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Abstract
Aim: Rainfall manipulation experiments are essential tools for deciphering the mech-
anisms leading to variation in ecosystem stability across sites. Here, we gathered 
articles reporting results of experimental droughts on the above-ground biomass of 
grasslands to identify which indices have been used to assess stability, to evaluate 
the overall grassland responses to drought and to quantify the relative importance 
of drought characteristics and climatic conditions for explaining variation in stability.
Location: Global.
Time period: 1989–2018.
Major taxa studied: Grasslands.
Methods: We used meta-analytical approaches to evaluate overall grassland stability 
in terms of resistance, recovery and resilience, and multi-model inference to assess 
the relative importance of different moderators on explaining the variability of those 
three stability properties.
Results: Numerous indices of stability have been used, but they are inadequate for 
comparisons across sites. After applying standardized indices, we found that grass-
lands were resilient (biomass remained unchanged 1 year after drought) and exhib-
ited a trade-off between low resistance (biomass was lost during drought) and high 
recovery (new biomass was produced after drought). Overall, climatic conditions and 
drought characteristics (intensity, duration and frequency) were not important to ex-
plain the differences in stability observed across grasslands.
Main conclusions: Grasslands are resilient, but if drought events last > 1 year, there 
might be long-term declines of biomass production owing to incomplete recovery. 
Despite the hundreds of experiments conducted in grasslands across the globe, the 
results are still inconclusive because of four important shortcomings: 50% of the 
studies have failed to create drought; 81% have not included recovery and resilience, 
assessing only resistance; 87% have not applied quantitative indices to assess stabil-
ity; and < 1% of the studies were conducted on tropical grasslands. We discuss how 
to overcome those limitations to improve our ability to ensure stable grassland pro-
ductivity under climate change.
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1  | INTRODUC TION

Grasslands cover more than one-fifth of the global land surface 
(Dixon, Faber-Langendoen, Josse, Morrison, & Loucks, 2014), and 
their productivity is strongly controlled by precipitation (Knapp & 
Smith, 2001). Given that the frequency, duration and intensity of 
droughts are predicted to increase (Dai, 2013), hundreds of exper-
iments (Figure 1) have been conducted to investigate how changes 
in the amount and/or seasonality of rainfall could affect the bio-
mass production of grasslands (Hoover, Wilcox, & Young, 2018) and, 
thereby, carbon sequestration and forage provision (Forrestel et al., 
2017).

Those experiments, however, do not report consistent results 
(Stuart-Haëntjens et al., 2018; Wilcox et al., 2017). Some grasslands 
exhibited a rapid decline in productivity (Tilman & Haddi, 1992), 
whereas others maintained stable biomass production even after 
a decade of rainfall reduction (Grime et al., 2000). The underlying 
mechanism explaining such differences in ecosystem stability has 
not yet been identified (Hoover et al., 2018; Wilcox et al., 2017), 
and it remains one of the most fundamental questions in ecology 
(Sutherland et al., 2013).

Differences across sites could arise simply because of the lack of 
a common approach to define and to measure ecosystem stability. 
Stability has > 163 definitions catalogued (Grimm & Wissel, 1997) 
and can be measured through several different metrics, depending 
on the theoretical framework and the questions asked (Quinlan, 
Berbés-Blázquez, Haider, Peterson, & Allen, 2016). In the context 
of rainfall manipulation experiments, stability metrics have been 
applied to describe at least three distinct properties: resistance 
(RT), recovery (RC) and resilience (RS) (Figure 1). Resistance can 
be defined as the ability of the system to persist in its initial state 
during a perturbation, and thus it describes the immediate impacts 
of experimental droughts (Ingrisch & Bahn, 2018; Stuart-Haentjens 
et al., 2018). A grassland would be considered resistant, in terms of 
biomass production, if it did not lose biomass during drought (i.e., 
if the biomass in control and drought plots measured immediately 
after drought cessation were not significantly different). Recovery 
reflects the ability of the grassland to produce new biomass after 
drought cessation, and it can be obtained by comparing biomass in 
the drought plots at two different times: immediately after drought 
and, usually, 1 year after drought cessation (post-drought) (Carter & 
Blair, 2012). A grassland would be considered able to recover if the 
post-drought biomass was higher than the biomass obtained imme-
diately after drought. Finally, resilience describes the ability of the 
system to persist in its initial state after a perturbation has ceased 
(Ingrisch & Bahn, 2018) and can be obtained by comparing biomass 
in control and drought plots during the post-drought period. A grass-
land would be considered resilient if the biomass did not differ sig-
nificantly between those plots.

Resilience might be achieved either by a grassland that does not 
lose biomass during drought (high resistance) or by a grassland that 
does but is able to produce new biomass during the post-drought 
period, thus compensating for what has been lost (high recovery) 
(Ingrisch & Bahn, 2018). Given that plant traits that allow a higher 
drought resistance (i.e., sustained biomass production during water 
stress) may hinder a rapid biomass recovery after drought allevia-
tion (Craven et al., 2018; Májeková, de Bello, Doležal, & Lepš, 2014), 
a trade-off might be expected between resistance and recov-
ery (Hodgson, McDonald, & Hosken, 2015); grasslands that resist 
droughts should be less able to recover, and vice versa. However, 
a lack of correlation could also occur if the mechanisms that enable 
a community to be resistant were uncoupled to those that confer 
recovery (Nimmo, Mac Nally, Cunningham, Haslem & Bennett, 2015) 
or, in more diverse communities, where species with high recovery 
and others with high resistance can co-occur (Craven et al., 2018; 
Vogel, Scherer-Lorenzen, & Weigelt, 2012). Particularly in grass-
lands, uncertainties remain about the potential trade-offs between 
resistance and recovery and their relative importance to underpin 
the overall ecosystem resilience.

The absence of standardized methodologies and protocols (Knapp 
et al., 2017; Smith, Wilcox, Power, Tissue, & Knapp, 2017) could also 
lead to a high variation in grassland responses across studies. For in-
stance, at least three distinct types of experimental droughts have been 
imposed (Figure 1): (a) the seasonality of rainfall is altered without sig-
nificant changes in total amount (seasonality; Figure 1a); (b) the amount 
of rainfall is reduced by a fixed percentage for a short and interrupted 
period of time (amount “press”; Figure 1b); or (c) rainfall is reduced for 
long and continuous periods of time (amount “pulse”; Figure 1c). There 
are studies showing that the productivity of grasslands can be affected 
differently by changes in rainfall seasonality versus in the amount of 
rainfall (Peng et al., 2013) and in response to “press”- versus “pulse”-like 
droughts (Hoover & Rogers, 2016).

In experiments that reduced the amount of rainfall, the percentage 
reduction of mean annual precipitation (%PPT) has commonly been 
used as a measure of drought treatment intensity; however, it might 
be inadequate for comparing experimental droughts conducted across 
different years (Figure 1c; Hoover et al., 2018; Kreyling, Arfin Khan, 
et al., 2017; Vicca et al., 2012). For example, in Figure 1c, although 
the %PPT remained the same throughout the whole experimental 
period (−50%), larger absolute differences in precipitation between 
control and drought plots were observed in wetter (Drought 1) than 
in drier years (Drought 2). Moreover, when comparing stability across 
distinct grasslands, if the interannual variation in precipitation at one 
site is greater than that at another site, a drought of −50% intensity 
is likely to have less effect on the former site (Hoover et al., 2018; 
Kreyling, Arfin Khan, et al., 2017; Vicca et al., 2012). Therefore, for a 
proper comparison of drought treatment across studies it is necessary 
to use better indices of drought intensity, such as the standardized 
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precipitation evapotranspiration index (SPEI). The SPEI represents 
the number of standard deviations by which the climatic water bal-
ance (precipitation minus potential evapotranspiration) differed 
from the monthly mean historical record for a given site (Vicente-
Serrano, Beguería, & López-Moreno, 2010) and, thus, it can be used 

to characterize drought intensity irrespective of differences in annual 
precipitation.

Besides reflecting differences in the indices and/or in the charac-
teristics of the experimental droughts applied, the observed variation 
in stability across grasslands might also be attributed to the distinct 
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climatic conditions experienced by plants (Kreyling, Arfin Khan, et al., 
2017; Smith et al., 2017). For example, we could expect colder sites to 
be more stable than warmer sites, because higher temperatures can 
exacerbate the negative effects of drought by increasing vapour pres-
sure deficit, inducing stomatal closure, hence reducing photosynthesis 
to support biomass production (De Boeck, Dreesen, Janssens, & Nijs, 
2011). Likewise, mesic and moist sites could be more stable, because 
biomass production in xeric systems is already limited by water avail-
ability (Huxman et al., 2004). Conversely, xeric species are able to avoid 
and/or tolerate drier conditions, hence xeric grasslands could be more 
resistant to droughts (Knapp & Smith, 2001). Finally, sites with higher 
historical rainfall variability could be more stable in response to exper-
imental droughts (Ciemer et al., 2019).

Here, we searched for published studies reporting effects of rainfall 
manipulation experiments on grasslands to identify which indices have 
been used to assess stability and whether they provide comparable re-
sults (i.e., whether rankings of grassland stability are consistent among 
different indices). We also evaluated the overall resistance, recovery 
and resilience of grasslands in response to experimental droughts and 
identified potential trade-offs between those properties. Finally, we 
quantified the relative importance of drought experimental character-
istics (intensity, duration and frequency) and prevailing climatic condi-
tions (temperature, precipitation and rainfall seasonality) in explaining 
differential stability across grasslands.

2  | MATERIAL S AND METHODS

2.1 | Data search, inclusion criteria and metadata 
extraction

We searched for peer-reviewed scientific articles published before June 
2018 that conducted rainfall manipulation experiments in grasslands. 
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 exclu-
sion 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 ref-
erences (see Supporting Information Appendix S1). We only retained 

studies conducted in grasslands (i.e., herbs comprising > 50% of plant 
cover) composed by two or more species. We excluded experiments 
conducted in artificial conditions (e.g., greenhouses, growth chambers 
or individual pots) and in which precipitation was altered by means other 
than rain-out shelters. After cross-referencing, removal of duplicates, 
and application of the above set of inclusion criteria, we retained a total 
of 127 articles (204 study cases) published during 1989–2018 (a list of 
the data sources can be found in Supporting Information Appendix S2). 
From each study, we extracted metadata and recorded whether those 
studies computed indices of stability (i.e., resistance, recovery and/or 
resilience). Metadata were extracted directly from text or tables, or in-
directly from figures using the Figure Calibration plugin in the ImageJ 
software, v.1.48. When elevation, mean annual precipitation (MAP) 
and/or mean annual temperature (MAT) were not provided in the origi-
nal studies, they were derived using Geoplaner (http://www.geopl aner.
com) and WorldClim (http://www.world clim.org), respectively.

Subsequently, we applied a second set of inclusion criteria, retain-
ing only those studies that provided sample sizes and above-ground 
biomass mean ± SD [or SE or confidence interval (CI)] for both con-
trol and drought plots. We decided to assess stability only in terms 
of above-ground biomass, because it was the response variable most 
frequently reported (83%; n = 170). In addition, we eliminated experi-
ments altering only rainfall seasonality (as in Figure 1a) because of their 
limited sample size (n = 23) and particular experimental design, which 
precluded comparisons with studies that reduced the amount of rain-
fall. We retained experiments that reduced the amount of rainfall by 
applying both “press”- (Figure 1b) and “pulse”-like droughts (Figure 1c). 
After application of the second set of inclusion criteria, we retained 
a total 49 articles and 101 study cases (Supporting Information 
Appendix S2, Matos, Oliveras, Rifai, & Rosado, 2019).

2.2 | Drought intensity and rainfall seasonality 
calculation

For each of the 101 study cases, we calculate the SPEI as a measure of 
drought intensity. To calculate SPEI, we first obtained, for each study 
location, the monthly precipitation and potential evapotranspiration 
data from the TerraClimate product, which provides data of climatic 
water balance from 1958 to 2017 at a spatial resolution 2.5 arc min 
(c. 4 km; Abatzoglou, Dobrowski, Parks, & Hegewisch, 2018). Secondly, 
the approximate monthly precipitation inputs for the control and 

F I G U R E  1   Overview of rainfall manipulation experiments. Rain-out shelters have been used to intercept distinct percentages of rainfall 
(%PPT), thus creating experimental drought events (in drought plots) during one or more sequential years (n = 1, 2, …, x). Response variables, 
most frequently above-ground biomass, are measured on control plots and drought plots during the drought and 1 year after drought 
cessation (post-drought). Biomass data are used to estimate three stability properties: resistance (comparing biomass in drought versus 
control plots immediately after drought cessation); recovery (comparing biomass in drought versus post-drought plots); and resilience 
(comparing biomass in drought and control plots during the post-drought period). Monthly precipitation (PPT; in millimetres) recorded 
for control and drought plots (during drought and post-drought periods) is shown for three types of rainfall manipulation experiments: (a) 
seasonality: rainfall is repacked into larger events, thus resulting in longer dry intervals without changes in total mean annual precipitation; 
(b) amount “pulse”: rainfall amount is reduced in drought plots by a fixed percentage during shorter and interrupted periods of time (e.g., 
growing season); and (c) amount “press”: rainfall is reduced during longer and uninterrupted periods of time (e.g., all the year). Abbreviations: 
DIF: absolute differences in precipitation between control and drought plots; %PPT: percentage reduction of mean annual precipitation

http://www.geoplaner.com
http://www.geoplaner.com
http://www.worldclim.org
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drought plots during the whole drought period were determined based 
on the information provided by each study (i.e., %PPT 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 would have applied an experimental drought by intercept-
ing 50% of rainfall from March to September 2005, we would simply 
halve the monthly precipitation values of TerraClimate for that specific 
period. Subsequently, we used the “SPEI” R package (Vicente-Serrano 
et al., 2010) to calculate the 1 month derivation of SPEI for the whole 
drought period. Negative/positive values of SPEI indicate drier/wetter 
conditions, as shown in Table 1.

The use of SPEI is justified by the fact that very few experi-
ments provided the necessary data to calculate more meaningful 
metrics of drought intensity (Vicca et al., 2012), but there are two 
potential limitations to this approach. First, climatic water deficits 
do not necessarily lead to plant water deficits. Even if rainfall ma-
nipulation experiments succeed in translating precipitation deficits 
to soil water deficits, they might fail to alter the potential evapo-
transpiration in a manner similar to what occurs during real drought 
events (Beier et al., 2012; Kreyling, Arfin Khan, et al., 2017). To 
assess how the use of different indices (i.e., %PPT versus SPEI) 
could affect the assessment of grassland stability, we also classi-
fied drought intensity based on the %PPT values (Table 1) reported 
in the papers and compared mean effect sizes, for each category of 
drought intensity (i.e., non-drought, moderate, severe or extreme 
drought), using both SPEI and %PPT classifications (Supporting 
Information Appendix S6). Second, there could be error between 
the precipitation estimates extracted from TerraClimate and the 
real precipitation received at the experimental sites. To test this 
second potential limitation, we compared the MAP reported in the 
papers with MAP calculated from TerraClimate data.

Data obtained from TerraClimate were also used to compute 
rainfall seasonality (S; Feng, Porporato, & Rodriguez-Iturbe, 2013), 
which ranges from zero (no seasonality, with rainfall uniformly 
distributed throughout the year) to 3.58 (maximum seasonality, 
with rainfall concentrated in a single month); S was calculated as 
D × R/Rmax, where D is the relative entropy (i.e., a measure of the 
concentration of rainfall around the wet season), R is the long-term 

mean annual rainfall for each site, and Rmax is the maximum mean 
annual rainfall in the dataset (Rmax = 3,074 mm/year in ALPFOR re-
search station, Switzerland; Feng et al., 2013).

2.3 | Stability indices and effect sizes

To identify which indices of stability have been used and whether they 
provide comparable results, we first gathered all indices reported in the 
127 articles. We then calculated the indices by using the biomass data 
provided in the subset of 101 study cases. Finally, we ranked grass-
lands according to their stability values and evaluated whether those 
rankings were consistent or varied depending on the indices used.

To assess overall grassland ecosystem stability in response to ex-
perimental droughts, we computed mean Hedges’ g effect sizes for 
resistance, recovery and resilience (Borenstein, Hedges, Higgins, & 
Rothstein, 2009). We used mean effect sizes, instead of the stability 
indices reported in the papers, because in the former approach stud-
ies are weighted by their precision (more precise studies receive larger 
weights), thus providing a more unbiased overall effect (Borenstein et 
al., 2009). Hedges’ g effect sizes for resistance were obtained as the dif-
ference of above-ground biomass between drought and control plots 
during the drought period, for recovery as the difference between 
post-drought and drought plots, and for resilience as the difference 
between drought and control plots during the post-drought period. 
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 group (Borenstein et al., 2009), and negative/positive 
values indicated decreases/increases in above-ground biomass in re-
sponse to drought. Mean effect sizes for each stability property were 
estimated under random effect models using restricted maximum like-
lihood estimation and Knapp & Hartung adjustment within the “meta-
phor” R package (Viechtbauer, 2010). Linear regressions were used to 
test for potential trade-offs among stability properties. We checked 
graphically to ensure that the assumptions of normality of residuals and 
homogeneity of variance of the linear regressions were not violated.

2.4 | Effects of moderators

To verify whether grasslands varied in their stability in response to 
drought, we used Cochran's Q test, and we estimated the percent-
age of total variance that could be attributed to between-studies 
rather than to sampling error (I2) (Borenstein et al., 2009). Significant 
differences from Cochran's Q tests (p < .05) and high percentages 
of between-studies heterogeneity (usually I2 > 50%) would indicate 
that grasslands varied significantly in their stability (Borenstein et 
al., 2009).

Subsequently, to quantify the relative importance of drought 
experimental features (duration, frequency and SPEI), prevailing 
climatic conditions (MAT and MAP, S) and elevation to explain 
the differential stability across grasslands, we used multi-model 

TA B L E  1   Classification of drought intensity based on 
standardized precipitation evapotranspiration indices (SPEI) (Tao, 
Borth, Fraedrich, Su, & Zhu, 2014) and percentage reduction of 
mean annual precipitation (%PPT) (Gao et al., 2019)

Category SPEI %PPT

Extreme drought SPEI ≤ −2.00 %PPT ≥ 80

Severe drought −1.50 ≤ SPEI ≤ −1.99 51 ≤ %PPT ≤ 79

Moderate drought −1.00 ≤ SPEI ≤ −1.49 26 ≤ %PPT ≤ 50

Non-drought/near-
normal conditions

SPEI ≥ −0.99 %PPT ≤ 25

Moderately wet 1.00 ≤ SPEI ≤1.49 –

Severely wet 1.50 ≤ SPEI ≤1.99 –

Extremely wet SPEI ≥ 2.00 –
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inference (Burnham & Anderson, 2002). In this analysis, all pos-
sible unique models involving the above set of moderators were 
fitted using random-effect meta-regression models and, owing 
to small sample size, they were ranked according to the Akaike's 
second-order corrected Information Criterion (AICc). For each 
moderator, we computed the model-averaged estimate and the 
relative importance. Relative importance was obtained by sum-
ming the Akaike weights of all models that included the moderator 
of interest. Values of relative importance > .8 indicated that the 
moderator was important to explain the variation in the stability 
property (Burnham & Anderson, 2002). Separate models were 
constructed for resistance, recovery and resilience using functions 
from the “glmulti” (Calcagno & Mazancourt, 2010) and “metaphor” 
R packages (Viechtbauer, 2010). Additionally, we fitted simple me-
ta-regression models to evaluate the effect of moderators related 
to other experimental characteristics (vegetation type, shelter 
area, shelter type and control plot type), which are shown in the 
Supporting Information (Appendix S5).

2.5 | Sensitivity analysis

We performed a sensitivity analysis to test the influence of outliers, 
the non-independence effects, publication bias and effects related 
to the length of the post-drought period and to the type of drought 
intensity index (SPEI or %PPT). Sensitivity analyses are described in 
detail in the Supporting Information (Appendix S6).

3  | RESULTS

3.1 | Studies have imposed experimental droughts 
with very different characteristics, but some of them 
have failed to create a drought treatment

Metadata summary statistics are presented in Table 2 (see also 
Supporting Information Appendices S3 and S4). Rainfall manipula-
tion experiments were conducted in 22 countries and 116 locali-
ties (Figure 2), particularly at mid- to high latitudes (30–60°) in the 
Northern Hemisphere (95%; n = 110). Droughts were imposed using 
rain-out shelters of different sizes (either automatic or permanent), 
mainly to reduce the amount of rainfall rather than to alter rainfall sea-
sonality. Most studies conducted short-term experiments (< 1 year), 
and only 9% of them (n = 4) lasted > 10 years. Likewise, most studies 
imposed a single drought event (46%; n = 95), with a maximum of 15 
sequential droughts (Fridley, Grime, Askew, Moser, & Stevens, 2011).

Usually, drought intensity was reported as the percentage re-
duction of MAP (%PPT), which ranged from 8 to 80% (Supporting 
Information Appendix S4). We found a reasonable agreement be-
tween the MAP values reported in the papers and those calculated 
from TerraClimate data (simple linear regression: R2 = 0.75; d.f. = 99; 
p < .0001), with only three “outlier” studies (Cantarel, Bloor, & 
Soussana, 2013; De Boeck, Bassin, Verlinden, Zeiter, & Hiltbrunner, 

2016; Hoeppner & Dukes, 2012), thus validating the SPEI as a reli-
able index of drought intensity.

Surprisingly, when we measured drought intensity using SPEI 
(Supporting Information Appendix S4), we found that in 50% of 
the studies (n = 55) the “drought” treatment did not experience a 
deficit in water balance, because the SPEI values were still in the 
range of near-normal conditions (Supporting Information Appendix 
S4). Moderate droughts were imposed in 28% (n = 31) of the stud-
ies, severe droughts in 14% (n = 16), and extreme drought events 
were conducted in only 8% (n = 9) of the studies. Different results 
were obtained when drought intensity was classified using %PPT 
(Supporting Information Table S6.2). Given that the %PPT classifica-
tion disregarded the intra and interannual variability in precipitation, 
it overestimated drought intensity, especially for moderate droughts 
(Supporting Information Table S6.2 in Appendix S6). Regarding rain-
fall seasonality, in most of the sites the rainfall was well distributed 
throughout the year, with S values close to zero (Table 2; Supporting 
Information Appendix S4).

3.2 | Numerous indices have been used to 
measure ecosystem stability, limiting comparability 
across studies

Only 13% (n = 17) of the studies applied stability indices to as-
sess grassland resistance, recovery and/or resilience in response 
to drought. We grouped those indices into six groups (Table 3), 
according to the type of stability property assessed [resistance 
(RT), recovery (RC), resilience (RS) or relative resilience (RRS)] 
and the way in which the stability was quantified (group 1, raw 
difference; group 2, simple ratio; groups 3 and 4, compounded 
ratio; group 5, natural logarithm ratio; group 6, standardized 
ratio). Although none of the selected studies had measured re-
covery as the raw difference (RC1) or compounded ratio (RC3 
and RC4), nor resilience as the compounded ratio (RS3), we 
added those indices in our study to enable a full comparison 
among the six groups of indices. Thus, we obtained 19 stability 
indices in total (Table 3).

Those indices did not provide comparable results (Figure 3). 
When grasslands were ranked according to their stability values, the 
rankings varied depending on the group of indices considered. To il-
lustrate better how and why results from different stability indices 
might not be comparable, we highlight in Figure 3 four study cases 
where grasslands showed distinct stability responses: Carter & Blair, 
2012 (yellow); Yahdjian & Sala, 2006 (grey); Ingrisch et al., 2018 (red); 
and Shinoda, Nachinshonhor, & Nemoto, 2010 (blue). To facilitate un-
derstanding, we refer to these studies by their corresponding colours.

In group 1 indices, stability was obtained merely as raw differ-
ences in above-ground biomass between treatment and control 
plots. Consequently, results for those indices might be influenced 
strongly by the initial state of the system. That occurs because 
communities with higher initial biomass would always have more 
biomass to lose during drought and more biomass to recover 
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afterwards, thus leading to lower resistance and potentially 
higher recovery and resilience for those communities in compari-
son to communities with lower initial biomass (Wang, Yu, & Wang, 
2007). Indices based on simple (group 2), compounded (groups 3) 
or natural logarithm ratios (group 5) could be used to avoid this 
problem, because they report changes between treatment and 
control plots in proportional terms. In group 4 indices, stability 
was also calculated as a ratio, but their results were more com-
plicated to interpret. For the RT4 index, positive values indicate 
that biomass produced in drought plots was higher than in control 
plots (BD > BC; for example, as in the “yellow” study), whereas 
negative values indicate that biomass was lost during drought. 
A value equal to minus one indicates that the system collapsed 
during drought (BD = 0). In scenarios of full resistance (BD = BC), 
however, those indices were undefined because they resulted in 
divisions by zero.

Only group 6 indices expressed differences in above-ground bio-
mass per unit change in precipitation. In the RT6 index, for instance, 
the magnitude of change in biomass between control and drought 
plots (BD/BC) was standardized by the magnitude of the drought 
treatment imposed (PPTD/PPTC). Thus, values equal to zero indicate 
that the system collapsed during drought (BD = 0), and progres-
sively higher values indicate higher resistance. This standardization 
has been used to compare stability across studies that differed in 
the intensity of the drought treatment imposed. Therefore, a lower 
stability for a certain system over others would not be attributable 
merely to a greater proportional reduction in the amount of rainfall 
(Shinoda et al., 2010). However, as previously discussed, the percent-
age of rainfall intercepted might not be a reliable index of drought for 
comparison across studies.

Regarding the resilience indices, studies have measured this 
property using two distinct approaches: resilience per se (RS1–RS5) 

Variables
127 articles 
(204 study cases)

49 articles  
101 study cases)

13 articles 
(19 study cases)

Elevation (m a.s.l.) 612 (5–3,570) 530 (5–3,570) 500 (13–2,223)

MAT (°C) 8.5 (0.1–22.7) 8.7 (0.1–22.0) 9.0 (0.1–18.0)

MAP (mm/year) 771 (163–2,050) 680 (163–1,780) 587 (163–1,097)

Drought duration 
(days)

244 (17–2,310) 242 (17–2,310) 282 (38–2,310)

Drought frequency (n) 2 (1–15) 1 (1–12) 1 (1–12)

SPEI – −0.99 (−2.28 to 0.43) −0.89 (−1.88 to 
−0.05)

Rainfall seasonality – 0.02 (0.003–0.197) 0.03 (0.005–0.090)

Shelter area (m2) 9 (0.5–900) 6; (0.5–900) 5.85; (0.5–900)

Vegetation type (%) N: 40; S: 40; M: 20 N: 33; S: 45; M: 22 N: 53; S: 31; M: 16

Shelter type (%) P: 91; A: 9 P: 94; A: 6 P: 89; A: 11

Control plot (%) H:16; A: 84 H:19; A: 81 H: 26; A: 74

Drought type (%) A: 90; S: 6; B: 4 A: 100; S: 0; B: 0 A: 100; S: 0; B: 0

Note: Values indicate the median and range for numerical variables and the percentage of study 
cases for categorical variables. Variables: site elevation (in metres a.s.l.); mean annual temperature 
(MAT; in degrees Celsius); mean annual precipitation (MAP; in millimetres per year); drought 
duration (in days): total number of days with rain-out shelters intercepting rainfall; drought 
frequency (n): number of sequential drought events; standardized precipitation evaporation 
index (SPEI) represents the number of standard deviations by which the climatic water balance 
(precipitation minus potential evapotranspiration) differs from the monthly mean historical record 
of a certain locality, with negative/positive values indicating drier/wetter conditions; rainfall 
seasonality indicates how monthly rainfall is distributed throughout the year; it ranges from 
zero (no seasonality, with rainfall uniformly distributed throughout the year) to 3.58 (maximum 
seasonality, with rainfall concentrated in a single month); rain-out shelter area (in square metres); 
vegetation type: natural (N; vegetation was not subjected to management), semi-natural (S; 
vegetation subjected to mowing, ploughing, fire, grazing and/or other disturbances) or manipulated 
(M; seeding in the field, transplantation of intact monoliths or mesocosms); rain-out shelter 
type: permanent (P; shelters covered vegetation throughout the experimental drought period) 
or automatic (A; shelters were able to detect rainfall and covered vegetation only during rainfall 
events); control plot type: ambient (A; unsheltered control plots receiving ambient precipitation) 
or historical (H; sheltered control plots, which are irrigated to receive amounts of rainfall 
corresponding to historical precipitation recorded for the study area); drought type: amount (A; 
precipitation amount reduced by a fixed percentage), seasonality (S; rainfall seasonality altered 
without significant changes in precipitation amount) or both (B; both types of drought were 
applied).

TA B L E  2   Metadata extracted from 
rainfall manipulation experiments 
conducted on grasslands across the globe: 
127 articles (204 study cases) that met the 
first set of inclusion criteria, 49 articles 
(101 study cases) that met the second set 
of inclusion criteria, and 13 articles (19 
study cases) that reported above-ground 
biomass values for both drought and post-
drought periods
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and relative resilience (RRS1 and RRS2). Indices of resilience per se 
quantified the ability of grasslands to reach non-drought biomass 
levels after drought alleviation. A grassland would be considered 
resilient whenever non-significant differences were detected be-
tween control and drought plots during the post-drought period 
(BCpd = BDpd). Alternatively, relative resilience indices quantified 
whether grasslands would be able to recover all the biomass pre-
viously lost during the drought. Thus, in RRS indices the resilience 
is weighted by the degree of damage incurred during the drought 
(i.e., RS is weighted by RT).

3.3 | On average, grasslands were resilient to 
drought and exhibited a trade-off between high 
recovery and low resistance

Resistance assumed significantly negative values (Figure 4), indi-
cating that above-ground biomass was strongly reduced during 
drought (n = 101; mean = −1.12; 95% CI = −1.42, −0.82; p < .01; 
AICc = 379.28). In contrast, recovery was significantly positive 
(n = 19; mean = 1.12; 95% CI = 0.25, 1.99; p = .01; AICc = 78.98), be-
cause grasslands were able to produce new biomass after drought 

F I G U R E  2   Global map displaying site location of rainfall manipulation experiments conducted in grasslands. Red dots indicate the 
location for 19 study cases (extracted from 13 articles that reported above-ground biomass data for the post-drought period), red + black 
dots indicate the location for 101 study cases (extracted from 49 articles that met the second set of inclusion criteria) and red + black + grey 
dots indicate the location of 204 study cases (extracted from 127 articles that met the first set of inclusion criteria). Grasslands types and 
distributions were obtained from Dixon et al. (2014)

TA B L E  3   Stability indices used to assess resistance, recovery, resilience and relative resilience of grasslands in response to rainfall 
manipulation experiments

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

1 RT1 = BD − BC[2, 7, 9, 14, 15] RC1 = BDpd − BD* RS1 = BDpd − BCpd
[12] RRS1 = (BDpd/BCpd) − (BD/BC)[5]

2 RT2 = BD/BC[4–6, 8, 12, 15] RC2 = BDpd/BD[2] RS2 = BDpd/BCpd
[2, 4–9, 12] RRS2 = [BCpd/(BDpd − BCpd)]/[BC/

(BD − BC)][13]

3 RT3 = (BD − BC)/BC[3, 15–16] RC3 = (BDpd − BD)/BD* RS3 = (BDpd − BCpd)/BCpd*  

4 RT4 = BC/(BD − BC)[13] RC4 = BD/(BDpd − BD)* RS4 = BCpd/(BDpd − BCpd)[13]  

5 RT5 = ln(BD/BC)[1, 2, 4, 11, 16, 17] RC5 = ln(BDpd/BD)[2] RS5 = ln(BDpd/BCpd)[9]  

6 RT6 = (BD∕BC)∕(PPTD∕PPTC)
BC∕PPTC

[10] RC6 = (BDpd∕BD)∕(PPTPD∕PPTD)
BC∕PPTC

[10]   

Note: Stability indices classes: group 1, raw difference; group 2, simple ratio; groups 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 in square brackets indicate references reporting each index: [1] Byrne et al. (2017); [2] Carter & Blair (2012); 
[3] Hoekstra et al. (2015); [4] Hofer et al. (2016); [5] Ingrisch et al. (2018; [6] Kreyling, Dengler et al. (2017); [7] Lanta, Doležal, Zemková, and Lepš 
(2012); [8] Mariotte, Vandenberghe, Kardol, Hagedorn, & Buttler (2013); [9] Pfisterer & Schmid (2002); [10] Shinoda et al. (2010); [11] Stampfli et al. 
(2018); [12] Vogel et al. (2012); [13] Wagg et al. (2017); [14] Wang et al. (2007); [15] Wang et al. (2014); [16] Yahdjian & Sala (2006); [17] Dormann 
et al. (2017). *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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alleviation. The biomass produced after drought was, in general, 
sufficient to compensate for the biomass lost during drought, thus 
grasslands exhibited almost complete resilience (i.e., although re-
silience assumed a negative value, it was not significantly different 
from zero; n = 19; mean = −0.32; 95% CI = −0.66, 0.02; p = .06; 
AICc = 53.97).

Similar results were found when mean effect sizes were calcu-
lated for only the subset of studies that succeeded in creating ex-
perimental drought conditions (i.e., SPEI ≤ −1.0; RT: n = 51; mean 
= −1.28; 95% CI = −1.66, −0.89; p < .01; AICc = 181.69; RC: n = 10; 
mean = 1.39; 95% CI = −0.0, 2.85; p = .05; AICc = 42.65; RS: n = 10; 
mean = 0.16; 95% CI = −0.22, 0.56; p > .05; AICc = 19.96) and when 
resistance was estimated for only the 19 studies that also monitored 
the post-drought response (RT: n = 19; mean = −1.24; 95% CI = −2.06, 
−0.42; p < .01; AICc = 78.10) (Figure 4).

When resistance was calculated for each category of drought in-
tensity (based on SPEI classification; Supporting Information Figure 
S6.1a in Appendix S6), we observed a decrease in resistance as 
drought intensity increased. Thus, we highlight that our results may 
be underestimated, because few studies have subjected grasslands 
to severe (n = 16) or extreme (n = 9) drought events. Finally, we found 

F I G U R E  3   Comparisons across stability indices used to assess resistance (RT1–RT6, n = 101) of the above-ground biomass of grasslands 
in response to experimental droughts. In studies conducting sequential drought events, indices were computed using only the biomass data 
for the last drought event. Four study cases are highlighted (yellow: Carter & Blair, 2012; grey: Yahdjian & Sala, 2006; red: Ingrisch et al., 
2018; and blue: Shinoda et al., 2010) to illustrate the incomparability among different stability indices. Dashed black lines indicate values 
for full resistance. Points are jittered to reduce overlapping. See Table 3 for resistance indices (RT1–RT6)

F I G U R E  4   Hedges g effect sizes for resistance, recovery and 
resilience of the above-ground biomass of grasslands in response 
to experimental droughts. In studies reporting sequential drought 
events, effect sizes were computed using biomass data for only 
the last experimental drought. Negative/positive values indicate 
decreases/increases in biomass in treatment plots compared with 
control plots. Dots/lines indicate mean effect sizes and the 95% 
confidence interval (CI) for the whole dataset (blue; n = 101), for 
only studies that monitored post-drought responses (black; n = 19) 
and for only studies that succeed on creating drought conditions 
(red; n = 51 for resistance and n = 10 for recovery and resilience)



10  |     MATOS eT Al.

a trade-off between recovery and resistance (Figure 5a), but not be-
tween the other stability properties (Figure 5b,c).

3.4 | Ecosystem stability differed greatly among 
grasslands and drought characteristics, and climatic 
conditions did not generally explain these differences

We found significant variation in resistance (101 study cases: 
Q = 323.65; p < .001; I2 = 74.51%; 19 study cases: Q = 59.39; p < .001; 
I2 = 75.43%), recovery (Q = 59.24; p < .001; I2 = 79.18%) and resilience 
(Q = 29.06; p = .0476; I2 = 24.84%) among grasslands. However, drought 
characteristics (duration, frequency and SPEI), elevation and climatic 
conditions (MAT, MAP and S) were not considered important to ex-
plain the variability in resistance (Figure 6a) and recovery (Figure 6b) 
(i.e., importance values < .8). In contrast, resilience was explained by 
drought duration (grey bars in Figure 6c), with longer droughts result-
ing in lower resilience. When experiments that failed to create drought 
conditions were excluded, the results of Q-tests did not change for re-
covery (RC: n = 10; Q = 34.13; p < .001; I2 = 82.05%) and resistance (RT: 
n = 51; Q = 133.81; p < .001; I2 = 64.53%), but they became non-signif-
icant for resilience (RS: n = 10; Q = 5.97; p = .74; I2 = 0%). Consequently, 
drought duration was no longer important to explain the variability in 
grassland resilience (red bars in Figure 6c). This latter result, however, 
must be interpreted with caution, because for recovery and resilience 
the number of study cases was too small (n = 10) compared with the 
number of moderators tested (n = 7) (Calcagno & Mazancourt, 2010).

3.5 | Sensitivity analysis

Our results were robust to the influence of outliers (Supporting 
Information Table S6.1) and the non-independence effects, caused 
either by multiple locations (Supporting Information Table S6.4) or 
by multiple consecutive drought events (Supporting Information 
Figure S6. 2–4). Nonetheless, evidence of publication bias and 

effects related to the length of the post-drought period were de-
tected for resilience (Supporting Information Table S6.5).

4  | DISCUSSION

We provide key insights into how grasslands respond to experi-
mental droughts and we highlight four striking limitations to the 
methodological and analytical approaches in rainfall manipula-
tion experiments conducted so far. First, although the stability of 
grasslands seems to be achieved mainly through recovery, 81% of 
the studies have only assessed grassland resistance, not monitoring 
post-drought productivity. Second, although the aim of most rain-
fall manipulation experiments is to expose grasslands to droughts, 
half of the experiments did not succeed doing so. Third, although 
the experiments were conducted to assess grassland stability, 87% 
of them did not calculate any index of stability, and those that did 
used distinct indices, which provide incomparable results. Fourth, al-
though tropical grasslands contribute c. 38% of the world grassland 
area (Dixon et al., 2014), only one study (Arredondo et al., 2016) was 
conducted in the tropics (Figure 2).

We found that grassland above-ground biomass was resilient 
to experimental droughts, and this resilience was achieved more 
through recovery than through resistance (Figure 4), resulting 
in a trade-off between those two last properties (Figure 5a). This 
trade-off is consistent with previous studies (Ruppert et al., 2015) 
and supports theoretical assumptions that resistance and recovery 
might be considered as two alternative strategies to achieve ecosys-
tem resilience (e.g., Hodgson et al., 2015). Such strategies could be 
predicted by the life history and evolutionary histories of resident 
plant species (Craven et al., 2018; Grime & Pierce, 2012; Majekova 
et al., 2014). Therefore, plant communities dominated by fast-grow-
ing, short-lived species (acquisitive resource-use strategy) would be 
expected to show low resistance, because they lack traits to sus-
tain biomass production during water stress. However, they would 
show high recovery. After drought alleviation, their high investment 

F I G U R E  5   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 of 19 study cases. In 
studies reporting sequential drought events, effect sizes were computed using biomass data for only the last experimental drought. Linear 
regression results: coefficient estimate ± SE (β); t-statistics (t); p-value (p) and adjusted R2 (R2 adj)
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in seed production and fast-growth rates, in comparison to other 
life-forms, would support a rapid return to the non-drought levels 
of biomass. An opposite response would be predicted for commu-
nities dominated by slow-growing, long-lived species (i.e., conser-
vative resource-use strategy) (Craven et al., 2018; Majekova et al., 
2014). Once grasslands are dominated by herbaceous species with 
an acquisitive strategy, we would indeed expect an overall resilience 
mainly driven by recovery (Stuart-Haëntjens et al., 2018).

The duration of drought was important to explain the variability 
in resilience (Figure 6c), with longer droughts resulting in decreased 
grassland resilience. Although this result is still preliminary, owing 
to the small number of studies monitoring post-drought biomass 
production (n = 19), it suggests that under future climatic regimes, 
where droughts are expected to last longer (Dai, 2013), there might 
be a gradual decline in overall grassland biomass production. Longer 
droughts could reduce resilience either by decreasing the ability of 
grasslands to recover by causing depletion of the seed bank and 
stored resources needed for re-establishment and resprouting of 
the drought-sensitive species or to resist by surpassing thresholds of 
tolerance and causing widespread mortality of the drought-tolerant 
species (Estiarte et al., 2016; Grime & Pierce, 2012; Ruppert et al., 
2015).

For resistance and recovery, none of the moderators we tested 
was considered important to explain the variability across grass-
lands (Figure 6a,b). Previous meta-analysis also supported that 
climatic variables (MAP and MAT) are not major drivers to explain 
the variability in grassland above-ground resistance (n = 83; Wilcox 
et al., 2017), although other studies found a significant decline in 

resistance (n = 43) and resilience (n = 22) in xeric (higher MAP) and 
warmer (higher MAT) grasslands (Stuart-Haëntjens et al., 2018). 
Contrasting results have also been reported for the effect of drought 
characteristics. When drought intensity was measured as %PPT, a 
significant and negative relationship was found, with grassland re-
sistance decreasing as drought intensity increased (n = 65; Gao, 
Zhang, Tang, & Wu, 2019). However, no effect was observed when 
drought intensity was measured as SPEI (n = 43; Stuart-Haëntjens et 
al., 2018). Such discrepancies across studies might be related to the 
different methods used to estimate the moderators (e.g., drought 
intensity as SPEI or %PPT intercepted), to assess stability (e.g., 
Hedges’ g or log response ratio) and/or to the variation in sample 
size; hence, in the range of moderator values. For drought character-
istics, the range of values evaluated was relatively narrow, because 
most of the studies evaluated the stability of grasslands in response 
to a single experimental drought event, with short duration and low 
intensity. Considering that stability and such drought characteristics 
may exhibit nonlinear relationships, the importance of those mod-
erators must be re-evaluated in the future, as results of new experi-
ments applying longer, more frequent and intense droughts become 
available.

Besides the drought characteristics and prevailing climatic con-
ditions, the differential stability across grasslands might also be 
related to edaphic and/or intrinsic biological differences (Ploughe 
et al., 2019). Considerable evidence from both meta-analyses 
(Craven et al., 2018; Ruppert et al., 2015) and several individual stud-
ies suggests that different aspects of biodiversity [species diversity 
(Kreyling, Dengler, et al., 2017; Pfisterer & Schmid, 2002; Vogel et 

F I G U R E  6   Model-averaged importance of seven moderators explaining: (a) resistance; (b) recovery; and (c) resilience of grasslands in 
terms of above-ground biomass in response to experimental droughts. Moderators: rainfall seasonality (seasonality; dimensionless); mean 
annual temperature (MAT; in degrees Celsius), mean annual precipitation (MAP; in millimetres per year), elevation above sea level (in metres 
a.s.l.), standardized precipitation evapotranspiration index (SPEI) as a measure of drought intensity; drought duration (in days); and drought 
frequency (number of sequential drought events). Blue bars indicate importance values calculated for the whole dataset (n = 101), grey bars 
for only studies that monitored post-drought responses (n = 19) and red bars for only studies that succeeded in creating drought conditions 
(red: n = 51 for resistance and n = 10 for recovery and resilience). The vertical dashed line drawn at .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 for only the last 
experimental drought
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al., 2012; Wagg et al., 2017), functional diversity (grass, legumes and 
forbs) (Byrne, Adler, & Lauenroth, 2017; Hofer et al., 2016; Stampfli, 
Bloor, Fischer, & Zeiter, 2018), and plant life-history traits (annual 
versus perennial) (Hoeppner & Dukes, 2012; Wang et al., 2014)] can 
significantly influence the ecosystem stability of grasslands in re-
sponse to drought. Moreover, soil characteristics, such as texture, 
depth and soil water content at field capacity, could also be import-
ant to explain the variation in resistance and recovery (Vicca et al., 
2012; Wilcox et al., 2017) and could even influence the biodiversity–
ecosystem stability relationships (Guerrero-Ramírez et al., 2017). 
To date, most of the studies have not reported soil characteristics, 
species and functional diversity at the plot level, nor provided the 
life-history traits for both dominant and subordinate plant species. 
We strongly recommend that future studies should provide this in-
formation, in order that further quantitative analysis could be able to 
assess the relative importance of both abiotic and biotic moderators 
simultaneously.

We also found a mismatch between how grasslands respond to 
drought and how experimenters have been assessing this response. 
Although it has been advocated that stability in the productivity of 
grasslands is achieved mainly through recovery (Stuart-Haëntjens et 
al., 2018), most of the experiments have focused only on the imme-
diate impacts of drought (resistance). This incomplete view of the 
varied responses of grasslands risks overestimating the impacts of 
droughts (Donohue et al., 2016), because experiments show how 
the exposure to drought can result in significant biomass loss, but 
neglect the ability of grasslands partly or completely to recover the 
biomass that had been lost.

Conversely, impacts of droughts might be underestimated, be-
cause we found that 50% of the studies have failed to impose drought 
upon grasslands experimentally, when drought intensity was esti-
mated as SPEI. Similar results were found by Slette et al. (2019), who 
investigated how ecologists define drought and found that for half of 
the evaluated drought studies the SPEI values were inside the range 
of nearly normal conditions. In fact, these authors recommended the 
use of standardized methods, such as SPEI, to characterize natural 
droughts owing to their ability to allow comparisons among studies 
and improving ecological predictions (Slette et al., 2019). In this sense, 
the answer to the question, “how can a drought experiment fail to 
create a drought treatment?”, is that this situation can happen partic-
ularly in experiments where rain-out shelters are installed on a site to 
intercept ≤ 50% of the rainfall (which would be considered as a mod-
erate drought based on %PPT) during short and interrupted periods 
of time (Figure 1b). If the interannual variability of rainfall for that site 
is relatively large, and the experiment is conducted during a wetter 
year, the amount of rainfall intercepted may not be enough to simu-
late a drought event in terms of SPEI. This explains why classifications 
based on %PPT may overestimate the intensity of the experimental 
droughts (Supporting Information Table S6.2; Figure S6.4 in Appendix 
S6) and should be replaced by drought indices (such as SPEI) that 
consider the historical precipitation record for each locality (Knapp 
et al., 2017; Slette et al., 2019), especially when studies aim to com-
pare grassland stability across years and/or across sites. Fortunately, 

Web tools are available to help quantify how much precipitation must 
be intercepted to impose a specific level of drought extremity for a 
given location (Lemoine, Sheffield, Dukes, Knapp, & Smith, 2016). 
Thus, whenever possible, grasslands should be subjected to multi-
ple drought treatment levels, including more extreme droughts. This 
approach would allow identification of response thresholds (i.e., crit-
ical levels of drought extremity that result in an irreversible loss of 
biomass; Knapp et al., 2018) and provide the ability to predict which 
grasslands would be more affected in a future with increased fre-
quency of extreme droughts (Kreyling, Jentsch, & Beier, 2014).

Identification of the most sensitive sites and the mechanisms 
responsible for such sensitivity is, indeed, one of the primary goals 
of those experiments. However, we demonstrate that the rank-
ing of grassland stability is conditional upon the specific index of 
stability used (Figure 3). Previous studies have already highlighted 
this need to standardize indices of stability for a proper compari-
son across sites (Smith et al., 2017), and some metrics have been 
proposed for this purpose (Ingrisch & Bahn, 2018). We suggest 
that group 1 indices (raw difference) must be used only if the 
study aims to calculate the stability of a single system or to com-
pare systems that have similar values of pre-drought above-ground 
biomass. To compare stability among grasslands that differ in their 
initial state, researchers could use indices of group 2 (simple ratio), 
group 3 (compounded ratio) or group 5 (natural logarithm ratio). 
Both group 4 (compounded ratio) and group 6 (standardized ratio) 
indices should be avoided, because the former provides results 
that are hard to interpret, and the latter use the percentage of rain-
fall intercepted for standardization, which might not be a reliable 
index of drought for comparison across studies. Given that each 
index has its advantages and limitations, it is unlikely that a single 
standard metric would be useful in all situations (Donohue et al., 
2016; Quinlan et al., 2016) and would be able to account for all 
the different factors that might influence grassland stability (e.g., 
characteristics of drought treatment, prevailing climatic conditions 
during the drought period, intrinsic biological differences among 
grasslands). Moreover, when indices are used to assess stability, re-
searchers tend to report only the results for the indices, omitting 
the biomass data used to calculate them. For example, 61% of the 
articles initially gathered in the present study could not be used 
to compute stability indices and Hedges’ g effect sizes, precisely 
because biomass data were not reported. Thus, regardless of the 
index selected, we strongly urge future studies to report biomass 
and precipitation data fully. These data could then be used to re-
calculate any of the stability indices and to conduct meta-analysis. 
Additionally, studies should report sufficient plot-level information 
(such as plant functional diversity and soil characteristics) for fur-
ther assessment of moderator effects. Previous publications have 
provided excellent guidance about which information should be re-
ported in studies to enable subsequent meta-analysis (Beier et al., 
2012; Gerstner et al., 2017; Smith et al., 2014).

Finally, we highlight that caution is required in extrapolating our 
results to the tropics, and that future studies should expand the 
geographical extent of drought experiments to those understudied 
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areas (Beier et al., 2012; Hoover et al., 2018; Stuart-Haëntjens et al., 
2018). Collaborative initiatives, such as the Drought-Net (Knapp et 
al., 2017; Smith et al., 2017), could help and could also lead to the 
standardization of methodological approaches across studies, thus 
facilitating further meta-analytical assessments.

5  | CONCLUSION

To improve our mechanistic understanding of differential stability 
across grasslands and our ability to manage them to ensure stable 
productivity in a drier world, we provide the following recommenda-
tions for future rainfall manipulation experiments: (a) evaluate the 
three stability properties simultaneously; (b) impose multiple and 
more extreme drought treatments; (c) Use appropriate indices to 
estimate drought intensity; (d) report basic information necessary 
to calculate stability indices and to assess the effect of moderators; 
and (e) evaluate the stability of tropical grasslands. Despite the focus 
of our study upon grasslands, we argue that the main shortcomings 
listed here and the improvements suggested are generalizable and 
should be used to guide future experimental rainfall manipulation 
studies evaluating the effects of drought in different ecosystems.
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