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Abstract
1.	 Plant populations are limited by resource availability and exhibit physiological 

trade-offs in resource acquisition strategies. These trade-offs may constrain the 
ability of populations to exhibit fast growth rates under water limitation and high 
cover of neighbours. However, traits that confer drought tolerance may also con-
fer resistance to competition. It remains unclear how fitness responses to these 
abiotic conditions and biotic interactions combine to structure grassland commu-
nities and how this relationship may change along a gradient of water availability.

2.	 To address these knowledge gaps, we estimated the low-density growth rates of 
populations in drought conditions with low neighbour cover and in ambient con-
ditions with average neighbour cover for 82 species in six grassland communities 
across the Central Plains and Southwestern United States. We assessed the rela-
tionship between population tolerance to drought and resistance to competition 
and determined if this relationship was consistent across a precipitation gradient. 
We also tested whether population growth rates could be predicted using plant 
functional traits.

3.	 Across six sites, we observed a positive correlation between low-density popu-
lation growth rates in drought and in the presence of interspecific neighbours. 
This positive relationship was particularly strong in the grasslands of the northern 
Great Plains but weak in the most xeric grasslands. High leaf dry matter content 
and a low (more negative) leaf turgor loss point were associated with high popula-
tion growth rates in drought and with neighbours in most grassland communities.

4.	 Synthesis: A better understanding of how both biotic and abiotic factors impact 
population fitness provides valuable insights into how grasslands will respond to 
extreme drought. Our results advance plant strategy theory by suggesting that 
drought tolerance increases population resistance to interspecific competition 
in grassland communities. However, this relationship is not evident in the dri-
est grasslands, where above-ground competition is likely less important. Leaf 
dry matter content and turgor loss point may help predict which populations will 
establish and persist based on local water availability and neighbour cover, and 
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1  |  INTRODUC TION

Plant species responses to water availability will determine the 
future of grassland ecosystems under the increasing intensity 
and frequency of extreme drought events (Breshears et al., 2016; 
Smith,  2011). Our ability to predict these outcomes is con-
founded by idiosyncratic plant–plant interactions that mediate 
community responses across different environmental conditions 
(Brooker,  2006; Ploughe et  al.,  2019) and resource availabili-
ties (Grant et  al.,  2014; Maestre et  al.,  2009). According to the 
Huxman-Smith model, grassland sensitivity to drought, measured 
as relative reductions in above-ground net primary productivity 
(ANPP), is expected to vary inversely with mean annual precipita-
tion (Huxman et al., 2004; Knapp et al., 2015). However, long-term 
changes in precipitation patterns drive changes in the functional 
composition of plant communities that could either increase or 
decrease drought sensitivity in these communities (Griffin-Nolan, 
Blumenthal, et  al.,  2019). Disentangling how species traits and 
local biotic and abiotic conditions combine to influence population 
growth will improve our ability to predict the future of grassland 
community composition and ecosystem function under climate 
change (Germain et al., 2018; Volaire, 2018).

Long-standing ecological theory proposes that adaption to 
local conditions will cause population growth to be primarily 
limited by abiotic drivers in resource-limited conditions and by 
competitive interactions in productive conditions (Darwin, 1859; 
Louthan et al., 2015; Maestre et al., 2009). Therefore, we expect 
to see variation in strategies and population fitness depending 
on the intensity of competition and the availability of resources 
(Berger & Ludwig,  2014; Liancourt et  al.,  2013). However, plant 
strategy theories disagree about how interactions between traits 
and the environment at the population level structure commu-
nities (Craine,  2005; Grace,  1990; Grime,  2006; Tilman,  1994). 
Grime  (2001) proposed that stress-tolerant species will exhibit 
positive population growth despite limited resources, whereas 
competitive species will exhibit positive population growth in pro-
ductive conditions where resources are primarily limited by biotic 
interactions. This theory predicts a trade-off between fitness in 
resource-limited conditions and fitness in productive conditions 
where interspecific competition is high. Tilman  (1988) proposed 
an alternative theory that stress-tolerant species are more com-
petitive because of their greater ability to persist at low resource 
levels. In this case, we would expect a positive relationship where 
species with high fitness under drought would also exhibit high 

fitness in a dense community because of their enhanced ability to 
compete for water. Given these contrasting theoretical expecta-
tions, it is unclear if drought tolerance is positively or negatively 
correlated with competitive ability in water-limited ecosystems 
such as semi-arid grasslands.

Fitness differences among species are likely driven by differ-
ences in phenotypic traits. Plant species variation along a fast-to-
slow economic spectrum of resource acquisition and conservation 
(Grime,  2001; Reich,  2014; Wright et  al.,  2004) may explain the 
physiological mechanisms driving variation in population re-
sponses to drought and competition. Plants either allocate re-
sources to acquisitive tissues that can be cheaply produced or to 
longer-lived tissues that incur a higher construction cost (Onoda 
et al., 2017; Shipley et al., 2006). Root construction costs face a 
similar dilemma, but with an additional orthogonal collaboration 
trade-off where they either produce thick roots with more cor-
tex for enhanced mycorrhizal colonization or thin roots that seek 
out resources on their own (Bergmann et al., 2020). From Grime's 
perspective, a species is more competitive if it acquires resources 
first, and so acquisitive traits are associated with a competitive 
strategy. If acquisitive traits make species more competitive and 
less drought tolerant, this could underlie a trade-off in fitness 
between abiotic and biotic drivers across grasslands. However, 
from Tilman's perspective, if conservative traits increase the com-
petitive ability of stress-tolerant plants in water-limited environ-
ments, this may explain a positive relationship between fitness 
under drought and with neighbour competition. Thus, it is unclear 
if selection on traits to cope with water limitation will prevent 
grassland species from having high fitness in more productive con-
ditions, or if conservative traits confer both drought tolerance and 
resistance to neighbour competition.

Grasslands in the Central Plains and Southwestern United States 
provide an excellent study system to test for the relationship be-
tween tolerance to abiotic and biotic stresses within and between 
grassland types that span a broad precipitation gradient (Figure 1). 
We used 5 years of plant cover estimates as a measure of species 
abundance from six different grasslands in the Extreme Drought in 
Grasslands Experiment (EDGE) to investigate the relationship be-
tween population fitness under drought and competition. We asked 
three questions: (1) What is the relationship between tolerance to 
drought and resistance to competition in grasslands? (2) How does 
this relationship differ between communities along a precipitation 
gradient? (3) Do traits explain the relationship between population 
fitness under drought and with neighbours?

these predictions can be used to guide the conservation and restoration of biodi-
versity in grasslands.

K E Y W O R D S
community assembly, drought tolerance, functional traits, grasslands, plant community 
dynamics, population growth rates, resistance to competition
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418  |    MOUNT et al.

2  |  MATERIAL S AND METHODS

2.1  |  Extreme Drought in Grasslands Experiment

Approximately 320 plant species were monitored in the EDGE pro-
ject across six grassland types, including tallgrass prairie, southern 

mixed-grass prairie, northern mixed-grass prairie, northern short-
grass prairie, southern shortgrass prairie and desert grassland 
(Baur et  al.,  2021; Carroll et  al.,  2021; Griffin-Nolan, Blumenthal, 
et al., 2019; Knapp et al., 2015; Lagueux et al., 2021; Yue et al., 2019; 
Table 1). Twenty 36-m2 plots were established across a topographi-
cally uniform area at each site and split into four 2 m × 2 m subplots 

F I G U R E  1  Conceptual diagram of the methodologies used in this paper (see Section 2 for details) and hypotheses being tested. (a) 
Cover estimates were collected over 5 years for species in ambient conditions and extreme chronic drought (50% annual precipitation 
reduction). We used rainout shelters (photo from https://​rober​tgrif​fin-​nolan.​weebly.​com/​grass​land-​sensi​tivit​y-​to-​extre​me-​droug​ht.​html) 
to experimentally impose the extreme drought across six sites (map adapted from Griffin-Nolan et al., 2018). (b) Cover estimates were used 
to calculate annual population growth rates for each species in each grassland type in each annual transition. (c) A model of species annual 
population growth rate predicted by intraspecific and interspecific cover in each treatment was used to calculate estimates of intrinsic 
population growth rates (r) in different conditions. We relate the r in drought and r with higher neighbour cover to determine the relationship 
between these drivers and their effect on population fitness. We tested two hypotheses for how biotic interactions with neighbours may 
be related to drought tolerance. Grime's CSR model predicts that species with high fitness under drought will have low fitness in a highly 
competitive environment with neighbours (solid line). Alternatively, Tilman's theory predicts that species able to draw down the limiting 
resource will maintain high growth rates despite neighbour competition (dashed line).
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with a 1 m buffer on every side. Plots were hydrologically isolated 
from the surrounding soil matrix using aluminium flashing and 6-mil 
plastic barriers installed to a depth of at least 20 cm. Ten control plots 
at each site received ambient rainfall over the experimental period, 
and 10 treatment plots experienced a 66% reduction in growing sea-
son precipitation (equivalent to roughly 40%–50% over the whole 
year) using greenhouse rainout shelters equipped with strips of clear 
corrugated polycarbonate. Permission for fieldwork was granted by 
the land managers at each location (Table 1). Additional site and ex-
perimental design details are available in Griffin-Nolan, Blumenthal, 
et al. (2019) (Figure 1a). We limited our analyses to 82 species that 
had >50 observations in both the control and drought treatments, 
totaling 113 species-site combinations (Table S1). The absolute cover 
of all species in four 1 × 1 m quadrats was estimated yearly from 
2012 to 2017 (Figure 1a,b). There was variation in total cumulative 
cover of all species at the quadrat-level by grassland, treatment and 
year (Figure S1), but accounting for variation in year as a random ef-
fect was not possible because these models did not converge.

2.2  |  Population growth rates

Percent cover was used as a measure of population size for each 
species at the quadrat level. The population growth rate at time t 

(

�t
)

 
was calculated as the total cover (C) of a species at time t + 1 divided 
by the total cover at time t:

The natural logarithm of �t (often denoted as the intrinsic rate of 
increase: r) for a species in a quadrat describes whether the popu-
lation increased (positive value) or decreased (negative value) in the 
transition from year t to t + 1. This method integrates the growth, 
survival and reproduction of individuals into a single estimate of 
population fitness for plants (Laughlin et  al.,  2020). Population 
growth rates were calculated for each species in each quadrat in 

each annual transition (Figure  1b). Because we use species cover 
instead of counts of individuals to measure population size, intra-
specific cover is equal to the cumulative cover of a species in a quad-
rat. Interspecific cover in each quadrat is defined as the cumulative 
cover of all non-focal species in a quadrat.

2.3  |  Population growth rate responses

Estimates of population growth at low density are important for 
understanding fitness responses to contrasting conditions (Adler 
et al., 2006; Angert et al., 2009; Chesson, 2000; Germain et al., 2018). 
Using the intercept of models that relate population growth to in-
traspecific cover, they provide a standardized metric to quantify and 
compare population fitness after controlling for intraspecific density 
dependence (Angert et  al.,  2009; Chesson,  2000). We calculated 
low-density growth rates for populations of each species at each site 
to assess fitness in two different conditions: mean neighbour abun-
dance under ambient rainfall and minimum neighbour abundance 
under extreme drought. Minimum and mean neighbour abundances 
were averaged across all 5 years of the experiment. We compared 
these low-density growth rates to assess differences in fitness when 
experiencing stress from abiotic or biotic drivers.

To estimate these growth rates, we fit linear models predicting 
r for each species in each grassland as a function of drought treat-
ment, intraspecific neighbourhood cover and interspecific neigh-
bourhood cover (Figure 1c) pooled across years using the following 
equation:

where D is a binary variable representing the ambient treatment (D = 0) 
or the chronic drought treatment (D = 1), Na is the natural log of intra-
specific plant cover in time t and Ne is the natural log of interspecific 
plant cover in time t. We estimated our population growth rates in the 
absence of density dependence using the modelled relationships be-
tween population growth and intraspecific cover when intraspecific 

(1)�t =
Ct+1

Ct

(2)r = �0 + �1D + �2Na + �3Ne + �4NaD + �5NeD + �

TA B L E  1  Summary of key attributes of the six different grassland sites. Mean annual precipitation (MAP), growing season precipitation 
(GSP) and mean annual temperature (MAT) are 30-year averages between 1982 and 2012 (Knapp et al., 2015). The final column lists the 
number of species analysed at each site in this analysis.

Site Location Grassland type
MAP 
(mm)

GSP 
(mm)

MAT 
(°C) Dominant species

Final # 
species

SBK Sevilleta Wildlife Refuge, NM Desert 246 163 13.4 Bouteloua eriopoda 11

SBL Sevilleta Wildlife Refuge, NM Southern Shortgrass 246 163 13.4 Bouteloua gracilis
Bouteloua eriopoda

13

SGS Central Plains Experimental Range, CO Northern Shortgrass 375 293 9.5 Bouteloua gracilis 17

CHY High Plains Grassland Research Station, WY Northern Mixed grass 400 303 7.9 Bouteloua gracilis
Pascopyrum smithii

26

HYS Hays Agricultural Research Center, KS Southern Mixed grass 584 426 12.3 Pascopyrum smithii
Bouteloua gracilis
Sporobolus asper

29

KNZ Konza Prairie Biological Station, KS Tallgrass 892 652 13 Andropogon gerardii
Sorgastrum nutans

17
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420  |    MOUNT et al.

cover was set to zero. This metric estimates the potential growth rate 
of a focal population in the absence of neighbours. We observed an 
inverse relationship between r and intraspecific cover in most species-
site combinations, indicating strong negative density dependence, 
but relationships between r and interspecific cover varied by species, 
grassland and treatment (Figure S2).

We estimated intrinsic growth rates in drought (rintD) to assess the 
inherent population fitness in the absence of competition in the drought 
treatments for each species in each grassland (Figure 1). These values 
were computed by solving for r in our growth rate models for each 
species when intraspecific cover was set to zero, interspecific cover 
was set to the minimum observed and D = 1 for the drought treatment 
(Equation 2). For many species, an interspecific cover of zero was not 
recorded, so the minimum observed values of interspecific cover were 
used instead to avoid extrapolating beyond the observed data.

We also calculated realized invasion growth rates 
(

rrinv

)

 to assess 
the population fitness at low intraspecific abundance in the presence 
of average observed interspecific neighbour abundance. These values 
were computed by solving for r when intraspecific cover was set to 
zero, interspecific cover was set to the mean of total interspecific cover 
and D = 0 for ambient conditions. rrinv differs from the low-density in-
vasion growth rates used in modern coexistence theory, which were 
beyond the scope of this analysis because these are calculated at 
equilibrium abundance of neighbours estimated using experimentally 
derived competition model coefficients (Chesson,  2000; Germain 
et al., 2018; Grainger et al., 2019). Our metric provides an analogous 
empirical measure of the effects of competition on population fitness. 
In summary, two population growth rates were estimated for the 113 
species-site combinations: (1) intrinsic growth rate in drought (rintD) and 
(2) realized invasion growth rates in ambient (rrinvA) (Figure 1).

2.4  |  Functional traits

We tested for the influence of 11 different functional traits on the 
two measures of population growth. Species-level trait data were 
assembled from several publications and trait databases, and these 
11 were selected based on their importance to known physiological 
trade-offs. Leaf dry matter content (LDMC; g g−1), average individual 
leaf area (cm2) and leaf turgor loss point (TLP; MPa) provide insight 
into water use and desiccation tolerance (Griffin-Nolan, Ocheltree, 
et  al.,  2019; Májeková et  al.,  2021; Stears et  al.,  2022; Wilcox 
et al., 2021). Leaf nitrogen concentration (%), specific leaf area (SLA; 
cm2 g−1) and leaf tissue density (LTD; cm3 g−1) are key traits that re-
flect physiological constraints associated with the leaf economic 
spectrum and other resource use strategies (Pierce et  al.,  2007; 
Poorter & Evans,  1998; Westoby,  1998). Root nitrogen (%), root 
tissue density (RTD; cm3 g−1), root diameter (mm) and specific root 
length (SRL; m g−1) describe below-ground root structure and func-
tion (Bergmann et al., 2020; Kong et al., 2015; Lozano et al., 2020). 
Additionally, average maximum height (mm) was investigated be-
cause of the important role height plays in structuring local plant 
communities along a productivity gradient (Brown & Cahill, 2019).

Due to the large influence regional climate can have on trait–en-
vironment interactions (Kelly et al., 2021; Wright et al., 2005), trait 
data were compiled for each species at the site level where avail-
able (Table S1). Trait values measured at, or nearby, EDGE sites were 
considered the closest estimate for species traits. For this, we used 
a mix of unpublished and open-access trait data from individual re-
searchers (Blumenthal et al., 2020; Craine et al., 2011; Farrell, 2018; 
Laughlin et  al., 2010; Stears et  al., 2022; Tucker, 2010). Grassland 
communities that did not have data available at the local scale were 
filled in by progressively broader estimates using regional averages 
and eventually global estimates provided by the TRY database as 
needed (Kattge et al., 2019; Table S2). Commonly measured traits 
such as SLA and other leaf traits exhibited more coverage across all 
species than difficult-to-measure traits such as root traits. Overall, 
21 populations had values for all traits, and 52% of all populations 
had values for at least five. There were 11 species that did not have 
any trait values from the public databases accessed and were ex-
cluded from the trait analyses (see Table S1).

2.5  |  Data analysis

All analyses were conducted in R version 4.1.3 (R Core Team, 2022). 
We first report summary statistics describing the distribution of 
calculated values of r in the different abiotic and biotic conditions 
to demonstrate the range of variation across the species-site com-
binations. To answer our first question, we computed a correlation 
coefficient from a linear model to test for a negative relationship 
between fitness under drought and fitness with neighbour competi-
tion. To explore this relationship, we used an ordinary least squares 
regression and weighted each observation by the certainty we had in 
our estimates of r , measured as 1

SE
 of each model, where SE = stand-

ard error of the model. Because we did not necessarily expect one of 
the variables to solely influence the other, we compared this regres-
sion model to a major axis regression (Warton et al., 2012), but found 
no qualitative differences between methods, so we only report the 
ordinary least squares linear regression model results. To answer the 
second question, we used an F-test to assess the goodness-of-fit 
for a model with and without grassland type included as a factor in 
the linear regression model. To answer the third question, we used 
ANCOVAs to determine the influence of focal species traits, local 
environment and the interaction of these predictors on the variation 
between population responses to drought and neighbour cover.

3  |  RESULTS

3.1  |  Variation in fitness across grasslands

Species exhibited variation in intrinsic growth rates under extreme 
drought (Figure  2A) and in their realized invasion growth rates in 
ambient conditions (Figure 2B). The positive skew in these two pop-
ulation growth rate estimates indicates that most species exhibited 
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positive population growth at low density. The growth rates were 
generally positive because they represent potential growth rates 
in the absence of intraspecific neighbours. There were no signifi-
cant differences among grasslands in estimates of rintD (F5,106 = 0.84, 
p = 0.52) or rrinvA (F5,107 = 1.87, p = 0.11; Figure 2C,D). However, cumu-
lative cover in subplots increased across the precipitation gradient at 
the grassland sites (R2 = 0.66, F5,2208 = 854.6, p < 0.001; Figure 2E).

3.2  |  Correlations between drought tolerance and 
resistance to competitors

There was a positive relationship between population growth rates 
in drought conditions with low neighbour cover and in ambient 
conditions with average neighbour cover (r = 0.59, F1,109 = 58.96, 
p < 0.001; Figure 3a). In other words, drought-tolerant populations 
were also more resilient to higher competition from neighbours. A 
majority of the populations fell below the 1:1 line, further suggest-
ing that populations were more often better able to tolerate drought 
than neighbour cover (Figure 3a).

We also found a strong correlation between population growth 
in drought and higher neighbour cover when considering grassland 
(r = 0.66, F11,99 = 8.56, p < 0.001; Figure 3b). The strength of the pos-
itive correlation differed by grassland (rintD-by-Grassland type inter-
action term: F5,99 = 3.49, p = 0.006, Table S3), and including grassland 
as a predictor improved the goodness-of-fit of our models compared 

to those without grassland as a predictor (F10,99 = 2.64, p = 0.007; 
Figure 3b). Most sites exhibited a positive relationship between abi-
otic and biotic tolerances, while the two driest sites had the weak-
est correlations, where growth rates were reduced much more by 
neighbours than by drought (Figure 3b). We additionally tested to 
see if there were differences in this relationship between perennial 
and short-lived species but found that including an interaction with 
lifespan did not further improve the goodness-of-fit of this model 
(Figure S3).

3.3  |  Traits as predictors of population 
growth rates

Focal species traits, grassland type and trait-by-grassland type in-
teraction affected population growth rates to varying degrees de-
pending on the focal trait. LDMC and TLP emerged as key traits 
for predicting population growth rates in drought with low neigh-
bour abundance and population growth rates in ambient conditions 
with higher neighbour cover in ANCOVA models (Figure 4). LDMC 
had an overall positive effect on both fitness in drought (R2 = 0.19, 
F11,64 = 2.64, p = 0.007; Figure 4a) and fitness with neighbour com-
petition (R2 = 0.18, F11,65 = 2.5, p = 0.012; Figure  4b). In the three 
sites with the most available TLP data, species with lower (more 
negative) TLP values—indicative of higher drought tolerance—had 
higher fitness in drought (R2 = 0.21, F10,43 = 2.37, p = 0.025; Figure 4c) 

F I G U R E  2  Range of variation in 
the two calculated population growth 
rates across all populations. Frequency 
distributions of (A) rintD (intrinsic growth 
rate in drought) and (B) rrinvA (realized 
invasion growth rates in ambient). (C and 
D). Box plots illustrate the lack of variation 
in population growth rates by grassland 
type. (E) Cumulative cover increased 
along the precipitation gradient across 
grasslands (lowercase letters indicate 
significantly different cover among sites).

(a) (c)

(d)

(e)

(b)
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422  |    MOUNT et al.

and fitness with neighbour competition (R2 = 0.18, F10,43 = 2.14, 
p = 0.042; Figure 4d). Other above-ground traits—SLA, leaf nitrogen 
content, leaf tissue density and height—as well as one below-ground 
trait, SRL, were also significant predictors of population growth with 
neighbour cover (Table S4). Neither leaf area nor any of the other 
root traits explained significant variation in population growth rates 
(Table S4).

4  |  DISCUSSION

We used repeated monitoring data from an experiment that im-
posed 4 years of chronic drought across six grassland sites to test for 
the effects of water limitation and neighbourhood competition on 
population fitness among 113 plant populations, and we determined 
if traits could explain the relationship between tolerance to drought 
and resistance to neighbour competition. Our results suggest that 
(1) there is a positive correlation between tolerance to drought and 
resistance to competition; (2) this relationship is weakest in the dri-
est grasslands, which may be expected given that there is reduced 
above-ground competition in drier sites; and (3) LDMC and TLP ex-
plained variation in population growth rates both under drought and 
with neighbour cover, a result that aligns with other studies on coor-
dinated trait evolution in grasslands.

First, we found compelling evidence for a coordinated relation-
ship between tolerance to drought and resistance to interspecific 

competition in grasslands. In other words, populations with high 
annual growth rates under drought were also likely to have high an-
nual growth rates when growing with interspecific neighbours. Our 
findings support the prediction that species that tolerate resource 
limitation are also more competitive in resource-limited habitats 
(Tilman, 1988; Figure 1). Moreover, there is evidence to suggest that 
the hydraulic pathways in grasses may be decoupled from acquisi-
tive resource strategies like high photosynthetic capacity (Májeková 
et  al.,  2021; Ocheltree et  al.,  2016), which could explain the gen-
erally positive relationship we found in these grass-dominated eco-
systems. We acknowledge, however, that for species with positive 
growth rates in drought, we could not distinguish between it being 
due to high performance under low water availability or whether 
it was a result of another indirect factor that coincided with the 
drought treatment, such as changes in below-ground fungal com-
munity composition (Lagueux et  al.,  2021). Similarly, resistance to 
competition (i.e. a positive population growth rate with neighbour 
cover) could result either from facilitation by other species in the 
community (Liancourt et  al.,  2005; Liancourt & Dolezal,  2021; 
Ploughe et al., 2019; Soliveres & Maestre, 2014) or another factor 
that coincided with higher neighbour abundance, such as increased 
nutrient availability.

Second, stronger coordination between population growth rates 
in drought and with neighbours was found in grasslands with aver-
age to high precipitation along the precipitation gradient encom-
passed by the grassland sites studied, while the weakest correlations 

F I G U R E  3  (a) Across all grasslands, 
there is a positive relationship between 
intrinsic population growth rates under 
drought (rintD) and population growth 
rates with neighbours (rrinvA). (b) The 
linear model was significantly improved 
by including an interaction with grassland 
type. In both plots, points represent the 
modelled low-density population growth 
rate under drought or with neighbours for 
a single species-site combination averaged 
across all years. These were derived from 
linear models predicting fitness from 
Equation 2 (see text) and weighted by the 
certainty in our growth rate estimates. 
A majority of these points fall below the 
black 1:1 line. The coloured lines in (b) 
represent fitted regression models in 
each grassland community that span a 
precipitation gradient from the most xeric 
site in red to the most mesic site in dark 
blue.

(a)

(b)
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were found in the grasslands with the lowest mean annual precipita-
tion. These drier grasslands had the lowest cumulative cover, which 
likely reduces species interactions above-ground. Although we 
could not differentiate competitive ability and facilitation in these 
communities, it may be that drier grasslands exert stronger selection 
on drought tolerance than for species interactions. Supporting this, 
at the desert grassland, there was far greater variation in popula-
tion fitness under drought than variation in population fitness with 
neighbours, indicating poorer responses to competition at this site.

Third, traits explained some of the coordination in population 
growth rates under drought and with neighbour competition. High 
LDMC and low TLP generally increased fitness under drought and 
fitness with neighbours in grasslands, and these traits are strongly 
linked to drought tolerance. This highlights the critical role that leaf-
level drought tolerance plays in not only environmental filtering but 
also in plant–plant interactions in water-limited systems. Studies on 
drought and herbivory have found a similar coordination between 
drought tolerance and biotic interactions, specifically herbivory re-
sistance (Blumenthal et al., 2020). These studies have also pointed 
to LDMC as a critical predictor of this coordinated relationship. 
Thus, LDMC continues to be an important trait for understanding 

community assembly in grassland systems and could be excellent 
for selecting species that will succeed in restoration projects or that 
will be at risk from climate change. Although we found root traits 
were poor predictors of fitness, with more local root trait data, it 
may be possible to link these traits to fitness differences as well. Our 
work suggests that traits known to increase drought tolerance con-
currently increase competitive resistance in most grasslands. Future 
work should investigate the connection between traits and popula-
tion fitness at smaller scales to explicitly disentangle the effects of 
competitive ability and facilitation on structuring this relationship.

In summary, plant populations that maintain high growth rates 
in drought also maintain high growth rates with increased interspe-
cific neighbour cover, but this coordination is weakest in extremely 
xeric grasslands. Dry grasslands may experience stronger selection 
for drought tolerance than resistance to competitive interactions. 
By determining which traits allow species to tolerate both abiotic 
and biotic stressors, we can predict how changes in precipitation and 
neighbour abundance may affect grassland communities. This pro-
vides a general framework for identifying populations that are most 
likely to successfully establish and persist in a restoration project. An 
enhanced understanding of how population fitness is related to both 

F I G U R E  4  ANCOVA model results 
are shown for the predicted relationship 
between population growth rates in 
drought (rintD) or with neighbours (rrinvA) 
given focal species leaf dry matter 
content (LDMC) (a and b) or leaf turgor 
loss point (TLP) (c and d), grassland 
and the interaction between trait and 
grassland. Higher values of LDMC and 
more negative values of TLP both indicate 
increased drought tolerance. Grasslands 
are coloured along the precipitation 
gradient from red to blue. Points illustrate 
observed data, and shaded regions are 
95% confidence intervals.

(a)

(b)

(c)

(d)
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abiotic and biotic drivers will improve our predictions of community 
assembly in a rapidly changing world.
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Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Total cumulative cover in quadrats at each grassland type 
varied by year and between treatments.
Figure S2. Models of annual instantaneous rates of increase  
(r) measured as log(lambda) over increasing log-transformed intra
specific or interspecific cover for the species in each grassland type.
Figure S3. Boxplots showing the results of t-tests where we 
found no differences in (a) population growth rates under drought 
(t(110) = −0.37, p = 0.71), nor (b) population growth rates with 
neighbors (t(111) = −0.04, p = 0.97). (c) Both perennial and short-
lived species exhibit a similar positive trend consistent with the 
relationship we identified. Lifespan did not improve the goodness 
of fit of our models including just the trait and grassland interaction 
(F(11,88) = 0.78, p = 0.66).
Table S2. The proportion of trait data that was available from plants 
measured at or near the site, regional values or averages, and global 
values if applicable.
Table  S3. Results of an ANOVA testing for effects of intrinsic 
population growth rates under drought (rintD), grassland type, and 
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combinations includes life history traits, maximum height (mm), leaf 
traits, root traits, and the sources of data.
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