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Summary
1. Across a range of organisms, life-history transitions can be triggered by speciﬁc levels of seasonal cues, such as day length or temperature. This acts to regulate the life cycle relative to seasonal
ﬂuctuations, so that, for example, reproduction occurs when resources are most abundant.
2. At an environmentally optimal cue level, individuals might be selected to respond in a similar
way, and consequently abruptly increase population density through, for example, the production of
offspring. However, if density dependence is operating, crowding will reduce individual ﬁtness, and
selection will then favour life-history transitions at different cue levels.
3. We explore the eco-evolutionary dynamics that result from the interaction between density dependence and phenology using a life-history model of an annual plant and focus on the timing of seed
germination within the year. We characterize the adaptive dynamics of the mean and variance across
the year of germination timing.
4. Our results indicate that, even in predictably varying environments, mean timing of germination
is not evolutionarily stable, but may experience evolutionary branching if variance in germination
timing is sufﬁciently constrained. Unpredictably varying environments extend contexts where this is
the case.
5. Synthesis. Even if there is a restricted time period in the year during which environmental conditions are most appropriate for germination, observed timing of germination might be very diverse.
Density dependence selects for persistence of traits conferring variance in timing across the year and
additionally can lead to evolutionary branching of mean germination timing, resulting in multiple
coexisting genotypes corresponding to different mean germination timings.
Key-words: adaptive dynamics, density dependence, eco-evolutionary, model, phenology, plant
development and life-history traits, Plant development and life-history traits

Introduction
Environmental cues such as seasonal warming and cooling
are key to periodic life-history transitions for a range of species (Steltzer & Post 2009). In plants, the timing, or phenology, of germination, ﬂowering, leaf colouring and fall are all
affected by seasonal swings. There is increasing evidence of
the environmental dependence of these transitions (Stenseth &
Mysterud 2002; Takahashi 2008). Since seasonal ﬂuctuations
in resource availability may be considerable, resource matching is likely to contribute to the evolution of these phenological patterns. By tracking cues such as day length or
*Correspondence author: E-mail: cmetcalf@princeton.edu

temperature and responding when these cues reach speciﬁc
levels, individuals can match their behaviours to the seasonal
environment and avoid reproducing or developing in inappropriate conditions (Parmesan & Yohe 2003; Visser, Both &
Lambrechts 2004; Visser, Holleman & Gienapp 2006) and
paying the associated ﬁtness cost.
However, as Boyce (1979) ﬁrst pointed out, whatever the
inherent degree of seasonality linked to climatic ﬂuctuations,
the presence of competitors for particular resources is likely
to modulate the timing of realized highest resource availability, a conjecture for which there is some empirical evidence
(Reed et al. 2013). Despite this, relatively little research has
addressed how density dependence has shaped the evolution
of phenological traits. There has been some work assessing
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the evolution of arrival times for migratory birds (Kokko
1999) and emergence time for insects (Iwasa et al. 1983),
with competition generally framed via the consequences of
high payoffs for early arrivals (Iwasa & Levin 1995). So far,
however, there has been little work on plants, and none that
addresses the potential for evolutionary branching and coexistence of multiple strategies in phenologically driven lifehistory transitions such as ﬂowering and germination. This is
the question that we address here.
Density dependence might play a considerable role in the
evolution of a phenologically determined life-history transition like germination. If the same level of a seasonal cue
(e.g., temperature, day length) triggers a transition in all individuals within a population, this synchronization may mean
that ﬁtness in the optimal seasonal environment is diminished
by the presence of other individuals attempting the same lifehistory transition. Selection could then favour divergence of
the level of seasonal cue that triggers a life cycle transition,
leading to potentially complex evolutionary dynamics, and
either stable coexistence of phenological polymorphisms
within a population, or the potential for multiple phenological
responses associated with a single genotype.
There is ample evidence for density regulation of vital rates
and ﬁtness across a wide range of species from large ungulates (Coulson et al. 2001), insects (McLaughlin et al. 2002),
through to monocarpic plants (Metcalf, Rose & Rees 2003).
Density dependence has been theoretically shown to shape
the evolution of life-history transitions such as germination,
selecting for delayed germination in uncertain environments
(Ellner 1987), and for more variable germination rates of
seeds produced in high yield years potentially reducing intraspecies competition (Tielb€orger & Valleriani 2005). Accounting for density dependence has additionally proved key to
accurately predicting the duration of dormancy in natural populations (Tielb€orger & Valleriani 2005; Gremer & Venable
2014). However, the existing body of modelling work has
focused on a rather simple formulation of the probability of
germinating (Evans & Dennehy 2005) (a germination fraction;
Gremer & Venable 2014; Simons 2014) and has so far
neglected the intricacies of environmental and seasonal dependence and timing (phenology) of transitions (although see
Tielb€orger & Valleriani 2005; for a model encompassing year
quality).
Unpredictable ﬂuctuations in environmental conditions may
further modify these outcomes, driving the evolution of bethedging (Simons 2007). For example, while lower levels of
germination result in lower short-term mean ﬁtness as a result
of inevitable seed mortality, spreading offspring across years
of ﬂuctuating conditions reduces the variance in ﬁtness, which
ultimately enhances long-term ﬁtness (Childs, Metcalf & Rees
2010). On a shorter time-scale, ﬂuctuations in environmental
conditions within a year result in selection for greater variation in the timing of emergence within the year (within-season ‘diversiﬁcation’ bet-hedging; Simons 2009), again acting
to spread out risk.
Here, we explore the eco-evolutionary consequences of the
combination of phenological timing and density dependence,

going beyond previous work by (i) modelling an explicit link
with phenology in germination (beyond a simple probability
and binomial variance, which is often assumed; Ellner 1985a,
b; Ellner & Rees 2006) and (ii) modelling ﬂuctuating density
dependence as a function of week within the year, to reﬂect
different resource availability at different times of year. We
use an adaptive dynamics framework to identify the resulting
eco-evolutionary trajectories, asking: Is a single strategy of
environmental response expected to go to ﬁxation, as it can
both invade all other strategies but also cannot be invaded by
them? Or are there more complex evolutionary dynamics with
no evolutionarily convergent stable strategy (CSS), but rather
a suite of strategies that can reciprocally invade each other
and coexist? How will evolutionary outcomes for the mean
timing of germination be affected by the associated variance
in germination times across this year, and vice versa? Lastly,
how does selection for bet-hedging alter these patterns?

Materials and methods
THE BASIC LIFE CYCLE

We modelled a plant with an annual life cycle living in a seasonal
environment. The trait under consideration was germination phenology, where each genotype was characterized by a probability density
of germination in every week of the year. The distribution of germination times observed in a population of this genotype reﬂects individual seeds responding to an environmental cue such as day length
by germinating. We assumed that this probability follows a normal
density function, deﬁned by dN characterized by a mean week of germination, l (taking values from 1 to 52, as each year contains
52 weeks) and a variance around this mean, r2, which characterizes
the spread of germination across the year (low values of r2 indicate
that most individuals germinate close to the mean; larger values indicate that individuals may vary across many seasons of the year). The
mean deﬁnes the seasonally varying environmental cue (e.g. day
length) and the variance might be shaped by seeds responding to variable local microenvironments, or inherent differences in seed development time that occur during seed maturation. In order to estimate
ﬁtness, and therefore appropriately reﬂect multiple sequential generations, we needed to account for overlaps between different years in
the germination strategy: if the mean week of germination is in
December, with sufﬁciently high variance, there will be cases in January and in November. To do this, we deﬁned g(w) as:
gðwÞ ¼ dNðw; lg ; r2g Þ þ dNðw þ 52; lg ; r2g Þ þ dNðw  52; lg ; r2g Þ
eqn 1
where w is the week of the year, g(w) is the probability of germination within each week of the year for a particular genotype, and dN
indicates a normal density function. The sum of germination density
values at +52 and 52 circularizes the function (Fig. 1a) to account
for overlap between years.
Germination strategy is often modelled as a single number between
0 and 1 reﬂecting the ‘probability of germination’ (Ellner 1987; Rees
et al. 2006; Gremer & Venable 2014), and the spread of germinating
seedlings across time (often important in the context of bet-hedging,
see below) emerges simply from the binomial variance. Our model
goes beyond previous work by modelling germination strategies based
on evolution of both the mean (l) and variance (r2) of germination
timing. By deﬁning the mean week of the year that germination
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Fig. 1. Modelled life cycle, indicating (a)
three
different
germination
strategies
modelled after eqn 1 – note how density
increases towards the edges of the year,
accounting for continuity between years, and
(b) the number of recruits successfully
germinating as a function of week of
germination of the year, after eqn 2 with
a = 20. The area under this curve is equal to
 t (eqn 5).
N

Number of successful recruits, R (w )

(b)

occurs, the parameter l captures plasticity in germination timing in
response to a consistent seasonal cue such as day length. On the other
hand, the variance parameter (r2) deﬁnes the consistency of response
to this cue across individuals in the population. Thus, changes to
these genetically based parameters reﬂect changes in plastic responses
to a seasonal cue.
The ‘probability density’ formulation of germination timing
(rather than a speciﬁc week of germination corresponding to a speciﬁc strategy) was chosen because evolution operates in a context
where competition is occurring; if a strategy does not germinate at
all in some weeks of the year, coexistence can evolve in a trivial
way whereby strategies simply separate over time to avoid niche
overlap. The probability density formulation ensures that some germination occurs in every week of the year. Where germination in
every week of the year may seem unlikely, one can assume a ‘permissible window’ in the year and the same results hold. This
approach has the further advantage of lending itself to the analysis
of the evolution of within-season ‘diversiﬁcation’ bet-hedging within
our framework (Simons 2009). Greater unpredictability in the environment within a season is expected to select for higher variance in
germination timing within a season (Simons 2014), but how this
interacts with patterns of seasonal drivers and density dependence is
unclear.

PREDICTABLE ENVIRONMENT MODEL

To capture the importance of timing of germination within the year
for ﬁtness, it was assumed that because of seasonal ﬂuctuations in
environmental conditions, there was a limit on the highest possible
number of successful recruits in each week of the year (which

Week in year, w
pertains to individuals that germinate in each given week). This was
denoted R(w) and was modelled following a cosine function:
RðwÞ ¼ að2 þ cosðp þ 2pw=52ÞÞ

eqn 2

where a scales the number of successful recruits, w is week of the
year, as above, and the function was deﬁned to peak in the middle of
the year (the 26th week, Fig. 1b). This consequently deﬁnes the optimal environmental time to germinate as being mid-year, in the
absence of competitors. To capture the impact of competitors, we
required a description of the full life cycle, here provided by
Nðt þ 1Þ ¼ sNðtÞ

52
X

gðwÞpw;t F

eqn 3

w¼1

where N(t) is the number of seeds at the end of year t, s is seed survival over the year (assumed for simplicity to be constant across
weeks within the year), g(w) is the probability of germinating in week
w, pw,t is the probability that the seed successfully germinates as a
seedling in week w of year t, and F is the number of seeds produced
by a successful seedling. F integrates over survival from the time of
germination to ﬂowering, and the number of seeds produced on ﬂowering. These processes were assumed to be independent of timing of
germination and identical in all individuals (i.e. all individuals have
exactly the same life span, see Discussion). Clearly, in fact, survival
and seed production might also ﬂuctuate as a function of timing
within the year (as might seed survival, s), but in the simplest analysis, the bulk of this variation might be accounted for in the seedling
recruitment term pw,t, which also captures competitive interactions
[effectively, further ﬂuctuations in survival over the year could be
accounted for by modifying the shape of R(w)]. The probability of
successful seedling germination was calculated as:
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pw;t ¼

RðwÞ
sNðtÞgðwÞF

eqn 4

that is, the ratio of the total number of seedlings supported by the
system in a given week [R(w), the numerator] with the total number
of seeds produced in that week (the denominator). At equilibrium,
deﬁned by N(t + 1) = N(t), the size of the population was given by
t ¼
N

52
X

RðwÞ

eqn 5

w¼1

so that the annual population size is equal to the total yearly number
of recruits. Using this, we can identify the growth rate of a rare
mutant with identical survival s and fertility F, but a different germination strategy g*(w):
52
X
N  ðt þ 1Þ
¼ sF
g  ðwÞpw;t
N  ðtÞ
w¼1

eqn 6

where the probability of successful germination of seeds is deﬁned by
eqn 4 with the resident strategy’s equilibrium population density
(eqn 5). In other words, the invader’s strategy is entirely reﬂected in
the g*(w) term; all density-dependent parts of the successful establishment process on germination are determined by the resident (e.g. via
pw,t in eqn 4, in which resident density is given by the resident equilibrium state deﬁned in eqn 5). Where density dependence has been
implemented in previous analyses of the evolution of germination, it
is expressed as a saturating yield model (Ellner 1985a,b; Gremer &
Venable 2014). Here, we explicitly consider seasonal ﬂuctuations in
density dependence. This might result from seasonal ﬂuctuations in
availability of microsites suitable for seedling establishment (see
Fig. S1 in Supporting Information).

ADAPTIVE DYNAMICS

The expression for the growth rate of a rare invading mutant germination strategy (eqn 5) provides the means to develop pairwise invasibility plots to understand adaptive dynamics of the timing of
germination in the context of both seasonality and density dependence
(Geritz et al. 1998). Pairwise invasibility plots provide a simple visual
tool for analysis of evolutionary dynamics, by mapping the success of
every possible invading strategy into every resident strategy. Since
the invader is rare, it is assumed that density dependence is entirely
determined by the resident strategy. By mapping the success of invaders reﬂecting the full range of germination timing strategies (both
mean and variance) in the context of the full range of resident strategies (likewise), we can determine whether evolutionarily and convergence stable strategies exist (where the strategy that can invade all
other strategies cannot itself be invaded); the degree to which ecological coexistence is expected [pairs of strategies that can each invade
each other when rare (Geritz et al. 1998; Metcalf et al. 2008)]; and
the potential for evolutionary branching (occurring when the evolutionarily singular strategy is neither convergence stable, nor evolutionarily stable), which we further assess by using a simple genetic
algorithm.
To run the genetic algorithm, the population is initiated with a chosen set of strategies, corresponding to particular means and variance
of germination times – the simulation is robust to the starting strategies chosen (not shown); and population sizes are assumed large
enough to prevent local extinction through demographic stochasticity.
In every year, the number of seeds produced by each strategy is evaluated using eqn 3, where the probability of each seed of a particular
genotype successfully germinated is determined by eqn 4, where the

denominator in this case encompasses all seeds produced by the entire
population. With a small probability (taken as 1e-5), some of these
new seeds reﬂect mutations towards a new mean or variance of timing of germination. These new strategies are deﬁned by generating
deviates from a normal distribution centred around the current parameters. The process is then iterated for 20 000 generations.
We start by considering the evolution of the mean day of germination
and evolution of the variance in the day of germination (or within-season diversiﬁcation) separately. Biologically, the mean or variance in
timing of germination might be constrained to a relatively narrow window – minimum seed development times may constrain the lower end
of mean germination times (Fenner & Thompson 2004; Donohue et al.
2010), and seed survival may constrain the upper end (Fenner &
Thompson 2004; Donohue et al. 2010). Likewise, the variance in timing of germination might be constrained via its mechanistic reliance on
microenvironmental gradients in the soil (Simons & Johnston 2006), or
simply by limited fruit size restricting the range of protein gradients
across seeds. Alternatively, both may be heritable, so we then explore
the dynamics in the case where both the mean and variance of germination phenology may be evolving at the same time.
UNPREDICTABLE ENVIRONMENT MODEL

The model described so far assumes that although conditions ﬂuctuate
over the weeks of the year, each year is exactly identical, that is, the
environment is entirely deterministic. Extending the model to consider
ﬁtness in the context of unpredictable ﬂuctuations in the numbers of
successful recruits requires calculation of the stochastic growth rate,
Θ, of an invading mutation into an environment set by the resident.
This value is more generally known as an invasion exponent [since
we are operating in the context of density dependence (Metz, Nisbet
& Geritz 1992)] and will allow estimation of the effect of selection
for within-season diversiﬁcation bet-hedging. It can be expressed as:
H ¼ limt!1 t1 log Nt

eqn 7

where Nt is the total population size at time t, and if Θ is ≤0 the invader will go extinct locally. We assume that the invader and resident
experience the same sequence of environments and only differ in their
germination strategy, that is, resident and invader compete for microsites [deﬁned by R(t) above] in every week via a lottery model. To
estimate Θ, we assume the invader is rare and so its density has no
effect on its population growth rate. We then generate a time series
(5000 years) for the resident population, assuming that
Rs ðwÞ ¼ að2 þ cosðp þ 2pw=52ÞÞ þ e

eqn 8

with e~N(0, s2), that is, the number of successful recruits ﬂuctuates
randomly week to week around a mean deﬁned by the seasonal pattern, and with variance s2. We estimate the number of seeds produced
in each week in every one of the 5000 years by the resident population that are competing for these microsites as sN(t)g(w)F. This
deﬁnes the competitive environment in which we estimate Θ for the
invader. We calculate Θ by iterating the model for the invader, using
the resident time series to deﬁne the denominator of eqn 4, and
replacing pw,t accordingly in eqn 3 (see Fig. S1 for an illustration of
ﬂuctuations in the probability of successful germination through
time). The maximum likelihood estimator of the invader growth rate,
is then given by
^ ¼ logðNt Þ  logðN1 Þ
H
t1

eqn 9

and we can obtain pairwise invasibility plots for the mean and variance of timing as above, but now evaluating outcomes for an array of
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values of s2, or the magnitude of stochastic ﬂuctuations from year to
year. Code for conducting all analyses is provided in Fig. S1.

pairwise invasibility plot analysis (not shown). The level of
variance at which this transition to evolutionary branching
occurs is shaped by the seasonal recruitment curve. Although
the pattern is insensitive to the value of a, if the magnitude
of seasonal ﬂuctuations is reduced [e.g. R(w) = a(2 + cos
(p + 2pw/52)) modiﬁed to be R(w) = a(2 + 0.8 cos(p + 2pw/
52))] branching is observed for values of r2 < 220.
If both traits are allowed to evolve simultaneously within
the genetic algorithm, then both converge, leading to a monomorphic population, with a single mean and a single nonzero
variance of germination (Fig. 4b,c). Overall, we ﬁnd that the
heritability of variance in germination in response to seasonal
environmental cues has dramatic effects on the evolutionary
trajectory of the germination timing – that is, if the variance
in germination is ﬁxed (and has no heritable component), then
diverse mean timings of germination might evolve.

Results
PREDICTABLE ENVIRONMENT MODEL

The classic conﬁguration corresponding to an evolutionarily
CSS is observed for pairwise invasibility plots obtained when
mean timing of germination is the focal trait and variance in
germination is high (Fig. 2c), or when variance in germination timing is a focal trait (Fig. 3a–c). In these situations,
there is a strategy that can invade all others (horizontal line
through the corresponding value only intersects lighter areas,
indicating successful invasion), but cannot be invaded (vertical line at the same value only intersects darker colours), and
is thus expected to represent the stable outcome of the evolutionary process. For variance in the timing of germination,
this CSS shows a U-shaped relationship with mean timing:
highest variance going to ﬁxation for low and high values of
mean timing (Fig. 3a,c), corresponding to mean values that
are furthest from the optimal (Fig. 1b). We also observed
nonconvergent outcomes. In particular, for lower levels of
variance in timing of germination (Fig. 2a,b), the framework
predicts evolutionary branching in the mean timing of germination (Geritz et al. 1998), as the strategy that can invade all
others is itself invasible (vertical line indicates lighter colours). This indicates the possible appearance and coexistence
of a diversity of mean germination time strategies.
We can capture the evolutionary behaviour of mean timing
of germination in contexts where we do and do not expect
evolutionary convergent stability by simulating evolutionary
dynamics using a genetic algorithm (Fig. 4a). If variance in
germination timing is low (r2 < 190), there is considerable
potential for branching, a result echoed by extension of the
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By extending the model to include stochastic environmental
variation (as well as predictable, seasonal variation), we add
the possibility that bet-hedging is also playing a role in shaping the optimal germination strategy. In line with previous
work, we identify selection for greater diversiﬁcation under
conditions of greater environmental variation (Fig. 5a–c, top
row; greater values of s2 correspond to a higher variance
CSS, identiﬁed as being the strategy that can invade all others, but cannot itself be invaded). The process underlying this
pattern is that a strategy corresponding to higher diversiﬁcation (i.e. increased r2, or greater spread of germination across
the year), acts to allow individuals to take advantage of both
reduced competition, and the stochastic environmental ﬂuctuations in recruitment conditions occurring around the optimum,
associated with increased s2. However, for any given value of
s2, beyond a certain point, the costs of losing the signature of
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Fig. 2. Pairwise invasibility plots for the mean timing of germination, l. Grey areas show successful invasion of the strategy on the y axis into a
population deﬁned by a resident strategy on the x axis; black areas indicate invasion fails; plot titles indicate the value of variance for the mean.
There is always a mean germination strategy that can invade all others – which corresponds to the strategy reﬂecting maximum recruitment,
shown by the horizontal line at 26 weeks on panels (a–c) (see Fig. 1); however, for low variance, this strategy can itself be invaded (vertical line
through this strategy, again at 26 weeks, intersects white area, panels a and b). This structure reﬂects the classic conﬁguration for evolutionary
branching – a strategy that germinates in the 26th week can invade all other strategies (horizontal line, panels a and b); however, the population
will not converge to this strategy as it may also be invaded (vertical line, panels a and b). As variance in germination timing increases, this strategy becomes more convergent stable (panels c). Parameters were set to a = 20, s = 0.5, and F = 1000.
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Fig. 3. As in Fig. 2, but for the variance in timing of germination for residents, r2 (x axis) and invaders (y axis), for increasing levels of the
mean (plot titles, a–c). While there is always an evolutionarily convergent stable variance strategy (a strategy that cannot be invaded by any other
strategy, but can invade all other strategies) the value of this strategy shifts according to the mean timing – with highest variance going to ﬁxation
for very low or very high values of the mean (panels a and c). The ESS for l = 26 (panel b) is r2 = 192.6. Parameters were set to a = 20,
s = 0.5, and F = 1000.

the environmentally optimal timing outweigh the beneﬁts of
encompassing variation and reduced competition (e.g. see
Figs 1 and S1), and there is thus an intermediate CSS for r2,
the variance in timing of germination. Intriguingly, increasingly variable environments result in diversifying selection on
the mean germination timing, even for values of variance in
timing of germination corresponding to the CSS for that environment (Fig. 5a–c, bottom row). This indicates that the beneﬁts of the environmentally optimal timing (characterized by
l), although sufﬁcient to curb evolution of further increases
in variance (as shown by the existence of an intermediate
optimal CSS for r2, Fig. 5a–c, top row), are insufﬁcient to
prevent competitive interactions resulting in evolutionary
branching in the mean timing of germination, l.

Discussion
In this study, we explored the consequences of density dependence for the evolution of a phenological trait revealing classic eco-evolutionary dynamics. Our analysis makes a number
of novel predictions. In particular, we ﬁnd that in contexts
where variance in timing of germination is constrained and
low, evolutionary branching in the mean timing of germination may occur (Figs 2 and 4a). This indicates that evolutionary dynamics mediated by feedbacks through density
dependence could be added as a potential explanation for
diversity in phenological patterns in coexisting genotypes.
Although there is an optimal week of the year in which to
germinate, it is also one that may be extremely ‘crowded’
resulting in lower ﬁtness – and consequently, individual mutations to a range of strategies around this optimum may experience population growth and eventually establish within the
population as a result of competition and density dependence.
Another interesting prediction is that even in the absence of
stochastic ﬂuctuations in environmental conditions (which
might, for example, lead to selection for bet-hedging), there is
selection for intermediate levels of variance in the timing of

germination within the year. This is also a consequence of the
‘crowding’ effect – by spreading individuals across numerous
weeks in the year, the degree of competition can be reduced.
This echoes previously obtained results indicating that competition increases the optimal delay in a ﬂuctuating environment
(Ellner 1987) and further suggests that density dependence
may select for variance within a single genotype, in line with
previous work indicating evolutionary stability of asynchronous breeding (Iwasa & Levin 1995). This pattern may partly
result from the assumed density function for timing of germination. Our model does not allow for multimodal distributions
of germination timing, despite the fact that this is a relatively
common phenomenon, most studied in the context of seed
heteromorphism (Venable 1985; Leverett & Jolls 2014) where
morphologically different seeds produced by the same parent
have very different dormancies. We also assume that earlier
germinating seeds have no effect on the resources available
for later germinating seeds. This is appropriate for the type of
microsite competition we used to motivate the model. However, expanding our analysis to incorporate other forms of
competition could further contextualize our results among previous analyses (e.g. Iwasa & Levin 1995). In particular, if
competition was adjusted to reﬂect the possibility that earlier
germinating seeds might draw down the nitrogen in the soil,
to the detriment of later germinating seeds, this is likely to
result in selection for earlier emergence (as in Iwasa & Levin
1995). More detailed modelling of a range of different forms
of density dependence could quantify the timing and magnitude of competition required to obtain this result.
Similarly, extensions to encompass different forms of density dependence at different points in the life cycle could provide further insights into how phenological time traits might
evolve. In annual plants (and indeed, most plants), transitions
to ﬂowering also tend to be environmentally sensitive. Since
evolutionary dynamics at any stage in the life cycle are likely
to affect selection at other stages, density-dependent outcomes
described here (i.e. towards a particular timing of germination
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(a)

(b)

(c)

Fig. 4. Trait values (y axis) over generations
(x axis) (a) Evolutionary branching occurs for
the trait of mean timing of germination
(initiated with l = 15) if levels of variance in
timing of germination is set to be low (here
r2 = 25) and do not evolve. This echoes the
lack of a convergent stable strategy in
Fig. 2a, (b) if we allow both the mean and
the variance to evolve together, then the
population evolves to be monomorphic in
their mean and (c) variance (initiated with
l = 20, and r2 = 100; converges to l = 26,
and r2 = 192). In this simulation, we used
a = 20, s = 0.5 and F = 1000; alternative
values do not alter the outcomes.

or variance in that timing) could be modiﬁed by densitydependent outcomes affecting timing of ﬂowering. In particular, since variance in one life cycle transition can generate
variance in the other (Burghardt et al. 2015), the magnitude
of selection for variance in one transition might result in
reduced selection in the other. Empirically derived models of
density dependence at different life stages will be an essential
component of exploring these results. Relaxing the assumption of separation of time-scales of ecology and evolution
(Ellner, Geber & Hairston 2011) is another key direction.
Our analysis was rooted in one particular annual life cycle
and assumed no variation in seed survival over the course of
the year. Modiﬁcations to the shape of R(w) can capture season dependent changes in seed survival that do not modify
average seed life span. Unless this results in a substantially
different landscape of successful recruitment [e.g. if seed mortality were very high in the middle of the year, shifting R(w)
towards a bimodal distribution] this will not qualitatively
modify results obtained here (e.g. selection for variance in
timing and evolutionary branching on mean timing). In reality, seed mortality is likely to modify life cycle length, and
this will be further affected by changes of rosette stage
length, which may be considerable. For example, the growing
season for winter annuals of Arabidopsis thaliana may be
many months, while spring annuals and summer annuals may
spend far less time in the rosette stage since better growth
conditions allow them to achieve ﬂowering thresholds more
rapidly (Wilczek et al. 2010). Another key direction for further analysis is exploring the impact of variation in life expectancy within the life history to evaluate how this might alter
the selective patterns documented here. The potential for

overlapping generations and multiple seasonal exposure that
this implies could have substantial impact on the selective
pressures.
The evolution of germination is often considered in the
context of bet-hedging – or strategies that sacriﬁce short-term
ﬁtness to reduce long-term variance in ﬁtness, and thereby
increase long-term ﬁtness (Childs, Metcalf & Rees 2010; Gremer & Venable 2014). Our results both echo previous work,
indicating selection for greater diversiﬁcation (bet-hedging via
higher variance in the timing of germination) with higher
environmental variance (Simons 2009); but also, intriguingly,
we ﬁnd divergent selection on the mean timing of germination with greater magnitude of environmental ﬂuctuations
(Fig. 5, bottom panels). Unlike in the deterministic case, this
persists, even with high variance in timing of germination. As
the signature of predictable resource ﬂuctuations (Fig. 1;
lower panel) is drowned out by unpredictable ﬂuctuations
(shaped by s2, eqn 7), the beneﬁts of the mean timing of germination are entirely determined by the competitive environment, and thus disruptive selection occurs. Although we
assumed that the variance is stable within a life history, if
there is environmental correlation from year to year that
makes the conditions in 1 year somewhat predictive of the
conditions in the following year, it is also possible that the
magnitude of this variance itself could evolve to be plastic (as
in Simons 2014).
Our modelling framework is simple in the context of earlier
analyses. Previous work on the interaction between withinyear timing and density dependence has mostly either focused
on ‘early bird’ scenarios to explore the evolutionary consequences of timing traits in the context of competition (Iwasa
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Fig. 5. Effect of environmental ﬂuctuations, s2, (increasing, left to right; plot titles) on the evolution of the variance, r2 (top panel, shown on a
log scale) and mean, l (bottom panel) of germination timing. For the top panels, the mean is set to l = 26 [the convergent stable strategy (CSS)
in the deterministic environment with higher variance; see Fig. 2]; for the lower panel, the variance in timing of germination is set to r2 = 192.6
(the CSS for r2 in the deterministic environment with l = 26; Fig. 3). The evolutionary singularity (where the boundary of the region of positive
invasion ﬁtness, shown in the lighter colour, intersects the diagonal) is shown with vertical and horizontal lines. The ﬁrst plot (s2 = 0) is identical
to results obtained in the deterministic case and is provided for comparison; as environmental ﬂuctuations increase in amplitude, the CSS for the
variance in timing of germination increases (horizontal lines are higher moving left to right); and the pairwise invasibility plot for the mean timing of germination moves from having a convergent stable strategy (at l = 26) to showing the characteristics of divergent selection (the vertical
line through the evolutionary singularity crosses the lighter area of the Pairwise Invasibility Plot, pointing to successful invasion of mutations).
Parameters were set to a = 20, s = 0.5 and F = 1000.

& Levin 1995; Kokko 1999), or on complex multispecies
systems with frequency-dependent selection to detect the possibility for evolutionary branching in the context of co-evolution (Law, Bronstein & Ferriere 2001). In contrast, our
analysis uses a very simple life history and framing of density
dependence to show that a range of evolutionary outcomes
are possible.
Many important plant phenological traits reﬂect the essential
qualities of our model, which suggests maintenance of both
considerable variability that is non-heritable (reﬂecting the variance in the timing transition, shown to be generally evolutionarily stable, Figs 3 and 5), but also different genotypes arising
and persisting resulting from evolutionary branching (different
means going to ﬁxation, Fig. 4). Low heritability is generally
expected in bet-hedging traits [since mothers are spreading
their offspring’s risk within or between years (Simons & Johnston 2006)], but our results suggest low heritability may or
may not be the case for phenological transitions.

Another key prediction emerging from our model is that
the heritability of traits is important to determining germination phenology. If trait variability is ﬁxed (with no genetic
variance), and only the mean can evolve, results are quite different from those obtained if the mean is ﬁxed, or if both
traits can evolve in concert. While mean trait values are often
known to be at least somewhat heritable, the heritability of
trait variance is much less well described. Available data
points to inconsistent outcomes. For instance, heritability of
within litter piglet weight variance can occur in some studies
 akova & Groene(Kapell et al. 2011) but not others (Wolf, Z
veld 2008). For phenological traits in plants, data are even
more sparse (Devaux & Lande 2010). Recently, Shen et al.
(2012) used genewide association studies to determine that
individual ﬂowering loci could explain more than 20% of the
variance in ﬂowering time. Furthermore, loci affecting variance were as common as those affecting mean ﬂowering time
(Shen et al. 2012), suggesting that variance of this trait
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should be heritable. Similarly, seed dormancy measured in
terms of the proportion of individuals that germinate is often
heritable (Jain 1982; Foley & Fennimore 1998; Simons &
Johnston 2006; Lampei & Tielboerger 2010; Wagmann et al.
2010, 2012), and in fact, many loci underlying dormancy
have been uncovered in the model organism A. thaliana (Huang et al. 2010). However, evidence for the heritability of
within-season germination time (Kelly & Levin 1997) or variation within seasons is more equivocal and much less often
examined (Simons & Johnston 2006; Wagmann et al. 2010).
Overall, our model suggests that analyses that quantify the
heritability of trait variance, as well as the potential for correlated effects of a single gene on mean and variance of a trait
would shed light on patterns of trait diversity of life-history
transitions observed in natural populations.
Phenological life-history transitions are particularly well
understood in the model organism A. thaliana. A combination of greenhouse and ﬁeld experiments has produced
detailed models of how the integration of environmental
conditions translates into transition towards ﬂowering for
speciﬁc alleles and pathways (Wilczek et al. 2009), and
progress is being made in replicating this for germination
(Footitt et al. 2011, 2013; Pico 2012). Signatures of local
adaptation have also been identiﬁed across the Arabidopsis
genome (Fournier-Level et al. 2011), and climate envelope
modelling has shown that characteristics of ﬂowering map
onto range size (Banta et al. 2012). Nevertheless, multiple
different alleles for different ﬂowering times are often
found in the same location (Mendez-Vigo et al. 2013). This
is initially surprising – climatic drivers linked to timing
might be expected to be relatively consistent within an area
– so that one might expect a single strategy to dominate in
a speciﬁc area. Evidence of evolutionary branching provides
one possible explanation (relaxed selection is, of course,
another).

Conclusions
Many environmental cues are changing in response to climate
change (Parmesan & Yohe 2003). How organisms evolve and
adapt to such change, particularly changes in environmental
variability, is not well understood. Here, we have shown that
density dependence implies the potential for existence of a
diverse array of plastic responses to climate within a population, which may be another source of mitigation of the consequences of climate change. The popular concept in
conservation biology that organisms will need to keep up
with and perfectly match changing environmental optimums
affected by climate change, or else face extinction, may be a
gross over-simpliﬁcation of life-history capabilities. Deepening our understanding of seasonal cues across a range of
organisms and conditions, in particular A. thaliana, could provide opportunities for testing our predictions and expanding
our knowledge of phenology evolution. Our analysis focused
on timing of germination, but variation exists for other lifehistory transitions, such as ﬂowering; and this is another interesting area for development.
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