changes in the magnitude or intensity of precipitation events can alter the
vertical distribution of soil moisture, which is closely linked to the underground activity
of plants [36]. Small precipitation events tend to increase the shallow-soil water content
and stimulate shallow-rooted plant activity (photosynthesis and autotrophic respiration)
and soil microbial activity. Large precipitation events are more effective at replenishing
deep-soil water content, which may be more effective in triggering deep plant activity [37].

We keenly captured the extremely close coupling between Chinese grassland pro-
ductivity and soil moisture, with soil moisture surplus and deficit directly regulating the
direction of ecosystem carbon revenues and expenditures. Precipitation is the most direct
source of replenishment for soils [38], and precipitation surplus and deficit can be consid-
ered to regulate productivity in Chinese grasslands. However, given that soil moisture
is the main source of water directly available to plants, this study innovatively used soil
moisture as the main water constraint to analyze its relative influence on GPP.

4.2. Soil Moisture Is a Key Water Constraint Controlling the Grassland Productivity in China

Previous studies have found that soil drought is the dominant constraint on drought
stress in most ecosystems worldwide [16]. We have confirmed that soil drought is indeed the
main water constraint threatening GPP in Chinese grassland ecosystems from a probabilistic
perspective. However, we noted that the probability difference between soil drought and
atmospheric drought causing an ecosystem GPP deficit gradually decreases or reverses
to a negative value in most regions in the future. This represents a clear increase in the
extent to which atmospheric drought will affect ecosystems in the future and a decrease
in the importance of soil drought in dominating vegetation deficits. This is likely due
to the fact that atmospheric VPD has increased rapidly over the past century and will
remain the growing trend in the future (Supplementary Figure S1), while soil moisture
trends have remained stable over time (Figure 1). Continued atmospheric constraints force
ecosystems to adapt to water stress by closing stomata or stopping plant growth due to
the inability to coordinate water—carbon fluxes [39]. We found that the future scenario
for the Tibetan Plateau is one in which the temperature limitation of alpine ecosystems is
lifted by rising temperatures, possibly due to increased atmospheric pressure that promotes
vegetation growth rather than inhibiting it, thus causing soil drought to remain the main
moisture constraint limiting GPP accumulation in the Tibetan Plateau in the future. It is
important that identifying the primary and secondary moisture constraints from the soil
and atmosphere remains a challenge [40], and a probabilistic perspective provides only
a possibility rather than a definitive conclusion. In the future, there is a need for further
clarification of this long-standing and complex issue to open up new avenues for improved
modeling and better management of drought risk.

However, the interannual regulation of ecosystem GPP was significantly different for
soil moisture at different soil depths. We found that shallow-soil water (0-50 cm) was the
dominant soil layer regulating interannual variability in GPP, probably because the most
accessible water to grassland plants comes from shallow soils and is the direct source [41].
In water-scarce weather, most plants preferentially draw water from the soil [12], and
roots easily take up residual water from shallow soils in a variety of ways, including
mass flow, diffusion, and interception [42]. Only when shallow-soil water is exhausted
can deep-rooted plants draw water from deeper soils [43]. We also confirmed that the
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probability of ecosystem GPP loss induced by water deficit in shallow soils is much higher
than that of deep-soil water, representing a greater dependence on shallow-soil water for
plant growth, and that negative anomalies in shallow-soil water can cause substantial
ecosystem carbon loss.

The innovation of our study is to not only point out that soil drought outweighs
atmospheric drought as the key to the restriction of ecosystem GPP but also that shallow-
soil water is critical to controlling ecosystem GPP. This addresses the fact that previous
studies have only detailed the effects of soil drought on ecosystems in general, without
distinguishing the relative contribution of soil moisture at different soil depths [16,44],
which also provides precedent for future validation on a global scale.

5. Conclusions

We used simulation results from a terrestrial ecosystem model to analyze the moderat-
ing effect of soil drought on GPP changes in Chinese grasslands to explore the conditional
probability of ecosystem GPP loss due to soil drought and to analyze the dominance of
terrestrial-atmosphere moisture constraints on ecosystem GPP. The main conclusions are
as follows:

(1) No significant trends were found for soil moisture in the historical or future periods,
and its long-term change was mainly reflected through interannual fluctuations. Soil
moisture showed a highly significant positive correlation with ecosystem GPP in
the time series, indicating that when soil water decreases, it causes a decrease in
ecosystem GPP. Moreover, the correlation between SM and GPP was higher in the
warm season than annually, and higher in the future period than in the historical
period, representing a stronger constraint on GPP in Chinese grasslands in the warm
season and a deeper constraint in the future period than in the historical period.

(2) Using the LPJmL model’s soil moisture data at different soil depths and analyzing
their relationship with ecosystem GPP, it was found that the correlation between
shallow-soil moisture (0-50 cm) and GPP was clearly higher than that of deeper soils,
and the probability of an ecosystem GPP deficit due to a shortage of soil water in the
shallow layer was much higher than that of soil water in the middle and deep layers.

(3) In probabilistic terms, soil drought has a higher probability of initiating the loss
of ecosystem GPP than atmospheric drought, with moisture scarcity originating
from the soil becoming the main aspect that constrains ecosystem GPP. In the future,
with the rapid rise of global VPD, the probability of ecosystem GPP loss induced
by atmospheric drought increases and overtakes soil drought as the main water
constraint in some regions.
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