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Abstract: Although alpine grassland net primary productivity (NPP) plays an important role in
balancing the carbon cycle and is extremely vulnerable to climate factors, on the Tibetan Plateau,
the generalized effect of climate factors on the NPP in areas with humid and arid conditions is still
unknown. Hence, we determined the effects of precipitation and temperature on the MODIS NPP
in alpine grassland areas from 2001 to 2019 according to information from humid and arid climatic
regions. On a spatial scale, we found that temperature generated a larger effect on the NPP than
precipitation did in humid regions, but as a primary factor, precipitation had an impact on the NPP in
arid regions. These results suggest that temperature and precipitation are the primary limiting factors
for plant growth in humid and arid regions. We also found that temperature produced a greater
effect on the NPP in humid regions than in arid regions, but no significant differences were observed
in the effects of precipitation on the NPP in humid and arid regions. In a time series (2001-2019),
the effects of precipitation and temperature on the NPP presented fluctuating decrease (R? = 0.28,
p < 0.05) and increase (R? = 0.24, p < 0.05) trends in arid regions. However, the effect of the climate
on the NPP remained stable in humid regions. In both humid and arid regions, the dynamics of the
NPP from 2001 to 2019 were mediated by an increase in temperature. Specifically, 35.9% and 2.57% of
the dynamic NPP in humid regions and 45.1 and 7.53% of the dynamic NPP in arid regions were
explained by variations in the temperature and precipitation, respectively. Our findings highlighted
that grassland areas in humid regions can adapt to dynamic climates, but plants in arid regions are
sensitive to changes in the climate. These findings can increase our understanding of climate and
ecological responses and provide a framework for adapting management practices.

Keywords: NPP; temperature; precipitation; climate change; Tibetan Plateau

1. Introduction

The net primary productivity (NPP) refers to the amount of biomass that green vege-
tation accumulates from the fixation of carbon in the atmosphere through photosynthesis
per unit area and per unit time [1]. It is an essential constituent part of the global and
regional terrestrial ecosystem carbon cycle and is a key element in demonstrating ecosystem
stability [2]. The NPP not only directly reflects the production capacity of vegetation in
the natural environment and represents the quality of the terrestrial ecosystem [3], but is
also an important factor for judging whether an ecosystem is a carbon source/sink and the
regional ecological support capacity [4,5]. The NPP plays an important role in determining
the carbon flux in an ecosystem and in the regulation of the global climate [6]. Additionally,
climate change (e.g., drought or increases in temperature) has been proven to be the most
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critical driver in generating the dynamic of the NPP in alpine ecosystems [3,7,8]. In other
words, The NPP can be used to characterize the response of alpine grassland areas to global
changes [9] because alpine grassland productivity is sensitive to climate dynamics [10].
Temperature increases can lead to range contraction or expansion, reduced biodiversity,
and even extinction in the plant community for those species that are unable to adjust to
warming in the alpine region [3,11]. Therefore, climate factors can shape the structure and
function (NPP) of alpine grassland ecosystems [3,12].

Many studies have demonstrated that the NPP in ecosystems is vulnerable to cli-
mate [13]. Exploring the response characteristics of the grassland NPP to climate fac-
tors over a long time series is of great significance to reveal the mechanism of grassland
growth [14]. Recently, the spatial and temporal patterns of the NPP and climate control
have received considerable attention on regional [15], national [16], and global scales [8].
Specifically, in China, previous studies found that the plants in most climatic zones are
improved [16,17] at an average rate of 15.2 Tg C yr ! [16]. Additionally, the spatiotemporal
gradient of the NPP in humid regions is negatively driven by low temperatures and poten-
tial drought [16]. However, high temperatures and the droughts that are associated with
them were the dominant negative climatic driver of NPP in relatively arid regions [8,16].
Despite this knowledge, on the Tibetan Plateau (TP), the generalized effects of climate on
the NPP in relatively humid and arid conditions are still unknown.

The TP is an important ecological functional area in China and is one of the most
sensitive regions to climatic change [18]. The climate characteristics of the TP are closely
associated with Westerlies (northern area of the TP), Indian monsoons (southern area of the
TP), and East Asian monsoons (southeastern area of the TP) [19]. As a result, there is an
obvious rainfall gradient zone from the southeast to the northwest, with the corresponding
annual precipitation ranging from ~1500 mm to 28 mm [20]. The east-to-west precipitation
gradient on the TP makes it an ideal region to explore the response of the NPP to the
climate gradient in arid and humid areas. Moreover, the annual temperature on the TP has
increased dramatically over the past 50 years, at a rate twice that of the world average [21].
Particularly, the drastic changes in precipitation usually occur in humid regions, leading to
much moister conditions, while the clear warming that mostly occurs in arid regions will
result in severe droughts [19]. Precipitation and temperature conditions are important for
photosynthesis and carbon fixation in plants. Consequently, the anticipated warmer and
wetter climate can easily alter alpine ecosystem functions, which might generate divergent
effects on the dynamics of the NPP in humid and arid regions [3,22].

Previous studies have demonstrated that the NPP (1982-2009) in the TP exhibits differ-
ential variations in natural zones [22]. Specifically, on the TP, the NPP presents an increasing
trend in most natural zones, except for in the western part of the TP (Ngari montane desert
steppe and desert zones) [22]. Moreover, on the TP, the effects of temperature and precipi-
tation on the NPP were different from 2001 to 2008 [4]. Thus, the increase in temperature
generated a significant (R?> = 0.83, p < 0.05) positive effect on plant NPP. However, the
dynamics of precipitation produced a significantly (R = 0.37, p < 0.05) negative effect on
plant NPP. Generally, although many studies have been conducted to characterize, map,
and compare the NPP of plants in terms of the time scale (several years to 20 years) [4,23,24]
and spatial scale [25,26] in recent years, fewer studies have been carried out in climatic
zones on the TP to explore the changes in NPP that are triggered by the climate gradient.

Therefore, long time series (2001-2019) data of the grassland MODIS NPP as well as
climate data were used to analyze the dynamic effects of the climate on the NPP in the
TP. Our main purpose was to explore the temporal and spatial variations in NPP and its
driving mechanism. More specifically, we aim to answer the following questions: (1) How
does the effect between the NPP and climate vary spatially? (2) Which climate factors
(temperature or precipitation) mediate the dynamics of the NPP in humid and arid regions?
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2. Materials and Methods
2.1. Study Area

The TP, which has a high altitude (average value ~4000 m) and an area of about
2.5 million km?, is located in southwestern China (Figure 1). About 64.0% of the area
of the TP is covered by alpine grasslands, including alpine meadows, alpine steppes,
and alpine desert steppes. The spatial distribution of alpine grasslands on the TP is
closely related to the climatic gradients. The precipitation characteristics on the TP are
driven by northern westerlies, southern Indian monsoons, and East Asian monsoons.
The temperature dynamics are closely associated with altitude. Generally, the climate on
the TP can be divided as being in relatively arid and relatively humid zones according
to the China Ecological Geographical Divisions [27] (Figure 1). Then, we divided the
grassland into two types according to their climate and could thus determine the plants in
relatively humid regions and plants in relatively arid regions, respectively. Additionally, we
extracted the NPP, temperature, and precipitation values from 2001 to 2019 using the fishnet
technique, then we further analyzed the relationships between the climate (temperature
and precipitation) and NPP using simple linear regression for each year (Appendix A
Figure Al).
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Figure 1. The climatic zones in our study:.

2.2. NPP Data

The longest time series (2001-2019) NPP dataset was collected from EARTHDATA
(https:/ /search.earthdata.nasa.gov/search, accessed on 18 March 2022). Terra Moderate
Resolution Imaging Spectroradiometer (MODIS) MOD17A3HGF Version 6 provides infor-
mation about the annual NPP at a 500 m (m) pixel resolution. The annual NPP is derived
from the sum of all of the 8-day Net Photosynthesis products (MOD17A2H) from a given
year. The PSN value is the difference between the Gross Primary Productivity and the Main-
tenance Respiration. The MOD17A3HGTEF is generated at the end of each year, when the
entire yearly 8-day MOD15A2H data are (https://doi.org/10.5067 /modis/mod15a2h.006,
accessed on 18 March 2022) available. Hence, the gap-filled MOD17A3HGEF is the improved
MOD17, which has cleaned the poor-quality inputs from 8-day Leaf Area Index and Frac-
tion of Photosynthetically Active Radiation (LAI/FPAR) based on the Quality Control label
for every pixel. If a LAI/FPAR pixel did not meet the quality screening criteria, its value
was determined through linear interpolation. Notably, the NPP resolution was resampled
to be 1 km in our study.
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2.3. Climate Database

Climate data (2001-2019) were obtained from the Meteorology Information Centre of
the Chinese National Bureau of Meteorology (http://data.cma.cn/, accessed on 18 March
2022). The daily temperature and precipitation data were used to calculate the annual mean
temperature (AMT) and annual mean precipitation (AMP). ANUSPLIN possesses a series
of FORTRAN programs that use fitted thin plate smoothing splines to generate continuous
climatic surfaces according to the elevation and climate data. Moreover, Anusplin 4.2
(Centre for Resource and Environmental Studies, Australian National University, Canberra)
was utilized to interpolate the climatic raster database using a spatial resolution of 1 km.

2.4. Analysis Method

The technical route of this study was presented in Figure 2. In detail, firstly, we
calculated the spatial change rates of the climate and NPP using ArcGIS 10.2 (ESRI, Inc.,
Redlands, CA, USA) with the least-squares method, as follows:

ny XY — Y XYY
ny X2 — (L X)?

where 7 is the number of years from 2001 to 2019, X is the year, and Y is the NPP.

Next, across the TP, fishnet points were established with ArcGIS 10.2 software. To
obtain the humid points and arid points, the fishnet points were further clipped by the
boundaries of the humid and arid regions. Meanwhile, the annual values of the temperature,
precipitation, and the NPP in these fishnet points were extracted from the climate and NPP
raster points, respectively. Then, a linear regression analysis of the climate and NPP was
used to reflect the effect (R?) of the climate on the NPP. The effect of the climate on the NPP
can be defined as follows:

p= )

L 2)

where y; is the actual NPP value, and Y] is the fitted NPP value.

Meanwhile, based on the standard deviation (SD) and the mean (MN) value of the
climate effect (R?) on the NPP, the coefficient of variation (CV) was calculated between the
adjacent years from 2001 to 2019 as follows:

SD

CV ==
MN

®)

Finally, with the “vegan” package in R software (R Core Development Team, R Foun-
dation for Statistical Computing, Vienna, Austria), variation partitioning analysis was
employed for the quantitative analysis of the contributions of the AMT and AMP to the
variations in the NPP in arid and humid regions. Notably, the abbreviations used frequently
in our study was showed in Table 1.

Table 1. The abbreviations used frequently in our study.

Full Name Abbreviation Units
Net primary productivity NPP gCm~2yr!
Moderate-resolution Imaging Spectror adiometer MODIS
Tibetan Plateau TP
Annual mean precipitation AMP mm

Annual mean temperature AMT °C
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Figure 2. The technical route of this study.

3. Results
3.1. Spatial and Temporal Dynamics of the Climate and NPP in Arid and Humid Regions

The NPP decreased from the southeast (19257 gC m~2 yr—!) to the northwest
0 gC m—2 yr’l) (Figure 3a). The NPP in humid regions was 2096.7 (gC m—2 yr’l,
Figure 4a), which was higher than the NPP (975.1 gC m—2 yrfl) in arid regions (Figure 4d).
The NPP presented an increasing trend from 2001 to 2019 in most areas of the humid
regions (Figure 3d), but a non-significant change in the NPP was observed from 2001 to
2019 (Figure 4a). The NPP in the eastern areas of arid regions showed an obvious increase
(Figure 3d), and the NPP increased significantly from 2001 to 2019 (R? = 0.48, p < 0.005,
Figure 4d).

The AMP decreased from the southeast (1495.1 mm) to the northwest (28.2 mm)
(Figure 3b). Similar to the spatial distribution of the NPP, the AMP in humid regions
(632.8 mm, Figure 4b) was higher than the AMP in arid regions (346.5 mm, Figure 4e).
Additionally, an increasing precipitation trend was observed in humid regions with alpine
meadows (Figure 3e). Although the precipitation in arid regions also showed an increasing
trend, the increase in precipitation was lower than that in humid regions. Both the pre-
cipitation in humid and arid regions showed a non-significant change from 2001 to 2019
(Figure 4b,e).
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Figure 3. The average value of the NPP (a), precipitation (Pre, (b)), and temperature (Tem, (c)) from
2001 to 2019 in space and the change rate in the NPP (d), precipitation (e), and temperature (f) from
2001 to 2019 in space.

(c) Biaw-—010

The AMT ranged from —23.6 °C to 24.1 °C (Figure 3c). Additionally, the temperature
was higher in the valleys of the southeastern areas. In the spatial data, the temperature
in both the humid regions and arid regions mainly showed an obvious increasing trend
(Figure 3f). On the time scale, significant increases in the temperature in humid regions
(R? = 0.46, p < 0.005, Figure 4c) and arid regions (R? =0.25, p < 0.05, Figure 4f) were found.
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Figure 4. The dynamics of the NPP (a), precipitation (b), and temperature (c) in relatively humid
regions and the dynamics of the NPP (d), precipitation (e), and temperature (f) in relatively arid
regions from 2001 to 2019.

3.2. Dynamic Effects of Climate on NPP in Arid and Humid Regions

In humid regions, the effect of the temperature on NPP (R? = 0.47) was significantly
(p < 0.05) higher than the effect of precipitation on the NPP (R? = 0.21, Figure 5a). In contrast,
the effect of temperature on the NPP (R? = 0.15) was significantly (p < 0.05) lower than the
effect of precipitation on the NPP (R? = 0.24) in arid regions (Figure 5b). Moreover, there
was no significant difference in the effect of precipitation on the NPP between humid and
arid regions (Figure 5c). However, the effect of temperature on the NPP was significantly
(p < 0.05) higher in humid regions than in arid regions (Figure 5d).

From 2001 to 2019, in humid regions, both the effects of the AMT and AMP on the
NPP showed no significant change (Figure 6a,b). However, in arid regions, the effect of
the AMP on the NPP presented a significant decrease trend (R? = 0.28, p < 0.05, Figure 6c).
Additionally, the effect of the AMT on the NPP significantly increased (R2 =0.24,p<0.05,
Figure 6d).
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Figure 5. The effects of precipitation on the NPP and temperature on the NPP in relatively humid
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humid and arid regions (c); the effects of temperature on the NPP in relatively humid and arid regions
(d) from 2001 to 2019. Note: CCPN and CCTN represent the correlation between precipitation and
NPP, and the correlation between temperature and NPP, respectively.
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Figure 6. The effects of precipitation (a) and temperature (b) on the NPP in relatively humid regions
from 2001 to 2019, and the effects of precipitation (c) and temperature (d) on the NPP in relatively
arid regions from 2001 to 2019.
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3.3. Dominant Factors for the Dynamic of NPP in Arid and Humid Regions

From 2001 to 2019, in humid regions, the variation coefficient of the effect of the AMP
on the NPP was 0.25, which was larger than the variation coefficient of the effect of the
AMT on the NPP (0.06, Figure 7a). These results indicate that the grasslands in humid
regions were better able to adapt to the variations in temperature but were sensitive to the
dynamics of precipitation. However, in arid regions, both the effects of the AMP and AMT
on the NPP demonstrated high levels of variation from 2001 to 2019 (Figure 7b). It can be
concluded that the NPP in arid regions was sensitive to the dynamics of precipitation and
temperature. Thus, the ecosystem stability in arid regions was lower than that in humid
regions.

T S 5 \ |
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Figure 7. The inter-annual variable coefficients of the effects of precipitation on the NPP and tem-
perature on the NPP in relatively humid regions (a) as well as in relatively arid regions (b); the
contribution rates of precipitation and temperature on the NPP in relatively humid regions (c) as well
as in relatively arid regions (d), respectively.

In humid regions, variation partitioning analysis demonstrated that 35.90% and 2.57%
of the dynamics of the NPP from 2001 to 2019 were accounted by the AMT and AMP
(Figure 7c), respectively. In arid regions, 45.06% and 7.53% of the variation in the NPP from
2001 to 2019 was explained by the AMT and AMP (Figure 7d), respectively.

4. Discussion
4.1. Relationships between Climate and NPP in Arid and Humid Regions

In humid regions, temperature (R? = 0.47) generates a larger effect on the NPP than
precipitation (R? = 0.21, Figure 5a), suggesting that temperature is the main limiting factor
of plant growth. The southeastern regions of the TP are affected by the warm and wet
airflow of East Asian monsoons and Indian monsoons [19,28]. As a result, precipitation
(632.8 mm in humid regions, Figure 4b) is abundant in the southeastern parts of the
TP [20]. Due to this, precipitation is not the main limiting climate factor that restricts
plant growth [29]. However, the lower annual temperature (—1.4 °C, Figure 4c) in humid
regions should also be considered a critical determinant that restricts plant growth, as low
temperatures affect plant physiology, resulting in growth limitations [30]. Previous studies
have also demonstrated that the NPP in the humid region of Hongyuan County (AMP
= 747 mm) increased significantly in response to climatic warming [31], but improved
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precipitation levels did not have a significant effect on the NPP [32]. Moreover, increasing
temperatures usually result in longer growing seasons and enhance the ability of plant
photosynthesis [33], thus promoting plant growth [28,34,35]. Consequently, the significant
increase in temperature from 2001 to 2019 in the humid regions would have had a positive
effect on enhancing the carbon sequestration capacity and improving the ecosystem NPP.

In arid regions, even though precipitation generates a larger (R? = 0.24) effect on the
NPP than temperature (R? = 0.15, Figure 5b), their effect values are not much different. This
suggests that a common low temperature (—2.2 °C, Figure 4f) and precipitation (346.5 mm,
Figure 4e) in arid regions play an important role in limiting plant growth. Insufficient
precipitation in an arid environment cannot meet the ecological water requirements for
plants [36,37]. Lower temperatures mean shorter growing seasons and less productivity [38].
Therefore, low temperatures and less rainfall jointly limit plant growth in arid areas.
Previous studies have also shown that low precipitation together with cold conditions
lead to counter impacts on plant growth in the arid regions of the TP [39]. The alpine
grassland areas in arid regions are a drought-induced biological community and struggle
for survival in cold and drought conditions [40] because low temperature and water stress
may generate less permanent physiological shocks to plants and thus inhibit growth [41].

4.2. Temperature Mediates the Dynamic of NPP in Arid and Humid Regions

In both humid and arid regions, temperature changes mediated the increase in the
NPP from 2001 to 2019 (Figure 7). In both the humid (Figure 4b) and arid regions (Figure 4e),
no significant changes were observed in the precipitation from 2001 to 2019, but the temper-
ature increased significantly (Figure 4c,f). Similarly, temperature mediated the dynamic of
MODIS NPP in global [42]. The increasing temperature stimulated photosynthetic enzyme
activity due to the cold winter environment and ignited vegetation growth through its
impacts on nutrient availability and uptake [43]. Temperature is a key limiting factor for
alpine vegetation growth [44]. Therefore, the significantly increased temperature mediated
the change in the NPP. In detail, in humid regions, increasing temperatures tended to
improve the plant NPP because the temperature is the main limiting factor for plant growth
rather than precipitation [3,45]. In arid regions, increased precipitation combined with
increased temperatures stimulated ecosystem production because both cold temperatures
and low precipitation are the main limiting factors for alpine grassland growth [39]. This
is in contrast to several previous studies on the NPP and climate that demonstrate how
increasing the temperature would exacerbate plant water stress and decrease production in
grassland ecosystems [46]. However, in our study, increasing the temperature and level of
precipitation had a positive effect on plant NPP (Figure 7d), suggesting that the indirect
negative effect of temperature on plants via soil moisture is weaker than the direct positive
effect of temperature on plants.

Interestingly, why are the alpine grassland areas in humid regions adaptable to a
dynamic climate (Figure 4a), but the plants in arid regions are sensitive to the changes in
the climate (Figure 4d)? Globally, previous studies have also found that droughts induced
by high temperatures have the most prominent impact on shrublands and woody savannas
in the arid regions of southern Europe, Australia, southwestern North America, northern
China, and southern Africa [8]. In other words, the responses of plants to extreme climate
change in humid regions are slower than it is in arid regions [8,47]. Here, we propose the
following explanations: the climate in the west of TP is cold and prone to drought, and
plants usually respond to these stressful conditions with tolerant strategies [20], especially
in the nitrogen-deficient arid regions on the TP [48-50]. The survival strategies of plants are
more important than NPP stability for plants when their habitats with low soil water and
nutrient availability [51-53]. In other words, the stability of the NPP of the species in arid
areas is relatively weak [54]. Consequently, climate fluctuations can easily lead to changes
in their NPP (Figure 8). Previous studies also demonstrated that drought contributed
~74% to the change of MODIS NPP in the arid areas of China [55]. In contrast, the NPP
in humid regions shows a non-significant dynamic. This is because in humid regions
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with high species diversity, grassland communities have strong resistance stability and
high complementarity efficiency among species [56-58], so even though the climate has
changed, the effect of the climate on the NPP remains relatively stable (Figure 8). Plants
are more limited by soil resources than by precipitation in humid regions [29]. To avoid
the dehydration that might be caused by drought, plants always store water in leaves in
humid regions with high levels of soil moisture. As a result, the plants in humid regions
can adapt to dynamic climates. Future research should focus more on arid regions with
lower species diversity and NPP stability that are susceptible to climate warming.

Relative arid region /

' In spatial scale " INAIA l |
Precipitation Dominant factor on the NPP Temperature
The elfect of AMT on

Same The effect of AMP on NPP Same

In time series

Temperature Dominant factor on the dynamic of NPP Temperature

Significant change ~ The effect of AMP on NPP Relatively stable

Figure 8. Summary of the conceptual model of NPP in response to the climate changes during
2001-2019.

5. Conclusions

In conclusion, by linking the MODIS NPP and climate data in humid and arid regions
on the TP, our findings clarify how climate mediates the dynamics of the NPP at both
the spatial and temporal scales. Specifically, our analysis demonstrated that temperature
and precipitation determine the NPP distribution in humid regions and arid regions,
respectively. However, the NPP dynamics from 2001 to 2019 are mediated by changes in
temperature. Our findings not only highlight that plant NPP is more sensitive to changes in
temperature than changes in precipitation but also highlight that the plants in arid regions
are more sensitive to changes in the climate than the plants in humid regions. Generally,
the coordinated changes in the temperature and precipitation, as well as ecosystem stability
regulate the NPP of alpine grassland areas in different climate regions.

Our results reveal the mechanism of NPP in response to climate factors in different
climatic zones, which is valuable for ecological assessments and adaptive ecosystem man-
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agement of climate change in the future. Meanwhile, our research emphasizes that scientists
should be encouraged to conduct long-term monitoring of key ecological elements (NPP)
in alpine grassland ecosystems and should focus on the analysis of ecosystem structure
and function with more remote sensing data, clarifying the key driving threshold and
mechanism of alpine grassland ecosystem stability to climate change. These works can
provide an early warning for alpine grassland to deal with climate change and provide
theoretical support for the construction of ecological civilization on the TP.
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Figure A1. The values of NPP, temperature, and precipitation were extracted by fishnet from 2001
to 2019, then the relationships between climate and NPP were further analyzed by simple linear
regression for every year. For example, in 2001, the extract points in arid and humid regions (A); and
the spatial patterns of precipitation (B), NPP (C), and temperature (D); the relationships between

precipitation and NPP, between temperature and NPP in the arid region (E,F) and in the humid
region (G,H).
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