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Small rainfall changes drive substantial 
changes in plant coexistence

Mary N. Van Dyke1 ✉, Jonathan M. Levine2 & Nathan J. B. Kraft1

Although precipitation patterns have long been known to shape plant distributions1, 
the effect of changing climate on the interactions of species and therefore community 
composition is far less understood2,3. Here, we explored how changes in precipitation 
alter competitive dynamics via direct effects on individual species, as well as by the 
changing strength of competitive interactions between species, using an annual 
grassland community in California. We grew plants under ambient and reduced 
precipitation in the field to parameterize a competition model4 with which we 
quantified the stabilizing niche and fitness differences that determine species 
coexistence in each rainfall regime. We show that reduced precipitation had little 
direct effect on species grown alone, but it qualitatively shifted predicted competitive 
outcomes for 10 of 15 species pairs. In addition, species pairs that were functionally 
more similar were less likely to experience altered outcomes, indicating that 
functionally diverse communities may be most threatened by changing interactions. 
Our results highlight how important it is to account for changes to species 
interactions when predicting species and community response to global change.

For centuries, ecologists and biogeographers have understood that 
plants respond to climate1, and this forms the foundation for our under-
standing of plant responses to global change. However, we know much 
less about how changing interactions between species may help or 
hinder the capacity of species to persist given the shifting location 
of their preferred climate2,5. For a species to persist in a community 
affected by global change, it must not only survive the direct physi-
ological effects of climate change but also the effects of altered den-
sities, interaction strengths and identities of neighbours2,3. Although 
it has long been clear that the abiotic context influences interactions 
between species3,6–8, predicting how these changes will impact popula-
tion growth and community composition in a robust manner has proven 
challenging. Overcoming this challenge requires an understanding 
of how each individual species will respond directly to climate, how 
species interactions will be altered, as well as a theoretically justified 
framework for predicting the longer-term outcome of the altered spe-
cies interactions4,9,10.

Pioneering studies on the effects of rainfall on competitive outcomes 
have used climate manipulations such as rainout shelters or natural 
precipitation gradients to quantify precipitation-driven changes in 
biomass and species composition over time; results in some cases 
were probably driven by altered species interactions11–14. However, the 
response variables typically measured in these studies, such as biomass 
change, offer limited insight into how changing species interactions 
will shape long-term competitive outcomes. Modern coexistence 
theory4,15–17 offers a useful mathematical approach for doing just that.

In modern coexistence theory, competitive outcomes between pairs 
of species are determined by the relative strength of stabilizing niche 
differences that promote coexistence and fitness differences that 
drive competitive exclusion4,18. Stabilizing niche differences reduce 

interspecific competition and increase the ability of each species to 
recover from low density, a hallmark of stable coexistence. Fitness 
differences are frequency-independent advantages that favour one 
species over another regardless of their relative abundance in the 
community. For a pair of species to coexist, stabilizing niche differ-
ences must exceed fitness differences, giving both species the ability 
to recover from low density4,18. Although it may be tempting to regard 
niche and fitness differences as fixed properties of a pair of species, 
these differences depend on the abiotic conditions under which species 
compete19, and thus may change as the climate changes. Quantifying 
how they do so will therefore provide insights into future competitive 
outcomes and community composition.

Separate from their ability to predict competitive outcomes, stabiliz-
ing niche differences and fitness differences lie at the heart of numerous 
hypotheses for how altered precipitation will influence competitive 
dynamics. For example, fitness differences between competitors are 
invoked when altered precipitation differentially harms the dominant 
competitor to the benefit of subordinates, increasing species diver-
sity11. Alternatively, stabilizing niche differences are invoked when 
reduced precipitation is thought to increase competitive exclusion 
by compressing the growing season and reducing the phenological 
differences between species20,21. However, these hypotheses about 
why competitive interactions change with climate are almost never 
quantitatively evaluated. Thus, measuring the effect of precipitation 
change on niche and fitness differences can offer fundamental insights 
into why changes in environmental conditions affect long-term coexist-
ence and species diversity in a plant community.

Novel approaches to quantifying stabilizing niche differences and 
fitness differences in field settings9,10,22 under different climate treat-
ments offer the opportunity to understand how environmental change 
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affects plant performance, competitive interactions and the long-term 
consequences of those interactions. Although these approaches are 
nearly impossible to execute in any diverse community with long-lived 
species, annual plant communities lend themselves to just this kind 
of work. Lifetime fitness is attained in just 1 year, many plants can be 
feasibly grown in a field plot and the simple life cycles are reasonably 
described by the mathematical models necessary for quantifying 
stabilizing niche and fitness differences and predicting competitive 
outcomes9,10,22. Although annual plants have less complex demography 
than perennials, they are nonetheless part of the same continuous 
global spectrum of plant function23 that is widely used to extrapolate 
findings from one system or set of species to another24.

To assess the effect of precipitation change on species coexistence, 
we grew six California annual grassland plant species in pairwise compe-
tition in the field under ambient and 20% reduced rainfall and quantified 
their competitive dynamics. The six species were selected from our 
previous work9,10 to span the breadth of ecological strategies found in 
the annual plant community at the site. Climate forecasts for the region 
over the next century predict increases in interannual variability and 
modestly less rainfall25,26, a change mimicked by a rainfall exclusion 
treatment in our experimental design. We used results from the field 
experiment to parameterize a plant competition model that describes 
the dynamics of annual plant populations as a function of the intrinsic 
demographic rates of species and the effects of pairwise competition27. 
We used fitted germination rates, plant fecundity in the absence of 
competition and pairwise competition strengths, all under the two 
rainfall treatments (Methods) for six interacting species to quantify 
their stabilizing niche and fitness differences22. These metrics allowed 
us to predict the long-term outcome of competition for each pair of 
species under different rainfall treatments (Fig. 1).

Our results revealed qualitative effects of rainfall change on the pre-
dicted coexistence of 10 of 15 species pairs in our study (Fig. 1), changes 
that were driven by rainfall exclusion effects on stabilizing niche and 
fitness differences (Extended Data Table 2). For these 10 species pairs, 
coexistence was predicted in one rainfall treatment but not in the other. 
Specifically, four pairs were predicted to coexist under an ambient 
regime, but not the reduced rainfall treatment. Six other pairs were 
predicted to coexist under reduced rainfall but not under the ambient 
treatment (Fig. 1, Extended Data Table 2 and Extended Data Fig. 1). Four 
pairs were not predicted to coexist in either treatment, and one pair 
was predicted to coexist in both.

Notably, although reducing rainfall had substantial effects on pre-
dicted competitive outcomes, it had smaller effects on each species 
when grown alone (Fig. 2 and Extended Data Table 1). Four of the six spe-
cies showed no difference in fecundity in the two treatments, whereas 
only two species, Festuca microstachys and Uropappus lindleyi, experi-
enced lower fecundity (by an average of 62% and 71%, respectively) in the 
reduced rainfall treatment. The fact that four species were insensitive 
to reduced rainfall was surprising as decreasing water availability often 
decreases growth and fecundity14,28. However, these species are adapted 
to a Mediterranean climate with frequent dry years. For these four 
species, reduced rainfall may not limit fecundity without neighbours 
also competing for that same water and further reducing soil water to 
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Fig. 1 | Effects of water treatment on the stabilizing niche and fitness 
differences of competing pairs. The stabilizing niche and fitness differences 
of species pairs under the ambient and reduced rain treatments predict 
coexistence outcomes. Pairs coexist when ρ < Kj/Ki < 1/ρ, indicated by the  
grey shaded region. When this inequality is not met, as indicated by the 
unshaded region, one species will exclude the other. See Extended Data  
Table 1 for species labels.
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Fig. 2 | Effects of water treatment on the fecundity of species when grown 
without competitors. Seeds produced per germinant (fecundity; note the log 
scale) from plants grown without competitors under the ambient and reduced 
rain treatments. See Extended Data Table 1 for species codes and the number  
of replicates (n). The box and whiskers plot represents the median, the 25th  
and 75th percentiles, and the minimum and maximum values in the 
data. Differences were assessed using a generalized linear mixed-effects 
model: fecundity ~ species × treatment + plot (*P < 0.001; NS, not significant).
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Fig. 3 | Effect of water treatment on components of the invasion growth 
rates of species. Changing precipitation differentially altered two quantities 
that shape the invasion growth rate of species across all species pairs. These  
are (1) competition coefficients, defined as a log ratio of the intraspecific and 
interspecific competition effects of resident species, and (2) the demographic 
potential, defined as a log ratio of the demographic potential of the invader 
relative to resident species. See Methods for full details and theoretical 
justification for this analysis (*P = 0.044). The box and whiskers plot represents 
the median, the 25th and 75th percentiles, and the minimum and maximum 
values.
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a truly limiting level. In addition, the year in which we conducted our 
study was a relatively wet one, meaning that our 20% reduction treat-
ment and ambient treatment fell within the typical rainfall range for 
this community29. Together, these results highlight how even modest 
changes in rainfall (20% reduction) that have minimal effects on the 
fecundity of most species in the absence of competitors (Fig. 2) can 
nonetheless drive substantial changes in competitive outcomes (Fig. 1).

To evaluate the degree to which precipitation effects on coexistence 
resulted from changing competitive interactions versus changing demo-
graphic potential (driven by fecundity in the absence of neighbours), we 
quantified how rainfall-driven changes to each of these quantities altered 
the invasion growth rates of species. The invasion growth rate of species 
is the rate at which it can invade a system in which their competitor is at its 
‘resident’ equilibrium state. Invasion growth rates therefore determine 
competitive outcomes (Methods), and depend on both the per capita 
suppression of growth of the resident relative to that of the invader (a 
ratio of competition coefficients) and the demographic potential of 
the invader relative to its competitor (capturing the direct responses to 
the environment for the species; equation (5)). We found that reduced 
rainfall altered the relative strength of the competition coefficients 
more strongly than the differences in demographic potential (Fig. 3).

In summary, the changes in predicted competitive outcomes 
between species in the rainfall manipulation were most strongly driven 
by changes in species interactions (Fig. 1 and Extended Data Fig. 1). As 
there was variation across species pairs in how the rainfall manipula-
tion affected their coexistence, we sought to better understand the 
potential mechanisms underlying this diversity of competitive changes. 
Specifically, we tested whether the variation across species pairs in the 

effect of rainfall manipulation on competitive outcomes was correlated 
with functional or ecological strategy differences between species. We 
quantified strategy differences using functional trait measurements of 
our focal species, which capture variation in the life history strategies of 
species and can explain variation in species interactions10. To quantify 
aggregate functional trait differences between species, we conducted 
a principal component analysis (PCA) of 11 previously measured func-
tional traits of 23 species from the community10,30 (Extended Data Fig. 2) 
and extracted the scores of our six focal species along the first PC axis, 
which explained 22.7% of the trait variation among species. The traits 
measured included key leaf, stem and root functional traits that are 
widely sampled globally to capture a diversity of plant strategies23 and 
competitive outcomes24, as well as less widely sampled traits related 
to competition for water in our system, such as rooting depth, phenol-
ogy and integrated water use efficiency (via carbon stable isotopes) 
(Extended Data Table 3). This suite of traits has also been shown to 
relate to niche and fitness differences10 in our system.

We found that the greater the functional dissimilarity between spe-
cies, the more their fitness differences changed with altered rainfall 
(Mantel R2 = 0.54, P = 0.028; Fig. 4a and Extended Data Fig. 2). Under-
lying this finding was a weak relationship between trait dissimilarity 
and fitness differences in the ambient rainfall treatment and a much 
stronger relationship when rainfall was reduced (Fig. 4c). Consistent 
with previous work in this system showing that fitness differences but 
not niche differences between species are correlated with their func-
tional trait differences10, we did not find any relationship between trait 
dissimilarity and stabilizing niche differences either within or between 
treatments (Fig. 4b,d). Together, these results suggest that there is a 
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Fig. 4 | Effect of differences in functional traits on pairwise competition 
outcomes within and between water treatments. a, Change in fitness 
differences with rainfall treatment plotted against the functional trait distance 
between species pairs along the PC1 axis. b, Change in stabilizing niche 
differences with rainfall treatment plotted against the functional trait distance 
between species pairs along the PC1 axis. For the species labels in a,b, see 

Extended Data Table 1. c, Fitness differences between species pairs plotted 
against their functional trait distance along the PC1 axis, for each of the two 
rainfall treatments. d, Stabilizing niche differences between species pairs 
plotted against their functional trait distance along the PC1 axis, for each of the 
two rainfall treatments (* indicates significant P value from the Mantel test; NS 
indicates not significant).
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functional basis to how rainfall affects fitness differences and therefore 
competitive outcomes, an area worthy of further investigation. This 
aligns with our understanding of trait variation, as species with similar 
functional traits often respond to the environment in similar ways12,30 
and thus their interactions should be less likely to change. It also sug-
gests that communities with high functional diversity, and therefore 
a greater proportion of pairwise interactions between functionally 
distinct species, may be most at risk for climate-driven changes in 
interaction outcomes in the future.

A great diversity of processes are known to contribute to species 
coexistence in communities4,19,31–33, including numerous potential 
mechanisms of coexistence that our study was not able to quantify. 
For example, broader-scale spatial and temporal heterogeneity prob-
ably affect coexistence in this community, and this explains the fact 
that not all pairs are predicted to coexist in the ambient rainfall treat-
ment. Although these and other factors contribute to coexistence at 
larger landscape scales and are worthy of future study, understanding 
the long-term predicted competition outcomes at a neighbourhood 
scale under different rainfall conditions as we have done here provides 
an important template on which we can overlay other coexistence 
mechanisms in conjunction with future abiotic changes.

Finally, although community ecology has frequently assumed 
that the pairwise interactions of species can be combined to predict 
whole-community outcomes, higher-order interactions challenge this 
assumption. Unfortunately, it is often logistically daunting to properly 
quantify these interactions empirically34, let alone do so in different 
rainfall environments. Nonetheless, as a step towards a multispecies 
perspective on our results, we applied a previously developed structural 
approach35 to our pairwise interaction results to assess how the rainfall 
treatment affected the potential for coexistence in systems with three or 
more of the study species. This analysis quantifies structural analogues 
of niche and fitness differences, which can be used to assess the potential 
for any number of species to coexist. Consistent with past work in our 
system35, we found that the fraction of possible pairs coexisting (11 of 
15 in at least one treatment; Fig. 1 and Extended Data Tables 2 and 4) was 
greater than the fraction of coexisting triplets (4 of 20; Extended Data 
Table 5), which was greater than the fraction of quadruplets, quintu-
plets and sextuplets (always 0; Extended Data Table 6). However, just as  
10 of 11 pairs predicted to coexist only coexisted in one rainfall treatment 
(Fig. 1 and Extended Data Tables 2 and 4), four of four triplets predicted 
to coexist only coexisted in one of the two rainfall treatments (Extended 
Data Table 5). This suggests that the pairwise results that we reported 
above extend to systems with more than two species, although more 
work on the multispecies implications of our findings are warranted.

Our results demonstrate the importance of accounting for species 
interactions when predicting the effects of global change. Our rainout 
experiment generated a modest 20% reduction in precipitation with 
insignificant effects on the fecundity of four of our six species when grown 
without competitors (Fig. 2 and Extended Data Table 1). These responses 
are small enough to be inconsequential in any global change forecast built 
on the direct responses of species to changes in climate. However, this 
small change in rainfall strongly affected species competitive interac-
tions, so much so that the predicted coexistence outcome changed for 
10 of 15 species pairs (Fig. 1). Of these pairs, we found that species with 
more similar functional traits showed smaller shifts in their competitive 
imbalance. Thus, our results show that studies that rely solely on the direct 
climate responses of species to predict future communities or species 
distributions may miss critical changes in the effect of competitive inter-
actions. Our results suggest that scenarios in which global change alters 
resource availability (such as water) may have fundamentally different 
consequences for species interactions and community structure than 
cases in which temperature alone is altered. If this is true, consumer–
resource models36,37 may be particularly powerful for exploring the com-
munity consequences of such changes. Although the logistical challenge 
of assessing changes in species interactions is not trivial, especially when 

considering longer-lived organisms, our results show just how important 
such changes can be for predicting the consequences of global change.
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Methods

Field experiment
The experiment was conducted at the University of California, Santa 
Barbara’s Sedgwick Reserve in Santa Barbara County, CA, USA (34° 40′ N,  
120° 00′ W), 730 m above sea level. Precipitation determines the grow-
ing season in this Mediterranean climate, which is characterized by cool, 
wet winters and hot, dry summers. The landscape is heterogeneous 
with patches of serpentine soil that support diverse native flora, in 
part because they are resistant to invasion by European annual grasses, 
which dominate much of the grasslands in this region38. Most of the 
annual species in this grassland community germinate after early sea-
son rainfall in December and January and senesce sometime between 
February and June. From surveys of the area, we have recorded and 
identified 55 species of annual forbs or grasses30. We chose six species 
for the experiment that differ in core functional traits10,30,39 as well as 
their phenology across the growing season, and were known to germi-
nate and grow reliably in previous studies (Extended Data Table 1). We 
collected seed for the experiment in spring and summer 2018 from the 
reserve. In autumn 2018, we planted a pairwise competition experiment 
with two different precipitation regimes.

Experimental competition plots (each 60 × 75 cm) were cleared of 
vegetation and any visible seeds and then sown with seed from our 
six focal species in late October 2018 before the onset of winter rains. 
The plots were located within a fenced area, which excludes deer and 
gophers. Each plot was randomly assigned to receive seeds of one of six 
focal species in the background at one of five sowing densities ranging 
from 0 to 12 g of seed per m2 with four replicate plots per density per 
background species. As the 0 g m−2 plots are identical in composition 
across background species, for efficiency, we only sowed a total of ten 
0 g; m−2 plots, resulting in 106 plots (10 plots with 0 g m−2, 96 plots with 
2–12 g m−2). The natural density of this grassland community corre-
sponds to roughly 8 g m−2 in a typical year, so our treatments range from 
no competitors to approximately 150% of typical density9. The central 
region of each plot was divided into 12 15 × 15-cm subplots, with a 7.5-cm 
buffer around the edges. The centre point of each subplot was sown 
with 25 viable seeds from one of our six focal species, with each focal 
species sown into two subplots per plot. Germination in the subplots 
allowed us to measure the average germination rate of each focal spe-
cies, and following germination, the focal plant species in each subplot 
was thinned to a single focal individual, located no closer than 15 cm 
to a focal individual in neighbouring subplots to minimize competi-
tive interactions among focal plants. If one of the six species emerged 
at an undesignated spot in the plot but was at least 10 cm away from 
another focal and the edge, we included it in the data collection. This 
design then results in each of the six focal species competing against 
intraspecific and all interspecific competitors at five different densi-
ties. Seed viability was quantified before sowing using methods from 
previous experiments with these species10. Our 106 plots were evenly 
divided between ambient and reduced rain treatments and randomly 
assigned to a rainout shelter. Fourteen large rainout shelters (1 m tall) 
were built around groups of adjacent plots. The shelters consisted of 
wooden frames that could be covered with plastic sheeting that chan-
nelled water into gutter systems that transported the rain away from 
the experimental plots. The sheeting was only deployed during rain 
events to minimize unwanted treatment effects in between storms. 
To further reduce artefacts between treatments, we opted to exclude 
rain for all plots in the experiment regardless of treatment and then 
return the appropriate amount of water based on rainfall during the 
storm to the ambient plots using collected rainwater. We deployed 
plastic sheeting over our rainout shelter frames during 15 of the 18 
rain events that occurred between 15 February 2019 and 1 June 2019, 
immediately returning collected rainwater to the ambient plots using 
backpack sprayers at the end of the storm at a watering rate equal to 
the rainfall total of the storm.

Both rainfall regimes received identical ambient rain until 
mid-February 2019, which allowed plants to germinate and estab-
lish under similar conditions, thereby focusing the effects of our 
reduced rain treatment on the post-germination growth and repro-
duction phase. In January 2019, we recorded germination rates and 
thinned each of the focal seedlings that resulted from the original 
25 seeds to a single individual. Any recruits from the seed bank were 
weeded out throughout the season unless the recruit was designated 
a focal because of its identity and position within the plot (or if the 
recruit was the background competitor species). We then recorded 
lifetime fecundity for each focal individual and censused the number 
of competitors in a 10-cm radius around each focal plant. We tracked 
germination, fecundity and number of neighbours for over 1,600 
plants in our plots.

Ultimately, the reduced rain treatment received 12.75 cm less rain 
than the ambient plots, which corresponded to a 20% reduction 
in total rain over the lifetime of the plants. Soil gravimetric water 
content ((wet weight − dry weight)/dry weight) was measured three 
times during the experiment from our 8 g m−2 plots on 27 March,  
21 April and 17 May 2019 (Extended Data Table 7). Soil samples were 
taken from three different plots in each treatment in March and 
from eight different plots in each treatment in April and May. Soil 
was weighed and then dried in a 60 °C oven for 3 days and weighed 
again. According to Welch two-sample t-tests, the reduced rain plots 
experienced significantly lower gravimetric water content than the 
ambient plots on all three dates (Extended Data Table 7), with the 
reduced rainfall plots measuring a gravimetric water content that 
was 68%, 71% and 78% of the ambient plots, respectively. The site 
received above average rainfall in the 2018–2019 growing season29, 
resulting in the reduced rain treatment receiving 2.25 cm of rainfall 
below the average and the ambient treatment receiving 10.5 cm 
above the average.

Model parameterization
To quantify the niche and fitness differences critical to understand-
ing coexistence between species pairs, we parameterized an annual 
plant demographic model that describes the dynamics of annual plant 
populations with a seed bank, and includes species-level variation in 
germination rates, seed survival in the seed bank, fecundity and pair-
wise competition coefficients (equation (1)). The population dynamic 
model allowed us to calculate stabilizing niche and fitness differences 
from the fitted parameters using a previously developed approach9,10. 
In brief, the per capita growth rate of species i in year t (left side of 
equation (1)) is modelled as a function of its germination rate (gi), seed 
survival rate (si) and per germinant fecundity (Fi):
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The model tracks the growth of Ni,t, the density of species i in the 
autumn of year t before germination, as the sum of two terms. The 
first is the growth contributed by seeds that do not germinate that 
year, a function of the seed germination and survival rate, as these 
seeds will remain in the seedbank. Previous work at this site measured 
seed survival for each species by testing their viability before and after 
burying bags of seed in the ground for a year, and we assumed these 
rates were unchanged from previous years. The germination rates 
were determined from averaging the germination rate for each species 
across plots from the 25 viable seeds sowed for each focal. The second 
term, giFi describes the growth contributed by seeds that do germinate. 
The term Fi refers to the per germinant fecundity or the amount of 
seeds added to the following autumn seed bank by each germinated 
individual of species i. Fi can be expressed as a function that describes 
how fecundity decreases with increasing density of intraspecific and 
interspecific competitors4,10,27.
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The numerator (λi) denotes the fecundity of a germinated individual 
of species i when it is grown in the absence of any competition. The 
interspecific and intraspecific competition parameters (αii and αij) rep-
resent the competitive effect of species i on itself and the competitive 
effect of species j on species i, respectively. The gjNj,t term represents 
the density of germinated competitors of species j.

We used the collected data to fit the parameters in equation (2) in R 
using the non-linear least squares method (nlstools package in R ver-
sion 4.2.0). We allowed lambda (low-density seed production (λi)) and 
alphas (competition interaction coefficients for each pair α α α α( , , , ))ii ij jj ji  
to vary as a function of rainfall treatment, competitor density and com-
petitor identity, and used the non-linear least squares test to estimate 
each parameter. We bootstrapped the data and re-estimated the param-
eters 1,000 times to estimate error for the parameters. Given previous 
work at the site showing strong competition between species, we con-
strained all the competition parameters to be positive (>0.001), which 
eliminates the possibility of facilitation (that is, via a negative interac-
tion coefficient estimate). Of the 72,000 alphas estimated from the 
bootstrapped data, less than 0.02% of them were equal to the con-
strained value of 0.001.

Stabilizing niche differences between two species were calculated 
as 1 − ρ, where ρ measures niche overlap4,10,27, described as:
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Niche overlap therefore captures the extent to which a species limits 
conspecific individuals (represented by the intraspecific interaction coeffi-
cients in the denominator of equation (3) more than it limits heterospecific 
individuals (captured by the interspecific interactions in the numerator 
of equation (3)), and relates to the ability of species to increase when rare.  
If a species limits conspecific individuals more than heterospecifics, niche 
overlap is low, and invasion growth rates are more positive10,22.

Similarly, fitness differences between two species can be described 
by a ratio ((κ κ/ ),j i  which is calculated by the following equation10:
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The fitness ratio compares species inherent competitive abilities 

and is the product of two terms: the ‘demographic ratio’  
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fitness can come either from a species producing a large total number 
of seeds when not experiencing competition (that is, a favourable 
demographic ratio), or by being relatively insensitive to the total effects 
of competitors (that is, a favourable competitive response ratio)10.

Long-term coexistence is predicted when stabilizing niche 
differences (ρ) and fitness differences ( )κ

κ
j

i
 satisfy the following inequal-

ity (equation (6)):

ρ
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To assess the direct effect of rainfall on individual species, we com-
pared the low-density plot fecundities of each species under each 

precipitation treatment (Fig. 2). We then compared the estimated 
competitive interaction parameters (α α α α, , , )ii ij jj ji  for each pair of spe-
cies under each precipitation treatment. Note that the germination 
rate did not differ by treatments because the rainfall exclusion was 
started after the germination-inducing rain event, and the seed bank 
survival was taken from previous work at the site. Finally, we used equa-
tions (3, 4 and 5) to calculate stabilizing niche and fitness differences 
and thus predicted long-term competitive outcomes between pairs 
under each treatment (Fig. 1). To estimate error, we calculated stabiliz-
ing niche and fitness differences 1,000 times from each of the 1,000 
bootstrapped parameter estimates (Extended Data Fig. 1).

Invasion growth rate analysis
We decomposed the invasion growth rates of species pairs to determine 
the extent to which changes in the interaction strengths of species 
versus changes in fecundity drove the widespread changes to species 
coexistence (Fig. 1) with rainfall manipulation. For a species pair to 
coexist, each species must be able to invade an equilibrium population 
of the other from low density. In our annual plant model, species i can 
invade species j when40:
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where αij describes the competitive effect of species j on species i, and 
ηi captures the seeds produced per seed lost from the seed bank for 
species i, which is a function of seed production in the absence of com-
petitors (λ), germination rate (g) and seed survival in the seed bank (s)  
(equation (5)). This inequality can be rearranged into the following 
expressions:
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where the capacity for species i to invade species j depends on both the 
relative demographic potential of the competitors (ratio of the etas  
(ηi and ηj) that reflects the direct responses of species to the environ-
ment) and the degree to which the resident species harms itself relative 
to the invader (ratio of the alphas (αjj and αij) that reflect interspecific 
and intraspecific competition). We investigated which of these two 
elements changed more with the rainfall exclusion treatment by calcu-
lating the absolute value of the differences in each term between treat-
ments. We then performed a paired Student’s t-test on the magnitudes 
(absolute value) of the two differences and found that across species 
pairs, the competition coefficients term (α ratios) changed significantly 
more than the demographic potential (η ratios) (Fig. 3; P = 0.044). This 
indicates that the changes in species coexistence that we observed 
in our experiment were driven more by shifts in species interactions 
than by changes in the direct responses of species to the environment.

Functional trait analysis
Eleven functional traits including leaf nitrogen content, phenology, 
leaf dry matter content, leaf area, specific leaf area, maximum height, 
seed mass, rooting depth, specific root length, integrated water use 
efficiency (estimated with leaf tissue δ13C) and canopy shape index 
were measured for 23 species, including our six focal species, at the 
site in a previous year10,30,39 (for units and descriptions, see Extended 
Data Table 3). In selecting traits, we sought to include both traits that 
are widely sampled (such as specific leaf area, seed mass and maxi-
mum height measures), as well as traits that can be harder to sample 
but that we expect matter more for competitive interactions among 
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annuals, including rooting depth, phenology and measures of canopy 
architecture (via canopy shape index). In terms of competition for 
water, we sampled rooting depth, fine-root structure (via specific 
root length) and integrated water use efficiency (via carbon stable 
isotopes). We created a PCA with the measured traits of 23 annual 
plant species from the site (Extended Data Fig. 2) to determine the 
extent to which species differed in their functional traits. We used 
differences between species on the PC1 axis (which explained 22.68% 
of the variability) as an overall measure of trait dissimilarity between 
the six species. The study species broadly span the functional trait 
spectrum of the annual plant community with considerable variation 
in traits, including, for example, a 40-fold difference in leaf area and 
a sixfold difference in seed mass. Given the pairwise nature of our 
data, following previous work at the site10, we used Mantel tests to 
test whether either stabilizing niche or fitness differences between 
species pairs were correlated with trait dissimilarity, both within and 
between treatments.

Multispecies structural analysis
Following recent methodological developments35, we used a structural 
approach to derive metrics analogous to niche (Ω) and fitness (θ) dif-
ferences that determine the range of demographic rates sufficient 
for multispecies coexistence given their intrinsic growth rates and 
their pairwise interaction coefficients scaled by germination. This 
allowed us to include the indirect interaction effects on competitive 
outcomes that can occur when more than two species are compet-
ing. It also allowed us to see how these structural analogues of niche 
and fitness differences changed with rainfall for all possible pairs, 
triplets, quadruplets, quintuplets and one sextuplet (Extended Data 
Tables 4–6). When analysing the species pairs, consistent with our main 
analysis (Extended Data Table 2), we found that the same 10 of 15 pairs 
(67%) had altered coexistence outcomes in the rainfall manipulation 
treatment (Extended Data Tables 2 and 4). Extending the structural 
approach to all species triplets showed that 4 of 20 (20%) of the triplets 
experienced altered coexistence outcomes with rainfall manipulation 
(Extended Data Table 5), which extends the overall pairwise results into 
a multispecies context. When we explored coexistence of species quad-
ruplets, quintuplets and the sextuplet of all species, we noted changes 
in the parameters between rainfall treatments (for example, Ω and θ; 
Extended Data Table 6), although the method did not predict stable 
coexistence of any of the larger species groupings in either treatment.

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

Data availability
Data are available on Zenodo (https://doi.org/10.5281/zenodo.7083314). 
Data were recorded in Microsoft Excel (v.16.63.1) and analysed in  
R (v.4.2.0).

Code availability
Codes are available on Zenodo (https://doi.org /10.5281/
zenodo.7083314). Figures and tables were created in R (v.4.2.0).
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Extended Data Fig. 1 | Effects of water treatment on each competing pairs’ 
stabilizing niche and fitness differences. Each species pair shown separately 
with confidence intervals (+/− 1 SD) for stabilizing niche and fitness differences 

obtained from bootstrapping. Inside the grey shaded region indicates 
coexistence, outside indicates competitive exclusion.
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Extended Data Fig. 2 | Principal component analysis of functional traits 
from the focal plant community. Principal component analysis with 23 
species and eleven functional traits from previous work at the site10 (Methods).  

The six species from this study are filled in circles and labeled following 
Extended Data Table 1. The open circles represent other species in the 
community. See Extended Data Table 3 for trait descriptions.



Extended Data Table 1 | Each species’ mean per capita seed production without competitors in the two treatments from the 
0g/m2 background plots ± standard error

P-values obtained from generalized linear mixed effects model: fecundity ~ species*treatment + plot.
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Extended Data Table 2 | Stabilizing niche and fitness difference calculations for each species pair under two rainfall 
treatments

Stabilizing niche differences are calculated as 1-ρ and fitness differences as κj/κi. Species pairs are predicted to coexist long term when ρ < κj/κi < 1/ρ. Species pairs with similar predictions of 
coexistence in the two treatments are grouped together.



Extended Data Table 3 | The eleven functional traits used to create the PCA in Extended Data Fig. 2 with their units and 
descriptions
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Extended Data Table 4 | Ω, a structural analog of stabilizing niche differences and θ, a structural analog of fitness 
differences35 for each species pair and their predicted competition outcome using the structural method under the two 
rainfall treatments



Extended Data Table 5 | Ω, a structural analog of stabilizing niche differences and θ, a structural analog of fitness 
differences35 for each species triplet and their predicted competition outcome using the structural method under the two 
rainfall treatments
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Extended Data Table 6 | Ω, a structural analog of stabilizing niche differences and θ, a structural analog of fitness 
differences35 for each species quadruplet, quintuplet and sextuplet, and their predicted competition outcome using the 
structural method under the two rainfall treatments



Extended Data Table 7 | Gravimetric water content (GWC) measured at three different times during the experiment

P-values determined by t-tests for samples on each date.







ʹ ʹ


	Small rainfall changes drive substantial changes in plant coexistence

	Online content

	Fig. 1 Effects of water treatment on the stabilizing niche and fitness differences of competing pairs.
	Fig. 2 Effects of water treatment on the fecundity of species when grown without competitors.
	Fig. 3 Effect of water treatment on components of the invasion growth rates of species.
	Fig. 4 Effect of differences in functional traits on pairwise competition outcomes within and between water treatments.
	Extended Data Fig. 1 Effects of water treatment on each competing pairs’ stabilizing niche and fitness differences.
	Extended Data Fig. 2 Principal component analysis of functional traits from the focal plant community.
	Extended Data Table 1 Each species’ mean per capita seed production without competitors in the two treatments from the 0g/m2 background plots ± standard error.
	Extended Data Table 2 Stabilizing niche and fitness difference calculations for each species pair under two rainfall treatments.
	E﻿xtended Data Table 3 The eleven functional traits used to create the PCA in Extended Data Fig.
	Extended Data Table 4 Ω, a structural analog of stabilizing niche differences and θ, a structural analog of fitness differences35 for each species pair and their predicted competition outcome using the structural method under the two rainfall treatments.
	Extended Data Table 5 Ω, a structural analog of stabilizing niche differences and θ, a structural analog of fitness differences35 for each species triplet and their predicted competition outcome using the structural method under the two rainfall treatment
	Extended Data Table 6 Ω, a structural analog of stabilizing niche differences and θ, a structural analog of fitness differences35 for each species quadruplet, quintuplet and sextuplet, and their predicted competition outcome using the structural method un
	Extended Data Table 7 Gravimetric water content (GWC) measured at three different times during the experiment.




