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In order to reveal the spatial variation characteristics and influencing factors of grassland net primary productivity (NPP) in China, this paper uses remote sensing data, land use data and meteorological data to simulate and estimate China’s grassland net primary productivity from 2001 to 2019 using the Carnegie-Ames-Stanford Approach (CASA). The trend analysis and complex correlation analysis were used to analyze the relationship with the temporal and spatial changes of grassland NPP from the perspectives of climate factors, topography, longitude and latitude. The results show that: 1) In the past 19 years, the China’s grassland NPP has generally shown a fluctuating upward trend, the spatial distribution of NPP variation shows a characteristic of low in the west and high in the east, with the increased area accounting for 70.39% of the total grassland area, and the low NPP values are mainly distributed in the northwestern part of Tibet and Qinghai and the central part of Inner Mongolia, the average annual NPP is 257.13 g C·m−2·a−1. 2) The change of mean NPP value of grassland in China is more dependent on precipitation (p) than air temperature (T). 3) Grassland NPP showed a decreasing trend with the increase of altitude, and the NPP on the gradient with DEM between 200 m and 500 m was the highest (483.86 g·C·m−2·a−1); The maximum annual mean value (448.42 g C·m−2·a−1) is fallen over the sharp slope of 35°–45°; the NPP of grassland increases with the slope (from shade to sunny), and the NPP of grassland on the semi-sunny slope increases. The annual average NPP is the highest (270.87 g C·m−2·a−1). 4) The mean value of grassland NPP was negatively correlated with the change of latitude, and showed a “wave-like” downward trend from south to north; the mean value of grassland NPP was positively related to the change of longitude. The correlation relationship shows a “stepped” upward trend from west to east.
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1 INTRODUCTION
In the context of global climate change, studying the carbon sequestration potential of terrestrial ecosystems is not only an important indicator for estimating the Earth’s supporting capacity, but also helps to understand the global carbon balance and evaluate the sustainable development of terrestrial ecosystems (Christopher et al., 1998; Carraro and Massetti, 2011; Shen et al., 2016; Chen et al., 2017; Li et al., 2020).Grassland ecosystem is one of the most important and widely distributed ecosystem types in terrestrial ecosystems, and it is also one of the most important carbon stocks and carbon sources/sinks on land. China’s grasslands cover almost 41.17% of national territorial area, it accounts for 6%–8% of the total grassland area in the world, and plays a pivotal role in the global carbon cycle and climate regulation, and plays an important role in developing animal husbandry, maintaining biodiversity, conserving soil and water, and maintaining ecosystem balance (Xie et al., 2001; Yang et al., 2012; Li et al., 2014; Tang et al., 2014; Xu et al., 2020). Therefore, estimating the carbon sequestration potential of the net primary productivity of grassland ecosystems correctly in China is of great significance for studying the carbon cycle of terrestrial ecosystems and regulating global climate change (Piao et al., 2004). However, current research on carbon storage and sequestration in grassland ecosystems is relatively one-sided in terms of its influencing factors, while studies on topography, latitude and longitude are still relatively weak. Therefore, it is quite essential to carry out in-depth research on the carbon sequestration potential of grassland ecosystems, so as to enhance the scientific understanding of the carbon sequestration potential of grasslands in global climate change and ecosystem management.
NPP is the amount of organic matter accumulated by green plants in unit area and unit time through photosynthesis (Fang et al., 2001; Xu et al., 2020), That is, the NPP of grassland is the most direct indicator to reflect the growth characteristics and health status of grassland ecosystems, and it is also an important ecological indicator for the sustainable development of ecosystems (Zhao et al., 2014; Du et al., 2021). Accurate estimation of NPP and analysis of its spatial distribution and influencing factors are helpful to understand the response state of ecosystems in the context of global climate change (Chen et al., 2022), It is of great significance to further clarify the carbon sequestration potential of grassland ecosystems in China, and also to provide a scientific reference for the carbon cycle characteristics of terrestrial ecosystems in the context of global climate change. Mastering the interannual variation rule of grassland NPP, analyzing and researching the relationship between index NPP, water and heat factors, and geographical elements has important theoretical and practical value for evaluating the environmental quality of terrestrial ecosystems, regulating ecological processes, and estimating terrestrial carbon sinks (Niu, 2000; Hou et al., 2007; Wang et al., 2016; Liu et al., 2019).
This paper depends on the grassland distribution data in China, combined with the remote sensing data and meteorological data of the same period, and calculates various grassland NPPs based on the CASA model, and uses trend analysis, correlation analysis and other methods to explore the change trend of grassland NPP in China from 2001 to 2019. Its spatial distribution characteristics and influencing factors aim to provide a scientific reference for the research on dynamic changes of grassland ecosystem functions, ecological environmental protection, soil and water conservation, and climate regulation in China.
2 MATERIALS AND METHODS
2.1 Study area
The study area covers only 22 provinces, 5 autonomous regions and four municipalities directly under the Central Government in China. Which are: Beijing (BJ), tianjin (TJ), hebei (HB) , shanxi (SX), Inner Mongolia (IML), liaoning (LN), jilin (JL), heilongjiang (HLJ), Shanghai (SH), jiangsu (JS), zhejiang (ZJ), anhui (AH), fujian (FJ), jiangxi (JX), shandong (SD), henan (HN), hubei (HB), hunan (HN), guangdong (GD), guangxi (GX), hainan (HN), sichuan (SC), guizhou (GZ), yunnan (YN), chongqing (CQ) , Tibet (TB), shaanxi (SAX), gansu (GS), qinghai (QH), ningxia (NX), xinjiang (XJ) (Figure 1A). China is located in the east of Asia and on the west coast of the Pacific Ocean (Wang et al., 2022) Most parts temperate, a few tropical, no cold zone. The terrain of China is high in the west and low in the east, with a stepped distribution. The terrain is diverse, mainly dominated by plateaus and mountains, crisscrossed by mountains.There are the Qinghai-Tibet Plateau with an average altitude of more than 4 km, basins and plateau regions with an average altitude of 1-2 km, and hills with an altitude of less than 500 m. Due to China’s vast territory, wide latitude, quite different distance from the sea, various terrain types and mountain trends, the combination of temperature and precipitation is diverse, forming a complex and diverse climate. There are all kinds of monsoon climate, temperate continental climate, alpine climate. Winter is cold and dry, summer is warm and rainy. Grassland resources in China are of large area, wide distribution, various types and miscellaneous, and of low quality. Grassland resources are distributed in all provinces, regions and cities, and the concentrated contiguous grassland is mainly distributed in the Qinghai-Tibet Plateau, the arid and semi-arid areas in the north and the grassy hills and slopes in the south. It is precisely under such complex and changeable natural resource conditions that China’s vegetation is rich in species, its distribution is intricate, and the stability of the ecological environment is affected by many factors.
[image: Figure 1]FIGURE 1 | (A) Elevation chart of China (excluding Hong Kong, Macao and Taiwan). (B) Spatial distribution characteristics of grassland types in China.
2.2 Data source
The remote sensing data comes from the MODIS data of the National Aeronautics and Space Administration (NASA) (Li et al., 2021). The time series is from 2001 to 2019, and the remote sensing data used include MOD13A2 data (NDVI), MOD17A3HFG data (NPP), and elevation data (DEM) from the Geospatial Data Cloud (Table 1). The meteorological data (contains latitude and longitude) of total solar radiation, monthly average temperature, and monthly precipitation are derived from the monthly data set of China’s surface climate data provided by the China Meteorological Science Data Sharing Service Network (http://cdc.cma.gov.cn). The vegetation type data comes from the 1:1,000,000 Chinese Vegetation Type Atlas by the Data Center of Resource and Environmental Sciences (https://www.resdc.cn/), Chinese Academy of Sciences. The vegetation classification atlas contains 11 vegetation type groups, the distribution status of 796 vegetation units in 54 vegetation types, and the horizontal regional and vertical regional distribution rules. According to this vegetation atlas, grassland includes three vegetation types: meadow, tussock and grassland (Figure 1B). These three vegetation types account for 30.82% of the vegetation area in China.
TABLE 1 | Data source statistical table.
[image: Table 1]The 2001–2012 the field measurement data of a small part of grassland were obtained from A Global Database of Soil Respiration Data, Version 5.0 (https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1827). These data will be uniformly processed into raster data with a resolution of 1,000 m through ArcGIS 10.2.
2.3 NPP simulation and results validation
In this study, the improved CASA model of Zhu Wenquan et al. was used to simulate the grassland NPP in China (Zhu et al., 2007). The NPP in this model is mainly determined by the photosynthetically active radiation (APAR) absorbed by the vegetation and the actual light energy utilization rate (ε). The specific calculation formula is as follows:
[image: image]
where NPP([image: image], t) is the net primary productivity of pixel x in month t; APAR([image: image], t) is the photosynthetically active radiation absorbed by pixel x in month t; ε([image: image], t) is pixel x Actual light energy utilization in month t (Xu et al., 2020; Li et al., 2021).
[image: image]
Where: SOL ([image: image], t) is the total solar radiation of pixel x in month t (MJ·m−2); 0.5 is the proportion of solar effective radiation that can be used by vegetation to the total solar radiation; FPAR([image: image], t) represents the absorption ratio of the incident photosynthetically active radiation (PAR) by the vegetation layer.
Light utilization efficiency (ε) refers to the efficiency with which vegetation converts its absorbed photosynthetically active radiation (PAR) into organic carbon, which is mainly affected by temperature and moisture, and is calculated as follows:
[image: image]
Where: T1 (x, t) and T2 (x, t) represent the effect of temperature on the utilization of light energy. For the detail calculation method, see the literature (Zhu et al., 2005; Wang et al., 2022); W ([image: image], t) represents the effect of moisture on the utilization of light energy. εmax represents the maximum light energy utilization rate of vegetation under ideal conditions, and its value is different due to different vegetation types. In this study, 0.542 g C·MJ−1 was used to keep consistent with previous studies (Zhou et al., 2017).
Since the actual measurement of NPP is difficult to achieve, this paper uses the MOD17A3HFG data (NPP) and field measured data obtained by other research scholars to compare and verify the NPP estimation results. The statistical results are as follows: MODIS-Measured has a strong correlation with an adjusted R2 of 0.638 (Figure 2A); CASA-Measured has a strong correlation with an adjusted R2 of 0.812 (Figure 2B). The above verification results show that the CASA model is suitable for the estimation and simulation of grassland NPP in China.
[image: Figure 2]FIGURE 2 | Simulation verification results of MODIS-Measured (A), CASA-Measured (B).
2.4 Trend analysis of NPP
In this paper, the univariate linear regression method is used to analyze the trend changes of the annual average NPP, annual precipitation and annual average temperature of each pixel of grassland in China from 2001 to 2019. The calculation principles are as follows (Li et al., 2011; Jin et al., 2020):
[image: image]
Where [image: image] is the inter-annual rate of NPP change; n is 19 for years from 2001 to 2019; and NPP i is the value of annual NPP at year i. If [image: image] >0, it means that NPP shows an increasing trend, otherwise, it is a decreasing trend. F test was used to test its significance, and the calculation formula was:
[image: image]
Where [image: image] is the sum of regression squares, [image: image] is the sum of residual squares, [image: image] is the value of NPP in year i, [image: image] is the regression value of NPP in year i, and [image: image] is the average value of 19a NPP. According to the test results, it can be divided into the following grades: very significantly reduced ([image: image]), significantly reduced ([image: image]), no significant reduced ([image: image]); very significantly increase ([image: image]), significantly increase ([image: image]), no significantly increase ([image: image]).
2.5 Correlation analysis
Correlation analysis is used to reflect the direction and degree of correlation between elements. In this paper, the Pearson correlation coefficient, partial correlation coefficient, and complex correlation coefficient method are used to analyze the correlation and significance level of annual vegetation NPP with temperature and precipitation. The calculation principles are as follows (Murakami et al., 2004; Dowding and Haufe, 2018; Li et al., 2019; Xie et al., 2020):
[image: image]
where: [image: image] is the relationship between variables x and y; n is the number of years; [image: image] is the vegetation NPP in the i year; [image: image] is the annual average meteorological factor (temperature and precipitation) in the i year; [image: image] and [image: image] are respectively n-year mean of variables x and y.
Partial correlation coefficient calculation formula:
[image: image]
Where [image: image] is the partial correlation coefficient between the dependent variable z (representing air temperature in this study) and the independent variable y after fixing the independent variable x (representing precipitation in this study). The significance test is generally performed using the t test:
[image: image]
where [image: image] is the Partial correlation coefficient, m is the number of independent variables.
The formula for calculating the complex correlation coefficient:
[image: image]
where [image: image] is the complex correlation coefficient between the dependent variable y and the independent variables x, z. Its significance test uses the F test:
[image: image]
2.6 Quantitative evaluation of the contribution of precipitation and temperature to NPP
Traditionally, an increase in NPP has been used as an indicator of vegetation restoration, whereas a decrease in NPP represents vegetation degradation (Yan et al., 2019). Based on Eq. 4, a positive [image: image] in NPP represents grassland restoration, whereas a negative S denotes grassland degradation. If precipitation and temperature are determined to cause NPP changes, the relative role of climate change and human activities in NPP changes can be quantitatively evaluated. With reference to Yan Yuchao et al. scenario setting scheme on NPP changes, the influence of climate change and human activities on NPP in the Shule River Basin is measured, as shown in Table 2.
TABLE 2 | Six scenarios for quantifying the contribution proportions of p and T to grassland restoration and degradation.
[image: Table 2]In this study, when the contribution proportion of PC to grassland restoration or degradation was larger than that of TC, it was defined as “climate-dominated restoration or degradation”. Similarly, when the contribution proportion of TC to grassland restoration or degradation was greater than that of PC, it was defined as “human-dominated restoration or degradation”.
3 RESULTS AND ANALYSIS
3.1 Spatial and temporal distribution characteristics of grassland NPP in China
3.1.1 Time-varying characteristics
The average NPP value of grassland in China from 2001 to 2019 was 257.13 g·C·m−2·a−1. Based on the literature, the results of this study are similar to those obtained by many scholars, but there are also some differences, which may be caused by different grassland classification standards, data sources and research periods. Overall, the interannual change of grassland NPP showed a fluctuating upward trend, and the linear growth trend reached a significant level (p < 0.01), with an average change rate of 2.69. g·C·m−2·a−1 (Figure 3).
[image: Figure 3]FIGURE 3 | Interannual variation of grassland NPP in China (excluding Hong Kong, Macao and Taiwan) from 2001 to 2019.
Statistics on the NPP values of grassland types (meadow, tussock and grassland) in China (excluding Hong Kong, Macao and Taiwan regions) in the past 20 years show that the results (Figure 4) show that the interannual variation trends of average NPP of different grassland types are also quite different: In the 19 years , the NPP values of grassland and tussock all showed an increasing trend, and the change rates were 2.32 and 10.35 g·C·m−2·a−1 respectively , accounting for 52.45% and 10.89% of the total grassland area respectively. THowever, the overall increase trend of meadow from 2001 to 2019 was not obvious, with a change rate of 0.999 g·C·m−2·a−1, accounting for 36.66% of the total grassland area. The causes of this phenomenon may be closely related to overgrazing, precipitation, total solar radiation, temperature and human activities.
[image: Figure 4]FIGURE 4 | Interannual variation trend of NPP of different grassland types from 2001 to 2019.
3.1.2 Spatial distribution characteristics
From 2001 to 2019, the distribution of grassland NPP in China had obvious spatial heterogeneity, and the overall trend showed a downward trend from the southeast to the northwest (Figure 5). Among them, the areas with NPP greater than 600 g·C·m−2·a−1 are concentrated in the border areas of QH and SC as well as YN and GX. The grassland types of the region are mainly tussock and meadow, accounting for 11% of the total grassland area. The areas with NPP concentrations of 400–600 g·C·m−2·a−1 are mainly distributed in the east of QH Province, the northeastern of IML and HLJ and southern region. In some areas, meadows are widely distributed, accounting for 18.51% of the total grassland area, and the average NPP value is relatively high. The areas with NPP concentrations of 400–600 g·C·m−2·a−1 are mainly distributed in the IML, NX, QH and the southeastern of Tibet, and a small part is also distributed in the northern part of SAX and SX accounts for 19.05% of the total grassland area. The grassland NPP values below 100 g·C·m−2·a−1 are mainly concentrated in the northern part of Tibet, the northwestern GS Province, central IML. In the region, the grassland vegetation type is mainly grassland, accounting for 36.23% of the total grassland area, and the vegetation NPP value is relatively low. The NPP values of other grasslands were mainly distributed in 100–200 g·C·m−2·a−1, the distribution is scattered and mainly distributed in the northwest of China , accounting for 15.21% of the total grassland area. All in all, the average NPP values of tussock and meadow were higher, up to 636.02 and 322.3 g·C·m−2·a−1 respectively, and the area proportions were 10.89% and 36.66% respectively. The lowest average NPP value of grassland was only 134.83 g·C·m−2·a−1, accounting for 52.45% of the area.
[image: Figure 5]FIGURE 5 | Spatial distribution characteristics of mean NPP of grassland in China (excluding Hong Kong, Macao and Taiwan) from 2001 to 2019.
In order to study the variation trend of grassland NPP in China quantitatively, the spatial variation of grassland NPP from 2001 to 2019 was divided into six levels (Figure 6). On the whole, the spatial variation characteristics show a low west-east distribution, with the increased area accounting for 70.39% of the total grassland area, the grassland NPP in most areas is increasing, and the change value of the increase area is about 0∼50 g·C·m−2·a−1, and the change value of the decrease area is 0∼49 g·C·m−2·a−1 or so. It can be seen from statistical calculations that the areas with extremely significant increase and significant increase account for 27.85% and 9.64% of the total grassland area respectively, and they are mainly distributed in Inner Mongolia, Ningxia, Gansu, Shaanxi, Shanxi, northern Hebei and central Qinghai in China. The significantly reduced and non-significantly reduced areas accounted for 7.14% and 22.47% of the total grassland area, mainly in Tibet, Qinghai, Sichuan and Xinjiang.
[image: Figure 6]FIGURE 6 | Variation trend and significance test of grassland NPP in China.
3.2 The relationship between the spatiotemporal distribution of NPP and climate parameters
On the whole, the precipitation and air temperature in the grassland area in China from 2001 to 2019 showed an increasing trend, and the trend change rates were 2.7 and 0.02 g·C·m−2·a−1 respectively (Figure 7). According to the relationship between the annual average temperature and annual precipitation and NPP in the corresponding period of statistics, the inter-annual fluctuation of grassland NPP in China from 2001 to 2019 was mainly affected by precipitation, and the change of NPP was roughly consistent with the trend of precipitation. It is 5,694.74 mm, and the corresponding NPP value is reaching 275.677 g·C·m−2, which is related to the extremely abnormal precipitation in 2016, compared with other in 2016 and 2014, the precipitation was significantly higher, and the increase in precipitation accumulation led to an increase in NPP, on a relative basis, the NPP was high, second only to 2019, which made the NPP value in 2016 and 2014 increase compared with other years. The variation trend of NPP is opposite to that of temperature, but the influence of temperature on NPP is smaller than that of annual precipitation, and the regularity of the relationship between temperature and NPP is obviously weaker than that of precipitation and NPP.
[image: Figure 7]FIGURE 7 | The relationship between NPP and annual precipitation (A), annual mean temperature (B) of grassland in China from 2001 to 2019.
It can be seen from Figures 8A–D that the correlation coefficient between NPP and the average annual precipitation is between −0.891 and 0.964, and the average correlation coefficient is 0.073. Among them, the negatively correlated areas accounted for 18.04% of the total grassland area, mainly distributed in southern QH Province, northwestern SC Province and YN. The reason may be that the area belongs to the cold and wet environment, which inhibits the growth of vegetation. The positively correlated areas were mainly distributed in the northern part of Northeast China, the southern part of Qinghai-Tibet region and the northern part of Xinjiang, and the positively correlated areas accounted for 81.96% of the total grassland area. Overall, grassland NPP was positively correlated with annual precipitation, that is, precipitation would promote the increase of grassland NPP to a certain extent. There was a positive correlation between NPP and annual mean temperature as a whole. The correlation coefficient was between −0.864 and 0.894, and the average correlation coefficient was 0.03. The areas with no significant correlation between the two accounted for 32.13% of the total grassland area. The 0.83% of the regional NPP was significantly positively correlated with temperature, the distribution is wide, not concentrated, and the spatial heterogeneity is obvious.
[image: Figure 8]FIGURE 8 | Spatial changes of annual temperature (A), average annual precipitation (C), partial annual temperature (E), partial annual precipitation (G), and multiple correlation (I) and Spatial variation trends in annual temperature (B), annual mean precipitation (D), partial annual temperature (F), partial annual precipitation (H), multiple correlation (J) of grasslands in China during 2001–2019. Spatial distributions of the contributions of (K) temperature (T_con) and (L) precipitation (P_con) to grassland NPP changes.
It can be seen from Figures 8E–H that the mean partial correlation coefficients between NPP and precipitation and temperature are 0.086 and 0.008 respectively, and the positive correlation areas passing the significance test are 35.78% and 8.83% respectively. It shows that when only considering the influence of temperature on NPP, compared with the correlation between temperature and NPP under the influence of precipitation, the change of NPP has a weaker correlation with temperature. There is still a strong correlation between NPP and precipitation. The main reason is that the increase in precipitation improves soil water supply conditions, enhances the photosynthetic rate, and thus improves productivity. At the same time, the lower temperature in the plateau and mountainous areas can reduce evapotranspiration, thereby reducing the possibility of evapotranspiration.
The use of water loss is conducive to vegetation growth. It can be seen from Figures 8I,J that the composite correlation coefficient between grassland NPP and temperature-precipitation in China is between 0.001 and 0.972, showing a spatial pattern of higher in the north and lower in the middle. The areas with multiple correlation coefficients higher than 0.5 are distributed mainly in the northeastern and central northern Inner Mongolia, central and northern Ningxia, and northwestern Tibet in China. The regional distribution of the multiple correlation coefficients between 0.45 and 0.5 is mainly in the northeastern Inner Mongolia, the northwestern and central Qinghai-Tibet regions, and the northwestern Xinjiang. The multiple correlation coefficients of the remaining areas are relatively small, probably because these areas have lower relative altitudes, more abundant water content, and higher temperatures, so they are less affected by the comprehensive regulation of temperature and precipitation.The partial correlation coefficient can describe the degree of correlation between grassland NPP and climatic factors, whereas the contributions of climatic factors to grassland NPP changes cannot be quantified. Therefore, to quantitatively evaluate the contributions of climatic factors to NPP changes, the results of Tem_con, Pre_con, and Rad_con are shown in Figures 8K,L. It is clear from the contribution distribution map that precipitation has a greater impact than temperature, so it can be concluded that precipitation has a more obvious interaction on grassland productivity. This paper only considers precipitation and temperature, and there are many other factors that need to be explored more comprehensively.
3.3 The relationship between the spatiotemporal distribution of NPP and terrain
According to statistics, the annual average NPP value of grassland in China from 2001 to 2019 showed different characteristics with the increase of altitude (Figure 9A): the overall trend showed a downward trend, and the grassland was mainly distributed in the plateau area. Among them, the maximum annual mean value of grassland NPP (483.86 g·C·m−2·a−1) was concentrated in the hilly area with an altitude of 200–500 m, accounting for 5.12% of the total grassland area. With the increase of altitude, the average NPP value of grassland is in a trend of first increasing and then decreasing. In the plain area below 200 m, the annual average NPP value of grassland has a gentle downward trend, and its value is 464 g·C·m−2· a−1, when the altitude is in the range of 500–2000 m, the annual mean value of grassland NPP (316.49 g·C·m−2·a−1) has an obvious downward trend. When the altitude downward again to the plateau area above 2000 m, the change is that the average annual NPP value of grassland was 204.29 g·C·m−2·a−1. The hills and plains with an altitude of less than 500 m accounted for the least proportion of grassland, but with the increase of altitude, the proportion to the total grassland increased gradually. Therefore, it can be concluded that different levels of elevation also have a certain impact on the carbon sequestration potential of grassland in China. The annual average NPP value of grassland in China shows the characteristics with different slope aspects (Figure 9B): from shady to sunny, the overall trend is increasing, and the annual average value of grassland NPP on the semi-sunny slope is the highest at 270.87 g·C·m−2·a−1, followed by semi-shady slopes (265.68 g·C·m−2·a−1), sunny slopes (245.36 g·C·m−2·a−1), shady slopes (244.63 g·C·m−2·a−1), the lowest is the flat area with no slope aspect (223.38 g·C·m−2·a−1), while the semi-shady slope covers the largest area, accounting for 38.09% of the total grassland area, and The region of flat area without slope aspect has the smallest proportion (0.44%). Shady slopes have a larger proportion than sunny slopes, but the NPP values are opposite, indicating that grasslands prefer to grow on the sunny side. Therefore, different slope aspects also have an impact on the carbon sequestration potential of grassland. The research conclusion shows that the NPP of the grassland on the flat areas is the last but one, its area is the largest, accounting for 75.6868% of the total area of grassland, tens of thousands of times of the area of steep slope, but the NPP value is only about half of the steep slope, its carbon sequestration effect is not good enough, there is still a lot of room for improvement, need to strengthen the protection.The annual mean NPP value of grassland in China shows the characteristics with the increase of slope (Figure 9C): the overall trend is decreasing, mainly distributed in flat and gentle slopes, and a small part in slopes, steep slopes, sharp slopes and dangerous slopes. Among them, the maximum value of grassland NPP (448.42 g·C·m−2·a−1) is in the sharp slope of 35°–45°, the second is the steep slope (417.33 g·C·m-2·A-1). From the flat to the slope, the NPP value is in a state of continuous increase, with good carbon sequestration effect, but there is a lot of room for improvement, and the minimum value (87.65 g·C·m−2·a−1) is greater than 45° on the dangerous slope. With the increase of the slope, the change of NPP is in the trend of increase first and then decrease, and the slope below 45° has been in the trend of gradual increase, and then with the increase of the slope, the NPP begins to decrease obviously. These changes are due to different soil and water conservation at different slopes, resulting in different soil fertility and drainage performance, so there are certain differences in the carbon sequestration capacity of grasslands at different slopes.
[image: Figure 9]FIGURE 9 | Relationship between topographic factors and grassland NPP. (A) Changes in the relationship between annual NPP and DEM. (B) Changes in the relationship between annual NPP and Aspect. (C) Changes in the relationship between annual NPP and Slope.
3.4 The relationship between NPP spatiotemporal distribution in latitude and longitude
From the perspective of zonal variation (Figure 10A), the average NPP value of grassland in China from 2001 to 2019 was 374.58 g·C·m−2·a−1. In general, the average NPP value of grassland in China within 19 years was negatively correlated with the latitude change. The distribution of the average NPP value in China showed obvious latitude zonality, and it showed a “wave-like” downward trend from south to north, and the change rate was 11.14 g·C/(m2·a·10°), and through the p > 0.05 significance level test, the downward trend is obvious. Among them, the maximum average NPP value is 1,057.79 g·C·m−2·a−1, which is distributed in the southern region with a latitude of 16° or so, which may be due to the abundant precipitation, suitable climate, and relatively good soil water and soil conservation in this region, which is more conducive to the growth of vegetation, thereby enhancing the carbon sequestration capacity of grassland. The lowest NPP is 5.69 g·C·m−2·a−1, which is distributed in the central area between 31–32° latitude. The NPP value in this area is generally low, which may be due to the relatively aridity in this area, which affects vegetation growth, further leading to grassland carbon sequestration potential.
[image: Figure 10]FIGURE 10 | (A) Changes in the relationship between annual NPP and lattitude. (B) Changes in the relationship between annual NPP and longtitude.
From the perspective of the meridional variation rule (Figure 10B), the average NPP value of grassland in China from 2001 to 2019 was 296.56 g·C·m−2·a−1. In 2019, the mean NPP value of grassland in China was positively correlated with the change of longitude. The distribution of mean NPP value showed obvious longitude zonality, rising in a “stepped” manner from west to east, and the change rate was 8.22 g·C/(m2·a·10°), and through the p < 0.01 significance level test, the upward trend is obvious. Among them, the maximum average NPP value is 588.09 g·C·m−2·a−1, which is mainly distributed in the central region with longitude of 101–102°. It may be due to the abundant precipitation and suitable climate in this region, which is more conducive to the growth of vegetation, thus enhancing the carbon sequestration capacity of grassland. The lowest NPP is 17.02 g·C·m−2·a−1, which is distributed in the western desert area with a longitude of about 74°. The NPP value in this area is generally low, which may be due to the relatively low precipitation and high temperature in this area. It is difficult for vegetation to grow in arid and high temperature areas, which reduces the carbon sequestration potential of grassland. These changes are caused by the differences in the geographical environment and soil and water conservation at different latitudes and longitudes. Different environments will cause different growth conditions of vegetation, and different soil and water conservation will lead to different soil fertility and drainage performance. Therefore, there are also certain differences in the carbon sequestration capacity of grassland with different latitudes and longitudes.
4 DISCUSSION
In this study, the NPP of grassland in China was simulated and estimated based on the CASA model, and the spatial and temporal distribution characteristics and influencing factors of grassland NPP in China were comprehensively analyzed using trend analysis and complex correlation analysis, and the impact of climate change and influencing factors on vegetation NPP was discussed. The results show that from 2001 to 2019, China’s grassland NPP showed a decreasing trend from southeast to northwest. The vegetation coverage is also different, and the ecological structure stability of each region is also different. The results in this paper are similar to those obtained by Shen et al. (2016) based on the literature data that the NPP of natural grassland in China is 89–320 g·C·m−2·a−1. Zhou Wei et al., Zhu Wenquan, Gao et al. (2012) used the CASA model to estimate the annual average of grassland NPP per unit area in China to be 282.0, 231, and 217.90 g·C·m−2·a−1 respectively. The estimated results are similar, indicating that the results of this study have reference value.
From the impact of climate change on grassland NPP, this study shows that precipitation and temperature in the past 19 years have played an important role in promoting grassland NPP, but there are certain differences in the dominant factors in different sub-regions. Among them, grassland NPP is more dependent on precipitation than air temperature. This study reveals that precipitation plays an important role in promoting vegetation growth, which is consistent with the findings of most researchers (Liu et al., 2019). In addition, while precipitation and air temperature promote vegetation growth, they also increase the dark respiration rate of vegetation, resulting in a decrease in NPP. Therefore, precipitation and air temperature can promote grassland NPP at a certain threshold, but may have opposite effects when exceeding a certain limit (He, 2008).
From the impact of terrain factors on grassland NPP, altitude, slope and slope aspect have obvious differentiation effects on temperature and precipitation, which will lead to large differences in regional illumination, soil moisture and nutrients, thus affecting regional vegetation spatial pattern. In addition, the flow and conversion of surface materials and energy at different altitude gradients, slopes and slopes are also the main influencing factors that limit the spatial distribution of vegetation (Pan et al., 2009; You et al., 2011). This study found that grassland NPP generally decreased with the increase of altitude, and there were great differences in the fluctuation trend of grassland NPP in each altitude gradient. In terms of slope, the NPP of the grass on the steep slope is the highest, while that on the dangerous slope is the lowest. The reason for the analysis is that the steep slope has better soil and water conservation, resulting in fertile soil and good drainage, which are beneficial to the growth of plants; on the contrary, the steep slope is opposite and the vegetation coverage is low, resulting in a low carbon sequestration potential. In terms of slope aspect, there is no obvious regularity in the response characteristics of grassland NPP changes to temperature and precipitation on different slope aspect gradients. The solar radiation received by the surface and the potential evapotranspiration are different (Soltani et al., 2016). The sunny slope is full of sunlight, but the high temperature will lead to accelerated soil water evapotranspiration, which will inhibit the growth of vegetation; the shady slope is full of moisture, but the temperature and light are relatively weak, which will also inhibit the photosynthesis of vegetation, so the growth of vegetation on different slopes tends to be different from that of vegetation. The biological uniqueness of each vegetation type has a great relationship (Wang et al., 2016).
From the perspective of the influence of latitude and longitude on grassland NPP, latitude/longitude not only reflects water/heat differentiation across the globe but also indicates lots of other influential factors. It argues that many other factors, including Sun shine hours, atmospheric circulation, soil nutrition are closely related to latitude/longitude belts. Although this study cannot cover all the influnce factors but analyzed the changes of NPP along latitude/longitude belts. And the changes in different latitude and longitude will also lead to the changes in environmental temperature, humidity, topography, soil and many other environmental factors, which will affect the growth of vegetation, and then affect the carbon sequestration potential of vegetation. This study found that, in terms of latitude, grassland NPP showed a “wave-like” decline trend from south to north. The grassland NPP is higher in the southern regions of low latitudes. It is due to sufficient precipitation, suitable climate, relatively good soil water and soil conservation, which is more conducive to the growth of vegetation, thus enhancing the carbon sequestration capacity of grassland. In terms of longitude, grassland NPP showed a “step-like” upward trend from west to east (Wang et al., 2022). Grasslands in the central region have higher NPP. The reason analysis shows that the area has excellent water and heat conditions, flat terrain, sufficient sunlight, high vegetation coverage, good soil and water conservation, which promotes vegetation growth and enhances the ability of vegetation to sequester carbon.
China’s grassland covers nearly 40% of its total area, which is larger than the forest area, but its productivity is lower than the global average. Research on temporal and spatial changes and influencing factors can better understand the occurrence and development trend of vegetation productivity, which is helpful for the assessment of future climate change and national two-carbon strategy. In terms of grassland management, it can be seen from the conclusions of this paper that grassland productivity increases or decreases rapidly in some areas. Therefore, it can be started from this perspective to protect the basic area of grassland industry and improve the grassland quality and growth environment. In areas where there has been a decrease or no significant increase, it is important to strengthen conservation efforts and promote a grassland culture to further contribute to grassland carbon sequestration potential. By studying the influence of potential factors, it is possible, on the one hand, to gain a more comprehensive understanding of the measures that are conducive to adjusting the growth and development of vegetation and enhancing its carbon sequestration capacity. On the other hand, it can also help to improve the intensity of overgrazing and the implementation of policies such as the return of cropland to grass, adding to the improvement of urban sprawl and the enhancement of carbon sequestration potential. In addition, it is an important guide for the development of policies and management of grassland resources by grassland management departments.
Although this study provided a comprehensive analysis of NPP changes and climate effects in grasslands of China, there may still be some limitations. First, owing to the uncertainty of satellite remote sensing data, NPP data could contain some inaccuracies which may affect the results of this study. Second, the interpolation method of meteorological data in this study may lead to some inaccuracy in meteorological results, which could have an impact on the analysis of the results of this study. In addition, many factors influence vegetation growth in China’s grassland.This study only considered three influence factors, geographic location, terrain and climate, and the relationships of grassland NPP with other environmental factors need to be further explored. Finally, changes in NPP are affected by multiple factors, such as terrain, climate change and human activities. Although this study extracted unchanged grassland, the influences of human activities on grassland vegetation could not be completely excluded. In addition, the results of this study are not verified by field measured data (Ma et al., 2022). In terms of grassland management, corresponding suggestions can be put forward according to the rate of increase or decrease of grassland productivity in some areas. For example, in areas with rapid increase of NPP, the management and protection efforts should be improved. In areas with low slope or no significant increase of NPP, the protection efforts should be strengthened to improve grassland quality and growth environment, protect the basic area of grassland industry and promote grassland culture. This further contributes to grassland carbon sequestration potential. Therefore, in future studies, the effects of human activities on grasslands and the inaccuracies caused by the measurement of satellite remote sensing data should be further studied.
5 CONCLUSION
In the past 19 years, China’s grassland NPP has generally shown a fluctuating upward trend, and its spatial distribution has gradually decreased from southeast to northwest. The relationship between the spatiotemporal distribution of grassland NPP and climate change in China from 2001 to 2019: The spatial distribution of the first-order partial correlation and general correlation between grassland NPP and precipitation and temperature are: the area ratio of partial correlation with precipitation is greater than the area proportion with partial correlation with temperature. The relationship between temporal and spatial distribution of grassland NPP and terrain in China from 2001 to 2019: With the increase of altitude, there is a general downward trend, and grassland is distributed mainly in the plateau area. The variation of NPP at different altitudes (DEM) presents: hill>plain>mountain>basin>plateau. The variation of NPP with different slope aspects is as follows: semi-sunny slope>semi-shady slope>sunny slope>shady slope>no slope aspect. With the increase of the slope, the overall trend is decreasing, the variation of NPP with different slopes showed: sharp slope>steep slope>slope> gentle slope>flat>dangerous slope. The relationship between temporal and spatial distribution of grassland NPP in China from 2001 to 2019 and latitude and longitude: From the perspective of zonal variation, the mean value of NPP showed a “wave-like” downward trend from south to north. From the perspective of the meridional variation rule, the mean NPP shows a “step-like” rising trend from west to east.
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