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Abstract: Exploring the responses of ecosystem services to climate change is an essential prerequisite
for understanding the global climate change impact on terrestrial ecosystems and their modeling.
This study first evaluated the ecosystem services including net primary productivity (NPP), soil
conservation (SC) and water yield (WY), and climate factors including precipitation, temperature,
and solar radiation from 2000 to 2020 on the Loess Plateau, and then analyzed their relationships
and threshold effects. The results found that precipitation in the region had significantly increased
since 2000 while solar radiation decreased; mean annual temperature however did not change
significantly. NPP and SC showed an increasing trend while WY showed a decreasing trend. The
most significant climate factor affecting ESs was precipitation. With the increase of precipitation, all
three types of ecosystem services showed a significant increasing trend, but the facilitating effect for
NPP and WY began to be weakened when precipitation reached the thresholds of 490 mm and 600
mm, respectively. This occurred because in regions with already sufficient precipitation to support
NPP there is limited capacity for NPP to increase compared to areas of arid grasslands. In these
regions, high vegetation cover leads to increased evapotranspiration which reduces the positive
influence of increasing precipitation on WY. The results can offer a reference for the level of ecological
restoration success.
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1. Introduction

Ecosystem services (ESs) operate as a link between natural processes and human activ-
ities [1,2]. These services offer a basket of benefits generated and provided by ecosystems,
which directly or indirectly contribute natural capital to benefit human well-being [3-5].
These services include four categories: production, regulation, habitat, and information
services [6], which are crucial resources and environmental foundations for human devel-
opment [7]. In both theoretical and practical contexts, it is important to allocate and use
natural resources strategically to achieve effective regional sustainable development [8-10].
Therefore, the analysis of ESs and their changing trends can support appropriate recom-
mendations for ecological management [11].

The relationship between climate change and terrestrial ecosystems is one of the key
problems in global change research [12-14]. Climate change is one of the main causes
of changes in the structure and function of terrestrial ecosystems [15,16]. The terrestrial
ecosystems are considered as the laboratories to observe the climate changes [17-19]. As
human activity and global climate extremes rise, the responses of ESs to climate change
tends to be more complex [20,21]. Climate change may increase ecosystem risks and
thus have a negative human settlement [22,23]. Adverse effects of climate change may
undermine the regional capacity for sustainable development [24]. Recent studies have
examined the relationship between climate change and ESs [25-27]. For example, precipi-
tation reduces net primary productivity in grasslands but increases water yield and soil
conversion [28,29]. Meanwhile, precipitation had a greater positive effect on vegetation
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carbon sequestration than that of temperature [30]. The response of vegetated ecosystems
to climate change is a complex systemic process that exhibits specific values of spatial vari-
ation. Even modest climate changes may have a substantial impact on ecosystem structure
and function [23,31-33]. However, previous studies have predominantly focused on the
linear relationships or sensitivities between them at large regional scales to determine the
overall patterns [34]. The mining of local characteristics is easily neglected, which can lead
to local maladaptation in terrestrial ecosystem model simulations. Therefore, there is a need
to investigate the spatial and temporal differences in the responses of vegetation ecosys-
tems to climate change to provide more refined parameters and modeling mechanisms for
terrestrial ecosystem model simulations.

The Loess Plateau (LP) located in China’s central region is the world’s largest and
deepest loess deposit [12]. It has low levels of precipitation with an irregular spatial distri-
bution across long timescales [35]. Since severe soil erosion and vegetation degradation
have occurred in the area, these delicate ecosystems are even more vulnerable to climate
change [36,37]. Under the global climate change and ecological restoration projects, the
vegetation restoration in LP has been highly successful whilst precipitation has also had a
strong impact [38]. Large-scale revegetation has substantially reduced runoff and sediment
and has affected the ecological system structure of the LP [39,40]. Although soil erosion
and other issues have been controlled at the local scale, the regional ecosystem of the LP is
still relatively fragile [41]. Although numerous researchers have examined the effects of
climate change on ESs on the LP, prior research has primarily focused on describing their
spatial relationship. It remains unclear whether these effects have an inflection point or
a threshold effect [39,42,43]. To assist policymakers in developing appropriate ecological
restoration processes and goals, preserve ecosystem service supply, and balance the sus-
tainable development of ecosystems, a strategic assessment of ESs in the area and their
response to climate change is required [44,45].

This study evaluated the spatial distribution pattern and temporal variation of ESs
and climate factors in the LP from 2000 to 2020 to further explore their relationships. Then
the response thresholds of ESs to climate factors were examined. The results create a
theoretical foundation for effective ecological restoration planning on the LP and offer
recommendations for its sustainable development.

2. Materials and Methods
2.1. Study Area

The LP is located at 33°43’ N~41°16’ N and 100°54’ E~114°33’ E, with a total area of
approximately 64 km? (Figure 1). It is the largest and deepest deposit of loess sediment
worldwide. The regional topography is complex and diverse, with an altitudinal range
of 88-4981 m, comprising typical landforms including loess walls, beams, and Mao [12].
The LP is in the temperate continental monsoon climate zone in eastern Eurasia. Its most
important climatic feature is the pronounced seasonal temperatures and precipitation
changes [37], with an average annual precipitation of 111 mm~876 mm and an average
temperature of —12 °C~16 °C.
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Figure 1. Location of the Loess Plateau.
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2.2. Data Sources

The data include land use data, digital elevation model data (DEM), soil data, net
primary productivity data (NPP), evapotranspiration data (ET), normal difference of vege-
tation index (NDVI), and meteorological data (i.e., precipitation, temperature, and solar
radiation) (Table 1). The rasterized meteorological data were interpolated from meteorolog-
ical station data using ANUSPLIN software. The final spatial unit size for assessment was
determined as 1 x 1 km. All data were projected into the China Geodetic Coordinate System
2000 Albers projection to ensure spatial matching consistency of the multi-source data.

Table 1. Data sources.

Data Years Spatial Resolution Sources Accessed Date
DEM 2009 90 m http://www.gscloud.cn/ 20 August 2020
HWSD soil sets 2009 1000 m http:/ /westdc.westgis.ac.cn/ 12 March 2021
MODIS IGBP 1000 m
MODIS13Q1 NDVI 250 .
MODISl7?A3 NPP 2000-2020 500 $ https:/ /modis.gsfc.nasa.gov/ 30 June 2022
MODIS16A3 ET 500 m
Precipitation
Temperature 2000-2020 68 stations http:/ /data.cma.cn/ 5 July 2022
Solar radiation
2.3. Methods
2.3.1. Evaluation of Ecosystem Services
The environmental and geographical characteristics of the study area were examined,
and three ecosystem service types were selected for a detailed evaluation of the study area,
including net primary productivity (NPP), soil conservation (SC), and water yield (WY).
These services were standardized between 0 and 1, respectively, due to their different units
of measurement. The comprehensive ecosystem service (CES) was also calculated for the
study area [6]. Table 2 contains a list of the precise calculation formulas and explanations
for each ecosystem service.
ESs — ESSpin
SES = 1)
ESsmax — ESSmin
3
CES =) _ SES; ()
i=1
where SES is the standardization of ESs, ESsyin is 5% of the cumulative value of ESs,
and ESsmax is 95% of them. This study first standardized each ecosystem service in 2020.
The same thresholds were then used for the other years of standardized ESs to analyze
their changes.
Table 2. The formulas for evaluating ESs.
ESs Formula Formula Description Ecological Meaning Reference
. . - The quantity of organic dry matter
NPP NPP = APAR x € APAR stands for photosynthetically active radiation, accumulated in plants per unit of time [46-48]
while £ is the light energy conversion rate. .
and area is referred to as NPP.
A, is the amount of potential soil erosion; A, is the
SC=Ap — A, amount of actual soil erosion; R stands for rainfall SC represents the ability of ecosystems
SC Ap=R x K xLS erosivity index, K for soil erodibility, LS for slope to self-regulate and mitigate soil [49,50]
A, =KxLSxCxP length and slope factor, C for surface cover, and P for erosion.
soil conservation measure factor.
WY provides fresh water to the
. s . landscape and plays a key role in
WYy WY =PPT — ET PPTis the total annual precipitation, and ET is the irrigated agriculture, population [49,51]

total annual evapotranspiration. growth, and improved living

standards.

2.3.2. Climate Factors

Precipitation, temperature, and solar radiation are important climate factors that
maintain ecosystem stability. The water cycle influences the materials exchange and
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the energy transfer in ecosystems, temperature regulates the cycle of biological activity,
and solar radiation is the main source of energy for ecosystem processes, such as plant
photosynthesis and transpiration [19]. Three variables, the annual total precipitation (ATP),
mean annual temperature (MAT), and total annual solar radiation (ASR), were chosen to
investigate the impact of climate change on ESs. The ATP was obtained by summing the
daily site data and the MAT was obtained by averaging the daily site data. More detail of
the calculation procedure of ASR can be found in the literature [52,53].

2.3.3. Trend Analysis of Ecosystem Services

To observe the trends of ESs and climate factors, the least squares method was used as
Equation (3).

®)

where i represents year, § is the linear trend value, x; is the value within the image of year
i, t; is the representative value for year i, n is the total number of year, 8 > 0 indicates an
increasing temporal trend, B < 0 indicates a decreasing temporal trend, and the F-test was
used to test for significance [54].

2.3.4. Relationships among Ecosystem Services and Climate Factors

(1) Correlation analysis

The correlation analysis was used to investigate the relationships among ESs and
climate factors and the trade-offs and synergies between ESs. Positive correlation represents
synergistic relationship and negative correlation represents trade-off relationship. The
Spearman correlation analysis and the F-test were calculated in MATLAB (significant
represents p < 0.05, non-significant represents p > 0.05) [55].

(2) Elasticity coefficient

Precipitation, temperature, and solar radiation were calculated separately at 2% in-
tervals as the means of their corresponding standardized ESs. The relationship between
climate factors as the independent variable and ESs as the dependent variable was estab-
lished. The inflection point of the elasticity coefficient (threshold point) was determined by
analyzing the elasticity coefficients of the ESs and climate factors. The elasticity coefficient
is the change in ESs per unit change in climate factors and characterizes the strength and
efficiency of the impact of the independent variable. The elasticity coefficients were ob-
tained by deriving a fitted function for climate factors and ESs [16]. The cubic polynomial
regression has been widely used to fit their relationship. The threshold is the inflection
point value of the elasticity coefficient (Equation (4)).

d(ESs)

EC = i) 4)

where EC is the elasticity coefficient, ESs represents the ecosystem services, and x is the
climate factor.

3. Results
3.1. Spatial and Temporal Patterns of Climate Factors

The spatial distribution and trend for each climate factor from 2000 to 2020 are shown
in Figure 2. For ATP, the annual average was high in the southeastern region and low
in the northwestern region and change trend showed a significant increase (p < 0.05) in
the southwest and central regions of study area. The distribution of solar radiation was
opposite to that of ATP, which was high in the northwestern and low in the southeastern
regions. The solar radiation in the southwestern region showed a significant decrease trend
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(p < 0.05). MAT was high in the south and low in the north, which was the highest in the
valley plain, and lower in the higher altitudes of Qin ling Mountains and Qilian Mountains.
In terms of annual average change, ATP increased from 385.82 mm and 503.95 mm and
showed a significant increase trend (p < 0.05). MAT fluctuated between 7.98 °C and 9.08 °C,
and ASR fluctuated between 5477 MJ/(m?) and 5921 MJ/(m?). The two-climate factors
showed non-significant trends (p > 0.05).
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Figure 2. Spatial distributions and temporal variations of climate factors (Note: (a—c) are multi-year
average spatial distributions of climate factors; (d—f) are spatial trends in climate factors; (g—i) are
annual average trends in climate factors).

3.2. Spatial and Temporal Variation in Ecosystem Services

The spatial distribution and trend for each ecosystem service from 2000 to 2020 are
shown in Figure 3. In terms of spatial distribution, the differences among the various ESs
were relatively considerable, and each ecosystem service had obvious spatial differentiation
characteristics. NPP was high in the southeast and low in the northwest, and NPP in the
south was significantly higher than other areas. The value of SC is larger in the higher
altitude, which is caused by the high vegetation coverage and large slope in this region, and
the value of WY is higher in the valley plain of the southeastern region and the grassland
of the northern region. In the past 21 years, NPP and SC showed a significant increase in
most areas, while WY showed a significant decreasing trend in the southeast (p < 0.05).
In terms of annual average change, mean annual NPP increased from 213.03 gC/m? to
355.07 gC/ m?2, and mean annual SC increased from 163.33 t/hm? to 304.66 t/hm?2. The
two services showed significant increasing trend (p < 0.05) in the past 21 years. The mean
annual WY fluctuated with a non-significant decreasing trend (p > 0.05) between 41.02 mm
and 221.85 mm.
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Figure 3. Spatial distribution and temporal variation of ESs (Note: (a-d) are the multi-year average
spatial distribution of ESs; (e-h) are the spatial trend of ESs; (i-1) are the average annual trend of ESs).

The relationships between ESs at pixles are shown in Figure 4. In terms of spatial
distribution, NPP was synergistic with SC in 91.29% of the LP with 74.94% being signifi-
cantly synergistic, while NPP was in a trade-off with WY in 72.93% of the area with a more
significant trade-off in the southeast. The SC was synergistic with WY in 63.23% of the area,
being more significant in the north (Table S1). In the southwestern hilly gullies, NPP and
SC were in a trade-off with WY. Additionally, NPP and SC showed synergistic effects and
WY showed trade-off effects with both NPP and SC for all pixles (see Table S2).

(a) NPP—SC (b) NPP—WY

0 400 km N

L d - Significant synergies - Significant trade-offs
cgen | S S—
& - Nonsignificant synergies E Nonsignificant trade-offs :I Nodata A

Figure 4. Trade-offs and synergies between different ESs (Note: (a) is the relationship between NPP
and SC; (b) is the relationship between NPP and WY; (c) is the relationship between SC and WY).

3.3. Correlation among Ecosystem Services and Climate Factors

The spatial correlations among ESs and climate factors from 2000 to 2020 are shown
in Figure 5. ATP showed positive correlation with all ESs, and ASR showed negative
correlation with all ESs. MAT was only positively correlated with NPP and negatively
correlated with all other ESs (see Table S3). In terms of spatial distribution, NPP, SC,
WY, and CES were all significantly positively correlated with changes in ATP, and the
correlations for NPP and SC were stronger. The relationships of MAT on CES, NPP, SC, and
WY were not significant in most regions. NPP was positively correlated with MAT in 70.64%
but did not pass the significance test (p > 0.05), and 22.03% were not significantly negatively
correlated (p > 0.05), particularly in the gully areas. There was 47.37% of SC that was not
significantly positively correlated with MAT (p > 0.05), which were predominantly in LP
gullies, and 50.83% of which were not significantly negatively correlated (p > 0.05). The
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response of WY to MAT was 91.47% negative, 11.44% of which was significantly negative.
This was predominantly in the grassland and cropland areas in the western and northern
parts of the LP. ASR had a significant negative influence on NPP and SC in the southern
and central high-mountain forest areas of the LP (p < 0.05) (Table 54).

(a) NPP—ATP (b) SC—ATP (©WY—ATP /SR & (d) CES —ATP *

(e) NPP—MAT 4 (f) SC—MAT 4 & (2) WY —MAT g o (h) CES—MAT. 000 ot
J %5 j

5

(i) NPP—ASR 4

- Significant positive correlation - Significant negative correlation

Legend
& [ Nonsignificant positive correlation [] Nonsignificant negative correlation [ Nodata

0 400 km
—_—

Figure 5. Correlation among the ESs and the climate factors (Note: (a—d) are the spatial relationships
among ESs and ATP; (e-h) are the spatial relationships among ESs and MAT; (i-1) are the spatial
relationships among ESs and ASR).

3.4. Threshold Response of Ecosystem Services to Climate Factors

Variations in ESs and elasticity coefficients with ATP, MAT, and ASR are shown in
Figure 6. The CES increased with increasing ATP and reached a maximum when ATP
reached 1061 mm. The elasticity coefficients revealed that this process demonstrated an
increasing and then decreasing elasticity coefficients curve. At 92 mm < ATP < 622 mm,
the elasticity coefficient exhibited an upward trend with ATP increasing and driving the
continued acceleration of CES. When ATP reached a threshold of 622 mm, the elasticity
coefficient peaked at 0.0034, and ATP had the strongest effect on ESs. The CES fluctuated
with MAT, with a positive correlation when MAT < 2.28 °C and 8.44 °C < MAT < 12.72 °C.
There was a negative correlation when 2.28 °C < MAT < 8.44 °C and MAT > 12.72 °C,
whereas the CES reached a maximum at MAT of 12.72 °C. The elasticity coefficient showed
an initially decreasing and then increasing curve, which indicates that the MAT response
intensity to CES decreased and then increased, with the threshold value occurring at MAT
of 6.17 °C. The change in CES with ASR showed a fluctuating decreasing curve, with the
elasticity coefficient showing a curve of decreasing and then increasing trend, reaching a
minimum of —0.00037 at an ASR of 6071 MJ/(m?).

The cubic polynomial fitting of ATP to ESs were the strongest (R? > 0.9 see Table S5),
and ATP continued to contribute to the growth of ESs. The promotion effect of ATP on NPP
and WY declined after the 490 and 600 mm thresholds, respectively, when the elasticity
coefficient reached its maximum. This indicates that the intensity of the effect of ATP on
NPP and WY diminished after reaching these thresholds. The intensity of the effect of ATP
on SC showed a continuous increase, meaning that the higher the ATP, the stronger the
promotion effect. MAT promoted an increase in NPP and the intensity of this effect showed
a weakening trend initially followed by strengthening. When MAT reached 9.19 °C, the
elasticity coefficient reached the lowest value of —0.0021. Meanwhile, the promotion effect
of MAT was the weakest. MAT had an inhibitory effect on SC, and the intensity of its effect
also showed a trend of weakening initially and then strengthening. When MAT reached
7.90 °C, the elasticity coefficient reached its lowest value of 0.0373. ASR had a negative
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effect on NPP and WY, and the intensity of its effect first weakened and was then enhanced,
with thresholds of 6302 MJ/(m?) and 5840 M]/(m?), respectively. When the ASR was equal
to the threshold value, the elasticity coefficient dropped to its lowest value of —0.00018
and 0.00028.

— Ecosystem services
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Figure 6. Changes in the ESs, the elasticity coefficient and climate factors (Note: (a—c) are fitted curve
for NPP with climate factors; (d-f) are the fitted curve for SC with climate factors; (g-i) are the fitted

curve for WY with climate factors; (j-1) are the fitted curve for CES with climate factors).

4. Discussion
4.1. Drivers of Climate Change on Ecosystem Services

As a primary part of terrestrial ecosystems, vegetation has an enormous impact on
ESs [56]. Specifically, precipitation, temperature, and solar radiation have important effects
on ESs since they are the key factors affecting vegetation growth, but their effects in the LP
are slightly different (see Figure 5). Precipitation had a significant positive effect on ESs
throughout the LP. With ATP increasing on a spatial scale, NPP, SC, and WY all showed
a significant increase. Since a total of 73.7% of the LP is an arid and semi-arid region,
the moisture becomes an important factor that limits vegetation growth. Temperature
has a significant impact on ESs only in cold regions (approximately MAT < 2.2 °C). The
NPP and SC showed an increasing trend with the increase in temperature, while WY
showed a decreasing trend. Solar radiation had no significant effect on NPP and SC but
significantly reduced WY. This is because higher solar radiation leads to stronger vegetation
evapotranspiration [57]. In terms of temporal changes, the most significant impact of
climate factors on ESs from 2000 to 2020 was ATP in the LP, while the impact of MAT and
ASR on ESs was not obvious (see Figure 6). Similar results were obtained by Su et al. [35],
and Sun et al. considered that there has been no significant change in temperature on the LP
since 2000 under climate change [43]. This means that temperature has no remarkable effect
on the ecosystem recovery of the LP. Overall, precipitation has a significant promoting
effect on ESs of the LP and is favorable to the recovery of local ecosystems.
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Despite the significant contribution of precipitation to ESs on the LP, the promotion of
NPP and WY started to weaken when the ATP reached the 490 mm and 600 mm thresholds,
respectively. The region at ATP > 490 mm mostly distributed in the southeastern part of
the study area with cultivated land of the valley plains. The NPP of cultivated land is
more prominently affected by strong artificial control (e.g., irrigation during drought). The
region at ATP > 600 mm is mainly found in the southeast with the alpine woodlands and
is relatively humid. Thus, moisture is not a limiting factor. The intensity of the effect of
ATP on WY was weakened because of the high evapotranspiration caused by the high
vegetation cover in this area [12,39,41]. It is worth noting that the promotive effect of
precipitation on SC has been enhanced although the increase in precipitation potentially
leads to increasing potential rainfall erosivity. However, the increase in the precipitation
is greatly beneficial to the vegetation restoration and canopy interception capacity, which
resulted in the increase in SC values [12].

Note that increasing precipitation does not necessarily increase CES. In other words,
ESs do not always reach their maximum values under the same environmental condi-
tions due to the trade-offs relationship among them. NPP and SC showed a synergistic
relationship, while WY showed a trade-off relationship with NPP and SC. Precipitation
may significantly promote vegetation recovery in LP, which can effectively contribute to
enhancing carbon sequestration and the improvement of soil conservation [58]. However,
the rapid growth of vegetation increases surface evapotranspiration resulting in decreasing
WY [12,59]. Therefore, the balance among ESs should be emphasized to promote their
improvement and maintain regional sustainable development. In future work, it is neces-
sary to accurately assess the vegetation capacity of the LP and establish a new ecological
protection model to reasonably guide regional management and development and avoid
new ecological security problems.

4.2. Limitations and Applications

ESs are complex and diverse, but only NPP, SC, and WY were assessed. A range
of ecosystem service types should be examined in future work, including biodiversity
and habitat quality, to undertake a more detailed assessment of ESs. All meteorological
data utilized were interpolated from meteorological stations data, which hampers accurate
descriptions of complex climate change, despite our choice of a more accurate interpolation
method. In future research, we will use local climate models to simulate climate change,
with the aim of modeling the effects of climate change on ESs with greater precision [60,61].

More recent research has concentrated on the spatial and temporal distribution of ESs
with less focus on the scale impacts of various communities. The driving thresholds for
various environmental conditions have seldom been considered for a range of ESs. Thresh-
old impacts of climate change on NPP, SC, WY, and CES were the primary focus, while
the environmental context was considered. It is critical to balance ESs when recovering
the LP to maximize the total ecosystem service supply. The results of this research offer a
more thorough perspective for evaluating how ESs respond to climate change, not only in
terms of determining the spatial heterogeneity of the effects of climate factors on various
ESs and their threshold effects, but also in terms of offering a theoretical foundation and
reference for the long-term sustainability of the LP ecosystem in the context of a changing
climate. It also offers a crucial resource for maintaining the balance between ecological
security patterns and human development on the LP.

5. Conclusions

Iustrations of the relationships between ESs and climate change are important pre-
requisites for supporting the sustainable development of the LP ecosystem. This study
highlights significant influence of the precipitation on ESs, which has a facilitating effect.
For NPP and WY, the facilitating effect of ATP weakens when ATP reaches thresholds of
490 mm and 600 mm, respectively. MAT has a facilitating effect on NPP and an inhibiting
effect on SC, with the intensity of the effects both decreasing and then increasing, with in-
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flection points of 9.19 °C and 7.90 °C. ASR had an inhibiting effect on NPP and WY, with the
intensity of the effect weakening and then increasing with inflection points of 6302 MJ / (m?)
and 5840 MJ/(m?). Under favorable precipitation conditions, NPP and SC tend to increase
because the precipitation promotes significant local vegetation recovery. However, the
higher the vegetation cover, the stronger the evapotranspiration, which ultimately led
to a decreasing trend in WY. Researchers should strengthen climate change monitoring
to respond appropriately to climate change whilst improving ecosystem services and
maintaining ecosystem stability.
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for ecosystem services and climate factors.
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