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Taking the Mongolian Plateau as the research area, this paper studied the vegetation growth from 2001 to 2018. We quantified the vegetation growth changes based on changes in gross primary productivity (GPP) and leaf area index (LAI) and their relationships to climate variables using correlation analysis, partial correlation analysis and multiple correlation analysis. The results showed that from 2001 to 2018 both GPP and LAI showed an increasing trend, with great heterogeneities among different areas and land cover types. The largest increase of GPP and LAI occurred in the northeast plateau with the land cover types of forest and cropland. The main driving factor of vegetation growth was precipitation, while temperature was significantly negatively correlated with vegetation growth. The CO2 concentration had a significant impact on the GPP in farmland, and the increase of solar radiation had a significant impact on tundra. Our study highlights the importance of precipitation in regulating vegetation growth in the Mongolian Plateau, challenging the prevailing views that the temperature dominates the vegetation growth in the northern ecosystems.
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1 INTRODUCTION
Vegetation is one of the key components in the terrestrial ecosystem, and it controls the exchange of materials and energy between the land and the atmosphere. Vegetation is also an important indicator of regional or global ecological change (Kapfer et al., 2017; Zhou et al., 2020). In recent years, climate change has significantly affected vegetative ecosystem production (Ritchie, 1986; Bachelet et al., 2001; Theurillat and Guisan, 2001) and species distribution, e.g., decreased cold-adapted species and increased warm-adapted species (Gottfried et al., 2012). Vegetation growth is considered to be a response and feedback to global environmental changes, and monitoring vegetation dynamics is critical for understanding the structure and function of ecosystems and developing policies for sustainable ecosystem development (Richardson et al., 2013; Bai et al., 2022).
There are multiple indices that can be used to reflect the vegetation changes (Piao et al., 2020). Among these indices, gross primary productivity (GPP) and leaf area index (LAI) can provide useful information to understand changes in terrestrial ecosystems and global carbon budgets in the context of climate change (Bai et al., 2022; Chen et al., 2022). GPP is defined as the carbon absorbed by terrestrial ecosystems through plant photosynthesis. Due to global warming and human activities, the terrestrial GPP has changed significantly during the past decades. Overall, the global GPP has increased with significant annual variability (Ballantyne et al., 2017; He et al., 2022), while future changes in GPP at the regional scale remain highly uncertain (You et al., 2020). The LAI, defined as one-half of the total leaves area per unit ground area, reflecting the growth of natural vegetation, is used as the input parameter in many biophysical and physiological process models (Liang et al., 2015). The gross primary productivity of OCO-2 solar-induced chlorophyll fluorescence (GOSIF GPP) (Li and Xiao, 2019) and the GLOBMAP leaf area index products have been widely used to analyze vegetation change and its response to climate change (Liu et al., 2012).
Climate change and its impact on terrestrial ecosystems have attracted widespread attention (Bao et al., 2014). Globally, CO2 fertilization is the main driver of the vegetative greenness, with other factors including anthropogenic warming, precipitation, and solar radiation that are dominant drivers of the vegetation growth at regional scales (Li et al., 2021; Bai et al., 2022). In high latitudes and high altitudes where temperature is usually a limiting factor, global warming has a positive impact on vegetation growth, especially for ecosystems at high latitudes, and increasing air temperature promotes photosynthesis of vegetation (Wu et al., 2015). Meanwhile, global warming leads to more frequent extreme events such as extreme heat, precipitation, and drought, which have negative impacts on ecosystems (King et al., 2017). In particular, global warming can induce drought in several semi-arid and arid regions due to increasing evapotranspiration (Miao et al., 2020). In arid and semi-arid regions, precipitation is also usually a limiting factor for vegetation growth (Snyder and Tartowski, 2006).
In the high latitudes of the Northern Hemisphere, climate change has significantly changed the vegetation growth, distribution, growth, and species composition of vegetation. These changes can create significant feedback for climate change (Han et al., 2022). It has been suggested that the high latitudes in the Northern Hemisphere are warming faster than the global average (Hu et al., 2022). It should be noted that different areas in the high latitudes of the Northern Hemisphere also belong to arid and semi-arid regions (Huang et al., 2016). Therefore, it could be inferred that temperature, precipitation, CO2 concentration, and human activities may have important effects on the vegetation growth in these cold and arid regions. However, the relative importance of these factors in determining the vegetation growth remains unknown. These knowledge gaps impede our understanding of future terrestrial changes in the Northern Hemisphere.
As an important component of the East Asian ecosystem, the Mongolian Plateau plays an important role in the regional and even global carbon cycle (Wei et al., 2023). Due to the arid climate, the Mongolian Plateau ecosystem is relatively fragile (Liu et al., 2023). The Mongolian Plateau also belongs to the southern boundary areas of the northern permafrost zone. Due to its lower latitudes, the Mongolian permafrost regions are sensitive to climate warming (Zhao et al., 2015; Meng et al., 2019). Therefore, the response of vegetation growth to climate change in the Mongolian Plateau is a good indicator for the northern permafrost ecosystem changes in the future, and understanding the response of vegetation to climate change and its driving factors can shed light on the future changes of the vast northern permafrost regions. In addition, this knowledge can provide a scientific basis for policymakers to make necessary decisions and actions to conserve the environment to achieve sustainable development goals.
In this study, we selected the Mongolian Plateau as the study area. We analyzed the spatial and temporal distribution of GPP and LAI data in this area from 2001 to 2018, and we also examined the relationships between vegetation indices and different climate variables. The main goals of our research are to 1) investigate the changing trend of vegetation GPP and LAI on the Mongolian Plateau from 2001 to 2018 and 2) examine the response of GPP and LAI to different climatic factors, including CO2 concentrations, air temperature, precipitation, and solar radiation. The results of this study can improve our understanding of the changing patterns of vegetation and their underlying mechanisms in the cold and arid regions, and also serve as a scientific basis for the ecosystem management in these regions.
2 STUDY AREA AND DATA
2.1 Study area
The Mongolian Plateau (Figure 1) covers an area of about 2.7 million km2 and spans 35°–55° north latitude and 85°–130° east longitude. It is located in the hinterland of the Asian continent. The topography of the plateau varies significantly. It is high in the west and low in the east, rising from 89 m above the sea level in eastern Inner Mongolia to 4,140 m above the sea level in western Mongolia, with an average elevation of 1,288 m. The Mongolian Plateau is dominated by an arid and semi-arid continental monsoon climate, with cold and dry winters and warm summers (Miao et al., 2017). In Mongolia, the average annual temperature from 1980 to 1999 ranged from −4.3°C in the northern high-altitude forest to 6.8°C in the eastern low-latitude forest. Average annual precipitation ranged from 60 to 410 mm, and the corrected precipitation ranged from 74 to 479 mm (Snyder and Tartowski, 2006). Most of the precipitation falls between June and August, with the peak growing season reaching its maximum in August (John et al., 2016). The Mongolian Plateau shows notable latitude zonation in terms of terrain, climate, and biological communities (Zhou et al., 2018). The plateau consists of three major biological communities (desert, grassland, and forest), whose distribution is mainly determined by the precipitation gradient (John et al., 2016). The unique geographical location and climatic environment of the Mongolian Plateau have resulted in rich and diverse vegetation types. From the northeast to the southwest, forests (northern Sayan Mountains, northern Kent Mountains, and Greater Khingan Range of Inner Mongolia), grasslands (central and northwestern Mongolia), the Gobi Desert (southwest Mongolia and southwest Inner Mongolia), sparse vegetation (southwest Inner Mongolia), farmland, and shrub vegetation are mainly distributed in central and eastern Inner Mongolia. Among them, grasslands accounted for 41.47% of the total area, distributed in the northern and eastern regions. Forests accounted for 8.28% of the total area, mainly distributed in the Greater Khingan Range in the northeastern part of the plateau, the Kent Mountains, and the Sayan Mountains in the north (Table 1).
[image: Figure 1]FIGURE 1 | Elevation (A) and land cover types (B) of the Mongolian Plateau.
TABLE 1 | Area proportion of land cover types in the Mongolian Plateau.
[image: Table 1]2.2 Data resources
Land cover data were downloaded from the website (https://doi.pangaea.de/10.1594/PANGAEA.913496) (Liu et al., 2020) and were classified into seven categories, namely cropland, forest, grassland, shrub, tundra, barren land, and snow/ice. Climate data were downloaded from the WorldClim website (https://www.worldclim.org/data/monthlywth.html), through the CRU-TS-4.03 data dimension reduction. We selected the maximum temperature (°C), minimum temperature (°C), and precipitation (mm) data. The spatial resolution was 2.5'(about 21 km2). Solar radiation data (W/m2) were obtained from the National Tibetan Plateau Data Center (http://data.tpdc.ac.cn) with a spatial resolution of 10 km (Tang, 2019). SIF–GPP data (g C m−2 year−1) were downloaded from the website (https://globalecology.unh.edu/), the spatial resolution was 0.05° [15]. The carbon dioxide concentration data (mol−1) were downloaded from the GES DISC website (https://disc.gsfc.nasa.gov/datasets/SNDRAQIL3CMCCP_2/summary) with the spatial resolution of 1° × 1°. Soil moisture and soil temperature data were also downloaded from the GES DISC website (https://disc.gsfc.nasa.gov/datasets/AMSRE_AVRMO_005/summary?keywords=soil%20moisture%20L4) with the spatial resolution of 1° × 1°. The product of the global leaf area index was downloaded from the website (https://www.resdc.cn/data.aspx?DATAID=336) with the spatial resolution of 8 km. The time span of all variables was unified into 2001–2018, the time resolution was a year, the spatial resolution was resampling 0.05°, and the reprojection was Albers projection.
2.3 Methodology
2.3.1 Slope analysis
The changing trend of GPP and LAI was analyzed by unary linear regression method. The calculation formula is as follows:
[image: image]
where θslope is the changing rate of the variable x, n is the number of the years, i is the year i, and xi is the variable x of the year i.
The significance of the change trend can be determined by the F test, and the calculation formula is as follows:
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where [image: image] is the value of regression, yi is the value of the year i, [image: image] is the average of multiple years, and n is the number of years. Combined with θslope and F test results, the changing trends of vegetation indices were divided into four types: no significant increase (θslope > 0 and F ≤ F0.05), significant increase (θslope > 0 and F > F0.05), no significant decrease (θslope < 0 and F ≤ F0.05), and significant decrease (θslope < 0 and F > F0.05).
2.3.2 Correlation analysis, partial correlation analysis and multiple correlation analysis, and significance test
The correlation coefficient can reveal the correlation between two variables, and the Pearson coefficient is calculated as follows:
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Among them, Rx,y is the correlation coefficient between variables x and y, and [image: image] and [image: image] are the average value of variable X and Y.
The coefficients of partial correlation analysis reflect the essential relationship between variables. The second-order partial correlation analysis was used, and the calculation formula is as follows:
[image: image]
where y represents GPP or LAI. The variables 1, 2, and 3 represent climatic factors. Ry1,23 represents the partial correlation coefficient between GPP or LAI and the specific climate factor after fixing the other two climate variables.
The significance test of the partial correlation coefficient was based on the t-test, and the significance level (α = 0.05) was calculated by the following formula:
[image: image]
where R stands for the partial correlation coefficient, n is the sample size, and m is the number of independent variables.
The multiple correlation analysis was used to analyze the correlation degree index between a single factor and multiple factors under the joint effects of multiple influencing factors. The calculation formula is as follows:
[image: image]
where [image: image] represents the multiple correlation coefficient between dependent variables y and independent variables 1, 2, and 3. [image: image] represents the linear correlation coefficient, [image: image] is the partial correlation coefficient, and [image: image] is the partial correlation coefficient.
The significance test of multiple correlation coefficients was based on the F test, and the significance level (α = 0.05) was calculated by the following formula:
[image: image]
where n is the number of samples, k is the number of independent variables, and F is the significance test statistic.
3 RESULTS
3.1 Spatial and temporal distribution and changing trends of GPP and LAI
The GPP and LAI showed similar trends, with 94.05% of the areas with significant positive relationships, and the SIF–GPP provided more detailed information than the LAI, especially in forest areas (Figure 2). The distribution pattern of GPP on the Mongolian Plateau from 2001 to 2018 showed considerable spatial heterogeneities (Figure 2). The GPP values ranged from 0 to 1,441.36 g C m−2 year−1, with an average value of 286.76 g C m−2 year−1. The high values were mainly distributed in the northern and northeastern areas. The LAI showed a similar spatial pattern with GPP. The LAI ranged from 0 to 4.53, with an average value of 0.29 (Supplementary Figure S1). GPP and LAI values were the highest in farmland and forest vegetation types (Supplementary Table S1). Evidently, the northeastern regions of the Mongolian Plateau, the Greater Khingan Range, the northern Sayan Mountains, and the Kent Mountains have higher GPP and LAI.
[image: Figure 2]FIGURE 2 | Spatial distribution of the average annual values of GPP (A) and LAI (B) during 2001–2008 in the Mongolian Plateau. Correlation (C) and significance (D) of GPP and LAI. −, non-significant negative correlation; −−, significant negative correlation; +, non-significant positive correlation; and ++, significant positive correlation.
The changing trend of GPP showed an overall increasing trend, with a higher rate in the northern, eastern, and southern parts. The lower increasing rate appeared in the southwest, central, and northwestern regions (Figure 3). A total of 89.8% showed an increasing trend and 10.2% of the area showed a decreasing trend. Among them, 56.1% of the area showed no significant increase, and 33.7% of the area showed significant increase. Of the total area, 9.2% showed a significant decrease, and 1.0% of the area showed a significant decrease. The changing pattern of the LAI was similar to that of GPP. In total, 89.8% of the total regions showed an increasing trend, and 9.2% of the area showed no significant decrease. There was only about 1.0% of the total area that showed a significant decrease. For the areas with increasing trends, 33.68% of the total area showed significant increase, and 56.1% of the total areas showed no significant increase. GPP was highly correlated with the LAI, and SIF–GPP could show more details than the LAI, especially in the forest area (Ersi et al., 2023).
[image: Figure 3]FIGURE 3 |  Changing trend (A,C) and significance (B,D) of GPP and LAI in the Mongolian Plateau during 2001–2018. −, Non-significant decrease; −−, Significant decrease; +, Non-significant increase; ++, Significant increase.
3.2 Changes in CO2 and climate variables
The annual mean CO2 concentration was higher in the northwest and lower in the northeast (Supplementary Figure S2). Precipitation and soil moisture showed a decreasing trend from the northeast to the southwest. The solar radiation was higher in the southwest and lower in the northeast. Soil temperature, the maximum air temperature, the minimum air temperature, and the mean air temperature decreased from the south to the north.
During 2001–2018, CO2 concentrations showed an increasing trend (Figure 4). The precipitation presented increasing trends in most areas. The solar radiation increased in the central part and decreased in the surrounding part. Soil moisture and soil temperature showed slight changes. Overall, air temperatures increased on the plateau, with some areas showing a decreasing trend in the Northeastern Plateau.
[image: Figure 4]FIGURE 4 | Changing trends of CO2 concentrations and climate factors over the Mongolian Plateau during 2001–2018: (A) CO2 concentration; (B) Pr, precipitation; (C) Rss, solar radiation; (D) SM, soil moisture; (E) St, soil temperature; (F) Tmax, the average values of the maximum air temperature for 12 months of the year; (G) Tmin, the average values of the minimum temperature for 12 months of the year; and (H) Tmp, annual mean air temperature.
3.3 Correlation between climate variables and GPP and LAI
We calculated the correlation coefficients and their significant levels between GPP and climate variables (Figure 5; Supplementary Figure S3). GPP was positively correlated with CO2 (89.86% of the total area), precipitation (90.11% of the area), and soil moisture (95.40% of the total area), while it was negatively correlated with soil temperature (90.04% of the total area). GPP was also largely negatively correlated with the maximum and minimum temperature, occupying 68.52% and 58.74% of the total area, respectively (Supplementary Table S2). The areas with negative correlation between GPP and mean temperature accounted for 64.99% of the total area.
[image: Figure 5]FIGURE 5 | Correlation coefficients among GPP and environmental factors: (A) CO2 concentration, (B) precipitation, (C) solar radiation, (D) soil moisture, (E) soil temperature, (F) maximum air temperature, (G) minimum air temperature, and (H) mean air temperature.
The LAI was positively correlated with CO2 (93.50% of the total area), precipitation (92.02% of the total area), and soil moisture (97.24% of the total area) (Figure 6; Supplementary Figure S4; Supplementary Table S3). The LAI was largely negatively correlated with soil temperature (91.81% of the total area), maximum air temperature (71.50% of the total area), minimum air temperature (62.18% of the total area), and mean air temperature (69.38% of the total area).
[image: Figure 6]FIGURE 6 | Correlation coefficients between LAI and environmental factors: (A) CO2 concentration, (B) precipitation, (C) solar radiation, (D) soil moisture, (E) soil temperature, (F) maximum air temperature, (G) minimum air temperature, and (H) mean air temperature.
The positive effects of soil moisture on GPP and LAI were significant in farmlands, grasslands, and wastelands. Soil moisture in the forest and tundra negatively correlated with GPP and LAI (Supplementary Figure S5). In general, CO2 concentration, precipitation, and soil moisture had positive effects on vegetation growth, while solar radiation and temperature had negative effects on vegetation growth (Supplementary Table S4). The precipitation had strong negative effects on forests and positive effects on other land types. Temperature had positive effects on the tundra, while negative effects were observed on other land cover types.
3.4 Partial correlation analysis GPP and climate factors
The partial correlation analysis showed the significant positive correlation between GPP and precipitation accounted for 65.34% of the area (Figure 7). The area with significant negative correlation between GPP and precipitation accounted for 8.55% of the area. The significant negative correlation between solar radiation and GPP accounted for 59.68% of the area, and 7.56% of the total area showed no significant negative correlation. The area with significant negative correlation between GPP and temperature accounted for 40.28% of the total area. The partial correlation analysis showed that precipitation was largely positively correlated with the LAI, while other factors showed complex relationships with the LAI (Figure 8).
[image: Figure 7]FIGURE 7 | Partial correlation analysis and significance of GPP and climate factors, (A,B) precipitation, (C,D) solar radiation, (E,F) temperature. Partial correlation types: Negative− (Non-significant negative correlation), Negative−− (Significant negative correlation), Positive + (Non-significant positive correlation), Positive++ (Significant positive correlation).
[image: Figure 8]FIGURE 8 | Partial correlation analysis and significance of LAI and climate factors, (A,B) precipitation, (C,D) solar radiation, (E,F) temperature. Partial correlation types: Negative− (Non-significant negative correlation), Negative−− (Significant negative correlation), Positive + (Non-significant positive correlation), Positive++ (Significant positive correlation).
3.5 Complex correlation analysis between climate factors and GPP and LAI
The multiple-correlation analyses between temperature, precipitation, and solar radiation with GPP were carried out in the Mongolian Plateau (Figure 9). The range of multiple correlation coefficients was 0.01–2.00, with a mean value of 0.63. The areas with significant positive correlation accounted for 40.53% of the total area, and other areas with non-significant positive correlation accounted for 59.47% of the total area. There was a positive correlation between the LAI and climate variables, in which the area with significant positive correlation accounted for 43.40%, and the area with non-significant positive correlation accounted for 56.57% of the total area.
[image: Figure 9]FIGURE 9 | Complex correlation coefficients between GPP and LAI and environmental factors; (A,C) complex correlation and (B,D) significance. +, non-significant positive correlation; ++, significant positive correlation; and −, non-significant negative correlation.
3.6 The climate factors driving GPP and LAI changes were divided
The driving factors of GPP and LAI under different land cover types were analyzed using partitioning analysis (Figure 10). For GPP, most of the areas (53.27%) were driven by climate factors, of which the temperature-driven factor accounts for 3.87%, the precipitation-driven factor accounts for 30.99%, and the solar radiation-driven factor accounts for 5.95% (Table 2). Similarly, the LAI in most areas were also driven by climate factors, of which 3.99% was driven by temperature, 32.66% by precipitation, 6.71% by solar radiation, and about 44.28% of the areas were driven by non-climatic factors (Table 2). For spatial distribution of the driving factors of GPP and LAI, it is clear that precipitation was the most important driving factor. In the areas with lower elevation areas, which are dominated by grasslands and deserts, the vegetation change is mainly driven by precipitation. The GPP and LAI in the foot of the Hangai Mountains, southeast of the Altai Mountains, and other areas were mainly driven by temperature. The areas between the Hangai Mountains and Kent Mountains, the northern part of the plateau, and in the northeastern part of the Yin Mountains were mainly driven by solar radiation. The surrounding areas of the Mongolian Plateau were mainly driven by non-climatic factors, and these areas are largely dominated by the coniferous forest, savanna, and farmland.
[image: Figure 10]FIGURE 10 | Driving factors of GPP (A) and LAI (B) in the Mongolian Plateau. The abbreviations for the climate variables are shown in Table 2.
TABLE 2 | GPP and change driving factors based on partitioning analysis.
[image: Table 2]4 DISCUSSION
During 2001–2018, the GPP and LAI on the Mongolian Plateau showed the similar spatial distribution pattern and with overall increasing trends. The central, northeastern, southern, and northern regions increased significantly, while some areas in the southwest, central, and northwestern regions showed a decreasing trend. This finding is consistent with the changing trends in previous studies (Bai et al., 2022; Chen et al., 2022). The increase of CO2 concentration and average precipitation in the Mongolian Plateau from 2000 to 2018 improved soil water supply capacity, enhanced photosynthesis efficiency, promoted vegetation growth, and increased GPP and LAI (Liu et al., 2022). In some regions of the south plateau (Inner Mongolia, China), climate factors have no significant influence on vegetation GPP and LAI. However, vegetation growth in Inner Mongolia was better than that in other areas, as indicated by the higher increasing rate of GPP and LAI. This pattern could be partly explained by large-scale vegetation restoration in Inner Mongolia (Dong et al., 2020).
The distribution and changing trends of GPP and LAI varied considerably among land cover types. There are several reports on the patterns of GPP in different land cover types in the Mongolian Plateau (John et al., 2009; Zhang et al., 2022a; Yin et al., 2022). The GPP of forests was the highest, with an average value of 923.91 g C m−2 year−1. The LAI of forest types was the highest, with an average value of 1.52, followed by that of cropland with an average of 0.57. This pattern is in agreement with previous findings on these land cover types (Li et al., 2022a). The changing trends of GPP and LAI were similar under different land cover types, indicating that these indices clearly showed the vegetation change. In addition to the wide distribution of forests in the northern plateau, the grasslands in the northern plateau also had higher GPP than that in other areas, and this can partly be attributed to the distribution of permafrost. In Mongolia, permafrost is widely distributed in the northern plateau (Sharkhuu and Sharkhuu, 2012; Li et al., 2022). Permafrost plays an important role in regulating soil water contents. The existence of permafrost can block the vertical filtration of soil water content and thus maintain a higher soil water content (Li et al., 2022c). Therefore, it is reasonable that the vegetation growth of permafrost areas, such as the Altai Mountain range, Hangai Mountain Range, Kent Mountain Range, and Greater Khingan Range are better than that of other permafrost areas in the northern area because the former areas have shallow active layer thickness (Wu et al., 2022). Global warming causes widespread permafrost degradation and fewer frozen days of seasonal frozen ground. When the frozen active layer and/or permafrost thaws in summer, the liquid water can provide water for plant growth (Sugimoto et al., 2003). This process is related to permafrost distribution and active layer thickness. The melting of shallow ground ice can directly increase soil water content, while the deepening active layer may increase the vertical filtration of surface water and in turn lead to drier soils that are unfavorable for plant growth (Liu et al., 2021; Li et al., 2022). However, in permafrost regions with very thick active layer, e.g., the active layer thickness could be greater than 6 m (Adiya et al., 2021), it is unlikely that this depth can affect surface soil water content, and thus permafrost degradation should have little effects on vegetation growth. With the continuous warming of climate and permafrost degradation, the dominant species, population density, and distribution area of vegetation in the permafrost area will undergo significant changes due to changes in temperature and soil water content (Jin et al., 2021; Klinge et al., 2021).
We found that climate factors related to moisture had positive impacts on GPP and LAI, while climate factors related to temperature had negative impacts on GPP and LAI. The CO2 concentration had a positive effect and solar radiation had a negative effect on vegetation growth. The precipitation in the Mongolian Plateau increases from the southwest to the northeast, and the air temperature decreases from the south to the north (John et al., 2013). Due to the differences in vegetation types, precipitation, evapotranspiration, and temperature, different biomes in the Mongolian Plateau have different responses to the climate (John et al., 2013). Climate change largely had positive impacts on vegetation growth (Zhao et al., 2021). In our study, precipitation was the most important factor for the increase of GPP and LAI (Wang et al., 2019). It has also been observed that GPP and LAI had significant relationships with precipitation (Meng et al., 2022). The Mongolian Plateau is an arid and semi-arid ecosystem with great inter-annual variation in precipitation, and thus, the precipitation was considered to be the main limiting factor for vegetation growth (Liu et al., 2021). The increase in precipitation relieves water stress and promotes carbon assimilation. In the context of global warming, the Mongolian Plateau will likely have sufficient heat resources, and rising temperatures may cause temperature-related droughts and restrict vegetation growth (Bao et al., 2014). This idea can also be supported by negative relationships between temperature and vegetation indices in the northern plateau, suggesting that the main factor for vegetation growth in high-latitude forest regions is temperature rather than precipitation (Tong et al., 2018).
The CO2 concentration has the largest positive influence on the GPP of croplands. The solar radiation had the largest positive effect on GPP and LAI in the tundra, while it had a negative effect on other types. Soil moisture had the largest positive impact on GPP and LAI in cropland, grassland, and barren land. The largest effect of CO2 concentration on vegetation growth in farmland can be explained by the fact that maize is one of the main food crops in the Mongolian Plateau (Peng et al., 2021). Maize is a C4 plant and more sensitive to CO2 than other C3 plants, and thus the fertilization effect of increased CO2 is evident in cropland (Adiya et al., 2021). Precipitation also had the largest positive effect on GPP and LAI of croplands, grasslands, and barren lands, affirming the fact that most areas with different land cover types in Mongolia are semi-arid and arid regions (Hu et al., 2018). Soil moisture is the most direct and main water supply method for vegetation and its dynamics can affect the biomass and phenology of vegetation (Luo et al., 2021). The solar radiation promoting vegetation growth in the tundra showed that the tundra productivity is in relation with the incident solar radiation, which usually constrains the photosynthesis of this land cover type. Soil temperature largely negatively correlated with vegetation growth, which can be explained by drought mechanisms because the rise in soil temperature aggravated the drought. The air temperature had a positive effect on the tundra and forest GPP and LAI and a negative effect on other types. In the tundra region, temperature is a typical limiting factor for vegetation growth, and higher temperatures can promote forest growth by prolonging the growing season and enhancing photosynthesis (Natali et al., 2012). In contrast, precipitation is negatively related with forest growth. This can be attributed to the fact that higher precipitation is also associated with lower solar radiation during the growing seasons (Bao et al., 2014). In the Mongolian Plateau, vegetation change is strongly affected by climate change and human activities (Meng et al., 2019). During the past decades, overgrazing and mining are the main drivers for grassland degradation in Mongolia (Zhang et al., 2022b). In China, grassland restoration has been implemented over the past decades (Cai et al., 2020; Wei et al., 2023). Future studies are required to disentangle the relative importance of climate change and human activities in vegetation changes on the Mongolian Plateau.
5 CONCLUSION
We used GPP and LAI data to analyze the vegetation changing trend and its response to climate factors in the Mongolian Plateau from 2001 to 2018. Our results showed that the Mongolian Plateau, overall, has a greening trend with evident spatial heterogeneities, with the largest increase in the northeastern region. Among them, 90% of the plateau showed an increasing trend in GPP, and 75% of the area showed an increasing trend in the LAI. The GPP and LAI of forests, croplands, and grasslands had the highest increasing values. Climate factors had significant effects on vegetation, and precipitation was the main factor affecting vegetation growth. Soil moisture and CO2 concentration are also significantly positively correlated with vegetation growth in most regions, while the effects of precipitation on the forest were not evident. With the increase of temperature and solar radiation, only the tundra showed an increasing trend in GPP due to the elevation of cold temperature stress. Our study highlights the importance of precipitation and CO2 concentrations in regulating vegetation in cold and arid ecosystems. The results also suggest that the temperature may not be the most important factor affecting vegetation in various cold regions. Our study may also provide a scientific basis for the implementation of ecological conservation projects to achieve the sustainable development goals in the Mongolian Plateau.
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