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Abstract

Environmental variability can structure species coexistence by enhancing niche partitioning. Mod-
ern coexistence theory highlights two fluctuation-dependent temporal coexistence mechanisms —
the storage effect and relative nonlinearity – but empirical tests are rare. Here, we experimentally
test if environmental fluctuations enhance coexistence in a California annual grassland. We
manipulate rainfall timing and relative densities of the grass Avena barbata and forb Erodium
botrys, parameterise a demographic model, and partition coexistence mechanisms. Rainfall vari-
ability was integral to grass–forb coexistence. Variability enhanced growth rates of both species,
and early-season drought was essential for Erodium persistence. While theoretical developments
have focused on the storage effect, it was not critical for coexistence. In comparison, relative non-
linearity strongly stabilised coexistence, where Erodium experienced disproportionately high
growth under early-season drought due to competitive release from Avena. Our results underscore
the importance of environmental variability and suggest that relative nonlinearity is a critical if
underappreciated coexistence mechanism.
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INTRODUCTION

Understanding the processes that allow a diversity of species
to coexist is a longstanding and fundamental question in the
field of community ecology. Throughout the history of com-
munity ecology, the concept of the niche has been integral to
different formalisations of how species can coexist (Grinnell
1917; Hutchinson 1957; Holt 2009; Levine & HilleRisLambers
2009). Niche dynamics operate when species are more limited
by themselves than others, allowing populations to increase
when rare and stabilising the coexistence of multiple species
(Chase & Leibold 2003). While niches can stabilise coexistence
in consistent environments, environmental variability can fur-
ther promote niche-based coexistence by increasing the poten-
tial for niche partitioning between species (May & MacArthur
1972; Chesson 2000b). For example, tradeoffs between
resource acquisitive and stress tolerant strategies may enhance
species coexistence in environments with high resource vari-
ability (Angert et al. 2009; Hallett et al. 2017). Environmental
fluctuations not only alter species’ ability to partition niche
space, but can also modulate the strength of competition
experienced in different environments, shifting community
compositions and altering species coexistence (Germain et al.
2018). Given that environmental fluctuations are ubiquitous in
natural systems, the role of environmental variability in struc-
turing diversity has emerged as a core component of coexis-
tence theory (Chesson 1994, 2018).
Modern coexistence theory has gained traction as a power-

ful tool to understand how species differences and the abiotic
environment jointly structure species diversity (Chesson
2000b, 2008). Critically, coexistence theory highlights the
importance of environmental variability for coexistence and
provides a framework to partition fluctuation-dependent

processes that promote coexistence between species (for-
malised temporally in Chesson 2000b and spatially in Chesson
2000a). Within coexistence theory, the storage effect and rela-
tive nonlinearity have emerged as dominant fluctuation-depen-
dent mechanisms of coexistence in temporally variable
environments (Chesson 2018). The temporal storage effect
quantifies the ability of species to capitalise on good years
while ‘storing’ individuals through poor years, with seed
banks as a classic example (Warner & Chesson 1985; C0aceres
1997). For a storage effect to promote coexistence, three crite-
ria must occur: (1) species-specific responses to environmental
variability, (2) covariance between environment and competi-
tion, and (3) buffered (i.e. sub-additive) population growth
(Chesson 2000b; Ellner et al. 2016). While the storage effect
depends on species-specific responses to the environment, rela-
tive nonlinearity can maintain coexistence if species have a
nonlinear response to variability in competitively limiting
environmental conditions. Relative nonlinearity enhances
coexistence potential when species experience relatively stron-
ger increases in growth in favourable conditions compared to
more minimal decreases in growth in unfavourable environ-
mental conditions (Chesson 2000b).
While modern coexistence theory has consistently high-

lighted the importance of environmental variability for species
coexistence, there have been relatively few empirical tests (but
see Angert et al. 2009; Descamps-Julien & Gonzalez 2005;
Adler et al. 2010; Letten et al. 2018). This is due in large part
to two roadblocks, the first mathematical and the second prac-
tical. First, the most commonly-adopted model to partition the
role of stabilising vs. equalising forces was solved under aver-
age conditions (Godoy et al. 2014). Consequently, most empir-
ical tests of coexistence, even those in variable environments,
have focused on species performance and the relative role of
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stabilising vs. equalising mechanisms under average conditions
(Levine & HilleRisLambers 2009; Godoy et al. 2014; Kraft
et al. 2015). These are valuable tests that highlight the
conditions that promote coexistence, but they cannot partition
the importance of environmental variability. Second, data
requirements to assess fluctuation-dependent coexistence are
non-trivial, because of the dependence on multiple, varying
environmental conditions and species observations at a range
of abundances and competitive conditions (e.g. Sears &
Chesson 2007; Bimler et al. 2018). As a result, there have been
few attempts to experimentally test the storage effect and rela-
tive nonlinearity. Instead, the majority of empirical studies that
investigated fluctuation-dependent coexistence have depended
on using long time series of demographic data to parameterise
specific analytical models solved for coexistence mechanisms
(Angert et al. 2009; Adler 2014; Chu & Adler 2015).
Recent quantitative developments may provide a path for-

ward to testing the role of fluctuation-dependent coexistence
in natural systems. To overcome the computational intensity
of empirical tests, simulation-based inference has been pro-
posed to test the storage effect (Ellner et al. 2016). More
recently, Ellner et al. (2019) have proposed a computational
approach that partitions the storage effect as well as other
coexistence mechanisms such as relative nonlinearity in an
empirically-tractable way, creating a bridge between theoreti-
cal developments in coexistence theory and general empirical
applications. Combining this approach with experimental data
may be a particularly powerful way to isolate when and how
environmental fluctuations promote coexistence. For example,
a difference in species’ regeneration niches has been a long-
standing example of how variability may promote coexistence
(Grubb 1977). Many plant species have environmentally dri-
ven germination cues, which can generate episodic recruitment
events that bolster the population over time (Bartolome 1979;
Larson et al. 2015; Larson & Funk 2016). Experimentally
manipulating environmental conditions during recruitment
windows may allow us to parse the dynamics that underlie
patterns in observational studies. Such an approach dovetails
with a growing body of literature suggesting that coexistence
mechanisms in general are often shaped by early differences in
recruitment niches (Chu & Adler 2015; Usinowicz et al. 2017).
Here, we take an experimental approach to partition when

and how fluctuation-dependent mechanisms operate and
understand their role in promoting coexistence. We focus on
California grasslands, which are dominated by annual,
Mediterranean grasses and forbs and experience a high level
of rainfall variability. Species composition is highly variable
in this system, and has classically been described as shifts
between ‘grass years’ and ‘forb years’ (Talbot et al. 1939; Pitt
& Heady 1978; Dudney et al. 2017). These shifts have been
associated with the amount and timing of rainfall, with high
early-season rainfall favouring resource-acquisitive grasses and
early-season drought favouring more stress-tolerant forbs (Pitt
& Heady 1978; Hallett et al. 2017). This pattern of grass and
forb years, combined with the annual life cycle and well-stud-
ied seed bank dynamics of the composite species (Rice 1985),
make California grasslands an excellent system to test the role
of fluctuation-dependent mechanisms on species coexistence.
We experimentally created four different intra-annual rainfall

patterns in the field, under which we manipulated the ratios
and densities of the dominant grass, Avena barbata, and domi-
nant forb, Erodium botrys (nomenclature follows Baldwin
et al. 2012). We used these data to simulate population
change under constant vs. variable inter-annual rainfall condi-
tions, testing the hypothesis that temporal variation in early-
season rainfall maintains species coexistence. Second, we
applied recent computational advances (Ellner et al. 2019) to
partition the contribution of mechanisms reflective of the stor-
age effect and relative nonlinearity for coexistence.

MATERIALS AND METHODS

Study site

We conducted the experiment in a valley grassland at the
Sierra Foothill Research Extension Center near Brown’s Val-
ley, CA, USA (39∘15

0
04.2

0 0
N 121∘ 18

0
39.0

0 0
W, Elev. 202 m).

The site has a Mediterranean climate with cool, wet winters
and hot, dry summers. The growing season is typically initi-
ated by germinating rains in October and runs through April.
Most rainfall occurs during this period, but the amount and
timing of rainfall varies substantially between years [growing
season rainfall averages 717 mm but has ranged from 220 to
1263 mm over the past 50 years (PRISM Climate Group,
2004)]. Rainfall during the experimental growing season
(2014–2015) totaled 545 mm. The site was situated on a gentle
south-facing slope with reddish loam soil. Vegetation at the
site is characteristic of California grasslands: dominate grasses
include Avena barbata, Festuca perenne, and Bromus hordea-
ceus; common forbs include Erodium botrys and Trifolium hir-
tum (nomenclature follows Baldwin et al. 2012).

Experimental design

In fall 2014, we established four rainfall treatments in a ran-
dom block design, with plots arranged in a single row from
east to west. Blocks were replicated four times for a total of
16 plots. Early-season rainfall in this system is thought to pri-
marily affect recruitment, whereas late-season rainfall primar-
ily affects growth. To isolate the effect of drought on periods
of recruitment vs. growth, our rainfall treatments consisted of
early-season fall dry, late-season spring dry, consistent dry
and a consistent wet control. Dry treatments were achieved
using 6.4 9 5.2 m cold frame rainout shelters with clear poly-
ethylene retractable roofs. We erected the roofs shortly before
rainfall events, and removed them afterward to minimise their
effect on solar radiation. Following the first germinating rains,
we experimentally created our rainfall treatments by applying
the roofs in some seasons and not others, with a goal of
reducing precipitation by 50% during target seasons. To cre-
ate early-season fall dry we applied roofs during storms from
Oct to Jan, for late-season spring dry from Feb to Apr, and
for consistent dry from Oct to Apr. We monitored soil mois-
ture using five soil moisture probes in each plot (EC-5, Deca-
gon Devices Inc, Pullman WA USA), inserted vertically to
measure average volumetric water content of 5–10 cm depth.
Sensors were calibrated and corrected for variability due to
factors such as incomplete contact between sensor and soil by
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normalising measurements to gravimetric measurements of
maximum field capacity ð0:50m3=m3Þ and minimum air-dried
moisture content in late summer ð0:04m3=m3Þ. Rainfall
manipulations effectively decreased soil moisture at 5–10 cm
depth by up to 50% (Figure S1).
Within each main plot, we manipulated the seeding density

and ratio of the dominant grass Avena barbata to the domi-
nant forb Erodium botrys (hereafter Avena and Erodium) to
assess the recruitment and growth dynamics of each species
when it was rare vs. common. Prior to treatment implementa-
tion, we reduced the extant seed bank by removing the exist-
ing vegetation and upper � 3 cm of top soil. We seeded at
two total densities on a log-scale: low ð320 seeds=m2Þ and high
(similar to observed stem densities, 3200 seeds=m2Þ. At each
density we manipulated the seeding ratio of Avena to Erodium
to capture a range from rare to common (0:10, 1:9, 5:5, 9:1,
and 10:0 Avena:Erodium). This yielded a total of 10 25 9 25
cm subplots per main rainfall plot for a total of 160 subplots.
We collected the seeds for both species on-site the year prior
to the experiment to minimise any effects of local adaptation.
The two species had roughly comparable seed weights (Avena:
0.0013 � 0.00040 g/seed) and Erodium: 0.0015 � 0.00044 g/
seed), which minimised potential effects of a seed mass vs.
seed number tradeoff.
We measured initial recruitment by counting stems by spe-

cies in December, and we measured fecundity by counting
species’ seed production in the spring. To account for differ-
ences in phenology, we measured Erodium fecundity in late
March and Avena in late April. Both species retain evidence
of seed production following seed release (Erodium retains its
sepals and Avena its spikelets). Consequently, we measured
fecundity toward the end of seed production and multiplied
each indicator by accordant seeds produced (5 seeds are pro-
duced per Erodium flower head and 2 per Avena spikelet).

Analysis

Recruitment and population growth rate
To assess the effect of rainfall, seeding ratio, and density on
each species’ dynamics we used linear mixed effect models
with rainfall treatment (categorical), seeding ratio (continu-
ous) and density (categorical) as fixed effects, rainfall by seed-
ing ratio and density by seeding ratio as interaction terms,
and block as a random effect. We modelled each species sepa-
rately and used two response variables to capture differences
in recruitment vs. fecundity: (1) recruitment, calculated as the
number of stems in December as a proportion of the number
of seeds added, and (2) per capita population growth rate, cal-
culated as the number of seeds produced divided by the num-
ber of seeds added.
To project species’ population growth rates under different

environmental conditions, we employed a two-species discrete-
time competition model that reflects the dynamics in our
annual system (Levine & HilleRisLambers 2009). The popula-
tion growth rate of focal species x in competition with species
y is:

Nx;tþ1

Nx;t
¼ sxð1� gxÞ þ kx;tgx

1þ axx;tgxNx;t þ axy;tgyNy;t
ð1Þ

here, Nx;t is the number of viable seeds of species x at the
beginning of the growing season at time t. The first term of
the sum describes the carryover of seeds in the seed bank,
where sx is the annual survival of seeds in the seed bank and
gx is the fraction of seeds that germinate. The second term
describes population growth and annual seed production.
Here, kx;t is the number of viable seeds produced in the
absence of intra- and inter-specific competition at time t, axx;t
describes the per-capita intraspecific competitive effect on the
number of seeds produced, and axy;t is the per-capita inter-
specific competitive effect at time t. We used the Beverton-
Holt competition function because it has been well-suited to
similar systems (Levine & HilleRisLambers 2009; Larios et al.
2017). We fit the model for each of the four rainfall treat-
ments, allowing kx;t, axx;t, and axy;t to vary across time based
on the current rainfall condition. We used maximum likeli-
hood on a log-transformed eqn using the nlsLM function
from package minpack.lm (Elzhov et al. 2015) in R version
3.4.2 (R Core Team 2013). Initially we allowed for facilitation
(a values < 0). However, because facilitation was only
observed in a single case and was slight (axy;t ¼ �0:005�
0:003 for Avena competing with Erodium in consistent wet
conditions), and the population model does not allow for
coexistence, we constrained both a and k values to > 0.
Seed bank dynamics of Erodium and Avena have been

extensively studied elsewhere, and we used literature-derived
terms for seed survival and germination estimates. Both spe-
cies have persistent seed banks, but Erodium has both higher
seed bank carryover and longer seed viability. Specifically,
Erodium has c. 60% of seeds germinate across drought and
64% of seeds germination across wet conditions (Rice 1985).
Following a year in the seed bank, the remaining seeds main-
tain a viability of 82% (Rice 1985), and seeds remain viable
over multiple years (at least 30 years) (Hull 1973). In contrast,
Avena has higher rates of initial germination (estimated 90%
across conditions), and lower seed survival in the seed bank
(40%) (Young et al. 1981; Larios et al. 2017).

Calculating coexistence
To test for stable coexistence, we used the mutual invasion
criterion with the invader-resident comparison (Chesson
2000b; Barab�as et al. 2018). Stable coexistence occurs if each
species can invade when the resident community (here the res-
ident species, since we are comparing a two-species case) is at
its steady state abundance distribution (i.e. its equilibrium dis-
tribution given the underlying time-heterogeneity in rainfall
conditions). A species’ growth rate as the invader compared
to the resident (average growth rate when rare; GRWR)
determines how quickly a species can recover from low-den-
sity. Growth rate at a given time t is defined as rx ¼ ln

Nx;tþ1

Nx;t
.

The average GRWR across environmental conditions is given
by ri, and we compare the invader (i) to resident (r) such that
we calculate average GRWR as ri � rr. Because the resident is
at steady state and there is a negligible effect of the invader,
rr is approximately equal to 0, such that ri ¼ ri � rr. Compar-
ing the invader and resident is important, however, as coexis-
tence can be fostered by factors that either help the invader or
hinder the resident, and therefore this comparison has impor-
tant implications for mechanistic partitioning of coexistence
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(Ellner et al. 2019). Stable coexistence in a two-species model
occurs if all species have a positive average GRWR. Con-
versely, a species with a negative average GRWR is predicted
to be driven towards competitive exclusion, and stable coexis-
tence of the community does not occur.
Using simulations, we tested conditions under which both

Avena and Erodium exhibited positive GRWR and therefore
stable coexistence. We first determined each species’ GRWR
for each of our four rainfall treatments. To do so, we first set
Erodium as the resident species, and used eqn 1 to determine
its equilibrium abundance for each rainfall condition without
Avena present. We then invaded a single seed of Avena into
the resident Erodium community and calculated its GRWR.
We subsequently followed the same methodology, but with
Avena as the resident and Erodium as the invader.
To test if stable coexistence occurred under variable envi-

ronmental conditions, we assessed coexistence in relation to
historic rainfall patterns. We characterised historical rainfall
patterns using monthly mean precipitation data from 1896 to
2016 for Brown’s Valley (PRISM Climate Group, O. S. U.
2004). We considered the year to be ‘early-season dry’ if fall
but not spring rainfall was below average, ‘late-season dry’ if
spring but not fall rainfall was below average, ‘consistent dry’
if both seasons were below average, and ‘consistent wet’ if
both seasons were above average. Under these criteria, across
the time series 50% of years were consistent dry, 12% of
years were early-season dry, 12% of years were late-season
dry, and 26% of years were consistent wet. We used these
rainfall patterns to simulate the resident’s steady state abun-
dance distribution. We defined the first 49 years as a ‘burn-in’
period to remove any effect of initial starting conditions (this
was conservative, as the model tended to equilibrate after c. 5
time steps), and calculated GRWR for the invader over the
subsequent 72 years. We then calculated the invader’s average
GRWR across variable conditions, ri � rr, by averaging across
the 72 years. Finally, we modelled expected Avena and Ero-
dium abundance across the entire timeseries (1896 to 2016),
incorporating environmental effects on kx;t, axx;t, and axy;t.
For this simulation, we set initial abundances of each species
to their average abundance after the ‘burn-in’ simulation.

Partitioning coexistence mechanisms
Finally, we decomposed GRWR for each species into the
mechanisms that contribute to coexistence of Avena and Ero-
dium in variable environments. Following the decomposition
of Ellner et al. (2019), we decompose ri � rr, examining the
effect of fluctuations in seed production (k) and fluctuations
in the competitive environment (a):

ri ¼ ri � rr ¼ D0
i þ Da

i þ Dk
i þ Dak

i : ð2Þ

here, the first decomposition term, (D0
i ), is the difference in

average population growth rates between the invader and resi-
dent under constant environmental conditions. We set the
constant environmental condition to be the weighted mean
condition from 1945 to 2016. The second decomposition term,
Da
i is relative nonlinearity in alpha and is analogous to the rel-

ative nonlinearity in competition term from Chesson 2000.
Chesson’s relative nonlinearity in competition quantifies the

contribution of fluctuations in the intensity of competition,
and here Da

i quantifies the closely related effect of environ-
mental variation on competition coefficients. Specifically, it is
calculated as each species’ growth rates when rare with vari-
able a minus growth rates with no variability. Similarly, Dk

i is
relative nonlinearity in seed production and quantifies the main
effect of environmentally-driven variation in intrinsic seed
production. Finally, Dak

i quantifies the interaction effect not
accounted for by the main effects in isolation. It is composed
of two parts, a term analogous to the classic storage effect
and a variance–interaction term introduced by Ellner et al.
(2019). This variance–interaction term is absent in classic
modern coexistence theory due to the requirement of small
variance approximations for analytical tractability (Chesson
2000b; Barab�as et al. 2018), but can also contribute to coexis-
tence when the assumption of small variances is relaxed (Ell-
ner et al. 2019). The Ellner et al. (2019) approach provides a
pathway to more closely tie theory with experiments, and to
relate coexistence mechanisms explicitly with the biology of
the system. For example, the approach allows us to focus on
the relative nonlinearity of seed production compared to the
relative nonlinearity of competition, providing insight into the
biology underlying coexistence. The mechanisms are analo-
gous although not equivalent to the mechanisms partitioned
by Chesson (2000b). The full derivation of the decomposition
closely follows the Cyclotella pseudostelligera and Fragilaria
crotonensis example from Ellner et al. (2019) and is provided
in our Supplementary Methods. An extension of the decom-
position to directly align with Chesson (2000b) is available in
the Supplementary Methods of Ellner et al. (2019).

Sensitivity analysis
To test the significance of our coexistence partitioning, we
first used a leave-one-out analysis in which we ran our model
and calculated coexistence mechanisms for every combination
of three from the four replicates as well as the full dataset.
Second, because we could not extend this approach to litera-
ture-derived seed germination and seed survival terms, we
conducted a sensitivity analysis to examine how changes in
these parameters altered coexistence mechanisms. We ran-
domly sampled each term from a uniform distribution ranging
from �25% of its observed value, fit the population models
and calculated coexistence mechanisms. We repeated this pro-
cess 10 000 times.

RESULTS

Recruitment and population growth rate

Avena recruitment rates decreased with a higher proportion of
conspecifics (seeding ratio) and with total density but were
unaffected by rainfall (Figure S2, Table S1). Similar to
recruitment, Avena growth rates decreased with seeding ratio
and density, and the effect of seeding ratio was lessened with
increasing density (Fig. 1; see Table S2 for effect sizes and P-
values). Unlike recruitment, however, Avena growth rates
were greatly elevated under consistent wet conditions, and
there was an interaction in which the effect of seeding ratio
was strengthened under this condition (Fig. 1, Table S2).
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Similar to Avena, Erodium recruitment rates also decreased
with seeding ratio and density, and the effect of seeding ratio
was lessened with density (Figure S2, Table S3). Unlike
Avena, however, Erodium recruitment was affected by rainfall.
Erodium recruitment rates were suppressed under early-season
wet conditions (both the consistent wet and late-season dry
treatment), and the effect of seeding ratio was lessened under
consistent wet conditions (Figure S2, Table S3). Erodium pop-
ulation growth responses were similar to recruitment dynam-
ics. Growth rates decreased with seeding ratio and density,
and the negative effect of seeding ratio was lessened with
higher density (Fig. 1, see Table S4 for effect sizes and P-val-
ues). Rainfall treatment effects diverged slightly, in that
growth rates were lowest under consistent wet conditions and
were marginally significantly higher under fall early-season
dry conditions (Fig. 1, Table S4). Both species had high via-
bility in the system, with nearly all individuals successfully
recruiting at low densities under favourable environmental
conditions (Figure S2).
Using the above dynamics, we fit our two-species discrete-

time competition model (Table 1) for Avena and Erodium
under each environmental condition. Avena had a high intrin-
sic growth rate, producing between 7.3 and 21.3 seeds per
individual in the absence of competition. Despite significant
effects of seeding ratio and density, both intra- and inter-

specific competition terms were small for Avena. In contrast,
Erodium dynamics depended more substantially on rainfall
condition, with k ranging from 1.1 to 157; both intra- and
inter-specific competition were stronger for Erodium.

Coexistence in variable environments
Using our competition model, we examined coexistence
dynamics for each species across environmental conditions.
Avena could persist across all four rainfall conditions;that is,
it had a positive GRWR under all treatments when invading
Erodium under steady state conditions (Fig. 2, Figure S3).
Avena growth rate was highest under the consistent wet rain-
fall treatment, and correspondingly lowest under the consis-
tent dry treatment. In contrast, Erodium could only increase
when rare under treatments that experienced drought during
the recruitment period (i.e., early-season fall dry and consis-
tent dry conditions; Fig. 2, Figure S3). Under treatments with
wet early-season conditions (consistent wet and late-season
spring dry), Erodium exhibited a negative GRWR, suggesting
that Erodium would be competitively excluded by Avena in an
environment with consistently high early-season rainfall.
When incorporating observed environmental variability

from the past 72 years of the historic record, we found that
both Avena and Erodium were able to coexist, as both had a
positive average GRWR. Under variable rainfall conditions
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Figure 1 Per-capita seed production as a function of seeding ratio, rainfall treatment (consistent dry, early-season fall dry, late-season spring dry, consistent

wet control) and density treatment. Light grey indicates Avena and dark grey indicates Erodium. Populations can increase when the growth rate is > 1

(black line).

Table 1 Parameter estimates (�SE) for each focal species under varying rainfall conditions

Rainfall treatment

Avena Erodium

k aii aij k aii aij

Consistent dry 12.18 � 2.99 0.02 � 0.01 0.01 � 0.01 23.25 � 31.30 0.28 � 0.45 0.01 � 0.04

Early season fall dry 7.33 � 3.44 0.02 � 0.01 0 � 0.01 156.99 � 835.17 1 � 5.54 0.22 � 1.30

Late season spring dry 8.61 � 5.53 0.03 � 0.04 0 � 0.01 3.21 � 3.39 0.06 � 0.10 0.02 � 0.04

Consistent wet 21.27 � 5.30 0.02 � 0.01 0 � 0.01 1.06 � 0.73 0.01 � 0.02 0.03 � 0.04
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both species could, on average, invade when the other species
was at its steady state distribution. This yielded stable coexis-
tence due to fluctuating environmental conditions (Fig. 2).
Rainfall conditions altered both seed production and competi-
tion for Erodium, while primarily altering seed production for
Avena (except in consistent dry conditions, where interspecific
competition increased; Table 1). These different effects
resulted in highly variable modelled population dynamics over
the past 120 years, mirroring the highly variable community
composition patterns observed in rangeland literature (Pitt &
Heady 1978; Fig. 3).
Partitioning the mechanisms that allow for coexistence

shows that, overall, environmental variability promotes coex-
istence for both Avena and Erodium by increasing their
GRWR (ri) (Fig. 4). While both species exhibited positive
growth rates when rare under average historical conditions,
variation in rainfall increased GRWR (comparing ri � rr to
D0
i ). This increase in GRWR from variable environmental

conditions in turn increased the probability of long-term coex-
istence, even with natural fluctuations in realised growth rates
due to stochasticity (Schreiber et al. 2018).
Coexistence was promoted by different fluctuation-dependent

mechanisms for Avena than Erodium. Avena had strong poten-
tial for coexistence in the absence of environmental variability,
and coexistence was furthered via the interaction effect of fluc-
tuating environmental conditions on both alpha and intrinsic
seed production (Dak

i ) (Fig. 4). This interaction term encapsu-
lates both the effect of variance per se in a and k and the storage
effect (Chesson 2000b; Barab�as et al. 2018). In contrast, Ero-
dium coexistence was promoted by environmentally-driven vari-
ation in alpha (i.e. relative nonlinearity in alpha, Da

i ) (Fig. 4).
Due to nonlinear responses, gains in GRWR for Erodium dur-
ing beneficial years outweighed losses during poor conditions;
this effect was driven both by changes in Avena’s steady-state
abundance as the resident and reduced interspecific competition
for Erodium when it was the invading species. Relative nonlin-
earity in both competitive effects (a) and seed production (k)

was slightly destabilising for Avena whereas relative nonlinear-
ity in seed production (k) and the storage effect were slightly
destabilising for Erodium (Fig. 4). Variation in estimated seed
germination and seed survival parameters had minimal effect
on coexistence mechanisms (Figure S4).

DISCUSSION

Modern coexistence theory has highlighted the importance of
environmental variability for species coexistence. Nonetheless,
empirical tests of the strength and mechanism of fluctuation-
dependent coexistence have lagged behind theory. Here, we
integrate recent developments in coexistence theory (Ellner
et al. 2019) with a natural history pattern of ‘grass vs. forb
years’ in California grasslands (Pitt & Heady 1978). We experi-
mentally demonstrate that rainfall variability – and in particu-
lar, the periodic occurrence of early-season drought – is
essential for grass-forb coexistence in an annual grassland.
While the storage effect has captured greater theoretical and
empirical attention than relative nonlinearity, in our system
both mechanisms were in operation, their effects differed by
species and relative nonlinearity was the more critical mecha-
nism for stable coexistence. In particular, the relative benefit of
early-season drought on the growth rate of the dominant-forb
Erodium was far higher than the relative cost under wet condi-
tions, a benefit due to release in competition from the domi-
nant-grass Avena. Our results provide strong empirical
evidence that environmental variability is integral to
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coexistence, and that relative nonlinearity in competitive effects
(alpha) is a critical if underappreciated coexistence mechanism.
Rainfall variability enhanced the growth rates of both Avena

and Erodium, but only Erodium required variability to persist
in the system. Specifically, Avena was favoured in wet years
but could increase when rare across all rainfall conditions,
whereas Erodium could only increase in years with early-sea-
son drought. Fluctuation-dependent coexistence mechanisms
are often assumed to be reciprocal (i.e., both species require
fluctuations to persist) or treated as such in theoretical litera-
ture for mathematical ease (Chesson 2000b; Shoemaker &
Melbourne 2016), but our findings suggest that fluctuation-
dependent mechanisms can have an asymmetrical effect on
differing species. Some species (e.g. Avena) may not require
fluctuations to persist, while community coexistence may still
depend on fluctuations creating a positive GRWR for other
species (e.g. Erodium). Our findings are similar to those of
Adler et al. (2006), who demonstrated that some perennial
plants need environmental variation, whereas others can main-
tain populations across environmental conditions. This pattern
may be ubiquitous across systems, as some species specialise
on specific environmental conditions while others act more as
generalists with large niche breadths. Further empirical tests of
coexistence, especially considering more diverse communities,
will help elucidate the generality of this pattern.
Multiple fluctuation-dependent mechanisms may structure

patterns of coexistence. Here we found that the strength and
directional effect of different mechanisms varied by species.
Specifically, the storage effect was stabilising for Avena but not
Erodium, whereas relative nonlinearity in alpha was stabilising
for Erodium but not Avena. Given average fitness differences
between the species, relative nonlinearity in alpha was integral
for Erodium to maintain grass-forb coexistence. Our results
underscore the importance of partitioning multiple mecha-
nisms of coexistence and indicate that relative nonlinearity
may be a critical stabilising mechanism in natural systems. Our

results parallel recent work focused on nectar yeasts communi-
ties, within which relative nonlinearity is a key coexistence
mechanism, but the strength of different coexistence mecha-
nisms differs by species (Letten et al. 2018). While the storage
effect is the most commonly imputed fluctuation-dependent
mechanism of coexistence, we find that it can also play a desta-
bilising role. This result mirrors theoretical work by Holt &
Chesson (2014), who found that strong asymmetry in species
germination resulted in a negative storage effect for some spe-
cies, destabilising coexistence. Paralleling our results, in this
case coexistence only occurred from other mechanisms, such
as average fitness differences, which overcame the destabilising
role of the storage effect and the variance-interaction term.
Species-specific environmental responses are a fundamental

component of fluctuation-dependent coexistence models. At
the same time, competition is a strong force in this and other
systems, especially during periods of recruitment (in California
grasslands, it is common for around 50% of seedlings to be
thinned from the community during this time (Bartolome
1979; Young et al. 1981). Recent work by Germain et al.
(2018) has highlighted that competition can mediate differen-
tial species responses and persistence across variable environ-
ments. Specifically, they found that patterns of coexistence
(and a lack thereof) that might be imputed to species-specific
environmental responses in observational studies are in fact
governed by environment-species interactions in which the
strength of competition varies with the environment. Along
the same lines, we found that, despite minimal interspecific
competitive effects (i.e., small a values), competition was a
driving force in structuring coexistence dynamics. In particu-
lar, fluctuation in interspecific competition promoted coexis-
tence for Erodium via relative nonlinearity. As such, the
biological reason underlying Erodium coexistence is a competi-
tive release under some environmental conditions (as opposed
to intrinsically favouring those conditions). Relatedly, simula-
tions in this system suggest that environmental variability has
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the potential to enhance forb persistence by mediating compe-
tition, even when forbs prefer the same conditions as grasses.
Specifically, successive unfavourable years reduce grass seed
availability and therefore their competitive pressure, allowing
forbs to increase in a subsequent favourable year (Levine &
Rees 2004). While a Chesson (2000b) partitioning should simi-
larly indicate the importance of relative nonlinearity, the Ell-
ner et al. (2019) partitioning allows further insight into the
biology of this coexistence mechanism. Our results accentuate
the important role of environment-species interactions in
modern coexistence theory, and further underscore the value
of experiments to partition the mechanisms governing coexis-
tence.
Our findings additionally highlight the importance of regen-

eration niches for species coexistence. We found that Erodium
exhibited a differential response to rainfall in its recruitment
phase, and that this difference persisted to affect end-of-season
fecundity. These results add to the growing recognition that
strong niche differences can emerge at the recruitment phase.
For example, Adler et al. (2010) and Chu & Adler (2015) parti-
tioned niche differences for periods of recruitment, growth, and
survival among perennial plants and found disproportionally
large niche differences during recruitment. Similarly, trait dif-
ferences that emerge during the first few weeks of growth can
scale to affect species composition and diversity (Larson et al.
2015; Larson & Funk 2016). A marked regeneration niche may
be due to a combination of processes: species-specific germina-
tion cues (Daws et al. 2002), environmentally-dependent pat-
terns of germinant mortality (Bartolome 1979; Young et al.
1981), and high exposure to interspecific competition (Garcia-
Serrano et al. 2007). In our system these processes may have
combined to contribute to Erodium’s pronounced regeneration
niche. In particular, stress-tolerant traits may increase the prob-
ability that Erodium germinants survive early-season drought
while also benefiting from reduced competition from Avena.
We expect early-season rainfall will generate consistent trade-
offs between resource–acquisitive grasses and stress-tolerant
forbs common to the system, whereas other variables may
enhance partitioning within functional groups. For example,
Rice & Menke (1985) found that later spring rainfall had a dif-
ferential effect on different species of Erodium.
A pattern of grass vs. forb years has long been dogma for

California grasslands, but whether or not this pattern is dri-
ven by rainfall has been a subject of debate (Duncan &
Woodmansee 1975). Our findings suggest that rainfall does
indeed drive tradeoffs in the growth rates of the dominant
grass and forb, but how these tradeoffs affect annual compo-
sition is likely due to rainfall patterns over multiple years. For
example, recent analyses suggest that lag effects from rainfall
in the previous year affect annual grassland composition as
much as concurrent rainfall, with grasses favoured by previ-
ously wet years and forbs by previously dry (Dudney et al.
2017). Our findings suggest that seed input is a likely mecha-
nism for this lag, given that both species could produce many
seeds regardless of initial population size under their favour-
able conditions. As such, rainfall over successive years should
combine to affect observed species composition, with previous
years affecting seed availability and the current year affecting
recruitment (especially for forbs). We observed this effect in

our simulation over historic rainfall conditions, with periodi-
cally large declines and gains in Erodium abundance associ-
ated with multi-year rainfall patterns.
While our focus has been on historic rainfall patterns, cli-

mate variability is expected to increase in California, with the
potential for both more extreme intra-annual rainfall patterns
as well as multi-year extreme events (Swain et al. 2018). Our
simulation results suggest that extended extreme weather pat-
terns may increase variability in Erodium abundance, with sev-
eral successive wet years generating large declines in Erodium
populations. At the same time, rainfall is only one component
of the variability that structures California grasslands. Spatial
variability in litter levels and soil compaction may promote
niche partitioning, with Erodium able to colonise bare areas
and self-drill into compacted areas (Stamp 1984; Rice 1985).
Similarly, the majority of California grasslands are cattle
grazed. Increased grazing intensity is also associated with a
higher proportion of Erodium (Stein et al. 2016; Hallett et al.
2017), providing another mechanism for forb coexistence.
Applying our understanding of fluctuation-dependent coexis-
tence to predicted climate variability and integrating spatial
and temporal variation within empirical tests are key avenues
to understanding coexistence now and in the future.
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