[image: image1]Quantifying the contributions of climate factors and human activities to variations of net primary productivity in China from 2000 to 2020

		ORIGINAL RESEARCH
published: 24 February 2023
doi: 10.3389/feart.2023.1084399


[image: image2]
Quantifying the contributions of climate factors and human activities to variations of net primary productivity in China from 2000 to 2020
Zijian Li1, Jiangping Chen1,2*, Zhanpeng Chen3*, Zongyao Sha1,4, Jianhua Yin1 and Zhaotong Chen1
1School of Remote Sensing and Information Engineering, Wuhan University, Wuhan, China
2Key Laboratory of National Geographical Census and Monitoring, Ministry of Natural Resources, Wuhan, China
3Institute of Land Resources Surveying and Mapping of Guangdong Province, Guangzhou, China
4Key Laboratory of Natural Resources Monitoring in Tropical and Subtropical Area of South China, Ministry of Natural Resources, Guangzhou, China
Edited by:
Manoj Kumar, Forest Research Institute (FRI), India
Reviewed by:
Xuguang Tang, Southwest University, China
Xiangjin Shen, Northeast Institute of Geography and Agroecology (CAS), China
Dehua Mao, Northeast Institute of Geography and Agroecology (CAS), China
Keshav Tyagi, Forest Research Institute (FRI), India
Agnish Kumar Das, Forest Research Institute (FRI), India
* Correspondence: Jiangping Chen, chen_jp@whu.edu.cn; Zhanpeng Chen, chyczp1441@163.com
Specialty section: This article was submitted to Environmental Informatics and Remote Sensing, a section of the journal Frontiers in Earth Science
Received: 30 October 2022
Accepted: 14 February 2023
Published: 24 February 2023
Citation: Li Z, Chen J, Chen Z, Sha Z, Yin J and Chen Z (2023) Quantifying the contributions of climate factors and human activities to variations of net primary productivity in China from 2000 to 2020. Front. Earth Sci. 11:1084399. doi: 10.3389/feart.2023.1084399

Net primary productivity (NPP) plays a vital role in the globe carbon cycle. Quantitative assessment of the effects of climate changes and human activities on net primary productivity dynamics is vital for understanding the driving mechanisms of vegetation change and sustainable development of ecosystems. This study investigates the contributions of climatic factors and human activities to vegetation productivity changes in China from 2000 to 2020 based on the residual trend analysis (RESTREND) method. The results showed that the annual average net primary productivity in China was 325.11 g C/m2/year from 2000 to 2020 and net primary productivity showed a significantly increasing trend (p<0.05) at a rate of 2.32 g C/m2/year. Net primary productivity increased significantly (p<0.05) across 40.90% of China over the study period, while only 1.79% showed a significantly declining trend (p<0.05). The contributions of climatic factors and human activities to net primary productivity increase were 1.169 g C/m2/year and 1.142 g C/m2/year, respectively. Climate factors contributed positively mainly in Sichuan Basin, the Loess Plateau, the Mongolian Plateau, and Northeast China Plain. Positive contributions of human activities to net primary productivity mainly occurred in the Loess Plateau, Central China, and the Greater Khingan Mountains. The effects of climatic factors and human activities on net primary productivity changes varied among sub-regions. In Tropical Monsoon Climate Region and Subtropical Monsoon Climate Region, human activities had greater impacts on net primary productivity increase than climate factors, while climate factors were the dominant factor for net primary productivity recovery in other sub-regions. In addition, during 2000–2020, net primary productivity was dominated by both climate factors and human activities in 49.84% of China, while areas dominated solely by climate factors and human activities accounted for 13.67% and 10.92%, respectively. Compared to changed land cover types, the total net primary productivity as well as the increase of total net primary productivity in China was mostly contributed by unchanged land cover types, which contributed more than 90%.
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1 INTRODUCTION
Net primary productivity (NPP) is the remainder of the total amount of organic matter produced by green plants per unit area per unit time, excluding that consumed by their own respiration (Roxburgh et al., 2005). NPP is an important indicator of regional ecosystem function, ecosystem stability and self-healing capacity (Melillo et al., 1993; Running et al., 2004). It is not only an important component of the global carbon cycle (Cramer et al., 1999; Crabtree et al., 2009), but also reflects the combined effects of climate changes and human activities on terrestrial vegetation (Gower et al., 1999; Nemani et al., 2003). Therefore, the analysis of the spatiotemporal evolution patterns and driving factors of vegetation NPP can provide a scientific basis for evaluating the quality of regional terrestrial ecosystems, effective management of natural resources, and sustainable socioeconomic development in the context of global climate change (Qi et al., 2019).
The driving factors of NPP changes can be divided into climate changes and human activities (Chen et al., 2014; Sun et al., 2015). It is believed that increased CO2 fertilization effects in climate enhance vegetation NPP (Piao et al., 2011; Wang et al., 2020), which contributes a negative feedback effect on global warming. Regional temperature, precipitation and solar radiation are the most important climate factors driving NPP changes (Churkina and Running, 1998; Nemani et al., 2003; Running et al., 2004). Temperature, in high latitudes and altitudes, e.g., northeastern China (Li H. et al., 2021) and the Qinghai-Tibet Plateau (Xu et al., 2016; Wang S. et al., 2017), exerts the key climatic driver for NPP increases. The increase in temperature at cold regions can enhance activities of photosynthetic enzymes, reduce speed of chlorophyll degradation, and prolong the vegetation growth season, thus promote vegetation productivity (Liu et al., 2016; Dusenge et al., 2019). In arid and semi-arid areas, precipitation plays a decisive role in the NPP dynamics among the climatic factors, and the increase of precipitation enhances vegetation photosynthesis by affecting soil water content (Wang et al., 2001; Jiang Y. et al., 2020; Li C. et al., 2021). Solar radiation can influence soil temperature, and its increase reduces soil moisture and hinders root growth, thus decreasing productivity especially in low-land grassland ecosystems (Zhou et al., 2012; Wu G. et al., 2021). However, previous studies have also found that excessive solar radiation exerted a negative effect on vegetation productivity in the Qinghai-Tibet Plateau (Luo et al., 2018; Yan et al., 2019).
In addition, anthropogenic factors are also important drivers of vegetation dynamic. In order to improve the environment, the Chinese government has launched a variety of initiatives, including Three-North Shelter Forest Program, Grain to Green Program (GTGP), and Grazing Withdrawal Program (GWP) (Wang B. et al., 2017; Li et al., 2021a). The Loess Plateau, one of the world’s most eroded regions, is a prioritized pilot region of the ongoing GTGP program and has shifted from a net carbon source to a net carbon sink by converting cultivated land on steep slopes to perennial vegetation (Feng et al., 2013; Gang et al., 2018). Decreased grazing pressure and conversion from grazing lands to grasslands resulting from these programs have made a significant contribution to vegetation restoration, and have greatly improved the carbon storage in the Qinghai-Tibet Plateau, and Inner Mongolia Grassland (Chi et al., 2018; Li et al., 2021b). In order to prevent and control rocky desertification issues in southwestern China, a series of key national ecological restoration projects such as the Natural Forest Protection Project and the Karst Rocky Desertification Comprehensive Control and Restoration Project have been launched and the world’s leading level of vegetation productivity restoration have been achieved (Gang et al., 2019; Tang et al., 2022). China’s climate is complex and diverse with an abundant number of ecosystems, spanning from south to north across tropical zone to cold temperate zone, and from the humid zone in the southeast to the arid zone in the northwest (Yang et al., 2017; Lai et al., 2018). However, effects of climate factors and human activities vary across climate zones and ecosystem types due to the interaction of complex geographic topography and climate change (Zhao et al., 2018; Chen Y. et al., 2019). Relatively few studies have been concerned with such differences due to climatic zones. Therefore, it is necessary to assess the relative roles of climate changes and human activities in vegetation dynamics quantitatively under different climatic zones, for an in-depth understanding of the mechanisms driving vegetation change.
Recently, several methods have been adopted to determine the interaction of climate factors and human activities on vegetation dynamics, such as the regression model method, redundancy analysis, and the Miami memorial model (Li D. et al., 2018; Wu N. et al., 2021; Xiong et al., 2021). The regression model method is the simplest, but it is hard to describe the complex interactions between vegetation and climatic factors, between that and human activities (Turner and Carpenter, 2017; Liu et al., 2020), and independent variable factors are difficult to quantify spatially, lead to uncertainties in the results (Wu N. et al., 2021). The biophysical model-based method can separate the relative contributions of climate change and human activities on vegetation dynamics by simulating potential NPP (PNPP) and actual NPP (ANPP) (Li et al., 2016; Li C. et al., 2021), but it needs lots of physiological and ecological parameters, which may cause the uncertainties of the model (Zhou et al., 2015). The residual trend analysis method (RESTREND) (Evans and Geerken, 2004) is a simple calculation that can separate spatially the impact of human activities on vegetation from the impact of climate changes using the residue of multiple regression between climate factors and vegetation indicators to quantify the extent of human activities (Wu et al., 2022; Yin et al., 2022). The disadvantage of method is that model calibration in the year assuming without human interference would introduce errors into the model itself (Jiang H. et al., 2020). Understanding the influence mechanisms of NPP is essential to providing targeted guidance for constructing ecological restoration programs.
Previous studies focus on a specific or local region, and there are fewer studies on the entire China, as a decisive region in the global carbon cycle. Accordingly, the objectives of this study were to 1) analyze the spatial distribution and temporal dynamic characteristics of NPP in China from 2000 to 2020; 2) quantify the contributions of climate factors and human activities to NPP dynamics in China; 3) explore the major driving factors of NPP changes under different climate types; 4) analyze the NPP dynamics for different land cover types.
2 MATERIALS AND METHODS
2.1 Study area and data
China, the third largest country in the world, was chosen as the study region, which had a complex topography, diverse climate, and rich variety of vegetation with an intricate distribution. China spanned a wide range of latitudes, with large differences in distance from the sea, as well as different terrain, resulting in diverse combinations of temperature and precipitation, forming a wide variety of climates. The local vegetation growth was significantly impacted by various climate types, thus we divided China into five regions (Figure 1) based on climate type for a more specific analysis (Song et al., 2011): 1) Tropical Monsoon Climate Region (TMCR); 2) Subtropical Monsoon Climate Region (SMCR); 3) Monsoon Climate Region of Medium Latitudes (MCMLR); 4) Temperate Continental Climate Region (TCCR); 5) Alpine Climate Region (ACR). During the growing season (from April to October), the average temperature differences across the country were not significant (except for ACR) with 24.4, 21.2, 16.2, 17.3, and 4.3°C. The cumulative precipitation rose from the northwest (170 mm) to the southeast (1,465 mm). On the contrary, the cumulative solar radiation increased from the southeast (3,702 MJ/m2) to the northwest (5,161 MJ/m2).
[image: Figure 1]FIGURE 1 | (A) The spatial pattern of elevation, the location of five sub-regions, and the distribution of (B) unchanged and (C) changed land cover types from 2001 to 2020. The legend of (B) means that the land cover type in 2020 was the same as that in 2001. The legend of (C) means the land cover type after conversion.
NPP data were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) Net Primary Production Gap-Filled Yearly L4 Global 500 m SIN Grid (MOD17A3HGF v006) from the National Aeronautics and Space Administration (NASA) (https://lpdaac.usgs.gov/) with a temporal resolution of 1 year and a spatial resolution of 500 m. The data were calculated by using an NPP estimation model established based on the Biome Biogeochemical model and the light use efficiency model. The downloaded NPP data from 2000 to 2020 were mosaiced, uniformly projected in WGS_1984_UTM_Zone_48N, converted to real values, and resampled to 1,000 m.
Monthly meteorological data of the growing season (from April to October) from 2000 to 2020 consisted of temperature, precipitation, and solar radiation. Temperature and precipitation data were obtained from the National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/zh-hans/) with a spatial resolution of 1,000 m, which were generated by using Delta downscaling method based on the global climate dataset published by CRU and WorldClim. Solar radiation data were obtained from the National Centers for Environmental Prediction (NCEP) Climate Forecast System (CFS) (https://cfs.ncep.noaa.gov/) with a spatial resolution of 0.2°, and NCEP upgraded CFS to version 2 (CFSv2) on 30 March 2011. Data were resampled to 1,000 m. In this study, we defined the growing season as from April to October in order to be consistent across the whole country (Piao et al., 2010; Peng et al., 2011). The average temperature, the cumulative precipitation, and the cumulative solar radiation during the growing season from 2000 to 2020 were calculated.
Land cover data were downloaded from MODIS Land Cover Type Yearly L3 Global 500 m SIN Grid (MCD12Q1 v006) (https://lpdaac.usgs.gov/) for the uniformity of data sources, and were resampled to 1,000 m. MODIS land cover types have been provided since 2001, thus data for 2001 and 2020 were used. Annual Plant Functional Types classification of MCD12Q1 was used for this study. In this study, we first analyzed NPP variations of the entire China and then areas of unchanged land cover types, as the area of changed land cover types accounted for only 7.29% of China, and the distribution was scattered (Figure 1).
Socio-economic data including gross domestic product (GDP) and population were obtained from the China Statistical Yearbooks (various issues) of the National Bureau of Statistics of China (http://www.stats.gov.cn/). Climate type distribution data were obtained from the Resources and Environment Science and Data Center, Chinese Academy of Sciences (http://www.resdc.cn/).
2.2 Methods
2.2.1 Trend analysis
The Theil-Sen trend analysis method was used to estimate the NPP change trend (Xu et al., 2020). The formula is as follows:
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Where [image: image] is the Theil-Sen trend of NPP and [image: image] and [image: image] are the values of NPP in year [image: image] and [image: image], respectively. [image: image] > 0 indicates an increasing trend, and the converse denotes a decreasing trend.
The Mann-Kendall (MK) test was used to indicate the significance of the NPP trend (Dameneh et al., 2021). The formula is as follows:
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Where [image: image] is the duration, in years, of the study period ([image: image] =21). When [image: image], the NPP trend is considered statistically significant. The 5% significant level which refers to [image: image] =1.96 was used for the MK test in this study.
2.2.2 Contributions of climate factors and human activities to NPP
The main drivers of NPP changes are climate changes and human activities. The residual trend analysis (RESTREND) was used to calculate the contributions of climate factors (temperature, precipitation, and solar radiation) and human activities to NPP (Evans and Geerken, 2004). The formula is as follows:
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Where [image: image] is the Theil-Sen trend of NPP. [image: image], [image: image], [image: image], [image: image] are the contributions of climate, temperature, precipitation, and solar radiation to NPP, respectively. [image: image] is the sum of [image: image], [image: image], and [image: image]. [image: image] is the number of study years. [image: image] is the product of [image: image]/[image: image] (the slope of the linear regression line between NPP and temperature) and [image: image]/[image: image] (the slope of the linear regression line between temperature; [image: image]). [image: image] and [image: image] are calculated similarly. In this study, the average temperature, the cumulative precipitation, and the cumulative solar radiation during the growing season (from April to October) were calculated. [image: image] is residual value between [image: image]; [image: image]. In this study; [image: image] is interpreted as the change rate of the contribution of human activities to NPP, namely; [image: image] (Chen et al., 2021a; Ge et al., 2021).
2.2.3 Scenario design and quantitative evaluation methods
By combining the NPP trend with the contributions of the driving factors, six scenarios were produced according to the different permutations of value ranges of [image: image], [image: image], and [image: image] (Table 1). Increased NPP is considered as an indicator of vegetation recovery, whereas a negative [image: image] stands for vegetation degradation (Zhou et al., 2015; Chen et al., 2021b). Positive [image: image] and [image: image] represent that climate factors and human activities facilitated an increase in NPP, whereas the negative [image: image] and [image: image] represent that climate factors and human activities caused a decline in NPP.
TABLE 1 | Six scenarios of NPP changes influenced by climate factors and human activities.
[image: Table 1]3 RESULTS
3.1 Spatial and temporal variation of NPP
Figure 2A shows the spatial distribution of NPP from 2000 to 2020. In China, the annual average NPP ranged from 0 g C/m2/year to 1943.59 g C/m2/year and the average NPP in the region was 325.11 g C/m2/year. The distribution pattern of NPP in China was higher in southeast and lower in northwest. TMCR had the highest NPP among the five sub-regions, with the average NPP of 1,110.11 g C/m2/year. The average NPP in SMCR, MCMLR, and TCCR were 700.64 g C/m2/year, 385.21 g C/m2/year, and 105.41 g C/m2/year, respectively. ACR had the lowest average NPP of 102.88 g C/m2/year. As shown in Figure 2B, NPP increased in most of China in 2020 compared to 2000. NPP increased most significantly in the northeastern mountainous areas, the southern Loess Plateau, and Sichuan basin, with an increase of NPP of more than 200 g C/m2/year. It can be seen that the NPP values in the southern Qinghai-Tibetan Plateau, the southern Yunnan-Kweichow Plateau, and the northern Greater Khingan Mountains were obviously reduced, with a decrease of NPP of more than 100 g C/m2/year.
[image: Figure 2]FIGURE 2 | Spatial distribution of (A) annual average NPP, (B) NPP variations, and (C) NPP inter-annual variations in China and five sub-regions from 2000 to 2020.
The annual NPP variations from 2000 to 2020 in China and five sub-regions were shown in Figure 2C. The annual average NPP in China showed a significantly increasing trend (p<0.05) at a rate of 2.32 g C/m2/year. In TMCR, NPP declined insignificantly (p>0.05) at a rate of −0.61 g C/m2/year. However, NPP in the other four sub-regions showed a significant increasing trend (p<0.05). The increasing rate in MCMLR was highest, which was 4.44 g C/m2/year, while NPP in ACR showed the lowest increasing rate of 0.62 g C/m2/year. The increasing rate of SMCR and TCCR was 2.92 g C/m2/year and 2.11 g C/m2/year, respectively.
The spatial variations of NPP were observed, as shown in Figure 3. The classification in the legend of Figure 3A was determined by the distribution of NPP trend values, which between −5 and 10 accounted for 95% of the pixels. The NPP change trend in China ranged from −81.71 g C/m2/year to 81.71 g C/m2/year. NPP increased in 64.54% of China and 40.90% of the area increased significantly (p<0.05). The areas with rapid NPP increase were mainly distributed in Sichuan Basin, the Loess Plateau, and the Greater Khingan Mountains. In contrast, the decreasing trend of NPP accounted for 9.90% and 1.79% of the area declined significantly. The areas with NPP decrease mainly appeared in the southern Qinghai-Tibetan Plateau, the southern Yunnan-Kweichow Plateau, and southeastern China. Figure 3C shows the percentage changes of NPP for different regions. Areas of significant increases of NPP in TMCR, SMCR, MCMLR, TCCR, and ACR accounted for 23.55%, 43.77%, 67.20%, 37.17%, and 24.20%, respectively. NPP showed a significant decreasing trend across 19.33% of TMCR, 4.96% of SMCR, 0.61% of MCMLR, 0.15% of TCCR, and 0.45% of ACR, respectively.
[image: Figure 3]FIGURE 3 | (A) Annual change trend of NPP and (B) the corresponding significance. (C) Statistical results of the percentage changes of NPP for different regions. The legend of (C) is the same as that of (B), and stable area means that trend of NPP is 0 or no vegetation.
3.2 Contributions of climate factors and human activities to NPP
The contributions of climate factors and human activities to NPP changes were calculated based on RESTREND (Figure 4). In China, the average contributions due to temperature, precipitation, and solar radiation to NPP were 0.205 g C/m2/year, 0.467 g C/m2/year, and 0.496 g C/m2/year, respectively (Figure 4F). Besides, the contributions of climate and human activities were 1.169 g C/m2/year and 1.142 g C/m2/year. [image: image] of TMCR, SMCR, MCMLR, TCCR, and ACR were 0.482 g C/m2/year, 1.225 g C/m2/year, 2.312 g C/m2/year, 1.066 g C/m2/year, and 0.452 g C/m2/year, respectively. However, human activities negatively contributed to NPP changes in TMCR, with the contribution of −0.924 g C/m2/year. In contrast, [image: image] of SMCR, MCMLR, TCCR, and ACR were 1.778 g C/m2/year, 1.982 g C/m2/year, 1.033 g C/m2/year, and 0.173 g C/m2/year, respectively, having positive contributions to increases of NPP. Specific to each region, human activities played a primary role in NPP dynamics in TMCR and SMCR, whereas climate change was the dominant factor in the remaining regions, namely, MCMLR, TCCR, and ACR.
[image: Figure 4]FIGURE 4 | The contributions of climate factors [(A) temperature, (B) precipitation, (C) solar radiation, (D) climate] and (E) human activities to NPP trend from 2000 to 2020. (F) The average contributions of climate factors and human activities in China and five sub-regions.
As shown in Figure 4A, temperature contributed positively in 46.27% of the area of China mainly including the Qinghai-Tibetan Plateau, the Loess Plateau, the Yunnan-Kweichow Plateau, and northeastern China, while temperature contributed negatively in 28.21% of China mainly including the Mongolian Plateau, eastern and southern China. Areas with positive contributions of precipitation accounted for 54.06% of China (Figure 4B), mainly including Sichuan Basin, the Loess Plateau, and the Mongolian Plateau, whereas areas with negative contributions of precipitation accounted for 20.41% and were mainly distributed in the Qinghai-Tibetan Plateau, central and southeastern China. Solar radiation made positive contributions in 53.25% of China and negative contributions in 21.24% of China (Figure 4C). Moreover, areas of contributions of solar radiation were similar to that of precipitation. Additionally, positive contributions of human activities were scattered in most areas of China (55.67%) (Figure 4E). However, negative contributions of human activities were mainly distributed in the Qinghai-Tibetan Plateau, the southern Yunnan-Kweichow Plateau, and southeastern China.
3.3 The relative impacts of climate factors and human activities on NPP
Figure 5 shows the spatial distribution of the contribution ratio of climate factors and human activities to NPP change trend from 2000 to 2020. Excluding stable area which accounted for 25.56% of China, areas with the contribution ratio of climate factors greater than 70% were mainly scattered in the Qinghai-Tibetan Plateau, Sichuan Basin, northwestern, and northeastern China, accounted for 24.86% of China (Figure 5A). The area percentage of the contribution ratio of climate factors from 30% to 70% was 21.41%. And the area percentage where the contribution ratio of climate factors less than 30% was 28.17%. Moreover, in 27.57% of China, mainly including central and southeastern China, the contribution ratio of human activities exceeded 70% (Figure 5B). The contribution ratio of human activities of 21.55% of China ranged from 30% to 70%, and 25.32% of China had a contribution ratio less than 30% of human activities.
[image: Figure 5]FIGURE 5 | Spatial distribution of the contribution ratio of (A) climate factors and (B) human activities.
As shown in Table 2, the contribution ratio of climate factors and human activities to NPP trend was discussed outside of stable area, which was calculated from the average contributions of climate factors and human activities in each sub-region. Overall, climate factors contributed 50.58% to NPP changes. Human activities were the main drivers of NPP changes in TMCR (65.70%) and SMCR (59.21%), while climate factors were the key factors in MCMLR (53.84%), TCCR (50.80%), and ACR (72.28%). In areas with NPP recovery, climate factors dominated in all sub-regions except for SMCR. In areas with NPP degradation, climate factors played a major role in TCCR and ACR, while the contribution ratios of human activities were higher in TMCR, SMCR and MCMLR.
TABLE 2 | The contribution ratios of climate factors and human activities to NPP trend across China and five sub-regions.
[image: Table 2]Figure 6 shows the area affected by both climate factors and human activities accounted for 49.84% of China. NPP changes were dominated by climate factors in 13.67% of China, while NPP changes in 10.92% of China were human-dominated. Driving factors of NPP recovery and degradation showed spatial differences in China. On the spatial distribution (Figure 6A), the RC was mainly scattered in the eastern Qinghai-Tibetan Plateau, Sichuan basin, the Mongolian Plateau, and northeastern China. The RH was mainly distributed in central China. And the RB occurred in most areas of China. In contrast, the DC was mainly distributed in the southern flank of the East Himalayas and Taiwan Island. The DH mainly appeared in the southern Yunnan-Kweichow Plateau and southeastern China. And the DB mainly occurred in the southern Qinghai-Tibetan Plateau, the southern Yunnan-Kweichow Plateau, and southeastern China.
[image: Figure 6]FIGURE 6 | (A) Spatial distribution of driving factors to NPP. (B) Area percentage of NPP dynamics affected by climate factors and human activities for China and five sub-regions. RC, Recovery for climate factors; RH, Recovery for human activities; RB, Recovery for both factors; DC: Degradation for climate factors; DH, Degradation for human activities; DB, Degradation for both factors. The legend of (B) is the same as that of (A).
Figure 6B shows the area percentage of NPP changes caused by climate factors and human activities. Areas of increases of NPP in which the driving factors were both factors accounted for 45.23%, while areas in which increases of NPP were caused by climate factors and human activities accounted for 11.29% and 8.02%, respectively. However, both factors caused decreases of NPP in 4.61% of China, whereas areas affected by climate factors and human activities in 2.39% and 2.90% of China with such decreases. Both climate factors and human activities were the most important factors for increases of NPP in five sub-regions. The second most important factors for increases of NPP in TMCR, MCMLR, TCCR, and ACR were climate factors, and in SMCR were human activities. In addition, the major driving factors of NPP decreases in TMCR, SMCR, MCMLR, and TCCR were both climate factors and human activities, and in ACR were human activities. The secondary driving factors of NPP decreases in TMCR, SMCR, MCMLR, and TCCR were human activities, and in ACR were both factors.
3.4 Variations of NPP under different types of land cover
We first divided land cover types in China into unchanged and changed land cover types from 2001 to 2020. As shown in Table 3, from 2001 to 2020, the area percentage of unchanged and changed land cover types in China were 92.71% and 7.29%, respectively. The mean NPP of unchanged land cover types increased by 16.48%, while the mean NPP of changed land cover types increased by 24.46%. The statistic total NPP showed that the total NPP percentage of unchanged land cover types in both years was approximately 93% of the overall. In terms of change, the total NPP for the entire China rose by 495.70 Tg C/year, with the increase of total NPP of unchanged land cover types accounting for 90.04% of the overall increase. Therefore, we focused on the analysis of unchanged land cover types due to their contribution to NPP and its growth.
TABLE 3 | Mean and total NPP changes of land cover types from 2001 to 2020.
[image: Table 3]As shown in Figure 7A, forestland (28.08%) and grassland (27.41%) were the most extensive land cover types. Most forestland was located in the southern and northeastern regions of China, and grassland was mainly distributed in the northern and northwestern regions. Farmland was concentrated on the central and northeastern China. Unused land was mainly located in northwestern China. Among the unchanged land cover types, the highest mean NPP was found in forestland, followed by farmland and grassland, and the lowest in water (Figure 7B). The mean NPP for each of the six land cover types increased from 2001 to 2020. The highest increase in mean NPP was observed in farmland with 110.34 g C/m2/year, and mean NPP of forestland and grassland increased by 63.46 g C/m2/year and 55.77 g C/m2/year, respectively. The total NPP showed a similar trend as the mean NPP. Forestland had the highest total NPP increase with 174.12 Tg C/year, while grassland and farmland were followed with 149.36 Tg C/year and 120.69 Tg C/year of total NPP increase, respectively.
[image: Figure 7]FIGURE 7 | (A) Spatial distribution and (B) statistics of mean and total NPP variations of the unchanged land cover types from 2001 to 2020.
4 DISCUSSION
4.1 Evaluation of the NPP results
In previous studies, Ji et al. (2008) estimated the averaged total NPP of China over 1981-2000 with 2.94 Pg C. During the same period, Peng et al. (2021) determined the NPP by CABLE2.1 and TRENDY ensemble in China varied between 2.7 and 4.0 Pg C. Wang J. et al. (2017) calculated the average total NPP from 37 existing NPP data sets in China from 2000 to 2012 with 2.92 [image: image] 0.12 Pg C. Liu et al. (2022) estimated the annual total NPP of vegetation in China’s terrestrial ecosystems varied between 2.72 and 3.29 Pg C from 2000 to 2019, with a multiyear average of 3.09 Pg C. In this study, the total NPP from 2000 to 2020 in China estimated ranged from 2.81 to 3.41 Pg C, with results consistent with these values. Overall, the trend of total NPP was 0.023 Pg C/year, similar to previous findings (Lai et al., 2018; Liu et al., 2022), who found rates of 0.025 and 0.022 Pg C/year, respectively. For the spatial dimension, pixels with a positive trend in NPP accounted for most of the total pixels, consistent with previous studies (Yang et al., 2017; Ge et al., 2021). The significant decline of NPP mainly occurred in the southern Qinghai-Tibetan Plateau and the southern Yunnan-Kweichow Plateau, which was also found by Luo et al. (2018) and Wang J. et al. (2017), with NPP also showing a decreasing trend in southeastern China (Wen et al., 2019).
4.2 Impacts of climate factors on NPP changes
Climate change was identified as the main drivers affecting NPP distribution and dynamics (Song and Ma, 2011; Liu et al., 2015). Changes in temperature, precipitation and solar radiation affected NPP by altering soil moisture and soil microorganisms, affecting vegetation respiration and photosynthesis (Horion et al., 2013; He et al., 2015). Overall, climate factors contributed positively in 59.45% of China and negatively in 15.05%, which had spatial heterogeneities in the impact of NPP (Figures 4, 8).
[image: Figure 8]FIGURE 8 | Spatial distribution of the correlation coefficients between NPP and (A) temperature, (C) precipitation, (E) solar radiation and (B,D,F) their corresponding significance.
For most of the forestland in southern China, due to sufficient precipitation and high temperature in the growing season, vegetation cover represented by NDVI increased, and there was a correlation between NPP and NDVI (Sun et al., 2002), which led to the increase in NPP. Adequate precipitation also enhanced the carbon sequestration capacity of forestland in the Sichuan Basin to increase NPP (Chen et al., 2021a; Wang et al., 2021a). The NPP of forestland in the Greater Khingan Mountains and the Changbai Mountains in northeastern China was positively correlated with temperature and solar radiation, with temperature being the main limiting factor for vegetation growth in the cold temperate region, while increased solar radiation would also enhance vegetation photosynthetic capacity (Yan et al., 2021). The southern Qinghai-Tibetan Plateau showed a decreasing trend of NPP, mainly distributed in subtropical broad-leaved forest with good water and heat conditions. Therefore, the effects of temperature and precipitation on the growth of vegetation in the region was considered to have reached equilibrium or saturation. In the event of significant climate change, the growth of vegetation will be inhibited (Deng et al., 2022). In the southern Yunnan-Kweichow Plateau, precipitation was the most important factor of NPP dynamics in the region’s tropical seasonal rainforests (Linger et al., 2020), and there was a warm-dry trend in climate here that enhanced the effect of drought on NPP decline (Zhou et al., 2022). The increase in vapor pressure deficit and temperature greatly increased the demand for atmospheric evaporation, further causing vegetation stomata to close, resulting in lower leaf intercellular CO2 concentrations and limiting photosynthesis (Li et al., 2010).
Temperature and solar radiation were the dominant climatic factors affecting grassland growth in the Qinghai-Tibetan Plateau (Xu et al., 2016). In the central and eastern Qinghai-Tibetan Plateau, warmer temperature contributed positively to the increase of NPP of alpine grassland because of a lengthened growing season and a more rapid rate of photosynthesis (Gu et al., 2017), and there was also a significant positive correlation between solar radiation and NPP of grassland, where plant chlorophyll content was increased and photosynthesis was enhanced (Meng et al., 2020). Conversely, temperature and solar radiation were negatively correlated with NPP at higher elevations in the western Qinghai-Tibetan Plateau, possibly because increases in temperature led to melting of snow and permafrost, which disrupted the structure of vegetative root systems and hindered grassland growth (Xiong et al., 2016). In addition, excessive solar radiation increased evaporation of surface soil and limited water availability, which may prevent the growth of herbaceous plants with shallow root systems (Yang et al., 2017). Precipitation had a suppressive effect on grassland growth in southeastern plateau (Gao et al., 2013; Xiong et al., 2021), and its increase may reduce solar radiation, which inhibits photosynthesis (Yang et al., 2015). Alternatively, precipitation could contribute to soil erosion, which decreased soil organic matter content, and reduced alpine grassland NPP (Xu et al., 2016). In arid and semi-arid areas, e.g., the Mongolian Plateau and the Loess Plateau, precipitation was an important controlling driver of grassland growth which was confirmed in the previous studies (Zhao et al., 2019; Jiang H. et al., 2020; Wu N. et al., 2021). NPP was negatively correlated with temperature in the arid land of the Mongolian Plateau, mainly due to the fact that warming exacerbated the negative effects of drought on grassland growth (Zeng and Yang, 2008).
In the northeast agricultural region of China, the average temperature of growing season met the requirements of the first few stages of crop growth, but at maturity, it exceeded the optimum temperature for crop growth, while the average precipitation of growing season did not exceed the optimum humidity (Piao et al., 2010). Therefore, NPP showed a positive correlation with precipitation and a negative correlation with temperature. In addition, in central China, due to excessive warmth and decrease in precipitation, the photosynthesis of plants was weakened, resulting in a negative contribution to farmland NPP (Chen et al., 2021b).
In addition, droughts are a comprehensive and frequently occurred natural disaster affected by multiple climate factors, and will greatly influence vegetation growth and reduce the net primary production (Zhao and Running, 2010; van der Molen et al., 2011). During drought, soil water content decreased and vegetation stomata closed, thus limiting plant growth (van der Molen et al., 2011; Chen et al., 2013; Su et al., 2018). Drought also indirectly affected ecosystem productivity by increasing pest and disease infestation and causing forest fires (Xiao and Zhuang, 2007; Anderegg et al., 2013). Previous studies have shown that five typical drought events occurred in China from 1982 to 2015, resulting in a decline in NPP in more than 23% of the area (Lai et al., 2018), and the effects of drought on NPP were mainly located in farming-pastoral ecotones of arid and semi-arid ecosystems (Li et al., 2020). Although with strong carbon sequestration capacity, vegetation growth in southwestern China was highly vulnerable to drought suppression, and the effects of drought on ecosystem water-use efficiency were seasonal, which affected ecosystem productivity (Wang et al., 2021b). In this area, in a region with complicated and fragmentized topography, drought may not evidently decrease the NPP, but may enormously impact NPP in a region with overall flat topography (Guan et al., 2018).
For some regional studies in neighboring China, in the Western Himalaya, the land cover type in India was mainly forestland, while in China it was dominated by unused land and grassland. Due to the difference in vegetation types as well as hydrothermal conditions between the two regions, NPP variation in the Indian Western Himalayan region was negatively correlated with temperature (Kumar et al., 2019), while it was positively in the Chinese Western Himalayan region (Figure 8). However, precipitation and solar radiation exhibited a consistent trend with NPP change in both regions (Sharma et al., 2022). Central Asia and northwest China were both arid and semi-arid zones with temperate continental climate, and precipitation was the main climatic driver controlling the NPP variations in most areas of both regions (Jiang et al., 2017; Chen T. et al., 2019). The Lancang-Mekong River was known as the Lancang River in China and the Mekong River in Southeast Asia. In the Lancang River basin, where hydrothermal conditions were poor, the correlation between NPP and temperature was positive. In contrast, NPP was negatively correlated with temperature in the Mekong River Basin where good hydrothermal conditions existed, and the correlation between NPP and precipitation in space was not obvious (Li W. et al., 2018).
4.3 Impacts of human activities on NPP changes
Human activities were also significant factors affecting the recovery or degradation of vegetation (Cai et al., 2015; Naeem et al., 2020). In arid and semi-arid regions of northwestern China, human activities were the dominant driving factors in desertification development (Zhang et al., 2011; Zhou et al., 2015). Human activities including overgrazing, overuse of water resources and deforestation have caused damage to natural vegetation, leading to desertification expansion (Li et al., 2016; Li C. et al., 2021). Grazing affected biomass through feeding, affected the physical structure of the soil through trampling, making bare topsoil vulnerable to erosion by strong wind (Jiang H. et al., 2020). In recent decades, with the implementation of a series of ecological restoration projects like the Grain to Green Program (GTGP) and Grazing Withdrawal Program (GWP), the vegetation in the northwestern China has been well protected and restored (Liu et al., 2019a). The GTGP was launched in 1999 to replace cropland and grazing land with grassland and woodland in fragile regions (Mu et al., 2013) and the GWP was initiated in 2003 to reduce the grazing pressure on natural grassland by forbidding grazing and employing cultivated pastures (Xu et al., 2016), which contributed positively to the Qinghai-Tibet Plateau, the Loess Plateau, the Mongolian Plateau, and Xinjiang Uygur Autonomous Region on vegetation restoration (Yang et al., 2014; Cai et al., 2015; Gang et al., 2018; Shi et al., 2022).
In the North China Plain and the Middle and Lower Yangtze River Plain, human cultivation activities contributed to NPP increases (Ge et al., 2021), and were mainly manifested in the improvement of agricultural machinery level, technology and investment, which improved the efficiency and mechanization of farm irrigation and promoted the development of cultivated land quality. The Natural Forest Protection Program aimed to prohibit logging in the southwest China and significantly reduce deforestation in the northeast China and other natural forest areas (Xu et al., 2006), which has reduced soil erosion and improved vegetation conditions in the Hengduan Mountain and the Greater Khingan Mountains (Yin et al., 2020).
With socio-economic development, land cover and use have changed dramatically at the same time, which will affect the ecological environment (Yang et al., 2021). We selected four typical regions with high negative contribution of human activities for analysis, including Sichuan Basin, the southern Yunnan-Kweichow Plateau, southeastern China, and the Northeast China Plain (Figure 9). During the study period, land cover changed significantly in these regions (Table 4). In Sichuan Basin, 22.22% of grassland and 5.71% of forestland translated to farmland, and urban area increased by 84.00%. Similarly, urban area in the Northeast China Plain increased by 15.43%, and 32.51% of grassland translated to farmland, which meant human agricultural activities with the conversion of large amounts of grassland to farmland may lead to a decrease in NPP (Tian et al., 2020; Li H. et al., 2021). In southeastern China, which was one of the more economically developed regions in China, urban area increased by 23.01%, and 17.73% of farmland translated to urban area. Several studies have shown that the process of urbanization has caused a certain degree of damage to the ecological environment (Wu et al., 2014; Liu X. et al., 2019).
[image: Figure 9]FIGURE 9 | The contribution map of human activities to NPP trend from 2000 to 2020 and four typical regions with high negative contributions in Sichuan Basin, the southern Yunnan-Kweichow Plateau, southeastern China, and the Northeast China Plain.
TABLE 4 | Land cover changes in four typical regions from 2001 to 2020 (unit: km2).
[image: Table 4]Moreover, continuous urban expansion, rapid economic development, and sustained population growth were also considered to be factors affecting NPP (Ma et al., 2012; Li et al., 2022). Generally, these four typical regions experienced rapid economic development from 2000 to 2020, and the average annual rates of GDP growth in Sichuan Basin, the southern Yunnan-Kweichow Plateau, southeastern China, and the Northeast China Plain were 13.95%, 14.81%, 13.12%, and 8.67%, respectively. Regional population size was often cited as the main reason for the decline in ecosystem services, and GDP density growth inevitably limits NPP increase (Cincotta et al., 2000; Qiu et al., 2018). In addition, ecological damage in the southern Yunnan-Kweichow Plateau was mainly caused by high-intensity development activities such as tourism (Tang et al., 2015).
4.4 Limitations of this study
It should be noted that some uncertainties existed in this study. First, MODIS NPP data may contain some uncertainties owing to the lack of site-level measured data, which had some impacts on the results of study. Nevertheless, the dataset has been proven to be reliable in previous studies (Peng et al., 2016; Liu et al., 2019b), and has been widely used in research on global and regional NPP (Zhao et al., 2005; Zhang et al., 2014; Sha et al., 2020). Second, MODIS NPP data and land cover data were both resampled to 1,000 m, which sacrifices accuracy to some extent, resulting in each pixel potentially not reflecting the actual land cover types (Shen et al., 2020; Shen et al., 2022). Third, in MODIS NPP data, the NPP value of water, barren land, urban/built-up was 0. However, the classification of the land cover data used in this study may not correspond exactly to the classification used in the MODIS NPP data, resulting in non-zero values of mean NPP for water, unused land, and urban area counted in this study. Fourth, in this study, only three climate factors, temperature, precipitation, and solar radiation, were considered, while other factors such as CO2 concentration, Nitrogen deposition, and soil moisture were ignored, which also affected vegetation NPP dynamics (Mu et al., 2008; Du et al., 2014; He et al., 2017). Finally, the method (RESTREND) used in this study ignores the complex interactions between climate change and human activities, and only considers the linear relationship between NPP and impact factors. Although the method has some shortcomings, its ability to quantify the relative contributions of vegetation dynamics drivers is significant for understanding the driving mechanisms.
5 CONCLUSION
In this study, we investigated spatiotemporal characteristics of NPP in China from 2000 to 2020. The influences of climate factors and human activities on NPP were also analyzed quantitatively. The main conclusions are summarized as follows:
(1) The annual average NPP of the entire China increased from 2000 (286.31 g C/m2/year) to 2020 (348.53 g C/m2/year) at a rate of 2.32 g C/m2/year, and a total NPP increase of 596.73 Tg C/year was found. Areas of significant increase in NPP accounted for 40.90% of China, with only 1.79% showing a significant declining trend.
(2) Climate factors contributed more to NPP variations in China from 2000 to 2020 than human activities, and the contributions of climate factors and human activities were 1.169 g C/m2/year and 1.142 g C/m2/year. In terms of NPP recovery, NPP was dominated by both climate factors and human activities in 45.23% of China. Regarding NPP degradation, areas dominated by both factors, climate factors, and human activities accounted for 4.61%, 2.39%, and 2.90%, respectively.
(3) The proportion of area with unchanged land cover types was 92.71% of the entire China. The total NPP increase of unchanged land cover types accounted for 90.04% of the total increase, and was mainly contributed by forestland, grassland and farmland.
Overall, both climate factors and human activities have contributed to NPP variation in China. The results improve the understanding of how ecosystems in China have been affected by climate factors and human activities in the last two decades, and also provide guidance for formulating ecosystem management and governance strategies to protect the environment and achieve sustainable development.
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