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Abstract 

Rainfall manipulative experiments are essential for deciphering mechanisms leading to 

differential ecological stability across plant communities. However, the absence of 

standardized stability indices and common methodologies across studies has impaired 

such goal. Here, we conducted a meta-analysis of studies reporting effects of 

experimental droughts on grassland above-ground biomass production and we found that 

most grasslands were resilient (keeping biomass unchanged after drought) and exhibited 

a trade-off between low resistance (losing biomass during drought) and high recovery 

(producing new biomass after drought). Despite this general pattern, ecological stability 

varied across studies. This variability was not merely related to differences in drought 

treatments or in prevailing climatic conditions, but it might reflect intrinsic biotic 

differences among grasslands. We call for an urgent need to standardize indices and 

experimental methodologies to provide comparable and consistent results across studies. 

We also call for tropical studies on ecological stability in response to drought.  

Key-words: extreme climatic events; meta-analysis; rain-out shelters; resistance; 

recovery; resilience;  

Main text 

Grasslands cover a large proportion of the land surface1, and their productivity is 

strongly controlled by precipitation2. Considering that the frequency, duration and 

intensity of droughts are predicted to increase3,4, hundreds of rainfall manipulative 

experiments have been conducted (Fig. 1) to investigate the effects of those shifted 

precipitation regimes on grassland above-ground biomass production. These 

experiments do not report consistent results5-7, and the underlying mechanisms 

explaining differences in grasslands ecological stability in response to drought have not 

yet been identified6,8.We argue that these inconsistencies arise from two main issues: a) 
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the lack of standardized experimental methodologies and protocols on manipulative 

experiments; and b) the absence of both consensual definitions and standardized indices 

to assess ecological stability9,10. 

Indeed, methodological differences difficult comparability among studies8,11. To start 

with, studies differ on the type of experimental drought imposed; while some studies 

only altered rainfall seasonality, others reduced precipitation amounts by a fixed 

percentage (Figs. 1a-c). As those drought experiments are in reality mostly precipitation 

deficit experiments (meteorological drought), scientists have often relied on that 

percentage of rainfall intercepted to scale drought treatment intensity8. However, it has 

been shown that percentages are inappropriate for comparing sites with different climate 

(Fig. 1) and more meaningful metrics are needed8,12,13. As a result of these 

methodological constraints, we still do not know whether the observed variation in 

stability responses might be attributed to intrinsic biological differences across systems 

or might merely reflect differences in the drought treatment or in the prevailing climatic 

conditions experienced by plants10,13.  

Second, studies have also varied in their definition of ecological stability and in the 

indices used to assess it9,10. Although there is still no consensus in the literature, it has 

been suggested that ecological stability should be measured through three distinct 

properties: resistance (RT: the system ability to keep its biomass unchanged during 

drought); recovery (RC: the system ability to produce biomass after drought); and 

resilience (RS: the system ability to keep its biomass unchanged after drought)14,15. 

Previous attempts to quantitatively review the results of rainfall manipulative 

experiments, however, have mostly focusing on system resistance5-7. Therefore, we are 

still uncertain about the potential trade-offs between those properties and their relative 

importance to underpin the overall grasslands ecological stability in response to 
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drought16. Here, we searched for published studies reporting effects of experimental 

droughts on grasslands (see Methods). We compile 127 publications, that met our first 

set of inclusion criteria (Supplementary Note 1), and we identify which indices have 

been used to assess ecological stability properties and whether those indices provide 

comparable results. We further conducted a meta-analysis, using a subset of 49 studies 

(101 grasslands) that met a second set of inclusion criteria (Supplementary Note 1), in 

order to: (1) evaluate the overall grasslands resistance, recovery and resilience in 

response to drought; (2) identify potential trade-offs between those properties; and (3) 

quantify the relative importance of drought experimental features and prevailing 

climatic conditions to explain the differential stability across grasslands. 

Results  

Studies have imposed experimental droughts with very different characteristics, but 

some of them have failed in creating a real drought event. Rainfall manipulative 

experiments were conducted in 22 countries and 116 localities (Fig. 2), either in natural 

(41 %; N = 83), seminatural (40 %; N = 82) or manipulated grasslands (19 %; N = 39). 

Most of the studies (95 %; N = 110) were performed at mid-to-high latitudes (30–60°) 

in the northern hemisphere. Climatically, experiments were carried out in locations with 

mean annual temperature (MAT) ranging from 0.1° to 22.7°C (median = 8.3°C) and 

mean annual precipitation (MAP) ranging from 163 to 2,050 mm (median = 771 mm); 

while elevation (asl) ranged from 5 to 3,570 m (median= 530 m). Droughts were 

imposed using either permanent (91 %; N = 186) or automatic shelters (9 %; N = 18), 

with widely different sizes (range: 0.5 to 900 m², median = 9 m²). Most studies reduced 

total rainfall amount (89 %; N = 181) rather than altered rainfall seasonality (7 %; N = 

15) or both (4 %; N = 8). Drought duration ranged from 17 to 2,310 days, with most 

studies being short-term experiments (< one year) and only 9% of them (N = 4) lasting 



5 
 

more than ten years. Similarly, most studies addressed a single drought event (46 %; N 

= 95), with a maximum of 15 sequential droughts (median = 2). In most of the studies 

(74 %; N = 150) drought intensity was measured as the percentage of rainfall 

intercepted by shelters, which ranged from 8 to 80 % reduction in annual precipitation. 

However, some authors defined experimental droughts in terms of their statistical 

extremeness (23 %; N = 41), that is, as the probability of occurrence based on 

precipitation historical records11. Extremeness ranged from 1 to 1000-year, where a 

100-year drought event is the one that has 1% chance of occurrence in any given year. 

Moreover, historic control plots (sheltered plots receiving rainfall amounts 

correspondent to historical site precipitation) were used only in a few experiments (16 

%; N = 32), in contrast to ambient controls that were used in most studies (unsheltered 

plots receiving ambient precipitation; 84 % N = 172). To allow for comparison on 

drought intensity across sites with distinct climate, we computed the standardized 

precipitation evapotranspiration index (SPEI) for a subset of 101 grasslands. We found 

that 27 % of the studies (N = 27) imposed moderate droughts (10-year extremeness), 

while 15 % (N = 15) created severe droughts (20-year) and only 7% (N = 7) conducted 

extreme drought events (50-year). Surprisingly, in 50% of the studies (N = 50) the 

‘drought’ treatment actually did not experience a deficit in water balance, as the SPEI 

values felt in the range of near normal conditions. We also computed the SPEI for 

control plots either before (pre-drought), during (drought) and after (post-drought) the 

experimental drought period to evaluate if the control plots were exposed to abnormal 

dryer/wetter years. We found that control plots were usually exposed to near normal 

conditions, excepted in two study cases, where control plots were subjected to moderate 

wet conditions (Supplementary Table 2). 
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Numerous indices have been used to measure ecological stability, and their results were 

not comparable across studies. Only 13 % (N = 16) of the studies applied ecological 

stability indices to assess grassland resistance, recovery and/or resilience in response to 

drought. Firstly, we classified these indices in six groups, according to the index 

calculation method (Table 1). Subsequently, we calculated all those indices using 

above-ground biomass data extracted from studies fulfilling selection criteria 2 (101 

grasslands, Supplementary Note 1). Finally, when we ordered grasslands according to 

their values on recovery, resistance, and resilience, different rankings were obtained 

depending on the indices considered (Supplementary Note 2). Therefore, results from 

studies using different groups of stability indices were not comparable.  

On average, grasslands were resilient to drought and exhibited a trade-off between high 

recovery and low resistance. We used mean effect sizes to assess grasslands ecological 

stability in response to experimental droughts (Fig. 3). While resistance assumed 

significantly negative values (Fig. 3a), thus indicating that above-ground biomass 

production was strongly reduced during drought; recovery was significantly positive 

(Fig. 3b), indicating that grasslands were able to produce new biomass after drought 

alleviation. The biomass produced after drought was in general sufficient to compensate 

for the biomass lost during drought, thus grasslands exhibited nearly full resilience (Fig. 

3c). There was also a trade-off between recovery and resistance (Fig. 4a). However, no 

predictable relationships were found between the others stability properties (Fig. 4 b-c). 

Stability largely differed among grasslands, but drought features and climatic conditions 

were, in general, not important to explain those differences. We found large variation in 

resistance, recovery and resilience among grasslands, as indicated by the significant Q-

tests and by the high percentages of between-studies heterogeneity (usually I² > 50 %) 

(Fig. 3). However, the variability in resistance and recovery was not explained by 
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drought features (duration, frequency and intensity -SPEI) neither by climatic (MAT 

and MAP) or topographic (elevation) conditions. As shown in the Fig. 5 importance 

values for all those moderators remained below 0.8 (Fig.5 a-b). In contrast, variability in 

resilience was largely explained by drought duration, with longer droughts resulting in 

lower resilience (Fig. 5c). Results for simple meta-regressions testing the effect of 

moderators related to other experimental features are shown in Supplementary Table 3. 

Sensitivity analysis. Our results were robust for outliers influence and non-independence 

effects (Supplementary Note 3). Nonetheless, evidence of publication bias was detected 

for resilience. 

Discussion 

This study provided key insights into how grasslands respond to experimental droughts 

and also highlighted the striking lack of consistency on methodological and analytical 

approaches to study the ecological stability of grasslands to drought. 

We found that grasslands above-ground biomass production was, on average, resilient 

to experimental droughts (Fig. 3). Although we argue that this result might be 

underestimated, since few studies have subjected grasslands to severe or extreme 

drought events. Grasslands ecological stability was achieved more via recovery than via 

resistance (Fig. 3), thus leading to a trade-off between these properties (Fig.4a). This 

trade-off is consistent with previous studies14,33 on supporting theoretical assumptions 

that resistance and recovery might be considered as two alternative strategies to achieve 

ecological stability15,16. It has been suggested that those strategies could be predicted by 

the life and evolutionary histories of resident plant species34-36. Therefore, plant 

communities dominated by fast-growing short-lived species (acquisitive resource-use 

strategy) would be expected to show low resistance, as they lack traits to sustain 
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biomass production under water stress; but high recovery, as their high investment in 

seed production and fast-growth rates would support a rapid re-establishment and a 

shortly return to the non-drought biomass levels after drought alleviation. An opposite 

response would be predicted for communities dominated by slow-growing and long-

lived species (i.e. conservative resource-use strategy)34-36. Since grasslands are mostly 

dominated by herbaceous species with an acquisitive strategy, we would indeed expect 

an overall resilience mainly driven by recovery than by resistance5.  

None of the six moderators we tested (drought duration, frequency and intensity, mean 

annual temperature, mean annual precipitation, elevation) were important to explain the 

variability in resistance and recovery across grasslands (Fig. 5 a-b). Therefore, the 

differential stability did not merely reflected differences in the drought treatments 

imposed or in the prevailing topo-climatic conditions, but they might be related to 

intrinsic biological differences across grasslands. In fact, considerable evidence from 

individual studies suggests that species diversity13,25,28,29; functional diversity (grass, 

legumes and forbs)17,20,27 ; and plant life history traits (annual versus perennial)31,37 can 

significantly influence grasslands’ stability in response to drought. Moreover, in a meta-

analysis assessing the effects of natural droughts on productivity, it was found that 

variation in resistance and recovery across dryland communities was largely explained 

by plant life history, with perennial plants showing high resistance but low recovery, 

and annual plants exhibiting the opposite pattern33. To date, most of the studies have not 

reported species and functional diversity at plot-level, nor provided the life history traits 

(or any other traits related to the acquisitive-conservative strategies) for both dominant 

and subordinate plant species. Therefore, we strongly recommend future studies to 

provide such information, so that further quantitative analysis could be able to 
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simultaneously assess the relative importance of both abiotic and biotic moderators to 

explain the differential stability across grasslands in response to experimental droughts.  

Contrastingly, we found that variability in resilience was largely explained by drought 

duration (Fig. 5c), with longer droughts resulting in decreased grassland’s resilience. 

Longer droughts could reduce grasslands’ resilience either by decreasing their ability to 

recover from droughts (e.g. by causing depletion of seed bank and storage resources 

needed for re-establishment and resprouting of drought-sensitive species) or their ability 

to resist to droughts (e.g. by surpassing thresholds of tolerance and causing widespread 

mortality of drought-tolerant species)33,35,38. Under future climatic regimes where 

droughts are expected to be longer, and also more frequent and intense, we will might 

see a gradual decline in overall grasslands’ biomass production. However, the evidence 

of publication bias detected for resilience indicates that these results must be interpreted 

with caution.  

To further improve our mechanistic understanding of differential stability across 

grasslands and our ability to manage them to ensure a stable productivity in a drier 

world, we firmly encourage future experimental drought studies to: (1) Standardize 

stability indices: we found that different stability indices might provide largely 

divergent results (Supplementary Note 2); thus, reinforcing the need for standardization 

across studies9,10; (2) Report basic information necessary to compute stability indices 

and to assess moderators’ effects: we show that each stability index has its pros and 

cons (Supplementary Note 2), thus regardless of the metric eventually selected as 

standard, we recommend studies to fully report biomass and precipitation data, which 

could be further used to recalculate stability using any of the indices. Moreover, studies 

should report sufficient site-level characteristics for further assessment of moderator 

effects. Previous publications have provided an excellent guidance about which 
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information studies should report39-41; (3) Evaluate the three stability properties 

simultaneously: we found that the majority of studies have only assessed grasslands 

resistance; thus, possibly overestimating the negative effects of droughts over 

grasslands production and also impairing a better assessment of the trade-offs between 

stability properties16. We then recommend the evaluation of both drought (resistance) 

and post-drought system responses (recovery and resilience); (4) Impose multiple and 

more extreme drought treatments: we showed that many studies have actually failed to 

impose experimental droughts and have been assessed drought intensity by using 

inappropriate metrics (percentage of rainfall intercept). Future experiments must 

consider local historical precipitation records12,42; and must use more meaningful 

metrics (such as SPEI) to determine the magnitude of the drought treatment8,13,33. 

Whenever possible, they should also impose multiple drought levels, including more 

extreme droughts, in order to better identify thresholds in grasslands response43; and (5) 

Evaluate stability of tropical grasslands: most of the experiments were conducted in the 

northern hemisphere (Fig. 2), thus caution is required in extrapolating our results to 

tropical grasslands. Future studies should then expand the geographic extent of drought 

experiments8,39. Collaborative initiatives, such as the Drought-Net10, could help on this 

and also could lead to the standardization of methodological approaches across studies, 

thus facilitating further assessments of how and why plant communities differ in their 

stability in response to drought. 

Despite our study was focused on grasslands, we argue that the main shortcomings 

listed here and improvements suggested should guide future experimental studies 

evaluating effects of drought in different ecosystems  

Methods 

Data search, inclusion criteria and meta-data extraction 
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We searched for peer-reviewed scientific articles published before June 2018 that 

conducted rainfall manipulative experiments on grasslands across the globe. The search 

was conducted in two web databases: Google Scholar [search string: (in subject: 

grassland in title:(resilience OR resistance OR recovery OR stability OR vulnerability) 

AND (rain shelter OR rain exclusion OR rain manipulation OR drought OR 

precipitation) AND (plant OR tree OR grass OR vegetation)] and ISI Web of Science 

[search string: (grassland AND (drought OR rain* OR precipitation) AND (resistance 

OR resilience OR recovery OR stability OR vulnerability) AND (plant* OR tree OR 

grass OR shrub OR veget*)] and resulted in 278 relevant references (see Supplementary 

Note 1 for the list of included and excluded references). We further applied a first set of 

inclusion criteria, retaining only studies where: (1) experiments were conducted in the 

field (not greenhouses, growth chambers or individual pots) in natural, seminatural 

and/or manipulated plant communities (e.g. seeding in the field, transplantation of intact 

monoliths, mesocosms) composed by at least two species (not monocultures); (2) 

experiments were conducted in grasslands (i.e. herbs comprising more than 50 % of 

plant cover); (3) precipitation amount was decreased and/or rainfall seasonality was 

experimentally altered via rain-out shelters; and (4) response variables were measured 

in adult vascular plants (not seedlings) on both drought (treatment) and non-drought 

(control) plots. After cross-referencing, removal of duplicates, and application of the 

above inclusion criteria, we retained a total of 127 articles (204 study cases) published 

during 1989 and 2018, from which we extracted the following metadata: study location 

(coordinates, country and locality); elevation (asl m); mean annual temperature (MAT, 

°C); mean annual precipitation (MAP, mm); vegetation type (natural, seminatural or 

manipulated); shelter area (m²); shelter type (permanent - shelters covered vegetation all 

over the experimental drought period; or automatic - shelters were able to detect rainfall 
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and only covered vegetation during rainfall events, thus minimizing the potential 

undesired shelters effects on microclimatic conditions, such as increases in air and soil 

temperatures and vapour pressure deficit); control plot type (ambient - unsheltered 

control plots receiving ambient precipitation; or historic - sheltered control plots which 

are irrigated to receive rainfall amounts correspondent to historical precipitation); 

drought type (amount - precipitation amount reduced by a fixed percentage; or 

seasonality - rainfall seasonality altered without significant changes in precipitation 

amount); drought duration (total number of days with shelters intercepting rainfall); 

drought frequency (number of sequential drought events) and drought magnitude (either 

reported as the percentage of rainfall intercepted by shelters; or as extremeness, that is, 

the probability of occurrence based on precipitation historical records); response 

variables measured on plants and whether those studies reported indices of stability 

(Supplementary Table 1). Subsequently, we computed stability indices and Hedges’ g 

effect sizes for a subset of 49 articles (101 study cases) which met a second set of 

inclusion criteria (Supplementary Table 2): (1) precipitation amount was reduced in 

drought plots, i.e. experiments altering only rainfall seasonality were eliminated from 

the quantitative analysis due to their small sample size (N = 23) and their peculiar 

experimental design which precluded comparisons to amount drought types; (2) studies 

provided sample sizes (n) and mean above-ground biomass ± standard deviation (or 

standard error or confidence interval) measured for the whole community (not 

individual species) in both control and drought plots. We decided to assess stability only 

in terms of above-ground biomass production, because it was the response variable most 

frequently reported (83 %; N = 170); and (3) studies informed starting and ending dates 

of the experimental drought, as well as, the percentage of rainfall intercepted by rain-out 

shelters. That information was further needed to estimate drought intensity as SPEI 
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(standardized precipitation evapotranspiration index). Metadata was extracted directly 

from text or tables, or indirectly from figures using the Figure Calibration plugin in the 

Image J software, version 1.48. When elevation, MAT, and/or MAP were not provided 

in the original studies, they were obtained from Geoplaner (http://www.geoplaner.com) 

and WorldClim (http://www.worldclim.org). 

Ecological stability indices and effect sizes  

We gathered all ecological stability indices reported in the 127 articles and grouped 

them according to the type of stability property assessed (resistance – RT; recovery – 

RC; resilience – RS; or relative resilience – RRS) and the way the stability was 

quantified (group 1 – raw difference; group 2 – simple ratio; group 3 and 4 – 

compounded ratio; group 5 – natural logarithm ratio; group 6 – standardized ratio). 

Although any of the selected studies have measured recovery as raw difference (RC1) 

or compounded ratio (RC3 and RC4), or resilience as compounded ratio (RS3) we 

decided to add those indices in the Table 1 to enable a full comparison across the six 

indices groups, thus resulting in 19 stability indices. We then computed all those 

indices, using the biomass data provided in the subset of 101 study cases, and evaluated 

whether those indices provided comparable results (Supplementary Note 2).  

To assess overall grasslands stability in response to experimental droughts we computed 

mean Hedges’ g effect sizes for RT, RC and RS. We used mean effect sizes, instead of 

selecting one of the six groups of stability indices, because in the former approach 

studies were weighted by their precision (more precise studies received larger weights), 

thus providing a more unbiased overall effect44. Therefore, Hedges’ g effect sizes for 

RT (N=101) were obtained as the difference of above-ground biomass between drought 

and control plots during drought period (BD - BC); for RC (N = 19), as the difference 

between post-drought and drought plots (BDpd - BD); and for RS (N = 19), as the 

http://www.geoplaner.com/
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difference between drought and control plots during post-drought period (BDpd - BCpd). 

Those differences were then divided by the pooled standard deviation and weighted by 

sample size. Consequently, effect sizes represented the number of standard deviations 

by which the treatment differed from the control group44. Negative/positive values 

indicated decreases/increases in above-ground biomass. Mean effect sizes for each 

stability property were estimated under random effect-models using restricted maximum 

likelihood estimation and Knapp & Hartung adjustment within the ‘metafor’ R 

package45. Lastly, linear regressions were used to test for potential trade-offs among 

stability properties. Assumptions of normality of residuals and homogeneity of variance 

of the linear regressions were checked graphically.  

SPEI computation 

We calculate the SPEI, as a measure of experimental drought intensity, for each of the 

101 study cases. We decided to used SPEI, instead of the percentage of rainfall 

intercepted, since the former index accounts for the interannual precipitation variability 

and enables reliable comparisons across studies regardless the season, location or 

climate46. To compute SPEI we firstly obtained, for each study location, the monthly 

precipitation and potential evapotranspiration data (Thornthwaite-Mather model) from 

the TerraClimate database, which provides data of climatic water balance from 1958 to 

2017 at a spatial resolution 2.5 arc minutes (~ 4 km)47. Secondly, the approximate 

monthly precipitation inputs for the control and drought plots during the whole drought 

period were determined based on the information provided by each study (i.e. 

percentage of rainfall intercepted and drought starting and ending dates) and then the 

precipitation values in the original climatic dataset were altered accordingly. For 

instance, for a study that have applied an experimental drought by intercepting 50% of 

rainfall from March to September 2005, we would simply divided by 2 the monthly 



15 
 

precipitation values downloaded from TerraClimate for that specific period. 

Subsequently, we used the ‘SPEI’ R package46 to calculate the one-month derivation of 

SPEI for the whole drought period. Lastly, we estimated the drought intensity for each 

drought event by averaging SPEI values for the drought period. We also evaluated 

potential confounding effects of interannual precipitation variability over experiments 

by computing the SPEI for the control plots. In this case, we used the original values of 

monthly precipitation extracted from TerraClimate and checked if control plots were 

exposed to naturally dryer/wetter conditions, either before (pre-drought; mean SPEI for 

12 months before the starting drought date), during (drought; mean SPEI for the whole 

drought period) or after the experimental drought period (post-drought; mean SPEI for 

the period between the end of the drought and the post-drought biomass harvesting). 

SPEI for control plots were not computed for studies using historical control plots. For a 

given site, the SPEI represents the number of standard deviations by which the climatic 

water balance (precipitation minus potential evapotranspiration) differed from the 

monthly mean historical record, with negative/positive values indicating dryer/wetter 

conditions as follow: extreme drought SPEI < -2; severe drought: -1.50 < SPEI <-1.99; 

moderate drought: -1.00< SPEI <-1.49; near normal conditions: -0.99 < SPEI < 0.99; 

moderate wet:1.00< SPEI < 1.49; severe wet: 1.50 < SPEI <1.99; and extreme wet: 

SPEI > 2.046,48. Regarding the extremeness, droughts classified as moderate based on 

their SPEI values have a 10-year probability of occurrence (or 10 events at each 100 

years); severe droughts a 20-year and extreme droughts a 50-year probability48. We 

recognize two main limitations of using SPEI as a measure of experimental drought 

intensity. Firstly, climatic water deficits do not necessarily lead to plant water deficits; 

and secondly, there could be mismatches between the precipitation inputs extracted 

from TerraClimate and the actual precipitation received in the experimental sites. 
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However, as very few experiments provided the necessary data to calculate more 

meaningful metrics of drought intensity12, we believe our approach is justified.  

Effects of moderators 

To verify whether grasslands varied in their stability in response to drought we tested 

for significant between-studies heterogeneity using the Cochran’s Q test, and estimated 

the percentage of total variance that could be attributed to between-studies rather than to 

sampling error (I²). Subsequently, to quantify the relative importance of drought 

experimental features (duration, frequency and intensity- SPEI) and prevailing climatic 

(MAT and MAP) and topographic conditions (elevation) to explain the differential 

stability across grasslands we used multi-model inference based on information 

theory49. In this analysis all possible unique models involving the above set of 

moderators were fitted using random-effect meta-regression models, and ranked 

according to the second-order Akaike information criterion (AICc). For each moderator, 

we computed the model-averaged estimate and relative importance. Relative importance 

was obtained by summing the Akaike weights of all models that included the moderator 

of interest. Values of relative importance greater than 0.8 indicated that the moderator 

was important to explain the variation in the stability properties. Separated models were 

constructed for resistance, recovery and resilience using functions from the ‘glmulti’50 

and ‘metafor’ R packages. Additionally, we fitted simple meta-regression models to 

evaluate the effect of moderators related to experimental features (vegetation type; 

shelter area; shelter type; control plot type; and drought discreteness).  

Sensitivity analysis 

We performed sensitivity analysis, using the ‘metafor’ R package, to test for the effect 

of outliers, publication bias and non-independence problems. To deal with non-
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independence in studies performed with more than two levels of species biodiversity, 

we restricted our analysis to the most diverse treatment, that is, the treatment with the 

highest number of species. When a single study reported results from experiments 

conducted in different locations, each locality was treated as an independent study case. 

Subsequently, we used hierarchical models to test for non-independence of studies 

conducted at the same locality. In studies reporting sequential drought events, stability 

indices and effect sizes were computed using only the biomass data for the last drought 

event (final). To evaluate the extent to which our results were robust to this decision, we 

also computed the effect sizes using biomass data averaged across all drought events 

(averaged) and presented their results in the Supplementary Note 3. 

Data availability 

Falta 
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Figures 

 

Figure 1. Overview of rainfall manipulative experiments. Experiments have used 

shelters to intercept rainfall in drought plots thus creating one or multiple sequential 

drought events (n=1, 2… x). Response variables, most frequently above-ground 

biomass, are measured on control (BCn) and drought plots (BDn) during the drought 

period, and after shelter removal (post-drought: BCpd and BDpd). Biomass data can be 

further used to estimate three stability properties: resistance (RT), the ability to keep 

biomass unchanged during drought (BCn = BDn); recovery (RC), the ability to produce 
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biomass after drought (BDpd > BDn); and resilience (RS), the ability to keep biomass 

unchanged after drought (BCpd = BDpd). Precipitation incomes (mm) for control 

(PPTCn) and drought plots (PPTDn) are shown for three droughts types: (a) seasonality, 

rainfall is repacked into larger events and longer dry intervals without changes in total 

amount; (b) amount 'pulse', rainfall amount is reduced by a fixed percentage (%PPT = -

50 %) during shorter and interrupted periods; and (c) amount 'press', rainfall is reduced 

during longer and uninterrupted periods. Although the %PPT remains the same across 

drought period (-50 %), larger absolute differences between control and drought plots 

(DIF) are observed in wetter (Drought 1) than in drier years (Drought 2). Moreover, if 

the interannual variation in precipitation in one site is greater than that in another site, a 

drought of -50 % intensity is likely to have less effect on the former site. Therefore, 

%PPT is not a reliable index of drought intensity and it is not comparable across sites 

with distinct climate. 
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Figure 2. Global map displaying site location of rainfall exclusion experiments conducted in grasslands. Black dots indicate the location of 204 

study cases (extracted from 127 articles that met the first set of inclusion criteria), while red dots indicate the location for 101 study cases 

(extracted from 49 articles that met the second set of inclusion criteria) that were used for quantitative analysis (inclusion criteria are listed in 

Supplementary Note 1). Grasslands types and distributions were obtained from Dixon et al. 2012.  
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Figure 3. Hedges’g effect sizes for resistance (a), recovery (b) and resilience (c) of 

grasslands’ above-ground biomass production (N = 101) in response to experimental 

droughts. In studies reporting sequential drought events effect sizes were computed 

using biomass data only for the last experimental drought. Negative/positive values 

indicate decreases/increases in biomass in treatment plots compared to control plots. 

Black dots/lines indicate mean effect sizes and its 95 % confidence interval. Q-

statistics, degree of freedom (df); p-value and the proportion of the observed variance 

that reflects true differences among studies (I²) testing for between-studies 

heterogeneity. 
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Figure 4. Linear regressions testing for potential trade-offs among stability properties. 

Resistance, recovery and resilience were computed as Hedges’g effect sizes measuring 

the effects of experimental droughts on above-ground biomass production of 101 

grasslands. In studies reporting sequential drought events effect sizes were computed 

using biomass data only for the last experimental drought. 
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Figure 5. Model-averaged importance of six moderators explaining grasslands 

resistance (a), recovery (b) and resilience (c) in terms of above-ground biomass 

production in response to experimental droughts. Moderators: mean annual temperature 

(MAT, ºC); mean annual precipitation (MAP, mm); elevation asl (m); standardized 

precipitation evapotranspiration index (SPEI) as a measure of drought intensity; drought 

duration (days); and drought frequency (number of sequential drought events). Numbers 

next to the bars indicate model-averaged parameter estimates ± 95 % confidence 

interval. The vertical dashed line drawn at 0.80 can be used as a cut-off to identify 

important moderators. In studies reporting sequential drought events effect sizes were 

computed using biomass data only for the last experimental drought. 
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Tables 

Table 1. Stability indices used to assess resistance (RT), recovery (RC), resilience (RS) and relative resilience (RRS) of grasslands in response to 

experimental droughts.  

 

Group Resistance (RT) Recovery (RC) Resilience (RS) Relative resilience (RRS) 

1 RT1 = BD – BC [18, 23, 25, 38, 31] RC1 = BDpd – BD* RS1 = BDpd – BCpd 
[28] RRS1 = (BDpd / BCpd) - (BD / BC) [21] 

2 RT2 = BD/BC 
[20-22, 24, 28, 31] RC2 = BDpd/BD 

[18] RS2 = BDpd / BCpd 
[18, 20-25, 28] RRS2 = (BCpd /(BDpd - BCpd))/( BC/ (BD - BC))[29] 

3 RT3 = (BD - BC)/ BC 
[19, 31-32] RC3 = (BDpd - BD)/ BD* RS3 = (BDpd - BCpd)/ BCpd *  

4 RT4 = BC/ (BD – BC) [29] RC4 = BD/ (BDpd – BD)* RS4 = BCpd /(BDpd - BCpd) [29]  

5 RT5 = ln (BD/BC) [17, 18, 20, 27, 32] RC5 = ln (BDpd / BD) [18] RS5 = ln (BDpd / BCpd) [25]  

6 RT6 = 
(BD/BC)/ (PPTD/PPTC)

BC/PPTC

[26] RC6 = 
(BDpd/BD)/ (PPTPD/PPTD)

BC/PPTC

[28] 

 
 

Stability indices classes: group 1 – raw difference; group 2 – simple ratio; group 3 and 4 – compounded ratio; group 5 – natural logarithm ratio; 

group 6 – standardized ratio; Biomass in control (BC) and drought (BD) plots during the drought period; biomass in control (BCpd) and drought 

(BDpd) plots during the post-drought period; precipitation in control (PPTC) and drought plots (PPTD) during the drought period and in both plots 

during the post-drought period (PPTPD). Numbers between brackets indicate references reporting each index: 17. Byrne et al. 2017; 18. Carter & 

Blair 2012; 19. Hoekstra et al. 2015; 20. Hofer et al. 2016; 21. Ingrisch et al. 2018; 22. Kreyling et al. 2017; 23. Lanta et al. 2012; 24. Mariotte et 

al. 2013; 25. Pfisterer & Schmid 2002; 26. Shinoda et al. 2010; 27. Stampfli et al. 2018; 28. Vogel et al. 2012; 29. Wagg et al. 2017; 30. Wang et 

al. 2007; 31. Wang et al. 2014; 32. Yahdjian & Sala 2006; * indices not reported in any of the 127 references used in the meta-analysis, but 

derived here to fill all indices groups. 
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Additional Information 

Supplementary information 

Supplementary Note 1. List of inclusion criteria and references excluded from and 

included in the meta-analysis. 

Supplementary Note 2. Comparisons among stability indices used to assess 

grasslands above-ground biomass resistance, recovery and resilience in response to 

experimental droughts. 

Supplementary Note 3. Results of sensitivity analysis testing for outliers influence, 

publication bias and non-independence. 

Supplementary Table 1. Metadata extracted from 127 articles (204 study cases) 

reporting on the effects of rainfall manipulative experiments on grasslands above-

ground biomass production.  

Supplementary Table 2. Metadata, stability indices and Hedges’ g effect sizes 

computed for 56 articles (112 study cases) reporting on the effects of rainfall exclusion 

experiments on grasslands above-ground biomass production. In studies reporting 

sequential droughts, effect sizes were computed either using biomass data only for 

the last drought (final; 49 articles and 101 study cases) or using biomass averaged 

across sequential drought events (averaged; 54 articles and 106 study cases). SPEI: 

standardized precipitation evapotranspiration index; Resistance (RT1 - RT6), 

recovery (RC1 - RC6), resilience (RS1 - RS5), and relative resilience (RRS1 - RRS2) 

indices. Hedges’ g effect sizes for resistance (RT), recovery (RC) and resilience 

(RS), associated effect sizes variance (RT var, RC var, RS var) and 95% confidence 

interval (95 % CI).  
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Supplementary Table 3. Results of simple meta-regressions testing the effects of 

moderators related to experimental features (vegetation type; shelter area; shelter type; 

control plot type; and drought discreteness) on the Hedges’ g effect sizes for 

grasslands resistance (RT), recovery (RC) and resilience (RS) in response to 

experimental droughts. In studies reporting sequential drought events effect sizes 

were computed either using biomass data only for the last experimental drought 

(final; 49 articles and 101 study cases) or using biomass averaged across sequential 

drought events (averaged; 54 articles and 106 study cases). AICc: second-order 

Akaike information criterion (AICc); Τ²: between studies variance; I²: percentage of the 

observed variance that reflects true differences among studies; R²: percentage of the true 

variance explained by the moderator; F or Q statistics and p-value for quantitative and 

qualitative moderators, respectively; df: degree of freedom; Estimate parameter [95 

% confidence interval]. 
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