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Introduction

The frequency, intensity and duration of climate extremes have increased considerably during recent decades and are expected to increasingly impact future ecosystem dynamics and function (Dai, 2013;[START_REF] Ipcc | Climate Change 2013: The Physical Science Basis: Working Group I Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]Piao et al., 2019a). As one of the most frequently recurring climate extremes, drought could significantly reduce terrestrial ecosystem carbon sink via direct impacts such as water stress on vegetation growth [START_REF] Ciais | Europe-wide reduction in primary productivity caused by the heat and drought in 2003[END_REF]Li et al., 2019b) and plant mortality caused by "hydraulic failure" or "carbon starvation" [START_REF] Bréda | Temperate forest trees and stands under severe drought: a review of ecophysiological responses, adaptation processes and long-term consequences[END_REF][START_REF] Mcdowell | Mechanisms of plant survival and mortality during drought: why do some plants survive while others succumb to drought?[END_REF], as well as indirect impacts such as drought-induced increases in fires and pest and pathogen outbreaks [START_REF] Allen | On underestimation of global vulnerability to tree mortality and forest die-off from hotter drought in the Anthropocene[END_REF][START_REF] Brando | Abrupt increases in Amazonian tree mortality due to drought-fire interactions[END_REF]Piao et al., 2019b;[START_REF] Seidl | Invasive alien pests threaten the carbon stored in Europe's forests[END_REF]. State-of-art earth system models have projected an increasing trend in the magnitude of annual vegetation productivity reductions associated with extreme droughts in the 21 st century [START_REF] Xu | Increasing impacts of extreme droughts on vegetation productivity under climate change[END_REF]. However, global impact models tend to underestimate the negative effects of droughts on important sectors, including agriculture and terrestrial ecosystems [START_REF] Schewe | State-of-the-art global models underestimate impacts from climate extremes[END_REF]. One of the reasons for this underestimation might be the prevalence of incomplete and lagged vegetation growth recovery after severe droughts that are not well represented in ecosystem models (Anderegg et al., 2015b;[START_REF] Ogle | Quantifying ecological memory in plant and ecosystem processes[END_REF][START_REF] Reichmann | Precipitation legacies in desert grassland primary production occur through previous-year tiller density[END_REF]. The effects of extreme drought on terrestrial ecosystems can last for several years and lead to reduced growth compared to normal years [START_REF] Pederson | The legacy of episodic climatic events in shaping temperate, broadleaf forests[END_REF], with implications for carbon cycling. Therefore, an in-depth understanding and accurate simulation of this legacy effect is critical to our comprehension of the impacts of extreme drought events on ecosystem carbon cycles.

Legacy effects vary tremendously across biomes and plant functional types or even within species, which is likely linked to various ecophysiological traits and the interactive roles of bioclimatic status. In forest ecosystems, reduced tree growth after extreme drought events has been widely detected, based on both in situ tree-ring chronologies [START_REF] Camarero | To die or not to die: early warnings of tree dieback in response to a severe drought[END_REF][START_REF] Liang | Global warming-related tree growth decline and mortality on the north-eastern Tibetan plateau[END_REF][START_REF] Pederson | The legacy of episodic climatic events in shaping temperate, broadleaf forests[END_REF], and remote sensing data of vegetation greenness or primary productivity (Kannenberg et al., 2019b;[START_REF] Schwalm | Global patterns of drought recovery[END_REF]. Such negative legacy effects in forests can last from months to 1-4 years (Anderegg et al., 2015b;[START_REF] Huang | Drought timing influences the legacy of tree growth recovery[END_REF], while longer legacy effects lasting up to 6 years have also been observed [START_REF] Itter | Boreal tree growth exhibits decadal-scale ecological memory to drought and insect defoliation, but no negative response to their interaction[END_REF][START_REF] Peltier | Legacy effects of drought in the southwestern United States: A multi-species synthesis[END_REF]. Whereas in grasslands and shrublands, drought legacy effects are less pronounced. Remotely sensed vegetation indices in northern temperate regions showed that shrubs and grasses experienced much shorter drought legacy effects than forests, with a maximum of one year for grasses [START_REF] Wu | Differentiating drought legacy effects on vegetation growth over the temperate Northern Hemisphere[END_REF]. On the other hand, field measurements of aboveground net primary production (ANPP) in grasslands showed mixed results in terms of the magnitude and even direction of drought legacy effect. [START_REF] Sala | Legacies of precipitation fluctuations on primary production: theory and data synthesis[END_REF] and [START_REF] Reichmann | Precipitation legacies in desert grassland primary production occur through previous-year tiller density[END_REF] found that the previous-year drought condition led to a less-than-normal ANPP for the current year, whereas [START_REF] Hoover | Resistance and resilience of a grassland ecosystem to climate extremes[END_REF] found a full recovery of ANPP in the first year after drought, and Griffin-Nola et al. (2018) found even a positive drought legacy, i.e. higher-than-normal ANPP in the year post-drought, in temperate grassland sites.

Mechanisms that may cause legacy effects within forest ecosystems have been well discussed in recent studies. These mechanisms include leaf area and/or non-structural carbohydrate loss, hydraulic damage (Anderegg et al., 2015b;[START_REF] Anderegg | Meta-analysis reveals that hydraulic traits explain cross-species patterns of drought-induced tree mortality across the globe[END_REF], carbon allocation shifts, demographic traits such as species composition shifts and mortality [START_REF] Lloret | Extreme climatic events and vegetation: the role of stabilizing processes[END_REF], pest and pathogen outbreaks (Anderegg et al., 2015a), and ecohydrological processes regarding water table depletion and delayed replenishment (Kannenberg et al., 2019a;[START_REF] Kannenberg | Ghosts of the past: how drought legacy effects shape forest functioning and carbon cycling[END_REF]. Some of these mechanisms, however, have a relatively lower impact on grassland ecosystems, possibly explaining the more rapid recovery of grasses and shrubs after droughts than forests [START_REF] Jobbágy | Controls of grass and shrub aboveground production in the Patagonian steppe[END_REF][START_REF] Reichmann | Precipitation legacies in desert grassland primary production occur through previous-year tiller density[END_REF][START_REF] Sala | Legacies of precipitation fluctuations on primary production: theory and data synthesis[END_REF].

Much of our current understanding of drought legacy effects comes from tree-ring increments and forest inventories or syntheses relying on field measurements in temperate grassland ecosystems [START_REF] Anderegg | Meta-analysis reveals that hydraulic traits explain cross-species patterns of drought-induced tree mortality across the globe[END_REF][START_REF] Gazol | Impacts of droughts on the growth resilience of Northern Hemisphere forests[END_REF]. Studies of the lagged effects of drought on plant growth in arid and semi-arid alpine ecosystems are however limited. A handful of such studies include field measurements in alpine grasslands, which showed either a fast recovery of production during the later re-wetting growing stage after the earlier summer drought [START_REF] Chen | The compensation effects of post-drought regrowth on earlier drought loss across the tibetan plateau grasslands[END_REF], or a delayed recovery of up to two years post-drought [START_REF] De Boeck | Legacy effects of climate extremes in alpine grassland[END_REF].

The Tibetan Plateau (TP), with a typical highland climate characterized by a low temperature, high solar radiation and limited water availability, plays an important role in shaping the regional and global climate and energy-water cycle [START_REF] Duan | Role of the Tibetan Plateau thermal forcing in the summer climate patterns over subtropical Asia[END_REF]Huang et al., 2017a;[START_REF] Yao | Recent Third Pole's rapid warming accompanies cryospheric melt and water cycle intensification and interactions between monsoon and environment: Multidisciplinary approach with observations, modeling, and analysis[END_REF]. With the harsh environment and complex terrain of the TP, alpine grassland is the dominant vegetation type, covering approximately two-thirds of the total plateau area, followed by shrubs that are mainly located in the central-southern region and forests along the southeastern boundaries where altitudes are relatively low [START_REF] Cui | Recent land cover changes on the Tibetan Plateau: a review[END_REF] (Fig. 1). Rapid warming in recent decades over the TP has enhanced vegetation productivity by stimulating metabolism and extending growing season length [START_REF] Huang | Air temperature optima of vegetation productivity across global biomes[END_REF][START_REF] Piao | Altitude and temperature dependence of change in the spring vegetation green-up date from 1982 to 2006 in the Qinghai-Xizang Plateau[END_REF]Piao et al., 2019c;[START_REF] Zhu | Greening of the Earth and its drivers[END_REF]. Nevertheless, warming can also exert negative impacts on plant growth on the TP due to drought conditions and warming-induced soil moisture loss [START_REF] Fu | Experimental warming does not enhance gross primary production and above-ground biomass in the alpine meadow of Tibet[END_REF][START_REF] Zhang | A meta-analysis of the effects of experimental warming on soil carbon and nitrogen dynamics on the Tibetan Plateau[END_REF]. Under such conditions, drought stress can regulate vegetation dynamics and mediate the effects of warming on vegetation on the TP [START_REF] Li | Shift in the trend of browning in Southwestern Tibetan Plateau in the past two decades[END_REF][START_REF] Piao | Evidence for a weakening relationship between interannual temperature variability and northern vegetation activity[END_REF][START_REF] Zhang | Water availability is more important than temperature in driving the carbon fluxes of an alpine meadow on the Tibetan Plateau[END_REF].

However, research on alpine ecosystems on the TP in response to extreme drought events and their legacy effects has been scant to date [START_REF] Liu | Deciphering impacts of climate extremes on Tibetan grasslands in the last fifteen years[END_REF].

In light of current knowledge and gaps in the understanding of how extreme drought affects the TP terrestrial carbon cycle, we first tested whether extreme drought events in alpine ecosystems would lead to discernible legacy effects regarding greenness using the normalized difference vegetation index (NDVI). Second, we identified the duration, prevalence and magnitude of drought legacy effects as well as their possible drivers, which is crucial for predicting the future behaviour of the alpine ecosystem and the provision of ecosystem services on the TP (Zhang et al., 2019b).

Materials and methods

NDVI dataset

The latest version of the Global Inventory Modeling and Mapping Studies (GIMMS) NDVI3g dataset derived from the Advanced Very High Resolution Radiometer (AVHRR) sensors (https://climatedataguide.ucar.edu/climate-data/ndvi-normalized-difference-vegetation -index-3rd-generation-nasagfsc-gimms) was used in this study. NDVI is an indicator of canopy greenness and has been commonly used for vegetation dynamic monitoring at regional and global scales (e.g. [START_REF] Barichivich | Large-scale variations in the vegetation growing season and annual cycle of atmospheric CO2 at high northern latitudes from 1950 to 2011[END_REF]Huang et al., 2017b). GIMMS has the longest time series of NDVI observations that cover 1982-2015, with a spatial resolution of 0.083° and a biweekly temporal resolution (Jorge and Compton, 2014).

The biweekly NDVI data were composited into monthly series using the maximum value composite (MVC) method. We defined the growing season as the period from May to September, and calculated growing-season average NDVI (NDVIGS) that is used in the following analyses. Pixels with a multi-year mean NDVIGS value less than 0.1 during 1982-2015 were considered to be bare and sparsely vegetated areas and were excluded from the following analysis.

Climate data and drought variables

In this study, we use two drought variables to detect extreme drought events: climatic water deficit (CWD), defined as precipitation minus the potential evapotranspiration (PET) [START_REF] Stephenson | Actual evapotranspiration and deficit: biologically meaningful correlates of vegetation distribution across spatial scales[END_REF], and the standard precipitation-evapotranspiration index (SPEI), a climatic drought index based on a water balance that includes the effects of temperature variability on drought assessment that has the advantage of combining multiple scales [START_REF] Beguería | Standardized precipitation evapotranspiration index (SPEI) revisited: parameter fitting, evapotranspiration models, tools, datasets and drought monitoring[END_REF][START_REF] Vicente-Serrano | A multiscalar drought index sensitive to global warming: the standardized precipitation evapotranspiration index[END_REF][START_REF] Vicente-Serrano | Response of vegetation to drought time-scales across global land biomes[END_REF] [START_REF] Chen | Improving land surface temperature modeling for dry land of China[END_REF][START_REF] He | The first high-resolution meteorological forcing dataset for land process studies over China[END_REF][START_REF] Yang | On downward shortwave and longwave radiations over high altitude regions: Observation and modeling in the Tibetan Plateau[END_REF].

For the CMA site-level dataset, we calculated monthly PET and SPEI (at a time-scale of 3 months) using the Food and Agriculture Organization of the United Nations (FAO-56) Penman-Monteith approach [START_REF] Monteith | Evaporation and environment[END_REF] using the SPEI R package [START_REF] Beguería | Standardized precipitation evapotranspiration index (SPEI) revisited: parameter fitting, evapotranspiration models, tools, datasets and drought monitoring[END_REF][START_REF] Vicente-Serrano | A multiscalar drought index sensitive to global warming: the standardized precipitation evapotranspiration index[END_REF]. Driving inputs included latitude, elevation and monthly climate status, i.e., temperature, precipitation, wind speed, relative humidity and bright sunshine hours collected from meteorological stations. Note that bright sunshine hours were used to estimate solar radiation in this calculation. Then, monthly CWD was calculated as precipitation minus PET. Detailed calculation procedures are provided in http://spei.csic.es/home.html.

In terms of the gridded reanalysis CMFD, because solar radiation and daily maximum and minimum temperatures were not available, we calculated daily PET at a 0.1° resolution using the FAO-56 Penman-Monteith equation, with inputs including instantaneous near surface (2 m) air temperature, pressure, air specific humidity, wind speed and 3-hour mean surface downward shortwave and longwave radiation. Net radiation was calculated as the sum of downward components of shortwave and longwave radiation minus the sum of their upward components. The upward longwave was calculated using the surface air temperature (Blackbody radiation law).

Upward shortwave was equal to downward shortwave multiplies albedo, following the method in [START_REF] Sheffield | Little change in global drought over the past 60 years[END_REF]. In this study, we used black-sky albedo in the visible band (ABD_BSA_VIS) as albedo data accessed from the Global Land Surface Satellite (GLASS) Product (Liang et al., 2013a;Liang et al., 2013b), downloaded from http://www.glass.umd.edu/. The ABD_BSA_VIS data had a geographic resolution of 0.05°, and we aggregated to a 0.1° resolution prior to the calculation to match the CMFD data resolution. Through the above procedures, daily PET data were converted to monthly accumulative PET, and then, monthly CWD was obtained by subtracting PET from precipitation. Accordingly, monthly precipitation and PET were determined to calculate the SPEI using the R package. Finally, we resampled the gridded monthly CWD and SPEI data to a resolution of 0.083° to match the spatial resolution of NDVI. The growing season CWD and SPEI were produced by averaging the corresponding values from May to September.

Land cover and digital elevation model (DEM) datasets

The land cover map of TP was extracted from the 1:1000,000 digitalized vegetation map of China (Editorial Board of Vegetation Map of China, 2001, http://westdc.westgis.ac.cn), and it was mapped in Figure 1 and in our previous study [START_REF] Li | Shift in the trend of browning in Southwestern Tibetan Plateau in the past two decades[END_REF]. The elevation data were obtained from the Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model version 2 (http://earthexplorer.usgs.gov/), with a spatial resolution of 30 m. We aggregated the elevation data into a 0.083° resolution using the bilinear interpolation method. To 

Drought legacy on vegetation greenness

In this study, we identified extreme drought events as the years with detrended growing season drought variables (i.e., CWD and SPEI) exceeding 1.5 standard deviations (1.5-SD dry anomaly). To avoid consecutive drought events disturbing the following year plant recovery, only single drought events lasting no more than one year and no consecutive drought in the following 3 years were considered. The legacy effect in growing-season vegetation greenness, i.e., NDVIGS, was quantified using two methods: (a) partial autocorrelation function (PACF) coefficients of yearly NDVIGS, and (b) the departure of observed NDVIGS from predicted NDVIGS after extreme drought events based on long-term correlations between growing season NDVI and drought variables. PACF identifies the extent of the lag in a time series (i.e., yearly NDVIGS in this study) while conditioning on the values at all smaller lags [START_REF] Ramsey | Characterization of the partial autocorrelation function[END_REF]. It is a simple and widely used way to measure legacy effects in time series [START_REF] Scheffer | Early-warning signals for critical transitions[END_REF].

The second method generates a prediction of post-drought greenness after each extreme drought event, calculated by linear regressions between drought variables and NDVIGS over the period of 1982-2015, as in previous studies (Anderegg et al., 2015b;[START_REF] Huang | Drought timing influences the legacy of tree growth recovery[END_REF][START_REF] Sala | Legacies of precipitation fluctuations on primary production: theory and data synthesis[END_REF]. In this method, the reliability of the drought legacy depends on the strength of the correlations between the growing season NDVI and drought variables. Time series of NDVIGS and two drought variables were detrended and normalized prior to linear regressions. The legacy effect at each pixel or station was determined by averaging the departure values between the observed and predicted NDVIGS after all extreme drought events. Following the same procedures, we also calculated legacy effects using residuals of NDVIGS from which the effects of temperature were removed by linear regression. Finally, pixels or stations central at 3×3 pixels with a multi-year average NDVIGS smaller than 0.1 over the 34 years were excluded from the analysis. To investigate the altitude gradient of drought legacy effects on NDVIGS, we calculated the mean legacy effect in each elevation bin at an interval of 100 m. When calculating legacy effects in elevation bins, only the pixels with significant and positive correlations between NDVI and drought variables were included.

Results

Drought legacy effects on vegetation greenness of alpine grass, shrubs and forests

We detected prevalent drought legacy effects on vegetation greenness that lasted for one year across the TP, i.e., reduced growth in the first year after drought and expected growth recovery in the second year. Positive PACF coefficients deduced from SPEI, which indicated detectable legacy effect of NDVIGS, were observed in more than 80% of all pixels and in approximately 91% of the pixels with significantly positive NDVI-SPEI relationships in the first year after extreme drought. Such widespread positive PACF coefficients occurred regardless of the vegetation type (Fig. 2). The results derived from the CWD were similar to those derived from SPEI and are thus not shown here. One-year drought legacy effects in grass, shrub and forest were also observed based on the linear regression method (Fig. 3). In addition, drought legacy effects lasting for 1 year were robust regardless of the strength of the correlation between drought stress and NDVIGS (Fig. A1). For both results derived from all grid points and meteorological sites, NDVIGS had comparable magnitudes of negative legacy effects: approximately 0.33 times the SD decrease in observed versus predicted NDVIGS in the first year post-drought. However, grids/sites with significant and positive NDVI-SPEI relationships exhibited larger negative legacy effects than those derived from all grids/sites (Fig. 3). Furthermore, negative legacy effects tended to be larger where the interannual variability in NDVIGS was more strongly correlated with water limitation (Fig. A1).

Slight differences were found regarding the magnitude of drought legacy effects among different plant functional groups (PFGs). In the first year after severe drought, the magnitude of the negative legacy effects deduced from the SPEI was largest on shrubs, followed by that on forests, alpine meadows and steppes (Fig. 3). This phenomenon was relatively more evident in pixels with a significantly positive correlation between NDVIGS and water availability. Reductions in the normalized NDVIGS (observed minus predicted) of shrub (0.51) were ~1.2 times more pronounced to those of alpine meadow (0.43) and ~1.5 times to those of alpine steppe (0.33) in pixels where the NDVIGS exhibited significant correlations with SPEI (Fig. 3). The results from the CWD showed overall comparable magnitudes of legacy effects between different PFGs and generally larger negative legacy effects compared with those derived from SPEI, especially in the pixels/sites in which NDVIGS was significantly correlated with drought stress (Fig. A1). Moreover, there was no significant correlation between the magnitude of the legacy effect and the intensity of the corresponding drought event (p > 0.1, Fig. A2), indicating that the magnitude of the legacy effects was unlikely attributable to differences in drought severity. 3.2. Spatial patterns of legacy effects for one year after extreme drought events

The spatial patterns of the correlation coefficients between NDVIGS and drought variables and the legacy effects in the first year after severe drought are mapped in Figure 4. Overall, the NDVIGS showed stronger relationships with the SPEI than with the CWD (Fig. 4a and Fig. A3a). Significant positive correlations between the NDVIGS and the two drought variables were observed over ~15% and ~20% of the study area, with a mean Pearson's correlation coefficient of approximately 0.45 for both drought variables. On the other hand, approximately 37% and 43% of the meteorological sites showed significant positive correlations with CWD and SPEI, respectively. There were consistent spatial patterns of the correlation coefficients between the grid points and sites. Regions of significant positive coefficients appeared mainly on the southwestern and northeastern plateau and in the Yangtze River basin (Fig. 4a), indicating a substantial dependence of vegetation growth on water availability in these regions.

NDVIGS in parts of the southern, southeastern and central plateau exhibited negative correlations with drought variables (Fig. 4a and Fig. A3a). These negative relationships also occurred in the partial correlation analysis by controlling the mean growing season temperature (Fig. A4), suggesting that the interannual variations in vegetation growth in these regions are unlikely constrained by water stress but were probably driven by variations in insolation because less precipitation may suggest fewer cloudy days and more insolation, which can positively affect plant growth over these regions [START_REF] Zhang | Response of vegetation to different time-scales drought across China: Spatiotemporal patterns, causes and implications[END_REF].

Negative drought legacy effects were prevalent across most parts (~70% of the study area) of the TP, irrespective of the relationship between NDVIGS and water deficits (Fig. 4b). The SPEI-based legacy effects were largely consistent with those derived from CWD (Fig. 4b and Fig. A3b), as well as with those derived from residuals of the NDVIGS after removing the effects of temperature by linear regression (Fig. A4). Note that the validity of the legacy effects depended on the strength of the regression between NDVIGS and drought variables. Therefore, we focused on regions where NDVIGS was significantly positively correlated with drought stress. In these regions, vegetation greenness exhibited pronounced negative legacy effects (~71% of the pixels with significant positive NDVI-SPEI relationships) (Fig. 4b and Fig. A3b).

Positive legacy effects (~29%), where observed NDVIGS increased compared to that predicted in the next year, were sparsely located in the central, western, and humid forest regions on the eastern edges of the plateau (Fig. 4b). means that no extreme drought event is detected during 1982-2015.

Elevation-dependent differences in legacy effects between different ecosystem types

The magnitude of vegetation greenness legacy effects in the first year after extreme drought showed clear altitude dependencies over the TP. Figure 5 shows the changes in legacy effects along the elevational gradient (at 100 m interval bins). For all PFGs combined, the negative drought legacy effects deduced from the SPEI and CWD showed a significant increasing trend along the elevational gradients (Fig. 5a and Fig. A5a). For the alpine steppe, the magnitude of negative drought legacy effects gradually increased from 0.2 in 2200 m to 0.9 in 3800 m (p < 0.001), then decreased with elevation (p < 0.001), reaching approximately 0.09 at 5200 m, and then changed to positive legacy effects at bins of 5300 m and 5400 m (Fig. 5b). In contrast, the alpine meadow showed an increasing magnitude of negative legacy effect along the elevation bins of 3200-5400 m (p = 0.05, Fig. 5c). This increasing trend was more evident after removing the effects of temperature (p < 0.01), particularly at altitudes higher than 4000 m, with the largest legacy effect of approximately 1 at 5300 m (Fig. A5c). The contrasting elevation dependencies of steppe and meadow at higher altitudes were robust regardless of the different data used or whether the effect of temperature was removed (Fig. A5). Shrub showed a weak decreasing trend in negative legacy effects with altitude (p = 0.05, Fig. 5d), whereas this trend did not exist after removing the effects of temperature or when using CWD data (Fig. A5d), which should be treated with caution because of the possibility of inaccurate remote sensing data due to the complex and steep terrain of shrublands (Fig. 1). Drought legacy effects on the greenness of forest did not show significant trends with altitude (Fig. 5). 

Discussion

Consistent drought legacy effects on plant growth among different PFGs on the TP

Unexpectedly similar durations of drought legacy effects on growing-season vegetation greenness among different PFGs on the TP may be linked to the limited resource availability and adaptive response of plant growth to drought conditions in alpine environments [START_REF] Liu | Deciphering impacts of climate extremes on Tibetan grasslands in the last fifteen years[END_REF][START_REF] Marine | What functional strategies drive drought survival and recovery of perennial species from upland grassland?[END_REF]. In general, temperate herbaceous grassland species can recover very rapidly in the following growing season after drought through efficient root water use patterns and interspecific functional strategies [START_REF] Dreesen | Do successive climate extremes weaken the resistance of plant communities? An experimental study using plant assemblages[END_REF][START_REF] Griffin-Nolan | Legacy effects of a regional drought on aboveground net primary production in six central US grasslands[END_REF][START_REF] Hoover | Resistance and resilience of a grassland ecosystem to climate extremes[END_REF][START_REF] Lloret | Extreme climatic events and vegetation: the role of stabilizing processes[END_REF]. However, pervasive incomplete growth in the year after extreme drought and lagged recovery until the second year were observed in TP grasslands (Fig. 2 and Fig. 3). The result that vegetation growth continued to be suppressed in the following year has also been found in other semi-arid grasslands [START_REF] Arredondo | Drought manipulation and its direct and legacy effects on productivity of a monodominant and mixed-species semi-arid grassland[END_REF]. When extreme drought combines with heat, i.e., 'hot drought', the legacy effect can occur for up to 2 years in alpine grasslands [START_REF] De Boeck | Legacy effects of climate extremes in alpine grassland[END_REF]. The observed legacy effects after drought on the TP and other alpine grasslands might be attributable to low nutrient availability in soil and the phenological constraints that limit potential growth later in the growing season [START_REF] Cremonese | Heat wave hinders green wave: The impact of climate extreme on the phenology of a mountain grassland[END_REF][START_REF] De Boeck | Simulated heat waves affected alpine grassland only in combination with drought[END_REF]Zhang et al., 2019a). Relatively lower soil water availability could suppress soil nutrient cycling, leading to nutrient deficiencies in plants and microbes [START_REF] Aanderud | A shift in seasonal rainfall reduces soil organic carbon storage in a cold desert[END_REF]Wang et al., 2013a), which may modulate the response of alpine grasslands to drought. On the other hand, unlike annual grass that can quickly colonize open niches in the following growing season, the dominant plant species of perennials on the TP may be subject to slower recruitment and thus delayed recovery from drought, especially under a shorter growing season than that of temperate grasslands and alpine conditions that make seedling establishment more difficult [START_REF] De Boeck | Legacy effects of climate extremes in alpine grassland[END_REF].

Moreover, for perennials, drought legacy effects may arise from changes in structural components such as a reduced tiller density that can limit recruitment of new tillers and maximum leaf area in the next year after drought and stolon density that can restrict the regeneration process through a stoloniferous expansion strategy [START_REF] Reichmann | Differential sensitivities of grassland structural components to changes in precipitation mediate productivity response in a desert ecosystem[END_REF][START_REF] Reichmann | Precipitation legacies in desert grassland primary production occur through previous-year tiller density[END_REF].

The one-year drought legacy effect on shrub growth in our study is consistent with that from field experiments, which have shown an approximate drought legacy effect of 1~2 years [START_REF] Jobbágy | Controls of grass and shrub aboveground production in the Patagonian steppe[END_REF]. However, tree-ring chronologies in temperate and boreal forest ecosystems have shown longer drought legacy effects than that based on forest NDVI in the TP in this study. Since NDVI is a proxy for canopy greenness while tree-ring widths indicate stem radial growth, such difference may be partly explained by the dynamic carbon allocation strategies of forest ecosystems in response to drought with a preferential allocation to the canopy as opposed to wood, leading to longer legacy effects in tree rings than in NDVI (Kannenberg et al., 2019b;[START_REF] Kannenberg | Ghosts of the past: how drought legacy effects shape forest functioning and carbon cycling[END_REF]. In addition, the carbon allocation mechanism after drought also varies across different biomes [START_REF] Gazol | Forest resilience to drought varies across biomes[END_REF]. Moreover, acclimation mechanisms in semi-arid forests coping with drought could also be one potential mechanism underlying a more rapid recovery after drought in woody plants on the plateau [START_REF] Fang | Tree resilience to drought increases in the Tibetan Plateau[END_REF][START_REF] Liu | Response and dendroclimatic implications of δ 13 C in tree rings to increasing drought on the northeastern Tibetan Plateau[END_REF]. Our results suggest that tree growth on the TP is unlikely to have experienced severe hydraulic damage or extensive mortality, which could otherwise lead to years of recovery after extreme drought events.

It is, however, difficult to compare drought legacy effects across the globe due to various quantitative approaches based on radial growth, remote sensing products and leaf-level observations, and varied definitions of drought events that contribute to the reported highly variable legacy effects in terms of duration and magnitude [START_REF] Kannenberg | Ghosts of the past: how drought legacy effects shape forest functioning and carbon cycling[END_REF]. On the Tibetan Plateau, although vegetation greenness showed similar durations and comparable magnitudes of drought legacy effects among different PFGs at a regional scale (Fig. 3), the magnitude of legacy effects exhibited large spatial heterogeneity (Fig. 4). Thus, our study highlights the need for further research into the physiological and ecological mechanisms of alpine vegetation in response to extreme drought events.

Divergent changes in elevational gradients of drought legacy effects between alpine meadow and steppe

The drought legacy effects on vegetation greenness varied with altitude, which may have been due to altitudinal shifts in climate factors limiting plant recovery among different ecosystem types. In the alpine meadow areas, the magnitude of negative legacy effects increased with altitude (Fig. 5c and Fig. A5c), coincident with a reverse dependence on temperature and water availability (p < 0.05) (Fig. 6e-g and Fig. A6), which suggests a more pronounced negative legacy effect under relatively drier and colder conditions. It has been documented that for forest ecosystems, the magnitude of the legacy effect is associated with precipitation but nonsignificantly correlated with temperature (Anderegg et al., 2015b). For the alpine meadow on the TP, both water availability and thermal conditions appeared to impact the drought legacy effect and thus its resilience to drought, probably linked to the dual limitation of temperature and precipitation on TP grassland productivity [START_REF] Liu | Contrasting responses of grassland water and carbon exchanges to climate change between Tibetan Plateau and Inner Mongolia[END_REF]. In addition, it has been documented that vegetation growth has relatively higher climate sensitivity at higher altitudes (Li et al., 2019a;[START_REF] Tao | Elevation-dependent relationships between climate change and grassland vegetation variation across the Qinghai-Xizang Plateau[END_REF]Wang et al., 2013b); therefore, the declining water availability and air temperature concurrent with the increasing sensitivity of growth to climate at higher elevations may result in an amplified reduction in NDVIGS at higher altitudes over the TP. Apart from climate factors, soil hydraulic properties, particularly soil water holding capacity (WHC) that is determined by soil texture and organic content (Dai et al., 2013b), might also impact the magnitude of drought legacy effect and thus contribute to the observed elevation-dependence of the legacy effect. However, our analysis shows that WHC is not significantly correlated with the legacy effect for alpine meadow (Fig. A7).

Drought-induced legacy effects in the alpine steppe increased at lower altitudes (lower than 3800 m) and then decreased sharply at higher altitudes (higher than 3800 m), showing an opposite trend in elevation dependence to that of the meadow. In contrast to the alpine meadow, the magnitude of the negative legacy effects in the alpine steppe was positively related to precipitation and water deficit (p < 0.001, Fig. 6a,b), i.e. the drier the region, the smaller the magnitude of the negative legacy effect was. Therefore, the segmented trends between lower and higher altitudes (Fig. 5b) might be linked to the different changes in precipitation between lower and higher elevations (Fig. A6). As for the potential impact of soil hydraulic properties, although soil WHC is negatively correlated with the legacy effect, the relationship becomes non-significant when CWD (or precipitation) is controlled for (Fig. A7). Thus, the long-term water availability, rather than WHC, may be an important factor that influences the drought legacy effect in alpine steppe over the TP. We speculate that compared with the semi-arid meadow, the steppe ecosystem on the TP evolved ecophysiological traits adapted to arid environments, leading to higher resilience associated with higher water-use efficiency [START_REF] Ponce-Campos | Ecosystem resilience despite large-scale altered hydroclimatic conditions[END_REF][START_REF] Wu | Grazing-exclusion effects on aboveground biomass and water-use efficiency of alpine grasslands on the Northern Tibetan Plateau[END_REF]; thus, steppes generally have a smaller magnitude of legacy effects compared to that of meadows (Fig. 3), albeit with lower precipitation and water availability (Fig. A6). The positive relationship between the drought legacy effect and precipitation in alpine steppe might be attributable to the negative correlation between water-use efficiency and precipitation [START_REF] Huang | Change in terrestrial ecosystem water-use efficiency over the last three decades[END_REF][START_REF] Wu | Grazing-exclusion effects on aboveground biomass and water-use efficiency of alpine grasslands on the Northern Tibetan Plateau[END_REF] Only pixels with significant and positive NDVI-SPEI relationships were included in each elevation bin, and only bins with at least 10 sample size are shown here.

Conclusions

In this study, we detected prevalent legacy effects on growing-season vegetation greenness in the first year after extreme drought events in alpine ecosystems of the TP.

That is, albeit with climatic conditions returning to normal after drought, plants did not recover their expected growth for approximately one year, regardless of ecosystem types. To our knowledge, our study is the first to reveal the drought legacy effects on greenness over the alpine ecosystems of the TP at a regional scale. Importantly, the same lag time and comparable magnitude of legacy effects among grass, shrubs, and forests are observed on the plateau. Meanwhile, drought legacy effects are spatially heterogeneous and exhibit clear altitude dependence, while divergent relationships between altitude and the magnitude of reduced NDVIGS in the first year post-drought are observed between alpine steppe and meadow. For alpine meadow, the negative legacy effects are more pronounced at higher altitudes with reduced precipitation and temperature, indicating a weaker drought resilience under dryer and colder conditions.

In contrast, for alpine steppe, smaller legacy effects are found in regions with lower precipitation, suggesting a stronger drought resilience of plant communities in dryer regions for alpine steppe. Thus, the distinct elevation dependencies of drought legacy effects may be attributable to altitudinal shifts in climate factors that limit plant growth and to different strategies among ecosystem types to cope with droughts. More observations and in situ experiments on vegetation recovery after drought are needed to further explore the mechanisms underlying the varying responses to drought on the TP, probably involving vertical changes in plant physiological traits, species distribution and community structure. The results from this study help improve our knowledge of vegetation vulnerability to extreme droughts in alpine ecosystems.

Given the rapid climate change over the TP with a projected increasing trend in the frequency and intensity of extreme events in both temperature and precipitation [START_REF] You | Tibetan Plateau amplification of climate extremes under global warming of 1.5 °C, 2 °C and 3 °C[END_REF], the identified widespread drought legacy effects demonstrate the necessity to account for the potential prolonged effects of extreme climate events in order to better predict future ecosystem dynamics and functions on the TP. 
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