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Abstract

:

The quantitative assessment of vegetation resilience and resistance is worthwhile to deeply understand the responses of vegetation growth to climate anomalies. However, few studies comprehensively evaluate the spatiotemporal resilience and resistance of global vegetation responses to climate change (i.e., temperature, precipitation, and radiation). Furthermore, although ecosystem models are widely used to simulate global vegetation dynamics, it is still not clear whether ecosystem models can capture observation-based vegetation resilience and resistance. In this study, based on remotely sensed and model-simulated leaf area index (LAI) time series and climate datasets, we quantified spatial patterns and temporal changes in vegetation resilience and resistance from 1982–2015. The results reveal clear spatial patterns of observation-based vegetation resilience and resistance for the last three decades, which were closely related to the local environment. In general, most of the ecosystem models capture spatial patterns of vegetation resistance to climate to different extents at the grid scale (R = 0.43 ± 0.10 for temperature, R = 0.28 ± 0.12 for precipitation, and R = 0.22 ± 0.08 for radiation); however, they are unable to capture patterns of vegetation resilience (R = 0.05 ± 0.17). Furthermore, vegetation resilience and resistance to climate change have regionally changed over the last three decades. In particular, the results suggest that vegetation resilience has increased in tropical forests and that vegetation resistance to temperature has increased in northern Eurasia. In contrast, ecosystem models cannot capture changes in vegetation resilience and resistance over the past thirty years. Overall, this study establishes a benchmark of vegetation resilience and resistance to climate change at the global scale, which is useful for further understanding ecological mechanisms of vegetation dynamics and improving ecosystem models, especially for dynamic resilience and resistance.
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1. Introduction


Human-induced climate warming has exacerbated the instability of the climate system [1,2] and the climatic anomaly has significantly changed vegetation dynamics on a global scale, with significant impacts on ecosystem structure and function [3,4]. Changes in vegetation growth further affect the regional and global carbon and water cycles [5,6]. Thus, quantitative assessment of vegetation stability helps clarify the relationships between vegetation growth and climatic anomalies and understand changes in affected ecosystem functions [7,8] with significant ecological and economic implications.



Generally, two fundamental characteristics, resilience and resistance, are used to characterize vegetation stability in response to short-term climate anomalies [7,9,10,11]. Many studies have discussed vegetation resilience and resistance on regional and global scales using different methods. For example, Indian terrestrial ecosystems are relatively fragile, and one-third of watersheds and most vegetation types are less resilient to drought [12]. Half of the catchments in Peninsular India are not hydrologically resilient to climatic warming shifts [13]. In the tropics and southwest China, more drought events make forests less resilient [14,15]. Higher daily minimum temperatures promote slower tree growth in tropical forests, which are less resilient to higher temperatures [15]. In terms of vegetation resistance, African tropical forests are resistant to extreme climate anomalies in 2015–2016 El Niño [16]. Observational evidence indicates that the temperature sensitivities of vegetation growth in boreal regions have been weakened in recent decades [17]. In addition, the maximum air temperature has exceeded the optimum air temperature for tropical forests [18], and the increasing temperature has negative effects on tropical forest growth [19]. All these findings strongly imply that vegetation stability in response to climate change might have changed during the last three decades, and such a change can be expected to affect the successional trajectory of global vegetation growth. However, this possibility has not yet been confirmed because the evidence for vegetation stability change on a global scale remains lacking.



With the advancement of sensors, datasets detected by remote sensing have long-term, continuous, and multi-scale features, providing information on a broad spatial range and being highly valuable for ecosystem research. Metrics characterizing ecosystem function and biomass and greenness of vegetation, including normalized difference vegetation index (NDVI) [11,20], enhanced vegetation index (EVI) [21], leaf area index (LAI) [22], vegetation optical depth (VOD) [21], and net primary productivity (NPP) [23], have advantages in quantifying vegetation responses to climate anomalies. For example, the linear slope of the deseasonalized NDVI was used as a proxy for vegetation resilience after drought [11,20]. Forest resilience was measured by a lag-1 autocorrelation coefficient of EVI anomaly or VOD anomaly [21]. Terrestrial ecosystem resilience was a ratio of the magnitude of maximum stress from which the LAI can recover to the length of time required for the LAI to recover to its normal range [22]. Some studies combined autoregressive models with NPP or EVI time series to extract resilience and resistance to assess vegetation stability [23,24]. Because of long-term and global coverage, these metrics provide a unique opportunity to assess the spatiotemporal resilience and resistance of global vegetation responses to climate change over the past three decades.



Regarding the status of vegetation stability research, there are three main deficiencies in work focused on responses of vegetation resilience and resistance to climate change. First, there are still few studies that comprehensively assess the resilience and resistance of vegetation to climate changes in variables such as temperature, precipitation, and radiation on a global scale. Second, although ecosystem models are widely used to simulate global vegetation dynamics, it is still not clear whether the models can capture observation-based vegetation resilience and resistance. Third, previous studies only considered the static patterns of vegetation stability [9,15,25] and did not assess the potentially dynamic patterns of vegetation resilience and resistance over the past decades.



Vegetation resilience is the rate at which vegetation recovers to its normal patterns during or after environmental perturbations, whereas vegetation resistance is the extent to which vegetation resists the changes in environmental factors [26]. In this study, we calculate vegetation resilience and resistance through autoregressive models [23,27]. Vegetation resilience can be characterized on the basis of long-term time series data from the relationships between ecosystem metrics in the current state and the previous state [10]. A larger magnitude of the regression coefficient between the current state and the previous state, which indicates stronger memory effects of vegetation, usually represents lower vegetation resilience, whereas a smaller magnitude typically indicates higher vegetation resilience. Resistance expresses the ability of vegetation to withstand environmental disturbances. Vegetation resistance is analogous to the sensitivity of vegetation to climate (e.g., temperature and precipitation), whereas the difference is that all the variables need to be standardized in the autoregressive model [24,27], which can be used to compare the variation in vegetation growth in response to different climatic variables.



The primary objective of this study is to assess the spatial patterns and trends of observation- and model-based vegetation resilience and resistance on a global scale over the last three decades and to compare resilience and resistance in different biomes. There are two key problems that we are trying to solve. First, whether ecological models can capture observation-based spatial patterns and trends in vegetation resilience and resistance. Second, the unclear underlying dynamic patterns of vegetation resilience and resistance over the past few decades.



Because remote sensing scientists and ecosystem modelers both provide long-term LAI time series for 1982–2015 [28,29], it is a unique opportunity to evaluate the spatiotemporal resilience and resistance of global vegetation responses to climate change in the last three decades. Here, we first evaluated the applicability of LAI. In addition, we analyzed the global static spatial patterns of vegetation resilience and resistance (i.e., temperature, precipitation, and radiation) based on an autoregressive model. Then, we assessed whether the models can capture patterns of vegetation resilience and resistance on grid and biome scales. Finally, we examined the potential changes in vegetation resilience and resistance over the last three decades with a moving temporal window of fifteen years. Our statistical analyses and calculations are based on MATLAB R2020b software.




2. Materials and Methods


2.1. Remotely Sensed LAI Time Series


The Global Inventory Modeling and Mapping Studies (GIMMS) LAI 3g dataset of 1982–2015 was used to quantify the spatial patterns of vegetation resilience and resistance [22,28,30]. The spatial resolution of the GIMMS LAI was 0.083° × 0.083°, and the temporal resolution was 15 days. The semi-monthly GIMMS LAI time series were composited to monthly series using the maximum-value composition (MVC) method [31,32]. To match the spatial resolutions of the climate data and ecosystem models, GIMMS LAI datasets were resampled to a common spatial resolution of 0.5° × 0.5° with mean aggregation for all pixels. Pixels with multi-year averaged GIMMS LAI < 0.2 were removed from the analyses, which mainly exclude areas with extremely sparse or non-existent vegetation cover [24].




2.2. Simulated LAI Time Series by Ecosystem Models


Although ecosystem models are widely used to simulate global vegetation dynamics, it is still not clear whether the models can capture observation-based vegetation resilience and resistance. To evaluate vegetation resilience and resistance, six state-of-the-art Trendy-v6 Dynamic Global Vegetation Models (DGVMs) were used in this study, including CABLE, ISAM, LPJ-GUESS, ORCHIDEE, VEGAS, and VISIT [29]. Among all ecological models of Trendy-v6 DGVMs, we first selected the model whose output simulated LAI. Second, only the six selected models’ outputs simulated LAIs with 0.5° × 0.5° spatial resolution, which is consistent with the resolution used in the study. The simulated datasets were provided by the Global Carbon Project, which covers the historical period from 1982–2015. All the ecosystem models are forced by a set of observation-based time series data. In detail, atmospheric CO2 concentration data is from the United States National Oceanic and Atmospheric Administration Earth System Research Laboratory (NOAA/ESRL) and Scripps Institution of Oceanography [29]; climate data is from the Climatic Research Unit and National Centers for Environmental Prediction Reanalysis products (CRU–NCEP v8) [33], and human-induced land use changes and management are from the History Database of the Global Environment (HYDE) and the Land-Use Harmonization v2 datasets [34,35]. The ecosystem output parameters from each model mainly include the vegetation index (LAI), carbon cycle data (carbon storage and carbon flux), nitrogen cycle data (nitrogen storage and nitrogen flux), and water cycle data (soil moisture, transpiration, and runoff). In this study, we mainly used monthly LAI time series based on the S3 simulation scenario (varying CO2 concentrations over time, varying climate change over time, and varying land use changes over time) [36], which is considered a scenario similar to the real natural ecosystem.




2.3. Climatic Time Series


In our study, the monthly Climatic Research Unit gridded Time Series (CRU TS) V4 1982–2015 dataset with a spatial resolution of 0.5° × 0.5° was used to represent the climatic dynamics of the last three decades [37]. Few studies comprehensively evaluate the spatiotemporal resilience and resistance of global vegetation responses to climate change (i.e., temperature, precipitation, and radiation). To evaluate vegetation resistance to climate factors, three climatic variables—air temperature, precipitation, and solar shortwave radiation—were selected for interpreting vegetation resistance to climate. More importantly, the climate-forced data for all ecosystem models of Trendy-v6 DGVMs are the CRU dataset [33]. The CRU dataset was therefore chosen so that the same climate data can reduce climate errors in the analysis, allowing model-based vegetation resilience and resistance to better compare with observation-based results. The CRU dataset usually has good performance for climatic anomalies and is widely used in global change ecology research [38,39].




2.4. Biome Map


To analyze the vegetation resilience and resistance of different biome functional types, we created a biome map based on the Moderate Resolution Imaging Spectroradiometer (MODIS) Land Cover Climate Modeling Grid (CMG) Version 6 (MCD12C1 V6) dataset [40], widely used as a classification system in ecosystem studies [41,42,43,44]. The same vegetation type generally means that the hydrothermal environment of the ecosystem is roughly similar. The MODIS land cover dataset mainly contains three classification systems, the International Geosphere-Biosphere Programme (IGBP) system, the University of Maryland (UMD) system, and the leaf area index (LAI), which are provided at yearly intervals at 0.05°. In this study, we adopted the widely used IGBP classification system to make a biome map following specific synthetic rules [41]. We mainly focused on eight natural vegetation types, including tundra, boreal forest, tropical forest, temperate forest, shrubland, grassland, savanna, and woody savanna. The specific synthesis rules for the biome map are as follows:




	(1)

	
Tundra: grassland and open shrubland north of 55°N;




	(2)

	
Boreal forest: evergreen needleleaf forest, deciduous needleleaf forest, and mixed forest north of 50°N;




	(3)

	
Tropical forest: evergreen broadleaf forest;




	(4)

	
Temperate forest: deciduous broadleaf forest and mixed forest south of 50°N;




	(5)

	
Shrubland: open shrubland south of 55°N;




	(6)

	
Grassland: grassland south of 55°N;




	(7)

	
Savanna: same as savanna in the MODIS IGBP;




	(8)

	
Woody savanna: same as woody savanna in the MODIS IGBP;









To minimize the influences of land use changes due to human activities, we constructed an unchanged land cover map for 2001 to 2015 (Figure S9) [42]. The unchanged biome map was further used to analyze vegetation resilience and resistance among different types.




2.5. Decomposition of the LAI and Climate Time Series


The time series of LAI and climatic variables with periodic changes are usually composed of three parts: long-term trend, intra-annual seasonality, and anomaly. Accordingly, the periodic time series can be written as follows:


  Y = Trend + Seasonality + Anomaly  



(1)




where  Y  is the monthly LAI or climate time series,   Trend   is the long-term trend,   Seasonality   is the seasonal cycle, and   Anomaly   denotes the anomalies compared to normal conditions [45].



In this study, vegetational and climatic anomalies were applied to quantify vegetation resilience and resistance. First, we removed the seasonality of vegetational and climatic time series via a multiyear averaged seasonal cycle. Second, we obtained the anomalies after detrending the time series via a linear regression model using the regress function in MATLAB. Third, we normalized the time series of anomalies using the Z-score normalization method to calculate vegetation resilience and resistance.




2.6. Vegetation Resilience and Resistance


We used a multiple linear regression model to quantify vegetation resilience and resistance using the fitlm function in MATLAB. Here, the time series of the LAI anomaly was treated as the dependent variable, and the time series of the LAI anomaly with a one-month lag and the time series of the climate anomalies, including temperature, precipitation, and solar radiation anomalies, were treated as the independent variables. The expression of the autoregressive model can be written as follows:


       LAI   t  =    α * LAI    t − 1   +    β * T   t  +    γ * P   t  +    δ * R   t  +  ϵ t   



(2)




Here,     LAI  t    is the time series of the normalized LAI anomaly;     LAI   t − 1     is the time series of the normalized LAI anomaly with a one-month lag;  T ,     P   , and  R  represent the time series of temperature, precipitation, and radiation anomalies, respectively;    ϵ t    is the residual term.   α ,     β ,    γ , and  δ  are the model coefficients, which range from −1 to 1. Specifically, α represents vegetation resilience and   β ,    γ , and  δ  represent vegetation resistance to temperature, precipitation, and solar radiation, respectively. Here, larger absolute values of vegetation resilience and resistance indicate lower resilience and lower resistance, and vice versa. Positive   β ,    γ , or  δ  values indicate that higher temperature, more precipitation, or stronger radiation can promote vegetation growth. Negative   β ,    γ , or  δ  values indicate that higher temperatures, more precipitation, or stronger radiation can inhibit vegetation growth. The significance of vegetation resilience or resistance is tested at the level of p < 0.05.




2.7. The Temporal Changes in Vegetation Resilience and Resistance


The temporal changes in vegetation resilience and resistance were analyzed by using a 15 years moving temporal window algorithm from 1982 to 2015. The starting year of the first temporal window of vegetation resilience and resistance was 1982 and the ending year was 1996. The temporal window slid by 1 year for each step, with the last temporal window being 2001–2015. Then, we calculated linear trends of vegetation resilience and resistance using the regress function in MATLAB through 20 temporal windows on a pixel scale. Here, the significance of the change in vegetation resilience or resistance is tested at the level of p < 0.05. Finally, the trends were compared between observed and modeled resilience and resistance within different biomes. We tested the uncertainty analyses of the autoregression model using different window sizes including 10 years, 15 years, and 20 years. We plot the spatial patterns and frequency distribution of the changes in observation-based vegetation resilience and resistance among the three window sizes. Results are consistent among different window sizes, which verified the robustness of the conclusions in terms of changes in vegetation resilience and resistance (Figures S10 and S11).





3. Results


3.1. Applicability of LAI


To evaluate the applicability of the model-simulated LAI, we also compared the LAI based on remote sensing observations and model simulation. The results show that the LAI in six models is roughly similar to the spatial gradient of the GIMMS LAI (Figure S1). The correlation between GIMMS LAI and six DGVMs LAI is relatively high, with R ranging from 0.57 for VISIT to 0.90 for ISAM (Figure 1). To evaluate the results based on GIMMS LAI, we further calculated vegetation resilience and resistance to climate variables based on GIMMS NDVI (Figure S2). The spatial pattern and relative magnitude of vegetation resilience and resistance based on GIMMS NDVI are consistent with the results based on GIMMS LAI (Figure 2 and Figure S2). Therefore, choosing LAI as a vegetation feature can accurately reflect vegetation resilience and resistance.




3.2. Spatial Patterns of Vegetation Resilience and Resistance


Based on the autoregressive model, the vegetation resilience and resistance reveal clear spatial patterns (Figure 2a). Stronger vegetation resilience is observed in northern Eurasia, eastern North America, the Amazon Basin, central Africa, and southeastern Asia. The results suggest that the rate at which an ecosystem recovers to its normal patterns during or after environmental perturbations is faster in these regions. In contrast, vegetation resilience in arid and semiarid regions is generally lower, which indicates that vegetation in these regions takes longer to recover to its original state during or after environmental disturbances.



Vegetation resistance to temperature is negative in South Asia and arid and semiarid regions such as Mexico, southern South America, Sub-Saharan Africa, southern Africa, and Australia (Figure 2b). This means that vegetation growth can be limited if the regional temperature increases. Furthermore, the resistance of vegetation to temperature anomalies is lower in arid and semiarid regions (e.g., Australia, Sub-Saharan Africa, and southern Africa). In addition, vegetation resistance to temperature anomalies in the high northern latitudes is positive, indicating that increasing temperature in these regions can promote local vegetation growth.



Vegetation resistance to precipitation and resistance to temperature generally show opposite effects (Figure 2b,c). For example, at high northern latitudes, vegetation growth is negatively related to precipitation anomalies; however, the relationship is positive for arid and semiarid regions (Figure 2c). These results indicate that a short-term increase in precipitation will enhance vegetation growth more in water-limited regions, whereas it will weaken vegetation growth to a greater extent in temperature-limited regions.



Vegetation resistance to radiation anomalies is positive in most regions of the world (Figure 2d), indicating that stronger radiation usually promotes vegetation growth. Meanwhile, in high northern latitudes, southeastern Asia, the northern Amazon, and western Australia, vegetation is less resistant to radiation anomalies, which means that a short-term increase in radiation will enhance vegetation growth to a greater extent. For parts of Northwestern America, the main limiting factor of vegetation growth is water (Figure 2d), and more radiation (also higher temperature) in water-limited regions might restrict vegetation growth [24]. In other regions of the world, such as arid and semiarid regions, vegetation resistance to radiation is stronger, which means that vegetation growth is less sensitive to radiation in these regions.



Averaged vegetation resilience from the six Trendy-v6 DGVMs does not capture the spatial patterns of vegetation resilience by observations (Figure 2a and Figure 3a). In comparison, the magnitudes of model-based vegetation resilience are much lower than the observation-based results. Specifically, vegetation resilience is lower in tropical regions according to the models; however, it is higher in tropical regions according to the observations. In addition, ecosystem models effectively capture the spatial patterns of vegetation resistance to temperature globally (Figure 2b and Figure 3b), which suggests positive relations in temperate and boreal regions in the Northern Hemisphere. In addition, for vegetation resistance to precipitation, the models capture the positive relations in arid and semiarid regions (Figure 2c and Figure 3c), whereas they do not effectively capture the negative relations in boreal regions. For vegetation resistance to radiation, averaged values of ecosystem models generally suggest weak relations (Figure 2d and Figure 3d), which means radiation is less important than temperature and precipitation for vegetation growth in models. However, the observation-based results tell another story about the resistance of vegetation to radiation.




3.3. Evaluation of Modeled Vegetation Resilience and Resistance


To quantify how well ecosystem models capture the spatial patterns of vegetation resilience and resistance, we first calculated the Pearson correlation and RMSE between observation- and model-based results on a grid scale. The results suggest that most of the models do not capture the observation-based vegetation resilience, with R ranging from −0.29 for LPJ-GUESS to 0.28 for ORCHIDEE and RMSE ranging from 0.35 for ISAM to 0.51 for VISIT (Figure 4a). In contrast, most of the models capture the patterns of vegetation resistance to temperature well, with R ranging from 0.29 for VISIT to 0.58 for ORCHIDEE and RMSE ranging from 0.11 for ORCHIDEE to 0.17 for VISIT (Figure 4b). Compared to vegetation resistance to temperature, the models do not effectively capture vegetation resistance to precipitation (R values range from 0.15 for VISIT to 0.49 for LPJ-GUESS) and radiation (R values range from 0.08 for ISAM to 0.33 for ORCHIDEE) (Figure 4c,d). Specifically, among the six ecosystem models, ORCHIDEE showed the best performance when comparing observation-based vegetation resilience and resistance.



In addition to spatial patterns, we also evaluated the modeled vegetation resilience and resistance at the biome scale. Observation-based results suggest that the resilience of water-limited shrubland and grassland is weak. Excessive temperatures have negative effects on shrubland. Tundra and boreal forest in high altitudes are not bound by precipitation. Radiation enhancement promotes the growth of all types of vegetation (Figure 5). For observation-based results, the median value of vegetation resilience in the tundra, boreal forest, tropical forest, temperate forest, savanna, and woody savanna areas ranged from 0.2407 to 0.3054, and the values for water-limited shrubland and grassland were 0.5053 and 0.4662, respectively (Figure 5a and Table S1). In comparison, median values of modeled vegetation resilience across the eight natural biomes range from 0.5945 to 0.7984, far exceeding the observation-based results. The large difference indicates that the vegetation recovery rate after climatic disturbance in ecosystem models is much slower than that in the real ecosystem. In addition, the modeled vegetation resistance to temperature is quite similar to the observation-based results (the mean value is 0.0395 for observations and 0.0407 for model means) (Figure 5b and Table S1), which indicates that the ecosystem model is more reliable in capturing vegetation–temperature interactions. For vegetation resistance to precipitation, the sign of the modeled results is the opposite of that of the observed results for tundra (−0.0676 versus 0.0125), tropical forest (−0.0186 versus 0.0188), temperate forest (−0.0697 versus 0.0266), savanna (−0.0451 versus 0.0344), and woody savanna areas (−0.0709 versus 0.0233), whereas the models only capture vegetation–precipitation interactions well for shrubland (0.0303 versus 0.0957) and grassland (0.0493 versus 0.0744) (Figure 5c and Table S1). For vegetation resistance to radiation, the observed values for the biomes ranged from 0.0226 for grassland to 0.2002 for temperature forest; however, the modeled results were all approximately zero (ranging from −0.0332 for shrubland to 0.0345 for boreal forest) (Figure 5d and Table S1), which means that vegetation–radiation interactions were poorly evaluated in most ecosystem models.



Given that the correlation between modeled and observed resilience and resistance may be the high criterion, we also established linear relations between the two at the biome scale. In general, the conclusions are similar to those made at the grid scale. In other words, the ecosystem models did not capture the observed vegetation resilience well (R2 ranged from 0.00 for CABLE to 0.41 for ISAM) (Figure 6a). In addition, vegetation resistance to temperature (R2 ranged from 0.03 for VISIT to 0.78 for CABLE) and to precipitation (R2 ranged from 0.34 for ISAM to 0.80 for VEGAS) suggest a more robust relationship between the model and observations, followed by vegetation resistance to radiation (R2 ranged from 0.02 for VISIT to 0.63 for VEGAS) (Figure 6b–d). Even though there is a good relationship between the observations and models for vegetation resistance, the magnitudes still show a considerable bias from the 1:1 line, which should be further studied with ecosystem modelers. Among the ecosystem models, VEGAS shows better performance in capturing vegetation resilience (R2 = 0.37) and resistance (R2 = 0.25 for temperature, R2 = 0.80 for precipitation, R2 = 0.63 for radiation) at the biome scale.




3.4. Changes in Vegetation Resilience and Resistance


The dynamics of vegetation resilience and resistance are calculated with a moving window of 15 years from 1982 to 2015, and linear trends of vegetation resilience and resistance are derived on a pixel scale. Interestingly, the results suggest that vegetation resilience increased in most tropical forest (Figure 7a), which indicates that rates of vegetation recovery may be strengthened during or after environmental perturbations. Changes in vegetation resilience in other regions are irregular and fragmented. In comparison, the ecosystem model does not capture the increased resilience in tropical regions (Figure 7b). The results suggest that vegetation resistance to temperature increased in northeast Eurasia but decreased in India, Australia, and the Amazon Basin (Figure 7c). In other words, vegetation growth is no longer sensitive to temperature anomalies in northern Eurasia, whereas it is more sensitive to temperature changes in India, Australia, and the Amazon Basin. In comparison, the ecosystem model does not capture the changes in temperature resistance in these regions well (Figure 7d). The observed vegetation resistance to precipitation increased in western Eurasia, whereas the modeled results showed marginal changes (Figure 7e,f). Patterns of observed vegetation resistance to radiation are irregular and fragmented (Figure 7g,h).



To further quantitively evaluate the changes in vegetation resilience and resistance, probability distributions of the changes were analyzed for the eight natural biomes. In general, the trend values of vegetation resilience and resistance calculated from the observations suggest a wide range, whereas trend values from models are narrowly distributed (Figure 8 and Table S2). This phenomenon indicates that vegetation in reality is more complex and driven by multiple ecological processes. However, ecosystem models usually consider some of the basic processes; therefore, the probability distribution is much narrower. Specifically, vegetation resilience is obviously increased in tropical forest (mean = −0.00994 year−1), whereas it is decreased in shrubland (mean = 0.00416 year−1). Vegetation resistance to temperature increased in tundra (mean = −0.00193 year−1), whereas it decreased in tropical forest (mean = 0.00229 year−1), temperate forest (mean = 0.00220 year−1) and shrubland (mean = 0.00229 year−1). Vegetation resistance to precipitation increased in tundra (mean = −0.00178 year−1) and boreal forest (mean = −0.00540 year−1), whereas it decreased in tropical forest (mean = 0.00227 year−1) and temperate forest (mean = 0.00251 year−1). Vegetation resistance to radiation decreased in tropical forest (mean = 0.00389 year−1) and shrubland (mean = 0.00343 year−1). Here, it should be noted that although we diagnosed changes in vegetation resistance to climate, the magnitudes of the mean values are relatively small because of wide distribution ranges driven by complex processes under actual conditions. However, none of the ecosystem models capture the changes in vegetation resilience and resistance, with mean values of approximately zero (ranging from −0.00524 year−1 for tundra resilience in ISAM to 0.00378 year−1 for shrubland radiation resistance in LPJ-GUESS).





4. Discussion


4.1. Driving Mechanisms of Vegetation Resilience and Resistance


The spatial patterns of vegetation resilience demonstrated in our study are similar to those reported in related studies [25,27,46]. In arid and semiarid regions (e.g., the west of the United States, Sub-Saharan Africa, and Australia), low resilience suggests strong self-memory of vegetation growth, which means that vegetation recovers slowly to its normal state during or after climatic disturbances. Furthermore, due to low resilience, vegetation such as savanna can easily transition into an alternative state in response to climate change [47]. For example, increased annual precipitation over long periods in Sub-Saharan Africa may promote a shift in vegetation from savanna to woody savanna or forest, whereas increased water stress may promote a shift from savanna to grassland or desert [47]. In contrast, the high resilience in tropical forest implies that recovery rates following environmental disturbance are high [15,48]. The biome resilience decreased when the vegetation becomes barren or sparse [23]. Tropical forest with high species diversity is more complex in composition and structure than other vegetation systems. Therefore, tropical forest is much more resilient than other biomes [22,49]. For example, the ecosystem stability of the study area decreased from forest to cropland, shrub, and barren grassland [23]. Although tropical forest is much more resilient than other biomes, the significant dependence of vegetation resilience on precipitation suggests that the vegetation state may change in response to future climate change [47].



The climatic resistance of vegetation observed in our study suggests clear patterns. Compared with previous studies [24,42,50], our study reveals similar patterns of temperature, precipitation, and radiation resistance. For example, vegetation at high northern latitudes shows less temperature resistance; vegetation in arid and semiarid regions shows less precipitation resistance, and tropical forest shows less radiation resistance [24]. In other words, the underlying ecological mechanisms are closely related to the basic local environment. At high northern latitudes, the temperature is a limiting factor for vegetation photosynthesis and there are two possible mechanisms behind the negative relationship between vegetation growth and precipitation anomalies. First, more precipitation at the high northern latitudes resulted in an increase in cloud cover and a further decrease in temperature. In these temperature-controlled regions, the decreased temperature may play negative effects on vegetation growth [38]. Second, soil moisture is high at the high northern latitudes, so vegetation growth is not limited by precipitation. More precipitation may have negative effects on vegetation growth [36]. However, water is a limiting factor for vegetation growth in arid and semiarid regions. In addition, although climate conditions are close to optimal in tropical forests for vegetation growth, vegetation in high-density forests competes for light resources. This is why vegetation resistance to radiation is low in tropical forests. In previous studies, the patterns of the dominant climatic drivers in tropical forests were found to be irregular and fragmented [42], which may be the result of neglecting vegetation resilience in their multiple linear models. In contrast, the patterns based on the autoregression model found in our study produce clearer trends of vegetation resistance to different climatic factors.



Upon comparing the observation-based and model-based vegetation resilience results, we find that all ecosystem models do not capture the spatial gradients and that they do not even capture the relative magnitudes of vegetation resilience among natural biomes. This indicates that the processes related to resilience are still lacking in current models [51]. For example, different biomes usually have different recovery rates in response to climatic disturbance [25,52]. Usually, vegetation recovery after disturbance in natural experiments takes a long time [53,54], so the ground truth is very limited in interpreting the processes of vegetation resilience [55]. In contrast, most models can effectively capture vegetation resistance to temperature precipitation at the grid and biome scales. In the last three decades, interactions between temperature/precipitation and vegetation have been widely studied using field experiments and remote sensing [56,57]. Observation-based vegetation resilience is low in arid and semiarid regions [22]. The comparison shows that the model-based vegetation resilience is lower in parts of arid and semi-arid regions, such as Sub-Saharan Africa and Australia (Figure 2a and Figure 3a). However, some models, such as ISAM and LPJ-GUESS, failed to capture relatively low resilience in the arid and semiarid regions of Eurasia (Figures S4a and S5a). In the real world, vegetation in arid regions usually recovers slowly after disturbance. However, some models do not consider this process. The realistic findings obtained also help couple new processes and improve the parameterizations of ecosystem models. Therefore, our results in terms of vegetation resilience and resistance not only point out the weaknesses of current ecosystem models but are also useful for further understanding the ecological mechanisms of vegetation dynamics and improving ecosystem models.




4.2. Implications of Changes in Vegetation Resilience and Resistance


The observed changes in vegetation resilience and resistance from 1982 to 2015 indicate that vegetation resilience and resistance dynamically respond to climate change. The results obtained from remotely sensed time series suggest that vegetation resilience in tropical forests increased in the later period, which suggests that vegetation may recover from environmental disturbance much faster. Such signals may also imply that the adaptation of tropical forests to climate change has increased [24]. In addition, temperature resistance has increased in northern Eurasia, which means that the sensitivity of vegetation to temperature has decreased. This phenomenon was also observed in a previous study in which the relationship between interannual variability in temperature and vegetation activity was found to have weakened [17]. The mechanisms may involve declining global warming effects on spring leaf unfolding and spring photosynthetic capacity [58]. Furthermore, our study demonstrates that precipitation resistance and radiation resistance also slightly increased, which implies that the vegetation at high northern latitudes cannot continue to respond at a pace with climate change.



Widely observed global vegetation dynamics are driven by many factors, including changes in vegetation resilience and resistance, climate change, nutrient fertilization, and land use change. Although multiple studies based on ecosystem models have attempted to explain global greening in the last three decades [59,60,61,62], few have considered the driving processes involved in terms of dynamic vegetation resilience and resistance in the last three decades. Because vegetation resilience and resistance are dynamic according to our results, our study raises a new scientific question. However, dynamic vegetation stability is still ignored in current ecosystem models because climatic sensitivities in these models are usually assumed to be constant parameters, and the processes related to the evolutionary response of vegetation to climate change remain unclear [63]. In future studies, dynamic vegetation stability processes should be considered in ecosystem models so that we can further diagnose the specific contributions of global vegetation dynamics.




4.3. Uncertainty and Future Work


Based on the evaluation of spatiotemporal resilience and resistance of global vegetation responses to climate change conducted in our study, some remaining uncertainties should be further studied in the future to understand vegetation stability. First, in the autoregression linear regression model, the magnitude of vegetation resilience derived from remotely sensed time series shows obvious differences with ecosystem models. The biases may also relate to the signal-to-noise ratio in the time series of the LAI anomalies. Second, dynamic vegetation resilience and resistance may affect the successional trajectory of global vegetation growth in response to climate change. For example, temperature resistance has increased in northern Eurasia, which means that the sensitivity of vegetation to temperature has decreased and implies that the vegetation greening at high northern latitudes may not continue to quickly respond to pace with global warming. However, current ecosystem models do not capture dynamic vegetation resilience and resistance. Thus, we cannot quantify the relationship between vegetation resilience and resistance and global greening using prior models in the current time. To quantify the specific contributions of environmental factors (i.e., dynamic CO2 concertation, climate, land use change) and ecological factors (i.e., dynamic resilience and resistance), more comprehensive ecosystem models are required after considering dynamic vegetation stability. Third, other long-time series observations such as flux-net site observations should be used to further confirm the spatial patterns and temporal changes of vegetation resilience and resistance to climate.





5. Conclusions


In conclusion, our study comprehensively evaluated spatiotemporal vegetation resilience and resistance on different spatial scales using observations and models. LAI as a vegetation feature can accurately reflect vegetation resilience and resistance. Our results indicate that the autoregression model involving lag-1 vegetation anomalies can better describe vegetation resistance to different climatic factors. The results revealed clear spatial patterns of observation-based vegetation resilience and resistance over the last three decades. Observation-based vegetation resilience suggests clear spatial gradients; however, all ecosystem models are unable to capture the patterns of vegetation resilience. In contrast, ecosystem models can capture the resistance of vegetation to climatic factors to different extents (temperature > precipitation > radiation). In addition, based on observations, we observed regional changes in vegetation resilience and resistance for the last three decades; however, the changes from most models were irregular and fragmented. In summary, our study provides a benchmark of global vegetation stability that can be used to improve the ecosystem processes illustrated in ecosystem models. A well-developed ecosystem model considering dynamic vegetation stability is necessary to deeply understand the driving mechanisms of vegetation dynamics under rapid climate change.
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Figure 1. Pearson correlation and root-mean-square error (RMSE) between annually averaged GIMMS LAI and modeled LAI from 1982 to 2015 at the grid scale. 
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Figure 2. Spatial patterns of vegetation resilience and resistance to climatic variables based on GIMMS LAI: (a) vegetation resilience; (b) temperature resistance; (c) precipitation resistance; (d) radiation resistance. In each subfigure, stippling indicates that the vegetation resilience or climatic resistance is significant (p < 0.05) in the grid. Vegetation resilience is within the range of 0 and 1, and larger values suggest lower resilience. Climatic resistance is within the range of −1 and 1, and values with larger absolute magnitudes indicate lower climatic resistance. 
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Figure 3. Spatial patterns of averaged vegetation resilience and resistance to climatic variables by six DGVMs: (a) vegetation resilience; (b) temperature resistance; (c) precipitation resistance; (d) radiation resistance. If the vegetation resilience or climate resistance are significant (p < 0.05) in more than 3 models in a pixel, averaged vegetation resilience and resistance to climatic variables by six DGVMs are significant in that pixel. In each subfigure, stippling indicates that the vegetation resilience or climatic resistance is significant (p < 0.05). Vegetation resilience is within the range of 0 and 1, and larger values suggest lower resilience. Climatic resistance is within the range of −1 and 1, and values with larger absolute magnitudes indicate lower climatic resistance. 
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Figure 4. Pearson correlation and root-mean-square error (RMSE) between observation- and model-based vegetation resilience and resistance at the grid scale: (a) vegetation resilience; (b) temperature resistance; (c) precipitation resistance; (d) radiation resistance. 
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Figure 5. Box plot of observation and model mean vegetation resilience and resistance at the biome scale: (a) vegetation resilience; (b) temperature resistance; (c) precipitation resistance; (d) radiation resistance. The horizontal dashed lines represent the mean vegetation resilience and resistance of the eight biomes. 
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Figure 6. Linear relationship between observation- and model-based vegetation resilience and resistance at the biome scale: (a) vegetation resilience; (b) temperature resistance; (c) precipitation resistance; (d) radiation resistance. Different colors represent the six ecosystem models, and different shapes represent the eight biomes. The colored lines represent fitted regression lines. 
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Figure 7. Spatial patterns of the changes in vegetation resilience and resistance derived from observations and models from 1982 to 2015: The changes in observation-based (a) vegetation resilience; (c) temperature resistance; (e) precipitation resistance; (g) radiation resistance. The changes in (b) vegetation resilience; (d) temperature resistance; (f) precipitation resistance; (h) radiation resistance. Linear trends of vegetation resilience and resistance are derived with sliding windows of 15 years step. If the changes in vegetation resilience or climate resistance are significant (p < 0.05) in more than 3 models, the change in model-based vegetation resilience or climatic resistance is significant (p < 0.05). In each subfigure, stippling indicates that the changes in observation-based and model-based vegetation resilience or climatic resistance are significant (p < 0.05) in the grid. A positive value of the linear trend represents decreased resilience and resistance, and a negative value of the linear trend represents increased resilience and resistance. 
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Figure 8. Probability distributions of the changes in vegetation resilience and resistance derived from observations and models at the biome scale. The eight biomes include tundra, boreal forest, tropical forest, temperate forest, shrubland, grassland, savanna, and woody savanna. The gray dashed line represents the mean vegetation resilience and resistance of the GIMMS LAI. The black dashed line represents the mean vegetation resilience and resistance changes of the model mean. The distribution curves are fitted with kernel smoothing function estimates for vegetation resilience and resistance changes. 
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