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Quantitative assessment of the impacts of climate change and human activities on marsh wetland is essential for the sustainable development of marsh wetland ecosystem. This study takes the marsh wetland in the Yellow River source region (YRSR) as the research object, using the method of residual analysis, the potential net primary productivity (NPPp) of marsh wetland vegetation in the YRSR between 2000 and 2020 was stimulated using the Zhou Guangsheng model, and the actual primary productivity (NPPa) of marsh wetland vegetation was download from MOD17A3HGF product, and the difference between them was employed to calculate the NPP affected by human activities, the relative contribution of climate change and human activities to the change of NPPa of marsh wetland vegetation was quantitatively evaluated. The results revealed that between 2000 and 2020, NPPa of marsh wetland vegetation increased in the YRSR by 95.76%, among which climate-dominated and human-dominated NPP change occupied by 66.29% and 29.47% of study areas, respectively. The Zoige Plateau in the southeast accounted for the majority of the 4.24% decline in the NPPa of the marsh wetland vegetation, almost all of which were affected by human activities. It is found that the warming and humidifying of climate, as well as human protective construction activities, are the important reasons for the increase of NPPa of marsh wetland vegetation in the YRSR. Although climate change remains an important cause of the increase in NPPa of marsh wetland vegetation, the contribution of human activities to the increase in NPPa of marsh wetland vegetation is increasing.
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1. Introduction

Typical alpine marsh wetland with the highest altitude in the world are distributed in the YRSR (Xue et al., 2018; Hou et al., 2020; Wang et al., 2020). These wetlands perform a variety of ecological functions, including carbon fixation and oxygen release, water conservation, climate regulation, and biodiversity maintenance (Yan et al., 2017); they have a significant impact on the sustainable development of society, economy, ecology, and water resources in the whole Yellow River basin (Dong et al., 2020; Qiu et al., 2021). However, the ecological environment in this region is fragile and sensitive to climate change (Tang and Lin, 2021). Since 1950, the Qinghai-Tibet Plateau has experienced significantly warming, which has led to the accelerated degradation of permafrost, reduced solid water reserves, and increased precipitation (Zhao et al., 2020; Zhang Q. et al., 2022), which makes the stability of the marsh wetland ecosystem in the YRSR worse; simultaneously, human activities, such as overgrazing, expansion of construction land, and peat mining have intensified (Liu et al., 2019; Pan et al., 2020); the marsh wetland in the YRSR have been degraded to varying degrees, with serious landscape fragmentation and decreased species diversity, posing a serious threat to the aquatic ecological function, frozen soil, and ecological environment in this area (Xiang et al., 2009; Li et al., 2018). With the strengthening of ecological environment protection and the regulation of relevant policies, the Chinese government has implemented a series of ecological protection and restoration projects since 2000, including turning grazing land back to green and establishing the Sanjiangyuan National Ecological Protection Area, especially the construction of the Yellow River Source National Park, which has improved the ecological environment in the YRSR (Du et al., 2015; Shao et al., 2017; Ma et al., 2022). However, the exact mechanism of the change in marsh wetland in the YRSR is still unknown because of the mutual interference and interaction between climate change and human activities. Therefore, it is necessary to quantitatively analyze the underlying mechanisms of marsh wetland change in the YRSR, quantify the relative contributions of climate change and human activities to marsh wetland change, and further guide the scientific protection and sustainable development of marsh wetland in the YRSR.

Net primary productivity, a crucial representation of ecosystem functioning, is the difference between the total quantity of organic matter that vegetation accumulates through photosynthesis over time and the cumulative respiration per unit of time (Yan, 2022). The NPP of vegetation also reveals obvious variability owing to the influence of climate change and human activities (Cloern et al., 2021). Numerous studies have estimated the difference between NPPp and NPPa of vegetation to represent the influence of human activities on vegetation change (NPPh), quantitatively evaluated the relative contributions of climate change and human activities to various changes in land cover (Yin et al., 2020). For instance, Xie et al. (2022) explained the relative contribution of climate change and human activities to desertification reversal in Mu Us Sandy Land in northern China by employing meteorological data and MODIS NPP products whose results revealed that human activities were the leading factors of desertification reversal in different periods; Zhang F. et al. (2022) quantitatively assessed the relative contributions of climate change and human activities to grassland NPP based on the changes of grassland NPP in the YRSR, and revealed that the contribution of human activities to the restoration of grassland is increasing; Li et al. (2021) examined the relative effects of climate change and human activities on the productivity of various vegetation in Northeast China, and found that human activities resulted in 53.84% reduced NPP in deciduous coniferous forests. Although there are lots of studies have quantified the impacts of climate change and human activities on vegetation changes on the Tibetan Plateau, most of them focus on grassland or forest ecosystems (Shen et al., 2022; Wang Y. F. et al., 2022). Until recently, the research on wetland ecosystems is scarce (Mao et al., 2014; Yan et al., 2022). The marsh ecosystem has unique environmental conditions, which may lead to obvious differences in the response of marsh wetland vegetation to climate change and human activities compared with other ecosystems (Shen et al., 2022). Climate change and human activities, as well as the degradation of marsh wetland habitat quality and the changes in marsh wetland plant communities, exhibit significant effects on the NPP of marsh wetland vegetation; therefore, the relative effects of climate change and human activities on marsh wetland vegetation could be quantitatively assessed by quantifying NPP of marsh wetland vegetation (Mao et al., 2014). It is crucial for the protection and management of alpine marsh wetland and even for global marsh changes.

In this process, the key to quantifying the NPP of marsh wetland vegetation is the accurate estimation of NPPp. NPPp reflects the effects of light, temperature, and water on the productivity of vegetation. NPPp is generally estimated by employing a climate-driven model. One of the reasonable models to estimate the global distribution of vegetation NPPp is the Miami model, which is a fitting model based on the correlation between measured data at stations and annual precipitation and annual average temperature (Lieth, 1975). However, vegetation NPPp is influenced by other climatic variables in addition to temperature and precipitation, Therefore, based on Miami model, Thornth- waite Memorial model considers actual evapotranspiration, while Chikugo model considers plant physiology and ecology, and uses parameters such as net radiation and radiation dryness, which is a semi-empirical and semi-theoretical NPP estimation model (Wang J. Y. et al., 2015). However, the climate-related models such as Miami model and Thornthwaite Memorial model were originally established by statistical regression between climate conditions and measured NPP, and the model parameters may need to be adjusted when applied to specific areas (Sun et al., 2017). Zhou Guangsheng model is based on the water utilization efficiency of vegetation which is determined by the ratio of the carbon dioxide flux equation (equivalent to NPP) to the water vapor flux equation (equivalent to evapotranspiration) on the surface of vegetation. According to the precipitation in China and the net radiation data obtained from the physical process of the influence of energy and water on evaporation, a regional evapotranspiration model corresponding to the energy balance equation and water balance equation has been derived, and a net primary productivity model of natural vegetation based on plant physiological and ecological characteristics has been established, which could help better represent the characteristics of vegetation in China (Zhou and Zhang, 1996; Chen et al., 2015).

Therefore, this study uses the marsh wetland in the YRSR as the research object, the NPPp of marsh wetland vegetation in the YRSR between 2000 and 2020 was stimulated using the Zhou Guangsheng model, and the NPPa of marsh wetland vegetation was download from MOD17A3HGF product, and to estimate the NPPh of marsh wetland vegetation by the difference between NPPp and NPPa. The main purpose of this study is to: (1) estimate and analyze the temporal and spatial distribution trends of NPPp, NPPa, and NPPh of marsh wetland vegetation in the YRSR between 2000 and 2020; (2) discuss the response of NPP of marsh wetland vegetation to climate change and human activities based on the temporal and spatial changes of climate factors and human factors of marsh wetland in the YRSR between 2000 and 2020; and (3) evaluate quantitatively the relative contribution of climate change and human activities to NPP change of marsh wetland vegetation in the YRSR between 2000 and 2020. The results of this research could serve as a theoretical and methodological foundation for the formulation of wetland management policies in this region and have various implications for further guiding the scientific protection and sustainable development of wetland resources in the YRSR.



2. Materials and methods


2.1. Study area

The YRSR is located on the eastern edge of the Qinghai-Tibet Plateau, which is defined as the basin above the Tangnaihai Hydrological Station. It comprises a total area of 12.21 km2 (95.9°E∼103.4°E, 32.2°N∼36.1°N) (Figure 1), accounting for 16.29% of the Yellow River basin area (Tang and Lin, 2021; Mo et al., 2022). According to the Köppen climate classification, the YRSR has a subarctic climate that is influenced by the monsoon and tundra climate with extreme seasonal precipitation, strong evaporation, and strong solar radiation. The YRSR is rainy, accompanied by short-term strong convection between July and September every year during the summer season, which is affected by the southwest monsoon in South Asia and Southeast Asia, and gradually becomes dry and cold between October and December during the winter season which is affected by the cold and high pressure of the Qinghai-Tibet Plateau (Yuan et al., 2020). The YRSR possesses complex landforms and diverse landscapes. The terrain is typically high in the central and western regions and low in the northeast and southeast, with an altitude drop of approximately 3800 m and an average altitude of over 4000 m. The western part is separated from the Jinsha River by the Bayan Har Mountains, while the northern part is the Animaqing Mountain, covered with glacier snow the majority of the year. Wetland is one of the primary ecosystems in the YRSR, including river, lake, marsh, and artificial wetland, in which the marsh wetland accounts for 82.36% of the total wetland area in the YRSR. The vegetation dominated by herbaceous marsh vegetation and aquatic vegetation, and the main species of marsh plants are Carex pseudosupina, Poa attenuata, and Kobresia tibetica, etc. (Liu et al., 2021).
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FIGURE 1
(A) The location and elevation of the YRSR. (B) Spatial distribution of wetland in the YRSR.




2.2. Data

The data employed in this study include marsh wetland distribution data, NPPa remote sensing data, and temperature and precipitation data. The marsh distribution data is the 2015 China marsh wetland spatial distribution dataset obtained from the National Science and Technology Basic Platform-National Earth System Science Data Center.1 The data were classified using Landsat-8 OLI remote sensing images with a spatial resolution of 30 m. The decision tree method was used to classify the wetland objects step by step, and the classification results were checked and corrected by merging them with a large number of field survey samples. The classification accuracy was 95% (Mao et al., 2020).

The remote sensing image data of NPPa was obtained from the MOD17A3HGF product, which was a MODIS image with a spatial resolution of 500 m. The NPP was synthesized by calculating the net photosynthesis (PSN) every 8 days, which was the difference between the total primary productivity and the respiratory maintenance value. The annual total as the NPPa data between 2000 and 2020 was calculated using Google Earth Engine (GEE) platform to calculate,2 which finally covers the marsh wetland in the YRSR.

The meteorological data, including temperature and precipitation data, were obtained from the National Earth System Science Data Center, National Science and Technology Infrastructure of China (see text footnote 1). This dataset was based on the Global 0.5°climate data released by Climatic Research Unit (CRU) and the global high-resolution climate data released by WorldClim. It was obtained through delta spatial downscaling and verified by 496 independent meteorological observation points, with a spatial resolution of 1 km (Peng et al., 2019). ArcGIS V10.8 (developed by Environmental Systems Research Institute, Inc., Redlands, CA, USA) was employed to calculate the average annual temperature and annual precipitation of the marsh wetland in the YRSR between 2000 and 2020.

The data of human activities are mainly the statistics of the number of livestock and population at the county level in the study area from 2000 to 2020, which comes from the Statistical Yearbook3 of each county. In order to unify the expression, the conversion coefficient is used to convert different livestock into standard sheep units, and the conversion coefficient refers to the Calculation of Proper Carrying Capacity of Rangelands in the Agricultural Industry Standard of China.

To facilitate the unified data processing, ArcMap V10.8 software was used to reprogram the aforementioned data to the WGS-84 coordinate system, and the spatial resolution was resampled to 30 m.



2.3. Methods


2.3.1. Mann-Kendall (MK) test

Mann-Kendall test, as a non-parametric statistical method to detect the trend of variables, has been widely used to study the abrupt change and trend change characteristics of time series of climatic and hydrological elements, such as temperature, precipitation, and runoff, as well as their grid-scale spatio-temporal data. Its advantage is that it does not require samples to follow a certain distribution, and it is unaffected by a few outliers. It is more suitable for type and order variables. In this study, it is used to estimate the changing trend of climate factors and NPP of marsh wetland in the YRSR between 2000 and 2020. The following formula was used to calculate the MK test (Gao and Jin, 2022; Ogunsola and Dilau, 2022):
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where n represents the length of the time series, and i is 2000, 2001,…, 2020, and S is the test statistic, and Var(S) is the variance of S, and sgn (Xj-Xi) is a symbolic function, the value is 1, 0 or −1. Zs is MK test statistics, Under a given significance level α, when | Zs| > u1–α /2, the time series data of the study were at α level. Significant changes were generally taken as α = 0.05. When | Zs| > 1.96, the time series had a significance α < 0.05, and | Zs| < 1.96 denotes significance α > 0.05. The MK text of this study was implemented by Rstudio-2022.07.2−576 (developed by Delaware Public Benefit Corporation, Boston, MA, USA).



2.3.2. Estimating NPP

In this study, the NPPp of wetland vegetation in the YRSR was calculated employing the Zhou Guangsheng model, and the difference between NPPp and NPPa was estimated to represent NPPh. Zhou Guangsheng’s model is as follows (Zhou and Zhang, 1996):
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Where NPPp represents the potential net primary productivity and RDI the radiation index of dryness. P denotes the annual precipitation (mm), PER the potential evapotranspiration rate, BT the annual average temperature (°C), and T the monthly mean temperature (°C).

The formula for calculating NPPh is as follows:
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Where NPPh represents the net primary productivity affected by human activities, with NPPh > 0 indicating that NPP is decreased by human activities; NPPp is the potential net primary productivity, calculated by the formula (5); NPPa is the actual net primary productivity obtained from the annual synthetic data of MOD17A3HGF. Estimation of NPP was performed using ArcMap V10.8 and Envi V5.3 (produced by Exelis Visual Information Solutions).



2.3.3. Slope of marsh wetland NPP and climate factors

In each marsh wetland pixel in the study area, slope trend analysis was employed to determine the changing trend of vegetation NPP and climate factors between 2000 and 2020. The calculation formula is as follows (Ma et al., 2022; Yan et al., 2022):
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Where Slope is the changing trend between 2000 and 2020, X is the vegetation NPP (NPPp, NPPa, and NPPh) or climate factors (temperature and precipitation) in the i-th year, and i = 1, 2, 3, …, 20. n represents the time between 2000 and 2020. Slope> 0 denotes an increasing trend, while Slope 0 denotes a decreasing trend. The slope analysis of this study was based on ArcMap V10.8.



2.3.4. Correlation analysis

To further analyze the relationship between climate change and NPP change in wetland vegetation, this study measured the correlation between climate factors and NPP change in wetland vegetation based on the correlation coefficient, which was calculated as follows (Shen et al., 2019):
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Where r is the correlation coefficient; n = 21, representing the time span between 2000 and 2020; xi is the NPP value of the i-th year, yi is the climate value (temperature or precipitation) of the i-th year, and [image: image] is the average annual NPP value, [image: image] is the multi-year climatic average. The Correlation analysis of this research is realized by Matlab R2016b (developed by the Mathworks, Inc., Natick, MA, USA).



2.3.5. Contribution rate analysis

The contribution rate analysis was employed to clarify the relative contributions of climate factors and human activities to NPP changes of marsh wetland vegetation in the YRSR. The reasons for NPP changes were examined in accordance with the slope changes of NPPp, NPPa, and NPPh of marsh wetland vegetation, as depicted in the following Table 1 (Xu et al., 2010).


TABLE 1    Different categories of driving factors for NPPa changes.

[image: Table 1]





3. Results


3.1. Climate change in the YRSR between 2000 and 2020

According to the change analysis of climatic factors of marsh wetland in the YRSR between 2000 and 2020 (Figure 2), the average annual temperature of marsh wetland in the YRSR was −3.51°C, with a minimum temperature of −4.20°C (in 2000) and a maximum temperature of −3.07°C (in 2009). The overall fluctuation of the annual average temperature displayed an insignificant upward trend (z-score > 1.96, P-value < 0.05). The average temperature increase rate in 21 years was 0.16°C/10a in accordance with the linear fitting equation. Between 2000 and 2020, the average annual precipitation of marsh wetland in the YRSR was 558.03 mm, with a minimum precipitation of 464.73 mm (in 2002) and a maximum precipitation of 663.35 mm (in 2018). The overall fluctuation of the average annual precipitation displayed an insignificant upward trend (z-score > 1.96, P-value < 0.05). The average precipitation increase rate in 21 years was 48.57 mm/10a in accordance with the linear fitting equation.
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FIGURE 2
Variations in climate factors of marsh wetland in the YRSR between 2000 and 2020. (A) The annual variation in average annual average temperature. (B) The interannual variation in annual precipitation.


The average annual temperature of marsh wetland in the YRSR exhibited apparent spatial heterogeneity over the last 21 years according to the spatial distribution (Figure 3). The temperature centered on Mount Animaqing in the central region and increased to the periphery. The temperature revealed a decreasing trend from southeast to northwest, with higher temperatures in the north and southeast regions and lower temperatures in the central and western regions. Overall, 83.64% of the regional temperatures exhibited an increasing trend. The spatial heterogeneity of the average annual precipitation of marsh wetland in the YRSR was apparent, exhibiting a decreasing trend from east to west. In contrast to the southeast, the precipitation in the northwest was lower. The variation trend of precipitation was consistent with the spatial distribution of precipitation, and the increment of precipitation decreased from east to west. Overall, between 2000 and 2020, the marsh wetland in the YRSR exhibited a warming and humidifying trend.
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FIGURE 3
Spatial distribution in climate factors of marsh wetland in the YRSR between 2000 and 2020. (A) Average annual temperature. (B) Average annual temperature changing trend. (C) Average annual precipitation. (D) Average annual precipitation changing trend.




3.2. Human activities in the YRSR between 2000 and 2020

The population in the YRSR increased from 42.40 × 104 in 2000 to 56.94 × 104 in 2020, with an increase of 34.29%. The number of livestock increased from 1297.50 × 104 in 2000 to 1392.90 × 104 in 2020, with an increase of 7.35% (Figure 4). The number of livestock units per person decreased from 30.60 to 24.46, with a decrease of 25.10%. From 2000 to 2020, the population of the counties in the YRSR generally showed an increasing trend, among which Maqin County, Maqu County and Gande County increased the most; 52.87% of the areas in the YRSR have increased the number of livestock, mainly distributed in the Zoige Plateau in the southeast of the YRSR, while the decreased areas were mainly distributed in Maqin County, Gande county and Maduo county in the middle and west of the YRSR; 76.01% of the areas in the YRSR have decreased the number of livestock units per person, mainly distributed in Maqin County, Gande County and Maduo County in the middle and south of the YRSR, while the number of livestock units per person in Aba County, Hongyuan County and Zoige County in the southeast of the YRSR has increased.
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FIGURE 4
Spatial distribution of population and livestock in YRSR from 2000 to 2020. (A) Population from 2000 to 2020. (B) Livestock from 2000 to 2020.




3.3. NPP changes of marsh wetland vegetation in the YRSR between 2000 and 2020

Between 2000 and 2020, NPPp and NPPa of marsh wetland vegetation in the YRSR exhibited a consistently increasing trend, while NPPh exhibited a decreasing trend (negative value indicates that human activities have a positive impact on NPP increase) (Figure 5). Among them, NPPp was the lowest in 2002, at 63.21 gC/m2, and the highest in 2018, at 101.93 gC/m2, with a multi-year average of 82.23 gC/m2; the NPPa was the lowest in 2003, at 201.75 gC/m2, and the highest in 2006 at 252.71 gC/m2, with a multi-year average of 224.53 gC/m2; the NPPh was the lowest in 2006, at −178.00 gC/m2, and the highest in 2003, at −120.86 gC/m2, with a multi-year average of −143.36 gC/m2. Overall, between 2000 and 2020, the NPPp of marsh wetland vegetation in the YRSR was smaller in comparison to NPPa, and the NPP of marsh wetland vegetation in the YRSR was supplemented by human activities and exhibited an increasing trend, which demonstrated that human activities had a positive effect on the NPP of marsh wetland vegetation in the YRSR.
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FIGURE 5
Variations of NPP of wetland vegetation in the YRSR between 2000 and 2020.


According to the spatial distribution (Figure 6), between 2000 and 2020, NPPp of the marsh wetland vegetation in the YRSR had the same spatial heterogeneity as NPPa, exhibiting the spatial characteristics of the decreasing trend from southeast to northwest, while NPPh exhibiting the spatial characteristics of the increasing trend from southeast to northwest. According to slope analysis, the average NPPp of marsh wetland vegetation in the YRSR increased by 1.05 gC/m2a between 2000 and 2020, accounting for 100% of the increased area, and the increase rate in the southeast region of the YRSR was significantly higher in comparison to that in the northwest region. NPPa increased by 1.21 gC/m2a on average, accounting for 95.79% of the increased area, and the decreased area was primarily distributed in the Zoige Plateau. The average decrease of NPPh was 0.25 gC/m2a, and the decreased area accounted for 67.18%; the increased area was concentrated in the Zoige Plateau, located in the southeast of the YRSR. In general, the NPP of marsh wetland vegetation in the YRSR was increasing, and NPPp exhibited a similar spatial distribution pattern to NPPa but was considerably different from NPPh. In comparison to the changing trend of NPP of marsh wetland vegetation in the YRSR, the increase of NPPa was greater than NPPp, which demonstrated that human activities have a positive impact on the NPP of marsh wetland vegetation. However, the area where NPPa decreases was approximately the same as where NPPh increases, primarily distributed in the Zoige Plateau located in the southeast of the YRSR, which indicated that there is an adverse impact of human activities in this region on the NPP of marsh wetland vegetation.
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FIGURE 6
Spatial distribution of NPP of marsh wetland vegetation in the YRSR between 2000 and 2020. (A) NPPp between 2000 and 2020. (B) NPPp changing trend. (C) NPPa between 2000 and 2020. (D) NPPa changing trend. (E) NPPh between 2000 and 2020. (F) NPPh changing trend.




3.4. Correlation between climate factors, human activities, and NPP


3.4.1. Correlation analysis between climate factors and NPP

According to the correlation analysis between the NPP of marsh wetland vegetation and climate factors in the YRSR from 2000 to 2020 (Figure 7), the correlation coefficient between NPPa and temperature was between −0.82 and 0.79, with an average correlation coefficient being 0.01, and 50.85% of NPPa was positively correlated with temperature; the average correlation coefficient between NPPa and precipitation was between −0.83 and 0.78, with an average correlation coefficient being 0.11, and 41.93% of NPPa was positively correlated with precipitation. The correlation coefficient between NPPh and temperature was between −0.79 and 0.79, with an average correlation coefficient being 0.11, and 49.76% of NPPh was positively correlated with temperature; the correlation coefficient between NPPh and precipitation was between −0.79 and 1, with an average correlation coefficient being 0.32, and 75.62% of NPPh was positively correlated with precipitation. Overall, the correlation between NPP and precipitation of marsh wetland vegetation in the YRSR was higher in comparison to that between NPP and temperature, but the degree of correlation was relatively low.
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FIGURE 7
Spatial distribution of correlation analysis between NPP and climate factors of marsh wetland vegetation in the YRSR between 2000 and 2020. (A) NPPa and temperature. (B) NPPa and precipitation. (C) NPPh and temperature. (D) NPPh and precipitation.




3.4.2. Correlation analysis between human activities and NPP

The change of human activities was expressed by the number of livestock units per person in the YRSR from 2000 to 2020. The results of correlation analysis with NPP show that the number of livestock units per person was negatively correlated with NPPh (P < 0.01, r = −0.773), but no significant positive correlation with NPPa (P < 0.05, r = 0.226).




3.5. Relative contribution of climate change and human activities to NPP changes of marsh wetland vegetation

The relative contribution of climate-dominated and human-dominated to NPPa change was quantitatively assessed by superimposing the changing trends of NPPp, NPPa, and NPPh of marsh wetland vegetation in the YRSR between 2000 and 2020 (Figure 8). A total of 95.76% of NPPa of the wetland vegetation in the YRSR was increasing, of which 66.29% was influenced by climate change; it was primarily distributed in the southeast and central areas, which was also the area with the largest increase of the marsh wetland precipitation in the YRSR. A total of 29.47% of NPPa of the marsh wetland vegetation was influenced by human activities, primarily distributed in the northwest of the YRSR. The regions with reduced NPPa of marsh wetland vegetation were mainly distributed in sporadic areas of Zoige, Hongyuan, and Maqu counties in the southeast of the YRSR, accounting for 4.24%, almost all of them being influenced by human activities. Overall, the NPPa of marsh wetland vegetation in the YRSR exhibited an increasing trend between 2000 and 2020, with climate change being the dominate factor for the increase of NPPa. In the northwest of the YRSR, the contribution of human activities to the restoration of marsh wetland increased annually, while in the Zoige Plateau in the southeast of the YRSR, the NPPa of marsh wetland vegetation decreased as a result of human activities.
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FIGURE 8
Spatial distribution of driving factors of NPPa change of marsh wetland vegetation in the YRSR between 2000 and 2020.





4. Discussion


4.1. NPP changes

In this study, the NPPp of marsh wetland vegetation in the YRSR between 2000 and 2020 was stimulated using the Zhou Guangsheng model, and the NPPa of marsh wetland vegetation was download from MOD17A3 product, and the NPPh of marsh wetland vegetation was calculated by the difference between them, which simplified the complex change mechanism of marsh wetland (Cloern et al., 2021) and allowed for quantitative evaluation of the driving mechanism of marsh wetland change. However, NPP estimation results might vary owing to the limitations of data sources, research area, and model methods. In this study, between 2000 and 2020, the NPPp of marsh wetland vegetation in the YRSR ranged between 63.21 and 101.93 gC/m2, with an average value of 82.23 gC/m2 and an average increase of 1.05 gC/m2a; The range of NPPa was between 201.75 and 252.71 gC/m2, with an average value of 224.53 gC/m2 and an average increase of 1.21 gC/m2a; The range of NPPh was between −120.86 and −178.00 gC/m2, with an average value of −143.36 gC/m2 and an average decrease of 0.25 gC/m2a. The estimated NPP values of marsh wetland in similar research were different, but the spatial distribution trend of decreasing from southeast to northwest was approximately the same. For example, using MODIS17A3 NPP data, Shen et al. obtained that the average NPP of marshes on the Qinghai-Tibet Plateau from 2000 to 2020 was about 184.37 ± 11.12 gC/m2a, and shows a trend of increasing gradually from northwest to southeast (Shen et al., 2022). The YRSR is located in the eastern part of the Qinghai-Tibet Plateau, the average NPPa of marsh vegetation in this study (224.53 gC/m2) is higher than the average NPP of marshes on the Qinghai-Tibet Plateau, meanwhile, the distribution trend of NPPa in marsh vegetation of this study is also gradually increasing from northwest to southeast. Besides, Yan et al. (2022) used CASA model to estimate the NPP of zoige plateau marsh wetland in the southeast of the YRSR from 2000 to 2015, ranging from 206.04 to 250.23 gC/m2, it is almost consistent with the NPPa of marsh vegetation in the YRSR obtained by using MOD17A3 product (201.75∼252.71 gC/m2). Tang et al. used CASA model to estimate the change of NPP in the YRSR from 2000 to 2017. The average NPP was 301.6 gC/m2, and the distribution trend was decreasing from southeast to northwest (Tang and Lin, 2021). It is higher than the NPP (224.53 gC/m2) of marsh wetland vegetation in our study, because grassland is the main vegetation type in the YRSR., accounting for about 89.75%, so the estimated value of NPP is higher, but the spatial distribution trend of NPP is consistent with our study. Compared with the above research, it can be proved that the NPP of marsh vegetation in the YRSR obtained by using MODIS17A3 product in this study is accurate. The northwest of the YRSR located in the inland hinterland was weakly affected by the warm and humid air current in the Pacific Ocean. Less precipitation and the lower temperature limited the growth and development of marsh wetland vegetation in the northwest of the YRSR, resulting in the lower NPP of marsh wetland vegetation in the northwest of the YRSR in comparison to that in the southeast (Tang and Lin, 2021). In this study, the NPPh was obtained by Formula (9), which was negative because NPPp was lower than NPPa in some areas. This shows that the ecological restoration measures affected by human activities have supplemented the NPP of marsh wetland vegetation, that is, human activities have promoted the restoration of marsh wetland vegetation in the YRSR. This is similar to the quantitative research results of vegetation NPP changes in Qinghai-Tibet Plateau in recent years. Since 2000, the vegetation in Qinghai-Tibet Plateau has changed from over-utilization to moderate protection, Under the influence of human activities, the area where vegetation NPP increases is expanding (Chen et al., 2020; Zhang et al., 2021). The NPPa of marsh wetland vegetation in the YRSR was increasing, indicating that the NPPa of marsh wetland vegetation was in a recovery state as a whole, while NPPh exhibited a decreasing trend, indicating that the overall impact of human activities was positive. In some regions of the Zoige Plateau in the southeast of the YRSR, NPPa exhibited a decreasing trend, and NPPh exhibited a negative effect, indicating that the NPPa of marsh wetland vegetation in this region was primarily reduced by human activities. The results obtained were consistent with those of similar studies (Guo et al., 2020; Ma et al., 2022; Yan et al., 2022), proving the accuracy and reliability of the NPP estimation result of this study.



4.2. Impacts of climate change and human activities on NPP

Between 2000 and 2020, the annual average temperature of the marsh wetland in the YRSR ranged from −4.20 to −3.07°C. The average temperature in 21 years was −3.51°C, with an average temperature increase rate being 0.16°C/10a. The annual precipitation of marsh wetland ranged from 464.73 to 663.35 mm; the average precipitation in 21 years was 558.03 mm, with an average water increase rate being 48.57 mm/10a. The spatial distribution pattern was decreasing from southeast to northwest, the temperature and precipitation exhibited an increasing trend, and the increasing trend from northwest to southeast was progressively obvious, which was consistent with the climate change trend distribution of earlier research results (Wang et al., 2015; Zhang, 2015; Wang et al., 2020), that is, the climate of the whole Qinghai-Tibet Plateau was warm and humid as a result of global warming. According to the correlation analysis between climate factors and NPP of marsh wetland vegetation, there was a positive correlation between NPP and precipitation in most regions of the YRSR, which was higher in comparison to the positive correlation with temperature. The spatial distribution and changing trend of precipitation were basically consistent with the NPP of marsh wetland vegetation, indicating that the overall increase of precipitation was the important factor affecting the increase of NPP of marsh wetland vegetation in the YRSR. However, there was a strong correlation between the temperature and the changes in the NPP of marsh wetland vegetation in some regions of Shiqu and Chengduo counties in the northwest of the YRSR, indicating that the influences of precipitation and temperature on the NPP of marsh wetland vegetation were complex and interactive (Guo et al., 2020). Glaciers and frozen soil melt as a result of increased precipitation and temperature, enriching the water supply of marsh wetland and increasing the NPP of marsh wetland vegetation in the YRSR which was approximately the same as the results of earlier studies (Ke et al., 2017; Hong et al., 2022; Zhang B. et al., 2022). Although the population and livestock in the YRSR have increased to varying degrees, the decrease of the number of livestock units per person shows that the overgrazing situation in this area has been controlled, which is one of the important reasons for the increase of NPP of marsh wetland vegetation in the YRSR from 2000 to 2020. The number of livestock units per person in the northwest of the YRSR has decreased especially obviously, therefore, affected by human activities, more NPP has been added in this region. However, in the southeast of the YRSR, the number of livestock units per person increased, which made the NPP in this area decrease due to human activities (Yan et al., 2022). The results of correlation analysis show that human activities are negatively correlated with NPPh, also demonstrates the NPP of marsh wetland vegetation in the YRSR has been effectively supplemented by human activities.



4.3. Relative contribution of climate change and human activities on marsh dynamics

According to the contribution rate analysis of this study, between 2000 and 2020, 66.29% of NPPa of the marsh wetland vegetation increased under the influence of climate change, which was primarily distributed in the southeast and central regions of the YRSR; 29.47% of NPPa of the marsh wetland vegetation increased under the influence of human activities, which was primarily distributed in the northwest part of the YRSR. The decrease in NPPa of wetland vegetation was primarily distributed in the sporadic areas of Zoige, Hongyuan, and Maqu counties in the southeast of the YRSR, accounting for 4.24%; almost all of them being influenced by human activities. This was similar to the studies by Yan et al. (2022) on NPP in the Zoige plateau wetland and Zhang F. et al. (2022) on NPP in grassland at the YRSR. That is, some areas in the northwest of the YRSR, such as Maduo, Qumalai, Chengduo, and Shiqu counties, were affected by the environmental protection project of the Three Rivers source, the construction of the Yellow River source national park, and other protection measures. The NPPa of the marsh wetland vegetation in this region was increased as a result of human activities. Although environmental protection projects mitigated some negative impacts of human activities in the Zoige plateau area in the southeast of the YRSR, the adverse human activities, such as the privatization of pastures, construction expansion, and drainage channel laying, have resulted in more fragmentation of marsh wetland (Yan and Wu, 2005; Li et al., 2020); consequently, the NPPa of marsh wetland vegetation decreased. Overall, even though climate-dominated change continues to play a major role in the increase of NPPa in marsh wetland vegetation in the YRSR, we could observe that the positive effects of human-dominated NPP change are becoming progressively obvious, which are approximately related to the environmental protection policy implemented by the government of China since 2000. For instance, in 2003, the ecological environment of the YRSR was enhanced by the environmental protection project of the Three Rivers source with an investment of 750 million renminbi (RMB) (Shao et al., 2017; Zhao et al., 2018). The wetlands in the YRSR would be further preserved and restored with the 14th Conference of Contracting Parties to the Convention on Wetlands held in China in 2022, and human activities would play a significant role in promoting the restoration of wetlands.




5. Conclusion

In this study, the marsh wetland in the YRSR was used as the object. By the quantitative analysis of NPPp, NPPa, and NPPh of the marsh wetland vegetation, the relative contributions of climate change and human activities to the NPPa change of the marsh wetland vegetation were quantitatively assessed. The results revealed that the ecological environment of marsh wetland in the YRSR was improved between 2000 and 2020 with increased NPP. The warming and humidifying climate, particularly the increase in precipitation, is the leading factor of marsh wetland restoration, but the contribution of human activities to wetland restoration is also increasing. In the process of marsh wetland restoration, scientific policy management and engineering measures have produced excellent results and are becoming progressively remarkable. The area of marsh wetland restoration influenced by human activities would be further enlarged in the future with the implementation of several environmental protection engineering measures. In general, this study adopted a simple but reliable method to analyze the spatial distribution of the relative contributions of climate change and human activities to the NPP change of marsh wetland vegetation and quantitatively assessed the change mechanism of marsh wetland. The research results not only assisted policymakers in understanding the degradation and restoration status of marsh wetland in the YRSR but also helped in formulating future environmental protection policies and had important guiding significance for the sustainable development of marsh wetland.
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