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Abstract: The impacts of human-driven environmental changes on the stability of natural grasslands have been assessed by comparing differences between manipulative warming and grazing plots and reference plots. However, little is known about whether or how ambient climate regulates the effects of manipulative treatments. A 36-year observational dataset shows that there is a nonlinear response of community stability to ambient climate. Manipulative warming and grazing decrease community stability with experiment duration through an increase in legume coverage and/or decrease in species asynchrony, due to exceeding the threshold of background annual mean air temperature with decreasing background annual mean air temperature through time during the 10-year experiment period. Moreover, the temperature sensitivity of community stability is more sensitive under the ambient treatment than under the manipulative treatments. Therefore, our study emphasizes the importance of the context dependency of the response of community stability to human-driven environmental changes.


INTRODUCTION
In recent years, the impacts of manipulative warming and grazing on the temporal stability (i.e., the inverse of variability over time) of aboveground net primary productivity (ANPP) (hereafter called as ANPP stability) have been assessed through experiments in the field by observing changes in plant composition and diversity (Post 2013; Zelikova et al. 2014; Hautier et al. 2015; Shi et al. 2016; Ma et al. 2017; Yang et al. 2017). However, these studies have focused on the differences between manipulated and reference plots. In fact, a key feature of ecological research is context dependence (Smith-Ramesh & Reynolds 2017; Blonder et al. 2018). Understanding the context dependence of responses to human-driven environmental changes provides new insights that can support generalization of the observed responses (Hanson & Walker 2020). To date, it remains unclear whether or how ambient climate regulates the effects of manipulative warming and grazing on ANPP stability in natural grasslands.
To date, there is no consensus about the effects of manipulative warming and grazing on ANPP stability (Post 2013; Zelikova et al. 2014; Shi et al. 2016; Ma et al. 2017), probably at least in part because studies derived from different ambient climates. For example, changes in species abundance over time in ambient treatments are often larger than the responses to manipulation in global change experiments (Langley et al. 2018), and background precipitation variability is likely a key factor influencing variability in results from various drought experiments (Hoover et al. 2018). Furthermore, a meta-analysis also showed that first flowering advanced more for long-term observations than for manipulative warming experiments (Wolkovich et al. 2012). Together, these results suggest a hypothesis that ambient climate may control the response direction, while manipulative treatments may determine the response magnitude of the variables measured relative to the ambient treatment. Therefore, it is critical that both the drivers and the response of ANPP stability are evaluated with respect to context dependency.
To test the above hypothesis and its underlying mechanisms, we used two datasets, one a 36-year long-term observational dataset from 1983 to 2018, and the other a 10-year manipulative asymmetric warming and grazing experiment using infrared heaters with moderate grazing from 2006 to 2015 in an alpine meadow on the Tibetan Plateau. Our objectives were to determine (1) how ANPP stability responded to long-term ambient climate variation; (2) whether effects of manipulative warming and grazing on ANPP stability were regulated by the ambient climate; and (3) what main factors affecting ANPP stability were for the manipulative treatments in the alpine meadow on the Tibetan Plateau.

METHODS
Study site
    The study site has been reported in a previous study (Zhao & Zhou 1999). The experiment was conducted at the Haibei Alpine Meadow Ecosystem Research Station (HBAMERS; 37°37´N, 101°12´E; 3200 m a.s.l.). The plant community at the study site is dominated by Kobresia humilis, Festuca ovina, Elymus nutans, Poa pratensis, Carex scabrirostris, Scripus distigmaticus, Gentiana straminea, Gentiana farreri, Blysmus sinocompressus and Potentilla nivea. 
Mean annual precipitation at the station was 484 mm from 1983 to 2018, which was similar to the mean from 2006 to 2015 (476 mm) during the experimental period, but interannual differences were substantial, ranging from 382 mm in 2012 to 573 mm in 2014. Mean annual air temperature during the experimental period was −0.8 °C (ranging from −1.4 °C in 2014 to −0.4 °C in 2010), which was higher than the long-term mean from 1983 to 2018 (−1.1 °C). 
Long-term observations 
Aboveground net primary productivity (ANPP) has been monitored since 1983, and plants were clipped monthly from May to September to calculate community biomass, and peak biomass was regarded as yearly ANPP. The sampling method was reported in a previous study (Liu et al. 2018). In brief, 5 to 10 quadrats were randomly clipped within an area of 250 m × 230 m from 1983 to 2004. However, from 2005 to 2018 a systematic sampling method was used within an area of 150 m × 150 m. First, this area was divided into 25 equal blocks (30 m × 30 m) and 5 blocks on a diagonal were selected. Then, each of these 5 blocks was further divided into 25 cells (6 m × 6 m). Five quadrats (0.25 m × 0.25 m) were randomly clipped from a cell in each of the five blocks on the diagonal, and plant samples were oven-dried at 65 ºC to constant weight after clipping. The long-term meteorological data (air temperature and precipitation) were provided by HBAMERS. 

Manipulative experiment design
We designed a two-factorial experiment with asymmetric warming and moderate grazing or clipping from 2006 to 2015 (Wang et al. 2012; Lv et al. 2020). The experiment had four treatments: a control with no warming and no grazing (C), no warming and grazing (G), warming and no grazing (W) and warming and grazing (WG). Each treatment had four replicates, making a total of 16 plots with diameters of 3 m each, which were completely randomly distributed within a 40 m × 40 m fenced block. Eight infrared heaters (1000 W, 240 V; Mor Electric Heating Association, Comstock Park, USA) were used for eight warming plots in hexagonal arrays 1.2 m above the vegetation canopy, with eight dummy arrays over the control plots. The heaters were controlled using a proportional-integral-derivative-outputs control system to ensure consistent warming between the heated and control plots (Kimball et al. 2008). Asymmetric warming was used, with 1.2 °C during daytime and 1.7 °C at night in summer and 1.5 °C during daytime and 2.0 °C at night in winter between the heated and corresponding control plots. Warming was applied throughout the year from 2006 to 2010 and only during the growing season from April to October from 2011 to 2015.
One (2006) or two (2007-2010) adult Tibetan sheep were fenced for approximately 1-2 h in each of the grazing plots, and grazing was conducted 2-3 times depending on the amount of aboveground biomass in July and August each year during the growing season. The total rate of forage use was about 50% from 2006 to 201015. About 50% of the total litter biomass in the grazing plots was removed in winter by clipping from 2011 to 2015 (Lv et al. 2020) to simulate the rotational grazing system between summer and winter grasslands.
Soil temperature at a depth of 10 cm was monitored using type-K thermocouples connected to a CR1000 datalogger (Campbell Scientific, Logan, U.S.A). Soil-water content (SWC) at a depth of 10 cm was manually measured through a tube in the ground that extended to a depth of 40 cm using a Model Diviner-2000 frequency domain reflectometer (Sentek Pty Ltd., Australia) at 8:00, 14:00 and 20:00 each day during the growing seasons, because the soils were frozen during the winter. SWC was expressed as a volume percentage (%) or millimeters per 10 cm. Warming generally increased annual mean soil temperature at a depth of 10 cm by 1.6 °C, while summer grazing only increased mean annual soil temperature by 0.7 °C (Lv et al. 2020). Warming generally decreased mean seasonal SWC at 10 cm by about 8% during the growing season, but grazing had no significant effect on SWC (Lv et al. 2020).
Measurements of plant species composition and aboveground net primary productivity (ANPP) have been described in a previous study (Wang et al. 2012). A 1 × 1 m quadrat was permanently fixed in the center of each plot for monitoring the composition of plant species. The quadrats were divided into four hundred 5 cm × 5 cm grids, and the mean height and mean cover of the vegetation canopy were measured using the pin-point method. This process was also used outside the plots in non-grazed and grazed fields, after which we clipped, dried, separated and weighed the vegetation during the growing seasons and then defined a regression equation between aboveground biomass, mean height and mean coverage for the community (Wang et al. 2012). Maximum aboveground biomass was used for ANPP in the plots without grazing. Intake by sheep during each grazing period was estimated using the difference between the biomass inside and outside the cage after each period of grazing. The cage (50 cm × 50 cm) was set up before grazing. The sum of the maximum aboveground biomass and total intake by sheep was used for ANPP in the grazing plots. All plant species in each plot were recorded, and their coverages were calculated as the total coverage in the 5 cm × 5 cm squares containing a species divided by the total number of squares in each plot (400) (Wang et al. 2012). These species were then classified into four plant functional groups (PFGs): grass, sedge, non-legume forb and legume.
ANPP stability measurements 
In order to determine whether the individual effects of warming and grazing and their interaction on ANPP stability depended on climate context or not, we used two datasets in combination: a 36-year long-term observational dataset from 1983 to 2018 and a 10-year dataset from the manipulative asymmetric warming and grazing experiment using infrared heaters and moderate grazing from 2006 to 2015. We calculated ANPP stability over a minimum of 3 consecutive years. First, observational periods of 3-36 consecutive years were defined based on the long-term dataset (i.e., 3-year during 1983-1985, 4-year during 1983-1986, …, 36-year during 1983-2018), and ANPP stability, annual mean air temperature (AT) and humidity index (HI) were calculated for each period defined. Second, experimental periods of 3-10 consecutive years were defined based on the 10-year manipulative dataset, and ANPP stability, mean annual ANPP, standard deviation of ANPP, mean annual biodiversity (based on principal component analysis), mean annual coverages of different PFGs, annual mean AT and HI were calculated for each experimental period defined (i.e., 3-year during 2006-2008, …, 10-year during 2006-2015). 
Data calculation
The temporal stabilities of ANPP in each plot were defined as μ/σ (Tilman 1999; Hautier et al. 2015), where μ is the temporal mean of ANPP and σ is the standard deviation of ANPP for a given period. It is a natural rule that stability (inverse of coefficient of variation) is closely correlated with sample size. Hence, for further tests (e.g., on the relationships between ANPP stability and background air temperature and humidity index), we calculated the residual of ANPP stability after controlling for sample size (i.e., observational duration or experimental duration) to eliminate the effects of sample size.
The humidity index was calculated as the ratio of precipitation to potential evapotranspiration (PET) (Liu et al. 2018). PET was based on air temperature and relative humidity and was calculated as:
                   PET=0.0018×(25+Tair)2×(100-RH)            (1) where Tair is monthly air temperature and RH is monthly relative humidity. 
   Species richness (S) in each plot was the number of species in a 1 × 1 m square, and the Shannon-Wiener diversity index ( and evenness (E) were calculated as: 
                                                   (2)
and 
                                                     (3)
where  is the relative coverage of species i. 
    An index of community-wide species asynchrony was calculated as (Loreau & De Mazancourt 2008): 
                                                 (4)
where  is species synchrony, is the interannual variance of community coverage and  is the interannual standard deviation of the coverage of species i in a plot with S species during a specific period. This index would equal one if species fluctuation were perfectly asynchronized and would equal zero if species fluctuation were perfectly synchronized. 
Statistical analyses
Aboveground net primary productivity (ANPP), ANPP stability, mean annual ANPP (μ) and standard deviation of ANPP (σ) were logarithm 10 transformed to ensure normality and homogeneity. To find the fitted model for the response of ANPP stability to climate factors, seven equations were introduced with function lm() in R :
y ~ x1 + x2;
y ~ x1 * x2;
y ~ x1 + x2 + x1 * x2;
y ~ x12 + x22;
y ~ x1 + x2 + x12 + x22;
y ~ x1 * x2 + x12 + x22;
y ~ x1 + x2 + x1 * x2 + x12 + x22,
where y indicates ANPP stability under different observational durations, x1 and x2 indicate annual mean air temperature (AT) and annual mean humidity index (HI) based on observational durations of 3-36 consecutive years from the long-term dataset. Akaike's information criterion (AIC) was calculated for each regression model to detect the fit of these models, and the model with the lowest AIC was selected to predict the response of ANPP stability to background AT and HI. Modeled values (surface with contour lines) are predictions from models fitted with observations spanning the environmental space. Annual mean AT and HI were the average annual mean AT and HI, respectively, during the corresponding observational period (3-36 years). 
To detect the time series of annual mean AT and HI, variations in ANPP stability with increasing observational duration, and relationships between ANPP stability and climate factors (annual mean AT and HI), linear and segmented linear regression were fitted in R. A segmented linear regression approach with one breakpoint was applied based on observational durations of 3-36 consecutive years. The linear and segmented linear regressions were fitted using the functions lm() and segmented(), respectively. Akaike's information criterion (AIC) was calculated for the simple regression model and the segmented linear regression model to detect the fitness of these two models, and a regression model with ΔAIC >2 indicates a better model (Meng et al. 2018). The davies.test() was introduced to detect the existence and significance (<0.05) of the breakpoint, which indicates a significant difference in slopes before and after the breakpoint.
We conducted a principal component analysis (PCA) of species richness, the Shannon-Wiener diversity index and species evenness based on 10 consecutive experimental years from 2006 to 2015, and only the first component (PC1) of the PCA (hereafter called ‘biodiversity’) was introduced as a new variable into the subsequent structural equation model (SEM) to avoid close correlations. This proxy of biodiversity explained 91.31% of the variation in the data, and its eigenvalue (2.74) exceeded 1. The Shannon-Wiener diversity index contributed the largest loading to the proxy of biodiversity, followed by evenness and species richness (Fig. S4). 
Relationships between ANPP stability and experimental duration, background annual mean AT and HI through 3 to 10 consecutive experimental years, and interannual variation of ANPP, coverage of PFGs and biodiversity based on 10 consecutive experimental years from 2006 to 2015 were tested by function lm() in R. Then, function sma() was used to detect slope heterogeneity among the 4 treatments, in which the H0 was that there is a common slope among treatments. 
In addition, simple linear regression was used to test the relationships between abiotic and biotic ecological factors (soil temperature, soil water content, biodiversity, species asynchrony and coverages of the PFGs) and ANPP stability using data from 10 consecutive experimental years from 2006 to 2015 (n=16). To identify the direct and indirect effects of warming and grazing on ANPP stability, a SEM was constructed to understand the relationships among warming, grazing, biodiversity, species asynchrony and coverages of PFGs based on data from 10 consecutive experimental years from 2006 to 2015. We constructed an a priori conceptual SEM based on potential relationships among the drivers of ANPP stability, in which mean annual ANPP (μ) and the standard deviation of ANPP (σ) were treated as response variables, whereas biodiversity, species asynchrony and coverages of PFGs were treated as explanatory variables. The SEM should be simplified for the small sample size (n=16) (Jiang et al. 2020). Hence, we only considered those explanatory variables that had significant relationships with response variables, and eliminated nonsignificant explanatory variables until we attained the final model (Fig. 4). We used maximum-likelihood estimation to obtain the path coefficients and the 2 goodness-of-fit test, normed fit index (NFI), root mean square error of approximation and AIC to evaluate the model. 
SEM analyses were conducted in SPSS Amos 22.0 (IBM Corporation, New York USA), and all other analyses were conducted in R V.3.5.3 (R Foundation for Statistical Computing, Vienna, Austria, 2013). We used the ‘segmented’ package to conduct the segmented linear regression, the ‘SMART’ package to analyze slope heterogeneity, the ‘nlme’ package to construct the linear mixed models, the ‘psych’ package to conduct the correlation test, and the ‘vegan’ package to conduct the PCA.

RESULTS
Ambient climate and variability of ANPP stability
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]We found that in general there was a period with a trend of increasing annual mean air temperature (AT) from 1983 to 2005 (increase by 0.61 ºC per decade) with a decreasing trend in annual mean AT of -0.41 ºC per decade from 2006-2018 (i.e., nonlinear variability through time with a breakpoint in the year 2006) (Fig. 1a and Table S1 and S2). However, the annual mean humidity index (HI) linearly decreased through time (Fig. 1b and Table S1 and S2). Accordingly, there was a nonlinear variability in ANPP stability with experimental duration (Fig. S1a, Table S1 and S2), and annual mean AT and HI co-determined ANPP stability (Fig. S1b and Table S3). Moreover, when controlling for experimental duration and annual mean HI, we still found that there was a nonlinear response of ANPP stability to background annual mean AT (Fig. 1c, Table S1 and S2). A similar nonlinear response was found to background annual mean HI (Fig. 1d, Table S1 and S2). ANPP stability significantly increased by 0.21 ºC-1 with temperature increase when background annual mean AT was lower than the breakpoint of -1.4 ºC, whereas it decreased by -0.16 ºC-1 with temperature increase when background annual mean AT was higher than the breakpoint (Fig. 1c and Table S1 and S2). ANPP stability increased by 0.57 HI-1 with drying when annual mean HI was higher than the breakpoint of 1.11, and decreased by 1.18 HI-1 with drying when annual mean HI was lower than the breakpoint (Fig. 1d, Table S1 and S2). Therefore, ANPP stability increased with warming and drying below the thresholds of annual mean AT, and decreased with cooling and drying beyond the thresholds of background annual mean AT in the alpine meadow.
Responses of ANPP stability to manipulative warming and grazing
We noticed that the background annual mean AT and HI during the manipulative warming and grazing experiment from 2006 to 2015 were -0.75 ºC and 0.89 (Fig. 1a and 1b), which were higher than the thresholds of annual mean AT and HI which determine response direction of ANPP stability (Fig. 1c and 1d). Moreover, background annual mean AT decreased by -0.84 ºC per decade through time (i.e., cooling ambient climate), while background annual mean HI did not alter during the experimental period (Fig. 1a and 1b, Table S2). Thus, as hypothesized, we found that ANPP stability significantly decreased with experimental duration for all treatments (Fig. 2a and Table S4). Moreover, when controlling for experimental duration and annual mean HI, we still found that there were negative relationships between ANPP stability and background annual mean AT during the experimental period, except for in the warming with no-grazing treatment (Fig. 2b and Table S4). These results supported the findings of analysis of the 36-year long-term observation when cooling in ambient air temperature (Fig. 1c and Fig. S1a). However, analysis showed no significant effects of background annual mean HI on ANPP stability (Fig. 2c and Table S4), suggesting that background annual mean AT was the primary controlling factor influencing ANPP stability due to the lack of significant variability in annual HI during the experimental period from 2006 to 2015 (Table S2). More importantly, there were significant differences in duration sensitivity (i.e., the slope of the regression equations between ANPP stability and experiment duration) (Fig. 2a and Table S4) and temperature sensitivity of ANPP stability (i.e., the slope of the regression equations between ANPP stability and background annual mean AT) between the manipulative treatments and their controls (Fig. 2b and Table S4). These results suggested that negative effects of warming and grazing on ANPP stability could vary with experiment duration and temperature increase due to greater sensitivity to ambient treatment than to manipulative treatments (Table S4). Therefore, together, our study suggested that background annual mean AT during the experiment period (i.e., higher than the threshold of background annual mean AT) could control the response direction of ANPP stability to manipulative warming and grazing, and that manipulative treatments could determine the response magnitude relative to ambient climate, which supported our hypothesis.
Factors affecting ANPP stability
There were negative relationships between ANPP stability and soil temperature (Fig. 3a) and variability of ANPP (σ) (Fig. 3b), but the relationships were positive between ANPP stability and species asynchrony (Fig. 3c) and biodiversity (Fig. 3d). Principal component analysis of species richness, diversity and evenness was performed4 and biodiversity mainly derived from species diversity rather than from richness (Fig. S2). Moreover, warming decreased ANPP stability mainly through the net effect of a direct positive effect of warming on ANPP (μ) and an indirect positive effect of legume coverage on σ (Fig. 4). The negative effect of grazing on ANPP stability was primarily through an indirect positive effect of species asynchrony on σ.

DISCUSSION
Our results indicated that warming in ambient climate increased ANPP stability and cooling in ambient climate decreased it based on a 36-year long-term observation (Fig. 1 and Fig. S1), suggesting that there was a positive relationship between ANPP stability and ambient air temperature. The manipulative warming and grazing decreased ANPP stability during the cooling in ambient air temperature of the experimental period which further supported the finding of the long-term observation. Therefore, our results supported our hypothesis that ambient temperature controlled the response direction of ANPP stability to manipulative treatments in the alpine meadow.
[bookmark: OLE_LINK76]We found that warming had direct positive effects on mean ANPP (μ) and indirect positive effects on its variability (σ) through increased legume coverage (Fig. 4), suggesting that decreased ANPP stability induced by warming through time could result from a greater increase in σ relative to the increase in μ. On the one hand, warming increased the optimal temperature for plant growth (Huang et al. 2019) and prolonged the growing season (Li et al. 2016) and further increased ANPP (Wang et al. 2012) in the alpine region. However, the increase in ANPP induced by warming decreased over time (Fig. S3a) probably due to decreasing background AT during the experimental period (Fig. 1a). Thus, the difference between warming and control treatments also decreased with time because of the lack of significant change in ANPP of the control treatment through time (Fig. S3a), which was also indicated by the lack of significant difference in their slopes (Table S5). Different and even opposing trends in changes among PFGs induced by warming could partly offset the positive effect of warming on ANPP (Fig. S3b-3e), which was consistent with previous reports (Liu et al. 2018). On the other hand, natural grasslands are usually deficient in nitrogen (N) needed for plant production (LeBauer & Treseder 2008). In our study, warming greatly increased the coverage of legumes (Fig. 4 and Fig. S3d), which would increase fixation of atmospheric N in the community. Previous studies with experimental N addition treatments (Zhang et al. 2016) and the manipulation of diversity containing legumes (Spehn et al. 2005; Fargione et al. 2007) also found that increased N availability decreased ANPP stability, probably because competition increased at higher productivity, leading to more frequent competitive exclusions (Brooker & Kikvidze 2008). Meanwhile, warming in the alpine region typically shifts plant composition toward tall and deep-rooted grasses (Liu et al. 2018), which shades the forbs and legumes and could further increase plant competition for light and N (Jiang et al. 2018; Li et al. 2018), which in turn could further increase σ and thus reduce ANPP stability.
    Consistent with previous studies (Hautier et al. 2015; Zhang et al. 2016; Ma et al. 2017; Craven et al. 2018), we also found a positive correlation between ANPP stability and species asynchrony (Fig. 3c) because both warming and grazing reduced species asynchrony which had a negative effect on σ (Fig. 4). A previous study reported that species asynchrony promoted community stability by compensating growth between species or plant functional groups (Song & Yu 2015). Our results thus indicated that decreased species asynchrony, especially with grazing (Fig. 4), could reduce the temporal complementarity between species or PFGs due to increases in plant competition for resources.
Overall, there was a positive correlation between biodiversity and ANPP stability (Fig. 3d) due to a decrease in biodiversity in all treatments (Fig. S3f and Table S5), which supports the hypothesis that higher biodiversity leads to higher ANPP stability (Hautier et al. 2015; Craven et al. 2018). In the structural equation model, biodiversity had no direct or only indirect effects on μ or σ regardless of warming or grazing (Fig. 4). This suggests that biodiversity was not a main factor affecting ANPP stability under warming conditions, which was consistent with a previous study (Ma et al. 2017), and grazing in the alpine meadow. Our earlier study showed that decreased species richness induced only by warming resulted from a decrease in rare species which had a small contribution to ANPP (Wang et al. 2012), so changes in species diversity in experiments that manipulate diversity in species-poor plant communities may have disproportionate effects on ANPP and its stability compared with changes in species diversity in more species-rich natural grasslands (Jiang et al. 2009).
In summary, we found that there was a nonlinear correlation between ANPP stability and background annual mean AT and HI in a 36-year long-term observational dataset, and a negative effect of manipulative warming and grazing on ANPP stability during the 10-year long-term experiment when background annual mean AT exceeded a given threshold. In particular, ambient climate-mediated effects on ANPP stability did not depend either on manipulative warming or grazing, both of which caused shifts in plant functional group composition or change in species asynchrony. In combination with recent demonstrations that ambient climate is a major determinant of measured ecological variables (e.g., species abundance, ANPP and phenology) (Wolkovich et al. 2012; Hoover et al. 2018; Langley et al. 2018), these findings suggest that there may be a universal regulation of ambient climate (e.g., temperature or precipitation-limitation) on variables measured in response to human-driven environmental changes. In this case, increased background annual mean air temperature (higher than a threshold of -1.4 ºC) with decreasing annual mean air temperature through time during the experiment period led to decreased ANPP stability regardless of manipulative warming, which was also supported by a previous study (Ma et al. 2017), and grazing in the alpine region.
[bookmark: _Hlk57047558]
ACKONWLEDGEMENTS
We thank the staff of Haibei Alpine Meadow Ecosystem Observation and Research Station of Chinese Academy of Sciences, China. Funding: Grants from the Strategic Priority Research Program A of the Chinese Academy of Sciences (XDA20050101), the National Natural Science Foundation of China (41731175, 41988101, 31770524 and 31872994), the Joint Key Research Fund (U20A2005) under cooperative agreement between the National Natural Science Foundation of China (NSFC) and Tibet Autonomous Region (TAR) and the Second Tibetan Plateau Scientific Expedition and Research (STEP) program (2019QZKK0302 and 2019QZKK0608). JP was funded by the European Research Council Synergy grant ERC-SyG-2013-610028 IMBALANCE-P. 

REFERENCES
[bookmark: _ENREF_1]Blonder, B., Kapas, R.E., Dalton, R.M., Graae, B.J., Heiling, J.M. & Opedal, Ø.H. (2018). Microenvironment and functional-trait context dependence predict alpine plant community dynamics. J. Ecol., 106, 1323-1337.
[bookmark: _ENREF_2]Brooker, R.W. & Kikvidze, Z. (2008). Importance: an overlooked concept in plant interaction research. J. Ecol., 96, 703-708.
[bookmark: _ENREF_3]Craven, D., Eisenhauer, N., Pearse, W.D., Hautier, Y., Isbell, F., Roscher, C. et al. (2018). Multiple facets of biodiversity drive the diversity-stability relationship. Nat. Ecol. Evol., 2, 1579-1587.
[bookmark: _ENREF_4]Fargione, J., Tilman, D., Dybzinski, R., Lambers, J.H.R., Clark, C.M., Harpole, W.S. et al. (2007). From selection to complementarity: shifts in the causes of biodiversity-productivity relationships in a long-term biodiversity experiment. Proc. R. Soc. B Biol. Sci., 274, 871-876.
[bookmark: _ENREF_5]Hanson, P.J. & Walker, A.P. (2020). Advancing global change biology through experimental manipulations: Where have we been and where might we go? Glob. Change Biol., 26, 287-299.
[bookmark: _ENREF_6]Hautier, Y., Tilman, D., Isbell, F., Seabloom, E.W., Borer, E.T. & Reich, P.B. (2015). Anthropogenic environmental changes affect ecosystem stability via biodiversity. Science, 348, 336-340.
[bookmark: _ENREF_7]Hoover, D.L., Wilcox, K.R. & Young, K.E. (2018). Experimental droughts with rainout shelters: a methodological review. Ecosphere, 9, e02088.
[bookmark: _ENREF_8]Huang, M.T., Piao, S.L., Ciais, P., Peñuelas, J., Wang, X.H., Keenan, T.F. et al. (2019). Air temperature optima of vegetation productivity across global biomes. Nat. Ecol. Evol., 3, 772-779.
[bookmark: _ENREF_9]Jiang, L., Wan, S.Q. & Li, L.H. (2009). Species diversity and productivity: why do results of diversity-manipulation experiments differ from natural patterns? J. Ecol., 97, 603-608.
[bookmark: _ENREF_10]Jiang, L.L., Wang, S.P., Zhe, P., Xu, X.L., Kardol, P., Li, Y.M. et al. (2018). Plant organic N uptake maintains species dominance under long-term warming. Plant Soil, 433, 243-255.
[bookmark: _ENREF_11]Jiang, Z., Liu, H., Wang, H., Peng, J., Meersmans, J., Green, S.M. et al. (2020). Bedrock geochemistry influences vegetation growth by regulating the regolith water holding capacity. Nat. Common., 11, 2392.
[bookmark: _ENREF_12]Kimball, B.A., Conley, M.M., Wang, S., Lin, X., Luo, C., Morgan, J.A. et al. (2008). Infrared heater arrays for warming ecosystem field plots. Glob. Change Biol., 14, 309-320.
[bookmark: _ENREF_13]Langley, J.A., Chapman, S.K., La Pierre, K.J., Avolio, M., Bowman, W.D., Johnson, D.S. et al. (2018). Ambient changes exceed treatment effects on plant species abundance in global change experiments. Glob. Change Biol., 24, 5668-5679.
[bookmark: _ENREF_14]LeBauer, D.S. & Treseder, K.K. (2008). Nitrogen limitation of net primary productivity in terrestrial ecosystems is globally distributed. Ecology, 89, 371-379.
[bookmark: _ENREF_15]Li, X.E., Jiang, L.L., Meng, F.D., Wang, S.P., Niu, H.S., Iler, A.M. et al. (2016). Responses of sequential and hierarchical phenological events to warming and cooling in alpine meadows. Nat. Common., 7, 12489-12489.
[bookmark: _ENREF_16]Li, X.E., Zhu, X.X., Wang, S.P., Cui, S.J., Luo, C.Y., Zhang, Z.H. et al. (2018). Responses of biotic interactions of dominant and subordinate species to decadal warming and simulated rotational grazing in Tibetan alpine meadow. Sci. Chnia Life Sci., 61, 849-859.
[bookmark: _ENREF_17]Liu, H.Y., Mi, Z.R., Lin, L., Wang, Y.H., Zhang, Z.H., Zhang, F.W. et al. (2018). Shifting plant species composition in response to climate change stabilizes grassland primary production. Proc. Natl. Acad. Sci. USA, 115, 4051-4056.
[bookmark: _ENREF_18]Loreau, M. & De Mazancourt, C. (2008). Species synchrony and its drivers: neutral and nonneutral community dynamics in fluctuating environments. Am. Nat., 172, E48-E66 
[bookmark: _ENREF_19]Lv, W.W., Luo, C.y., Zhang, L.r., Niu, H.s., Zhang, Z.h., Wang, S.p. et al. (2020). Net neutral carbon responses to warming and grazing in alpine grassland ecosystems. Agric. For. Meteorol., 280, 107792.
[bookmark: _ENREF_20]Ma, Z.Y., Liu, H.Y., Mi, Z.R., Zhang, Z.H., Wang, Y.H., Xu, W. et al. (2017). Climate warming reduces the temporal stability of plant community biomass production. Nat. Common., 8, 15378.
[bookmark: _ENREF_21]Meng, F.D., Suonan, J., Zhang, Z.H., Wang, S.P., Duan, J.C., Wang, Q. et al. (2018). Nonlinear responses of temperature sensitivities of community phenophases to warming and cooling events are mirroring plant functional diversity. Agric. For. Meteorol., s253-254, 31-37.
[bookmark: _ENREF_22]Post, E. (2013). Erosion of community diversity and stability by herbivore removal under warming. Proc. R. Soc. B Biol. Sci., 280, 20122722.
[bookmark: _ENREF_23]Shi, Z., Xu, X., Souza, L., Wilcox, K.R., Jiang, L., Liang, J. et al. (2016). Dual mechanisms regulate ecosystem stability under decade-long warming and hay harvest. Nat. Common., 7, 11973.
[bookmark: _ENREF_24]Smith-Ramesh, L.M. & Reynolds, H.L. (2017). The next frontier of plant–soil feedback research: unraveling context dependence across biotic and abiotic gradients. J. Veg. Sci., 28, 484-494.
[bookmark: _ENREF_25]Song, M.H. & Yu, F.H. (2015). Reduced compensatory effects explain the nitrogen-mediated reduction in stability of an alpine meadow on the Tibetan Plateau. New Phytol., 207, 70-77.
[bookmark: _ENREF_26]Spehn, E.M., Hector, A., Joshi, J., Schererlorenzen, M., Schmid, B., Bazeleywhite, E. et al. (2005). Ecosystem effects of biodiversity manipulations in European grasslands. Ecol. Monogr., 75, 37-63.
[bookmark: _ENREF_27]Tilman, D. (1999). The ecological consequences of changes in biodiversity: a search for general principles. Ecology, 80, 1455-1474.
[bookmark: _ENREF_28]Wang, S.P., Duan, J., Xu, G., Wang, Y., Zhang, Z., Rui, Y. et al. (2012). Effects of warming and grazing on soil N availability, species composition, and ANPP in an alpine meadow. Ecology, 93, 2365-2376.
[bookmark: _ENREF_29]Wolkovich, E.M., Cook, B.I., Allen, J.M., Crimmins, T.M., Betancourt, J.L., Travers, S.E. et al. (2012). Warming experiments underpredict plant phenological responses to climate change. Nature, 485, 494-497.
[bookmark: _ENREF_30]Yang, Z.L., Zhang, Q., Su, F.L., Zhang, C.H., Pu, Z.C., Xia, J.Y. et al. (2017). Daytime warming lowers community temporal stability by reducing the abundance of dominant, stable species. Glob. Change Biol., 23, 154-163.
[bookmark: _ENREF_31]Zelikova, T.J., Blumenthal, D.M., Williams, D.G., Souza, L., LeCain, D.R., Morgan, J. et al. (2014). Long-term exposure to elevated CO2 enhances plant community stability by suppressing dominant plant species in a mixed-grass prairie. Proc. Natl. Acad. Sci. USA, 111, 15456-15461.
[bookmark: _ENREF_32]Zhang, Y.H., Loreau, M., Lu, X.T., He, N.P., Zhang, G.M. & Han, X.G. (2016). Nitrogen enrichment weakens ecosystem stability through decreased species asynchrony and population stability in a temperate grassland. Glob. Change Biol., 22, 1445-1455.
[bookmark: _ENREF_33]Zhao, X.Q. & Zhou, X.M. (1999). Ecological basis of Alpine meadow ecosystem management in Tibet: Haibei Alpine Meadow Ecosystem Research Station. AMBIO: J. Hum. Environ., 28, 642-647.


Figures 
[bookmark: _Hlk60420829][bookmark: _Hlk60421174]Figure 1 Climate and community stability based on 36-year observational data. Interannual variation in annual mean air temperature (a) and humidity index (b) from 1983 to 2018, relationship between mean annual air temperature (AT) and residuals of ANPP stability after controlling for both observational duration and mean annual humidity index (HI) effects (c) and relationship between mean annual HI and residuals of ANPP stability after controlling for both observational duration and mean annual AT effects (d) based on 3-36 consecutive observational years. Selection of regression model and regression equations are shown in Table S1 and S2 (see Materials and Methods). Grey shaded areas in Fig. 1c and d show 95% confidence intervals. ANPP stability was logarithm 10 transformed before analysis.
Figure 2 Community stability based on 10-year manipulative experimental data. Relationship between ANPP stability and experimental duration (a), relationship between residuals of ANPP stability after controlling for both experimental duration and mean annual humidity index (HI) effects and mean annual air temperature (AT) (b), and relationship between residuals of ANPP stability after controlling for both experimental duration and mean annual AT effects and mean annual HI based on 3-10 consecutive experimental years between 2006 and 2015. C: no-warming with no-grazing; G: no-warming with grazing; W: warming with no-grazing; and WG: warming with grazing. Regression equations and test of slope heterogeneity are shown in Table S4. Data are means ± standard errors. ANPP stability was logarithm 10 transformed before analysis.
Figure 3 Relationships between biotic or abiotic factors and community stability. Relationships between soil temperature (a), standard deviation of aboveground net primary productivity (ANPP) (b), species asynchrony (c), biodiversity (d) and ANPP stability based on 10 manipulative experimental years from 2006 to 2015. Grey shaded areas show 95% confidence intervals. Here, biodiversity was the first component of a principal component analysis with species richness, evenness and diversity (see Fig. S4). ANPP stability was logarithm 10 transformed before analysis.
[bookmark: _Hlk60421162]Figure 4 Direct and indirect treatment effects on the two components of community stability. A structural equation model was fitted to infer the direct and indirect effects of variables measured on the temporal stability of aboveground net primary productivity (ANPP) based on 10 consecutive years of a warming and grazing experiment from 2006 to 2015. Boxes indicate measured variables entered in the model. Numbers adjacent to arrows are standardized path coefficients, analogous to partial regression weights and indicative of the effect size of the relationship. Single-headed and double-headed arrows represent causal relationships and covarying variables, respectively. R2 represents the proportion of variance explained for each dependent variable in the model. Nonsignificant pathways were removed from the model until we attained this final model. μ: mean annual ANPP, σ: standard deviation of ANPP. μ and σ were logarithm 10 transformed before analysis. *, p < 0.05; **, p < 0.01; ***, p < 0.001. χ2 = 6.54, p = 0.48; NFI = 0.96; RMSEA < 0.001; AIC = 46.54.
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