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abstract: Variance in fitness is well known to influence the out-
come of evolution but is rarely considered in the theory of marine re-
productive strategies. In coastal environments, turbulent mesoscale
eddies can collect larvae into packets, resulting in collective dispersal.
Larvae in packets return to the coast or are lost offshore in groups,
producing variance in fitness. Using aMarkov process to calculate fix-
ation probabilities for competing phenotypes, we examine the evolu-
tion of offspring size and spawning duration in species with benthic
adults and pelagic offspring. The offspring size that provides mothers
with the highest mean fitness also generates the greatest variance in
fitness, but pairwise invasion plots show that bet-hedging strategies
are not evolutionarily stable; maximizing expected fitness correctly pre-
dicts the unique evolutionarily stable strategy. Nonetheless, fixation can
take a long time.We find that selection to increase spawning duration as
a risk avoidance strategy to reduce the negative impacts of stochastic re-
cruitment success can allow multiple offspring sizes to coexist in a pop-
ulation for extended periods. This has two important consequences for
offspring size: (1) coexistence occurs over a broader range of sizes and
is longer when spawning duration is longer because longer spawning
durations reduce variation in fitness and increase the time to fixation,
and (2) longer spawning durations can compensate for having a nonop-
timal size and even allow less optimal sizes to reach fixation. Collective
dispersal and longer spawning durations could effectively maintain off-
spring size variation even in the absence of good and bad years or loca-
tions. Empirical comparisons of offspring size would therefore not al-
ways reflect environment-specific differences in the optimal size.

Keywords: adaptive dynamics, aggregated dispersal, bet hedging, co-
hesive dispersal, reproductive variance, turbulent dispersal.

Introduction

Dispersal is a risky activity, and the fates of individuals may
not always be independent of one another (Cote et al. 2016).
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In coastal oceans with complex bathymetry, biophysical
models show how pelagic larval stages of benthic adults
are transported in long, thin filaments as a result of meso-
scale eddy-eddy interactions (Mitarai et al. 2008; Siegel et al.
2008; Harrison et al. 2013). This process collects larvae into
dense groups that travel as coherent packets. Movement in
packets generates a pattern of collective dispersal where off-
spring in a single spawning event have correlated dispersal
trajectories and either succeed (return to the coast and settle)
or fail (are lost offshore) in groups, resulting in settlement be-
ing clumpy and intermittent (Mitarai et al. 2008; Siegel et al.
2008; Broquet et al. 2013; Yearsley et al. 2013). The stochastic,
correlated nature of dispersal has important consequences for
spatial genetic structure (Broquet et al. 2013; Yearsley et al.
2013; Eldon et al. 2016), but it also means that fitness (e.g.,
number of successful offspring) will vary in time. Variance
in fitness affects both selection and genetic drift and can alter
evolutionary predictions based onmean fitness (Cohen 1966;
Gillespie 1974; Slatkin 1974; Tuljapurkar 1989; Frank and
Slatkin 1990; Shpak and Proulx 2007; Olofsson et al. 2009;
Starrfelt and Kokko 2012). Nonetheless, explicit analyses of
fitness variance inmarine reproductive strategies remain rare,
despite the expectation for stochastic variation in recruit-
ment (Marshall et al. 2008; Hedgecock and Pudovkin 2011;
Lotterhos and Markel 2012; Pusack et al. 2014).
In addition to biophysical models, genetic evidence also

suggests that dispersal may be clumpy and that high variance
in individual reproductive success may be common. Many
local marine populations are observed to have only a small
fraction of the genetic diversity expected from their numer-
ical abundance (i.e., small effective population size) as well
as chaotic genetic patchiness over spatial scales smaller than
expected dispersal distances (Selkoe et al. 2006; Christie
et al. 2010; Hedgecock and Pudovkin 2011; Toonen and
Grosberg 2011; Pusack et al. 2014; Eldon et al. 2016; Sun
and Hedgecock 2017). One of the main hypotheses to ex-
plain such patterns is sweepstakes reproductive success,
where a relatively small fraction of the spawning population
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Collective Dispersal and Fitness Variance 319
is responsible for the majority of recruitment through chance
(Hedgecock and Pudovkin 2011; Eldon et al. 2016). Further
evidence for collective dispersal is suggested in observations
of full- and half-sibs in cohorts of recruits to a local site
(e.g., barnacles: Veliz et al. 2006; lobster: Iacchei et al. 2013;
bivalves: St-Onge et al. 2015; fish: Selkoe et al. 2006; Buston
et al. 2009; Bernardi et al. 2012; Schunter et al. 2014; Ottmann
et al. 2016; Selwyn et al. 2016) or similarity in otolith (ear
bone) trace element chemistry within cohorts of some reef
fish species (Ben-Tzvi et al. 2012; Shima and Swearer 2016).

Collective dispersal in coastal environments generates
temporal variation in fitness (number of recruits). Even if
expected offspring success is the same every year (e.g., no
spatial or temporal variation in the suitability of the envi-
ronment for survival and reproduction), realized fitness of
parents will still vary because the number of recruits is sto-
chastic: some groups of larvae are lucky, and others are not.
Theory tells us that fitness variance affects selection and can
alter evolutionary predictions based on expected fitness (Co-
hen 1966; Gillespie 1974; Slatkin 1974; Tuljapurkar 1989; Frank
and Slatkin 1990; Lehmann and Balloux 2007; Shpak and
Proulx 2007; Olofsson et al. 2009; Starrfelt and Kokko 2012).
While the probability of a mutant allele becoming fixed in
a population increases with an increase in mean realized
fecundity of individuals (i.e., expected fitness), it decreases
with an increase in the variance in the number of successful
offspring (i.e., fitness variance). Successful strategies bal-
ance increasing expected fitness with decreasing fitness var-
iance, and in some cases, evolution does not maximize
expected fitness because it is more important to reduce vari-
ance (bet hedge; Gillespie 1974; Slatkin 1974; Venable 2007;
Schreiber 2015). In essence, the occasional reduction in repro-
ductive success decreases the likelihood of that allele dominat-
ing the populationmore than the occasional increase in repro-
ductive success increases the likelihood of domination.

Most theory on marine reproductive strategies in species
with benthic adults and pelagic offspring focuses on maxi-
mizing expected fitness, such as the mean number of sur-
viving offspring per parent, and it remains unknown how
variance in fitness from collective dispersal should alter the
evolution of reproductive strategies. For example, an influen-
tial model for the evolution of reproductive strategies in ben-
thic marine invertebrates (Vance 1973) assumed a trade-off
between offspring size and number, such that a single opti-
mal offspring size results from the balance between selec-
tion for larger offspring and selection for many offspring
in a given environment (Vance 1973; Smith and Fretwell
1974; McGinley et al. 1987). In this model, the length of
the pelagic feeding period decreases with egg size (for an
empirical review, see Marshall and Keough 2008), so pro-
ducing many small offspring can be selected against when
the rate of larval mortality is high or the larval growth rate
is slow, because too few will be alive after longer develop-
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mental durations (Vance 1973; Levitan 2000; Johnson et al.
2010; Pringle et al. 2014). Since Vance (1973), many addi-
tional hypotheses have been examined to explain the evolu-
tion of marine reproductive strategies on the basis of size-
number trade-offs (reviewed in Marshall and Keough 2008),
but all take for granted that evolution will maximize expected
fitness to produce a single optimal size.
Widespread observations often show not a single off-

spring size but rather variation in offspring size within and
among populations of the same species (Fox and Czesak
2000; Marshall and Keough 2008; Johnson et al. 2010).
Researchers have typically sought to explain this variation
by hypothesizing that environmental variation or maternal
life-history stage create different optima (Fox and Czesak
2000; Marshall and Keough 2008; Kindsvater and Otto
2014). However, evolution may not maximize the number
of surviving offspring when the number of surviving off-
spring permother varies because of chance events or unpre-
dictable environmental variation. The stochastic nature of
pelagic larval dispersal in nearshore environments suggests
that such fitness variance will be large (Siegel et al. 2008;
Hedgecock and Pudovkin 2011; Watson et al. 2012; Pusack
et al. 2014), so we expect it to be important to the evolution
of offspring size. Furthermore, repeated spawning is often
hypothesized to be an adaptive response to the unpredict-
ability of recruitment success in species with long larval
durations (Roff 1981; Sinclair 1988; Winemiller and Rose
1992; Longhurst 2002; Shanks and Eckert 2005), but theory
integrating multiple aspects of reproductive strategies with
oceanographic considerations remains rare (Byers and Pringle
2006; Pringle et al. 2014).
Our goal here is to explore when the stochasticity asso-

ciated with collective larval dispersal (stochasticity in packet
success) might alter the joint evolution of offspring size
and spawning duration. Instead of just finding the offspring
size that maximizes the expected number of successful off-
spring (Vance 1973; Smith and Fretwell 1974), we examine
the combined effects of expected fitness and fitness variance
and ask whether the evolution of bet hedging in offspring
size is to be expected. We also investigate whether there are
combinations of offspring size and spawning duration that
can coexist in a population for extended periods of time.
Pairwise invasion plots show that bet-hedging strategies
are not evolutionarily stable, suggesting that fitness vari-
ance arising from turbulent dispersal does not appear to
be a major factor influencing the outcome of evolution of
offspring size. However, we do find that the reduction in fit-
ness variance from longer spawning durations allows mul-
tiple offspring sizes to coexist over biologically relevant
timescales, a result that would not be predicted on the basis
of previous models focusing on expected fitness and one
that has important implications for empirical comparisons
of offspring size.
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Methods

Model Overview

We developed a general mathematical model that incorpo-
rates concepts frommodels of evolution incorporating natural
selection, genetic drift, variance in reproductive success (Crow
and Kimura 1970; Gillespie 1974; Proulx and Day 2002), and
offspring size-number trade-offs (Vance 1973; Smith and
Fretwell 1974) as well as models of stochastic dispersal in
coastal currents (Siegel et al. 2008; Berkley et al. 2010; Wat-
son et al. 2012; Harrison et al. 2013). We consider a haploid
population with two competing phenotypes or alleles (called
types 1 and 2), each with asexual reproduction. Types 1 and
2 are allowed to differ in their offspring size and spawning
duration. Offspring size influences expected fitness (number
of recruits) and—because of the trade-off with offspring num-
ber and the oceanographic phenomena generating larval pack-
ets—the variance in fitness (variance in the number of re-
cruits). Spawning duration influences variance in fitness only.
Spawning duration is the duration of the spawning season
within a year. Adults can livemultiple years and therefore en-
gage in multiple spawning seasons. The variance in fitness
generated by offspring size and spawning duration contrib-
utes to both selection and genetic drift. There may be times
when the stochasticity associated with larval dispersal makes
itmore important to decrease fitness variance than to increase
expected fitness, and it is not clear a priori whether decreasing
fitness variance is best achieved by changes in offspring size or
spawning duration.Wepresent themain results for a nonspa-
tial population but also consider a spatial population of sim-
ilar size with two patches. Code for reproducing all figures in
the article is deposited in the DryadDigital Repository: http://
dx.doi.org/10.5061/dryad.q5p8q (Burgess et al. 2018).
Offspring Size-Number Trade-Off

We suppose that parents have a fixed allocation to repro-
duction, which they can use to produce a smaller number
of larger, better-provisioned eggs or a larger number of
smaller, less-well-provisioned eggs:

number of eggs per individual p
f 0
s
: ð1Þ

Here, s is egg volume, which we call offspring size, and f 0 p
F=z is a compound measure of reproductive investment,
where F is the energy devoted to reproduction and z is the
energy required per cubic millimeter (mm3) of egg volume.
Effective fecundity b(s) is the number of offspring surviving
to metamorphic competence and depends on the survivor-
ship of eggs of different sizes, w(s):

b(s) p
f 0
s
w(s): ð2Þ
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Note that effective fecundity b(s) is defined for a single re-
productive bout. The egg size at which effective fecundity
peaks is the expected optimal offspring size (or the Smith-
Fretwell optimum) if w(s) is the same for all mothers and
does not vary over space or time (Vance 1973; Smith and
Fretwell 1974; Kindsvater and Otto 2014). The optimal
egg size also does not change if mothers change the amount
of reproductive effort ( f 0). Kindsvater and Otto (2014) note
that when extending the Smith and Fretwell theory to in-
clude stage structure, the optimal egg size will differ if the
survival of mothers depends on the size or number of off-
spring they produce, although not if maternal survival sim-
ply declines with age. However, we do not consider such stage
structure here.
Egg Size-Fitness Relationships

Following Levitan (2000), pelagic duration t decreases with
egg size s in a nonlinear way (cf. linear in Vance 1973):

t(s) p a

�
s0
s
2 1

�
1 t0, s ≤ s0

t0, s 1 s0
,

8<
: ð3Þ

where a p 1 and has units of days (Pringle et al. 2014).
Larvae experience a constant mortality rate m while in
the plankton, so that the fraction of eggs of different sizes
surviving after time t is

w(s) p exp(2mt(s)): ð4Þ
Larvae that hatch from eggs of size s0 and larger contain
enough energy to develop and completemetamorphosis with-
out needing to feed until after metamorphosis. Eggs of size s0
take t0 time to develop. Larvae that hatch from eggs smaller
than s0 (but above a minimum viable size) must feed and
therefore take longer to develop.
Larval Packets and Aggregated Dispersal

Previous biophysical models in coastal environments show
that larvae are transported in long, thin filaments as a re-
sult of mesoscale eddy-eddy interactions (Siegel et al. 2008;
Harrison et al. 2013). Filaments form when larvae are ini-
tially swept into an eddy, which then dissipates and bumps
into another eddy, compressing and stretching the concen-
trated larvae around the periphery of the larger eddy (Har-
rison et al. 2013). This process collects larvae into dense
groups that travel as coherent packets around the exterior
of different eddies for the duration of their planktonic life.
These features are highly dynamic, changing across days,
months, and years. Larval packets are strictly a hydrody-
namic phenomenon, and their number is independent of
population size. The size of each eddy is typically in the or-
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Collective Dispersal and Fitness Variance 321
der of kilometers (Siegel et al. 2008), but because larvae are
concentrated in a thin filament around the exterior of ed-
dies, the spatial extent of settlement when the packet hits
the coast is typically !1 km (Siegel et al. 2008; Berkley et al.
2010; Harrison et al. 2013). Larval delivery to the shore occurs
if a filament hits the coastline and can be facilitated by larval
behaviors and onshore-offshore flows. Therefore, in biophys-
ical models of larval dispersal in coastal environments, larvae
released in the same place over timescales less than the La-
grangian decorrelation time end up in the same water packet
and succeed or fail as a group, depending on whether their
packet delivers them to suitable habitat (Siegel et al. 2008).
The Lagrangian decorrelation time is the timescale at which
a particle becomes statistically independent from its previ-
ous motions and is typically ∼2–5 days in the coastal ocean
(Siegel et al. 2008). Larvae released in the same place over
timescales greater than the decorrelation time get divided
among multiple packets, with each packet having an inde-
pendent chance of being delivered to suitable settlement
sites.

On the basis of a biophysical model of larval connectiv-
ity in the Southern Californian Bight, Siegel et al. (2008)
derived a statistical approximation (the packet model) that
captures the essential features of the flow variability for
species with pelagic durations longer than about 10 days.
Following Siegel et al. (2008), the number of independent
packets that offspring are divided among should be ap-
proximately equal to the duration of spawning (T) in days,
divided by the eddy timescale (set to 15 days, as in Siegel
et al. 2008) and multiplied by the number of eddies pres-
ent at one time, which is approximately the size of the spa-
tial domain divided by the size of the eddy. That is, the
number of larval packets is approximately

M(T) p

�
T

eddy time scale

��
spatial domain size

eddy size

�
: ð5Þ

Webegin by focusing on the statistics of larval return rather
than spatial redistribution. Therefore, every packet is as-
sumed to meet suitable settlement habitat with probability h.
We assume that the larvae of types 1 and 2 are in separate
packets, so that larval delivery to habitat anywhere in the
domain for each type is an independent binomial processes
(see eq. [10]). This will be the case if spawning of the two types
is asynchronous and separated by periods longer than the La-
grangian decorrelation time or if the two types occur in dis-
tinct locations along the coast. For the nonspatial model,
settlers are uniformly distributed across the habitat. We relax
this assumption for the spatial model (see “Spatial Struc-
ture”). The nonspatial model turns out to produce conserva-
tive results for coexistence time and makes no difference to
the evolutionarily stable strategy (ESS).
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Postsettlement Processes

Our model is applicable to sessile (e.g., mussels, oysters,
corals), or site-associated (e.g., sea urchins, reef fishes) or-
ganisms. The habitable area of the domain supports N in-
dividuals, and settlers compete for the empty sites opened
up by adult deaths, which occur with probability d. Settlers
win a proportion of sites equal to their frequency (i.e., if Yj

is the number of settlers of type j, then j wins a proportion
Yj=

P2
kp1Yk of the empty sites). All empty sites are assumed

to be taken. Thus, for our evolutionary model in which two
genotypes with different offspring size and spawning dura-
tion are competing, if Yj is a random variable giving the
number of settlers of type j, the population of type j next year
is given by

nj(t 1 1) p (12 d)nj(t)1 dN
Yj(t)

Y1(t)1 Y2(t)
: ð6Þ

The first term gives the number of adult survivors. The sec-
ond term is equal to the number of empty sites, dN, times the
fraction of settlers that are type j, Yj=Y1 1 Y2. This process
is analogous to the lottery model (Chesson and Warner
1981), but for mathematical tractability, this portion of the
model is deterministic. All stochasticity enters through the
process of larval packet delivery, that is, whether a packet
encounters suitable habitat or not. The order of events could
then be summarized as follows: production of offspring (de-
terministic), adult death (deterministic), dispersal (stochas-
tic), recruitment (deterministic).
Calculating Fitness in a Stochastic Environment

We treat fitness as a random variable, which complicates
the calculation of short-term and long-term changes in al-
lele frequencies.We could use the geometric mean of the in-
vader growth rate, a widely used measure of fitness in sto-
chastic environments, as a measure of a rare mutant’s ability
to invade a resident population (Metz et al. 1992). This mea-
sure, however, assumes infinite population sizes and density-
and frequency-independent dynamics, and it does not always
lead to the same predictions of evolutionary outcomes com-
pared with those based on the fixation probability of rare
alleles (Proulx and Day 2002).
Instead, we calculate the probability of fixation and the

time to fixation as our indicators of evolutionary dynamics.
Both account for both adaptive (i.e., natural selection) and
nonadaptive (e.g., genetic drift) evolutionary processes. As
suggested by Proulx and Day (2002), we use fixation prob-
ability in place of geometric mean invader growth rate in an
adaptive dynamics framework. Adaptive dynamics is used
to find evolutionarily stable states by imagining a repeated
process of mutants invading a resident type (Geritz et al.
1998). We use the fixation probability to determine which
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mutants are likely to reach fixation and become the next resi-
dent type. Fixation, however, can be slow. We use the ex-
pected time to fixation to identify pairs of strategies that will
coexist for long periods of time, even if one is ultimately
doomed to be excluded. Probability of fixation gives an indi-
cation of the outcome of evolution, while time to fixation
gives an indication of the relative rate of evolutionary change.

The cost of using fixation probability and expected time
to fixation is that it is difficult to express these quantities
in terms of model parameters. A diffusion approximation
approach predicts that fixation probability should increase
with expected fitness and decrease with fitness variance, just
as we expect for geometric mean growth (Schreiber 2015).
Some bold approximations are involved, but we have checked
that the qualitative prediction is correct for our model. It is
possible to use a diffusion approximation to express expected
time tofixation in terms of expectedfitness andfitness variance
(e.g., Karlin and Taylor 1981, ch. 15), but the resulting expres-
sion is too complex to yield any analytical insight. Simulations
show that increasing spawning duration, which decreases
fitness variance but leaves expected fitness unchanged, in-
creases the expected time to fixation (figs. A1, A2 are available
online). This suggests that, like fixation probability, expected
time to fixation decreases with increasing fitness variance.

We do not use diffusion approximations for the calcula-
tions in this article. Diffusion approximations are accurate
only for small fitness differences and small fitness variances,
neither of which is true for many of the situations we wish
to consider. Indeed, the model we present in this article is
the central example for a review article on how diffusion ap-
proximations can break down (Snyder 2017). Instead, we use
a Markov process approach, detailed in “Fixation Probability
and Expected Time to Fixation.”Nonetheless, a diffusion ap-
proximation is reasonable when spawning durations are long
(fig. 3B in Snyder 2017), andwe present the diffusion approx-
imation in appendix B (apps. A, B are available online) be-
cause it allows us to understand how the correlated nature
of larval dispersal affects selection and genetic drift.

The diffusion approximation shows that type 1 is selected
for to the degree that it has a higher expected fitness than
type 2 and a lower variance in fitness, weighted by frequency.
As the number of larval packets increases, the variance in fit-
ness decreases, and the difference in expected fitness has a
greater relative contribution to selection. If there are no larval
packets and each larva disperses independently, then variances
in fitness are greatly reduced, dynamics are closer to deter-
ministic, and there will be no trade-off between maximizing
expected fitness and reducing variance in fitness (app. B).
Fixation Probability and Expected Time to Fixation

We calculate the fixation probability by analyzing the sys-
tem as a Markov process. Our state vector pt has length
This content downloaded from 144.17
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N 1 1 and represents the probability that type 1 has fre-
quency 0, 1=N , 2=N , :::, 1 at time t. The transition matrix
P has two absorbing states, 0 and 1 (fixation of types 2
and 1, respectively).We defineQ to be the portion of the tran-
sition matrix governing transitions among the nonabsorbing
states 1=N , 2=N , :::, (N 2 1)=N . Likewise, we define aj to be
the portion of the transition matrix governing transitions
from the nonabsorbing states to absorbing state j: a1 is the
vector of probabilities of going from 1=N , :::, (N 2 1)=N
to 1. Then the probability that type 1 will reach fixation is
given by

q1 p a1NQp0, ð7Þ
whereNQ p (12 Q)21 and p0 is the initial frequency distri-
bution (Kemeny and Snell 1960).
In a finite population, one or the other type must be-

come fixed: there can be no stable polymorphism. However,
fixation can take a long time. The expected time to fixation
(in years) is given by

t p eNQp0, ð8Þ
where e is a vector of all ones. The expected length of time
that both types coexist before one ultimately reaches fixation
is given by theminimum of t across both types. If decreasing
fitness variance increases time to fixation, then coexistence
times should be longer with longer spawning durations or
when one type is better at reducing fitness variance and the
other type is better at maximizing expected fitness.
Writing closed-form expressions for the elements of the

transition matrix is difficult: there are too many ways by
which a population could go from one frequency to another.
Instead, we loop through all combinations of the number of
successful larval packets of types 1 and 2 and sum the relevant
probabilities (Burgess et al. 2018).
Mean and Variance of Fitness

To get an intuitive understanding of the mean and variance
of fitness, let us first calculate the mean and variance in the
number of settlers, defined as the offspring that reach viable
habitat. Recall that type j’s larvae are divided amongM(Tj)
packets, each of which has a probability h of reaching viable
adult habitat. The mean number of settlers of type j is equal
to themean number of successful packets,M(Tj)h, times the
number of larvae per packet, b(sj)nj=M(Tj). Thus, the mean
number of settlers of type j is

Eyj p b(sj)hnj: ð9Þ
On the basis of the variance of a binomial random

variable, the variance in the number of settlers is the var-
iance in the number of successful packets, M(Tj)h(12 h),
times the square of the number of larvae per packet,
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(b(sj)nj=M(Tj))
2. Thus, the variance in the number of type j

settlers is

var(yi) p
(b(sj)nj)

2

M(Tj)
h(12 h): ð10Þ

Note that var(yj) decreases with the number of larval pack-
ets M and thus with spawning duration T.

Using equation (6), the instantaneous fitness at low den-
sity is

l1(t) p
n1(t 1 1)
n1(t) p 1

p 12 d1 dN
Y1

Y1 1 Y2

: ð11Þ

Note that instantaneous fitness depends on a ratio of ran-
dom variables, Yj=(Y1 1 Y2).

In general, it is not possible to calculate the mean and
variance of a ratio of random variables. Although there are
approximations that are valid when the variances of the nu-
merator and denominator are small, here the variance in the
number of settlers is large, and these approximations are not
valid. We calculate fitness mean and variance by simulation
instead (fig. 1).

Spatial Structure

The main results are presented for a population with no
spatial structure. To assess the effect of spatial structure,
we assume that there are K habitat patches and that larval
packets returning to the coast are equally likely to return
to any of them. Now, both the total number of settlers and
the proportion settling in each patch fluctuate in time. The
number of packets returning to the coast is given by a bi-
nomial process with probability h. Of those packets that re-
turn to the coast, a multinomial process determines how
those packets are distributed among K patches. We analyze
the system as a Markov process and present figures showing
results for a nonspatial population (i.e., K p 1) of sizeN and
a spatial population where K p 2 and each patch supports
N=K individuals. Anything larger than two patches was
computationally intractable. Because transition probabilities
are computed by enumerating all possible ways that all num-
bers of larval packets can be distributed from one patch to an-
other, model run times grow rapidly with the number of
patches. A 10# 10 pairwise invasion plot for one of our
nonspatial models takes a fewminutes to complete on a lap-
top. Parallelized code to create the equivalent two-patch plot
took about 8 h of dedicated access time on roughly 70 com-
pute nodes on the quartz cluster at Lawrence Livermore Na-
tional Laboratory.

Results

Patterns of Mean and Variance in Fitness

When planktonic mortality is relatively low, effective fecund-
ity peaks at the smallest viable egg size (fig. 1A). When plank-
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tonic mortality is relatively high, effective fecundity peaks
at an intermediate egg size because the longer pelagic dura-
tions of smaller eggs result in higher accumulated mortality
(fig. 1B). Therefore, offspring sizes larger than the smallest vi-
able size providemothers with a higher expected fitness when
offspring mortality is high, a result replicating previous anal-
yses of optimal offspring size (Vance 1973; Levitan 2000).
However, the offspring size that provides mothers with the

highest expected fitness (the optimal offspring size) also gen-
erates the greatest variance in fitness (fig. 1C, 1D). Here we have
the classic bet-hedging dilemma: is it more important to de-
crease the variance in fitness or increasemean fitness? In “Evo-
lutionarily Stable States and Coexistence,” we use adaptive dy-
namics to determine the evolutionarily stable offspring size.
We also note that increasing spawning duration (T) decreases
fitness variance but does not change expected fitness, so we
might expect to see evolution toward longer spawning dura-
tions (fig. 1). It is possible that amore fit (longer) spawning du-
ration might compensate for a less fit offspring size. We also
consider the time to fixation to see whether there are pairs of
(s,T) strategies that can coexist for extended periods.
Evolutionarily Stable States and Coexistence

Suppose first that both types have the same spawning du-
ration, T1 p T2. The pairwise invasion plot in figure 2A
and 2B shows the probability of an invader strategy si fixating
in the presence of resident strategy sr for the nonspatial
model, with white indicating zero probability of fixation
and black indicating a fixation probability of 1. The asterisk
shows the strategy that maximizes expected fitness, sexp. We
see that sexp is convergence stable, meaning that evolutionary
dynamics will cause offspring size to converge to sexp. We
know this because the pairwise invasion plot is dark above
the diagonal for sr ! sexp (meaning that residents smaller
than sexp can be invaded by larger mutants) and dark below
the diagonal for sr 1 sexp (meaning that residents bigger than
sr can be invaded by smaller mutants; fig. 2B). The strategy
sexp is also evolutionarily stable: the plots are white on a
vertical line through sexp (fig. 2A, 2B), indicating that sexp
cannot be invaded.
What about evolution of spawning duration? Since in-

creasing spawning duration reduces fitness variance and
does not affect expected fitness in our model, we would
expect directional selection for longer spawning duration.
Figure 2C and 2D shows pairwise invasion plots for spawn-
ing duration, with a triangle marking the longest spawning
durations, which minimize fitness variance. As expected,
the longest spawning durations are convergence and evo-
lutionarily stable. Of course, there are limits to the evolu-
tion of long spawning durations in natural populations,
but our model assumes no fitness cost to longer spawning
durations. In natural populations, there may be trade-offs
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between current and future reproduction or trade-offs be-
tween reproduction and survival, or spawning times may
need to match seasonal conditions favorable for larval growth
in the plankton. These might select against very long spawn-
ing durations and maintain higher variation in recruitment
success.

There can be no permanent coexistence in this model:
the habitat has only N recruitment sites, and with a fixed
population size, one offspring size must eventually become
fixed. Nonetheless, fixation may take a long time. In many
cases, the expected time to fixation can be hundreds—
or even hundreds of thousands—of years (figs. A1, A2).
As a result, we considered pairs of strategies (s1,T1) and
(s2,T2) and calculated the expected time to fixation t using
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equation (8). Figures 3 and 4 show the expected coexistence
times for the nonspatial model.
The first thing to notice is that coexistence occurs for

more than several hundred years over a range of offspring
sizes. Furthermore, a given pair of offspring sizes are expected
to coexist for longer as the spawning durations of both types
increase (figs. 3, 4). This is because as the spawning duration
increases, larvae are distributed over a larger number of
packets, fitness variance is reduced, and expected time to fix-
ation increases.
The second thing to notice is that a wider range of off-

spring sizes coexists for high offspring mortality m p 0:5
than for low mortality m p 0:05. This is because expected
fitness falls off more gradually for m p 0:5 than for m p
A B

C D

Figure 1: Expected (mean) fitness (A, B) and fitness variance (C,D) versus offspring size of type 1 (s1). Offspring size of type 2 was set at the size
that maximizes expected fitness (vertical dashed line). Spawning duration of type 1 (T1) is indicated in the legend, and the spawning duration of
type 2 (T2) is 50 days. Increasing the spawning duration T does not change expected fitness but lowers fitness variance. To calculate mean and
variance in fitness, we fixed n1 at 1 and n2 atN 2 1 and calculated themean and variance in the number of type 1 offspring (fitness) using equation
(11), drawing the number of settlers Y 1 and Y 2 from appropriate binomial distributions. Expected fitness and fitness variance were estimated on
105 draws. Here, the fully provisioned larval size s0 is 0.0103 mm3, and the corresponding pelagic larval duration t0 is 14 days, taken from the
echinoderm model of Levitan (2000). Reproductive investment f 0 is 100s0. The eddy timescale is 15 days, taken from Siegel et al. (2008). The size
of the spatial domain is 10 times the size of eddies (e.g., 400 km of coastline/40 km eddies p 10), the probability that a packet encounters viable
habitat h is 0.5, the number of attachment sites N in each habitat patch is 100, and the probability of adult death (d) is 0.8.
4.170.179 on September 26, 2018 13:56:11 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



Collective Dispersal and Fitness Variance 325
0:05 (see fig. 1), and so a wider range of offspring sizes
have similar expected fitness at the higher mortality value.

When offspring mortality is low (m p 0:05) so that the
smallest offspring sizes have the highest expected fitness,
the longest and widest coexistence regions occur when both
types have longer spawning durations, where fitness vari-
ance is most reduced (top right panel in fig. 3). If types differ
in spawning duration (off-diagonal panels in fig. 3), differ-
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ent offspring sizes will coexist for longer if both types have
a similar offspring size, but the type with the slightly larger
(worse) offspring size has the longer (better) spawning du-
ration (fig. 3). In this case, different offspring sizes coexist
for longer if one is better at reducing fitness variance and
the other is better at maximizing expected fitness.
When offspring mortality is high (m p 0:5), an inter-

mediate offspring size maximizes expected fitness. As with
A B

C D

Figure 2: A, B, Pairwise invasion plot for offspring size when spawning durations T1 p T2 p 50 days and for offspring mortality m p 0:05
(A) and 0.5 (B) for a population with no spatial structure. The asterisk or triangle marks the strategy that maximizes expected fitness. Gray-
scale represents the probability of fixation. The strategy that maximizes expected fitness is evolutionarily stable and convergence stable.
C, D, Pairwise invasion plot for spawning duration when s1 p s2 p 0:006 mm3. The triangle marks the strategy that maximizes expected
fitness, given the range of spawning durations. All other parameters are as in figure 1.
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low offspring mortality, the longest and widest coexistence
regions occur when both types have longer spawning dura-
tions (top right panel fig. 4). When the types have different
spawning durations (off-diagonal panels in fig. 4), we see
again that strategies coexist for longer if one has a better
offspring size and the other is better at reducing fitness var-
iance, so long as the advantage of one type does not too far
outweigh the advantage of the other. For example, consider
the case when type 2 has a spawning duration of 21 days
and the optimal offspring size, indicated by an asterisk, and
type 1 has a spawning duration of 102 days (top left panel
in fig. 4). Coexistence times are shorter (the shading is lighter)
if type 1 has a size close to the optimum, since it then has a
better spawning duration than type 2 and nearly as good
an offspring size. Here, type 1, with the nonoptimal size,
typically reaches fixation in a moderate amount of time.
As the type 1 size moves away from the optimum, type 1
retains its spawning duration advantage, but type 2 has a larger
advantage in offspring size. Now the two are more evenly
matched, and they coexist for a long time before one even-
tually becomes fixed (dark shading). As the type 1 size moves
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even further from the optimum, the size advantage of type 2
outweighs the spawning duration advantage of type 1. Type 2
tends to reach fixation before too long (white or gray shading).
Type 2 reaches fixation especially quickly if type 1 has a very
small offspring size, since these sizes have especially low ex-
pected fitness (fig. 1B).
For both values of offspring mortality, the same princi-

ples apply. First, coexistence times are longer, and a wider
range of offspring sizes coexist for a reasonable length of
time at longer spawning durations. Longer spawning dura-
tions reduce fitness variance and increase the time to fixation.
Second, a longer (better) spawning duration can compensate
for a worse offspring size, so long as the advantage of one does
not too far outweigh the advantage of the other.
We also explored the effect of adult mortality rate (d p

0:7, 0:8, 0:95), the number of sites (N p 10, 100, 1,000),
and the probability that packets hit viable adult habitat
(h p 0:3, 0:5, 0:7) on coexistence. Reducing the adult mor-
tality rate (d) increases coexistence time for a given pair of
offspring sizes. Increasing the number of sites (N) decreases
coexistence time for a given pair of offspring sizes. Increas-
Figure 3: Expected coexistence times for strategy pairs (s1,T1) and (s2,T2) in a population with no spatial structure. Shading indicates the
expected coexistence times in years (note the log scale). Offspring mortality m p 0:05. The asterisk marks the offspring size that maximizes
expected fitness. All other parameters are as in figure 1.
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ing the probability that packets hit viable adult habitat (h)
increases coexistence time for a given pair of offspring sizes
(supplemental material, available online).
Spatial Structure

We have presented the results for a nonspatial model.
What happens when we add spatial structure? Figure 5
shows pairwise invisibility plots for a one-patch (nonspa-
tial) and a two-patch (spatial) system with the same total
number of sites (N). The evolutionarily stable larval size is
the same for both, and fixation probabilities are nearly the
same. Comparing the one- and two-patch portions of fig-
ure 6, we see that adding spatial structure causes coexistence
times to be longer and coexistence regions to be wider. There-
fore, our results for the coexistence of offspring sizes in the
nonspatial case are a conservative estimate of the range of off-
spring sizes that can coexist.
Discussion

When seeking to understand the evolutionary causes of
variation in offspring size within and among populations,
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researchers have traditionally looked for strategies that in-
crease expected fitness, such as the average number of sur-
viving offspring per parent (Vance 1973; Smith and Fret-
well 1974; McGinley et al. 1987; Marshall and Keough
2008; Kindsvater and Otto 2014). The inclusion of fitness
variance arising from turbulent dispersal and stochastic re-
cruitment success leads to two new insights. First, even
though the size that provides the highest expected fitness
also generates the greatest variance in fitness, bet hedging
in offspring size is not evolutionarily stable: the size that
maximizes expected fitness is convergence stable and evo-
lutionarily stable when both types have the same spawning
duration. Second, although the optimal size is evolution-
arily stable, fixation can take a long time. As such, we find
that the evolution of increased spawning duration as a risk
avoidance strategy to reduce the negative impacts of sto-
chastic recruitment success has the consequence of allow-
ing multiple offspring sizes to coexist over biologically rel-
evant timescales. A wider range of offspring sizes coexists
for a reasonable length of time at longer spawning dura-
tions. Longer spawning durations reduce the negative im-
pact of stochastic recruitment success and can compensate
for the loss in expected fitness caused by having a nonopti-
Figure 4: Expected coexistence times for strategy pairs (s1,T1) and (s2,T2) in a population with no spatial structure. Shading indicates the
expected coexistence times in years (note the log scale). Offspring mortality m p 0:5. The asterisk marks the offspring size that maximizes
expected fitness. All other parameters are as in figure 1.
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mal offspring size. A sufficiently better (longer) spawning
duration can even allow a type with a less optimal size to be-
come fixed. Spatial structure increases the expected dura-
tion of coexistence and the range of offspring sizes that coexist
but does not influence the evolutionarily stable larval size.

One important implication of our results for empirical
studies is that collective dispersal and longer spawning dura-
tions could effectively maintain offspring size variation within
and between populations despite selection for the optimal size
and without requiring variation in the optimal size over space
or time. Empirical comparisons of mean egg size would there-
fore not necessarily reflect environment-specific selection
on optimal size (Marshall and Burgess 2015; Kasimatis and
Riginos 2016). For example, most biogeographic approaches
typically focus on the ecological factors that could cause var-
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iation in selection on egg size and implicitly assume that ob-
served differences in mean egg size represent the outcome of
selection in different environments (Pringle et al. 2014; Mar-
shall and Burgess 2015). In a coral reef fish, despite the pres-
ence of moderate heritable variation in larval size and strong
viability selection, the expected optimal larval size was quite
different from the observed mean larval size (Johnson et al.
2010). Intraspecific estimates of offspring size withinmultiple
species of benthic marine invertebrates with pelagic larval
stages had a coefficient of variation from ∼0.7% to ∼19%,
with a mean of ∼9% (Marshall and Keough 2008). Both the
discrepancy between optimal and mean larval size and the
presence of size variation despite selection could conceivably
arise from fitness variance as discussed here, in addition to
evolutionary constraints, physiology, or other reasons.
Figure 5: Pairwise invasion plot for offspring size when spawning durations T1 p T2 p 9 days and for offspring mortality m p 0:05 (left)
and 0.5 (right) for a population with no spatial structure (top) and a population with two patches (bottom). The asterisk marks the strategy that
maximizes expected fitness. Grayscale represents the probability of fixation (black p 1, white p 0, as in fig. 2). The strategy that maximizes
expected fitness is evolutionarily stable and convergence stable in both the one- and two-patch model.
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To clarify, observations of offspring size variation within
populations may also arise from variation within broods of
a single mother, but our prediction concerns the mainte-
nance of offspring size variation among mothers. Our pre-
diction is that this source of variation does not require tem-
poral or spatial variation in mean reproductive success. In
contrast, unpredictable variation in selection over time
can favor within-brood variation in offspring size as a di-
versified bet-hedging strategy if all offspring experience
the same selective environment in a generation (Marshall
et al. 2008; Olofsson et al. 2009; Fischer et al. 2010). Turbu-
lent dispersal generates variance in fitness because some
groups of offspring are lucky and others are not. Under this
source of variability, mothers that differ in the size of off-
spring they produce can coexist in a population when lon-
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ger spawning durations reduce the negative impact of tur-
bulent dispersal on fitness variance.
A testable prediction of our model is the positive co-

variation between population mean spawning duration and
variation in offspring size among mothers with otherwise
similar traits (figs. 3, 4), especially if the latter can be shown
to have high heritable variation (e.g., Johnson et al. 2010).
Available empirical estimates of the duration of the annual re-
productive season at the population-level could serve as a
proxy for what we call spawning duration in the model. Of
course, observed differences in mean spawning duration
may not occur independently of changes in other traits. For
example, we have not considered the possibility that types dif-
fer in adult mortality rate, but adult mortality ratemay covary
with spawning duration. As an extreme example, some spe-
Figure 6: Expected coexistence time (years) for strategy pairs s1 and s2 when T1 p T2 p 9 days in a population with no spatial structure
(top) and a population with two patches (bottom). Calculations for more patches, longer spawning durations, or larger population sizes were
computationally intractable. Offspring mortality m p 0:05 (left) or m p 0:5 (right). The asterisk marks the offspring size that maximizes
expected fitness. All other parameters are as in figure 1.
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cies of barnacle or small reef fish may reproduce throughout
most of the year for only a few months to years, while some
species of coral may reproduce once or twice per year for
many years. Our prediction of a positive covariation between
spawning duration and variation in offspring size would best
be tested among populations within a species or among sim-
ilar species along the same coast. If other traits covary signif-
icantly with spawning duration, our prediction will need to be
reevaluated by returning to the model.

It is becoming increasingly clear that stochastic coastal
currents not only influence spatial genetic structure (Bro-
quet et al. 2013; Yearsley et al. 2013; Eldon et al. 2016) but also
exert selection on benthic-pelagic life cycles. Stochastic coastal
currents as well as larval behaviors (e.g., Irisson et al. 2015)
can generate covariation between the fates of dispersing lar-
vae, influencing both ecology (Berkley et al. 2010; Watson
et al. 2012; Snyder et al. 2014) and evolution in this system
(Shanks and Eckert 2005; Yearsley et al. 2013; Pringle et al.
2014; Eldon et al. 2016). For example, stochastic current
reversals retain offspring that would otherwise be lost down-
stream to unfavorable locations in a net alongshore current
(Shanks and Eckert 2005; Byers and Pringle 2006; Pringle
et al. 2014). As a result, there can be selection for numerous
small, long-lived offspring and increased spawning duration
to access occasional current reversals andmaximize the num-
ber of offspring that settle within the habitable section of the
coast. We too predict that stochastic ocean currents will se-
lect for multiple spawning episodes, although for a different
reason: spawning multiple times and spreading reproduc-
tive effort among numerous larval packets reduce the vari-
ance in successful return of offspring to benthic habitats.
Shanks and Eckert (2005) also hypothesized that the large
number of broods produced by certain near-shore pelagic
spawning fishes and crustaceans in the Californian Current
may result from a risk-spreading adaptation to the stochas-
tic nature of transport by an eddy field. Our model adds to
this body of work by showing how turbulent dispersal not
only selects for longer spawning durations to reduce vari-
ance in the successful return of larvae to settlement habi-
tat—as opposed to increasing the number that return—
but also can allow a range of offspring sizes to coexist in a
population rather than selecting only for small offspring to
maximize fecundity to increase the number retained (Pringle
et al. 2014).

Collective dispersal could also occur in plants. For exam-
ple, collective dispersal can occur when seeds are excreted
by frugivores, producing clumps of seeds beneath roosting
or nesting sites (Russo and Augspurger 2004; Garcia et al.
2009), or when they are aggregated by scatter hoarders or ants
(Kalisz et al. 1999; Roth and VanderWall 2005). Obstacles or
rough groundmay also trapwind-dispersed seeds (Chambers
and MacMahon 1994). The relevance of our model predic-
tions then depends onwhether clumps of seeds succeed or fail
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together (Kalisz et al. 1999; Fajardo and McIntire 2010; Till-
Bottraud et al. 2012).
There are diverse causes for intraspecific variation in off-

spring size observed in nature (Marshall and Keough 2008),
and such variation will likely escape explanation via a sin-
gle general model. Our model, however, is useful in quan-
tifying intuition about the effect of collective dispersal on
fitness variance, which has not been considered previously.
The contribution of collective dispersal relative to other pro-
cesses causing offspring size variation remains to be tested.
Importantly, the prediction of offspring size variation among
individuals and populations does not require different en-
vironments to select for different optimal sizes, in contrast
to previous analyses focusing on environmental variability
(e.g., McGinley et al. 1987; Marshall et al. 2008; Olofsson
et al. 2009; Fischer et al. 2010). This finding has conse-
quences for the empirical comparisons of egg size and also
generates a testable prediction. It also extends existing theory
on how coastal circulation influences selection on benthic life
histories by explicitly considering variance in individual re-
productive success (Wares and Pringle 2008; Hedgecock and
Pudovkin 2011; Broquet et al. 2013; Yearsley et al. 2013;
Pringle et al. 2014).
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