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Xinjiang grasslands play a crucial role in regulating the regional carbon cycle and
maintaining ecosystem stability, and grassland net primary productivity (NPP)
is highly vulnerable to drought. Drought events are frequent in Xinjiang due
to the impact of global warming. However, there is a lack of more systematic
research results on how Xinjiang grassland NPP responds to drought and how
its heterogeneity is characterized. In this study, the CASA (Carnegie Ames
Stanford Application) model was used to simulate the 1982-2020 grassland NPP
in Xinjiang, and the standardized Precipitation Evapotranspiration Index (SPEI)
was calculated using meteorological station data to characterize drought. The
spatial and temporal variability of NPP and drought in Xinjiang grasslands from
1982 to 2020 were analyzed by the Sen trend method and the Mann-Kendall
test, and the response characteristics of NPP to drought in Xinjiang grasslands
were investigated by the correlation analysis method. The results showed that
(1) the overall trend of NPP in Xinjiang grassland was increasing, and its value
was growing season>summer>spring>autumn. Mild drought occurred most
frequently in the growing season and autumn, and moderate drought occurred
most frequently in spring. (2) A total of 64.63% of grassland NPP had a mainly
concurrent effect on drought, and these grasslands were primarily located in
the northern region of Xinjiang. The concurrent effect of drought on NPP was
strongest in plain grassland and weakest in alpine subalpine grassland. (3) The
lagged effect is mainly in the southern grasslands, the NPP of alpine subalpine
meadows, meadows, and alpine subalpine grasslands showed mainly a 1-month
time lag effect to drought, and desert grassland NPP showed mainly a 3-month
time lag effect to drought. This research can contribute to a reliable theoretical
basis for regional sustainable development.

grassland, net primary productivity, drought, concurrent and lagged effect, remote
sensing - GIS

1. Introduction

Since the 20th century, global climate change has become one of humanity’s most serious
challenges (Liu Y. et al., 2016). The IPCC Sixth Assessment Report noted that the occurrence of
global drought events has been frequent over the past 50 years, and this trend shows signs of
further expansion in the future (IPCC, 2021). Drought is a meteorological hazard caused by
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several factors, including increased temperatures and decreased
moisture (Carrao et al.,, 2017). The occurrence of drought may cause
a decline in vegetation productivity and accelerate land desertification,
posing a significant threat to natural ecosystems and seriously
affecting the quality of ecosystems, mainly arid and semiarid
ecosystems where species diversity and productivity are severely
limited by precipitation (Easterling et al., 2000; Tong et al., 2019), thus
posing a threat to the sustainable development of human society
(Sevanto, 2018). Therefore, the study of drought trends and evolution
in time and space is essential for regional water and carbon cycles.

Current methods of monitoring drought are mainly based on a
composite assessment of regional wet and dry conditions using a
drought index. Spinoni et al. (2014) revealed the characteristics of
early global dryness changes during 1951-1970, 1971-1990, and
1991-2010 by the standardized precipitation index (SPI); Guo et al.
(2018) explored the evolution of drought in Central Asia from 1966
to 2015 by the SPEL. In general, since precipitation is the main source
of water for the soil, it is indispensable for the evaluation of drought.
However, water balance is also related to evapotranspiration (Graham
et al, 2019). Therefore, in analyzing climate effects on grassland
vegetation, the drought index containing precipitation and
evapotranspiration has an obvious advantage relative to precipitation
(Zhou et al,, 2019). The commonly used drought indicators are the SPI
(Mckee et al,, 1993), Palmer drought severity index (PDSI; Palmer,
1965), and SPEI (Vicente-Serrano et al., 2010). The SPEI fully
considers the contribution of surface evapotranspiration to drought,
making its results more accurate and reliable than the SPI and PDSI
(Vicente-Serrano et al, 2013; Liu Z. et al, 2016). Studies have
concluded that the SPEI has good applicability in the northwest arid
zone (Yao et al., 2018; Zhang H. et al., 2021).

Among terrestrial ecosystems, grasslands account for
approximately one-third of the global land area (Xue et al., 2021), and
grassland vegetation is indispensable in water conservation,
greenhouse gas reduction, and climate stabilization (Piao et al., 2011;
Huang et al., 2016). NPP can reflect the health of vegetation and
ecosystems, is critical in the terrestrial carbon cycle (Potter et al., 2012;
Chen et al,, 2015), and is susceptible to climate change (Liu X. et al.,
2021). Monitoring the change characteristics in grassland NPP is
essential to evaluate ecosystem quality(Ma et al., 2022; Shen et al,,
2022). As the most representative and widely used NPP assessment
model, the CASA model has a relatively simple algorithm and can
comprehensively assess the characteristics of regional NPP
spatiotemporal dynamics (Potter et al., 1993; Pei et al., 2018; Wang
etal., 2019). As the global climate warms, drought events are frequent
(Peietal., 2013), especially in arid and semiarid regions (Ummenhofer
and Meehl, 2017). Frequent droughts can decrease vegetation
productivity, with severe implications for vegetation growth,
ecosystem function, and stability (Vicca et al., 2016), which in turn has
consequences for the global carbon cycle (Huang et al., 2016).
Therefore, exploring the effects of drought on grassland vegetation is
indispensable to improving the stability and resistance of the
ecosystem. In recent years, the relationship between drought and NPP
has been studied by many scholars. Zhao and Running (2010) found
that widespread periodic droughts in the Southern Hemisphere as well
as precipitation deficits and extreme summer temperatures in Eastern
and Western Europe reduced vegetation productivity and thus the
carbon sequestration capacity of vegetation in terrestrial ecosystems.
Sun et al. (2016) revealed that drought was the leading cause of
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vegetation NPP changes in Northeast China by analyzing the factors
influencing vegetation NPP changes. Previous studies have focused on
global and large regional scales with short time series, and there are
fewer studies on the effects of small regional and long time series
drought events on NPP. In addition, grassland is a vegetation type
highly susceptible to drought, and its response to drought is complex.
However, studies on the response characteristics of grasslands,
especially different types of grasslands, to drought events are
still insufficient.

Xinjiang is an indispensable part of the arid zone of Central Asia,
and it has significant temperate continental arid climate characteristics.
The region is far from the ocean, precipitation is scarce, evaporation
is high, and its ecological environment is exceptionally sensitive to
global climate change responses (Yao et al., 2019; Guan et al., 2022).
Xinjiang’s grasslands are vast and rich in resources. They are the basis
for the development of Xinjiang’s livestock industry, as well as an
essential part in maintaining Xinjiang’s natural ecological environment
and playing an important ecological function. Due to global warming,
drought events frequently occur in Xinjiang, and according to
statistics, 17 severe droughts and 9 significant droughts occurred in
Xinjiang from 1961 to 2000 (Shi et al., 2007; Li and Sun, 2017).
Frequent drought events have had an important impact on the NPP
of Xinjiang grasslands. However, there is a shortage of more systematic
research on how Xinjiang grassland NPP responds to drought and
how its heterogeneity is characterized. We centered on the effects of
drought on grassland NPP in Xinjiang from 1982 to 2020, aiming to
address the following aspects: (1) study the dynamic trends of the
spatiotemporal patterns of the NPP and SPEI in Xinjiang grasslands;
(2) explore the concurrent and lagged effect of drought on NPP in
Xinjiang grasslands; (3) analyze of the concurrent and lagged effect of
drought on NPP in different grassland types. The analysis and study
of the characteristics of grassland NPP affected by drought are of great
practical significance and can provide decision support for formulating
regional sustainable development strategies.

2. Materials and methods
2.1. Study area

Xinjiang (73°40"-96°18'E, 34°25'-48°10'N) is located in
Northwest China. The Altai Mountains are in northern Xinjiang, and
the Kunlun Mountains are in the south. The Tianshan Mountains cut
across central Xinjiang, dividing Xinjiang into north and south. The
Tarim Basin is in the south and the Junger Basin is in the north
(Figure 1A). Xinjiang has an annual average temperature between 9
and 12°C (Figure 1C), low annual precipitation, an abnormal shortage
of water resources (Jiapaer et al.,, 2015; Yao et al., 2019), and perennial
drought, which is typical of temperate continental arid and semiarid
climates. The spatial distribution of precipitation in Xinjiang is not
uniform. The average annual precipitation in the north is
approximately 100-200 mm, while the average annual precipitation in
the south is approximately 16-85mm (Figure 1D). Xinjiang has
abundant light and heat and high evapotranspiration. The average
annual evaporation in the north is approximately 1,500-2,300 mm,
and the average annual evaporation in the south is approximately
2,100-3,400 mm. The north is wetter than the south. Xinjiang is rich
in grassland resources and has a wide distribution of natural
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FIGURE 1
Study area. (A) Elevation. (B) Vegetation types. (C) Annual average temperature in Xinjiang from 1982 to 2020. (D) Average annual precipitation in
Xinjiang from 1982 to 2020.

grasslands, with an available grassland area of approximately
480,000 km’. Xinjiang’s ecological environment is very fragile, with
low land cover, few plant species, and a simple population type
structure (Guan et al., 2021; Figure 1B).

2.2. Study area

2.2.1. Satellite-derived datasets

The MODIS NDVI for 2000-2020 selected for this study was
obtained from NASAs MOD13A3' with a temporal resolution of
1 month and a spatial resolution of 0.01°, and the 1982-2015 GIMMS
NDVI dataset from GIMMS NDVI 3 g* was released by the NASA
Global Monitoring and Simulation Research Group with a temporal
resolution of 15days and a spatial resolution of 1/12°. The spatial

1 https://ladsweb.modaps.eosdis.nasa.gov/search/
2 https://ecocast.arc.nasa.gov/data/pub/gimms/

Frontiers in Ecology and Evolution

03

resolution of GIMMS NDVI was resampled from 1/12° to 0.01° to
match the MODIS NDVL

2.2.2. Climate datasets

The meteorological data for this study were obtained primarily
from the China Meteorological Data Network,’ including the daily
mean temperature and daily precipitation data for 92 meteorological
stations in Xinjiang from 1982 to 2020, and spatially interpolated
using ANUSPLIN 4.2 to synthesize the monthly average temperature
and monthly precipitation data with a spatial resolution of 0.01°,
which were matched with other ecological data. The solar radiation
data for 1982-2020 were obtained using the Famine Early Warning
Systems Network Land Data Assimilation System (FLDAS) dataset,’
which has a spatial resolution of 0.01° and a temporal resolution of
1 month.

3 http://data.cma.cn/
4 https://\das.gsfc.nasa.gov/index.php/fldas/
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2.2.3. Land cover data

The land cover data were obtained from the Global Land Cover
Data 2000 product (GLC2000) of the Spatial Applications Institute
(SAI) of the Joint Research Centre (JRC) of the European Union with
a spatial resolution of 0.01°.° This study reclassified land use types in
Xinjiang to obtain a map of grassland types in Xinjiang, with five main
grassland types: alpine subalpine meadows, plain grasslands, desert
grasslands, meadows, and alpine subalpine grasslands.

2.2.4. DEM data

DEM data obtained from the Resource and Environment Data
Cloud platform® were used in this study to calculate the elevation of
the study area with a spatial resolution of 90 m.

2.3. Methods

2.3.1. SPEI classification

The SPEI was selected as the drought monitoring index. We used
the Thornthwaite method to calculate the SPEI value, and the required
meteorological indicators were the average temperature and site
latitude (Thornthwaite, 1948). The detailed procedure for calculating
SPEI is available in the literature (Vicente-Serrano et al., 2010).The
classification is shown in Table 1 (Ye et al., 2020):

The 1-month time scale SPEI (SPEI-1) was selected to reflect
short-term surface moisture anomalies, the 3-month time scale SPEI
(SPEI-3) was selected to reflect seasonal variation in drought, the
7-month time scale SPEI (SPEI-7) was selected to represent growing
season drought, and the 12-month scale (SPEI-12) was selected to
reflect interannual trends in drought.

2.3.2. CASA model
We used the CASA model to estimate the gridded NPP at a
0.01° % 0.01° resolution.

NPP(x,t)= APAR(x,t)x&(x,t) (1)

&(x,1) = Top (x.0) x Ty (x,8) X W (X,0) X Emax (2)

where APAR(x,t) is the photosynthetically active radiation
absorbed by image element x in month 7 and &(x,t) is the actual
light energy utilization of image element x inmonth ¢. T and T;»
indicate the effect of different temperatures (low and high) on light
energy conversion, W, indicates the effect of different moisture
conditions on light energy conversion, and &max is the maximum
light energy utilization under ideal conditions, which refers to the
research of (Zhu et al., 2006).

2.3.3. Sen's trend analysis and Mann-Kendall test
Sen’s trend analysis was used to calculate the trend of the data
series (Sen, 1968).

5 https://forobs.jrc.ec.europa.eu/

6 http://www.resdc.cn/
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TABLE 1 Drought classification based on SPEI index.

Grade Categories SPEI values
1 Non-drought >-0.5

2 Mild drought (=1.0,—0.5]

3 Moderate drought (=1.5,—1.0]

4 Severe drought (=2.0,—1.5]

5 Extreme drought <-2.0

. X;— Xj
B = Medlan[Tjj 3)

where 1< j <i <n.

The Mann-Kendall (M-K) significance test (Mann, 1945) was
combined with Sen’s trend analysis for significance testing of serial
trends (Gocic and Trajkovic, 2013; Qi et al., 2019).

When the M-K test is used to detect sequence mutations, the
statistic needs to be reconstructed:

n-1 n
=3 3 sen(x;—x) @

i=1 j=i+1

More details of the calculation process can be found in the
literature(Mann, 1945; Kendall, 1990).

2.3.4. Correlation analysis
Pearson correlation analysis was used to study the relationship
between grassland NPP and drought.

Y[ %) (i =)

"= n 2~ 2 )
\/Zi:](xi _)_C) Zi=1(yi _)_/)

where 7 is the correlation coefficient; n is the logarithm of the
two variables; x and y denote the values of NPP and the SPEI,
respectively; and X and y denote the mean values of NPP and the
SPEI, respectively.

The time-lagged effect was similarly characterized by calculating
Pearson correlation coeflicients. At each lag-time interval (0< i <3), the
correlation coefficients ( y,n,7,73 ) between NPP and the 0-3 months
SPEI-1 (SPEI,, SPEI, SPEL, SPEIL;) were first calculated, and the
maximum correlation coefficient of 7 was taken as the optimal
correlation, with month 7 as the optimal time lag (Zhao et al., 2020).

7 :corr(NPP, SPEIi) 0<i<3 (6)

Fmax—lag = Max (Vz) (7)

where 7; is the Pearson correlation index for a lag of i months,
and i ranges from 0 to 3; NPP indicates the month-by-month NPP
time series (1982-2020); SPEI; is the 0- i months SPEI-1; inax g
is the maximum value of # ; and the lag month i with the highest
correlation is used as an optimal lag month.
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3. Results

3.1. Spatiotemporal variation
characteristics of NPP in Xinjiang
grasslands

3.1.1. Validation of the NPP calculation

We calculated the mean NPP of grasslands in Xinjiang in the
range of 141.59-182.03 gC-m 2 during 1982-2022 using the CASA
model. The 2018-2020 measured biomass data in this study were
provided by the General Grassland Station of Xinjiang Uygur
Autonomous Region. lmxlm sample squares were deployed
throughout Xinjiang in June each year from 2018 to 2020, and a total
of 643 sample points were obtained, including 221 samples in 2018,
220 samples in 2019, and 192 samples in 2020, the distribution of
which is shown in Figure 1. The NPP simulated by the CASA model
was compared with the 2018-2020 measured data to verify the
accuracy of the results (Figure 2). The NPP simulation results were
significantly correlated with the measured data (R*=0.701, p<0.01).
Therefore, the NPP simulated in this paper had high accuracy and was
applicable to estimate the NPP of Xinjiang grassland.

3.1.2. Temporal changes in NPP

In terms of interannual variation, the total NPP of the Xinjiang
grassland showed an increasing fluctuation during 1982-2020 with an
extremely significant change (p <0.01; Supplementary Figure S1), and
the mean NPP of the multiyear grassland was 158.74 gC-m ™.

March-May, June-August, September-November, and April-
October have been designated as the spring, summer, autumn, and
growing seasons respectively, based on the vegetation growth habits
and the phenological characteristics of the region. From 1982 to 2020,
the NPP of grassland at the four seasonal scales in Xinjiang increased
(Figures 3A-D), and the NPP values of grassland were significantly
different. The mean NPP of the whole region in the growing season
reached 148.89 gC-m~? (Figure 3D), and the increasing trend was
extremely significant (p <0.01). The relationship between the NPP
values of grassland at three seasonal scales was as follows:
summer > spring >autumn, and the mean NPP of grassland was 32.45

140
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NPP model accuracy validation.
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gC-m™ in spring (p<0.01; Figure 3A). The mean value of NPP in
grassland was larger in summer at 95.28 gC-m~ (Figure 3B), and the
increasing trend was significant (p <0.05). The NPP in grassland was
lowest in autumn with an average of 26.95 gC-m™2 (p<0.05; Figure 3C).

3.1.3. Spatial variation characteristics of NPP
Grassland NPP exhibited spatial distribution characteristics of
types
(Supplementary Figure 52). From the whole area, the mean NPP range
of Xinjiang from 1982 to 2020 was 0-813.06 gC-m 2, with high values
occurring along the Tianshan Mountains, near the Altay Mountains,

south-high-north-low and west-high-east-low

Kunlun Mountains, and parts of northern Xinjiang, and lower NPP
values of grasslands near the Tarim Basin, the Junggar Basin, and
southern Xinjiang.

Sen’s trend was overlaid with the M-K test results with a
confidence of 0.05, and the results were divided into five categories
(Table 2; Guan et al., 2021). Most areas of Xinjiang grassland NPP
4A-D;
Supplementary Figures S3A-D). The area with a growing trend of

showed an increasing trend (Figures
NPP in spring was the largest among the four seasonal scales,
accounting for 81.37%. 46.50% has a significant increasing trend,
mainly in the Altay Mountains, Kunlun Mountains, and Tianshan
Mountains. 18.51% showed decreasing in NPP in spring, mainly
around the Turpan Basin. The area of significantly decreasing areas
was tiny, with a proportion of 3.41%. NPP increased in summer in
68.54% of the region, mainly distributed around Tianshan, Altun
Mountain, and the southern Tianshan Mountains. The areas with a
significant increase were mainly in the southern part of the Tianshan
Mountains and around the Altun Mountains (31.86%). Areas with a
decrease are mainly around the Altay and Turpan basins (31.37%),
and those with a significant decrease account for 7.37%. The grassland
NPP of 71.75% of the area showed an increase in autumn, and 28.13%
showed a decrease. The decreasing areas were mainly near the edge of
the Kunlun Mountains and the Turpan Basin. Compared with spring
and summer, the proportion of grassland NPP showing a significant
increase in autumn was reduced, accounting for 28.28%, and was
mainly distributed around the Altay Mountains and Tianshan
Mountains. The area showing a significant decrease was also relatively
small, accounting for 3.46%. Grassland NPP in 79.40% of the areas
showed an increase during the growing season, while 20.58% showed
a decreasing trend. 42.20% showed a significant increase, mainly near
the Altun Mountains and along the northern Tianshan Mountains.
The areas with a decreasing trend were mainly in the Altay Mountains
and Turpan Basin, and there were fewer areas with a significant
decreasing trend (3.46%), mainly near the Altay Mountains.

3.2. Spatiotemporal variation
characteristics of NPP drought in Xinjiang

3.2.1. Temporal characteristics of drought

The trend of the SPEI changed at all time scales and showed a
significant decrease (Figure 5A). Nevertheless, the magnitude of the
decline was small, indicating a slight increase in drought. The M-K test
for the SPEI in Xinjiang at different time scales showed that significant
abrupt changes occurred in the SPEI-1 and SPEI-7 in approximately
2002, the UF and UB curves of the SPEI-3 intersected in around 2005,
while the curve for SPEI-12 intersected around 2001, indicating that
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TABLE 2 Classification of NPP trends.

Swer | 1z| NP Trend

>0.0001 >1.96 Significant increase

>0.0001 <1.96 Non-significant increase

—0.0001-0.0001 <1.96 Stable or non-vegetated
area

<-0.0001 <1.96 Non-significant decrease

<-0.0001 >1.96 Significant decrease

significant abrupt changes occurred in all these periods. Before the
abrupt changes, most of the SPEI trends in Xinjiang increased on
different time scales, and the wetness in Xinjiang increased during this
period. After the abrupt change, the SPEI trends in Xinjiang were
opposite at different time scales, and Xinjiang gradually became dry
during this period.

The frequencies of drought events at different time scales in
Xinjiang were counted (Figure 5B). The frequency of occurrence of
nondrought events was the highest for all scales, with a value greater
than 75%. The frequencies of droughts at other scales were mild
drought > moderate drought > severe drought > extreme drought. No
extreme drought events occurred. The frequency of mild drought was
approximately 10% on the SPEI-1 scale and approximately 14% on
other time scales. Moderate droughts ranged from 4 to 6% on all time

Frontiers in Ecology and Evolution

06

scales, while severe droughts were below 1%. The frequency of severe
drought was approximately 0.8 and 0.6% at the SPEI-1 and SPEI-7
scales, and lower at the SPEI-3 and SPEI-12 scales, 0.01 and 0.21%,
respectively. The occurrence of drought events under different time
scales in Xinjiang was dominated by mild drought.

The M-K test was conducted on the Xinjiang SPEI at the four
seasonal scales (Figure 6A). The SPEI at the four seasonal scales
showed a significant downward trend. The spring SPEI had a
significant abrupt change approximately 2001 and the summer
approximately 2005. The autumn and growing seasons had significant
abrupt changes in 1992 and 1999, respectively. The mean value of SPEI
before and after the change was 0.57 in spring and 0.47 in summer.
The mean values of SPEI before and after the change in autumn and
growing season were 0.30 and 0.63, respectively.

The frequency of drought events at the four seasonal scales
(spring, summer, autumn, and growing season) was statistically
analyzed (Figure 6B). The frequency of nondrought events at the
four seasonal scales from 1982 to 2020 was the highest, all greater
than 70%, followed by the frequency of mild drought. There was
no extreme drought or severe drought event during the study
period. Mild droughts occurred at the same frequency during the
growing season and autumn (17.95%), the frequency in spring was
12.82%, and the frequency in summer was the lowest (7.69%). The
frequency of moderate drought was highest in spring (10.26%),
followed by autumn (7.69%), the growing season (5.13%), and
summer (2.56%).
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FIGURE 4
Spatial variation pattern of grassland NPP in (A) spring, (B) summer, (C) autumn, and (D) the growing season in Xinjiang from 1982 to 2020.

3.2.2. Spatial variation characteristics of drought

Figure 7 shows the spatial variation trend of the SPEI at the four
seasonal scales in Xinjiang from 1982 to 2020. In spring, the SPEI
tended to decrease in most regions, with a significant decrease
concentrated in southern Xinjiang (p < 0.05), especially near the Tarim
Basin, with an SPEI tendency rate of (—0.15~—0.1)/10a. In summer,
significantly rising areas were concentrated around the southern
Tianshan Mountains (p<0.05) with SPEI tendency rates of
(0.2~0.4)/10a, and significantly declining parts of the SPEI in summer
were mainly in eastern Xinjiang (p <0.05), especially near the Turpan
Basin with SPEI tendency rates of (—0.8 ~—0.4)/10a. The SPEI in
autumn mainly showed an upward trend along the Tianshan
Mountains in northern Xinjiang, and near the southern Tianshan
Mountains, with an insignificant upward trend (p > 0.05). Most other
areas showed a decreasing trend, with significant decreases occurring
mainly in the Tarim Basin, Turpan Basin, and parts of southern
Xinjiang (p <0.05), with an SPEI tendency rate of (—0.6 ~—0.2)/10a.
The growing season SPEI showed a significant decreasing trend
mostly in southern Xinjiang (p <0.05), concentrated near the Tarim
Basin and Turpan Basin, with an SPEI tendency rate of (—0.8 to
—0.2)/10a. The regions with a decreasing SPEI trend were mainly in
southern and eastern Xinjiang. Moreover, the northwestern part
mainly showed an increasing trend. The whole region is in drought,
but the SPEI tendency rate does not change much, and the degree of
drought is weak.
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3.3. Concurrent effects of drought on
grassland NPP in Xinjiang

3.3.1. Concurrent effects of drought on grassland
NPP in different regions

The relationship between NPP and SPEI for the four seasons of
Xinjiang grassland from 1982 to 2020 is shown in Figure 8. They are
negatively correlated in the spring (r=—0.16). 73.51% of the regions
were negatively correlated in spring, of which 16.53% were highly
significant negative regions (p<0.01), mainly around the Altay
Mountains, Tianshan Mountains, Kunlun Mountains and Altun
Mountains. Both summer and autumn NPP and SPEI were generally
positively correlated, with a correlation coefficient of 0.22 in summer
and a smaller correlation of 0.01 in autumn, indicating that spring and
summer grassland NPP are more susceptible to drought than autumn
grassland NPP. In summer, the proportion of regions with a positive
correlation was the largest (74.47%), among which 31.81% had an
extremely significant positive correlation (p<0.01). Extremely
significant positive correlations were mainly in northern Xinjiang,
near the Altay Mountains, along the Tianshan Mountains, and in the
southern Tianshan Mountains. The percentage of areas with positive
and negative correlations in autumn was similar, at 54.83 and 49.59%,
respectively, and both positive and negative correlations were
insignificant (p>0.05). Positive correlations exist along the Tianshan
Mountains, while negative correlations exist near the Altay Mountains,
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Altun Mountains, and Kunlun Mountains. The growing season NPP
was positively correlated with the SPEI overall (r=0.12), accounting
for 63.52%. 20.95% were extremely positively correlated (p<0.01). Its
spatial correlation was similar to that in summer. An extremely
significant negative correlation (p<0.01) was observed around Altun
Mountain at 3.79%. The correlation was insignificant in most areas of
southern Xinjiang. The correlation between the monthly NPP and
SPEI of the grassland growing seasons in Xinjiang from 1982 to 2020
was analyzed to further explore the concurrent effect of drought on
NPP in Xinjiang grasslands, and the concurrent effect dominated
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64.63% of grasslands with NPP on drought. These grasslands were
mainly concentrated along the Tianshan Mountains, the edges of the
Altay Mountains and most of northern Xinjiang (Figure 8).

3.3.2. Concurrent effects of drought on NPP in
different grassland types

NPP responds differently to drought in different types of
grasslands (Figure 9). NPP and SPEI for all five grassland types
showed a negative correlation in spring, the opposite in summer, and
a weak correlation in autumn. In spring, both alpine subalpine
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meadow and desert grasslands showed an extremely significant
negative correlation (p <0.01). In summer, the NPP in plain meadows
had the strongest correlation with drought (p<0.01), while alpine
subalpine meadows and meadows were significantly positively
correlated (p <0.05). Desert meadows correlation and alpine subalpine
meadows were negatively correlated with the SPEI, while the four
other grassland types were positively correlated in autumn. The
strongest positive correlation between plain meadow NPP and
drought (p <0.01), significant positive correlation between meadow
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NPP and SPEI (p <0.05), negative correlation in desert meadows, and
weak correlation in other meadow types (p>0.05) during the growing
season, similar to summer.

From the correlation between monthly NPP and SPEI of different
grassland types in Xinjiang during the growing season from 1982 to
2020, the concurrent effect of drought on NPP was strongest in plain
grasslands, followed by desert grasslands and alpine subalpine
meadows, and the concurrent effect of drought was weakest in alpine
subalpine grasslands (Figure 10).

frontiersin.org


https://doi.org/10.3389/fevo.2023.1131175
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Liu et al. 10.3389/fevo.2023.1131175
A B
75°E 80°E 85°FE 90°E 95°E 75°E 80°E 85°E 90°E 95°E
X A X A A X X v A X
g z
21 Tendency rate/10a N &1 Tendency rate/10a N
[] -2.00~-0.15 @ Significant / [ ]-08~-06 esSignificant |
[ -0.15~-0.10 © No significant N [ -0.6~-0.4 ®No significant “
o
[ -0.10~-0.05 3 [ ]-04~02
4
&1 [ -005~000 £zl [1-02~00
-
1 0.00~005 [ Joo~o02
[ Jo2~04
I z
<7 &
Z z
2] Zd
. — — KM « — — kM
Sprlng 0 250 500 Summer 0 250 500
Cc D
7S°E 80°E 85°E 90°E 95°E 75°E 80°E 85°E 90°E 95°E
A A X A . X A X A v
£ Tendency rate/10a g- Tendency rate/10a
2
[1-0.8~-0.6 ®Significant [1-08~-0.6 eSignificant |
] -0.6~-0.4 @ No significant 1 -0.6~-0.4 ©No significant =
[ 1-04~-02 [J-04~02
£ []-02~00 z] [J-02~00
N [TJoo~02 7| o002
[ Jo2~04 [Jo2~04
[ 0.4~0.6
Z zl
N g
Z zl
a — — M i . — — M
Autumn 0 25 500 Growing season 0 250 500
FIGURE 7

Spatial variation in SPEI series propensity rates in (A) spring, (B) summer, (C) autumn, and (D) the growing season in Xinjiang from 1982 to 2020.

3.4. Lagged effects of drought on grassland
NPP in Xinjiang

3.4.1. Lagged effects of drought on grassland
NPP in different regions

The sensitivity of grassland NPP to drought was revealed by
analyzing the correlation between the monthly lags of NPP and SPEI
in the growing season (Figure 11). The time-lag effect of each image
element was counted, in which 64.63% of the grasslands had no
time-lag effect, mainly in the northern border, and 35.37% of the
grasslands had a time-lag effect, mainly in the southern part of
Xinjiang. The time-lag effect showed more apparent differences
between the north and south. Xinjiang grasslands mainly showed
I-month and 3-month time-lag effects of drought, accounting for
11.80 and 13.74% of the region, respectively, and 9.82% of the regional
grassland NPP showed 2-month time-lag effects. The time lag areas
were mainly in the Altay Mountains, Kunlun Mountains, Altun
Mountains, Junggar Basin, Tarim Basin, and parts of southern Xinjiang.

3.4.2. Lagged effects of drought on NPP in
different grassland types

The correlation analysis between growing season NPP and
1-month scale lag SPEI of different grassland types in Xinjiang was
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used to obtain the lag months of drought on the NPP of varying
grassland types in Xinjiang (Figure 10). The lag effects of different
grassland types on drought were as follows: plain grassland NPP
showed mainly no lag to drought, and alpine subalpine meadow,
meadow, and alpine subalpine grassland NPP all showed mainly
1-month time-lag effects to drought. Desert grassland NPP showed
mainly 3-month time-lag effects.

4. Discussion
4.1. Trends of grassland NPP in Xinjiang

In this study, the CASA model simulated an average NPP of 158.74
gC-m™ for 1982-2020 in the grasslands of Xinjiang. Zhang R. et al.
(2021) and Yang et al. (2014) used the CASA model to simulate the
grassland NPP of Xinjiang for 2001-2014 and 2009, respectively, and
obtained an average NPP of 113.5 gC-m*and 124.61 gC-m™, respectively.
In contrast to previous studies, this study has a long time series and can
better reflect the long-term changes in NPP in Xinjiang grasslands. Due
to the study area, period, and model parameters, the estimation of NPP
is uncertain to some extent, but the difference between these estimates is
reasonable (Zhang et al., 2018). The total NPP of Xinjiang grasslands has
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Spatial pattern distribution of NPP and SPEI correlations in (A) spring, (B) summer, (C) autumn, and (D) the growing season in Xinjiang from 1982 to
2020.

increased in the past 40years, indicating a growing role for regional
carbon sinks. This result may be attributed to the increase in CO,
concentration; warming can stimulate enzyme activity and accelerate
photosynthesis in vegetation (Saxe et al., 2001; Weng and Luo, 2008), and
the fertilization effect of CO, may promote vegetation growth (Sun and
Mu, 2018). In addition, the increase in atmospheric CO, concentration
can reduce leaf stomatal conductance, improve water use efficiency, and
alleviate the water deficit of plants (Knapp and Hamerlynck, 1993;
Morgan et al., 2004). It has been shown that extreme precipitation events
have increased significantly in Xinjiang (Guan et al., 2022), which may
also lead to a trend of growing grassland NPP in Xinjiang in all seasons.
In addition, the growth of grassland NPP is also related to the positive
influence of human activities, such as the implementation of ecological
restoration projects.

4.2. Trends of drought in Xinjiang

This study found that the trend of drought is increasing, but the
increasing degree was weak, which was a kind of mild drought. The
relationship between grassland vegetation and single-scale drought has
been the focus of previous studies, with less research focusing on
multiple scales (Liberato et al., 2017). In this study, we considered the
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drought conditions reflected by different time scales of the SPEI. The
results show that there are differences in the degree of drought reflected
by different time scales of the SPEI, but in general the direction of their
changes is consistent, and the selection of different time scales can
weaken the differences between single-month water balances, thus
highlighting the characteristics of seasonal scales and annual scales.
Precipitation and evapotranspiration are typical factors influencing
drought occurrence (Zhang et al., 2019). Most of Xinjiang’s water vapor
transport is from the midlatitude western belt and Indian monsoon,
with external water vapor transportation accounting for over 90% of
Xinjiang’s total precipitation (Yao et al., 2020). Evapotranspiration in
arid and semiarid regions is generally much more than precipitation
(Ran et al., 2015), making the difference between regional precipitation
and potential evaporation increasingly significant (Miao et al., 2020).
Additionally, increased evapotranspiration due to global warming may
exacerbate regional droughts (Dai, 2013). The frequent occurrence of
extreme heat events exacerbates evapotranspiration, offsetting the
increase in precipitation (Guan et al., 2022). Therefore, against the
background of extreme heat and frequent precipitation events and
given the limited precipitation and high regional evaporation in
Xinjiang, further deterioration of drought conditions is expected in the
future (Miao et al., 2020; Guan et al., 2022). Human activities can also
significantly impact drought. Greenhouse gas emissions, expansion of
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FIGURE 9
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urban agglomerations, and changes in land use patterns can all ~ 2003; Chen et al, 2013). However, in arid and semiarid regions, the
exacerbate drought events as well (Gu et al., 2019; Lin et al,, 2020). availability of water resources due to sufficient heat and light is
recognized as a major factor affecting vegetation productivity.

Previous research studies have shown that precipitation affects the

4.3. Concurrent effect of drought on growth of vegetation in arid areas (Zhang et al., 2016). This study
grassland NPP provides a more comprehensive study of vegetation change in arid
areas by using the SPEI index, which includes precipitation, and shows

Global terrestrial ecosystems are mainly influenced by solar  that changes in grassland NPP are to some extent related to drought.
radiation, temperature, and water resource conditions (Nemani et al, ~ Drought in these areas is usually due to insufficient precipitation or
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high evapotranspiration (Wang et al., 2018). Grassland vegetation
growing in arid and semiarid regions is more drought tolerant (Zhang
etal, 2014). When drought occurs, plant stomata are closed to limit
transpiration (Lefl et al., 2004), resulting in increased vegetation
NPP. As the northern border of Xinjiang is wet and the southern
border is dry, grassland NPP also showed a high north and low south
pattern. In this study, the grassland NPP and SPEI showed positive
correlations in northern Xinjiang but negative correlation patterns
relations in most of southern Xinjiang, indicating that grassland NPP
was more influenced by precipitation.

Seasonal scale analysis indicated that grassland NPP and SPEI
showed the most areas of significant positive correlation in summer,
followed by the growing season, and the least was in spring. Most of
the precipitation is concentrated in summer, which provides good
conditions for vegetation growth and an advantage for the increase in
grassland NPP. The grassland NPP and SPEI showed a negative
correlation in spring because the grass was in the pregrowth stage, and
the temperature gradually increased in spring, which promoted NPP
accumulation. In addition, the melting of snow in spring in most areas
of the northern border provided a specific water demand.
Furthermore, the rising temperature increased the supply of melting
snow, and ensured the return of grassland despite the lack of
precipitation and the increase in drought. Recent warming has also
contributed to the rise in NPP, and the effect of drought on vegetation
productivity can be offset by the fertilization effect of rising CO,
concentrations (Morgan et al., 2011).

Previous studies have noted that different vegetation types have
different response characteristics to drought (Liu et al., 2023) and the
characteristics regarding the response of different grassland types to
drought remain to be explored. This study shows that the response of
NPP to drought was also correlated with grassland type. The main
grassland types in Xinjiang are desert grasslands and plain grasslands.
The results showed that the NPP of plain grasslands had a strong
correlation with the SPEI, which may be due to most plain grasslands
having large vegetation leaf areas and strong transpiration, thus
requiring a greater water supply, so the productivity of plain grasslands
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generally increases with increasing rainfall (Shi et al., 2014) and
responds rapidly to drought. The weaker sensitivity of desert grassland
NPP to drought may be due to the extensive drought-resistant
vegetation in desert grasslands enhancing water storage capacity
through physiological activities, which gives it some ability to resist
and adapt to drought (Zhang et al., 2014). This reduces the effect of
drought on NPP in desert grasslands to some extent. It is noticeable
that the drought effect on vegetation will show significant spatial and
temporal heterogeneity (Liu Y. et al., 2021) and should be considered
more comprehensively in future research combined with
geographical characteristics.

4.4. Lagged effect of drought on grassland
NPP

This study showed a time lag of 1-3 months in the response of
grassland NPP to drought, but the response was mainly dominated by
the current month. Liu et al. (2023) studied the response of vegetation
to drought and its time lag in arid areas, showing that the time lag
between woodland and shrubs and drought was mainly 1 month. This
may be because grassland is shallow-rooted vegetation, and its growth
condition is mainly governed by soil surface moisture. In contrast,
woodlands and shrubs have deeper root systems and usually rely on
deep soil moisture supply, so changes in soil surface moisture do not
have a significant impact on this type of vegetation. Different grassland
types have different physiological characteristics and different
response characteristics to drought. Han et al. (2023) explored the
differences in the probability of drought stress in Xinjiang from
different grassland types, but the hysteresis characteristics of different
grassland types to drought need to be further explored. Soil moisture
is a primary limiting factor for vegetation growth in arid and semiarid
regions. The physiological mechanisms inherent in vegetation allow
the vegetation in these areas to tolerate and adapt to water deficits for
longer than vegetation in humid regions (Anderegg et al., 2015; Wen
etal, 2019). Therefore, the NPP in arid and semiarid grasslands has a
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lagged effect on the drought response. For different grassland types,
most alpine subalpine meadows and alpine subalpine grasslands in
Xinjiang are distributed around mountain ranges, and glacial
meltwater can be the main source of soil moisture for grasslands. Their
productivity response to drought generally has a time-lag effect.
Desert grasslands are the largest grassland type in Xinjiang, with a
wide distribution, and their area distribution is larger in the south
than in the north. Desert grassland vegetation generally shows a
certain degree of drought adaptability, prolonging the drought
response time of desert grassland. In arid and semiarid regions,
meadows primarily grow in low-lying areas where surface runoff
collects, and the water table is high. Water is provided mainly by
rainfall, so meadows generally have a time-lag effect on drought
response. Time scales should be fully taken into account when
discussing drought and its effects, and lagged effects may be more
important in the impact of drought on vegetation over time (Li
etal., 2018).

4.5. Uncertainty and future research

Some uncertainties remain in the estimation of CASA models.
Most studies have used the results of Potter et al. (1993) and Zhu et al.
(2007) for the maximum light energy utilization ( & ) of vegetation.
Nevertheless, the above parameters may have spatial differences in
different regions, which lead to the estimated grassland vegetation.
However, spatial parameter differences may occur in the different
areas, leading to errors in the NPP calculations of estimated grassland
vegetation. Therefore, it is necessary to optimize the values of the
simulation parameters with geographical characteristics to reduce the
errors in the model simulation results in future research. Some of the
meteorological stations are unevenly distributed, resulting in some
differences in the spatial interpolation results. More meteorological
data should be integrated for analysis in the future. Meanwhile, to
explore the response characteristics of different grassland types NPP
to drought, this study used the GLC2000 dataset to classify grassland
types, which has a high spatial resolution and detailed classification
and is widely used in grassland studies (Wang et al., 2016; Liu et al.,
2019; Han et al., 2023). However, as land use/cover is dynamic and its
changes may have some impact on grassland NPP and drought (Shen
etal,, 2020; Ma et al., 2022), future studies can integrate multiple land
cover datasets to reflect grassland distribution more accurately. In
addition, vegetation phenological characteristics were less considered
in this study, which may lead to the neglect of the differences among
the vegetation of each grassland type in the selection and analysis of
growing seasons (Wu et al., 2021; Shen et al., 2022). Therefore, the
next step can be a more comprehensive and specific study based on
the present study.

5. Conclusion

We analyzed the spatiotemporal characteristics of grassland NPP
and drought in Xinjiang from 1982 to 2020 based on the CASA model
and SPE], respectively. In addition, we further analyzed the effects of
drought on NPP in Xinjiang grasslands and explored in detail the
characteristics of NPP response to drought in different grassland types
in Xinjiang. This study provides a comprehensive explanation of the
effects of drought on grasslands in Xinjiang and highlights the
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importance of the effects of drought on different grassland types,
which can provide scientific references for vegetation conservation,
grassland restoration, and sustainable development of terrestrial
ecosystems in the region. The results reveal the following conclusions.

(1) The results of estimating the NPP of grassland in Xinjiang
using the CASA model were better. The NPP of grassland in
Xinjiang showed an overall increasing trend from 1982 to 2020,
and the relationship between the size of grassland NPP values
was growing season >summer > spring >autumn. The NPP of
Xinjiang grasslands showed a spatial distribution of south-
high-north-low and west-high-east-low types, with the largest
proportion of areas showing rising NPP in spring.

The severity of drought in Xinjiang from 1982 to 2020 showed
an increasing trend, but all were dominated by mild drought.
Mild drought occurred most frequently in the growing season
and autumn, and moderate drought occurred most frequently
in spring. Drought severity increased in most areas of Xinjiang
in spring, summer, autumn, and the growing season, but the
increase in drought severity was weaker. The regions with a
significant increase in drought were primarily southern and
eastern Xinjiang, with weakening drought in the northwest.
A total of 64.63% of grassland NPP had a mainly concurrent
effect on drought, and these grasslands were primarily located

(©)

in the northern region of Xinjiang. The NPP and SPEI were
positively correlated in summer, negatively correlated in spring,
negatively correlated in autumn for desert and alpine subalpine
grasslands, and negatively correlated in the growing season
only for desert grasslands. The concurrent effect of drought on
NPP was strongest in plain grasslands and weakest in alpine
subalpine grasslands.
(4) The lag effect of drought on the growing season of grasslands
in Xinjiang differed significantly from north to south, and the
southern grasslands dominated the grasslands with a time-lag
effect. The time-lag effect of different grassland types on
drought was different, with plain grassland NPP showing
mainly no time-lag effect on drought; alpine subalpine
meadow, meadow, and alpine subalpine grassland NPP
showing mainly a 1-month time-lag effect on drought; and
desert grassland NPP showing mainly a 3-month time-lag
effect on drought.
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