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Abstract

:

National nature reserves (NNRs) are at the forefront of conservation efforts on the Qinghai–Tibetan Plateau (QTP). However, few studies have examined the vegetation dynamics and their driving forces at the whole QTP scale. In this study, we used potential Net Primary Productivity (PNPP), actual NPP (ANPP), and human-activity-induced NPP (HNPP) to analyze the vegetation dynamics of 42 NNRs on the QTP. Further, we determined the driving factors of vegetation dynamics from 2000 to 2020. The results indicate that, during the 21 years studied, ANPP increased at 83.4% of the NNRs area on the QTP. Additionally, the contributions of climate change and anthropogenic factors to ANPP variation were 59.53% and 40.47%, respectively. The contribution of temperature to ANPP variation was considered high and stable, whereas the contribution of precipitation was relatively lower and variable. Residual analysis showed that human activities had both positive (51.30%) and negative effects (48.70%) on ANPP. Using Hurst exponent analysis, we found that 31.60% of the vegetation for the NNRs on the QTP will likely remain a persistent trend, and 65.4% will be stochastic in the future. By contrast, 3.00% of the vegetation mainly located in southern QTP would show a reverse trend, with most of them distributing in southern QTP, which deserves more attention. This study may help policymakers understand the relative impacts of climate change and human activities on vegetation in the different nature reserves on the QTP.
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1. Introduction


Climate change and human activities are the primary drivers of terrestrial ecosystem changes [1,2]. Recent studies have shown that climate change, human activities, and their synergistical interactions impact the structure, composition, and function of terrestrial ecosystems [3]. These effects have resulted in a series of environmental and ecological problems, such as biodiversity loss, soil erosion, ecosystem degradation, and other environmental issues due to vegetation degradation [4]. Therefore, quantifying and separating the relative effects of these two factors on vegetation dynamics have become a hotspot in global change studies in recent years [5].



Ecosystems are vulnerable to climate change and human activities, but recent studies have shown that this vulnerability can be reduced when they are protected [6]. However, protected areas are often especially rich in species or important for ecosystem functions, thus, low levels of impact may have considerable effects or may revert conservation efforts [7,8]. Unfortunately, although the impacts of climate change and human activities have been assessed extensively at local, regional, and global scales [9,10,11,12], no specific attempts have been made to consider the different protected areas within the same geographical unit as a whole. Therefore, studies diagnosing the contributions of climate change and anthropogenic activities are urgently needed to fill the current knowledge gap concerning the effects of climate change and human activities on ecosystems in protected areas.



Recent evidence indicates that selecting appropriate metrics is a prerequisite for meaningful quantitative assessments. Net primary productivity (NPP) is the net amount of organic matter produced by vegetation through photosynthesis per unit of area and time [13]. Previous studies have shown that NPP is more sensitive to climate variations and anthropogenic impacts than other factors (such as ecological and geochemical conditions) and can, therefore, be used as an effective indicator of vegetation dynamics [14]. NPP can be estimated by in situ measurements or process-based models [15,16,17]. However, coarse resolution NPP products derived from in situ measurements or process-based models make their indicating ability poor at larger scales [18]. In contrast, satellite remote sensing products can provide finer spatial NPP information [18]. Among different satellite datasets, Moderate Resolution Imaging Spectroradiometer (MODIS) NPP products can capture the spatiotemporal features of NPP of different biomes and have been widely employed due to their excellent spatial resolution, timeliness, and open access [5,19]. The MOD17A3HGF annual NPP data product is a cumulative 8-day composite of values with a 500 m resolution based on the radiation-use efficiency concept. It is calculated as the difference between GPP and maintenance respiration [20,21]. Compared with the MOD17A3 data product, MOD17A3HGF uses a gap-filling method that substantially increases the quality of MOD17 by cleaning contaminated inputs and calculating their valuation by linear interpolation [5]. As a result, the MOD17A3HGF NPP product has been widely used globally [22,23].



As the highest natural geographical unit on earth, with an average altitude of more than 4000 m, the Qinghai–Tibetan Plateau (QTP) acts as an important environmental and ecological barrier for China, Asia, and even the Northern Hemisphere [24]. Because the QTP is particularly vulnerable to climate and environmental changes, the ecological security of this region is facing unprecedented challenges in the context of global changes [25]. Previous studies have shown that the QTP has experienced marked climate and land-cover changes in recent years [26,27]. For example, it has warmed more than twice the average global warming rate since the 1970s [28]. In parallel with the increasing temperature, precipitation on the QTP has also increased slightly [29]. Additionally, human activities on the QTP such as grazing, agricultural expansion, infrastructure construction, and ecological restoration projects have negatively or positively influenced vegetation dynamics [30,31,32]. Despite the warm and humid climate, ecosystem restoration and conservation activities have favored vegetation growth on the QTP [33], and the ecological fragility of the entire region has not been reduced. The area has even experienced desertification, vegetation cover degradation, and bare soil coverage increases in some areas [34,35].



To protect and conserve the QTP’s unique biodiversity and habitats, the Chinese government has established 155 nature reserves since 1963. Now, the total area of these nature reserves is ~8.22 × 105 km2, accounting for 32.35% of the total plateau area [36]. Unfortunately, economic development and ecological conservation are still in conflict on the QTP, and the nature reserves still face serious challenges due to climate change and irrational human activities. In the context of ongoing climate and environmental changes on the QTP, vegetation feedback in protected areas had profound impacts on the ecological systems of the plateau and adjacent areas, resulting in impaired ecological security patterns. Therefore, exploring vegetation dynamics and their driving factors may provide scientific knowledge to better manage nature reserves [37,38,39]. However, although several studies have quantified the relative contributions of climate variations and anthropogenic factors in specific protected areas on the QTP, less attention has been paid to the evaluation at a whole-QTP scale [30,40,41]. Additionally, the spatial heterogeneity of vegetation on the QTP and the fact that it is influenced by a combination of factors have led to large uncertainties in determining the impacts of climate change and human activities [29,32,42]. Thus, whether climate change and human activities lead to substantial variation in vegetation productivity, as well as its driving factors, remains largely unknown, especially in the nature reserves that are subject to less human influence.



Given this research gap, the present study aimed to provide information on vegetation NPP dynamics and driving factors and the persistence of vegetation trends in the nature reserves on the QTP. Specifically, the main objectives of this study were to (1) explore the spatiotemporal variation of vegetation NPP in nature reserves on the QTP from 2000 to 2020, (2) estimate the relative contributions of climate factors and human activities to NPP variation, and (3) predict the future trend of NPP. The findings of this study will not only improve our current understanding of how climate variability and anthropogenic factors have regulated vegetation NPP dynamics, but may also predict future ecosystem changes, thereby contributing to optimal adaptive and management strategies for the QTP’s protected areas.




2. Materials and Methods


2.1. Study Area


We constrained our study area to the 42 national nature reserves (NNRs) with defined boundaries established on the QTP before 2000. These reserves are located between 80°9′02″E–105°24′55″E and 25°33′07″N–39°49′50″N. The detailed distribution of NNRs and their names are given in Figure 1 and Supplementary Table S1. The total area of these 42 NNRs is ~7 × 105 km2, accounting for 85.2% of the total protected areas on the QTP. As national protected areas, NNRs in China generally have strict regulations prohibiting human occupation, land conversion, and direct use of natural resources. However, these 42 NNRs on the QTP are still affected by anthropogenic activities mainly dominated by grazing, agricultural expansion, infrastructure facilities and tourism facilities, leading them susceptible to extensive natural habitat loss and biodiversity decline [30,31]. On the other hand, to mitigate or reverse the degradation, ecological restoration projects are also implemented in these 42 NNRs [32]. The complex geographical and climatic conditions of the QTP create highly heterogeneous habitats for vegetation. The forest distribution on the QTP is mainly limited to the southern and eastern parts of the study area, and most of the other areas are covered by grassland. In the NNRs under study, four main vegetation types occur, i.e., desert, grassland, alpine vegetation, and broad-leaved forest [43]. Based on the similarity of geographical and climatic conditions, we divided the 42 NNRs into four ecological zones, i.e., the central, south, northeast, and northwest regions (Figure 1).




2.2. Data Sources


Gap-filled MOD17A3HGF-Version 006 NPP data with 500 m resolution covering 2000 to 2020 were obtained from the Land Processes Distributed Active Archive Center (https://lpdaac.usgs.gov (accessed on 15 May 2022)). If pixels had zero annual NPP value in 2000, they were treated as non-vegetated areas and not considered in post-analysis.



Monthly air temperature and precipitation with 0.0083333° resolution for 2000–2020 were acquired from the National Earth System Science Data Center, National Science & Technology Infrastructure of China (http://www.geodata.cn (accessed on 18 May 2022)). In addition, the nearest neighbor interpolation method was used to resample the spatial resolution of the meteorological data to 500 m to ensure consistency between NPP and meteorological data [43].




2.3. Methods


2.3.1. PNPP and HNPP Calculation


To reliably analyze the causes of vegetation productivity changes, the NPP-based scenario simulation method was used in this study, which assumes that the difference between climate-driven potential net primary productivity NPP (PNPP) and actual NPP (ANPP) of vegetation represents the human-induced NPP (HNPP). Thus, the relative impacts of climate change and human activities on vegetation dynamics can be determined by comparing the temporal variations of PNPP, ANPP, and HNPP [44,45,46]. Specifically, the MOD17A3HGF products provided the ANPP, which is the actual condition of NPP and indicates the true conditions of vegetation growth [5,22]. The PNPP was estimated with the Thornthwaite memorial model using temperature and precipitation as inputs, which is a modified version of the Miami model with good accuracy [47]. Additionally, the HNPP was estimated by calculating the difference between PNPP and ANPP and reflecting anthropogenic activities’ influence on ANPP. Negative values of HNPP represent NPP gains due to human activities, whereas positive values represent losses in NPP due to human interventions. The equations for PNPP and HNPP calculations are as follows [14]:


   PNPP = 3000    1 −  e  0.0009695   v − 20        



(1)






   v =    1.05 r      1 + ( 1 +    1.05 r  L   ) 2       



(2)






  L = 3000 + 25 t +   0.05 t  3   



(3)






   HNPP = PNPP  − ANPP  



(4)




where PNPP is the total annual potential NPP (gC m−2), v the annual mean actual evapotranspiration (mm), L the annual mean potential evapotranspiration (mm), r the total annual precipitation (mm), and t the mean annual temperature (°C).




2.3.2. Trend Analysis


The linear regression method was adopted to compute the PNPP, ANPP, and HNPP from 2000 to 2020. First, the time series of pixels was calculated to obtain the slope coefficients of the linear regression using the following formula:


   S l o p e =     n   ×      ∑    i = 1   n     i   ×   NPP   i  −   ∑    i = 1   n  i   ∑    i = 1   n    NPP  i     n   ×      ∑    i = 1   n   i 2  −   (   ∑    i = 1   n   i )   2       i = 1 , 2 , 3 , … , n     



(5)




where Slope is the change in NPP values, n the continuous sample number over the 21 years being studied, and NPPi the NPP in the ith year. The slope can be positive and negative to represent increasing and decreasing trends. A t-test was then applied to obtain the statistical significance of spatial change patterns.




2.3.3. Scenario Establishment


Eight scenarios (Table 1) were established based on the slope coefficients of the three NPP types to quantify the contributions of climate change and anthropogenic activities to NPP variations [48]. Specifically, under the condition of SANPP > 0, if SPNPP > 0 and SHNPP > 0 (Scenario 1), climate change promoted an increase in ANPP, and human activities promoted a decrease. Thus, the ANPP increase was mainly due to climate change (CDI). If SPNPP < 0 and SHNPP < 0 (Scenario 2), climate change decreased and human activities increased ANPP. Therefore, the ANPP increase was mainly caused by human activities (HDI). If SPNPP > 0 and SHNPP < 0 (Scenario 3), both climate change and human activities increased ANPP. In this scenario, the increasing ANPP was equally caused by climatic and positive human factors (CHII). If SPNPP < 0 and SHNPP > 0 (Scenario 4), climate change and human activities both facilitated a decrease in ANPP, while ANPP still experienced an increasing trend, which was considered an error (EI).



Under the condition of SANPP < 0, if SPNPP < 0 and SHNPP < 0 (Scenario 5), climate change caused a decrease in ANPP, and human activities caused an increase. In this scenario, the decrease in ANPP was mainly caused by climate change (CDD). If SPNPP > 0 and SHNPP > 0 (Scenario 6), climate change mainly caused an increase in ANPP and human activities caused a decrease. Therefore, the ANPP decrease was mainly caused by human activities (HDD). If SPNPP < 0 and SHNPP > 0 (Scenario 7), the ANPP decrease was due to both climatic and human factors (CHID). If SPNPP > 0 and SHNPP < 0 (Scenario 8), climate change and human activities both facilitated an increase in ANPP, while ANPP still experienced a decreasing trend, which was considered an error (ED).




2.3.4. Correlation Analysis


Multiple correlation analysis was used to characterize the relationships between the dependent variable and multiple independent variables. We calculated the multiple correlation coefficient between ANPP (dependent variable) and temperature and precipitation (independent variables) using Equation (6).


   R   x , y z     =    1 −  ( 1  −  R  x y  2   ) ( 1  −  R   x z , y   2  )    



(6)




where    R  x , y z     is the multiple correlation coefficient of the dependent variable x and the independent variables y and z;    R  x z , y     is the partial correlation coefficient of variables x and z for a fixed variable y, and    R  x y     is the correlation coefficient between variables x and y. Then, the F-test was used to test the significance of multiple correlations [49].



Furthermore, partial correlation analysis was used to analyze the relationship between the ANPP and temperature, and between ANPP and precipitation.


   R   x y , z    =    R  x y   −  R  x z   ·  R  y z         1 −  R  x z  2    ·   1 −  R  y z  2         



(7)






   R   x z , y    =    R  x z   −  R  x y   ·  R  y z         1 −  R  x y  2    ·   1 −  R  y z  2         



(8)




where rxy, rxz, and ryz are the correlation coefficients between ANPP and temperature, ANPP and precipitation, and temperature and precipitation.    R  x y , z     represents the partial correlation coefficient of ANPP and temperature in Equation (7), and    R  x z , y     represents the partial correlation coefficient of ANPP and precipitation in Equation (8). Then, t-tests were used to test the significance of partial correlations [5].




2.3.5. Stability Analysis


Based on the ANPP in the NNRs on the QTP, the variation of ANPP was assessed across the study area. The coefficient of variation (CV) was calculated using Equation (9), representing the ratio of the standard deviation to the average value.


   CV =          ∑    i = 1   n       ( ANPP   i  −   ANPP  ¯  )  2    n − 1         ANPP  ¯       i = 1 , 2 , 3 , … , n   



(9)




where CV is the coefficient of variation,     ANPP  ¯    is the multi-year means for ANPP in the period I,     ANPP  i    is the ANPP for year I, and n is the number of years. Additionally, the CV index was classified into weak variation (0 < CV ≤ 10%), medium variation (10% < CV ≤ 100%), and strong variation (CV > 100%) [50].




2.3.6. Hurst Exponent and R/S Analysis


The Hurst index is generally applied to assess the durability of changes in time-series data over long periods [14]. The most used method to calculate the Hurst exponent is the R/S analysis [51,52,53]. In this study, the Hurst exponent (H) from R/S analysis was used to predict the future trend of ANPP in the NNRs. For the main calculation steps, see Equations (10)–(14) and refer to [54]:



	(a)

	
To divide the ANPP time series {ANPP( τ )} ( τ  =1,2,3,…,n) into  τ  sub-series X(t), and for each sub-series t = 1,2,3,…,    τ  .




	(b)

	
To define the mean sequence of the time series,


    A N P P  ¯  τ =  1 τ    ∑   t = 1  τ  X  t  , τ = 1 , 2 , 3 , … , n .  



(10)








	(c)

	
To calculate the cumulative deviation,


  X   t , τ   =   ∑   u = 1  t  ( A N P P  u  −   A N P P  τ   ¯  ) , 1 ≤ t ≤ τ .  



(11)








	(d)

	
To generate the range sequence,


   R  τ  = maxX   t , τ   − minX   t , τ   , τ = 1 , 2 , 3 , … , n    1 ≤ t ≤ τ   1 ≤ t ≤ τ .   



(12)








	(e)

	
To compute the standard deviation sequence,


  S  τ  =      1 τ    ∑   t = 1  τ      A N P P  t  −   A N P P  τ   ¯     2       1 2    , τ = 1 , 2 , 3 , … , n .  



(13)








	(f)

	
To rescale the range,


    R  τ    S  τ    =   ( c τ )  H   



(14)




where τ and n is the number of equal sub-series and the maximum number, respectively; t and u are a subsequence belonging to τ and c; X(t, τ) represents cumulative deviations; R(τ) is the range series; S(τ) is the standard deviation sequence; H is the Hurst exponent.







The value of H ranges from 0 to 1 and is generally divided into three categories for predicting future trends [55]; 0.6 < H < 1 indicates the persistent behavior (P) of the time series, i.e., that the future trend of ANPP is likely the same as that in the study period. The closer the H values are to 1, the more persistent the time series is in the future; 0.4 ≤ H ≤ 0.6 indicates a stochastic pattern with instability persistent behavior (IP), i.e., the ANPP trend in the future is likely to be unrelated to this in the study period; 0 < H < 0.4 indicates that the future trend of ANPP is likely to be the anti-persistent behavior (AP) of the trend in the past. The closer the H values are to 0, the more anti-persistent the time series is in the future.



We also used Theil-Sen trend slopes [56] and the Hurst exponent to classify potential future trends in ANPP into six types. If a pixel had a positive slope and H > 0.5, the vegetation in this pixel would tend to maintain a positive development (PD) after 2020. If the slope was positive, but H < 0.5, the vegetation in this pixel would maintain an anti-persistent positive development (APD). If the slope was negative and H > 0.5, we classified the pixel’s vegetation as having a persistent negative development (ND) in the future. H < 0.5 indicated an anti-persistent negative development (AND). If a pixel had a non-significant Theil-Sen slope and H > 0.5, the vegetation in this pixel was supposed to maintain sustained and steady development (SSD). If H < 0.5, the trend was categorized as undetermined development (UD).






3. Results


3.1. Spatiotemporal Variations in ANPP, PNPP, and HNPP


The trends of ANPP, PNPP, and HNPP in NNRs on the QTP showed apparent spatial heterogeneity from 2000 to 2020 (Figure 2). Overall, the three NPP types increased from northwest to southeast. From 2000 to 2020, the mean ANPP of vegetated areas was 133.59 gC m−2 a−1, and the areal proportions of different ANPP levels were 79.89% for <200 gC m−2 a−1, 14.30% for 200–400 gC m−2 a−1, and 5.81% for >400 gC m−2 a−1. The mean HNPP of vegetated areas was 273.9 gC m−2 a−1, and the areal proportions of different HNPP levels were 29.94% for <200 gC m−2 a−1, 54.27% for 200–400 gC m−2 a−1, and 15.79% for >400 gC m−2 a−1. The mean PNPP of vegetated areas was 407.97 gC m−2 a−1, and the areal proportions of different PNPP levels were 16.46% for <200 gC m−2 a−1, 37.48% for 200–400 gC m−2 a−1, and 46.06% for >400 gC m−2 a−1.



From 2000 to 2020, ANPP and PNPP of vegetated areas in the NNRs on the QTP increased at mean rates of 0.7 gC m−2 a−1 and 0.69 gC m−2 a−1, respectively (Figure 2d,f). ANPP significantly increased in 51.17% of the vegetated areas, mainly in the central and northeastern parts of the study area. ANPP showed a significantly decreasing trend only in 1.2% of the total vegetated area, mainly in the Yarlung Tsangpo Grand Canyon nature reserve (YLTGC). A total of 21.1% of the vegetated areas showed a significant increase in PNPP, also mainly in the central and northeastern regions of the QTP. Only 0.04% showed a significant decrease in PNPP, mainly on the southern edge of the Qomolangma national nature reserve (QMLM). The HNPP of vegetated areas showed an overall decreasing trend from 2000 to 2020, with a mean rate of −0.03 gC m−2 a−1 (Figure 2e). HNPP significantly decreased in 5.47% of the vegetated areas, mainly in the Hoh Xil nature reserve (HX) and Qilian Mountain nature reserve (QLM). HNPP showed a significantly increasing trend only in 12.44% of the total vegetated area, mainly YLTGC, HX, and some parts of the Three-River Headwater Region nature reserve (TRHR).




3.2. Contributions of Climate Change and Human Activities to ANPP Variation


Climate factors (temperature and precipitation), human-related factors (such as grazing, agricultural expansion, infrastructure construction, and environmental protection projects), and their combined effects explained 40.38%, 25.22%, and 28.14% of the of ANPP variations, respectively. The dominant driving forces of ANPP variance differed among the 42 NNRs (Figure 3). Specifically, in 7 NNRs with 68.52% of the total vegetated area, ANPP variation was mainly due to climate change. In 23 NNRs with 23.49% percentage, human activities explained most of the ANPP variation. The ANPP variation of the remaining 12 NNRs with 7.99% percentage, was driven by the combined effects of climatic factors and human activities.



It also can be found in Figure 4 that in regions with increasing ANPP, the climate-dominated area, i.e., where ANPP variation was mainly due to climatic factors, was greater than the human-activity-dominated area (63.17 vs. 36.83%). In regions with decreasing ANPP, human-activity-dominated ANPP variation had a larger area than climate factors (70.6 vs. 29.4%).



Overall, climatic factors dominated ANPP variation in NNRs on the QTP. Statistically, the percentage of the climate-dominated area (59.53%) was 1.5 times higher than that of the human-activity-dominated area (Figure 4). The climate-dominated regions were mainly concentrated in the central and eastern parts of the QTP, such as the TRHR, Shouqu of the Yellow River (SQ-YR), and the Ruoergai wetland nature reserve (RRGW). On the other hand, the human-activity-dominated area was mainly in the HX, the YLTGC, and the Haizishan nature reserve (HZS).




3.3. Relationships between ANPP and Climatic Factors


To better understand the influence of climatic factors on ANPP, the correlation coefficients between ANPP and temperature and precipitation were analyzed for all pixels. Interestingly, the area with highly significant correlation coefficients (Figure 5b) was generally consistent with the area of a high contribution of climatic factors to ANPP (Figure 5a), indicating a general and reliable relationship between ANPP variation and climate change.



The mean values of partial correlation coefficients were 0.23 for ANPP and temperature, and 0.01 for ANPP and precipitation. In 81.48% of the total vegetated area, there was a positive correlation between ANPP and temperature (Figure 6a), and 25.66% of the area passed the significance test (Figure 6c), mainly in the TRHR. A negative correlation between ANPP and temperature occurred in the southern QTP, e.g., in the QMLM. In 50.24% of the total vegetated area, a positive correlation between ANPP and precipitation was found (Figure 6b), but only 3.94% passed the significance test (Figure 6d). Further, ANPP and precipitation were negatively correlated in 49.76% of the vegetated area (Figure 6b), and only 0.46% passed the significance test (p < 0.05; Figure 6d).




3.4. Prediction of Future ANPP Trends


The Hurst exponent (H) of the ANPP in the 42 NNRs ranged between 0.19 and 0.76, with a mean value of 0.56, reflecting the same change in trend overall as the 2000–2020 period in the future. Pixels with H > 0.6 accounted for 31.60% of the total vegetation and were mainly distributed in the northwest region and central region, while pixels with H < 0.4 only accounted for 3.00% and were mainly distributed in the south region (Figure 7d), suggesting that future vegetation trends are likely to be consistent from those of the past 21 years. Moreover, 65.40% pixels of the H values were between 0.4 and 0.6 (Figure 7d), meaning that no consistent trend will exist in the future, and the ANPP variation was a stochastic series and was irrelated with that in the study period.



Combined with the Theil-Sen slopes, it showed that most of the vegetated areas in the NNRs on the QTP were projected to have persistent trends in the future, with 50.23% of the vegetated area belonging to the PD type (Table 2). There was 24.51% of pixels with undetermined future trends (UD). Regions with sustained and steady development (SSD) covered 23.33% of the vegetated area. Approximately 0.96% of the vegetated areas tended to maintain negative future trends (ND) and were mainly distributed in the southern regions of QTP. Vegetation showing anti-persistent positive development trends (APD) occupied 0.94% of the study area and were mainly distributed in the northwest and central regions of QTP. Areas with anti-persistent negative development trends (AND) only accounted for 0.03% of the vegetated areas.



To disentangle the relationships between historical stability and future vegetation ANPP trends, we assessed the stability of historical vegetation ANPP variations using the coefficient of variation (CV; Figure 7c). The mean CV of ANPP across the 42 NNRs was 32.62%, indicating changes with moderate fluctuations in general. Of the total vegetated areas, 95.64% indicated weak and medium variations, while strong variations only occurred in 4.36% areas. Most of the regions experiencing a weak variation corresponded to the areas with persistent trends (Figure 7c), while the regions with a strong variation were more likely to show non-persistent characteristics in the future.





4. Discussion


4.1. Effects of Climate Change and Human Activities on Vegetation


Temperature and precipitation largely determine the geographical distribution pattern of vegetation with high spatial and temporal heterogeneity [57]. The warming and humidification trend on the QTP in recent decades is considered to be the main factor for vegetation recovery [29,32,42]. However, conclusions about the effects of warming on vegetation productivity are inconsistent. Some studies concluded that temperature increases had adverse effects on vegetation growth [58], whereas others reported positive effects [29,43]. The present study is generally consistent with the finding that temperature positively affected vegetation ANPP, as ANPP correlated positively with temperature in 81.48% of the vegetated area. The main reason for this could be that higher temperatures increased the photosynthetic efficiency of vegetation, thus, allowing productivity to increase [59,60]. Another possible reason is that the warming led to an earlier phenological period and a longer growing season, thus, increasing organic matter accumulation [32]. However, adverse effects of increasing temperature also occurred in some NNRs in the present study. For example, temperature was negatively correlated with ANPP in most areas of the Qomolangma nature reserve. This phenomenon may be due to warming increasing the ecosystem evapotranspiration, which may exacerbate soil water deficits and consequently cause a decrease in vegetation productivity [20]. Additionally, most of the Qomolangma nature reserve is covered by snow and ice, and warming-induced melting may damage the root system of vegetation, resulting in reduced vegetation productivity [5,30,32,61]. Close relationships between precipitation and changes in vegetation dynamics have also been reported for the QTP [14,47,62]. In the present study, such relationships were mainly found in the NNRs of the northeastern QTP, where increases in precipitation were more pronounced than in other regions of the QTP [40,63,64]. There was no clear relationship between ANPP and precipitation in most other areas because either increases in precipitation were small or precipitation even decreased [30,49,65,66]. Accordingly, precipitation had positive and negative effects on vegetation ANPP in the present study. However, both effects generally could not pass the significance test in most areas of the NNRs.



The human-induced activities are the dominant factors affecting vegetation dynamics and may influence ecosystems both positively and negatively [33,67]. Most studies have concluded that climate change in arid and semi-arid regions plays a positive role in vegetation recovery, while human activities play a negative role [58,68,69]. For example, climatic factors mainly caused grassland NPP increases in arid regions of Central Asia, while human activities mainly caused grassland degradation [70]. It is also showed that vegetation recovery on the QTP from 2000 to 2015 was mainly caused by climate change, while human activities caused the degradation process [71]. In the 42 NNRs of this study, grazing is the most important type of human activities. Along with the booms of population and urbanization processes, the demands for animal husbandry and animal products are surging simultaneously, which could lead to chronic overstocking in pastoral areas of the NNRs [72]. The influences of grazing are particularly on alpine grassland and alpine meadow, which are located at the northwestern NNRs on QTP, such as Three-River Headwater Region nature reserve, Hoh Xil nature reserve, and Chang Tang nature reserve. Moreover, the developments of the tourism and tertiary industries in recent years are also the main types of human activities in the NNRs, especially in buffer regions of the NNRs. Additionally, mine extracting and energy exploitation are also existing in some NNRs, such as the QLM nature reserve. In this study, the effects of human activities on ANPP also showed significant spatial heterogeneity. Specifically, areas with a decline in ANPP mainly due to human activities accounted for 45.59% of the total vegetated area and mainly occurred in NNRs with high intensities of human activities, such as the Yarlung Tsangpo Grand Canyon nature reserve. However, in some other areas, such as the eastern region of the Hoh Xil nature reserve, human activities—i.e., strict conservation measures and the implementation of ecological projects—mainly caused the increase in ANPP [14,73,74]. Our results are generally consistent with most studies, which indicate that the impact of human activities on the vegetation of the QTP exhibits apparent spatial heterogeneity [32,42,43].



In this study, the PNPP, ANPP, and HNPP were used to establish public indicators to unify the effects of climate change and human activities on the vegetation variations to a comparable level in 42 NNRs on the QTP. The results showed that overall, the vegetation variations in the NNRs on the QTP were caused by climate change (59.53%) and human activities (40.47%), thus, indicating that the relative contribution of climate change to vegetation was almost 1.5 times higher than that of human activity. Furthermore, the relative contribution rate of human activities (40.47%) illustrates that the anthropogenic factors, such as grazing, infrastructure construction, and environmental protection projects, have also played an important (positive/negative) role in influencing vegetation variations. Actually, there has been considerable controversy over the relative roles of climate change and human activities in the vegetation variations on the QTP. Some studies suggested that climate change was the main cause of vegetation variations [29,33,48]. Nevertheless, other studies considered that the role of climate change was often overestimated, and human activities were the dominant factor for vegetation variations on the QTP [72,75]. For example, Huang et al. (2021) found that areas dominated by human activities are much smaller than those dominated by climate on the QTP [33]. On the other hand, it is reported that in the period of 2000–2019, the relative contribution of climate change to vegetation on the QTP was 34%, and that of human activities was 66% [75], which means that the relative contribution rate of human activities to vegetation was almost twice that of climatic factors. The contradiction may be due to the different research methods. In this research, we used a quantitative approach of ANPP, PNPP, and HNPP to obtain more quantitative findings. Through the analysis of all the possible scenarios based on the relationship between changes in NPP caused by climate change and human activities, it was possible to evaluate the relative roles of climate change and human activities on vegetation variations. In addition, the contradiction may also be due to the different management regimes within and outside the NNRs. For instance, protection is relatively strict in the NNRs on the QTP, which indicates that under the strictest regimes of natural reserve management, the human activities are generally excluded.




4.2. Limitations and Future Research Directions


The uncertainty of the quantitative assessment of this study was mainly manifested in the following aspects. Firstly, the MOD17A3HGF NPP data were used because they present spatiotemporal continuous NPP with much better quality and accuracy compared with other remote sensing products. However, this dataset still had accuracy limitations and uncertainties [76]. Thus, improving the accuracy of remote sensing products is still problematic.



Secondly, this study simplified the climatic factors that affect vegetation variations into temperature and precipitation, and attributed all non-natural factors to human activities. However, the factors affecting vegetation variation are highly complex and not limited to climate change or human activities [77,78]. Thus, the quantitative assessment for the contributions of climatic factors and human activities on vegetation variation had a lack of thoroughness. Therefore, other factors, such as soil properties, light conditions, fire, and specific vegetation types, should be considered in future studies [14]. In addition, this study only considered temperature and precipitation as climatic factors, but sunshine, evaporation, wind speed, and other factors are not included.



Thirdly, we used the Thornthwaite Memorial model to simulate the NPP for climate impacts in this study. Although this model has been widely used [14,58,79], fixed-model parameter values are a known shortcoming. Furthermore, these values are obtained from experience and do not consider differences among geographic environments. Additionally, the climate factors used in the Thornthwaite Memorial model only included temperature and precipitation, while other factors such as atmospheric humidity, air pressure, and solar radiation were not considered. Therefore, an improvement in the Thornthwaite Memorial model will be an important task in the future.



Finally, in this study, the nearest neighbor interpolation method was used to resample the spatial resolution of air temperature and precipitation. Although this method has been shown to perform well for interpolating climatic factors [43], uncertainties still exist in the assessments, which may lead to less reliable results. Therefore, considering the climate data situation and interpolation objectives, it is a particularly important consideration in the future to choose the most appropriate interpolation method.





5. Conclusions


In this study, we analyzed the dynamics of vegetation ANPP in 42 NNRs on the QTP from 2000 to 2020. Further, driving factors were determined by using an NPP-based scenario simulation. Future vegetation trends were also predicted. The main conclusions of this study were that ANPP was generally high in the southeast and low in the northwest. During the 21 years studied, 83.35% of the total area showed an overall increasing trend in ANPP. Climatic factors mainly drove ANPP variation with a contribution of 59.53%, which was 1.5 times higher than that of human activities. Furthermore, the annual average temperature contributed more to ANPP variation than annual average precipitation. Finally, we found generally persistent future vegetation trends for NNRs on the QTP, with 31.6% of the vegetated areas showing the same trends as the current trends.
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Figure 1. Geographical distribution of NNRs on the QTP (See Table S1 in Supplementary Materials for abbreviations of NNRs). 
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Figure 2. Spatial patterns of ANPP, HNPP, and PNPP for NNRs on the QTP from 2000 to 2020. Subfigures (a–c) show mean values, and subfigures (d–f) show the corresponding significance levels. 
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Figure 3. Driving factors and their contributions to vegetation ANPP variation in NNRs on the QTP. NNR abbreviations are provided in Supplementary Table S1. 
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Figure 4. Spatial distribution of the driving factors of vegetation ANPP changes (a) and their contributions (b) in 42 NNRs on the QTP. Scenario abbreviations are given in Table 1. 
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Figure 5. Spatial patterns of the multiple correlation coefficient between ANPP and temperature and precipitation (a), and significance levels p (b). 
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Figure 6. Spatial patterns of partial correlation coefficients between ANPP and temperature (a), ANPP and precipitation (b), and significant levels for temperature (c) and precipitation (d). 
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Figure 7. Spatial patterns of the Hurst exponent (a), future vegetation trends (b), and coefficients of variation (c) derived from ANPP data (2000–2020). (d–f) are the absolute (bars) and relative (pie charts) area coverage in (a–c). 
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Table 1. Eight scenarios of effects of climate change and human activities on vegetation NPP.
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SANPP

	
Scenario

	
SPNPP

	
SHNPP

	
Contribution

	
Driving Factors

	
Abbreviation




	
Climate (%)

	
Human (%)






	
>0

	
1

	
>0

	
>0

	
100

	
0

	
Climate

	
CDI




	
2

	
<0

	
<0

	
0

	
100

	
Human

	
HDI




	
3

	
>0

	
<0

	
        S  PNPP        ×   100       S  PNPP     +    S  HNPP         

	
        S  HNPP        ×   100       P s    +    S  HNPP         

	
Climate and Human

	
CHII




	
4

	
<0

	
>0

	

	

	
Error

	
EI




	
<0

	
5

	
<0

	
<0

	
100

	
0

	
Climate

	
CDD




	
6

	
>0

	
>0

	
0

	
100

	
Human

	
HDD




	
7

	
<0

	
>0

	
          S  PNPP          ×   100         S  PNPP       +    S  HNPP         

	
        S  HNPP        ×   100         S  PNPP       +    S  HNPP         

	
Climate &Human

	
CHID




	
8

	
>0

	
<0

	

	

	
Error

	
ED
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Table 2. Summary statistics for the six scenarios of future ANPP development based on Theil-Sen trend slopes and Hurst exponents. The abbreviations are the same as Figure 7b.
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ANPP Increase

	
Stable ANPP

	
ANPP Decrease




	
PD

	
APD

	
SSD

	
UD

	
ND

	
AND






	
Area (km2)

	
21,4650.50

	
4002.75

	
99,696.75

	
104,760.25

	
4093.25

	
116.50




	
Percentage (%)

	
50.23%

	
0.94%

	
23.33%

	
24.51%

	
0.96%

	
0.03%
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