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Abstract: Gaining a deep understanding of how climate change affects the carbon cycle in dryland
vegetation is of utmost importance, as it plays a pivotal role in shaping the overall carbon cycle in
global ecosystems. It is currently not clear how plant communities at varying elevations in arid
mountainous regions will respond to climate change in terms of their productivity. The aim of this
study was to investigate the effect of climate change on vegetation productivity in different altitudinal
vegetation belts of the Tianshan Mountains between 2000 and 2021, utilizing satellite-derived vegeta-
tion productivity and climate data. The findings suggest a notable increase in vegetation productivity
across diverse altitudinal vegetation belts. The productivity of vegetation in the coniferous forest
and alpine meadow belts displayed a notably higher interannual trend compared to other vegetation
belts. Notably, an increase in vegetation productivity was accompanied by warming and drying. The
productivity of altitudinal vegetation belts, however, appears to be resilient to current climate trends
and was not significantly impacted by the severity of atmospheric drought. The trend of increased
vegetation productivity was primarily driven by CO, fertilization. Our results highlight that the
extent of climate change may need to reach a threshold to noticeably affect variations in vegetation
productivity in arid mountainous.

Keywords: atmospheric drought; CO, fertilization; mountain ecosystem; vegetation carbon flux;
global warming hiatus

1. Introduction

The investigation of carbon sinks in terrestrial ecosystems holds significant scientific
value in the efforts to mitigate global anthropogenic warming. The primary objective of the
United Nations Paris Agreement is to limit the increase in global average temperature to
below 2.0 °C above preindustrial levels and pursue efforts to limit the increase to 1.5 °C
in order to tackle the adverse impacts of climate change [1,2]. Because of the importance
of fossil fuel energy use in economic development in some countries, reducing fossil fuel
energy use plays a limited role in achieving this core objective [3]. Vegetation and soil
carbon pools absorb carbon dioxide from the atmosphere; the amount absorbed annually
is equivalent to 20-30% of the carbon dioxide emitted by humans [4]. This indicates the
significant contribution of terrestrial ecosystems to the global carbon cycle [5]. Terrestrial
ecosystems include vegetation and soil carbon pools [6]. All vegetation communities
can fix approximately 120 Pg C from the atmosphere annually, and this carbon exchange
is highly sensitive to climate change [7,8]. Gross primary productivity (GPP) and net
primary productivity (NPP) are commonly employed metrics for assessing the magnitude
and variability of vegetation productivity [9,10]. GPP represents the overall quantity of
carbon that vegetation captures from the atmosphere through carbon assimilation, while
NPP represents GPP minus the portion consumed by plant respiration, which forms plant
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biomass [11-13]. Quantitative analysis of changes in GPP and NPP in different plant
communities can improve the understanding of the feedback of terrestrial ecosystem
carbon cycles to current climate change.

There is evident spatial heterogeneity in both the distribution and variability of veg-
etation productivity. Biotic and abiotic factors have an impact on the spatial distribution
of both NPP and GPP [14]. Forests and grasslands have remarkably higher carbon pools
than shrubs and wetlands [15]. Globally, GPP and NPP decrease with an increase in soil
nutrients [16]. Temperature, water availability, and solar radiation determine the merid-
ional distributions of GPP and NPP [17], and those at low elevations are dependent on the
carbon use efficiency; however, GPP and NPP at high elevations are mainly limited by tem-
perature and humidity [18]. In addition to the spatial distribution, changes in vegetation
productivity are regulated by several environmental factors. Meta-analyses have shown
that warming had a positive effect on GPP in global grasslands and that carbon fluxes
increased more in boreal region grasslands than in temperate and subarid grasslands [7,19].
At the regional scale, changes in vegetation productivity of different ecosystems on the
Tibetan Plateau are mainly influenced by carbon dioxide (CO,) concentration, temperature,
and moisture; however, the main drivers of such changes are controversial [20-23]. Notably,
warming and drying reduce the availability of soil moisture in arid regions, weakening
vegetation productivity. Therefore, warming may negatively affect the GPP and NPP in
arid regions [24-26].

The trend in vegetation productivity demonstrates inconsistent patterns both on a
global and regional scale. During the period from 1982 to 2015, there was an increase in
GPP across tropical rainforests, with the exception of the Congo rainforest [17]. Among
them, the Amazon rainforest displayed a higher magnitude of increase. Additionally,
GPP demonstrated an upward trend in North America and eastern China. Conversely, it
decreased in the western mountain ranges of the United States, the Australian deserts, and
western Central Asia. The variances in global GPP trends can be attributed to changes in
temperature and humidity, which serve as the primary influencing factors. There has also
been attention devoted to studying changes in montane vegetation productivity. From 1982
to 2019, the NPP of mountain vegetation in Yunnan Province, China, exhibited an overall
increasing trend [27]. Among them, mountain forests demonstrated higher rates of increase.
However, during the period from 2000 to 2012, the NPP in the Qilian Mountains, situated
in the arid zone of China, experienced a decreasing trend primarily due to atmospheric
drought [28]. On the Tibetan Plateau, the NPP of desert grassland and alpine grassland
displayed an upward trend between 2001 and 2017, while deciduous broad-leaved forests
experienced a decrease [29]. Additionally, severe drought in the years 2000 to 2010 led to
reduced NPP in fir forests in the mountains of southern China [30].

Given their status as critical global biodiversity hotspots, mountain vegetation in
arid zones is highly responsive to climate change [31,32]. Similarly, arid regions are
sensitive and vulnerable to global change, and warming leads to remarkable changes in
vegetation productivity [33]. Studying and identifying the changes and factors influencing
vegetation productivity in arid mountainous areas can enhance our understanding of
the crucial role that vegetation plays in the global carbon cycle within arid regions. The
Tianshan Mountains, situated within the arid region of Central Asia, not only provide
important ecosystem services for the surrounding plains but also serve as important carbon
pools [34]. Relatively few studies have been conducted on vegetation productivity in the
Tianshan Mountains, and several research findings indicate that changes in vegetation
productivity in this area are closely related to air temperature, precipitation, and CO,
fertilization [35,36]. Significantly, since the 1980s, the Tianshan Mountains have exhibited
trends of warming and increased precipitation, and the wetting trend has an obvious
elevation dependence [37]. Additionally, relatively complete altitudinal vegetation belts
have developed in the Tianshan Mountains [38]. Nevertheless, there is currently a lack
of comprehensive research on how climate change affects the productivity of various
vegetation belts in the Tianshan Mountains.
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To fill this knowledge gap, we used remote sensing data of ecosystem productivity
(GPP and NPP) to investigate changes in productivity at different vegetation belts in
the Tianshan Mountains over the 21st century and attempted to analyze the potential
drivers of this trend. Based on these analyses, we aimed to determine (1) whether there is a
consistent response to climate change among the productivity of different vegetation belts at
different elevations and (2) whether warming and increased precipitation or warming and
decreased precipitation are the primary factors responsible for the interannual variation in
primary productivity among different vegetation belts at various altitudes in the Tianshan
Mountains. In summary, our study offers novel insights into how mountain vegetation in
arid regions responds to climate change and contributes to a deeper understanding of the
role of arid mountain regions in the global vegetation carbon cycle.

2. Materials and Methods
2.1. Study Area

The Tianshan Mountains are the largest mountain range in the arid region of Central
Asia, stretching across China, Kazakhstan, Kyrgyzstan, and Uzbekistan in an east-west
direction (Figure 1la). Xinjiang, China, is home to sixty percent of the Tianshan Mountains.
The Tianshan Mountains exhibit a temperate continental climate, with an average annual
precipitation range of 27.4 to 673.2 mm (1990-2020) and average annual temperatures vary-
ing from —15.4 to 14.1 °C. The higher relative elevation ranges (—154 to 7439 m) have led
to the formation of a relatively complete altitudinal vegetation belt in the Tianshan Moun-
tains [39]. Ref. [40] provided clarification on the average elevation range and composition
of altitudinal vegetation belts within the Tianshan Mountains (Figure 1b). The climatic
characteristics of vegetation belts at high elevations (>1500 m) are characterized by warm
and humid conditions, and those at low elevations (<1500 m) are characterized by warm
and dry conditions (Figure 1b). Land cover data from the Tianshan Mountains indicate
that the natural vegetation types mainly include forests (tree cover), grasslands, and sparse
vegetation (Figure 1c). Grasslands and sparse vegetation have the largest distribution, and
both have an area proportion of more than 40% (Figure 1c). Although only comprising
3.4% of the total area, forests serve an important role as carbon sinks.

2.2. Climate Data

Our previous research has shown a strong agreement between climate observatory
data and reanalysis data (i.e., ERA5-Land and TerraClimate) from the Tianshan Mountains
throughout the entire time series [41]. ERA5-Land is a comprehensive global climate
reanalysis dataset designed for global and regional climate change studies. It offers a wide
range of climate variables and boasts a spatial resolution of 0.1° x 0.1° (approximately
9 km) and a temporal resolution ranging from months to hours [42]. In this study, we
used monthly temperatures from the dataset (https://cds.climate.copernicus.eu/cdsapp,
accessed on 8 May 2023) to calculate the average growing season (i.e., May to September)
and obtain growing season temperatures (MAT) each year in the Tianshan Mountains for
the years 2000-2021. TerraClimate is a hydrological, climatic dataset that provides high-
resolution coverage worldwide. The resolution it provides is 4 km spatially and 1 month
temporally [43]. VPD, commonly used as a measure of atmospheric drought, is defined as
the disparity between saturation vapor pressure and actual vapor pressure [44]. We utilized
monthly precipitation and vapor pressure deficit (VPD) (https://www.climatologylab.org/
terraclimate.html, accessed on 14 May 2023) data to calculate the sum of growing season
precipitation (PRE) and the average of growing season VPD in the Tianshan Mountains
throughout the study period.
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Figure 1. Composition and distribution of major vegetation types in the Tianshan Mountains. (a) Spa-
tial distribution of land cover. (b) Composition and climatic characteristics (average annual precipita-
tion and temperature) of altitudinal vegetation belts. (c) Percentage of area of major vegetation types.
Land cover data were obtained from ESA WorldCover open access (https://worldcover2021.esa.int/,
accessed on 3 May 2023).

2.3. Atmospheric CO;, Concentration

Since the global distribution of atmospheric CO; is heterogeneous in time and space
(e.g., seasonal and latitudinal differences) [45,46], it is essential to employ atmospheric
CO, measurements from regional atmospheric background stations. This allows for a
comprehensive examination of the effects of CO, concentration variations on regional
vegetation carbon fluxes. The Mt. Waliguan (WLG) station is located in Qinghai Province,
China, which belongs to the hinterland of the Eurasian continent, with geographic coor-
dinates of 36.29° N, 100.89° E, and an altitude of 3810 m above sea level, and it is one of
the observational background stations of the World Meteorological Organization’s Global
Atmospheric Observations project. The WLG station is far from areas of intensive human
activity and has a predominantly semi-arid steppe vegetation type [47]. The Tianshan
Mountains, situated in the hinterland of the Eurasian continent, are also relatively less
impacted by human activities. Therefore, it is reliable to use the CO, concentration (ppm)
measured by the WLG station to analyze the effects on carbon fluxes in the Tianshan
Mountains. Here, we used monthly scale CO, concentrations to perform growing sea-
son averaging to obtain growing season CO; concentration data over the study epoch
(https:/ /community.wmo.int/en/activity-areas/gaw, accessed on 20 May 2023).

2.4. Land Cover Data

A global annual land cover map, which utilizes imagery from Sentinel-1 and Sentinel-2
satellites, was created by the ESA WorldCover team (https://worldcover2021.esa.int/,
accessed on 1 June 2023). This land cover map has a spatial resolution of 10 m, contains 11
categories, and has an overall classification accuracy of 77% [48]. The higher classification
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accuracy ensures the reliability of extracting the range of altitudinal vegetation belts. In
this study, we reclassified the ESA WorldCover data (version 2021) based on the average
elevation range of each altitudinal vegetation belt (Table 1). Based on this process, the
geographical boundaries of each altitudinal vegetation belt were extracted. The detailed
spatial distribution pattern and reclassification information are presented in Figure 2 and
Table 1.

Table 1. Reclassification information of major vegetation types based on ESA WorldCover data.

WorldCover Categories Reclassification Categories .
- - — - Elevation Ranges (m) Abbreviations
Main Vegetation Types Altitudinal Vegetation Belts
Sparse vegetation Cushion vegetation 3200-3600 Ccv
P & Desert steppe <1100 DS
Grassland Alpine meadow 2800-3200 AM
rassian Montane steppe 1100-1550 MS
Tree cover Coniferous forest 1550-2800 CF
Note: The specific elevational range of each altitudinal vegetation belt was obtained from the results of [40]. This
range represents the optimal elevation for the distribution of each vegetation type.
75.9°E 804|0°E 85.?°E 90.P°E 95.|0°E
~ | Snowand ice
z Cushion vegetation
o
3 Alpine meadow
I coniferous forest
z Montane steppe
(=
g Desert steppe
- 72
[ P
-

Figure 2. Spatial patterns of vegetation belts at different altitudes.

2.5. Elevation Data (DEM)

The DEMs derived from the Space Shuttle Radar Topography Mission (SRTM) have
been extensively utilized as supplementary data in studies related to climatology, ecology,
and geomorphology [49]. SRTM DEMs have a spatial resolution of 90 m, an average
elevation error of 16 m, and cover 80% of the global area. We used SRTM DEMs (version 4)
to acquire the spatial extent of different altitudinal vegetation belts (https://srtm.csi.cgiar.
org/, accessed on 5 June 2023).

2.6. Primary Productivity

Vegetation productivity data (GPP and NPP) were obtained free of charge from the
MODIS satellite image-derived MOD17A2H-based product. MOD17A2H version 06 offers
GPP and NPP at 500 m spatial resolution and intervals of 8 days [50]. We preprocessed
the NPP and GPP raster files by reprojecting them using the Google Earth Engine (the
new coordinate system is World Geodetic System 1984). MOD17A2H also includes a
Psn_QC band that provides quality information for GPP and NPP in the designated area.
By utilizing this band, we can effectively filter and acquire high-quality GPP and NPP
data where the Psn_QC value is equal to 0. We summed all the GPP and NPP raster data
separately for each growing season from 2000 to 2021. Finally, the growing season GPP
(g Cm 2 yr !)and NPP (g C m~2 yr!) for 22 years were obtained using the study area
masking process.
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The accuracy of MODIS-derived GPP from different biomes has been validated using
800 eddy covariance flux tower GPPs (FLUXNET GPP) worldwide. The validation results
show good agreement between MODIS-derived GPP and FLUXNET GPP, with spatial
and temporal variations [51]. In other words, MODIS GPP and NPP are reliable data to
investigate temporal variations in vegetation productivity in diverse altitudinal vegetation
belts in the Tianshan Mountains.

2.7. Statistical Analyses

We used the Shapiro-Wilk test to perform normality tests for all climate variables and
vegetation productivity data. We found that all the variables were normally distributed.
Simple linear regression involves modeling the relationship between two variables, namely
the independent and dependent variables [52]. It is utilized to approximate the dependent
variable through the use of the best-fit line. Simple linear regression was employed to
assess interannual trends (slope (k)) in climate (i.e., MAT, PRE, and VPD) and vegetation
productivity (GPP and NPP). The linear regression equation can be represented by the
following formula:

y=b+kx 1)

where y represents the dependent variable, which refers to the climatic variables and
vegetation productivity chosen for this study. x represents the time period from 2000 to
2021. k and b represent the slope and intercept of the fitted curve, respectively. A positive
slope denotes an upward trend in the time series data, while a negative slope indicates a
downward trend. The absolute value of the slope indicates the magnitude of the trend per
unit of time.

The Mann-Kendall test was utilized to assess the statistical significance of inter-annual
trends in both the climate and vegetation productivity data. In this study, the Python third-
party package “pymannkendall” was employed to calculate the p-value for the slope and
perform the significance test. The pymannkendall is a Python package used for conducting
the Mann-Kendall trend test, a widely adopted method for detecting trends in time series
data and assessing the statistical significance of those trends. Using this Python package,
we analyzed the spatial distribution of interannual temperature and precipitation trends in
the Tianshan Mountains (see Figure 3). Additionally, we calculated the regional average
climate trends across various altitudinal vegetation belts (see Figure 4).

Pearson’s correlation coefficients were utilized to ascertain the correlation between
climatic variables and vegetation productivity. We utilized OriginPro software (version
2023b, OriginLab Corp., Northampton, MA, USA) for the calculation of correlation coeffi-
cients and conducted a two-tailed significance test to assess the statistical significance of
the correlation coefficients.
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Figure 3. Climate tendency in the Tianshan Mountains from 2000 to 2021. (a) Interannual tendencies
of MAT (°C yrfl) and (b) PRE (mm yrfl) in the Tianshan Mountains. Areas marked with black dots
indicate statistically significant trends at the 95% confidence level.
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Figure 4. Average MAT (°C decade™!) and PRE (mm decade™!) trends across different altitudinal
vegetation belts. The meaning of the abbreviation for each vegetation belt is shown in Table 1. The
significance test was not passed by the MAT and PRE trends for all altitudinal vegetation belts
(p > 0.05).

3. Results
3.1. Tendency of the Climate in the Tianshan Mountains

Tianshan Mountains showed warming and drying. Here, we analyzed the MAT
and PRE trends in different altitudinal vegetation belts from 2000 to 2021. During the
study period, the Tianshan Mountains experienced slight warming (Figure 3a). Only the
northwestern part of the Tianshan Mountains experiences significant warming, accounting
for a mere 9.4% of the entire area. The MAT trend ranged from —0.2 to 0.7 °C decade !, and
the average MAT trend was 0.2 °C decade ™. Further, PRE decreased slightly (Figure 3b).
Only certain regions in the western section of the Tianshan Mountains exhibit noteworthy
aridity. The precipitation trend ranged from —42.2 to 49.6 mm decade !, with an average
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trend of —0.2 mm decade !. The region experiencing a notable decrease in PRE covers just
6.5% of the total area.

The MAT and PRE trends in different altitudinal vegetation belts were consistent.
Although divergent altitudinal vegetation belts showed slight warming (p > 0.05), the
warming trends varied: they were higher in the lower elevation vegetation belts (i.e.,
DS and MS) than in the higher elevation belts (i.e., CF and CV) (Figure 4). Despite the
minimal disparity in warming magnitude among all vegetation belts, the lower-elevation
vegetation belts exhibit a slightly higher warming trend compared to their higher-elevation
counterparts. Moreover, precipitation has slightly decreased across all altitudinal vegetation
belts: MS and CF had the largest drying trend (—16.33 and —9.26 mm decade!), and CV
and DS had the smallest (below 0.7 mm decade™1).

Over the course of the study period, there was no significant trend in the VPD among
various vegetation belts at different altitudes. Based on Figure 5, slightly increasing trends
in VPD were observed across all altitudinal vegetation belts. Among them, DS and MS
exhibited a higher rate of increase compared to other vegetation belts. However, AM did
not show obvious inter-annual variation in VPD. It is important to note that the VPD trends
in all vegetation belts did not meet the criteria for statistical significance.

DS MS ——CF AM Ccv
2.0

2
©
|

_;
o
|

N
>
|

VPD (hPa)
o = =
(o] o N
I | |

Qo
o
1

e
»
|

2000 2005 2010 2015 2020 2025
Year

Figure 5. Mean VPD of different altitudinal vegetation belts during the growing season. Gray dashed
lines are linear trend lines.

3.2. GPP Tendency in the Altitudinal Vegetation Belts Observed by Satellite

The GPP trend in the Tianshan Mountains showed remarkable spatial heterogeneity.
The GPP trend ranged from —46.0 to 46.8 g C m~2 yr~! and had an average trend of
1.7 g Cm~2 yr~! (p < 0.05) (Figure 6a). Notably, 15.1% of the regions experienced a decrease
in GPP, and 84.9% experienced an increase in GPP (Figure 6a). Of these, the GPP trend is
predominantly concentrated between 0 and 5 g C m~2 yr~!, accounting for 75.5% of the
total area. In the western part of the Tianshan Mountains (i.e., Ili River valley), where the
GPP mainly decreased, all other areas showed an increase. To summarize, there was an
overall increasing trend in the GPP of the Tianshan Mountains.
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Figure 6. Temporal trend in GPP during the growing season from 2000 to 2021. (a) Spatial patterns
of GPP trends (unitis g C m~2 yr‘l) during the growing season in the Tianshan Mountains. The
area surrounded by the solid black line is the study area; the gray region is the non-vegetated area.
The black dots represent statistically significant trends at the 0.05 level. (b) Interannual variability
in regional mean GPP (y-axis unit is g C m~2 yr~!) in lower elevation altitudinal vegetation belts.
(c) Interannual variability in regional mean GPP (y-axis unit is g C m~2 yr~!) in higher elevation
altitudinal vegetation belts.

GPP increased in different altitudinal vegetation belts from 2000 to 2021. Specifically,
in the lower elevation altitudinal vegetation belts, DS GPP exhibited a significant increase
(p < 0.001) with a regional average trend of 0.17 g C m~2 yr~! (Figure 6b). Neverthe-
less, although MS GPP showed a higher rate of increase, this trend was not significant
(p > 0.05). GPP demonstrated a significant increase (p < 0.05) across all altitudinal vegetation
belts at higher elevations (Figure 6¢c). CF and AM showed higher rates of increase, with an
approximate regional average tendency of 1.8 g C m~2 yr~!. The regional average tendency
of CV was 0.5 g C m~2 yr~!. Overall, the tendency of increasing GPP was higher in the
higher elevation vegetation belts than in the lower elevation vegetation belts.

3.3. NPP Tendency in the Altitudinal Vegetation Belts Observed by Satellite

The spatial pattern of NPP trends exhibited similarity to the trends observed in GPP.
The trend of NPP in the Tianshan Mountains ranged from —32.9 to 40.5 g C m 2 yr—!, with
a regional average trend of 1.4 g C m~2 yr~! (p < 0.05) (Figure 7a). Similarly, lower NPP
trends were observed in the western region of the study area. In contrast, the other regions
showed an increase in NPP. Altogether, NPP increased in over 86.7% of the study area and
decreased in over 13.3% of the study area. In which, the NPP trend is primarily concentrated
between 0 and 5 g C m~2 yr~!, representing 80.9% of the total area. The average NPP trend
during the study epoch indicates that vegetation in the Tianshan Mountains acts as an
important carbon sink.
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Figure 7. Spatial and temporal variations in growing season NPP from 2000 to 2021. (a) Spatial
patterns of NPP trends (unit is g C m~2 yr 1) during the study epoch in the Tianshan Mountains. The
interpretation of the black dots in the figure remains consistent with that in Figure 6. (b) Interannual
variability in regional mean GPP (y-axis unit is g C m~2 yr~1) in lower elevation altitudinal vegetation
belts. (c) Interannual variability in regional mean GPP (y-axis unitis g C m~2 yr~!) in higher elevation
altitudinal vegetation belts.

Except for that of MS, NPP in the other altitudinal vegetation belts increased consider-
ably from 2000 to 2021. The annual growing season trends of NPP in DS and MS were 0.1
and 0.7 g C m~2 yr~!, respectively; however, only the NPP trend in DS passed the 0.001
significance level (Figure 7b). CF and AM also had higher rates of increase in NPP, with
regional average trends of 1.8 and 1.7 g C m~2 yr—!, respectively (Figure 7c). Although the
rate of increase in NPP in the CV group was less than that in the CF and AM groups, the
trend was significant (p < 0.001). In general, altitudinal vegetation belts in the Tianshan
Mountains act as carbon sinks, and the middle vegetation belts show higher carbon sink
capacities than the lowest and highest belts due to denser vegetation cover.

3.4. The Impact of Current Climate Patterns

The effect of MAT on GPP variation in different vegetation belts was weak. The
variations in GPP across different vegetation belts exhibited a positive correlation with
temperature (Figure 8a). The correlation coefficients (0.42 and 0.39) of CF, AM, and MAT
were higher relative to the other altitudinal vegetation belts (i.e., DS, MS, and CV), and the
magnitude of the correlation coefficients between other altitudinal vegetation belts and
MAT were similar (approximately 0.30). However, the GPP variation and MAT were not
significantly correlated (p > 0.05). Similarly, GPP variations in all altitudinal vegetation
belts were positively correlated with PRE (Figure 8a), but the extent to which precipita-
tion affected GPP varied across altitudinal vegetation belts. Specifically, the interannual
variability in GPP for the DS and MS was more sensitive to PRE variability (r = 0.55, 0.8;
p < 0.01, 0.001, respectively). The impact of the PRE on interannual GPP variability in
other altitudinal vegetation belts was not significant (p > 0.05). In general, the interannual
variation in GPP in altitudinal vegetation belts exhibited positive effects from temperature
and precipitation.
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Figure 8. Correlation matrix plot of climatic variables and growing season vegetation productivity.
(a) Correlation coefficients of GPP and climate variables for different altitudinal vegetation belts.
(b) As in panel (a), but for NPP. Asterisks indicate that the correlation passed the significance test:
p<0.05% p<0.01**,p<0.001 ***.

Interannual variations in NPP in the different altitudinal vegetation belts were also
not sensitive to MAT. The correlation coefficients between NPP and MAT in the altitudinal
vegetation belt ranged from 0.28 to 0.40; however, the correlation was not significant
(p > 0.05) (Figure 8b). PRE also had a positive effect on NPP variability in all altitudinal
vegetation belts. Of these, there was a significant positive correlation between the changes
in NPP in the DS and MS and PRE (r = 0.54, 0.75; p < 0.01, 0.001), whereas those in other
altitudinal vegetation belts were weakly positively correlated with the PRE. The findings
indicate that the impact of PRE was felt more strongly in the vegetation carbon sinks in
lower-elevation altitudinal belts from 2000 to 2021.

3.5. The Correlation between Changes in Vegetation Productivity and CO, Concentrations

All vegetation belts, except for MS, displayed significant correlations between changes
in vegetation productivity and CO, concentrations. For both GPP and NPP, there was
a significant positive correlation (with correlation coefficients exceeding 0.6, p < 0.01)
between interannual changes in DS and CO, concentrations. Additionally, for vegetation
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belts at higher elevations, interannual changes in GPP and NPP were also significantly
and positively correlated with CO, concentrations (p < 0.01), with CV displaying higher
correlation coefficients (r = 0.75, p < 0.001). Interestingly, there was no significant correlation
observed between changes in vegetation productivity at MS and CO, concentrations.

4. Discussion
4.1. Universality and Uniqueness of Vegetation Productivity Variations in the Tianshan Mountains

To comprehend carbon exchange between vegetated ecosystems and the atmosphere,
it is crucial to monitor variations in vegetation productivity (GPP and NPP) in diverse plant
communities and geographic scales [8]. The average global GPP increased remarkably
from 2000 to 2019, dominated by warming and CO, fertilization [53]. However, vegetation
productivity increased considerably in only 6.2% of the grassland areas and 7.3% of the
evergreen broadleaf forest areas worldwide [9]. Few studies have analyzed changes in
vegetation productivity by considering mountains as separate geographical units. From
2000 to 2016, warming dominated the increase in NPP in the high-elevation zone of the
Hengduan Mountain region (subtropical monsoon climate); however, drying resulted in a
decrease in NPP in the river valley region [54]. This indicates an elevational difference in
the direction of vegetation productivity changes in the mountains. The Qilian Mountains
(temperate continental climate) have shown decreasing trends in NPP and GPP since 2000,
and the cooling trend led to a decrease in NPP after 2010 [55]. Collectively, these studies
indicate that temperature is a crucial factor contributing to the alterations observed in
vegetation productivity on both global and regional levels.

Our findings indicate a notable rise in GPP and NPP within the Tianshan Mountains,
which aligns with global patterns. In addition, our results were in line with global and
regional studies demonstrating that climate factors had positive impacts on GPP and NPP
across various altitudinal vegetation belts. While our findings were consistent with the
literature, we identified certain unique responses of various altitudinal vegetation belts in
the Tianshan Mountains to climate change. We concluded that temperature and precip-
itation did not dominate the increase in GPP and NPP during the study period, as they
did not change significantly (see Section 3.1); however, vegetation productivity increased
significantly, suggesting that the contributions of temperature and precipitation were weak.
Furthermore, although the temperature was positively correlated with vegetation pro-
ductivity, the correlations were not significant (p > 0.05), which supports our conclusion.
Although the GPP and NPP of DS and MS were significantly positively correlated with pre-
cipitation, the insignificant change in precipitation only affected the interannual fluctuation.
Thus, we posit that GPP and NPP in different altitudinal vegetation belts are insensitive to
current climate trends.

4.2. Why Vegetation Productivity Changes Are Insensitive to Temperature and Precipitation

The sensitivity of variations in vegetation productivity to warming diminished during
the warming hiatus period. Temperature affects plant photosynthesis by influencing the
rate of enzyme-catalyzed reactions [56]. Warming is expected to enhance the photosynthetic
rate of vegetation and, thus, the net ecosystem carbon exchange [57]. In addition, the warm-
ing generally extends the duration of the growing season through advancements in plant
leaf coloring or prolonged leaf drop, thereby enhancing vegetation productivity [20,58].
In general, warming has a positive impact on vegetation productivity. Notably, the rate
of global warming did not increase remarkably from 1998 to 2012 (i.e., warming hiatus)
because of the decrease in latent heat released from the surface to the atmosphere [59].
Nonetheless, the global atmospheric CO; concentration increased continuously during
this period [60]. Despite the increasing trend (1982-2012) in global gross primary pro-
ductivity (GPP), satellite observations showed a decrease of 87.2% in the rate of warming
hiatus compared to the warming period (1982-1998). Furthermore, the correlation be-
tween GPP and temperature showed a decrease in sensitivity, shifting from a significant
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correlation during the warming period to an insignificant correlation during the warming
hiatus [61]. Based on these findings, it can be strongly inferred that the positive impact of
temperature on vegetation productivity diminished notably during the period of warming
hiatus. Our results showed that although the rate of warming in different altitudinal vege-
tation belts remained high (0.27-0.32 °C decade '), the warming trend was not significant
(p > 0.05). Similar to the relationship between global GPP and temperature, the non-
significant increase in temperature since 2000 has led to a limited contribution of warming
to vegetation productivity.

Decreased precipitation in the Tianshan Mountains did not negatively affect vegetation
productivity. Leaf stomata are important channels of photosynthesis, respiration, and
transpiration in plants [62]. During severe drought, plants reduce stomatal conductance to
mitigate water loss [63]. The partial closure of plant leaf stomata attenuates the evaporative
cooling effect, leading to plant death by heat stress, and reduces the photosynthetic rate and,
consequently, plant carbon flux [64]. In general, severe droughts negatively affect vegetation
productivity. In arid regions, VPD and soil moisture are considered the limiting factors
affecting vegetation growth [65]. Global and regional studies have shown that increased
VPD offsets or attenuates the positive effects of warming and CO fertilization on vegetation
productivity [65,66]. Our results revealed warming and precipitation reduction trends in the
altitudinal vegetation belts, which may enhance atmospheric drought and negatively affect
vegetation productivity. However, the VPD trends in the different altitudinal vegetation
belts showed a slightly increasing trend (p > 0.05) from 2000 to 2021 (Figure 5), suggesting
that the decrease in precipitation did not obviously affect the GPP and NPP trends. Further,
the non-significant changes in growing season precipitation (Figure 4) suggest a limited
role of precipitation in the GPP and NPP trends.

4.3. Factors Dominating the Tendency of Growing Vegetation Productivity in Altitudinal
Vegetation Belts

Elevated CO; concentration can lead to increased productivity in vegetation. Solar
radiation mainly regulates vegetation productivity changes in humid areas (higher cloud
cover and water vapor content) [67]. Hence, the influence of solar radiation on the interan-
nual trends of vegetation productivity in the altitudinal vegetation belts is not a topic that
will be discussed. The consumption of fossil energy sources increases the concentration of
atmospheric CO,, which contributes to global warming while stimulating photosynthesis
in plants (CO; fertilization) [68]. In general, CO; fertilization plays a significant role in
augmenting the capacity of vegetation to absorb CO,. Existing literature has demonstrated
that CO, fertilization stimulates vegetative growth and facilitates the accumulation of
biomass [68]. Therefore, we further investigated the sensitivity of vegetation productivity
in altitudinal vegetation belts to changes in CO, during the growing season. GPP and
NPP variations were significantly and positively correlated with CO, concentrations in all
altitudinal vegetation belts, except for MS (Figure 9a,b). In which the GPP and NPP of CV
were more sensitive than those of other areas to changes in CO, concentration. MS was
not sensitive to changes in CO, concentration because there were no significant changes in
GPP or NPP (Figures 6b and 7b). In summary, we conclude that CO, fertilization played a
more important role than precipitation and temperature in determining the interannual
trends of vegetation productivity across altitudinal vegetation belts in the study period.
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Figure 9. Correlation between vegetation productivity and CO, concentration (ppm) in this time
series. (a) Correlation coefficients between GPP in altitudinal vegetation belts and CO, concentration
for 2000-2021. (b) As in panel (a), but for NPP.

4.4. Limitations and Significance

The climate reanalysis dataset is a gridded dataset that refers to satellite and observa-
tional data and is created through data assimilation methods [69]. Nevertheless, 79.2% of
the meteorological stations in the Tianshan Mountains are located below 2000 m above sea
level [37], which indicates that the reanalysis data perform poorly in high mountainous
areas. Therefore, there may be some uncertainty when using reanalysis data to investigate
climate trends in higher-elevation altitudinal vegetation belts. In future research, we aim to
enhance the reliability of climate trend analysis in the alpine vegetation belts by using en-
semble averaging of multiple reanalysis datasets. Human activity has also driven changes
in vegetation productivity [17], and the primary human activity in the Tianshan Mountains
range is grazing. Therefore, additional research is required to assess the impact of grazing
activities on vegetation productivity in grassland belts.

The soil organic carbon pool constitutes the most extensive carbon reservoir within
terrestrial ecosystems; therefore, small variations in its storage may cause obvious fluctua-
tions in atmospheric CO, concentrations [70]. Plant carbon input (NPP) is the main source
of soil organic carbon [71], and an increase in plant carbon input can enhance its content
and stock [72]. Our results showed that NPP increased significantly in all vegetation belts
except MS, enhancing soil carbon sink capacity. Moreover, the vegetation belts situated at
higher elevations tended to exhibit higher NPP, thereby enhancing their soil organic carbon
content. In conclusion, increased NPP improved plant and soil carbon sequestration in the
Tianshan Mountains.

5. Conclusions

Based on satellite-derived vegetation productivity (GPP and NPP) and climate vari-
ables, we examined changes in vegetation productivity and responses to current (2000-2021)
climate trends in the Tianshan Mountains. The outcomes of our study demonstrate that
the altitudinal vegetation belts in the Tianshan Mountains exhibited a slight warming
and drying trend over the studied period of 2000-2021. The warming trends in different
altitudinal vegetation belts ranged from 0.27 to 0.32 °C decade™!, and precipitation trends
ranged from —16.33 to —0.77 mm decade~!. Vegetation productivity increased signifi-
cantly in all altitudinal vegetation belts except MS, and the rate of increase was greatest
(> 1.6 gCm~2yr!)in CF and AM. The altitudinal vegetation belts exhibited a positive
correlation between climate factors and both GPP and NPP. However, climatic factors did
not dominate the trend of increasing vegetative productivity. Notably, warming and drying
did not lead to a significant increase in the VPD, further suggesting that the role of climatic
factors in vegetation productivity was weak. We conclude that the sustained rise in global
CO, concentrations has dominated the significant increase in vegetation productivity in
the altitudinal vegetation belts.
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