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Abstract: It is necessary to quantitatively study the relationship between climate and human factors on net primary productivity (NPP)
inorder to understand the driving mechanism of NPP and prevent desertification. This study investigated the spatial and temporal differ-
entiation features of actual net primary productivity (ANPP) in the Ili River Basin, a transboundary river between China and Kazakh-
stan, as well as the proportional contributions of climate and human causes to ANPP variation. Additionally, we analyzed the pixel-scale
relationship between ANPP and significant climatic parameters. ANPP in the Ili River Basin increased from 2001 to 2020 and was lower
in the northeast and higher in the southwest; furthermore, it was distributed in a ring around the Tianshan Mountains. In the vegetation
improvement zone, human activities were the dominant driving force, whereas in the degraded zone, climate change was the primary
major driving force. The correlation coefficients of ANPP with precipitation and temperature were 0.322 and 0.098, respectively. In
most areas, there was a positive relationship between vegetation change, temperature and precipitation. During 2001 to 2020, the basin’s
climatic change trend was warm and humid, which promoted vegetation growth. One of the driving factors in the vegetation improve-
ment area was moderate grazing by livestock.
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1 Introduction Fang et al., 2018). The breadth and depth of human ac-

tions on the ecological environment continue to stren-

Vegetation is an essential component of the global eco-
system because it serves to control the global carbon
balance and preserve climatic stability (Abdi et al.,
2013; Erb et al., 2018). According to previous research,
temperature and precipitation have an impact on vegeta-
tion development, and the relationship between them
and vegetation has regional variability (Park et al., 2015;
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gthen, and they are gradually becoming an influencing
element of vegetation change on a global and regional
scale due to the rapid expansion of the social economy
and increase in population (Wang et al., 2016). Thus,
quantifying the proportional influences of climate and
human factors on vegetation is essential for national and
regional strategic planning to address the challenges
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posed to ecosystems by these factors (Li et al., 2012).

The primary methodologies for accurate and quantit-
ative examination of the relative roles of climatic and
human influences in vegetation dynamics include mod-
el variable analyses, coefficient of variation analyses,
and residual trend studies (Rojstaczer et al., 2001). The
potential net primary productivity (PNPP) and actual
net primary productivity (ANPP) difference methods are
based on residual trend analysis. Each driving factor of
NPP is utilized to represent the effect of alterations in
the vegetation transition process. NPP can intuitively
and truly reflect the change in vegetation in the ecosys-
tem (Andersen et al., 2015; Plutzar et al., 2016). Zhang
et al. (2011) and Zhou et al. (2015) applied this method
to explore the relative effects of climate and human
factors on NPP of vegetation in Shiyang River Basin
and northwest China, respectively. Chen et al. (2019)
studied the spatiotemporal pattern of the Central Asian
grassland ecosystem, and the findings revealed that
overgrazing was a key contributor to grassland deterior-
ation. Zhou et al. (2017) investigated the factors that
contribute to grassland degradation in China and con-
cluded that human activities had a substantial impact on
grassland restoration. Guan et al. (2021) assessed the in-
fluence of human activities on vegetation in Xinjiang,
China, and the findings demonstrated that the anthropo-
genic effect of vegetation transformation was mostly
positive. The research described above are all quantitat-
ive evaluations of the effects of climate and human vari-
ables on vegetation at a wide regional scale, but few
studies have quantified vegetation change at a spatial
scale in transboundary river basins.

The Ili River Basin is located in Central Asia’s semi-
arid region. Due to the influence of various factors, such
as natural forces and human activities, the lower reaches
of the Ili River delta suffer from ecological problems,
such as salinization of the land, a decrease in biod-
iversity, and a reduction in the Ili River’s inflow of lake
water (Pueppke et al., 2018a). As the international river
basin between China and Kazakhstan, the Ili River
Basin has become a shared priority of both nations for
effective conservation of the vulnerable environment.
Scholars are now conducting research on NPP in the Ili
River Basin. Jiao et al. (2018) studied the spatiotempor-
al pattern of NPP in the Ili Valley and its association
with important climatic parameters. Qi et al. (2020) ana-
lyzed the changes in NPP in the Balkhash Basin and
concluded that vegetation changes in the Balkhash Lake

area were characterized by unstable to somewhat stable
circumstances. The studies of the above two scholars are
limited to national-scale vegetation change and its cor-
relation with climate factors. To summarize, most stud-
ies on the geographical scale have focused on the
changes in NPP in China or the Balkhash Lake area,
with a lack of studies on the changing features of NPP
in the whole basin and its link with meteorological ele-
ments. In terms of research content, the bulk of re-
search has focused on NPP’s spatial and temporal vari-
ation characteristics; quantitative evaluations of the ef-
fect of climate and human influences on NPP are lack-
ing. Ignoring the spatial integrity and temporal continu-
ity of watershed ecology and hydrology inhibits China
and Kazakhstan efforts for cross-border river protection
in the Ili River Basin.

In this study, NPP was used as the evaluation index of
vegetation status, and the relative role of climate and
human factors was quantitatively assessed from a basin-
wide perspective. 1) Spatiotemporal variation in ANPP
in the Ili River Basin was obtained from 2001 to 2020.
2) To estimate ANPP and PNPP and quantify the relat-
ive influences of climate and human factors on ANPP
based on scenarios, the CASA (Carnegie-Ames-Stan-
ford Approach) and Thornthwaite Memorial models
were utilized. 3) The link between ANPP and the
primary meteorological parameters was investigated us-
ing partial correlation and multiple correlation ap-
proaches. This study is not only a supplement to the
quantitative study of climate and human factors on ter-
restrial ecological environment, but also has practical
implications for transboundary river ecosystem manage-
ment and nations along the Belt and Road Initiative.

2 Materials and Methods

2.1 Study area

The Ili River Basin is located at 42°16'N—49°22'N and
73°18'E—85°00'E (Pueppke et al., 2018b, Fig. 1). The
upper reaches contain diverse topography and consider-
able precipitation, which can provide favorable condi-
tions for vegetation growth. The vegetation types are
complex and mainly include desert vegetation, grass-
land, meadows, and forest. The middle reaches contain
various deserts, the Gobi, and a small amount of arable
land, while the vegetation in the lower reaches is mostly
Populus euphratica and Phragmites australis. From
high to low elevations, vertical vegetation zones in-
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Fig. 1 Elevation of the Ili River Basin

clude tundra, alpine meadows, coniferous forests, de-
ciduous trees and shrubs mixed with grassland, grass-
land and desert (Yang et al., 2010; Thevs et al., 2017).
The 1Ili is a border-crossing river that connects China
and Kazakhstan. It is one of the world’s best-preserved
semiarid regional natural environments.

2.2 Data and methods
2.2.1 Data sources and preprocessing
Remote sensing data: normalized difference vegetation
index (NDVI) data are from NASA’s (USA National
Aeronautics and Space Administration) MODI13Ql
dataset (https://ladsweb.modaps.eosdis.nasa.gov/). The
temporal resolution is 16 d, and the spatial resolution is
250 m. Tiles H22V04, H23V04, and H24V04, where
the Ili River Basin is located, are selected. The maxim-
um value composite (MVC) technique is used to reduce
the participation of meteorological components. To veri-
fy the NPP’s validity, NPP yearly scale data product
with a spatial resolution of 500 m from NASA’s
MOD17A3 dataset was acquired, which was calculated
using the Biome-BGC model that has been verified and
widely utilized in vegetation change research at global
and regional scales (De Leeuw et al., 2019).

Meteorological data: the Famine Land Data Assimila-
tion System (FLDAS) dataset is used for temperature,
precipitation, and solar radiation, with a spatial resolu-
tion of 0.1° and a temporal resolution of a month
(https://ldas.gsfc.nasa.gov/index.php/fl-das/). The data-
set assists developing countries with scarce data in food
security assessments and includes information on many
climate-related variables (McNally et al., 2017). The
MOD17A3 NPP data product was calculated using the
Biome-BGC model, which has been verified and widely
utilized in vegetation change research at global and re-
gional scales (De Leeuw et al., 2019).

Vegetation type: global land cover products de-
veloped by the European Aviation Agency provide data

on vegetation types (https://cds.climate.copernicus.eu/)
with a spatial resolution of 300 m. We reclassified the
ground feature types and eliminated urban land, water
bodies, and permanent ice and snow vegetation cover-
age areas. Finally, we obtained four types of vegetation
types, namely, grassland, forestland, cultivated land, and
bare land.

2.3 Methods

The term ‘PNPP’ refers to the NPP in its natural condi-
tion, which is not disrupted by human activity, and its
value is impacted by only meteorological factors. The
term ‘ANPP’ refers to an NPP that has been impacted
by climate and human factors. As a result, the differ-
ence in PNPP and ANPP values may be used to illus-
trate how human activities affect ANPP or human net
primary productivity (HNPP) (Qin et al., 2021).

PNPP — ANPP = HNPP (1)

2.3.1 Calculation of ANPP

The CASA model is a light energy use model that takes
into account NDVI, temperature, precipitation, solar ra-
diation, and vegetation types (Potter et al., 1993). The
model relies on remote sensing to collect full coverage
data, allowing for estimates of NPP on regional and
global scales.

ANPP(x,t) = APAR(x,t) X g(x,1) 2)

where ANPP (x, f) is the net primary productivity of
pixel x in month #; APAR (x, t) and ¢ (x, t) are the ab-
sorbed photosynthetic effective radiation (MJ /m?) and
actual light energy utilization (C, g/MJ), respectively.
APAR (x, t) and ¢ (x, ¢) are calculated as follows:

APAR(x,t) = SOL(x,t) x FPAR(x,1) X 0.5 A3)

e(x,1)=T g1 (x,1) X T, (x,1) X W (x,1) X Emax “4)

where SOL(x, {) and FPAR(x, t) are the ratio of total sol-
ar radiation (MJ /m?) and incident photosynthetic effect-
ive radiation absorbed by vegetation, respectively,
FPAR can be calculated from NDVI and 0.5 is the pro-
portion of the ratio of total solar radiation intercepted by
the vegetation. Ty,(x, #) and Ty(x, ?) are the temperature
stress coefficients for light-use efficiency; W, (x, t) rep-
resents the water stress coefficient; g, is the maxim-
um light-use efficiency under ideal conditions. The
parameter settings of different vegetation types refer to
the research of Zhu et al. (2006).

2.3.2 Calculation of PNPP

The Thornthwaite Memorial model, which was created
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by least-square regression between NPP measurement
data and temperature and precipitation data, was used
for the PNPP estimate (Raich et al., 1991).

PNPP = 3000[1 _ 6—0.000 969 5(V—20)] (5)

where PNPP stands for the potential net primary pro-
ductivity (C, g/(m* yr)), v represents the actual evapora-
tion of vegetation (mm), and its calculation formula is

as follows:
1.
= 057' (6)
V1+(1.05r/L)?
L =3000+25¢+0.05¢° (7

where L is the potential evaporation, the amount of
evaporation under the condition of sufficient water sup-
ply (mm), » is the total precipitation (mm), and ¢ is the
average temperature (°C).
2.3.3 Trend analysis
To determine the temporal variation trend of NPP, the
least-square approach was used. This method can more
accurately and properly describe the variable trend.

n

ann:ixNPP,-—ZiZn:NPPi
i i=1

i=1 i=1

nxizn;iz—{ii]z

i=

®)

slope =

where n is the length of the research time series, i rep-
resents year i, NPP; represents the NPP value of vegeta-
tion in year 7, and the slope denotes the trend line’s slope.
2.3.4 Scenario design

Six scenarios were developed after reading relevant lit-
eratures to objectively analyze the relative contributions
(Table 1) (Zhang et al., 2018; Yin et al., 2020).

2.3.5 Correlation analysis and significance test

The partial correlation was utilized in this work to in-
vestigate the link between ANPP and temperature, as
well as that between ANPP and precipitation.

Txy = Txz = T'yz

\/(1 _rzxz)<1 _rzyz)

and r,, are the correlation coefficients

©

Txyz =

where ry, 7y

among the three variables, and r,, , is the partial correla-

2
tion coefficient between x and tfle y variable after z is
fixed. In this study, where x denotes the ANPP, y and z
denote the temperature and precipitation, respectively.
The link between ANPP and temperature and precip-
itation was calculated using multiple correlation coeffi-

cients in this study.

Fege = L= (1-72) (1= ) (10)

where r, . denotes the multiple correlation coefficient

and ry, and 7y,

denote the correlation coefficient and
partial correlation coefficient of the relevant variables,
respectively.

3 Results and Analyses

3.1 Validation of model accuracy
A correlation study was undertaken between the simu-
lated ANPP and the measured NPP based on the above-
ground biomass data of Ili Kazakh Autonomous Prefec-
ture in June 2018, and the findings revealed that the
simulated ANPP was strongly associated with the ob-
served data (R* = 0.73, P < 0.01) (Fig. 2a).

The wvalidation accuracy of biomass data obtained
from field surveys is high, but it is difficult to carry out
large-scale and relatively uniform field survey sampling

Table 1 Assessment methods of vegetation dynamics under the six possible scenarios
. : Contribution of Contribution of L
Region Scenario SANPP SPNPP SHNPP climate change / % human activities / % Description

The areas with improved vegetation Scenario 1 >0 >0 >0 100 0 Climate change
Scenario 2 >0 <0 <0 0 100 Human activity

Scenario 3 >0 >0 <0 100 % |S pnpp| 100 % |S gnpe| Both

IS pNNpl + 1S HNpp IS pNNp| + 1S HNPP

The areas with degenerated vegetation Scenario 1 <0 <0 <0 100 0 Climate change
Scenario 2 <0 >0 >0 0 100 Human activity

Scenario 3 <0 <0 >0 100 % |S pnpp| 100 X |S gnepl Both

IS pnnp| + 1S HNPPI IS pnnpl + 1S HNPPI

Notes: Synpp, slope of actual net primary productivity; Sppp, slope of potential net primary productivity; Sypp, slope of actual net primary productivity under the

influence of human activities
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Fig. 2 Validation of net primary productivity (NPP) model accuracy in Ili River Basin. a. Validation of NPP and measured NPP;
b. validation of NPP and MOD17A3 NPP. CASA, Carnegie-Ames-Stanford Approach

in the whole basin. For this purpose, the CASA model
estimation results were compared with MOD17A3 data
products from 2001 to 2020. One thousand random
points were produced at random, and the mean values of
ANPP and MOD17A3 were calculated based on the
points. Correlation analysis was performed on the data,
and the correlation analysis results revealed that the
coefficient of determination of the two was R*= 0.89,
P < 0.01 (Fig. 2b). According to the above two verifica-
tion results, the ANPP calculated by the CASA model in
this paper was suitable for estimating the NPP.

3.2 Temporal and spatial variations in ANPP

3.2.1 Interannual variation in ANPP

The interannual variation in ANPP in the Ili River Basin
from 2001 to 2020 showed a fluctuating increase
(Fig. 3), with fluctuation values ranging from 265.41 to
363.92 g/(m* yr). The mean ANPP was 309.36 g/(m*
yr), and it reached its peak value in 2016, which was
16.67% higher than the multiyear average. The lowest
ANPP of vegetation was in 2008, which was 14.21%
lower than the multiyear average. The period from 2014

380
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Fig. 3 Interannual variation of actual net primary productivity
(ANPP) in Ili River Basin from 2001 to 2020

to 2015 was a continuous growth stage, and the growth
rate was relatively obvious, with an increase of 92.13
g/(m* yr). ANPP decreased significantly in 2007-2008
and 2013-2014, with decreases of 56.96 g/(m* yr) and
53.43 g/(m* yr), respectively.

3.2.2 Spatial variation in ANPP

The mean value of ANPP in the Ili River Basin from
2001 to 2020 was 0.03 to 1103.17 g/(m* yr), with obvi-
ous spatial differentiation (Fig. 4a). The ANPP was low
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Fig. 4 Changes of actual net primary productivity (ANPP) in Ili River Basin from 2001 to 2020. a. Spatial distribution of ANPP;

b. trends of ANPP; c. significance test of ANPP
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in the northeast and high in the southwest, and it was
distributed in a ring along the Tianshan Mountains
range of China, with high values in the foothills of Tian-
shan Mountains and low values in the Ili River Valley
of Kazakhstan. Additionally, China has a much larger
ANPP than Kazakhstan at the watershed scale.

The spatial distribution of the interannual variation
slope of ANPP was obtained from 2001 to 2020 (Fig. 4b).
The interannual variation in NPP varied from —57.32 to
46.09 g/(m* yr), and regions with an increasing trend
(slope > 0) made up 57.33% of the overall area, largely
in the middle and lower reaches. NPP (slope < 0) ac-
counted for 42.67% of the whole region, with the major-
ity concentrated in the upper reaches. The significance
test of ANPP found that only 12.87% of the regions
passed the significance test, and the significant increase
areas were mainly located in the Ili Valley and around
Balkhash Lake of Kazakhstan, while the significant de-
gradation areas were scattered only in the Tianshan
Mountains of China (Fig. 4c).

3.3 Impacts of climate and human factors on ANPP
3.3.1 Trends of PNPP and HNPP
This study investigated the changing trends of PNPP

T5°E 80°E 85°E
48°N| {48°N
PNPP
g/ (m’yr)
No data
pn High: 10.34
)
45N W o337 18N

42°N}o

48°N 148°N
45°N | 45°N
42°N | 1 42°N

75°E 80°E 85°E

and HNPP from 2001 to 2020. The changing trend of
PNPP showed that climate change had a negative
growth trend for the whole basin (Fig. 5a). The propor-
tion of SPNPP < 0 accounted for approximately 72.30%
of the entire area and was mainly found in the middle
reaches, indicating that climate change and lack of pre-
cipitation accelerated vegetation deterioration. The pro-
portion of SPNPP > 0 accounted for approximately
27.70% of the total area. A total of 14.79% of the re-
gions passed the significance test, and the changing
trend was mainly significant reduction, which was
mainly located in Kapchagay Reservoir, Taldyqorghan
City of Kazakhstan and the western region of the basin
(Fig. 5b).

The variation trend of HNPP showed that human
activities were positive for vegetation growth in 78.68%
of the total area. Human-caused vegetation degradation
was mostly seen in Yining City of China and around
Balkhash Lake of Kazakhstan, which accounted for
21.32% of the entire area (Fig. 5¢). HNPP increased sig-
nificantly in 18.86% of the total area, mainly around
Kapchagay Reservoir of Kazakhstan. Due to Kazakh-
stan’s policies, farmland near Kapchagay Reservoir of
Kazakhstan had been mostly transformed into natural
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Fig. 5 Changes of potential net primary productivity (PNPP) and human net primary production (HNPP) in Ili River Basin from 2001
to 2020. a and b show the PNPP trend and significance test, respectively; ¢ and d show the HNPP trend and significance tests, respect-

ively
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grassland (Fig. 5d).

3.3.2 The relative role of climate and human factors

Using the criteria in Table 1, the proportionate influ-
ence of climate and human factors on ANPP was ex-
amined. Climate change-affected regions made up
43.31% of the basin’s total area and were mostly con-
centrated near Kapchagay Reservoir of Kazakhstan and
the western region downstream (Fig. 6). Only human
activities impacted the region in the middle reaches,
which accounted for 39.89% of the entire area. The area
affected by both causes was 16.8% of the entire area;
the areas around Yining City of China and Balkhash
City of Kazakhstan were the most significant, indicat-
ing that the vegetation was influenced by both climate
and human factors, with the impact of climate being
slightly higher than that of human activities.

Only 32.73% of the vegetation improvement region
was affected by climate change; this area encompassed
mainly a small part of Yining City of China and
Balkhash City of Kazakhstan (Fig. 7a). A total of
67.27% of the improved area was in places where hu-
man activities had a significant impact on vegetation
improvement; this area was mostly distributed in the
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Fig. 6 Spatial distribution of relative role of climate change and
human activities in Ili River Basin from 2001 to 2020

middle reaches and Ayakoz City of Kazakhstan (Fig. 7b).
When compared to climate change, this finding sug-
gests that human activities have had a significant influ-
ence on vegetation restoration.

Climate change affected a substantial percentage of
the vegetation degradation area and accounted for
79.97% of the degraded area, which was mostly dis-
persed in the Tianshan Mountains of China (Fig. 7c¢).
Human-caused vegetation degradation accounted for
20.03% of the degraded area, mostly in the Ili River
Valley and surrounding Balkhash Lake of Kazakhstan
(Fig. 7d). The major cause of vegetation degradation
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Fig. 7 The relative role of climate change and human activities in the mitigation area and the exacerbation area in Ili River Basin from
2001 to 2020. a and b show the relative role of climate change and human activities in the mitigation area, respectively; ¢ and d show the
relative role of climate change and human activities in the exacerbation area, respectively
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was climate change.

3.4 Relationship between ANPP and -climatic
factors
3.4.1 Multiple correlation
The majority of earlier research focused on the link
between vegetation NPP and single climatic variables
(Jiao et al., 2018). This study investigated the response
of ANPP and climate factors through multiple correla-
tions. The ANPP multiple correlation coefficients with
temperature and precipitation ranged from 0 to 0.935,
with a mean of 0.434. Almaty City, the Kapchagay
Reservoir area, and Ayakoz City of Kazakhstan had the
highest association between ANPP and climatic para-
meters (Fig. 8a). The spatial distribution of areas that
passed the significance test (F > F (,;) was essentially
consistent with that of the region with a high multiple
correlation coefficient (Fig. 8b).
3.4.2 Partial correlation

The connection between ANPP and temperature and
precipitation was characterized into four grades accord-
ing to the ¢ test result: SPC (significant positive correla-

75°E 80°E 85°E
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Coation coefficient
1 No data
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45°N | W Low: 0 145°N
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42°N |0 20km . . 142°N
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tion) (P < 0.05, R > 0), NSPC (no significant positive
correlation) (P > 0.05, R > 0), SNC (significantly negat-
ive correlation) (P < 0.05, R <0), and NSNC (no signi-
ficant negative correlation) (P > 0.05, R <0).

There was a clear regional difference between the
positive and negative correlations between ANPP and
precipitation (Fig. 9a). The correlation value ranges
from —0.881 to 0.934, with an average of 0.322. The Ili
River Valley of Kazakhstan and the downstream region
had the most positive connection. Negative correlations
were mostly found in Tianshan Mountain and Balkhash
Lake.

The association between ANPP and precipitation at
pixel size in the research region was classified using
classification statistics (Fig. 9b). The proportions of
each correlation grade are described as follows: no sig-
nificant positive correlation (50.30%) > significant pos-
itive correlation (36.54%) > no significant negative cor-
relation (11.79%) > significant negative correlation
(1.37%); these results indicate that in most sections of
the basin, there was no significant positive connection
between ANPP and precipitation.
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Fig. 8 Multiple correlation coefficients (a) and significance test result (b) between meteorological elements and actual net primary pro-

duction (ANPP) in Ili River Basin from 2001 to 2020
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Fig. 9 Correlation coefficients (a) and significance test result (b) between precipitation and actual net primary production (ANPP) in Ili
River Basin from 2001 to 2020.SPC: significant positive correlation; NSPC: no significant positive correlation; SNC: significantly neg-

ative correlation; NSNC: no significant negative correlation
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ANPP and temperature had a correlation coefficient
ranging from —0.853 to 0.895 (Fig. 10a). The correla-
tion coefficient between ANPP and temperature aver-
aged 0.098. The positive correlation occurred mostly in
the piedmont of Tianshan Mountain and the Kapchagay
Reservoir, while the negative correlation was mainly
distributed in the Ili Valley and the area around
Balkhash Lake. The proportions of each correlation
grade are described as follows (Fig. 10b): no significant
positive correlation (62.15%) > no significant negative
correlation (32.06%) > significant positive correlation
(4.98%) > significant negative correlation (0.81%);
these results reveal that in most sections of the basin,
there was no significant positive association between
ANPP and temperature.

3.4.3 Driving forces of ANPP change

To determine the main climate factors affecting the
ANPP change area, we investigated the factors that in-
fluence NPP change (Yin et al., 2020), and the classific-
ation criteria are shown in Table 2.

The results revealed that precipitation was the domin-
ant driver of the ANPP change from 2001 to 2020, ac-
cording to the zoning of the NPP change-driving force
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Fig. 10

(Fig. 11), with obvious spatial heterogeneity. Precipita-
tion-driven area accounting for 76.62% of the climate-
driven area and mainly distributed in the Ili River Val-
ley and Almaty City of Kazakhstan. The area with
strong temperature and precipitation driving forces ac-
counted for 13.00% of the climatic driving force area,
which was mainly concentrated in the Kapchagay
Reservoir of Kazakhstan. The areas weakly driven by
temperature and precipitation and the temperature-driv-
en area accounted for 4.82% and 5.56% of the climate-
driven areas, respectively, which were more obvious in
Yining City of China and around Balkhash Lake of
Kazakhstan.

4 Discussion

4.1 Impact of climate factors on ANPP

The primary climatic elements impacting the distribu-
tion and fluctuation trend of NPP are temperature and
precipitation (Liu et al., 2015). In this study, the single
and double factors of ANPP and meteorological ele-
ments were analyzed. The findings revealed regional
variations in the relationship between ANPP and cli-
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Correlation coefficients (a) and significance test result (b) between temperature and actual net primary productivity (ANPP) in

Ili River Basin from 2001 to 2020. SPC, significant positive correlation; NSPC, no significant positive correlation; SNC, significantly

negative correlation; NSNC, no significant negative correlation

Table 2 The regional rules of the driving factors for actual net primary productivity changes in Ili River Basin

Driving factor Driving type Classification criteria

Strongly driven by temperature and precipitation [T+P]+ Fe<Fyp tr<toos tp<tops
Precipitation driven [P] Fe<Fyn tr = fyos tp 2 105
Temperature driven [T] Fe<Fyo tr<toos tp = lyos
Weakly driven by temperature and precipitation [T+P]- Fe<Foo Ir 2 tyos Ip<1loos

Notes: F, significance test of multiple correlation between actual net primary production and temperature and precipitation; 77, significance test of correlation

between actual net primary production and temperature; ¢p, significance test of multiple correlation between actual net primary production and precipitation; ¢, os, ¢

test at significance level of 0.05; F o5, F test at significance level of 0.05; T, change driven by temperature mainly; P: change driven by precipitation mainly
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Fig. 11 Spatial distribution of actual net primary productivity
(ANPP) climate driving force in Ili River Basin. Meaning of driv-
ing factors were in Table 2

mate parameters, which were most likely connected to
the basin’s altitude, climate change, and vegetation cov-
er type (Zhou et al., 2019). The Ili River Basin of Kaza-
khstan is located in a semiarid region that is susceptible
to changes in climatic conditions (Zhou et al., 2016).
This study examined the temperature and precipitation
change trends from 2001 to 2020. Most areas showed a
warm and humid trend (Fig. 12). Since the end of the
1980s, the climate in Northwest China has evolved from
warm and dry to warm and humid, according to recent
studies (Shi et al., 2007). The results showed that al-
though the Ili River was a transboundary river, its tem-
perature and precipitation trends were consistent with
those in Northwest China.

Precipitation has been shown in previous research to
be a primary factor affecting NPP and its variations in
arid and semiarid environments (Liang et al., 2015). The
change trend of ANPP in the Ili River Basin from 2001
to 2020 was in an increasing trend. The increase in
ANPP is the response to warm and humid conditions be-
cause the increase in temperature increases the photo-
synthetic rate of vegetation, prolongs the length of the
vegetation growth season, and promotes the effective
utilization of soil water by melting ice and snow. The
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temperature increase provides more effective water for
plant growth over a relatively long time (Xiong et al.,
2019). In addition, a moist environment increases soil
moisture, facilitating the absorption of water by vegeta-
tion and providing better wetness for its own develop-
ment (Xiong et al., 2016). Conversely, in the high-alti-
tude area of the Tianshan Mountains, when precipita-
tion exceeds the range necessary for vegetation develop-
ment, it reduces solar radiation and increases relative
humidity, reducing the photosynthetic rate of vegeta-
tion (Ukkola et al., 2016). Excessive precipitation also
aggravates soil erosion and flood disasters (Qu et al.,
2018). As a result, vegetation degradation induced by
climate change is concentrated mostly in the Tianshan
Mountains.

Only some areas in the basin changed to a warm and
dry trend; these areas were mainly concentrated in
Balkhash City and Ayakoz City around Balkhash Lake
of Kazakhstan because precipitation near Balkhash Lake
is relatively rare, and the annual precipitation is less
than 100 mm. Furthermore, several studies have demon-
strated that increasing temperatures speed up photosyn-
thesis and carbon absorption in vegetation, but when
temperatures surpass the threshold of the vegetation
ecosystem, the NPP decreases (Mowll et al., 2015). Cli-
mate warming and precipitation reduction in this area
will lead to an increase in drought frequency (Zeng and
Yang, 2008). The vegetation growth and development
conditions in this area were poor, so the annual mean
value of ANPP was small.

4.2 The impact of human activities on ANPP
Climate change does not totally modify the dynamic
characteristics of vegetation; human influences also in-
fluence NPP change (Chen et al., 2017; Li et al., 2021).
Overgrazing, conversion of grassland to farmland, over-
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Fig. 12 The slop of temperature (a) and precipitation (b) in Ili River Basin from 2001 to 2020
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harvesting, and overexploitation of water resources are
all examples of human-caused vegetation deterioration
in recent decades (Qin et al., 2021). However, this study
shows that human activities have a significant impact on
vegetation restoration. In 1999, for example, the Chinese
government began implementing a scheme to convert
cropland to forest. The policy’s effective execution
changed wasteland and farmed land in China’s most
vulnerable districts into grassland and woodland (Wang
et al., 2016), and vegetation degradation areas were re-
stored. Human activities were the major element de-
termining the increase in vegetation, according to Chen
et al. (Chen et al., 2014) in their study on the Qinghai-
Tibet Plateau, and the implementation of national con-
servation measures had a vital influence on vegetation
restoration.

Grazing was formerly thought to be one of the most
important anthropogenic variables impacting NPP in
Central Asia (Chen et al., 2019). According to the find-
ings of this study, human activities have benefited ve-
getation, particularly in Kazakhstan. The Food and Ag-
riculture Organization (FAO) of the United Nations
gathered livestock data for Kazakhstan from 1992 to
2019 to analyze the influence of grazing on NPP
(http://www.fao.org/faostat/). The relationship between
grazing and NPP was investigated using the variation
trend in this study. Fig. 13 shows that 2000 was the
turning point; since then, the number of herding anim-
als in Kazakhstan has changed greatly. Under the So-
viet Union, Kazakhstan had a high standard for live-
stock operations. Following the disintegration of the So-
viet Union, the number of livestock operations
plummeted. After 2000, the change trend was small, and
the number of these operations increased steadily. The
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Fig. 13 Interannual variation in livestock numbers in Kazakh-
stan from 1992 to 2019

amount and intensity of grazing are favorable for this
vegetation to return to a high vegetation cover area, and
the pressure on grazing is also relieved (Hauck et al.,
2016).

The mechanism of NPP and grazing under various
grazing settings is unknown, and the impact of grazing
on vegetation change may differ geographically. These
spatial differences are largely determined by vegetation
type and community composition, grazing pattern and
livestock density, and local environment (Cugny et al.,
2010; Sanaei et al., 2019). Improper grazing will lead to
vegetation degradation and even land desertification
(Abdi et al., 2013). However, previous research has
demonstrated that the response of NPP to grazing in-
tensity is strongly reliant on the climatic conditions of
Central Asian grassland ecosystems. Grazing can pro-
mote grassland growth at a certain grazing intensity be-
cause it can reduce vegetation evapotranspiration and
thus increase soil moisture (Luo et al., 2012). Overgraz-
ing also aroused the concern of the Central Asian gov-
ernments; governments have corresponding policies to
strengthen the cooperation and communication between
countries and have put more money into a variety of
activities, such as improving relevant laws and regula-
tions; these include laws governing the degradation of
grassland grazing behavior, reseeding improvements,
fence closures, and grass for livestock; law instituting
strict controls for grassland grazing capacity; and laws
designed to achieve a balance between grass and live-
stock (Yin et al., 2019). With the recovery of the local
Kazakh economy, abandoned state-owned pastures have
been reused, and the government has taken effective
ecological restoration measures to improve degraded
land (Zhang et al., 2021). These measures have been
crucial for the restoration of vegetation.

4.3 Uncertainty

The variables ANPP, PNPP, and HNPP were used to ex-
plore the impacts of climate and human influences on
NPP. However, this study also has some limitations and
can be further improved. First, the Thornthwaite me-
morial model was selected to calculate PNPP. This
model's input parameters included temperature and pre-
cipitation data, and solar radiation data, one of the cli-
matic elements impacting NPP, was not taken into ac-
count (Piao et al., 2006). Additionally, the calculated
PNPP value was not verified by measured data, so the
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calculated PNPP value had uncertainty.

In the next step, biomass in areas not affected by hu-
man activities should be collected to conduct correla-
tion analysis with the model, and the optimal model
should be selected to simulate the value of PNPP. The
Ili River Basin is a cross-border river, and the distribu-
tion of stations and data continuity are poor. Few stud-
ies can choose only high spatial resolution meteorolo-
gical data products as input data (Hu et al., 2014). It is
critical to ensure consistency in the spatial resolution of
all data sources while utilizing the CASA model to in-
vert NPP. Therefore, resampling of meteorological data
was carried out, which lost the detailed pixel informa-
tion to a certain extent. More accurately measured data,
such as meteorological and biomass data, are needed in
future research.

5 Conclusion

In the Ili River Basin from 2001 to 2020, the relative
contributions of climate and human factors to ANPP
change were quantified, and the regional features of
ANPP and its response to climatic factors were ex-
amined. The findings of the study can have a significant
impact on the Ili River Basin’s ecological development
and long-term growth. The following points represent
our primary conclusions:

(1) In terms of temporal characteristics, the annual
variation in ANPP showed a fluctuating increase, with
fluctuation values ranging from 265.41 to 363.92 g/
(m* yr). The mean ANPP in the last 20 years was
309.36 g/(m* yr). In terms of spatial characteristics, the
ANPP was low in the northeast and high in the southw-
est and distributed in a circular pattern around the Tian-
shan Mountains of China. The high-value region was
located in the Tianshan Mountains of China, and the
low-value region was located in the Ili River Valley of
Kazakhstan. The middle and lower reaches of the ANPP
had a rising tendency, while ANPP with a decreasing
trend was mainly distributed in the Ili River Valley of
Kazakhstan and the Tianshan Mountains of China on
both sides. Additionally, the overall change trend of
ANPP was an increasing trend.

(2) Human activities played a critical part in vegeta-
tion improvement in 67.27% of cases, whereas climate
change played a large role in only 32.73% of cases, in-
dicating that human activities aided in the restoration of

vegetation. Climate was responsible for 79.97% of the
vegetation degradation area, whereas human activities
were responsible for 20.03%, demonstrating that cli-
mate change was the primary driver of vegetation de-
gradation.

(3) Between ANPP and precipitation, the partial cor-
relation value varied from —0.881 to 0.934; the propor-
tions of the correlation grades between ANPP and pre-
cipitation in the area of the basin are described as fol-
lows: no significant positive correlation (50.30%) > sig-
nificant positive correlation (36.54%) > no significant
negative correlation (11.79%) > significant negative
correlation (1.37%). Between ANPP and temperature,
the partial correlation value varied from —0.853 to
0.895; the proportions of the correlation grades between
ANPP and temperature in the area of the basin are de-
scribed as follows: no significant positive correlation
(62.15%)>no significant negative correlation (32.06%) >
significant positive correlation (4.98%) > significant
negative correlation (0.81%).
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