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Growth form and lifespan of herbaceous 
species mediate the role of traits in  
short-term drought response

 

Increased climate variability is expected to intensify short-term drought 
events. Plants have evolved stress tolerance strategies involving trade-offs 
in resource conservation, mycorrhizal collaboration and plant size, yet how 
these strategies promote drought resistance across different herbaceous 
plant groups remains unknown. Leveraging 63 globally distributed 
grassland and shrubland sites from the International Drought Experiment, 
we identified plant traits linked to drought resistance in 661 populations 
of 421 species after 1 year of extreme drought. We assessed how traits, site 
precipitation and drought severity affected cover change across growth 
forms and lifespans, and how trait–environment interactions influenced 
drought resistance. Across all species, leaf N (an acquisitive trait) was 
associated with drought resistance, whereas in forbs, drought resistance 
was also associated with a conservative root trait and plant size. In addition, 
interactions among traits mediated drought resistance; root traits predicted 
performance only in concert with other traits. Environmental variables 
influenced trait effects on drought resistance, notably for annuals in 
wetter sites, suggesting that drought-escape strategies in annuals may 
be advantageous only under mild stress. Our study highlights variability 
in traits that predict drought resistance across herbaceous plant groups, 
emphasizing the importance of species context, environmental stress and 
the selection of traits in research and management.

Global climate shifts are causing increasingly variable weather pat-
terns, characterized by drier conditions in some regions and years and 
more frequent, intense episodes of extreme precipitation in others1,2. 
Extreme short-term droughts are projected to increase in frequency 
and intensity, resulting in substantial impacts on plant communities 
with consequences for ecological and social systems3–5. Plants have 
evolved a range of drought survival strategies, which are linked to 
morphological, physiological and phenological traits contributing 
to their performance and fitness6. Analysing the effectiveness of these 
strategies in the face of extreme short-term drought conditions can 
provide a framework for better understanding and predicting plant 
responses to changing climate7,8.

Trait-based approaches have the potential to predict responses 
to pulse dynamics9 and biomass-altering factors, such as drought10. 
Trait frameworks can be useful for conceptualizing trade-offs among 
traits involved in these responses11. A proposed framework12 includes 
trait gradients related to resource conservation, mycorrhizal col-
laboration and plant size, describing gradual linear changes between 
opposing ecological strategies. The conservation gradient is defined 
by the leaf13 and root14 economics spectra. One end of the gradi-
ent is comprised of ‘fast’ traits linked to resource acquisition and 
shorter lifespan, while the other end features ‘slow’ traits related to 
conserving resources and longer lifespans. Along the collaboration 
gradient, root traits of plants are characterized by a ‘do it yourself’ 
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frameworks, we hypothesize that belowground traits aligned with 
resource conservation (for example, thicker, more robust roots) 
would more often be associated with increased drought resistance 
than aboveground traits16,26. In addition, we posited that traits could 
combine in complex ways to achieve similar drought resistance, sup-
porting alternative design theory27,28. We hypothesize that traits from 
different trade-off gradients or allocation strategies would interact 
such that the association of one trait with cover change is mediated 
by another trait. For example, mass-based leaf nitrogen concentra-
tion could interact with rooting depth where low leaf nitrogen, a ‘slow’ 
resource conservation strategy, confers drought resistance only in 
combination with deeper rooting depth, a size gradient trait. We also 
hypothesize that how traits are associated with cover change may dif-
fer with the magnitude of drought (drought severity; Methods) and 
mean annual rainfall29,30. For instance, resource conservative traits 
such as denser roots and lower specific leaf area may be more strongly 
associated with drought resistance under high drought severity than 
low drought severity17.

The second aim of this work was to explore how trait–performance 
relationships vary across species groups and elucidate strategies used 
for drought resistance. We hypothesize that species with different 
growth forms (graminoids versus forbs) and lifespans (annuals versus 
perennials) would respond differently to short-term drought, compli-
cating the development of a global framework for drought response. 
For example, grasses may develop extensive fine roots that are shorter 
for optimal water uptake in shallow soil layers, whereas forbs may rely 
on deeper roots31,32, and these morphological differences may underlie 
differences in drought strategies and the relatively larger negative 
effects of drought on grasses than forbs33. Annual and perennial spe-
cies may respond to short-term drought using different strategies to 
enhance performance. Perennial species are generally expected to 
adopt a drought-resistant strategy corresponding to the slow end of 
the conservation gradient, but this group appears to use a variety of 
strategies in response to drought34,35. By contrast, annual species may 
use a drought-escape strategy characterized by traits associated with 
the fast end of the conservation gradient designed to maximize growth 
rate and expedite flowering and reproduction6,36.

strategy versus an ‘outsourcing to fungal partners’ strategy for acquir-
ing resources15. In the latter, trade-offs are between root diameter, 
which provides habitat for mycorrhizal fungal colonization, and 
mass-specific root length (or surface area), which facilitates nutri-
ent foraging and acquisition via long, thin absorptive roots15. Lastly, 
there are size gradients associated with plant vegetative height and 
rooting depth—taller plants compete better for light and deeper roots 
access water from deep soil16, but both strategies require greater 
resource investment.

A range of phenotypic strategies will probably confer drought 
resistance. With respect to the resource conservation gradient, spe-
cies with slow resource-return traits, such as thicker and denser 
leaves and roots, may help minimize water loss and increase drought 
survival8,17. Across the collaboration and plant size gradients, multiple 
traits can enhance water uptake including greater investment in root 
surface area18,19, mycorrhizal associations to access water beyond 
root depletion zones, or first- and second-order roots (or taproots) 
in deep soils8,20. The gradients of conservation and collaboration are 
orthogonal to each other and to plant size. This suggests that plants 
may adopt a specific conservation strategy while varying their col-
laboration and size strategies, creating a multifaceted strategy to 
drought adaptation12. In support of this idea, recent studies have 
shown that plants combine traits in unexpected ways (for exam-
ple, acquisitive aboveground traits with conservative belowground 
traits21) to increase growth, survival and fecundity22,23 and that dif-
ferent combinations of traits optimize these performance metrics 
across environments24,25.

We used a network of drought experiments, the International 
Drought Experiment (IDE)5, which are broadly distributed across grass-
lands and shrublands (Fig. 1 and Supplementary Table 1) to address our 
first aim of determining which traits or combination(s) of traits are 
related to resistance to short-term (single-year) drought for a diverse 
set of herbaceous plant species. We define drought resistance here 
as lower reductions in plant cover with drought. On the basis of plant 
economic theory, we hypothesize that traits aligned with the slow 
end of the resource conservation gradient would increase drought 
resistance13. While root traits are a recent addition to trait strategy 
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Fig. 1 | Map of the study sites. Global distribution of the 63 study sites (dots) and MAP (mm) from 1979 to 2022 at 0.25° resolution85,86.
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Results
Traits from different gradients predict drought response  
in forbs
Leaf N, height and root tissue density (RTD) were significant predictors 
of cover change (Fig. 2). A positive association was observed between 
leaf N and drought resistance when all plant groups were pooled (Fig. 2). 
The other relationships were largely restricted to forb species (Fig. 2 and 
Extended Data Figs. 1–9), with no traits significantly associated with 
drought resistance in graminoids (Extended Data Fig. 5). Specifically, 
drought resistance (lower reductions in plant cover with drought) in 
forbs was positively associated with height, leaf N and RTD (particularly 
perennial forbs). Taller forbs were significantly more drought resist-
ant than taller graminoids, but there was no significant difference in 
association between leaf N, RTD and cover change across growth forms 
(Extended Data Figs. 5, 6 and 10, and Supplementary Fig. 1). Associations 

between RTD and cover change were not significantly different among 
combinations of lifespans and growth forms despite RTD being signifi-
cantly positively associated with drought resistance in perennial forbs 
(Extended Data Figs. 7–10).

Interactions between traits on different gradients mediate 
short-term drought response
We found evidence that traits reflecting different trade-off gradients 
interact to drive species’ drought resistance (Supplementary Fig. 2). 
Taller plant species with higher leaf N showed higher drought resist-
ance in perennials and the all-species group (Fig. 3), representing an 
interaction between the plant size and resource conservation gradients. 
In addition, plants with higher belowground biomass allocation (root 
mass fraction (RMF)) and higher leaf N were more drought resistant 
in annuals and the all-species group (Fig. 3). By contrast, plants with 
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Fig. 2 | Relationships in which traits or environmental variables had a 
significant effect on cover change. Higher drought resistance was associated 
with higher leaf N when all plant groups (n = 661 populations) were pooled and for 
forbs (n = 410 populations). In addition, taller forbs or those with higher RTD were 
associated with higher drought resistance. Annuals (n = 178 populations) from 
sites with higher MAP also had higher drought resistance. Trend lines represent 

the mean conditional effects of the trait or environmental variable, coloured 
envelopes represent 95% credible intervals and opaque grey points are observed 
data points in which darker points indicate overlap among the points. Values 
on the x-axes are back transformed. For each plant group, R2 values indicate the 
percentage of the variance in cover change explained by the full model. Plant 
graphics created with BioRender.com.
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lower RMF showed greater drought resistance when leaf N was lower. 
Finally, we found interactions between the resource conservation and 
collaboration gradients, in which forbs could achieve higher drought 
resistance with a conservative strategy of low specific root length (SRL) 
and high RTD or an acquisitive strategy of high SRL and low RTD (Fig. 3 
and Supplementary Fig. 2).

Environmental factors mediate the effects of some traits on 
drought resistance
Overall, the drought severity index (DSI) and mean annual pre-
cipitation (MAP) were weak predictors of drought resistance 
(Extended Data Fig. 1–9). Drought resistance was higher for annu-
als in sites with higher MAP (Fig. 2 and Extended Data Fig. 1), and 
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Fig. 3 | Interaction plots showing the predicted effects of significant two-way 
interactions between traits. Two significant interactions were found when all 
plant groups (n = 661 populations) were pooled: height × leaf N (R2 = 5%) and leaf 
N × RMF (R2 = 5%). The interaction between leaf N and RMF (R2 = 13%) was also 
significant for annuals (n = 178 populations) while the interaction between height 
and leaf N (R2 = 6%) was also significant for perennials (n = 462 populations). 

For forbs (n = 410 populations), RTD significantly interacted with SRL to effect 
cover change (R2 = 8%). Trend lines represent the median relationships between 
cover change and the x-axis trait at the minimum (coloured line) and maximum 
(black line) values of the other trait; coloured envelopes represent 95% credible 
intervals. Trait values are back transformed. Plant graphics created with 
BioRender.com.
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this association significantly differed from that of perennials 
(Extended Data Fig. 10 and Supplementary Fig. 1). We also found that 
environmental variables mediated the effects of traits on drought resist-
ance, particularly in wetter sites (Supplementary Fig. 3). Drought resist-
ance was higher for plant species in the annual, forb and all-species 
groups with higher leaf N in sites that experienced a less severe drought 
(higher DSI; Fig. 4). Similarly, taller annuals were more drought resist-
ant in sites with higher MAP (Fig. 4).

Discussion
Few studies have examined how trait frameworks predict drought 
resistance while taking a whole-plant perspective across a broad range 
of species and sites10. Our study shows that forbs use diverse drought 
strategies, combining traits from conservation, collaboration and 
size gradients12 in ways that challenge the traditional ‘fast–slow’ spec-
trum, although these patterns vary with environmental context. Leaf N 
concentration and height, two acquisitive (fast) traits, were related to 
drought resistance in forbs, which is consistent with a drought-escape 
strategy6,36. This suggests a benefit to fast-growing species that can 
escape drought by completing their life cycle in a short time, thus 
speeding up their phenology. High leaf N can also enhance water-use 

efficiency as greater investment in ribulose-1,5-bisphosphate carboxy-
lase/oxygenase increases carboxylation efficiency37. Drought-resistant 
forbs, however, also showed high RTD, a conservative (slow) trait that 
may characterize robust taproots, particularly in perennial forbs, 
suggesting that these species leverage traits from both ends of the 
conservation gradient. These findings highlight that the capacity to 
deploy contrasting short-term strategies—coupling acquisitive traits 
for rapid growth with conservative root investments—may stabilize 
plant communities during intermittent drought38; however, prolonged 
drought could force shifts towards either extreme, decoupling trait 
coordination patterns observed under transient stress39,40.

Taller forb species were less negatively impacted by short-term 
drought, significantly less so than taller graminoid species. This con-
tradicts studies that report an advantage of small size under drought 
and in arid environments38,41–44, as lower leaf area leads to less water 
transpired. Taller forbs may resist drought by possessing deeper roots, 
which is supported by positive correlations between height and rooting 
depth, particularly in annual forbs (r = 0.22; Supplementary Table 8). 
However, rooting depth was not a significant predictor of cover change 
in any plant group (Fig. 2 and Extended Data Fig. 1). Our inability to 
detect significant effects of rooting depth on drought response may 
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Fig. 4 | Interaction plots showing the predicted effects of significant two-way 
interactions between traits and the environmental variables DSI and MAP. 
All-species (n = 661 populations, R2 = 6%), annual (n = 178 populations, R2 = 17%) 
and forb (n = 410 populations, R2 = 11%) plant groups had significant interactions 
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drought. There was also a significant interaction between height and MAP for the 

annual species group (R2 = 12%). Trend lines represent the median relationships 
between cover change and the x-axis trait at the minimum (coloured line) and 
maximum (black line) values of the environmental variable; coloured envelopes 
represent 95% credible intervals. Values of the traits and environmental variables 
are back transformed. Plant graphics created with BioRender.com.
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stem from difficulties in accurately measuring this trait. However, 
the ability of this trait to predict how species will respond to drought 
has already been called into question (but see ref. 45). For example, 
using simulations, a previous study46 showed that the distribution, 
functional plasticity and hydraulic conductivity of roots all influence 
aboveground biomass such that shifts in root distribution to surface 
soils without changes in rooting depth may outweigh the importance 
of having deeper roots.

Given the central role of roots in water uptake, we hypothesized 
that root traits would be strong predictors of drought response. How-
ever, our findings indicate that root traits generally predicted perfor-
mance only in concert with other traits. Being taller was particularly 
advantageous in combination with high leaf N, and the benefits of high 
leaf N were amplified when more biomass was allocated belowground. 
RTD, which enhanced drought resistance in forbs, mediated the effect 
of SRL, such that species could achieve resistance through either high 
SRL and low RTD (thinner, less dense roots) or the opposite strategy. 
This supports the idea that multiple strategies can yield similar per-
formance outcomes24,25, and may explain discrepancies across studies 
that focus on single root traits or report weak relationships between 
root traits and performance10,38,47,48. Alternatively, root traits may play 
a larger role in long-term drought responses, rather than short-term 
extreme drought as analysed here45. While many of our trait values were 
sourced from site principal investigators or trait databases, several 
root traits (for example, N, RMF) are underrepresented in databases 
and were estimated through imputation. Databases and imputation 
do not capture the plasticity that species may show in response to 
variation in water availability in the field or genetically driven variation 
in traits across populations49. Incorporating trait plasticity into future 
studies, along with improved representation of sites from Africa, Asia 
and South America, will be important for understanding its impacts 
on resource acquisition, drought resistance and the predictive power 
of trait-based approaches42,50.

Our results show that the relationship between plant traits and 
drought resistance is context dependent, with environmental con-
ditions altering which strategies confer resistance. Specifically, the 
positive effect of leaf N on drought resistance in annuals and forbs 
was evident only under mild drought severity, and taller annuals were 
more drought resistant only at sites with higher MAP. These results 
suggest that the drought-escape strategy characteristic of many 
annuals is advantageous primarily under moderate stress, while at 
drier sites or under severe drought, more conservative traits probably 
play a greater role in drought resistance. Traits not examined here, 
such as osmotic potential, root distribution or root hair abundance, 
may become increasingly important as stress intensifies42,51 and may 
also explain the high unexplained variance in our models. Our finding 
that complex interactions among traits and environmental variables 
shape drought resistance underscores the context dependency of 
trait–performance relationships, echoing and extending recent work 
in this area24,25,52.

Trait–performance relationships were generally weaker or absent 
in graminoids and perennials, which may reflect the influence of addi-
tional factors such as stored reserves, clonal growth or unmeasured 
traits, which buffer their short-term drought responses53. The perfor-
mance of perennial species, in particular, may require longer-term 
observation to capture how storage and economic traits interact to 
mitigate drought effects. By contrast, annuals did show links between 
traits and drought response, possibly because their fitness is more 
directly tied to immediate environmental conditions54. While our study 
did not incorporate intraspecific trait variation, local-scale variation 
and plastic responses may contribute to the variability observed in 
graminoid and perennial groups39,42 and the low variance explained by 
these and other models in the study. Overall, these findings suggest that 
growth form and lifespan are important considerations when interpret-
ing drought resistance traits, and that integrating these factors can 

improve predictions of species and community responses to increas-
ing drought stress.

Our study, leveraging a globally distributed network of sites to 
identify how traits predict short-term drought response across a range 
of habitats and plant species types, shows that traits can predict plant 
performance in some plant species groups and that trait–performance 
relationships vary across environments and with drought severity. 
There is a growing consensus that the choice of trait matters in deci-
phering species’ growth strategies55,56, and our results suggest further 
context dependency in how trait frameworks can be applied to under-
stand ecological processes. While individual traits contributed to 
drought resistance, our findings also highlight that interactions among 
key traits can further enhance plant performance during short-term 
drought. Although this analysis does not delve into the mechanisms by 
which abiotic and biotic factors drive variation in drought resistance 
across plots within sites, it opens up promising avenues for future 
research. Within-site analyses provide an opportunity to explore how 
microclimate, soil texture, drought history and the functional com-
position of neighbouring plants, for example, influence drought per-
formance at community-level scales. To fully capture the variability 
of plant trait responses to drought, a combined understanding from 
detailed local-scale studies and globally replicated experiments can 
be pivotal.

Methods
Experimental design
We measured changes in plant species cover in response to experimen-
tally imposed, short-term drought in Drought-Net’s IDE. The IDE is a 
coordinated, distributed experiment, in which precipitation inputs 
are reduced passively across a range of grassland and shrubland sites 
to target a common level of statistical extremeness by allowing the 
proportional reduction in precipitation across sites to vary5. Precipita-
tion reductions were determined individually for each site to impose 
statistically extreme levels (comparable to a 1-in-100-year drought at 
each site) based on historical precipitation records from the site or by 
using the Terrestrial Precipitation Analysis Tool57. Precipitation levels 
were reduced with passive rain-out shelters (with v-shaped or corru-
gated polycarbonate roofs), which work especially well in ecosystems 
with small-statured plants58. Percentage aerial cover was estimated for 
each species separately within a 1 × 1-m subplot located within each plot 
at each site5. As such, total absolute cover estimates could be greater 
than 100% for a plot and were used to calculate the change in cover. All 
sites participating in the IDE are required to use the same Drought-Net 
experimental protocols (https://droughtnet.weebly.com).

While there are over 140 sites participating in the IDE, only a subset 
of the sites met our criteria for inclusion in this analysis: (n = 63 sites; 
Fig. 1 and Supplementary Table 1) availability of pre- and post-treatment 
plant cover data, complete identification of plant species, and trait 
data. Like most grasslands and shrublands, many of these sites (62%) 
have a history of management (Supplementary Table 1). Only 9 of these 
sites have active management: mowing (4), burning (4) and grazing 
(1). We excluded plant cover and trait data for woody species in this 
study as cover change of woody species can be difficult to measure 
and their traits vary greatly across different life stages59,60; we could not 
ascertain the life stage associated with traits from trait databases61,62. 
In our full dataset, which included woody species, 53% of populations 
excluded by outlier trait analysis were woody populations, suggesting 
that woody species have more extreme trait values. Furthermore, due 
to their larger size and stored energy, woody species may be buffered 
from drought-induced effects in a single year63,64.

All sites included in this study experienced approximately 1 year of 
experimental drought treatment and had both pre- and post-drought 
species cover data available. MAP was reported by site principal inves-
tigators for each of their sites5. The magnitude of drought experienced 
by each site differed, so we calculated an index to represent the actual 
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severity of drought imposed at each site during the experimental 
period. Following a previous study5, we calculated the amount of pre-
cipitation each site received in the year before plant cover collection, 
corrected for the number of days during which drought shelters were 
in place. We then multiplied this value by the site-reported percent-
age reduction in precipitation imposed by the drought treatment 
to estimate the total amount of precipitation received at each site 
(Precipitationdrought). We then compared the estimated precipitation 
received with the MAP and calculated the deviation from this number: 
DSI = (Precipitationdrought – MAP)/MAP5. More negative values of DSI 
correspond to more severe drought (Supplementary Table 1).

Cover change quantification
We used a BACI (before, after, control, impact) design to determine 
the change in cover for each species at each site following ~1 year of 
drought65. We quantified the change in cover due to drought effects by 
subtracting the change in cover within control plots from the change 
in cover in droughted plots ((Droughtafter – Droughtbefore) – (Con-
trolafter – Controlbefore))66. If a population was absent at one time point, 
before or after the drought, but present at the other, its cover was set to 
zero when it was absent. Input percentage cover values were the means 
of each species across all replicated plots within each site. Outlier values 
of cover change (± 3 s.d. from the mean) were removed to prevent their 
skewing of model interpretation (2.5% of values). Final cover change 
values represent the effects of drought on droughted plots relative to 
control plots. Positive values indicate increased percentage cover in 
drought compared with control plots whereas negative values indi-
cate decreased percentage cover in drought compared with control 
plots. Cover change varied between −21% and 21% across populations 
(Supplementary Table 2).

Functional traits
Nine traits were included in this study, namely, height, mass-based 
leaf nitrogen concentration (leaf N), mass-based root nitrogen con-
centration (root N), RMF, rooting depth, mean fine root diameter, fine 
RTD, specific leaf area (SLA) and fine SRL (Supplementary Table 2). 
Mean root diameter, RTD and SRL values were from fine root samples, 
those less than or equal to 2 mm in diameter. Values of root N came 
from total root samples. Different data sources often report different 
measurements of SLA, with the petiole included, an unknown status 
of petiole inclusion or the petiole excluded. We included all observa-
tions, regardless of measurement type, to maximize data coverage. If 
multiple types of measurements were available, we took the average. 
The traits were selected to balance above- and belowground traits, 
organ level and biomass allocation traits, and to capture integrated 
whole-plant strategies and trait trade-offs12.

Trait data were gathered for species in a stepwise manner 
(Supplementary Table 3). First, IDE principal investigators were 
queried for trait data that corresponded to species at their local 
site; measurements were made according to ref. 67. Second, trait 
databases were queried including TRY68, AusTraits69, Global Root 
Traits (GRooT)70 and observed values from CoRRE71. Approximately 
52% of all trait data were sourced from IDE investigators (14%) or 
trait databases (38%). TRY, GRooT and CoRRE are global databases, 
while AusTraits includes data only for Australian plant species. 
CoRRE focuses on grassland species and combines data from vari-
ous databases, including TRY, BIEN72, AusTraits, TiP Leaf73 and the 
China Plant Trait Database74. From AusTraits and GRooT, we used 
database-supplied mean values for each species. For TRY and CoRRE, 
we calculated mean values when multiple database submissions were 
available for a given trait of a species. More specifically, for TRY, we 
first calculated the mean within each dataset and then within each 
species. Lastly, we conducted comprehensive literature searches 
to populate remaining missing trait data for species when possible 
(Supplementary Table 3). We included only trait data for species from 

studies without experimental manipulations and those coming from 
mature individuals, omitting traits from seedlings.

Missing trait values were imputed using Bayesian hierarchical 
probabilistic matrix factorization (BHPMF75). This methodology 
imputes trait values based on the taxonomic hierarchy of the species 
and the correlation structure of the traits. Before imputation, all traits 
were log10- and z-transformed. Then, 50 imputations were performed, 
and the mean of these imputations was taken76. Imputation was per-
formed using the default settings of the ‘GapFilling’ function in the 
BHPMF77 package in R programming language78. Cross-validation 
was used during imputation such that observed data were randomly 
removed and imputed values were created for all populations, includ-
ing those with observed measurements. This methodology allowed for 
the estimation of the quality of the imputed values; observed values 
were regressed against their imputed values and R2 values were evalu-
ated. Imputed trait values were of high quality with R2 values ranging 
from 0.89 to 0.99 (Supplementary Fig. 4).

Finally, we removed outlier trait values (±3 s.d. from the mean). 
Overall, few trait data were removed, with 2.5% of rooting depth values 
being the highest percentage of data removed for any trait. If a species 
had observed cover data at multiple IDE study sites, we assigned the 
same trait values for all its occurrences. The R package Taxonstand79 
was used to verify that species’ names were used consistently. Interspe-
cific trait variation differed across traits, with some traits (leaf N, root 
N, SLA, SRL) showing wider ranges across species than others (height, 
rooting depth, RMF, RTD, mean root diameter; Supplementary Table 2).

We evaluated the effects of the nine traits, site MAP and DSI, and 
selected trait–trait and trait–environment interactions on cover 
change for 661 populations, from 421 species, across 63 IDE sites. 
We were also interested in understanding how these effects differed 
depending on lifespan (annuals: n = 178; perennials: n = 462) and 
growth form (graminoids: n = 251; forbs: n = 410). Thus, we analysed 
responses for eight plant groups: annuals, perennials, graminoids, 
forbs, annual forbs, perennial graminoids, perennial forbs and all spe-
cies (Supplementary Tables 2 and 4–7). The annual group consisted 
of graminoids (n = 44), forbs (n = 124) and legumes (n = 10), while the 
larger perennial group included graminoids (n = 205), forbs (n = 224) 
and legumes (n = 33). Populations classified as biennial (10) or uncer-
tain lifespan (11) were excluded from strictly annual or perennial plant 
groups. Analysis of the annual graminoids (n = 44) was not completed 
owing to limited sample size.

Statistical analyses
We fit a linear mixed-effects model using a Bayesian approach to each of 
the eight datasets to analyse trait effects on changes in cover between 
control and droughted plots of widely distributed sites. If a predic-
tor in these models was significant, we then evaluated whether the 
relationship between the predictor and cover change significantly 
differed between the sets of groups, that is between lifespans, growth 
forms or the combinations of lifespans and growth forms. In addition, 
we fit models to each dataset to evaluate how interactions of traits 
associated with different trade-off gradients and allocation strategies 
are related to drought resistance, specifically interactions of leaf N 
versus height and rooting depth (conservation versus size12,13), leaf N 
versus RMF (conservation versus allocation12,13,18), and RTD versus SRL 
(conservation versus collaboration12,14,15). We also sought to understand 
how the environment influenced the association between these traits 
and drought resistance. To do so, we fitted models in which the trait 
interacted with MAP and DSI, separately for leaf N, height, rooting 
depth, RMF, RTD and SRL. All models were fitted using the brms pack-
age80 with traits or trait combination, MAP and DSI as fixed effects or 
trait–environment interactions as fixed effects along with site and spe-
cies as random effects. All predictors were centred and scaled before 
analysis. Fixed effects were given diffuse normal priors for slopes and 
default Student-t priors for intercepts; random effects were also given 
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default Student-t priors. For each model, we ran four independent 
chains with random initial values for 2,000 iterations and a warm-up 
period of 1,000 iterations. All parameters were assessed for conver-
gence (Rhat = 1) and were considered significant if their 95% credible 
interval did not overlap zero. In models evaluating the relationships 
among lifespans, growth forms or their combinations, the emmeans 
package81 was used to estimate and compare marginal means among 
the sets of species. For each of the plant groups, we checked whether 
predictor variables were correlated with all correlations between −0.47 
and 0.39 (Supplementary Table 8). We also checked for multicollinear-
ity among model predictors using the performance package82; all vari-
ance inflation factors were <1.8, indicating low correlation83. For each 
model, we also visually inspected the residuals to ensure that model 
assumptions of normality of residuals and homogeneity of variance 
were met. We further tested for homogeneity of variance using the 
performance package82.

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

Data availability
All data used in this study are openly available via Zenodo at https://
doi.org/10.5281/zenodo.17724111 (ref. 84). Source data are provided 
with this paper.

Code availability
Analyses in this study were conducted using customized scripts in 
R. The scripts are available via Zenodo at https://doi.org/10.5281/
zenodo.17724111 (ref. 84).

References
1.	 Sheffield, J. & Wood, E. F. Projected changes in drought 

occurrence under future global warming from multi-model, 
multi-scenario, IPCC AR4 simulations. Clim. Dyn. 31, 79–105 
(2008).

2.	 IPCC Climate Change 2021: The Physical Science Basis. 
Contribution of Working Group I to the Sixth Assessment Report of 
the Intergovernmental Panel on Climate Change (Cambridge Univ. 
Press, 2021).

3.	 Cook, B. I., Ault, T. R. & Smerdon, J. E. Unprecedented 21st century 
drought risk in the American Southwest and Central Plains. Sci. 
Adv. 1, e1400082 (2015).

4.	 AghaKouchak, A. et al. Climate extremes and compound hazards 
in a warming world. Annu. Rev. Earth Planet Sci. 48, 519–548 
(2020).

5.	 Smith, M. D. et al. Extreme drought impacts have been 
underestimated in grasslands and shrublands globally. Proc. Natl 
Acad. Sci. USA 121, e2309881120 (2024).

6.	 Volaire, F. A unified framework of plant adaptive strategies to 
drought: crossing scales and disciplines. Glob. Chang. Biol. 24, 
2929–2938 (2018).

7.	 Kimball, S. et al. Can functional traits predict plant community 
response to global change? Ecosphere 7, e01602 (2016).

8.	 Harrison, S. & LaForgia, M. Seedling traits predict 
drought-induced mortality linked to diversity loss. Proc. Natl 
Acad. Sci. USA 116, 5576–5581 (2019).

9.	 Jentsch, A. & White, P. A theory of pulse dynamics and 
disturbance in ecology. Ecology 100, e02734 (2019).

10.	 Funk, J. L., Larson, J. E., Blair, M. D., Nguyen, M. A. & Rivera, B. J. 
Drought response in herbaceous plants: a test of the integrated 
framework of plant form and function. Funct. Ecol. 38, 679–691 
(2024).

11.	 Reich, P. B. The world-wide ‘fast–slow’ plant economics spectrum: 
a traits manifesto. J. Ecol. 102, 275–301 (2014).

12.	 Weigelt, A. et al. An integrated framework of plant form and 
function: the belowground perspective. New Phytol. 232, 42–59 
(2021).

13.	 Wright, I. J. et al. The worldwide leaf economics spectrum.  
Nature 428, 821–827 (2004).

14.	 Weemstra, M. et al. Towards a multidimensional root trait 
framework: a tree root review. New Phytol. 211, 1159–1169 (2016).

15.	 Bergmann, J. et al. The fungal collaboration gradient dominates 
the root economics space in plants. Sci. Adv. 6, eaba3756 (2020).

16.	 Fort, F. et al. Root traits are related to plant water-use among 
rangeland Mediterranean species. Funct. Ecol. 31, 1700–1709 (2017).

17.	 Balachowski, J. A. & Volaire, F. A. Implications of plant functional 
traits and drought survival strategies for ecological restoration.  
J. Appl. Ecol. 55, 631–640 (2018).

18.	 Poorter, H. et al. Biomass allocation to leaves, stems, and roots: 
meta-analyses of interspecific variation and environmental 
control. New Phytol. 193, 30–50 (2012).

19.	 Eziz, A. et al. Drought effect on plant biomass allocation: a 
meta-analysis. Ecol. Evol. 7, 11002–11010 (2017).

20.	 Garbowski, M. et al. Getting to the root of restoration: considering 
root traits for restoration outcomes under drought and 
competition. Restor. Ecol. 28, 1384–1395 (2020).

21.	 Welles, S. R. & Funk, J. L. Patterns of intraspecific trait variation 
along an aridity gradient suggest both drought escape and 
drought tolerance strategies in an invasive herb. Ann. Bot. 127, 
461–471 (2021).

22.	 Pistón, N. et al. Multidimensional ecological analyses 
demonstrate how interactions between functional traits shape 
fitness and life history strategies. J. Ecol. 107, 2317–2328 (2019).

23.	 Umaña, M. N., Arellano, G., Swenson, N. G. & Zambrano, J. Tree 
seedling trait optimization and growth in response to local-scale 
soil and light variability. Ecology 102, e03252 (2021).

24.	 Worthy, S. J. et al. Alternative designs and tropical tree seedling 
growth performance landscapes. Ecology 101, e03007 (2020).

25.	 Li, Y. et al. The complexity of trait–environment performance 
landscapes in a local subtropical forest. New Phytol. 229, 
1388–1397 (2021).

26.	 Kühn, N., Tovar, C., Willis, K. J. & Macias-Fauria, M. Root trait 
variation along water gradients in the Cape Floristic Region.  
J. Veg. Sci. 34, e13194 (2023).

27.	 Marks, C. O. & Lechowicz, M. J. Alternative designs and the 
evolution of functional diversity. Am. Nat. 167, 55–66 (2006).

28.	 Dias, A. T. C., Rosado, B. H. P., de Bello, F., Pistón, N. & de Mattos, E. A. 
Alternative plant designs: consequences for community assembly 
and ecosystem functioning. Ann. Bot. 125, 391–398 (2020).

29.	 Wright, I. J. et al. Modulation of leaf economic traits and trait 
relationships with climate. Glob. Ecol. Biogeogr. 14, 411–421 
(2005).

30.	 Laughlin, D. C., Strahan, R. T., Adler, P. B. & Moore, M. M. Survival 
rates indicate that correlations between community-weighted 
mean traits and environments can be unreliable estimates of the 
adaptive value of traits. Ecol. Lett. 21, 411–421 (2018).

31.	 Nippert, J. B. & Knapp, A. K. Soil water partitioning contributes 
to species coexistence in tallgrass prairie. Oikos 116, 1017–1029 
(2007).

32.	 Roumet, C., Lafont, F., Sari, M., Warembourg, F. & Garnier, E. Root 
traits and taxonomic affiliation of nine herbaceous species grown 
in glasshouse conditions. Plant Soil 312, 69–83 (2008).

33.	 Mackie, K. A., Zeiter, M., Bloor, J. M. G. & Stampfli, A. Plant 
functional groups mediate drought resistance and recovery in a 
multisite grassland experiment. J. Ecol. 107, 937–949 (2019).

34.	 Zwicke, M., Picon-Cochard, C., Morvan-Bertrand, A., Prud’homme, 
P. & Volaire, F. What functional strategies drive drought survival 
and recovery of perennial species from upland grassland? Ann. 
Bot. 116, 1001–1015 (2015).

http://www.nature.com/natecolevol
https://doi.org/10.5281/zenodo.17724111
https://doi.org/10.5281/zenodo.17724111
https://doi.org/10.5281/zenodo.17724111
https://doi.org/10.5281/zenodo.17724111


Nature Ecology & Evolution | Volume 10 | March 2026 | 512–522 520

Article https://doi.org/10.1038/s41559-026-02989-4

35.	 Blumenthal, D. M. et al. Traits link drought resistance with 
herbivore defence and plant economics in semi-arid grasslands: 
the central roles of phenology and leaf dry matter content. J. Ecol. 
108, 2336–2351 (2020).

36.	 Kooyers, N. J. The evolution of drought escape and avoidance in 
natural herbaceous populations. Plant Sci. 234, 155–162 (2015).

37.	 Wright, I. J., Reich, P. B. & Westoby, M. Strategy shifts in leaf 
physiology, structure and nutrient content between species of 
high- and low-rainfall and high- and low-nutrient habitats. Funct. 
Ecol. 15, 423–434 (2001).

38.	 Yan, P. et al. Plant acquisitive strategies promote resistance and 
temporal stability of semiarid grasslands. Ecol. Lett. 28, e70110 
(2025).

39.	 Sandel, B. et al. Contrasting trait responses in plant communities 
to experimental and geographic variation in precipitation. New 
Phytol. 188, 565–575 (2010).

40.	 Griffin-Nolan, R. J. et al. Shifts in plant functional composition 
following long-term drought in grasslands. J. Ecol. 107, 2133–2148 
(2019).

41.	 Guillemot, J. et al. Small and slow is safe: on the drought 
tolerance of tropical tree species. Glob. Chang. Biol. 28,  
2622–2638 (2022).

42.	 Kramp, R. E. et al. Functional traits and their plasticity shift from 
tolerant to avoidant under extreme drought. Ecology 103, e3826 
(2022).

43.	 Volaire, F. et al. Is a seasonally reduced growth potential a 
convergent strategy to survive drought and frost in plants?  
Ann. Bot. 131, 245–254 (2023).

44.	 Yang, Y. et al. Changes in mass allocation play a more prominent 
role than morphology in resource acquisition of the rhizomatous 
Leymus chinensis under drought stress. Ann. Bot. 132, 121–132 
(2023).

45.	 Künzi, Y., Zeiter, M., Fischer, M. & Stampfli, A. Rooting depth and 
specific leaf area modify the impact of experimental drought 
duration on temperate grassland species. J. Ecol. 113, 445–458 
(2025).

46.	 Nippert, J. B. & Holdo, R. M. Challenging the maximum rooting 
depth paradigm in grasslands and savannas. Funct. Ecol. 29, 
739–745 (2015).

47.	 Tucker, S. S., Craine, J. M. & Nippert, J. B. Physiological drought 
tolerance and the structuring of tallgrass prairie assemblages. 
Ecosphere 2, art48 (2011).

48.	 Luong, J. C. & Loik, M. E. Adjustments in physiological and 
morphological traits suggest drought-induced competitive 
release of some California plants. Ecol. Evol. 12, e8773 (2022).

49.	 Dawson, W. et al. Root traits vary as much as leaf traits and have 
consistent phenotypic plasticity among 14 populations of a 
globally widespread herb. Funct. Ecol. 38, 926–941 (2024).

50.	 Ryser, P. & Eek, L. Consequences of phenotypic plasticity vs. 
interspecific differences in leaf and root traits for acquisition of 
aboveground and belowground resources. Am. J. Bot. 87, 402–411 
(2000).

51.	 Rowland, L., Ramírez-Valiente, J.-A., Hartley, I. P. & Mencuccini, 
M. How woody plants adjust above- and below-ground traits 
in response to sustained drought. New Phytol. 239, 1173–1189 
(2023).

52.	 Zirbel, C. R. & Brudvig, L. A. Trait–environment interactions affect 
plant establishment success during restoration. Ecology 101, 
e02971 (2020).

53.	 Klimešová, J., Martínková, J. & Ottaviani, G. Belowground plant 
functional ecology: towards an integrated perspective.  
Funct. Ecol. 32, 2115–2126 (2018).

54.	 Funk, J. L., Larson, J. E. & Ricks-Oddie, J. Plant traits are 
differentially linked to performance in a semiarid ecosystem. 
Ecology 102, e03318 (2021).

55.	 Weigelt, A. et al. The importance of trait selection in ecology. 
Nature 618, E29–E30 (2023).

56.	 Bueno, C. G. et al. Reply to: The importance of trait selection in 
ecology. Nature 618, E31–E34 (2023).

57.	 Lemoine, N. P., Sheffield, J., Dukes, J. S., Knapp, A. K. & Smith, 
M. D. Terrestrial precipitation analysis (TPA): a resource for 
characterizing long-term precipitation regimes and extremes. 
Methods Ecol. Evol. 7, 1396–1401 (2016).

58.	 Yahdjian, L. & Sala, O. E. A rainout shelter design for intercepting 
different amounts of rainfall. Oecologia 133, 95–101 (2002).

59.	 Visser, M. D. et al. Functional traits as predictors of vital rates across 
the life cycle of tropical trees. Funct. Ecol. 30, 168–180 (2016).

60.	 Umaña, M. N., Needham, J. & Fortunel, C. From seedlings to 
adults: linking survival and leaf functional traits over ontogeny. 
Ecology 106, e4469 (2025).

61.	 Balk, M. A. et al. A solution to the challenges of interdisciplinary 
aggregation and use of specimen-level trait data. iScience 25, 
105101 (2022).

62.	 Keller, A. et al. Ten (mostly) simple rules to future-proof trait data 
in ecological and evolutionary sciences. Methods Ecol. Evol. 14, 
444–458 (2023).

63.	 Ross, K. M. & Loik, M. E. Photosynthetic sensitivity to historic 
meteorological variability for conifers in the eastern Sierra 
Nevada. Int. J. Biometeorol. 65, 851–863 (2021).

64.	 Mendivelso, H. A., Camarero, J. J., Gutiérrez, E. & Zuidema, P. A. 
Time dependent effects of climate and drought on tree growth 
in a Neotropical dry forest: short-term tolerance vs. long-term 
sensitivity. Agric. For. Meteorol. 188, 13–23 (2014).

65.	 Green, R. H. Sampling Design and Statistical Methods for 
Environmental Biologists (Wiley, 1979).

66.	 Yelenik, S., Rose, E., Cordell, S., Victoria, M. & Kellner, J. R. The 
role of microtopography and resident species in post-disturbance 
recovery of arid habitats in Hawai’i. Ecol. Appl. 32, e2690 (2022).

67.	 Pérez-Harguindeguy, N. et al. New handbook for standardised 
measurement of plant functional traits worldwide. Austr. J. Bot. 61, 
167–234 (2013).

68.	 Kattge, J. et al. TRY plant trait database—enhanced coverage and 
open access. Glob. Chang. Biol. 26, 119–188 (2020).

69.	 Falster, D. et al. AusTraits, a curated plant trait database for the 
Australian flora. Sci. Data 8, 254 (2021).

70.	 Guerrero-Ramírez, N. R. et al. Global root traits (GRooT) database. 
Glob. Ecol. Biogeogr. 30, 25–37 (2021).

71.	 Komatsu, K. J. et al. CoRRE trait data: a dataset of 17 categorical 
and continuous traits for 4079 grassland species worldwide. Sci. 
Data 11, 795 (2024).

72.	 Enquist, B. J., Condit, R., Peet, R. K., Schildhauer, M. & Thiers, B. 
M. Cyberinfrastructure for an integrated botanical information 
network to investigate the ecological impacts of global climate 
change on plant biodiversity. PeerJ 4, e2615v2612 (2016).

73.	 Jin, Y. et al. TiP-Leaf: a dataset of leaf traits across vegetation types 
on the Tibetan Plateau. Earth Syst. Sci. Data 15, 25–39 (2023).

74.	 Wang, H. et al. The China plant trait database version 2. Sci. Data 
9, 769 (2022).

75.	 Schrodt, F. et al. BHPMF—a hierarchical Bayesian approach to 
gap-filling and trait prediction for macroecology and functional 
biogeography: a gap-filling in trait databases. Glob. Ecol. 
Biogeogr. 24, 1510–1521 (2015).

76.	 Matos, I. S. et al. Leaf venation network architecture coordinates 
functional trade-offs across vein spatial scales: evidence from 
multiple alternative designs. New Phytol. 244, 407–425 (2024).

77.	 Fazayeli, F., Banerjee, A., Schrodt, F., Kattge, J. & Reich, P. BHPMF: 
uncertainty quantified matrix completion using bayesian 
hierarchical matrix factorization. R package version 1.1 (2017).

78.	 R Core Team R: A Language and Environment for Statistical 
Computing (R Foundation for Statistical Computing, 2023).

http://www.nature.com/natecolevol


Nature Ecology & Evolution | Volume 10 | March 2026 | 512–522 521

Article https://doi.org/10.1038/s41559-026-02989-4

79.	 Cayuela, L., Macarro, I., Stein, A. & Oksanen, J. Taxonstand: 
taxonomic standardization of plant species names. R package 
version 2.4 (2021).

80.	 Bürkner, P.-C. brms: an R package for Bayesian multilevel models 
using Stan. J. Stat. Softw. 80, 1–28 (2017).

81.	 Lenth, R. emmeans: estimated marginal means, aka least-squares 
means. R package version 1.8.7 (2023).

82.	 Lüdecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P. &  
Makowski, D. performance: an R package for assessment, 
comparison and testing of statistical models. J. Open Source 
Softw. 60, 3139 (2021).

83.	 James, G., Witten, D., Hastie, T. & Tibshirani, R. An Introduction to 
Statistical Learning with Applications in R (Springer, 2021).

84.	 Worthy, S. jworthy/IDE.Traits: data and code for publication. 
Zenodo https://doi.org/10.5281/zenodo.17724111 (2025).

85.	 Beck, H. E. et al. Daily evaluation of 26 precipitation datasets 
using stage-IV gauge-radar data for the CONUS. Hydrol. Earth 
Syst. Sci. 23, 207–224 (2019).

86.	 Vargas Godoy, M. R. & Markonis, Y. pRecipe: a global precipitation 
climatology toolbox and database. Environ. Model. Softw. 165, 
105711 (2023).

Acknowledgements
Any use of trade, firm or product names is for descriptive purposes 
only and does not imply endorsement by the US Government. We 
thank all the landowners who gave access to their lands; without 
them, this study would not have been possible. N.E. and M.S. 
acknowledge support from the German Centre for Integrative 
Biodiversity Research Halle–Jena–Leipzig, funded by the German 
Research Foundation (DFG; FZT 118, 202548816), as well as by 
the DFG (Ei 862/29-1). A.S.M. was supported by the Environment 
Research and Technology Development Fund (JPMEERF15S11420) of 
the Environmental Restoration and Conservation Agency of Japan, 
with additional field support from the Teshio Experimental Forest, 
Hokkaido University. Further support came from the Advanced 
Studies of Climate Change Projection Grant, Ministry of Education, 
Culture, Sports, Science and Technology, Japan (JPMXD0722678534). 
V.V., S.V.H., P.T. and L.G.V. acknowledge support from the Norwegian 
Research Council (project numbers 255090, 315249). A.S. and M.Z. 
acknowledge funding from the Swiss National Science Foundation, 
grants 149862 and 185110 to A.S. C.N.C., A.B., J.F.C., E.W.B. and S.X.C. 
acknowledge support from the Alberta Livestock and Meat Agency 
and Emissions Reduction Alberta. F.I. acknowledges funding from 
the US National Science Foundation (NSF DEB-2224852, NSF DEB-
1831944). K.T. and L.v.d.B. acknowledge funding by the German 
Research Foundation (DFG) Priority Program Earthshape: Earth Surface 
Shaping by Biota, SPP-1803 (TI 338/14-1&2), with additional support 
to L.v.d.B. from ANID PIA/ACT 210038. K.M.B. acknowledges support 
from the US Bureau of Land Management (L16AS00178) and California 
State University Agricultural Research Institute (18-06-004). E.G.L. and 
H.A.L.H. acknowledge support from separate Natural Sciences and 
Engineering Research Council Discovery Grants. U.N.N. acknowledges 
support from the Australian Research Council (DP150104199, 
DP190101968, DE210101822). M.C., T.G.W.F. and A.P. acknowledge 
that their work has benefited from the equipment and framework of 
the COMP-HUB and COMP-R Initiatives, funded by the ‘Departments 
of Excellence’ programme of the Italian Ministry for University and 
Research (MIUR, 2018–2022, and MUR, 2023–2027). A.J. acknowledges 
funding from the Federal Ministry of Research, Technology and Space 

of Germany (BMFTR, grant 031B1067C). M.G.L. acknowledges funding 
from Coordenação de Aperfeiçoamento de Pessoal de Nível Superior 
(CAPES) and the Universidade Federal da Paraíba, João Pessoa, 
Paraíba, 58051-900, Brazil. We thank the park rangers from Parque 
Nacional La Campana and La Comunidad Agricola Quebrada de Talca 
for their onsite support and access to their lands. M.J.T. acknowledges 
support from the National Research Foundation (grant number 
116262). A.V. acknowledges funding from Generalitat Valenciana, 
Project R2D–Responses to Desertification (CIPROM/2021/001).

Author contributions
S.J.W., R.P.P. and J.L.F. conceived of the study. S.J.W., J.C.L., B.E.W., 
J.A., A.C.B., K.E.B., J.E.C., E.C.E., R.A.F., A.K.G., D.J.M.-W., R.P.P. and J.L.F 
contributed to early-stage discussions. S.J.W., J.C.L., B.E.W., J.A., A.C.B., 
K.E.B., J.E.C., E.C.E., R.A.F., A.K.G., D.J.M.-W. and J.L.F. collected and 
preprocessed trait data. T.J.O. and M.D.S. collected and preprocessed site 
data. H.A., A.B., K.H.B., E.W.B., K.M.B, J.F.C., M.C., C.N.C., K.C., M.H.C., S.X.C., 
J.C., A.C.C., T.D., J.S.D., A.E., N.E., T.G.W.F., F.A.F., S.V.H., Y.H., H.A.L.H., F.I., 
A.J., S.E.J., S.E.K., J.K., G.K.-D., A.K., E.G.L., M.E.L., M.G.L., A.L., C.M., J.W.M., 
A.S.M., S.M.M., G.S.N., U.N.N., R.C.O’C., T.J.O., B.B.O., R.O., M.P., P.L.P., G.P., 
A.P., J.M.P.-G., L.W.P., C.P.-R., S.A.P., S.M.P., Y.P., C.R., B.A.S., M.D.S., L.A.S., 
A.S., R.J.S., M.S., M.J.T., P.T., K.T., A.V., L.v.d.B., V.V., L.G.V., J.L.W., A.A.W., L.Y., 
A.L.Y., J.M.Z. and M.Z. contributed plant cover data. S.J.W. performed 
the analyses. S.J.W., J.C.L., B.E.W., R.P.P. and J.L.F. interpreted the results 
and drafted the initial paper. All co-authors reviewed the results and 
contributed to the writing and revision of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper  
at https://doi.org/10.1038/s41559-026-02989-4.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41559-026-02989-4.

Correspondence and requests for materials should be addressed to 
Samantha J. Worthy, Richard P. Phillips or Jennifer L. Funk.

Peer review information Nature Ecology & Evolution thanks  
Zoltán Botta-Dukát and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with 
the author(s) or other rightsholder(s); author self-archiving of the 
accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 
2026

Samantha J. Worthy    1,2  , Justin C. Luong    3,4, Brooke E. Wainwright4, Jonathan Aguiñaga1,5, Harald Auge    6,7, 
Anca C. Barcu    4, Amgaa Batbaatar8,9, Karen H. Beard    10, Edward W. Bork8, Katherine E. Brafford4, Kerry M. Byrne    11, 
James F. Cahill9, Michele Carbognani    12, Cameron N. Carlyle    8, Karen Castillioni13, Manjunatha H. Chandregowda    14, 

http://www.nature.com/natecolevol
https://doi.org/10.5281/zenodo.17724111
https://doi.org/10.1038/s41559-026-02989-4
https://doi.org/10.1038/s41559-026-02989-4
http://www.nature.com/reprints
http://orcid.org/0000-0003-0414-2607
http://orcid.org/0000-0003-2118-4788
http://orcid.org/0000-0001-7432-8453
http://orcid.org/0009-0004-6966-1621
http://orcid.org/0000-0003-4997-2495
http://orcid.org/0009-0003-5611-0620
http://orcid.org/0000-0001-7701-9859
http://orcid.org/0000-0003-4753-5945
http://orcid.org/0000-0002-9767-2457


Nature Ecology & Evolution | Volume 10 | March 2026 | 512–522 522

Article https://doi.org/10.1038/s41559-026-02989-4

1Department of Evolution and Ecology, University of California, Davis, CA, USA. 2The Holden Arboretum, Kirtland, OH, USA. 3Department of Environmental 
Science, Policy, and Management, University of California, Berkeley, CA, USA. 4Department of Plant Sciences, University of California, Davis, CA, USA. 
5Center for Population Biology, University of California, Davis, CA, USA. 6Department of Community Ecology, Helmholtz Centre for Environmental 
Research—UFZ, Halle, Germany. 7German Centre for Integrative Biodiversity Research (iDiv) Halle–Jenna–Leipzig, Leipzig, Germany. 8Department of 
Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, Alberta, Canada. 9Department of Biological Sciences, University of Alberta, 
Edmonton, Alberta, Canada. 10Department of Wildland Resources and the Ecology Center, Utah State University, Logan, UT, USA. 11Department of 
Environmental Science and Management, California State Polytechnic University, Humboldt, Arcata, CA, USA. 12Department of Chemistry, Life Sciences 
and Environmental Sustainability, University of Parma, Parma, Italy. 13Department of Ecology, Evolution and Behavior, University of Minnesota, St. Paul, 
MN, USA. 14Hawkesbury Institute for the Environment, Western Sydney University, Penrith, New South Wales, Australia. 15Department of Renewable 
Resources, University of Alberta, Edmonton, Alberta, Canada. 16Environmental Studies Program, Binghamton University—State University of New York, 
Binghamton, NY, USA. 17Disturbance Ecology and Vegetation Dynamics, University of Bayreuth, Bayreuth Center of Ecology and Environmental Research 
(BayCEER), Bayreuth, Germany. 18Department of Global Ecology, Carnegie Institution for Science, Stanford, CA, USA. 19Department of Forestry and 
Natural Resources, Purdue University, West Lafayette, IN, USA. 20Institute of Ecology and Evolution, University of Jena, Jena, Germany. 21Institute of 
Biology, Leipzig University, Leipzig, Germany. 22Centro de Recursos Naturales Renovables de la Zona Semiárida (CERZOS)—Consejo Nacional de 
Investigaciones Científicas y Técnicas de la República Argentina (CONICET), Bahía Blanca, Argentina. 23Departamento de Biología, Bioquímica y 
Farmacia, Universidad Nacional del Sur (UNS), Bahía Blanca, Argentina. 24Department of Biological Sciences, University of Bergen, Bergen, Norway.  
25The Heathland Centre, Alver, Norway. 26Ecology and Biodiversity Group, Department of Biology, Utrecht University, Utrecht, Netherlands. 27Department 
of Biology, University of Western Ontario, London, Ontario, Canada. 28Chelan-Douglas Land Trust, Wenatchee, WA, USA. 29Department of Biology, 
University of North Carolina Greensboro, Greensboro, NC, USA. 30Institute of Botany and Landscape Ecology, Department of Experimental Plant Ecology, 
University of Greifswald, Greifswald, Germany. 31HUN-REN Centre for Ecological Research, Institute of Ecology and Botany, Vácrátót, Hungary. 
32Department of Plant Sciences, University of Saskatchewan, Saskatoon, Saskatchewan, Canada. 33Department of Environmental Studies, University of 
California, Santa Cruz, CA, USA. 34Licenciatura en Diseño del Paisaje, Centro Universitario Regional Este, Universidad de la República Uruguay, Rocha, 
Uruguay. 35Department of Entomology and Nematology, University of California, Davis, CA, USA. 36Department of Ecological, Plant and Animal Sciences, 
La Trobe University, Melbourne, Victoria, Australia. 37Research Center for Advanced Science and Technology, The University of Tokyo, Tokyo, Japan. 38US 
Geological Survey, Southwest Biological Science Center, Flagstaff, AZ, USA. 39School of Biological Sciences, University of Oklahoma, Norman, OK, USA. 
40USDA-ARS, Range and Meadow Forage Management Research Unit, Burns, OR, USA. 41Department of Ecology and Evolutionary Biology, University of 
Colorado at Boulder, Boulder, CO, USA. 42Department of Biology, Colorado State University, Fort Collins, CO, USA. 43Department of Environment and 
Society, Utah State University, Logan, UT, USA. 44Department of Biology, The University of Winnipeg, Winnipeg, Manitoba, Canada. 45Institute of Ecology 
and Earth Sciences, University of Tartu, Tartu, Estonia. 46Instituto Nacional de Tecnología Agropecuaria (INTA)–Universidad Nacional de la Patagonia 
Austral–CONICET, Río Gallegos, Argentina. 47Universidad Nacional de Río Negro, Centro de Estudios Ambientales desde la NorPatagonia (CEANPa), Sede 
Atlántica—CONICET, Viedma, Argentina. 48Departamento de Modelización Estadística de Datos e Inteligencia Artificial, Centro Universitario Regional 
Este, Universidad de la República, Montevideo, Uruguay. 49Departamento de Sistemática e Ecologia, Universidade Federal da Paraíba, João Pessoa, Brazil. 
50Southern Colorado Plateau Network, Inventory and Monitoring Division, National Park Service, Flagstaff, AZ, USA. 51Department of Biology, Saint Louis 
University, St. Louis, MO, USA. 52Commonwealth Scientific and Industrial Research Organization (CSIRO) Environment, Canberra, Australian Capital 
Territory, Australia. 53Departamento de Biodiversidad y Restauración, Instituto Pirenaico de Ecología (IPE), Consejo Superior de Investigaciones Científicas 
(CSIC), Zaragoza, Spain. 54Department of Physiological Diversity, Helmholtz-Centre for Environmental Research—UFZ, Leipzig, Germany. 55Graduate 
Degree Program in Ecology, Colorado State University, Fort Collins, CO, USA. 56School of Agricultural, Forest and Food Sciences, Bern University of 
Applied Sciences, Zollikofen, Switzerland. 57Oeschger Center for Climate Change Research, University of Bern, Bern, Switzerland. 58School of 
Environmental and Conservation Sciences, Murdoch University, Perth, Western Australia, Australia. 59School of Agriculture and Science, University of 
KwaZulu-Natal, Pietermaritzburg, South Africa. 60Norwegian Institute of Bioeconomy Research (NIBIO), Trondheim, Norway. 61Institute of Ecology and 
Evolution, Plant Ecology Group, University of Tübingen, Tübingen, Germany. 62Departamento de Ecología, Universidad de Alicante, Alicante, Spain. 
63Instituto Multidisciplinar para el Estudio del Medio Ramón Margalef, Universidad de Alicante, Alicante, Spain. 64ECOBIOSIS, Departamento de Botánica, 
Universidad de Concepción, Concepción, Chile. 65Department of Geography, University of British Columbia, Vancouver, British Columbia, Canada. 
66Department of Integrative Biology, University of Texas at Austin, Austin, TX, USA. 67Instituto de Investigaciones Fisiológicas y Ecológicas Vinculadas a la 
Agricultura (IFEVA), CONICET, Facultad de Agronomía, Universidad de Buenos Aires, Buenos Aires, Argentina. 68Institute of Plant Sciences, University of 
Bern, Bern, Switzerland. 69Department of Biology, Indiana University, Bloomington, IN, USA.  e-mail: sworthy@holdenfg.org; rpp6@iu.edu;  
funk@ucdavis.edu

Scott X. Chang    15, Jeff Chieppa14, Amber C. Churchill    13,16, Jennifer E. Cribbs    4, Thomas Deola    17, 
Jeffrey S. Dukes    18,19, Anne Ebeling    20, Nico Eisenhauer    7,21, Elise C. Elwood1, Regina A. Fairbanks1,5, T’ai G. W. Forte    12, 
Flavia A. Funk22,23, Anjum K. Gujral4,5, Siri V. Haugum24,25, Yann Hautier26, Hugh A. L. Henry27, Forest Isbell    13, 
Anke Jentsch    17, Samuel E. Jordan28, Sally E. Koerner    29, Juergen Kreyling    30, György Kröel-Dulay    31, 
Andrew Kulmatiski    10, Eric G. Lamb    32, Michael E. Loik33, María G. Longo34, Alejandro Loydi    22,23, 
Dylan J. MacArthur-Waltz    5,35, Clara Milano    22, John W. Morgan36, Akira S. Mori    37, Seth M. Munson    38, 
Gregory S. Newman39, Uffe N. Nielsen    14, Rory C. O’Connor40, Timothy J. Ohlert41,42, Brooke B. Osborne43, 
Rafael Otfinowski    44, Meelis Pärtel    45, Pablo L. Peri    46, Guadalupe Peter    47, Alessandro Petraglia    12, 
Juan M. Piñeiro-Guerra48,49, Laura W. Ploughe50, Cristy Portales-Reyes51, Sally A. Power    14, Suzanne M. Prober52, 
Yolanda Pueyo53, Christiane Roscher    7,54, Bráulio A. Santos    49, Melinda D. Smith    42,55, Lara A. Souza    39, 
Andreas Stampfli    56,57, Rachel J. Standish    58, Marie Sünnemann    7,21, Michelle J. Tedder    59, Pål Thorvaldsen60, 
Katja Tielbörger    61, Alejandro Valdecantos    62,63, Liesbeth van den Brink    61,64, Vigdis Vandvik    24, Liv G. Velle    60, 
Jennifer L. Williams    65, Amelia A. Wolf    66, Laura Yahdjian    67, Alyssa L. Young    29, Juan M. Zeberio47, 
Michaela Zeiter56,57,68, Richard P. Phillips    69   & Jennifer L. Funk    4 

http://www.nature.com/natecolevol
mailto:sworthy@holdenfg.org
mailto:rpp6@iu.edu
mailto:
funk@ucdavis.edu
mailto:
funk@ucdavis.edu
http://orcid.org/0000-0002-7624-439X
http://orcid.org/0000-0001-9136-8131
http://orcid.org/0000-0002-7384-172X
http://orcid.org/0009-0002-8416-3132
http://orcid.org/0000-0001-9482-7743
http://orcid.org/0000-0002-3221-4017
http://orcid.org/0000-0002-0371-6720
http://orcid.org/0000-0002-8685-5872
http://orcid.org/0000-0001-9689-769X
http://orcid.org/0000-0002-2345-8300
http://orcid.org/0000-0001-6403-7513
http://orcid.org/0000-0001-8489-7289
http://orcid.org/0000-0002-0695-1232
http://orcid.org/0000-0001-9977-5508
http://orcid.org/0000-0001-5201-4541
http://orcid.org/0000-0002-0306-905X
http://orcid.org/0000-0001-7704-2856
http://orcid.org/0000-0002-9246-4421
http://orcid.org/0000-0002-8422-1198
http://orcid.org/0000-0002-2736-6374
http://orcid.org/0000-0003-2400-7453
http://orcid.org/0000-0002-8242-5947
http://orcid.org/0000-0002-5874-0138
http://orcid.org/0000-0002-5398-4408
http://orcid.org/0000-0002-7792-7045
http://orcid.org/0000-0003-4632-2251
http://orcid.org/0000-0002-2723-8671
http://orcid.org/0000-0001-9301-7909
http://orcid.org/0000-0001-6046-4024
http://orcid.org/0000-0003-4920-6985
http://orcid.org/0000-0001-6005-8667
http://orcid.org/0000-0002-5517-1363
http://orcid.org/0000-0001-8118-1904
http://orcid.org/0000-0001-5385-258X
http://orcid.org/0000-0001-8021-0929
http://orcid.org/0009-0003-7767-1734
http://orcid.org/0000-0002-3761-3500
http://orcid.org/0000-0003-0313-8147
http://orcid.org/0000-0003-4651-4798
http://orcid.org/0000-0003-0433-5337
http://orcid.org/0000-0002-4497-4961
http://orcid.org/0000-0001-7660-3455
http://orcid.org/0000-0002-9635-1221
http://orcid.org/0000-0002-2373-4264
http://orcid.org/0000-0002-1345-4138
http://orcid.org/0000-0002-1916-5513


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-026-02989-4

Extended Data Fig. 1 | Model parameter estimates for each of the eight plant 
groups. Points represent the mean of the posterior distribution and lines 
represent the 95% credible intervals. Filled points indicate significant predictors 
of cover change where the 95% credible interval does not overlap zero. Traits 
include drought severity index (DSI), height (m), mass-based leaf nitrogen 

content (Leaf N, mg g−1), mean annual precipitation (Precipitation, mm), rooting 
depth (m), root diameter (mm), mass-based root nitrogen content (Root N, mg 
g−1), root mass fraction (RMF, g g−1), root tissue density (RTD, g cm−3), specific leaf 
area (SLA, m2 kg−1), and specific root length (SRL, m g−1).
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Extended Data Fig. 2 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the all-species group (n = 661 
populations, species = 421, R2 = 6%). Trend lines represent median conditional 
effects of the trait, dashed lines are nonsignificant relationships and solid lines 

are significant relationships, colored envelopes represent 95% credible intervals. 
Opaque gray points are observed data points where darker points indicate 
overlap among points. Values on the x-axes are back-transformed.
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Extended Data Fig. 3 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the annual species group (n = 178 
populations, species = 121, R2 = 15%). Trend lines represent median conditional 
effects of the trait, dashed lines are nonsignificant relationships and solid lines 

are significant relationships, colored envelopes represent 95% credible intervals. 
Opaque gray points are observed data points where darker points indicate 
overlap among points. Values on the x-axes are back-transformed.
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Extended Data Fig. 4 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the perennial species group 
(n = 462 populations, species = 292, R2 = 8%). Trend lines represent median 
conditional effects of the trait, dashed lines are nonsignificant relationships and 

solid lines are significant relationships, colored envelopes represent 95% credible 
intervals. Opaque gray points are observed data points where darker points 
indicate overlap among points. Values on the x-axes are back-transformed.
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Extended Data Fig. 5 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the graminoid species group 
(n = 251 populations, species = 151, R2 = 11%). Trend lines represent median 
conditional effects of the trait, dashed lines are nonsignificant relationships and 

solid lines are significant relationships, colored envelopes represent 95% credible 
intervals. Opaque gray points are observed data points where darker points 
indicate overlap among points. Values on the x-axes are back-transformed.
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Extended Data Fig. 6 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the forb species group (n = 410 
populations, species = 270, R2 = 11%). Trend lines represent median conditional 
effects of the trait, dashed lines are nonsignificant relationships and solid lines 

are significant relationships, colored envelopes represent 95% credible intervals. 
Opaque gray points are observed data points where darker points indicate 
overlap among points. Values on the x-axes are back-transformed.
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Extended Data Fig. 7 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the annual forb species group 
(n = 134 populations, species = 95, R2 = 23%). Trend lines represent median 
conditional effects of the trait, dashed lines are nonsignificant relationships and 

solid lines are significant relationships, colored envelopes represent 95% credible 
intervals. Opaque gray points are observed data points where darker points 
indicate overlap among points. Values on the x-axes are back-transformed.
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Extended Data Fig. 8 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the perennial graminoid species 
group (n = 205 populations, species = 123, R2 = 15%). Trend lines represent 
median conditional effects of the trait, dashed lines are nonsignificant 

relationships and solid lines are significant relationships, colored envelopes 
represent 95% credible intervals. Opaque gray points are observed data points 
where darker points indicate overlap among points. Values on the x-axes are 
back-transformed.
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Extended Data Fig. 9 | Plots displaying the effects of traits and environmental 
variables on change in population cover for the perennial forb species group 
(n = 257 populations, species = 169, R2 = 15%). Trend lines represent median 
conditional effects of the trait, dashed lines are nonsignificant relationships and 

solid lines are significant relationships, colored envelopes represent 95% credible 
intervals. Opaque gray points are observed data points where darker points 
indicate overlap among points. Values on the x-axes are back-transformed.
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Extended Data Fig. 10 | Parameter estimates for models comparing 
relationships between trait or environment variables and cover change 
among lifespans, growth forms, or the combinations of lifespans and growth 
forms. These models were only fitted with predictors that were previously 
noted as significant in the group specific models (Extended Data Fig. 1). Points 
represent the mean of the posterior distribution and lines represent the 95% 

credible intervals. Filled points indicate significant predictors of cover change 
where the 95% credible interval does not overlap zero. Reference groups for the 
models were annual (lifespan model), forb (growth form model), and annual 
forb (lifespan*growth form model). Traits include height (m), mass-based leaf 
nitrogen content (Leaf N, mg g−1), mean annual precipitation (MAP, mm), and root 
tissue density (RTD, g cm−3).
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