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Extreme droughts generally decrease productivity in grassland ecosystems' > with
negative consequences for nature’s contribution to people*”. The extent to which this
negative effect variesamong grassland types and over time in response to multi-year
extreme drought remains unclear. Here, using a coordinated distributed experiment
that simulated four years of growing-season drought (around 66% rainfall reduction),
we compared drought sensitivity within and among six representative grasslands
spanning broad precipitation gradients in each of Eurasia and North America—two of
the Northern Hemisphere’s largest grass-dominated regions. Aboveground plant
production declined substantially with drought in the Eurasian grasslands and the
effects accumulated over time, while the declines were less severe and more muted
over timeinthe North American grasslands. Drought effects on species richness
shifted from positive to negative in Eurasia, but from negative to positive in North
Americaover time. The differing responses of plant production in these grasslands
were accompanied by less common (subordinate) plant species declining in Eurasian
grasslands butincreasingin North American grasslands. Our findings demonstrate
the high production sensitivity of Eurasian compared with North American grasslands
to extreme drought (43.6% versus 25.2% reduction), and the key role of subordinate
speciesin determining impacts of extreme drought on grassland productivity.

The severity and frequency of extreme climate events have increased
substantially due to global environmental change, often with dev-
astating consequences®. For example, extreme droughts can cause
widespread damage to regional economies, environments and human
health®°. Previous studies have shown that extreme droughts can have
profound impacts on ecosystem functioning®, such as substantially
reducing plant productivity***’—a fundamental component of the
global carbon cycle®. As climate models predict future increases in
the probability of multi-year extreme drought eventsin many regions
of the world®**, there is a pressing need to understand their impacts
on ecosystem function. Such understanding is crucial for accurate

assessments of ecosystem resistance to climate change, as well as for
the provisioning of ecosystem services.

Theoretical studies have put forward two different hypotheses
regarding the response of ecosystem productivity to multi-year
extreme drought: the stress-accumulation hypothesis suggests
that the negative effects of drought increase with duration; and
the drought-acclimatization hypothesis postulates that the nega-
tive effects of drought stabilize or even diminish with duration',
Although multi-year extreme drought experiments are relatively
rare, their results provide support for both theories. For example, in
asemi-arid grassland in China, drought impact was accumulative?®,
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Fig.1|The EDGE. a, The geographical distribution of experimental sitesin
Eurasiaand North America (additional informationis provided in Supplementary
Table1). The dataof distribution of grassland types were sourced fromaprevious
study®. CHY, Cheyenne; ERG, Erguna; HYS, Hays Agricultural Research Center;
KNZ,Konza Prairie; MUR, SheilaMuRen; SGS, Shortgrass Steppe; TAR, Sher Tara;

whereas Mediterranean grasslands exhibited acclimatization”. These
two hypotheses are mechanistically based on a variety of biotic and
abioticfactors. Forexample, stress-accumulative ecosystems have been
associated with low biodiversity*, the loss of subordinate species or
a history of water limitation (low mean annual precipitation and soil
moisture)’. By contrast, ecosystems may be better able to acclimatize
to drought owing to higher biodiversity®, higher drought resistance
of dominant species® or historical adaptation to chronic water limita-
tion®. Although these insights are valuable, past studies often used dis-
parate methods at different locations, rendering comparisons among
ecosystems challenging. An alternative approach to evaluate these
competing hypotheses and reveal the underlying mechanisms is to
conductlarge-scale coordinated experiments that simulate comparable
multi-year extreme drought at multiple sites*.

Grassland ecosystems, which cover around 40% of the Earth’s sur-
face?, are particularly responsive to changes in precipitation®** and
their production responses to interannual variation in precipitation
across climatic gradients can be highly similar®. However, two of the
largest grass-dominated biomes in the Northern Hemisphere, the
Eurasian and North America grasslands, differ in biodiversity, spe-
cies identity, evolutionary histories, C;:C, ratio, environmental and
edaphic characteristics®, all of which may influence their vulnerability
todrought. Thus, understanding how these two major grassland biomes
respond to extreme drought is essential to improve forecasts of how
grassland ecosystems will respond inthe future to prolonged drought
under climate change'*?.

Here weinvestigated how afoundational process for ecosystem func-
tioning and the carbon cycle—aboveground net primary productivity
(ANPP)—responded to afour-year period of experimentally simulated
extreme drought (Extended Data Fig. 1), as well as the mechanisms
underlying their responses, across six Eurasian and six North American

URA, Urat; XLL, Xilingol-Leymus chinensis; XLS, Xilingol-Stipa grandis.

b, Photograph of experimental treatments at the Xilingol-Stipa grandis site in
Eurasian grasslands. ¢, Example of the effect of the extreme drought treatment
atthe SheilaMuRen site.

grasslands (Methods). These 12 grassland sites were selected specifi-
cally because they are representative of the major grassland types of
the Eurasian Steppe and North American Great Plainsregions, both of
whichalso encompass broad precipitationgradients (Fig.1and Supple-
mentary Table1). As such, these representative sites differed strongly
in plant species and community composition, including the identity
of dominant and less-common species, both within each region and
between the two continents. For example, the North Americansites are
dominated primarily by C, grasses, whereas the Eurasian grasslands
are dominated by C, grasses, with little overlap of species between the
biomes (Supplementary Table 1). Drought experiments were estab-
lished at each grassland site, collectively comprising what we refer
to as the internationally coordinated Extreme Drought in Grasslands
Experiment (EDGE). Coordinated, distributed experiments are pow-
erful tools to generate more accurate predictions about the effects
of global change on grassland ecosystem processes?>*7*°, The EDGE
contrasted ambient precipitation (ambient treatment) with an experi-
mentallyimposed 66% reductionineach precipitation event through-
out the growing season (drought treatment; Methods). The drought
treatments were classified as four-year extreme droughts for all sites
(lower than the fifth percentile of historical growing season precipita-
tionamounts; Extended Data Fig.1), based on an estimated probability
density function of precipitation calculated from 37 years (1982-2018)
of mean annual precipitation (MAP; Methods).

Here we report experimental evidence that these two grassland
biomes exhibit contrasting responses to extreme drought—the six
Eurasian grasslands were more responsive to drought over time
(43.6% reduction in ANPP on average), while sites in North American
grasslands were more stable in their response (25.2% reduction). For
the Eurasian grasslands, extreme drought decreased ANPP across
the six sites (Extended Data Fig. 2a), and the magnitude of the ANPP
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Fig.2|Effects of four years of extreme drought on plant productivity and
richness. a,b, Theresponseratios (Methods) of ANPP (a) and plant species
richness (b) over the four-year drought period. Dataare mean +s.e.m. of
theresponse ratios of ANPP and species richness (Methods) in six Eurasian
grasslands (n =36) and six North American grasslands (n = 60). Different
uppercase lettersand lowercase lettersindicate significant differencesin
responseratiosamong treatment yearsin Eurasianand North American
grasslands, respectively, assessed using two-sided Tukey’s honest significant
difference (HSD) tests.

responseto drought (expressed as aresponse ratio; Methods) increased
over time (Fig. 2a), supporting the stress-accumulation hypothesis>.
Extreme drought also reduced ANPP of the North American grass-
lands (Extended Data Fig. 2a); however, the magnitude of the reduc-
tions in ANPP stabilized by the second year (Fig. 2a), supporting the
drought-acclimatization hypothesis”. The patterns of ANPP response
observed in each individual site matched the overall trends within
each biome (Extended Data Fig. 3). The contrasting patterns of ANPP
responses between the two continents align well with previous expec-
tations that, in general, C, plants should exhibit physiological advan-
tages in drought resistance compared with C; plants, attributed to
their more efficient photosynthetic pathway, and higher water-use
and nutrient-use efficiencies®. Although no experimental studies have
explored multi-year drought effects on ANPP across such extensive
geographical and climate gradients, the results from past site-based
studies conducted oneither continent correspond well with our results.
For example, ANPP declined strongly over time in two Eurasian grass-
lands**? but not in North American grasslands®7¢, suggesting that
accumulationandacclimatization responses to drought are representa-
tive of Eurasian and North Americangrasslands, respectively. However,
ANPP stabilized after five years of droughtina Eurasian grasslandina
six-year extreme drought experiment®, suggesting that acclimatization
may eventually occur with even more prolonged drought. Furthermore,
even when C, grasses were replaced by C; species during extended
drought in North America, there was little impact on the stability of
ANPP>¢, Overall, our coordinated network of experiments with iden-
tical treatments across 12 sites revealed a robust pattern of Eurasian
grasslands experiencing increasing losses in ecosystem functioning,
accumulating effects, whereas North American grasslands are more
resistant to losses in function as extreme drought extends over time,
indicative of acclimatization.

Although there are many factors that may contribute to site-level
ANPP responses'’, we focused on seven key abiotic variables that may
reflect historical drivers of adaptation to drought, including historic
drought frequency, soil moisture, MAP, coefficient of interannual
precipitation variation (CV of MAP), aridity index, mean annul tem-
perature (MAT) and the amount of annual precipitation removed by
the drought treatment. The results showed no significant differences
between Eurasian and North American grasslands for historic drought
frequency (Extended DataFig.4a), and no clear differences were found
amongsites and over time for soil moisture, although on average soil
moisture decreased significantly with extreme drought across all sites
(Extended Data Fig.4c-e). Previous observational and experimental
studies found that historic drought frequency?, soil moisture® and
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MAT?*#regulated the response of ANPP to drought. However, we found
no such effects in this study (Extended Data Fig. 5a,b,f), consistent
with other drought experiments'**~*., We then examined the role of
fourindictorsrelated to precipitationinregulating ANPP responses.
There was no relationship between the response of ANPP and the
amount of annual precipitation removed by the drought treatment
(Extended Data Fig. 5g). Moreover, there were no significant differ-
ences between the pre-drought precipitation and MAP for both conti-
nents, as well as precipitation during drought (Extended Data Fig. 4b).
Theseresultssuggest that the amount of precipitation removed, and
precipitation before and during drought, did not drive the contrast-
ing responses between the two continents. The MAP, CV of AP and
aridity index were significantly correlated with ANPP responses for
the North American grasslands only (Extended Data Fig. 5c-e and
Supplementary Table 2). Although no significant relationships were
found in Eurasian grasslands, the wettest site (Sher Tara) showed a
similar ANPP response to North American grasslands (Extended Data
Fig. 3a) while the driest grasslands (Sevilleta Blue Grama (SBL) and
Sevilleta Black Grama (SBK)) in North America showed the largest
drought responses similar to Eurasian grasslands (Extended Data
Fig. 3b). Thus, corresponding well to other studies”***?, our results
suggest that MAP isanimportant determinant of the response of ANPP
to extreme drought in grasslands.

Ecological theory predicts that plant diversity promotes the resist-
ance of ecosystem productivity to environmental changes*. Here we
examined whether species richness was correlated with the responses
of productivity to prolonged extreme drought. On average, species
richness was higher in North American than Eurasian grasslands
(Extended Data Fig. 2b). Species richness was positively correlated
with the response ratios of ANPP for the North American grasslands
(Extended Data Fig. 2c and Supplementary Table 3), indicating that
less diverse sites experienced greater losses in ANPP with drought
than those with more plant species. Although some past studies have
reported that productivity in ecosystems with lower plant diversity
exhibited higher drought resistance**, our results are consistent with
a substantial body of previous research that directly* or indirectly*
manipulated grassland plant diversity. Collectively, these results
demonstrate that plant diversity is positively related to resistance of
productivity to drought, especially when species richness is high. By
contrast, the response ratios of ANPP were not correlated with species
richnessinthe Eurasian grasslands (Extended Data Fig.2c and Supple-
mentary Table 3). A previous review also found no significant interac-
tionbetween speciesrichness and climate extremes due to differences
inthe extent of climate extremes and ecosystem resistance, as well as
interactions with plant community composition*®. It is important to
note that, for the two driest North American grasslands, SBLand SBK,
richness was lowest (Extended DataFig. 6b), but the magnitude of ANPP
responses was similar to Eurasian grasslands (Extended Data Fig. 3a,b).
Theseresults suggest that therole of plant diversity in regulating ANPP
responses to extreme drought is dependent on species richness, that
is, regulation of productivity is stronger under higher compared with
under lower species richness.

Withrespecttohow plantdiversity mayinfluence drought response,
itisimportant to consider that species richness may respond to extreme
drought over time. In the Eurasian grasslands, the response of plant
species richness shifted from positive to negative over time but from
negative to positive in the North American grasslands (Fig. 2b and
Extended DataFig. 6). Furthermore, the ANPP response to drought was
positively correlated with richness responses to drought across these
two biomes irrespective of site identity (Fig. 3a and Supplementary
Tables 4 and 5). These results indicate that the largest losses in ANPP
resulting from multi-year extreme drought are consistently associated
with the largest losses in species richness while, conversely, smaller
losses in ANPP are associated with increased richness. Biodiversity-
ecosystem-function relationships are usually associated with two
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Fig.3| Therelationships between plant species richness response to
extreme droughtand ANPPresponse to extreme drought. a, The relationship
betweenthe responseratio of total speciesrichness and the response ratio of
ANPP. b, Therelationship between the response ratio of subordinate species
richness and the responseratio of ANPP. Fitted lines are from linear mixed-effects
models. The purple, yellow and grey lines indicate the trends averaged across
all Eurasian grassland sites (n = 24), averaged across allNorth Americangrassland
sites (n=24) and the trends for each site (n = 4), respectively (the detailed model
specification and summary statistics are provided in Supplementary Table 4).

common mechanisms—species stability and temporal asynchrony®’.
The increase in species richness in North American grasslands may
maintain the resistance of ANPP to drought through higher species
stability and stable species asynchrony (Extended Data Fig. 7). Thus,
the temporal decline in species richness corresponds to acumulative
negative impact of multi-year extreme drought on ANPP in Eurasian
grasslands, and the persistent increase in species richness in North
American grasslands may contribute to what appears to be acclimati-
zation of ANPP response to multi-year extreme drought.

Finally, we examined the relationships between the response of domi-
nant and subordinate species richness and the drought responses of
ANPP. Theresults for the response of subordinate species richness were
similar to those of total species richness in influencing ANPP (Fig. 3b,
Extended DataFigs. 2d and 8 and Supplementary Tables 4 and 5), indi-
cating that the response of subordinate species, which make up the
bulk of diversity inall sites, was the primary driver of ANPP sensitivity
to droughtin both Eurasian and North American grasslands. By defi-
nition, dominant species within ecosystems can have a pivotal role in
ecosystem functioning and, as a consequence, alterationindominant
species abundance or their complete loss probably exerts the great-
estinfluence on ecosystem dynamics*, However, our results suggest
thatincreased subordinate species richness with prolonged extreme
drought, which was correlated with decreased cover of dominant spe-
cies but not with their loss (Extended Data Figs. 8, 9a and 10 and Sup-
plementary Table 6), enhances the drought resistance of ANPP in North
Americangrasslands. Compared with previous studies*é, the different
role of the subordinate species observed in our study is probably due
to the timescale of the current research, which allowed for more life
history and population-specific responses to emerge*. Corresponding
well with our findings, non-random species-removal experiments and
anthropogenic environmental change experiments also have found that
theloss of subordinate species disproportionately affected ecosystem
stability compared with dominant species’®*°. The buffering effects of
subordinate species could result fromtheincrease in drought tolerance
traits (higher water-use efficiency, deeper rooting system, moreinterac-
tions with mycorrhizal fungi)'® or drought avoidance and escape traits
(lower specific leaf area, less negative turgor loss point)*. Moreover,
thelower ratio of forbs (Extended Data Fig. 9b), which usually are more
sensitive to drought?®, mightalso contribute to the higher resistance of
North American grasslands. We posit that the contrasting responses of
speciesrichness between the biomesresulting from divergent changes
of subordinate species richness may have led to the accumulative or
acclimatizing responses of total ANPP in Eurasian grasslands versus

North American grasslands. It may be that, if drought was even further
prolonged, loss of dominant species may occur®”, potentially resulting
in convergence in drought responses between the two biomes.

In conclusion, we have shown, through a coordinated, four-year
extreme drought experiment, contrasting responses of ANPP to a
multi-year extreme drought between two of the Northern Hemisphere’s
major grassland regions. Sites characteristic of the three major grass-
land typesinthe Eurasian Steppe experienced greater losses in produc-
tivity over time with extreme drought, while those representing the five
major grassland types of the North American Great Plains were more
resistant to losses in function over time. Moreover, evidence suggests
that differing responses of plant species richness, especially subordi-
nate speciesrichness, may underlie the contrasting patterns between
these twobiomes. While our experimentincluded the major grasslands
ofthe Eurasian Steppe and Great Plains, our study is limited to asingle,
carefully selected site in each grassland type. However, despite this
limitation, we believe that our results are robust for capturing the major
waysinwhich the two grassland regions respond to extreme drought.
Using sites that are representative of major ecosystemsis the hallmark
of many macroscale ecological studies, and inclusion of multiple sites
that span broad climatic gradients across continentsis key for increas-
ing generality™. Our results have twoimportantimplications for climate
change predictions for the future. First, the productivity of Eurasian
grasslands and those with lower species richness appears to be quite
vulnerable to prolonged extreme droughts. Second, management strat-
egies thatincrease and maintain plant diversity, particularly focusing
onsubordinate species, may enhance grassland resistance to extreme
drought events under climate change.
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Methods

Site information

The EDGEis a coordinated, distributed experiment established in the
Inner Mongolian region of southeastern Eurasiaand the southwest and
Central Plains (that is, Great Plains) regions of North America (Fig. 1).
We chose to focus on this intercontinental comparison, because the
12 sites selected encompass representative sites within 2 of the larg-
est grassland regions in the Northern Hemisphere and span broad
precipitation gradients on both continents. Such intercontinental
comparisons that encompass broad climatic gradients are needed to
increase generality regarding the ecosystemimpacts of drought®.. Site
selection included meadow steppe, typical steppe and desert steppe
insoutheast Eurasia, along with tallgrass prairie, mixed-grass prairie,
shortgrass prairie and desert grassland in North America (Fig.1and
Supplementary Table 1). These sites include the vegetation typical of
each grassland type (both in number and composition of plant spe-
cies) and capture key climate differences (primarily precipitation) of
thegrasslandsineachregion. Thus, the 12 sites are ideal for the broad
intercontinental comparisons of drought response assessed with the
EDGE experiment.

Experimental design

The EDGE is arandomized block design. All 12 sites included ambient
plots (ambient precipitation) and plots with extreme drought—imposed
asa66%reduction of each precipitation event throughout the growing
season (May-August for all Eurasian grassland sites; April-September
for KNZ, HYS, CHY, and SGS; April-October for SBL and SBK). There
were two 6 x 6 m plots per block and six replicate blocks in Eurasian
grasslands, two 6 x 6 mplots per block and ten replicate blocks in North
American grasslands. Rainout shelters equipped with strips of corru-
gated polycarbonate were used to reduce precipitation to the target
amount®, All 12 sites underwent a4-year-long growing season drought
treatment: from 2015t0 2018 in Eurasian grasslands; from 2014 to 2017
in4 prairie sites (KNZ, HYS, CHY, SGS); and from 2013t0 2016 in 2 desert
grassland sites (SBL and SBK), respectively.

ANPP

ANPP was estimated each year during peak biomass by clipping all
aboveground biomass of individual plants at ground level rooted
within two 0.5 x 0.5 m strips for six Eurasian grassland sites and three
0.2 x 0.5 m strips for four North American sites (KNZ, HYS, CHY and
SGS). Live biomass was dried at 60 °C to constant mass before weigh-
ingtothe nearest 0.01g, then converted tog m2. ANPP was estimated
using anon-destructive volumetric method for SBL and SBK**. Volume
measurements (percentage cover x height) of all individual plants
were recorded in four permanently located 1 m? quadrats in each rep-
licate plot at peak biomass (September) during each growing season.
Volume was then converted to biomass through allometric equations
derived from coupled volume measurements and destructive harvests
of biomass outside of the experimental plots.

Plant species richness

Arandomly designated 2 x 2 m area divided into four 1 x 1 m subplots
withineachrainout shelter and ambient plot was permanently marked
for the measurement of plant species richness and composition. The
number of speciesin each subplot was recorded annually at peak bio-
mass and these subplots were averaged to determine species richness
ineachplot.

Plant cover

Cover of individual plant species rooted in each permanently marked
subplot was estimated visually to the nearest 1% annually at the same
time as the estimation of species richness. To test the potential dif-
ferences resulting from different aboveground biomass sampling

methods, we analysed the relationship between cover and ANPP,
which showed strong positive associations bothin Eurasian grasslands
(R?=0.74) and North American grasslands (R?= 0.73) (Extended Data
Fig.10a,band Supplementary Table 7). Moreover, the results based on
cover showed the consistent pattern with those obtained using ANPP
(Extended DataFig.10c).

Dominant and subordinate plant species

We defined dominant species as those with arelative frequency greater
than 0.8 (80%) and a relative cover greater than 12%, and the rest as
subordinate species® (Extended Data Fig. 9¢,d). The identity of each
dominant and subordinate species is provided in Supplementary
Tables 8-10.

Climatedata

Climate data for each grassland site were retrieved from China Mete-
orology Administration (http://data.cma.cn/) and NOAA’s National
Climate Data Center (http://www.ncdc.noaa.gov/). Long-term precipi-
tation data from 1982 to 2018 were used to calculate MAP and to esti-
mate the probability density function (PDF) for each site (Extended Data
Fig.1). The PDF for each site was then used to determine the number of
years with extreme drought (defined as below the 5% of PDF), normal
precipitation (5to 95% of PDF) and extreme precipitation years (above
the 95% of PDF; Extended Data Fig. 4a). The annual average aridity index
was calculated as MAP/mean annual potential evapotranspiration® for
each site, using estimates from World Clim v2¥.

Soil moisture

Soil moisture was recorded at the depth of 0-20 cmusing soil moisture
Time-Domain Reflectometer probes (CS616, Campbell Scientific) at
30 minintervals, inserted diagonally (45°) in the centre of each plot.

Statistical analysis

To explore the annual effects of extreme drought on ANPP, plant
community cover and species richness, we calculated the response
ratio ((extreme drought — ambient)/ambient) of ANPP, plant com-
munity cover and species richness for each year in each block for
eachssite. Mixed-effects models were used to test the duration effects
in each grassland biome (that is, Eurasian versus North American
grasslands). Fixed effects were specified as treatment year, random
effects as site and block within site, and the error structure as correla-
tion = corAR1(form -~ year|site/block). The error structure accounted
for repeated measurements within experimental plots across years.
Tukey’s HSD tests were used to assess the significant differences among
treatment years.

General linear models were used to analyse the relationships between
theresponse ratio of ANPP and seven abiotic factorsineach grassland
biome, that is, historic drought frequency, the response ratio of soil
moisture, MAP, historical variability in annual precipitation (CV of
AP), aridity index, mean annual temperature (MAT) and the amount
of annual precipitation removed by the drought treatment at site
level.

To examine the relationship between the response of ANPP and
species richness, we calculated the mean response ratios of ANPP
(mean_ANPP_RR) and species richness (mean_ric_RR) at each site for
each year. The relationships between the mean response ratios of
ANPP and the mean response ratios of species richness were examined
by fitting a mixed-effects linear model: mean_ANPP_RR ~ mean_ric_
RR x biome + (1|site), whichincluded the potential interactions between
speciesrichness and different grassland biomes as fixed effects and site
asarandomeffect. Furthermore, a mixed-effects linear model was used
toanalyse the relationship between the mean species richness in ambi-
ent plots (mean_rich) and the mean response ratio of ANPP to extreme
droughtin each grassland biome: mean_ANPP_RR ~ mean_rich + (1/site),
including site as arandom effect.
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We used species cover datato measure species stability and species

asynchrony for each plot. Species stability (S) was calculated as
tl
S=—x—
speciesiinaplotwith Nspeciesover thefouryzears. Speciesasynchrony

(1-¢,) was calculatedas1 - ¢, = 1 - g—z where @, is species
(Zililai

synchrony and ¢? is the temporal variance of community cover.

Mixed-effects models with site and block within site as random effects

and treatment as fixed effects were used to test the extreme drought

effectsin each grassland biome. Tukey’s HSD tests were used to assess

the significant differences among treatments.

To identify how dominant and subordinate species contributed to
the responses of ANPP and species richness, we used the same cal-
culation method as for the response ratio of ANPP and species rich-
ness to calculate the response ratios of cover and species richness
for dominant and subordinate species separately. We first compared
the differences of the response ratios of the cover and species rich-
ness of dominant and subordinate species among treatment years
using the mixed-effects models followed by Tukey’s HSD tests in each
grassland biome. Fixed effects were specified as treatment year, ran-
dom effects as site and block within site and the error structure as
correlation = corAR1(form - year|site/block). We then used a mixed
linear model to determine the relationship between the response
ratios of subordinate species richness (Subric_RR) and the response
ratios of dominant species cover (Domcover_RR): Subric_RR ~ Dom-
cover_RR + (1]site/block), including site and block within site asrandom
effects. We further analysed the relationship between the response
of ANPP and the response of subordinate species richness following
the same method as for the relationships between the mean response
ratios of ANPP and the mean response ratios of total species richness.
Moreover, the method used for the relationships between the mean
speciesrichnessinambient plots and the mean response ratio of ANPP
was used to analyse the relationship between mean subordinate spe-
ciesrichnessin ambient plotsand meanresponseratio of ANPPin each
grassland biome.

For the comparisons of absolute values of ANPP, total species rich-
ness, soil moisture, dominant and subordinate species cover and
richness between ambient plots and plots with extreme droughtin
each grassland biome, mixed linear models were used with treatment
as a fixed effect, and site and block within site as random effects, fol-
lowed by Tukey’s HSD tests. At the site level, mixed linear models with
treatment as a fixed effect and block as arandom effect were used for
the comparisons of these absolute values between ambient plots and
plots with extreme drought, followed by Tukey’s HSD tests. For the
comparisons of frequency of historical extreme drought, normal pre-
cipitation and extreme precipitation years between Eurasian and North
Americangrassland sites, t-tests were used. Moreover, we used t-tests
todetermine significant difference in relative cover (functional group
cover/plant community cover) of each functional group in subordi-
nate species in ambient plots between Eurasian and North American
grassland sites.

We used ‘Ime’ function from ‘nlme’ package to build all of the mixed-
effects models. All statistical analyses and figures in this study were
implemented in R v.4.3.1 (R Foundation for Statistical Computing).

,where y1;and g, are the interannual mean and s.d. of cover of

The maps of the geographic distribution of experimental sites in Eurasia
and North America were created by ArcGIS v.10.8.2 (Environmental
Systems Research Institute) with the data of distribution of grassland
types sourced from a previous study®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Experimental data of this study are available at Zenodo*® (https://
doi.org/10.5281/zenodo.14004857). Maps were created using ArcGIS
v.10.8.2 (Environmental Systems Research Institute), and the GIS data
of distribution of grassland types are available online (https:/www.
worldwildlife.org/publications/world-grassland-types).

Code availability

Rcodefor statistical analyses and visualizationis available at Zenodo
(https://doi.org/10.5281/zenodo.14004857).
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b, theresponse of plantspeciesrichness. ¢, the relationship between total
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subordinate speciesrichness and the response ratio of ANPP. Total and
subordinate species richness were the absolute values observed in ambient
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@®TAR QERG @XLL XS & MUR © URA
0.2 1

0.0 -+ e el e et
-0.2 ®e : ¢ ¢
& oo ‘ . 9
=z -0.4 A A Ae¢
< -0.6 1 AB g.
Pe BC ¢
_08 -]
_10 ]
T T T T
1st 2nd 3rd 4th
Drought year
b @KNZ @HYS @CHY @SGS @SBL  SBK
0.2 4 )
0.0-—+—+—{\-+————-f;- —— - - -———
g ©
-0.2 ' -+ !
o [¢) + + + + +
& A °
5: -0.4 A + ¢ ’ A
-0.6 4
®
-0.8 1 B
-1.0 4
T T T T
1st 2nd 3rd 4th
Drought year
Ambient @ TAR @ ERG @ XLL @ XLS @ MUR ¢ URA
Drought ATAR AERG AXLL AXLS AMUR . URA
c *
300 4 ~
X3
—_ = o,
£ 2004 o 5
()] A [ ]
o o A
% 100 1 A a s
< X A 4 Ao A
0 B T T ’ T T
1st 2nd 3rd 4th
Drought year
Ambient @ KNZ @ HYS @ CHY @SGS @ SBL  SBK
d Drought AKNZ AHYS ACHY ASGS A SBL SBK
900 +i
NA -
'E 600 ¢
2 I’ 4 N
o A ‘.* L
a .
3 300 A 4
< YY) A ; e
0 el oA 45,
T T T T
1st 2nd 3rd 4th
Drought year

Extended DataFig. 3 | Effects of four years of extreme drought on the
productivity for eachsite. a, the response ratios of aboveground net primary
productivity (ANPP) for Eurasian grasslands (n = 6). b, the response ratios of
ANPP for North American grasslands (n =10). ¢, the absolute value of ANPP for
Eurasian grasslands (n = 6).d, the absolute value of ANPP for North American
grasslands (n =10). Values are mean + s.e.m. Different uppercase letters with
thesame colour indicate significant differencesin response ratio to extreme
droughtamong treatment years, and statistical significance of the values
betweentreatmentsisdepicted as*(p < 0.05). The significances were assessed
by Tukey’s HSD tests (two-sided).



Article

mm Eurasian grassland North American grass @ Eurasian grassland © North American grassland

b
@ 3 2 700
£
> E
9 = 500
g 2
g 2 ¢
T % 300 —¢ -¢ —¢— —¢
o
o
100
L) Ll Ll L) T
me @\ me Pre- 1st 2nd 3rd 4th
Ex:‘:“g“\ F“F\"(ggo“ 2 Y\“g\-\on drought
o predP orec® Drought year
¢ Eurasian grassland, ambient North American grassland, ambient
¢ 32 A Eurasian grassland, drought North American grassland, drought
S
L 24
=5
_‘Q’ ¢‘ ° ¢ (]
o
Ewl . A A A
5 . . %
()
8
T T T T
1st 2nd 3rd 4th
Drought year
Ambient @ TAR @ ERG @ XLL @ XLS @& MUR < URA
d Drought ATAR AERG AXLL AXLS A MUR URA
38 = o *
9 * s o+ °
5 30 L2 o
el A 3 A
3 A A® A )
B 22 e x A Ag-
o A® A® © ° Ad
£ 1 A A © A ®
5 1 °, A A® A
%) A A A
6 T T T T
1st 2nd 3rd 4th
Drought year
Ambient @ KNZ @ HYS @& CHY @ SGS & SBL SBK
e Drought AKNZ AHYS ACHY ASGS ASBL  SBK
46 * * &
g 38 04‘ : g o ¢ ¢
o 4¢ 4 + 4
£01 A A e
S 22 ¢ '3 ° ®
E 4 4.*‘ A A, 4,
3™ o o ‘e,
%) . LR A% A.A
T T T T
1st 2nd 3rd 4th
Drought year

Extended DataFig.4|The patterns of abiotic factorsin Eurasianand North
Americangrasslands. a, Frequency of historical extreme drought, normal
precipitation, and extreme precipitation years (n = 6). b, Ambient precipitation
(n=6).c, Effects ofextreme drought on soil moisture in Eurasian (n=36) and
North Americangrasslands (n = 60). d, Effects of extreme drought on soil
moisture for eachsitein Eurasian grasslands (n = 6). e, Effects of extreme
drought onsoil moisture for each sitein North American grasslands (n =10).
Values are mean + s.e.m. Significance was assessed by t-tests (two-sided) ina,
and nossignificant difference was found (all p > 0.05). The frequencies and
precipitation are based on 37-year historical weather data from 1982 to0 2018 for
eachsite (see Methods). Purple and yellow dashed lines represent averaged
precipitation across all Eurasian grassland sites and North American grassland
sites, withtheir 95% CI, respectively. Statistical significance of the values
betweentreatmentsisdepicted as*(p < 0.05), which was assessed by Tukey’s
HSD tests (two-sided).



000+ — = = = g----------
8 [
o
-0.25 - °
. H
g °
Z _950
Z -050 : ®
°
s ]
-075 o
-1.00 -
1 2 3 4
Historic drought frequency
d
000F === === = = = = g----
. o o o
-0.25 - o
°
%%‘- °
Z -050 : ®
e ®
| °
-0.75 s,
-1.00 -
16 20 24 28 32
CV of AP (%)
g
000F = = = ¥ - = = = = =~ — -
. o0
-0.25 - g
GA
2 e
-0.50 -
< ® ®
°
0754 o °
-1.00 4
0 100 200 300 400 500

Extended DataFig. 5| Effect of abiotic factors ondroughtresponse.
Relationships between the response ratio of aboveground net primary
productivity and a, historic drought frequency, b, soil moisture, ¢, mean annual
precipitation (MAP), d, coefficient of variation of annual precipitation (CV of
AP), e, natural log of the aridity index (Al), f, mean annual temperature (MAT),
and g, the amount of annual precipitation removed by the drought treatment.
Historic drought frequency, MAP, CV of AP and MAT were calculated based on

Removed precipitation (mm)

ANPP

ANPP

c
000+ = = = = = = ¢ -—-—------
o0 >
o
-0.25 4 o
® o
L
S &
_050 - z
0.50 o ? N z
[ ]
) ..
[ J
- 4 ©
0.75 oS
-1.00 -
-0.4 -03 -02 -0.1 0.0
Soil moisture
f
000F === == = = = = = 2L -
® A » °
-0.25 - ~
°
[ ]
° &
_050 - Z
0.50 '. ® z
° o
® . %
-0.75 - 5
-1.00 -
-25 -20 -15 -1.0 -05

In(Aridity index)

37-year historical climate data from 1982 to 2018 for eachssite, and soil moisture

000F === = @g= == = = = — <= -
° [¢19)
-0.25 - L
- ®
o
-0.50 4 :.
L ]
°
o . s
-0.75 - o
-1.00 -
150 350 550 750
MAP (mm)
000tg------@c------
e © °
o
-0254 ©
® 9
o
-0501 o :
° el
8 . °
-0.75 - s
-1.00 -
0 5 10 15
MAT (°C)

values were observed under the four-year extreme drought plots (see Methods).
Alwas calculated as MAP/mean annual potential evapotranspiration. Purple
and yellow points represent values of Eurasian and North American grasslands,
respectively. Fitted lines are from general linear models. The yellow lines

indicate the trends acrossallNorth American grassland sites and the grey
bandsindicate 95% confidenceinterval (see Supplementary Table 2 for detailed
modelspecificationand summary statistics).
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Extended DataFig. 6 | Effects of four years of extreme drought on species
richnessfor eachsite. a, the absolute value of species richness in Eurasian
grasslands (n = 6).b, the absolute value of speciesrichnessin North
Americangrasslands (n=10). c, theresponseratio of species richnessin
Eurasiangrasslands (n=6).d, theresponse ratio of species richnessin North
Americangrasslands (n=10). Values are mean + s.e.m. Statistical significance
ofthevalues between treatmentsis depicted as* (p < 0.05), and different
uppercase letters with the same colour indicate significant differencesin
responseratio to extreme droughtamong treatment years. The significances

were assessed by Tukey’s HSD tests (two-sided).
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Extended DataFig.7|The effect of extreme drought onspeciesstability
andspeciesasynchrony. a, species stability, and b, species asynchrony.
Speciesstability was calculated as average population stability (the interannual
mean cover divided by itsinterannual standard deviation) across speciesin
each plot. Species asynchrony compared the sum of the variance of individual
species with the variance of the aggregated community in each plot. Center
line, lower and upper limits of box, and whiskersindicated median, lower and
upper quartiles,and 1.5 xinterquartile range, respectively. Outliers were not
shown.InEurasiangrasslands,n=36,and in North American grasslands,n =60,
for both species stability and species asynchrony. Different uppercase and
lowercase lettersindicate significant differences between treatments, which
were assessed by Tukey’s HSD tests (two-sided).
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Extended DataFig. 8 | Effects of four years of extreme drought ondominant
andsubordinate species cover and richness. a, the absolute values for
dominantspecies cover. b, subordinate species cover. ¢, dominant species
richness.d, subordinate speciesrichness. e, the response ratio for dominant
species cover. f, subordinate species cover.g, dominant species richness.

h, subordinate species richness. Values are mean + s.e.m. In Eurasian grasslands,
n=36,andinNorth Americangrasslands, n =60, for both the absolute values
andresponse ratios of species cover and richness. Statistical significance of the
absolute values between treatmentsis depicted as* (p < 0.05) and different
uppercase and lowercase letters indicate significant differencesinresponse
ratio to extreme drought among treatment years for Eurasian and North
Americangrasslands, respectively. The significances were assessed by Tukey’s
HSD tests (two-sided).
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Extended DataFig.9|Theresponseratiorelationship between subordinate
speciesrichnessand dominant species cover (a), and the characters of
community composition. b, relative cover of each subordinate species
functional group in ambient plots. ¢, Relative frequency-relative cover curvein
Eurasiangrasslands. d, relative frequency-relative cover curve in North
Americangrasslands. Lines are mixed-effects model fits for each trend. The
black, purple, and yellow linesindicate the trends averaged across all sites, the
trends for each Eurasian grassland site, and the trends for each North American
grassland site, respectively (see Supplementary Table 6 for detailed summary
statistics). Values are mean + s.e.mof the relative cover of each functional group
insubordinate speciesinambient plotsacross the six Eurasian grasslands (n = 6)
andsix North American grasslands (n = 6), and significance was assessed by
t-tests (two-sided). Relative cover of perennial forb (PF) was significantly higher
(t=2.60,P=0.04) in Eurasian grasslands compared with North American
grasslands. Nosignificant differencein relative cover was found for annuals and
biennials (AB, t=-1.23,P=0.26), perennial grass (PG, t=0.48, P=0.64), and
shrubs and subshrubs (SS, t=-1.20, P=0.28) between Eurasian and North
Americangrasslandsites. Relative frequency and relative cover are calculated
based onthe values over four yearsinambient plots for each species ateachsite.
Light pinkand green represent dominant and subordinate species, respectively.
1,0, A,$, V, xrepresent TAR, ERG, XLL, XLS, MUR and URA in Eurasian
grasslands, aswellasKNZ,HYS, CHY, SGS, SBL and SBKin North American
grasslands. Species witharelative frequency greater than 0.8 and arelative
cover greater than12%are dominant species, and the restare subordinate
species.
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Extended DataFig.10| Therelationship between aboveground net primary
productivity (ANPP) and cover, and effects of extreme drought on plant
community cover. a, therelationship between ANPP and cover in Eurasian
grasslands. b, therelationship between ANPP and coverin North American
grasslands. ¢, theresponseratios of plant community cover over the four-year
drought period. Displayed are the absolute values of ANPP and cover for each
plotduring four treatment years across the12 study sites (see Methods). Fitted
lines are from linear mixed-effects models. The purple, yellow and grey lines
indicate thetrends averaged across all Eurasian grassland sites, averaged across
allNorth American grassland sites and the trends for each site, respectively
(seeSupplementary Table 7 for detailed model specification and summary
statistics). Values are mean + s.e.m. of the response ratios of plant community
coverinsix Eurasian grasslands (n=36) and six North American grasslands
(n=60).Differentuppercase letters and lowercase letters indicate significant
differencesinresponseratiosamong treatment yearsin Eurasianand North
Americangrasslands, respectively, which were assessed by Tukey’s HSD tests
(two-sided).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X []

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  N/A
Data analysis The codes to analyze and visualize data were written in R (v4.3.1). All codes essential for the analysis are available at

https://doi.org/10.5281/zenodo.14004857. R packages used include nime (v3.1.162) and emmeans (v1.8.7).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available on Zenodo (https://doi.org/10.5281/zenodo.14004857), which were recorded in a .Rdata file.
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other socially relevant

groupings

Population characteristics N/A
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description The Extreme Drought in Grasslands Experiment (EDGE) is a network of researchers working at herbaceous dominated (‘grassland’)
sites across Eurasian steppes and North American grasslands, who are performing coordinated, globally distributed observations and
experiments. EDGE was conducted at six Eurasian steppe and six North American grasslands sites (Fig. 1). These sites are
representatives of the major grassland types (including meadow steppe, typical steppe, desert steppe, tallgrass prairie, mixed-grass
prairie, shortgrass prairie and desert grassland) within their respective regions.

Research sample The EDGE set-up at each site is a randomized block design. All 12 sites included ambient plots (ambient precipitation) and plots with
extreme drought —a 66% reduction in each precipitation event throughout the growing season. There were two 6 x 6 m plots per
block (ambient and drought) and six replicate blocks in Eurasian steppes, two 6 x 6 m plots per block and ten replicate blocks in
North American grasslands. Passive rainout shelters were used to reduce precipitation.

Sampling strategy Sample sizes were chosen based representative grasdsland ecosystems and on past understanding of required number of replicates
to detect treatment differences in past experiments at the study sites.

Data collection All 12 sites underwent a four year long growing season drought treatment: from 2015 to 2018 in Eurasian steppe, from 2014 to 2017
in four prairie sites (KNZ, HYS, CHY, SGS), and from 2013 to 2016 in two desert grassland sites (SBL and SBK) respectively.

Timing and spatial scale  Standing crop (ANPP) was estimated annually during peak biomass by clipping at ground level all aboveground biomass of individual
plants rooted within two 0.5 x 0.5 m strips for six Eurasian steppe sites and three 0.2 x 0.5 m strips for four North American sites
(KNZ, HYS, CHY and SGS). Allometric methods were used at SBL and SBK because clipping underestimates ANPP in these systems.

Data exclusions No data were excluded from the study.

Reproducibility The experiment was conducted one time over four years following similar protocols at all 12 sites. Other drought experiments at
several of these sites contribute to reproducibility of results.

Randomization The experimental design was a randomized block design, where plots within each block were randomly designated to the two
treatments. Furthermore, 4 2 x 2 m plots within each block were randomly designated to either sampling ANPP or plant species
composition. Within the 1 x 1 m plot designated for ANPP sampling, quadrats were randomly located without resampling past
locations.

Blinding Blinding was not used in data collection as this is not applied to sampling of ANPP or plant composition.

Did the study involve field work? X Yes [InNo
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Field work, collection and transport

Field conditions EDGE was conducted at six Eurasian steppe and six North American grasslands sites (Fig. 1). These sites are representatives of the
major grassland types (including meadow steppe, typical steppe, desert steppe, tallgrass prairie, mixed-grass prairie, shortgrass
prairie and desert grassland) within their respective regions.

Location EDGE was conducted at six Eurasian steppe and North American grasslands sites (Fig. 1). These sites are representatives of the major
grassland types (including meadow steppe, typical steppe, desert steppe, tallgrass prairie, mixed-grass prairie, shortgrass prairie and
desert grassland) within their respective regions.

Access & import/export  Noimport or export of samples occurred in this study.

Disturbance The experimental design consisted of a drought treatment applied using rainout shelters. The construction of the rainout shelters
created some soil disturbance but effort was made to minimize impacts on the study plots.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
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Dual use research of concern

Plants
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Plants

Seed stocks N/A

Novel plant genotypes ~ N/A
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