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Abstract

Both competition for water and phenological variation are important determinants
of plant community structure, but ecologists lack a synthetic theory for how they
affect coexistence outcomes. We developed an analytically tractable model of
water competition for Mediterranean annual communities and demonstrated that
variation in phenology alone can maintain high diversity in spatially homogenous
assemblages of water-limited plants. We modelled a system where all water
arrives early in the season and species vary in their ability to grow under drying
conditions. As a consequence, species differ in growing season length and compete
by shortening the growing season of their competitors. This model replicates and
offers mechanistic explanations for patterns observed in empirical studies of how
phenology influences coexistence among Mediterranean annuals. Additionally, we
found that a decreasing, concave-up trade-off between growth rate and access to
water can maintain high diversity under simple but realistic assumptions. High
diversity is possible because: (1) later plants escape competition after their earlier
season competitors have gone to seed and (2) early-season species are more than
compensated for their shortened growing season by a growth rate advantage.
Together, these mechanisms provide an explanation for how phenologically
variable annual plant species might coexist when competing only for water.
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while consumer-resource models adequately predict the
coexistence and competitive dynamics of plants compet-

Competition for water is an important driver of plant
community structure globally (Craine & Dybzinski,
2013; Goldberg & Novoplansky, 2009; Rosenzweig,
1968; Schwinning & Kelly, 2013), yet ecologists lack
synthetic theory for how species coexist on limited
water resources (Craine & Dybzinski, 2013). In place
of such theory, community ecologists often use generic
consumer-resource models with an abiotic ‘resource’ to
understand and predict the outcome of water competi-
tion among plants (Seabloom et al., 2003). However, the
use of these models might miss critical aspects of plant
competition that uniquely emerge when species compete
for water. Indeed, past empirical studies suggest that

ing for soil nutrients, unexpected dynamics can emerge
when plants compete for water (Farrior et al., 2013). For
example, Farrior et al. (2013) predicted and empirically
verified that additional nitrogen decreases a plant’s al-
location to roots, but that water addition increases root
allocation. This dynamic would be missed in a generic
consumer-resource modelling framework. Properly
understanding coexistence when plants compete for
water would seemingly require integrating over (1) the
temporally variable physical factors that affect water
availability; (2) the physiological relationships between
water availability and plant growth and mortality and
(3) demography, the net result of variable plant growth
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and death rates over time (Daly et al., 2004; Rodriguez-
Iturbe & Porporato, 2007). However, when integrated
across multiple competing species, these processes result
in intractable, highly non-linear dynamics.

Recent advances in ecohydrology (Box 1) simplify the
problem considerably and thereby facilitate the devel-
opment of tractable models of the coexistence of plant
species competing for water. Specifically, the equations
governing stomatal behaviour (Ball et al., 1987; Sperry
et al., 2016; Wolf et al., 2016) show that stomatal aper-
ture, and therefore biomass growth, is virtually inde-
pendent of soil water until soil becomes drier than a
species-specific threshold. At this point, a plant’s bio-
mass growth rate and soil water depletion feedback on
one another, rendering models of biomass growth math-
ematically intractable. This remains true until biomass
growth falls to zero at a species-specific threshold mini-
mum water availability. What ultimately makes this dy-
namic tractable is the recent discovery that the period of
water-limited growth is short enough to be ignored for
most competition problems. Specifically, when limited
by water, plants run the risk of embolism, which if severe,
greatly reduces water transport and depresses xylem
water potential. To avoid these costs, plants tend to shut
stomates well before substantial embolism risk occurs
(Anderegg et al., 2016; Farquhar & Sharkey, 1982; Sala
et al., 2012; Tyree & Sperry, 1989; Wolf et al., 2016), effec-
tively truncating the period of water-limited growth. As
a result, the relationship between biomass growth rate
and soil water availability can be safely approximated as
a simple step function — plants grow uninhibited above
some species-specific threshold water availability and
stop growing below that threshold, a value we call a
plant species’ ‘shut-off point’ (Box 1; Appendix 1).

Here, we show how the phenological structuring of
plant communities that emerges when water is seasonally
pulsed and species differ in their shut-off points enables
the coexistence of plant competitors. Specifically, spe-
cies with costly to produce thick-walled xylem and high
allocation to roots grow longer under drier conditions
than species with opposing traits, as these features help
plants avoid embolism. Because roots and thick-walled
xylem are made at the expense of productive leaves, this
creates a trade-off between biomass growth rate and the
minimum soil water availability at which a species can
continue to grow (Enquist et al., 1999; Hacke et al., 2001,
Rosner, 2017). This trade-off then sorts species in time.
When the soil is wet, the fastest growing species build
biomass, and hence future fecundity, more rapidly than
any other species. But, it then stops growing before all
others as the soil dries, leaving a period of growth for
species able to transpire (and continue to grow) at low
water potentials (Appendix 4.2). In sum, interspecific
variation in tolerance to low water availability, com-
bined with temporal variation in water supply, means
that successively smaller subsets of species are actively
growing as the season progresses and water is depleted.

Although exactly how this phenological structuring
maintains plant species diversity is only beginning to be
explored in mechanistic models, we have good reason to
believe that phenological variation, driven by water or
otherwise, plays a significant role in plant coexistence.
We commonly observe large phenological diversity in
plant communities throughout the world (Craine et al.,
2012; Rathcke & Lacey, 1985). Moreover, phenologi-
cal differences between species determine the outcome
of interactions between invasive and resident plant
species (Fridley, 2012; Godoy & Levine, 2014) and the
overyielding potential in diverse communities (Hooper
& Dukes, 2010). Patterns such as these have motivated
past verbal models of how phenological variation influ-
ences ecological dynamics, invoking concepts such as
phenological niches and niche pre-emption (Wolkovich
& Cleland, 2011). Since then, studies have combined em-
pirical work with coexistence theory (Chesson, 2000) to
explore how phenological differences relate to the niche
differences that stabilise coexistence and the competitive
imbalances that drive the exclusion of inferior competi-
tors (Alexander & Levine, 2019; Godoy & Levine, 2014).
However, this phenomenological modelling approach
relies on high-level abstractions of the competitive pro-
cess and does not identify the source of the interactions
enabling coexistence. Thus, a detailed, physiologically
grounded model might clarify the processes by which
phenological structuring in water-limited communities
influences competitive outcomes.

In this paper, we develop theory informed by ecohy-
drology to answer the following questions: (1) Can trade-
offs associated with water competition explain the high
diversity observed in phenologically structured plant
communities in nature? (2) Under what conditions do
these mechanisms foster coexistence versus competitive
exclusion?.

We examine these questions by modelling a system with
relatively simple water dynamics, demography and phe-
nological structure: Mediterranean annual plant assem-
blages. In these assemblages, a period of winter rainfall
and abundant water is followed by a warmer dry period
of water limitation, after which, plants successively die.
These simplifying features of the hydrology are important
because the complexity in the inputs and losses of water
that characterise most other systems makes modelling
competition for water particularly challenging (Daly et al.,
2004; Rodriguez-Iturbe & Porporato, 2007). For exam-
ple, on the input side in most systems, precipitation comes
in the form of storm events, which vary stochastically in
their intensity, frequency and duration (Pilar Fernandez-
Iliescas & Rodriguez-Iturbe 2003; Rodriguez-Iturbe &
Porporato, 2007). Systems dependent on stochastic, pulsed
inputs interspersed with periods of water limitation make
challenging subjects for modelling competition.

By contrast, in Mediterranean annual systems, ger-
mination is induced at the start of a relatively short
3—-4-month winter rainy season, and the majority of
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BOX 1 Ecophysiology relevant to the modelled dependence of biomass growth on soil water

Photosynthesis requires a continuous supply of water as controlled by a plant’s stomatal conductance,
g= Z—k (Wi — y/,mf), where yis the ratio of root area to leaf area, & is the plant’s xylem conductivity and D is
a medsure of air moisture content (vapour pressure deficit). For stomatal conductanceg, and therefore photo-
synthesis, to remain positive, there must be a positive gradient between soil water potential, y,;, and a plant’s
leaf water potential, y,,, (Farquhar & Sharkey, 1982). Therefore, as soil water potential drops throughout
the season due to loss of soil moisture via transpiration, a plant’s leaf water potential,y,,s, must also drop
to maintain a positive gradient. However, y,, can only reduce to a certain value before embolism risk be-
comes high. To protect against embolism, plants have an internal shut-off mechanism,f (y/,eaf), which closes
stomates, reducing stomatal conductance in order to keep v, at a safe level, y* (Wolf et al., 2016). The value
of y* is typically buffered against values for which embolism is a severe risk and is primarily determined by a
plant’s physiological characteristics (Daly et al., 2004; Manzoni et al., 2011). Above y*, the gradient between
leaf and soil water potential is large enough that photosynthesis is not water limited — meaning the plant ac-
cumulates carbon at its maximum rate, a,,,,, which is determined by light availability and the plant’s internal
carbon concentration (Farquhar & Sharkey, 1982; Leuning, 1995). Once y,,r = ¥* ¥, remains fixed, photo-
synthesis becomes water limited and carbon accumulation, a, drops until the soil water potential also equals
w* at which point the plant stops growing (Figure S1).

In the period between when y ¢ first reaches y* and when the plant shuts down, the dependence of a plant’s
growth rate of water content causes demographic models of water-limited plants to be intractable. However,
several considerations lead to a simple approximation. First, a plant’s carbon accumulation rate is a function
of stomatal conductance which is itself a function of both the plant’s carbon accumulation rate and (w,eaf)
(Farquhar & Sharkey, 1982; Leuning, 1995). The dependence of the carbon accumulation rate on the carbon
accumulation rate itself creates a positive feedback such that in the period during which y,,,= y* the rate
of decrease in a plant’s carbon accumulation is both rapid and accelerating. Second, when plants transpire,
they remove water from the soil volumetrically. Volumetric water content is related nonlinearly to soil water
potential in a manner such that a given volumetric removal results in a greater reduction of soil water potential
in dry conditions than in wet conditions. Additionally, a plant’s transpiration rate increases as a function of
plant size. Since plants are largest and soil is driest at the end of the season, the period of declining growth
rate is negligible in terms of its contribution to total growth. Detailed calculations supporting this result are
provided in Appendix 1.3. Having established that the declining growth rate in this period has a negligible
effect on total within-season plant growth, we can safely approximate a plant’s carbon accumulation rate as a
step function such that a = a,, when y,; > w* and a = 0 when vy, ; < w* (simulations testing the sensitivity of
our results to this approximation are provided in Appendix 9.3).

As individual plants grow, they withdraw and transpire water from a common pool at a rate proportional
to their leaf area, stomatal conductance and vapour pressure deficit. This relationship is given by

E= amDs(pﬁ (Wleaf) (Bl)

where E is the rate of transpiration per unit leaf area, a,, is the maximum photosynthetic rate, internal carbon
concentration and the leaf respiration cost, D, is the vapor pressure deficit, # (l//,eaf) is the shut-off operator and ¢
is a collection of physiological parameters which in addition to a,, determine stomatal conductance (see Appendix
1 for a full description of parameters). Since we are primarily interested in parsing the effects of water-limitation-
induced variability in phenology, we assume that the constants in Equation (B.1) are invariable in time and among
species. Thereby, species operate at their maximum photosynthetic rate until y,,; = w7, at which point they stop
growing and convert to seed. This facet of plant growth also implies that the transpiration rate per unit leaf area
remains constant throughout the growing season.

plants grow well through this rainy season, and onlycom-  dry conditions results in large interspecific phenological
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induced variability in phenology, we assume that the constants in Equation (B.1) are invariable in time and among
species. Thereby, species operate at their maximum photosynthetic rate until y,,; = w7, at which point they stop
growing and convert to seed. This facet of plant growth also implies that the transpiration rate per unit leaf area
remains constant throughout the growing season.

plants grow well through this rainy season, and only com-
plete their life cycle during the subsequent period when
the water is being depleted (Levine & HilleRisLambers,
2009; Seabloom et al., 2003). The general decrease in
water availability after the end of the rainy period as
well as between-species variation in their tolerance to

dry conditions results in large interspecific phenological
variation (Alexander & Levine, 2019; Godoy & Levine,
2014). Some species complete their life cycle in spring,
while others persist through fall. This phenological
variation and its association with competitive dynamics
have been investigated in several past empirical studies
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(Alexander & Levine, 2019; Godoy & Levine, 2014; Kraft
et al., 2015), providing key real-world tests for the models
we develop here.

WATER COMPETITION MODEL

We develop a general model of plants competing for
water when soil water availability determines the dura-
tion of each competitor’s growing season. Although we
tailor the model to a community of seasonally water-
limited Mediterranean annual plant species that differ
in their ability to grow under dry conditions, the findings
should apply more broadly. The outline of the model is
as follows: Plants grow unfettered by neighbours until
neighbours reduce the water content of the soil, W, to
less than the species-specific minimum water content re-
quired for an individual to grow, W(mass of water per
unit land area or volumetric water content with fixed soil
depth). Individual species successively stop growing and
convert biomass to seeds, and after the last species does
so, the season begins again. In this section, we build a
quantitative model which formalises these dynamics.

A year begins with all individuals of all species in the
seed stage, and all germinate synchronously after the
onset of the rainy season. We assume for simplicity that
negligible water is carried over in the soil from 1 year to
the next, that negligible water is lost to run-off, ground-
water and evaporation from the soil (not transpiration),
and that rain ceases on the day plants germinate. All of
these simplifying assumptions can be relaxed without
changing the qualitative results (Appendix 9).

After germination, plants grow at a constant rate (Wwhen
time is measured on a non-linear scale, but at an accelerat-
ing rate in regular time) until soil water content drops below
the species-specific critical value (Appendix 2). Specifically,
we assume that the biomass and crown area of an individ-
ual are related by a power-law allometry with exponents
common to all species. When a plant is actively grow-
ing, its rate of carbon gain is proportional to its leaf area,
which implies plants do not shade one another (Appendix
1.1). This property, together with the power-law allometry
imply that, at time ¢ during the growing season, a species-i
individual’s biomass is approximately (G,»t)B, where G, is a
species-specific constant growth rate and B is a constant
common to all species (Appendix 2). Therefore, if we use
the non-linear timescale 7 = ¢ in place of ordinal time ¢,
individuals of species i grow at a constant species-specific
rate, Gf , until the time at which soil water content drops
below that species’ critical value (W < W). We denote this
time ¢; or in the non-linear timescale z; (which equals tf).
Also, at this time, all individuals of species i convert their
biomass (G15) to seeds following a proportionality con-
stant shared across all species, and these seeds survive to
initiate next year’s growth process.

Competition emerges in this model only because indi-
viduals uptake and transpire the limited soil water pool and

thereby shorten the growing season lengths of competitors.
The greater the abundance of conspecific or heterospecific
competitors, the faster the uptake and depletion of the finite
soil water pool, and the earlier soil water drops below each
species’ critical value. A plant’s biomass accumulation rate
during the period suitable for its growth, G5, is unaffected
by competition from other individuals (Box 1); only the du-
ration of growth is affected by competition.

Three seemingly special assumptions make competi-
tion for water in this system analytically tractable — (1)
plants have constant growth until a season’s end de-
termined by a soil water threshold, (2) competition be-
tween species shortens growing season lengths without
changing growth rates during the growing season and
(3) end-of-season fecundity is proportional to tf, with
B common to all species. Importantly, all are emergent
properties of plant physiology under a simple hydraulic
model (described in Box 1 and Appendix 1, 2) provided
that species adhere to power-law allometry. We empir-
ically verify this allometry, justify it theoretically and
test the robustness of the model to these assumptions in
Appendix 2.1,2.2,2.4,9.1 and 9.3.

A single-species system

In this section, we quantitatively describe the dynamics of
a single species in a water-limited system because the mul-
tispecies model follows naturally from this simpler case.
To keep the notation simple, in this section, we omit the
species-specific subscript from all quantities except the sea-
son lengthr,, to distinguish it from the within-year time z.
Let N, be the population density of seeds in the soil starting
year T (note: upper case “T” designates year, whereas lower
case ‘¢’ or ‘z’ designates time since germination within a
year). Also, because growing season length is a decreasing
function of population size, we write it as 7, (N7). We as-
sume the number of seeds available to start the season is
proportional to the prior year’s end-of-season biomass ac-
cording to the constant F. This yields the following expres-
sion for per capita population growth in year T’

N,
% = FG®z,(Ny). M
T

Since both F and G2 are constants, the per capita pop-
ulation growth rate of species i varies solely as a function
of its growing season length, 7, which is itself a function
of the rate at which water is withdrawn from the com-
mon pool.

Given that competition occurs through a shortening of
the growing season, it is useful to define the length of the
season for which the population shows zero growth. Note
that the lifetime reproductive success (LRS) of a recently
germinated seedling equals the expected number of ger-
minable seeds it will produce during its lifetime, and that
this increases with season length, 7, (N7 ). We call the
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‘break-even time’ 7*- the value of = at which LRS equals
one (or equivalently, N;,; =Np). By definition,
Ty (N T) = 7* at the poBulation dynamic equilibrium. We
calculate 7* by setting T: = lin Equation (1):

N,

If 7, (N7) > r* plants outlive the species’ break-even
time, making LRS >1 and causing abundance to increase,
whereas if 7) (Np) <7* the species’ population de-
creases. This formula turns out to be the same in the
multispecies problem described in the next section,
where the break-even time is species-specific: 77 = FoF

We now re-write Equation (1) in terms of the break-
even time z* as

NT+1 _ 71 (NT) )
Ny T*

which reveals the direct relationship between growing sea-
son length and population growth. The biomass conversion
to seed, F, and within season biomass growth rate, G2, re-
main important determinants of between year population
growth, but their effects operate by changing a species’
break-even time z*. A species producing more seeds per
unit biomass (higher F) can replace itself with less biomass
production over the year and can thus sustain a population
while stopping growth earlier in the season (have a lower z*).

Water availability affects population growth across
years via its effect on the length of a species’ growing sea-
son 7, (N7 ), which is itself a function of the depletion of
soil water. Putting aside for the moment the details of the
depletion process, a species can put on biomass as long
as the soil water availability exceeds its critical water
threshold. This leads naturally to a condition for positive
growth when rare. A species can invade an empty system
from low density provided the amount of water available
at its break-even time, W(z}), is greater than its critical
soil water content, W*, as this implies it is able to outlive
its break-even time. Since a species has negligible effect
on soil water content at low density, this is true when:

W (z}) > W*, ©)

where W (t) where describes pre-invasion, within-season
water availability as a function of, and W(z]) gives the
value of this function at the species’ break-even time.
We denote the amount of water available at the begin-
ning of the growing season W, and in a system with no
plants, soil water stays at this level through the entire sea-
son W () = W,;. What follows is a very simple graphical
method for determining whether a species can invade the
system with no other competitors present. First, we plot
water availability through the year, W (z) = W, on a plot
of W versus 7, and then add a point corresponding to the
species’ critical water content, W, and break-even time, 77,
(Figure 1a). If that point lies above the water availability
line, W* > W,, the water supplied is less than the spe-
cies’ soil water threshold and the population goes extinct

(a) Invader characteristics (b) New equilibrium
Time (standard units)
t* t* t*
u S S
W™ "~ e TTT T T [T T T T T
W, w,
2
-+
c
3
C
o
(9]
8
O
2
*
WA ° W,
i T T

Time (transformed units - T)

@ Successful invader
@ Unsuccessful invader

— — — Water trajectory (W(t))
Water trajectory (W(t))

FIGURE 1 Graphical method for determining invasion success for a single-species system. In Panel A, the grey line denotes the
pre-invasion water trajectory, W (r) , which remains flat at the initial water content, W, due to the lack of transpiration, evaporation or
precipitation. The red dot describes the characteristics of an unsuccessful invading species with break-even time 7, (¢} in standard units) and
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Time (transformed units - T)

< %

® Successful invader  _ _ _ Water trajectory (W(t))
@ Unsuccessful invader Water trajectory (W(t))

FIGURE 1 Graphical method for determining invasion success for a single-species system. In Panel A, the grey line denotes the
pre-invasion water trajectory, W (r) , which remains flat at the initial water content, W, due to the lack of transpiration, evaporation or
precipitation. The red dot describes the characteristics of an unsuccessful invading species with break-even time 7, (¢} in standard units) and
critical soil water content W . The invader is unsuccessful because its critical soil water content is greater than the initial water content and
therefore cannot increase in biomass. The blue dot denotes the characteristics of a successful invading species with break-even time 77 (¢ in
standard units) and critical soil water content W. The subscript s denotes a successful invader, while the subscript u denotes an unsuccessful
invader. In Panel B, the characteristics of the successful invader are again described by the blue dot. In the resulting single-species equilibrium,
the solid blue line describes the water drawdown trajectory, W (z), from the initial water content to the invading species’ critical soil water
content at r = 7* in transformed time units. The dashed blue line shows the water drawdown trajectory in standard time units, W (¢).
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(Figure la). If the point lies below the water availability
line, then W* < W, more water is supplied than the spe-
cies’ threshold water level, and the species will successfully
invade (Figure 1a). v

To determine a species’ population growth rate( ;;1
and growing season length (7, (N7 ))away from equilib-
rium, as well as the resulting soil water trajectory, W (z),
we must model water depletion. The water available at
the end of the species’ growing season, or equivalently,
that species’ shut-off point, W*, equals the water avail-
able at the beginning of the growing season, W, minus
the water consumed by the species from the beginning
of the season to the end, 7, (NT). More formally:

TI(NT)
W* =W, - EJ A(7) ﬂdr, @)
0 dT

where E is the transpiration rate per unit leaf area (Box
1) and A (z) is the total leaf area at time 7 (see Appendix
2.3 for the functional form of A (7). Water consumption
is, thus, a time-integrated function of the leaf area of the
population from the start of the season to the time it stops
growing. Given that W* and W}, are fixed parameters of the
species and system, growing season length is calculated by
integrating the right hand side of Equation (4) and solv-
ing for 7, (N7 ) (see Appendices 3.1 and 5 for the solutions).
This value, when placed into Equation (2), gives the popu-
lation growth rate.

Integrating Equation (4) and subsequent algebra
(Appendix 3.4) produces an expression for the within-
season water availability, a piecewise linear function of
7. Specifically, when T > 0:

(a) Invader characteristics

W —W, .
Wo— ——2)7 0<r<7l
W(r) = T

w* 727

®)

This means that in all years (z > 0), within-season
water availability, W (z), follows a straight line on a plot
of rversus W fromz =0, W = Wyto(z =*, W = W*)as
shown in Figure 1b, which also implies that the species
reaches its population dynamic equilibrium in a single
year (see Appendix 3.4).

A model of two species

The mechanisms governing competition and coexist-
ence of two species can be extended from the rules for
a single species to invade. We now label the species
using the subscripts 1 and 2 such that species 1 finishes
its growing season before species 2 (i.e., W) > W)
Coexistence can be predicted from just the break-even
times and critical water values of the two competitors.
To show this, we take a mutual invasion approach to
coexistence, first considering whether an early species
can invade a late-season competitor. This can be deter-
mined by applying the graphical method developed in
the single-species case. In fact, identical to the water
drawdown in the single-species model (Figure 1b), is
the pre-invasion water drawdown, W (), by the late
season resident species at equilibrium (solid blue line
in Figure 2a). Here, W (z) is given by Equation (5)
(with subscripts changed to reflect that species 2 is the

(b) New equilibrium

§ W, W, ¢
- *
-+~
5 Wl,u ®
c
S .
B Wl,s ® W;'S
=
) W,
WZ 2
* E3 * E3 £3
T1,s Tl,u T2 Ti,s T2

Time (transformed units - T)

© Successful invader
@ Unsuccessful invader
® Resident

FIGURE 2 Graphical method for determining invasion success in the two-species system. In Panel A, the late-season resident species
(species 2) is the same as the invading species from Panel B of Figure 1, with the equilibrium water drawdown trajectory in transformed time
units, W (r) , shown by the same solid blue line. The characteristics of an unsuccessful early-season invading species (species 1) are denoted

by the red dot. Because the invading species’ characteristics lie above the water drawdown trajectory, the resident species depletes water too
quickly for the invader to grow to its break-even time. The characteristics of a successful invading species are given by the light blue dot in
Panel A. In Panel B, the characteristics of the successful invading species are again shown. At the resulting two-species equilibrium, the water
drawdown trajectory, W (z), is given by both the light and dark blue lines. In the first phase, in which both species grow, the water decreases
steeply to reach species 1’s critical soil water content at its break-even time. Then, after species 1 converts to seed, the water is withdrawn by
species 2 alone until its critical soil water content and break-even time are reached.
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resident). The question for invasibility is whether the
resident species consumes water too fast for the invad-
ing species to reach its break-even time. To answer this,
we determine whether W (TT) > W} by plotting the
point corresponding to the invader’s critical water con-
tent and break-even time (W = W7, z = 1)). If this point
lies above the line corresponding to the water dynamics
when the resident is at equilibrium, W (z), the invader’s
critical water value, W, is reached (along the resident’s
line) before its break-even time 77, and thus the invasion
will be unsuccessful (Figure 2a). If, instead, the point
lies below the water-drawdown line, the system with
just the resident species reaches the invader’s critical
water value after the invader’s break-even time, and the
invasion will be successful (Figure 2a).

In contrast to the questionable invasion of an earlier
season competitor, a late-season species can always in-
vade an early-season resident species. This is because a
late-season species (species 2) has unrivalled access to
water after species 1 stops growing, and because we have
assumed for simplicity that the only way the soil can lose
water is through transpiration. Thus, an infinitesimal in-
vading population of species 2 will grow forever on the
finite water available after species 1 has stopped trans-
piring. It is straightforward to eliminate this unrealistic
dynamic by adding evaporative water loss. However,
because the results are qualitatively similar, but more
analytically cumbersome, we continue to assume a lack
of evaporation while recognising that this does not fully
capture the true resource dynamics of the late season
(Appendix 9.1).

Given that a late-season species can always invade
an early-season resident, the invasion condition for the
early-season species, W (T’f) > W7, is sufficient for mu-
tual invasion. Substituting Equation (5) into this condi-
tion and following algebra, we find:

Wi — W

1

W, - Wr
5 0 2

T

; ©®)

4 >
(see Appendix 5.1 for derivation). This implies that in
order to coexist, the earlier species must be able to con-
sume water faster over the time it takes to produce one
new individual per capita than the later species con-
sumes water over the time it takes to produce one new
individual per capita. If this condition is met, species 1
is more than compensated for its reduced access to water
by a growth rate advantage (shorter 7)) relative to spe-
cies 2. If species 1 is not a sufficiently fast grower during
its shorter period of water access, it will be excluded.

If a species is successful in invading the resident, the
population density of the invading species will increase,

it now has three phases. In the first phase, both species
grow and consume water until species 1’s critical water
content, W}, is reached. Then, in the second phase, only
the late-season species continues growing and consum-
ing water until its critical water content, W7, is reached.
Finally, in the third phase, water availability remains at
W until the season ends. At equilibrium, W (z) for a two-
species system is given by:

w,— (=% 0<r<z*
[ T <7<71
1
= w*—-wx
YO m-(2) ) rise<n O
TN
wy 275

Thereby at equilibrium, water availability fol-
lows a straight line on a plot of = versus W first from
(z=0, W=Wy to (r=1], W=WY), and then from

(z=1}, W=W))to (r =15, W= W) (Figure 2b).

A model of QQ species

We now extend the two species result to an arbitrary
number of species, Q, and label species i=1,...,Q,
such that species 1 again has the shortest growing
season length, while species Q has the longest (i.e.
Wy > W,,..., Wy). We again develop a graphical meth-
odology for determining invasion success for systems
with more than two species. Figure 3 illustrates this
technique for a two-species resident community (the
same one from Figure 2, Panel B) and single invader
species with an intermediate critical water threshold.
Such an invasion can be successful in a two-species
resident community provided the point corresponding
to its critical water threshold and break-even time lies
below the water drawdown trajectory, W (), for the res-
ident community. This indicates that the resident com-
munity consumes water slowly enough for the invader
to reach its break-even time before the water level drops
to its critical water threshold. (Figure 3).

At equilibrium, water drawdown in a Q-species sys-
tem is again given by a piecewise linear function of z:

W Awr
07\ A ’

_ AW
w* —< ')(r—r;“_l) 7, ST<ti;1<i<Q

O<z<1]

W (z)

WZ) T> r*Q
®
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sumes water over the time it takes to produce one new
individual per capita. If this condition is met, species 1
is more than compensated for its reduced access to water
by a growth rate advantage (shorter 7)) relative to spe-
cies 2. If species 1 is not a sufficiently fast grower during
its shorter period of water access, it will be excluded.

If a species is successful in invading the resident, the
population density of the invading species will increase,
and that of the resident species will decrease until both
reach their new, two-species equilibrium population
densities (Appendix 3.3). As with the single-species
model, for all years T > 0 the within-season water avail-
ability, W (), is a piecewise linear function of z, though

I 15 agdlll g1VOI1 DYy d PICCOWISC 1111C4dl 1Uunction ol 7.

W Awr
07\ A ’

O<z<1]

AW*
Wﬁ4—< Ar;>(T_T;4) 7 Se<t i<
1
* *
Wb 27,

©)

where AW =W — W}, Az} =77 —7;  and 7, =0. The
growing season is thereby divided into Q + 1periods, each
defined by the number of species left growing and consum-
ing water. Species drop out of the system sequentially as
their critical water contents are reached until none remain.
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FIGURE 3 Graphical method for determining invasion success — three-species system. In Panel A, the resident two-species community
(species 1 and 3) is the same as that from Panel B of Figure 2, with the equilibrium water drawdown trajectory, W (z), shown by the same solid
blue lines. The characteristics of an unsuccessful intermediate-phenology invading species (species 2) are again denoted by the red dot. Because
the invading species’ characteristics lie above the water drawdown trajectory, the resident community consumes water too quickly for the
invader to grow to its break-even time. The characteristics of a successful invading species are given by the blue dot of intermediate hue in Panel
A. In Panel B, the characteristics of this successful invading species are again displayed. At the resulting three-species equilibrium, the water
drawdown trajectory is given by three solid blue lines. In the first phase, in which all three species grow, the water decreases steeply to reach
species 1’s critical soil water content at its break-even time. Then, after species 1 converts to seed, the water is withdrawn by species 2 and 3
until species 2’s critical soil water content and break-even time are reached. Finally, species 3 withdraws water alone until its critical soil water
content and break-even time are reached. In Panel C, the characteristics of a successful invader are again shown by the blue dot of intermediate
hue. This species will invade successfully and subsequently cause species 1 to be excluded, as the resulting community will withdraw water too
quickly for species 1 to grow to its break-even time. Panel D shows the resulting two-species equilibrium, in which only species 2 and species 3

persist.

Using the invasion condition, W (T;“) > W, and
Equation (8), we find that mutual invasion in a Q-species
system requires that the following expression (see
Appendix 4) is satisfied for all adjacent pairs of species,
once ordered according to W}

Ay Ay,

T ©)

i i+1

This condition requires that later-phenology species
cannot consume water at a rate which prevents earlier
phenology species from reaching their break-even times
at low density.

Importantly, a species which successfully invades a Q-
species resident community can cause earlier residents to
be excluded (a later resident always persists following the
reasoning in the two-species section above). Returning
to the case of a species with intermediate critical water
content invading a two-species resident system: exclusion

of the earlier resident will occur if the invading species
has a faster water consumption rate at its single-species
equilibrium than the earlier resident (i.e. if Equation (9)
is not satisfied for i = 1; Figure 3b). In this case, the in-
vading species has a greater biomass growth advantage
(lower 77) in proportion to its water access than the resi-
dent does and will, therefore, consume water fast enough
that the resident with a higher critical water threshold
can no longer reach its break-even time at low density
(Figure 3c).

In a system of Q competing species, the subset which
eventually coexists can be determined using a simple
graphical algorithm. To start, we plot the minimum soil
water content, W, and break-even time, 77, for each of
the Q species as we have done in the single-, two- and
three-species cases (Figure 4a). Next, we draw a line
from the point corresponding to the initial water con-
tent (W = W, = = 0) to the species’ point for which the
resulting line has the steepest negative slope. Then, we
draw a line from that species’ point to another species’
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FIGURE 4 Coexistence outcomes in large species assemblages as a function of an interspecific trade-off. Panel A shows an assemblage of
13 species with randomly selected critical soil water contents and break-even times. The graphical method is used to determine the subset of
these species which will persist in time. The characteristics of these three species are connected by solid lines which denote the water drawdown
trajectory at the resulting equilibrium. Panel B displays the population dynamics in time for the 13 species assemblage, with the three coexisting
species forming an equilibrium and the rest collapsing to zero. Panel C shows an assemblage of 13 species with characteristics chosen according
to a trade-off curve which satisfies the coexistence conditions. Panel D displays the population dynamics for these species over time, with all

species converging to positive equilibrium densities.

point, again minimising the slope of the resulting line.
We continue connecting the dots from the left to the
right until we cannot draw a new line that is negative in
slope. Following the condition in Equation (9), all of the
connected species will coexist, the rest will be excluded.
The set of species which persist in equilibrium is, thus,
given by the lower, convex hull of the point cloud that
results from plotting each species’ minimum water con-
tent and break-even time, as well as the point corre-
sponding to the start of the season (W = W, r =0).

An interesting consequence of the coexistence in

species pool prior to assembly. This emphasises that one
cannot infer the existence of a physiological trade-off
from the traits of coexisting species.

If instead of forming a point cloud like in Figure 4a,
species adhere to a strict decreasing and concave-up
trade-off like that in Figure 4c, then every species in a set
that has 77 greater than a threshold value (see Appendix
4) will coexist with one another no matter how many
are placed in competition. This is again because early-
season species are more than compensated for their
shortened growing seasons by increased growth rates,
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slope. Following the condition in Equation (9), all of the
connected species will coexist, the rest will be excluded.
The set of species which persist in equilibrium is, thus,
given by the lower, convex hull of the point cloud that
results from plotting each species’ minimum water con-
tent and break-even time, as well as the point corre-
sponding to the start of the season (W = W, = = 0).

An interesting consequence of the coexistence in
Figure 4a is that after community assembly all coexist-
ing species will appear to exhibit a trade-off, in that the
early-season species will have both faster growth and a
higher minimum water threshold than the late-season
species, even if no physiological trade-off exists in the

ITOI] tHC L dlls O COCAISUINE SPCCICS.

If instead of forming a point cloud like in Figure 4a,
species adhere to a strict decreasing and concave-up
trade-off like that in Figure 4c, then every species in a set
that has 77 greater than a threshold value (see Appendix
4) will coexist with one another no matter how many
are placed in competition. This is again because early-
season species are more than compensated for their
shortened growing seasons by increased growth rates,
allowing them to reach their break-even time before their
late-season competitors reduce soil water content below
their critical value.

Indeed, there are physiological reasons to expect the
very trade-off allowing coexistence. First, note that
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satisfying the mutual invasion condition in Equation (9)
requires a trade-off between a species’ ability to tolerate
low water (its W), and the speed at which it accumu-
lates biomass (which shortens 7). More precisely, for all
species to coexist, the functional relationship between
species’ critical water threshold and break-even time
must be negative (higher water thresholds mean faster
break-even times), and concave up (progressively longer
break-even times mean lesser advantages in critical water
threshold) (Figure 4). Finally, the trade-off curve must
be restricted to species with minimum water thresholds
below W, because any species with W* > ¥, would go
extinct even without the presence of a competitor.

Notably, when allocational constraints are incorpo-
rated into the physiological model of plant growth under
water limitation, a trade-off curve that is both nega-
tive and concave-up emerges. That model, presented
in Appendix 1 and 4.2, predicts that species should be
perfectly ordered such that as a species’ growth rate,
G?, increases (which decreases its 7}), its threshold soil
water content necessary for continued growth, W, also
increases (Box 1, Appendix 1.1). The reason for this re-
lationship is that plant traits that allow transpiration at
low levels of soil moisture, such as dense stem tissue that
resists embolism (Rosner, 2017), require photosynthate
that could have been used for productive tissues like
leaves. Allocating photosynthate to embolism-resistant
structures then slows the rate of biomass growth. The
positive correlation between G and W}, together with
the monotonic drying of the soil after the winter rains,
implies a trade-off between biomass growth rate and
growing season length, 77, that has negative slope. As we
explain more fully in Appendix 4.2, the trade-off is also
likely to have a concave-up shape because the growth
cost to reduce one’s critical soil water content increases
in magnitude for lower values of W*. These accelerating
growth costs mean that as W* decreases, the correspond-
ing changes in break-even time (the inverse of growth)
also increase (Appendix 4.2).

The Appendices present several additional analy-
ses that could not be included in the manuscript but
are worth mentioning here. First, we prove that a Q-
species equilibrium, if it exists, is unique (Appendix 3.3).
We show that for any combination of species, invasion
when rare implies the existence of a positive equilibrium
(Appendix 4.1). Moreover, we derive a time-dependent
solution of species abundances in a two-species system
and prove that any two-species positive equilibrium is
globally stable (Appendix 6). We also prove that in a Q-
species system any positive equilibrium is locally stable
(Appendix 7). Last, we show that the trade-offs which
imply the existence of a stable equilibrium in the popula-
tion dynamics correspond precisely to a model of plant
physiology (Appendix 4.2), suggesting that our coexis-
tence criteria may be generally satisfied for annual plant
communities whose physiology is accurately described
by our model.

EMPIRICAL SYSTEM
AND QUALITATIVE
MODEL VALIDATION

Our prior empirical work with phenologically distinct
annual plants at the University of California, Sedgwick
Natural Reserve in northern Santa Barbara County,
California, USA, (Alexander & Levine, 2019; Godoy &
Levine, 2014) has identified several qualitative patterns
that our model should be able to reproduce. First, a
trade-off should exist such that species that stop grow-
ing earlier in the season grow faster than later taxa over
their period of overlap. Second, competitive exclusion is
always suffered by the species with the earlier phenology;
the later species persists due to its access to late-season
water. Third, earlier phenology of a late-season species
increases its competitive effect on earlier taxa and re-
duces their invasion growth rate.

First, we evaluate the trade-off. Godoy and Levine
(2014) quantified the biomass accumulation of three
non-native plant species in the system, Bromus
madritensis, Centaurea melitensis and Lactuca serriola,
as well as the date they stopped growing. These taxa
were in fact chosen for study because they stop growing
at different times of the year. Not only do these spe-
cies exhibit something close to power-law growth, as
assumed here, but each species is the most rapid accu-
mulator of biomass during their period of overlap with
later competitors (Figure 5a). This result, of course, is
consistent with trade-offs that underlie coexistence in
our model. Assemblages of early, middle and late native
species in the same study did not show such trade-offs,
but it is unclear whether these taxa would coexist with
one another at the local scale of the study plots (Kraft
et al., 2015).

Second, we evaluate the pattern of competitive
exclusion. Godoy and Levine (2014) parameterised
Lotka—Volterra type population dynamic models of
competition between each native community (early,
middle and late) and each non-native species (Figure 5b).
These models predicted competitive exclusion for eight
of nine pairs. Importantly, regardless of the species’
native or non-native status, it was always the earlier
species that was excluded. This qualitative pattern is
consistent with results from our model, where exclusion
always eliminates the earlier species because the later
competitor has unique access to water unconsumed by
its earlier counterpart.

Third, we evaluate our model’s ability to predict the
competitive effect of a later taxa as a function of its
phenology. Alexander and Levine (2018) explored how
differences in phenology between populations of a late-
season invader, Lactuca serriola, affected its suppres-
sion of earlier phenology native plants. Results showed
that earlier Lactuca populations exerted greater per
capita competitive effects on the per germinant fecun-
dity of native plants (Figure 5b), which reduced their
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FIGURE 5 Patterns from empirical studies of phenology and coexistence in California Mediterranean annual plant communities

and predicted patterns from theoretical model. Panel A shows the change in biomass over time for individuals of three species of differing
phenology (B. madritensis, C. melitensis and L. serriola). Empirical data are denoted by the points, coloured according to species phenology.
Power-law fits to the data are shown as solid lines. Panel B shows the per capita competitive effect of a late season species, L. serriola, on

three resident species of varying phenology (P. erecta; F. microstachys and N. atractylodes) (z;,) as a function of late-season species phenology,
expressed as the mean ordinal date at bolting. Panel C shows the log low-density growth rate (Rl) of three resident species of varying phenology
(P. erecta; F. microstachys and N. atractylodes) as a function of the phenology of a late season species, L. serriola. In panels B and C, error bars
describe the variation around mean values (points). In panel C linear regressions are overlaid to show the trend.

projected invasion growth rates (Figure 5c). Both of
these results also emerge from our model. To see how,
first note that the per capita competitive effect of a
later competitor on the growth of an earlier one is cal-
culated as g; (Appendix 3.6). From this expression, it
is clear that'a higher biomass growth rate of the later
competitor will increase its competitive effect. A higher
biomass growth rate of earlier Lactuca would be ex-
pected if the species-level trade-off between phenology

DISCUSSION

In this paper, we introduced a mechanistic model of
phenologically structured water competition between
annual plants. Our model is built on a foundation of
realistic ecohydrology, plant physiology and allometry,
can readily replicate and explain empirically observed
patterns, and provides several fundamental insights into
the interactions allowing for the coexistence of annual
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these results also emerge from our model. To see how,
first note that the per capita competitive effect of a
later competltor on the growth of an earlier one is cal-
#= (Appendix 3.6). From this expression, it
is clear that a higher biomass growth rate of the later
competitor will increase its competitive effect. A higher
biomass growth rate of earlier Lactuca would be ex-
pected if the species-level trade-off between phenology
and biomass growth rate (Figure 5a) holds within spe-
cies. This same mechanism in our model also causes an
earlier species invasion growth rate to decrease as the
later species phenology moves up in time, matching the
empirical data (Figure 5c¢).

AJAIOTCTC UDODOLUILN

In this paper, we introduced a mechanistic model of
phenologically structured water competition between
annual plants. Our model is built on a foundation of
realistic ecohydrology, plant physiology and allometry,
can readily replicate and explain empirically observed
patterns, and provides several fundamental insights into
the interactions allowing for the coexistence of annual
plants competing for water in Mediterranean climates.
In the model, phenological differentiation arises natu-
rally through interspecific variation in the critical soil
water threshold and a transpiration-driven, monotonic
decrease in water content through the growing season.
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When accompanied by a trade-off in growth rate, the
resulting phenological nesting of competitors can main-
tain unlimited species diversity under simple but realis-
tic assumptions.

The mechanism of coexistence

Pairwise coexistence occurs in the model because an
earlier competitor with a higher water threshold, if it
grows fast enough, achieves the biomass necessary for
positive population growth before all its later competi-
tors deplete the water to its critical value. Meanwhile,
a later species always persists with earlier, more water-
demanding taxa due to its ability to grow during the
period after these earlier taxa senesce. Moreover, this
extends to any number of earlier and later competitors.
In a Q-species system, the growing season is subdivided
into periods with stepwise decreases in diversity as a
result of interspecific differences in critical soil water
content and a monotonically decreasing soil water pool.
When this pattern is paired with a relationship between
species’ break-even times and critical water thresholds
that is both negatively sloped and concave-up (Figure 4,
Panels C and D), each species is the dominant competi-
tor for water in exactly one time period — the one in
which they are the earliest phenology species still grow-
ing. Under such conditions, each species is able to grow
fast enough to achieve positive population growth be-
fore its competitors reduce water to its critical value.

Unlimited coexistence is only possible when species’
traits are perfectly constrained to follow a negatively
sloped, concave-up trade-off. However, whether or not
such a relationship between break-even time and criti-
cal water threshold exists, any set of coexisting species
will appear to exhibit a trade-off of this form simply
because it is a requirement for coexistence (Figure 4a).
Species that fall above the trade-off curve will have been
excluded. This illustrates how the presence of an appar-
ent trade-off in traits among co-occurring species need
not imply the existence of a true allocational trade-off
related to constraints on how plants are built. To deter-
mine whether such a trade-off exists, one must examine
the underlying ecophysiological relationships between
traits in a broader pool of species, including those that
coexist and those that exclude one another.

A key element of annual plant life history is in part
responsible for the high degree of coexistence possible
in the model: the invulnerability of the seed stage to
competition. Species escape the negative effects of the
unfavourable environment created by their competitors
by converting their biomass to dormant seeds when they
reach their critical water threshold. Though species
cannot grow during the portion of the season in which
soil water content is below their critical threshold, they
do not suffer the negative consequences of competition-
induced water limitation during that period. And, of

course, the later competitor suffers nothing from the
dormant seeds.

Competition for time

When competitors in the model deplete soil water, they
alter the length of each species’ growing season, which,
in turn, determines their invasion success, equilib-
rium abundance and population growth rate. Thus, by
differentially depleting a shared water resource, spe-
cies are effectively competing for time. Competition
for time dynamics have also emerged in other physi-
ologically grounded resource-competition models. For
example, Detto et al. (2021) develop a model of light
competition in both forest and annual plant systems
in which species grow unfettered by neighbours until
they are overtopped by taller competitors. As in our
model, the ability of a species to invade a system of
competitors is a function of the amount of time it has
to grow before being overtopped. Although species in
Detto et al. (2021)‘s model ostensibly compete for light,
they in fact compete by shortening the growing sea-
son lengths of shorter species. Detto et al. (2021) also
show unlimited coexistence in their model, and this re-
quires a trade-off between growth duration in the form
of overtopping ability and growth rate that is similar
to the trade-off required for coexistence in our model.
The parallels between these two models suggest that
there may be something fundamental about temporal
competition and compensating trade-offs that enable
many species to coexist.

How simple dynamics emerge from
complex physiology

We find it remarkable how the physiological, popula-
tion dynamic and hydrologic complexity in this model
condenses into the simple graphical algorithm illus-
trated in Figure 4a. As the Appendices make clear,
there are many physiological and individual-level pa-
rameters that collectively determine the two critical
species-specific quantities 77 and ;. All these param-
eters can be species-specific with the sole exception
of the allometric exponent B, which must be common
to all species for there to be a single time scale, = that
makes the within-season water dynamics linear. And
yet, all of this species-specific complexity reduces to
just two critical quantities. One implication of this
reduction is that incorporating between-species vari-
ation in other functional traits into the model should
not reduce the capacity for coexistence, as it will also
condense into the two critical species-specific quanti-
ties. A second implication is that one should not ex-
pect functional trait variation below the level of these
two critical quantities to predict coexistence, and this
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counters to a large literature that attempts to draw
such connections (e.g. Kraft et al., 2015; McGill et al.,
2006; Weiher & Keddy, 2001).

The simple, tractable dynamics in the model emerge
primarily due to the special, but physiologically de-
rived, scaling between leaf area and biomass. In the
model, water availability is a time-integrated function of
the transpiration rate, which is itself proportional to a
plant’s leaf area. Reproduction, however, is simply pro-
portional to a species’ end-of-season biomass. Because
of the power-law allometric scaling between leaf area
and biomass (Appendix 2), leaf area, when integrated,
has the same exponent, B, as biomass (Appendix 2.3).
Thus, both transpiration and biomass accumulation,
and therefore water availability and reproduction, are
linear in the same transformed time scale. This allows
the simple graphical method for determining coexistence
outcomes, the derivation of expressions for the equilib-
rium abundances and invasion growth rates for systems
with an arbitrary number of species and the clear stabil-
ity properties of the model.

Connection to empirical systems and other
coexistence studies

There is substantial evidence that trade-offs between
phenology (degree of tolerance to dry soil) and bio-
mass growth rate of the sort required for coexistence
in our model are common in natural systems. For ex-
ample, past empirical studies demonstrate such a rela-
tionship in Mediterranean annuals (Angert et al., 2009;
Figure 5, Panel A), and other taxa (Ackerly, 2004; de
Guzman et al., 2017). As discussed previously, these
trade-offs may arise either from underlying physiologi-
cal constraints or simply as a result of competitive sort-
ing. However, there is reason to expect physiological
mechanisms involving variation in stem tissue density
(and thus in xylem resistance to embolism) and/or root
depth to lead to these trade-offs. For example, correla-
tions between stem-tissue/wood density and resistance
to embolism have been widely observed across taxa
(Hacke et al., 2001; Rosner, 2017). Similarly, deep roots
are more expensive to grow and maintain but allow
plants to access water only available late in the season
(Schenk & Jackson, 2002). Correlations between rooting
depth and phenology have been described extensively
in Mediterranean annual systems (Godoy & Levine,
2014; Gulmon et al., 1983; Kraft et al., 2015) and other
systems and taxa (for example, Wright & van Schaikt,
1994). Indeed, when we incorporated allocational trade-
offs between rooting depth/stem-tissue density and

example, Chesson et al., 2001 and Mathias & Chesson,
2013 showed that a trade-off between growing season
length and growth rate under drying conditions can
serve as a coexistence mechanism in Mediterranean pe-
rennial and annual systems. In these studies, phenology
is a fixed property of the species and thus operates as a
temporal storage effect in the taxonomy of modern co-
existence theory (Chesson, 2000). In our model, however,
phenology is an emergent function of water availability
and the resulting coexistence results from a process that
seems more analogous to relative non-linearity. This
topic could be further explored with the simulation-
based approaches to modern coexistence theory devel-
oped by Ellner and colleagues (Ellner et al., 2016, 2019).

In addition, several studies have developed empir-
ically validated models of water competition between
deep-rooted tree and shallow-rooted grass species to ex-
plore tree-grass coexistence in dry savannahs (Eagleson
& Segarra, 1985; Walker et al., 1981; Walter, 1971; Ward
et al., 2012). The results of these studies are similar to our
own, in that coexistence is possible because species with
reduced access to water — the grasses (or early-season an-
nuals in our study), are compensated with greater com-
petitive ability.

Limitations

Our model’s tractability results from several key simpli-
fications of nature. The first of these is the approxima-
tion of growth as a step function of water availability,
under which species’ growth rates are unaffected by
competition during their growing season (Appendix
1.3). This approximation results in a negligible over-
estimation of total within-season growth relative to
the slightly more continuous function predicted by
ecophysiology. Additionally, when we relaxed this as-
sumption in model simulations, we still found high di-
versity (Appendix 9.3). A second major assumption is
a spatial homogeneity in water availability. In nature,
water resources are spatially structured, particularly
with depth (Gulmon et al., 1983; Seabloom et al., 2003),
and plants place roots at different depths. In fact, this
variation could provide a mechanistic explanation for
the phenological differences in our model, as deeper
rooted species are able to access deeper pools of water
and therefore persist later into the season. Third, we as-
sume that the growing season is potentially unbounded
in time because water is only lost to transpiration, and
plants do not experience mortality during their grow-
ing season. In the appendix, we analyse models which
include abiotic soil water loss and density-independent
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plants to access water only available late in the season
(Schenk & Jackson, 2002). Correlations between rooting
depth and phenology have been described extensively
in Mediterranean annual systems (Godoy & Levine,
2014; Gulmon et al., 1983; Kraft et al., 2015) and other
systems and taxa (for example, Wright & van Schaikt,
1994). Indeed, when we incorporated allocational trade-
offs between rooting depth/stem-tissue density and
growth rate into the physiological model developed in
Appendix 1, we found a trade-off curve that is negative
and concave-up, as required for unlimited coexistence.
Several other studies have examined the coexis-
tence dynamics of plants competing for water. For
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the phenological differences in our model, as deeper
rooted species are able to access deeper pools of water
and therefore persist later into the season. Third, we as-
sume that the growing season is potentially unbounded
in time because water is only lost to transpiration, and
plants do not experience mortality during their grow-
ing season. In the appendix, we analyse models which
include abiotic soil water loss and density-independent
mortality and find that these models still support spe-
cies assemblages with theoretically unlimited diversity
(Appendix 9.1 and 9.2).

Finally, in our model, we assume that initial
water availability, W;, is consistent across years. In
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Mediterranean systems, however, there is considerable
interannual variability in rainfall which would translate
to variation in W, across years (Haston & Michaelsen,
1997; Heady 1977; Schonher & Nicholson, 1988). While
we do not explicitly consider such variability in our anal-
ysis, it would not qualitatively change the results of this
paper. Variation in W, could cause early-season species
to be competitively excluded. However, though the iden-
tity of the earliest species in an assemblage might change,
an arbitrary number of species could still coexist.

Future directions

Future work could explore competitive dynamics in
systems with more complexity by incorporating explicit
variation in rooting depth and by examining plants
with more complex life histories than annuals. Many
studies have explored the impact of rooting depth on
competitive ability and coexistence dynamics in plants
(Fargione & Tilman, 2005; Holdo, 2013; Nippert &
Knapp, 2007; Ward et al., 2012; Yu & D’Odorico, 2015).
However, few incorporate realistic models of abiotic soil
water movement, a process with complex (Broadbridge
et al., 2017), but potentially important implications for
competitive outcomes (Manoli et al., 2017). Future ef-
forts could also explore systems with more complex
life cycles than annuals. Though models of perennial
species may be intractable, simulations and numerical
analyses could be used to explore whether trade-offs be-
tween water access and growth rate also allow coexist-
ence in those systems.

Finally, our model generates several empirically
testable predictions about the dynamics of water com-
petition in Mediterranean annual plant assemblages.
These include (1) plants grow unfettered by competition
until reaching a species-specific, minimum water re-
quirement, (2) increased competition reduces a plant’s
fecundity by shortening its growing season and (3) an
interspecific, ecophysiological trade-off between growth
rate and minimum water requirement facilitates coexis-
tence. These predictions could be tested by combining
pairwise competitive experiments (Godoy & Levine,
2014; Alexander & Levine, 2019), which generate com-
petitive outcomes, with measurements of seasonal bio-
mass accumulation rates and coincident water depletion.
Combining such empirical approaches with the type of
theory developed here offers the chance to rigorously
evaluate some ecophysiological mechanisms underlying
plant coexistence in nature.
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