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1 | INTRODUCTION

A major goal of marine ecology is to identify drivers of variation in
patterns of larval dispersal. Most marine fishes and invertebrates
undergo early development in open water, sometimes moving
long distances from their origin in the process. For many species,
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Abstract

A major goal of marine ecology is to identify the drivers of variation in larval dispersal.
Larval traits are emerging as an important potential source of variation in dispersal
outcomes, but little is known about how the evolution of these traits might shape
dispersal patterns. Here, we consider the potential for adaptive evolution in two
possibly dispersal-related traits by quantifying the heritability of larval size and
swimming speed in the clown anemonefish (Amphiprion percula). Using a laboratory
population of wild-caught A. percula, we measured the size and swimming speed of
larvae from 24 half-sibling families. Phenotypic variance was partitioned into genetic
and environmental components using a linear mixed-effects model. Importantly, by
including half-siblings in the breeding design, we ensured that our estimates of genetic
variance do not include nonheritable effects shared by clutches of full-siblings, which
could lead to significant overestimates of heritability. We find unequivocal evidence
for the heritability of larval body size (estimated between 0.21 and 0.34) and equivocal
evidence for the heritability of swimming speed (between 0.05 and 0.19 depending on
the choice of prior). From a methodological perspective, this work demonstrates the
importance of evaluating sensitivity to prior distribution in Bayesian analysis. From a
biological perspective, it advances our understanding of potential dispersal-related
larval traits by quantifying the extent to which they can be inherited and thus have

the potential for adaptive evolution.
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this larval dispersal phase is the primary driver of population con-
nectivity and an essential component of spatial structure (Cowen
etal., 2007; Dedrick et al., 2021). Understanding the causes and con-
sequences of larval dispersal not only advances basic knowledge of
marine ecology, but it also informs the design of effective, connected
networks of marine reserves—widely-used conservation tools that
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provide refuge to fished species and improve ecosystem resilience
(Green et al., 2015; Hamilton et al., 2021; Krueck et al., 2017).

As data accumulate on patterns of marine larval dispersal, the
extent of intra- and interspecific variation is becoming clear. Among
species, the scale of dispersal varies widely: Some species have av-
erage dispersal distances on the order of 10km (Almany et al., 2017;
Catalano et al., 2021), while others travel hundreds of kilometers
on average (Simpson et al., 2014; Williamson et al., 2016). Dispersal
ability may influence range size, speciation, and extinction rates
within lineages (Alzate et al., 2019; Jablonski, 1986). Within a spe-
cies, some individuals may disperse only meters while others travel
tens of kilometers (D'Aloia et al., 2013, 2022), with different impli-
cations for demographics and evolution: Common, short-distance
dispersal plays an important role in local population dynamics,
while rare, long-distance events may help to maintain genetic con-
nectivity and define the spatial scale at which population diver-
gence occurs.

Although the drivers of this variation are not yet well-
understood, one key theme is the role of larval traits. Dispersing lar-
vae were once thought to be passive, their movement determined
entirely by the physical oceanographic properties of the environ-
ment (Roberts, 1997), but larvae have well-developed swimming
and navigational abilities with the potential to affect their disper-
sal trajectories from the time they hatch (Leis et al., 2011; Majoris
et al., 2021; Paris et al., 2013). Two traits that have been suggested
to have a role in dispersal outcomes are size and swimming speed.
Among species, both traits are related to range size and population
genetic structure (Bradbury et al., 2008; Nanninga & Manica, 2018)
and the spatial scale of long-distance dispersal (Majoris et al., 2019).
Their relevance at the interspecific level indicates they might also
explain intraspecific variation in dispersal. Less is known about
the relationship between traits and dispersal within species, be-
cause of the difficulty of measuring traits and realized dispersal
distances for individual larvae. However, some evidence is avail-
able. For example, individual variation in body size predicts per-
formance and/or mortality at various stages of larval development
(Nanninga & Berumen, 2014), and an empirically-validated biophys-
ical model with realistic assumptions about larval traits (including
size and swimming ability) found a positive relationship between
swimming speed and dispersal distance in grouper larvae (Burgess
et al., 2021).

Although progress is being made on ecological questions about
how a larva's traits may influence its dispersal, much less is known
about how the evolution of these traits could shape, or be shaped
by, dispersal patterns. An important starting point in understanding
adaptive evolutionary potential is to quantify phenotypic variation
in the trait of interest and identify the sources of that variation.
In classical quantitative genetics, the response of a trait to selec-
tion is determined by its heritability (h?): the proportion of pheno-
typic variance that is due to additive genetic effects (Fisher, 1918;
Wright, 1921). In reality, the picture is much more complicated: the
genetic background and environmental context in which a trait is

found may have profound effects on its expression and the resulting
phenotype and fitness of the organism (West-Eberhard, 2003). At
present, however, even basic information about the sources of phe-
notypic variance in larval dispersal traits is scarce. The few studies
that quantify the heritability of size and/or swimming performance
in marine fish larvae have found heritability values ranging from 0.10
to 0.65 (Bang et al., 2006; Gao & Munch, 2013; Garenc et al., 1998;
Johnson et al., 2010). But a heritability estimate means little with-
out additional context about how it was derived. Especially in highly
fecund species like fishes (where breeding designs typically include
clutches of many individuals that share the same environment and
genetic inheritance), efforts to partition phenotypic variance can be
confounded by parental, shared environmental, and genetic effects
(Garenc et al., 1998), leading to potential overestimates of heritabil-
ity. Through careful breeding design, some studies have been able
to explicitly separate maternal, paternal, and/or common environ-
mental effects (Bang et al., 2006; Gao & Munch, 2013; Johnson
et al., 2010). But there is a need for additional studies of this type,
particularly in species for which other information about dispersal
is available.

Here, we begin to quantify the adaptive potential of dispersal-
related larval phenotypes in the clown anemonefish (Amphiprion
percula), a reef fish that has been the focus of an enormous amount
of work on marine larval dispersal (Almany et al., 2007, 2017;
Buston et al., 2012; Majoris et al., 2019; Planes et al., 2009). The
life-history and reproductive behavior of this species indicate fac-
tors that we might expect to be particularly important sources of
larval phenotypic variation. They live in small, stable groups that
permanently inhabit an anemone (Elliott & Mariscal, 2001). Each
group contains just one breeding pair, and the female lays demer-
sal eggs that are fertilized by the male (Buston, 2004). Both par-
ents tend to the eggs by oxygenating them and removing debris,
although the male performs the majority of this activity (Barbasch
& Buston, 2018). Parental care during the incubation period is
crucial to proper development and hatching success (Barbasch
et al., 2020). On hatching, larvae exhibit extensive phenotypic vari-
ation in larval size and swimming speed (Majoris et al., 2019) and
dispersal distances (Almany et al., 2017). When considering pheno-
typic variance in larvae, therefore, we must separate the influences
of environment (e.g., habitat quality in the anemone where the em-
bryo is located), parents (e.g., maternal provisioning and parental
care of eggs), and genetics.

Here, we take a quantitative genetic approach to disentangling
genetic, parental, and environmental sources of phenotypic variance
in dispersal-related larval traits. We use an experimental breeding
design consisting of full- and half-siblings and a statistical model
known as the “animal model” (Kruuk, 2004; Lynch & Walsh, 1998):
a linear mixed-modeling approach that uses data about the related-
ness and phenotypes of individuals to estimate the magnitude of the
additive genetic component of phenotypic variance. The results pro-
vide estimates of the heritability of larval size and swimming speed
in our study population of A. percula.
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consistent with the reproduction observed in the field (Barbasch

SCHLATTERET AL.
2 | METHODS

et al., 2020).
2.1 | Study population

The larvae in this study were offspring of parents from an established
laboratory population of A. percula. Parents were caught from natural
populations in Papua New Guinea and supplied by Quality Marine in
2010-2011. These wild-caught fish were collected as nonbreeders:
considered to be a sustainable fishing practice, as nonbreeders do
not contribute to population growth and are readily replaced by
newly-settling larvae (Buston, 2003, 2004; Planes et al., 2009).
Individuals were randomly placed in pairs upon arrival in the lab,
where they established dominance and began breeding.

The laboratory population of breeding pairs was maintained at
Boston University in accordance with Institutional Animal Care and
Use protocol #17-001. Each breeding pair was housed in its own
120-L tank, and pumps supplied a continuous flow of recirculating
salt water at a rate of approximately 16,600 Lh™%. Water quality was
kept as constant as possible and similar to conditions in the fish's
native reef habitat: pH = 8.0-8.3, temperature = 27-28°C, salin-
ity = 33-35ppt, with the lighting supplied by two T5 24W bulbs
with spectra that mimic the natural reef environment. Tanks con-
tained sand on the bottom, a 15x 15cm ceramic tile, an Entacmaea
quadricolor anemone, and an approximately 10x10 cm rock for
habitat. Fish were fed commercial pellets (New Life Spectrum; New
Life International, Inc.) at approximately 24 pellets per pair per day,
a food ration that results in pairs reproducing at a rate and quantity

(a)

2.2 | Breeding design

To estimate the additive genetic variance in larval traits, we collected
trait data from full- and half-siblings from 12 mothers and 12 fathers.
The 24 parents were established in breeding pairs prior to the
beginning of the study. We first sampled 30 offspring from each pair
(Figure 1a) and measured their size and swimming speed as described
below. Typically this could be accomplished with one clutch, but if
fewer than 30 larvae from a clutch were available, additional larvae
from a later clutch by the same parents were measured, for a total of
30 larvae per breeding pair (360 larvae total).

Next, the members of each breeding pair were recombined and
moved among tanks so that each fish was paired with a new partner
and located in a new tank (Figure 1b). To minimize potential aggres-
sion, each female was paired with a new male of the same size as her
previous partner (+1 mm) (Wong et al., 2016). Newly formed pairs
were allowed to breed undisturbed twice because the first clutches
of new pairs often fail (Buston & Elith, 2011), and 30 larvae from
their third clutch or later were sampled as above. The half-siblings
generated by this design are crucial: Without them, our estimates
of genetic variance would include nonheritable effects shared by
full-siblings, and could greatly overestimate the heritability of larval
traits and thus their adaptive potential.

(b

ik

FIGURE 1 Larval trait heritability breeding design. The first round of parental pairings is shown in row (a), and the second (following mate
and tank switches) is in row (b). Each tank is identified by a Roman numeral i-iv, and individual fish are identified by size and color. Clownfish

drawn by Rebecca Branconi.
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2.3 | Acquisition of larvae

Reproduction of breeding pairs was monitored daily so that the
average incubation period of each pair and the age of all eggs laid
were known, allowing us to reliably predict when any clutch would
hatch. The incubation period varied from 7 to 10days in the lab, and
this was recorded for each clutch and used in the statistical model
(see below) to account for potential developmental differences
among larvae due to their length of incubation. Clutches of eggs
were collected from breeding pairs the night before hatching and
moved to separate 20-gallon tanks maintained at 34 ppt salinity
and 27-28°C. Hatching tank water was tinted with Nannochloropsis
algae and provisioned with Brachionus rotundiformis rotifers at a
concentration of 10 rotifers ml™. Eggs were agitated with a gentle
flow of air from an air stone diffuser to mimic parental care, and
larvae that hatched overnight were sampled the next morning.

We recorded clutch ID (n_ = 30), maternal ID (n, = 12), and pa-
ternal ID (n, = 12) for each larva, and these were included as random
effects in the statistical model (see below). Clutch ID was included
to account for similarities among clutch-mates due to shared con-
ditions experienced during development and early life. Maternal ID
represents any effect of the mother beyond the additive effect of
the alleles passed down to her offspring; this includes factors such
as nutritional state (and the consequent amount and quality of egg
provisioning) and inherited epigenetic patterns of gene expression.
Similarly, paternal ID represents any effect of the father beyond
the additive genetic; we expect this to be particularly important in
clownfish because males provide extensive parental care to their
eggs (Barbasch & Buston, 2018), which influences the eggs' survival
(Barbasch et al., 2020).

2.4 | Larval trait measurements

To measure critical swimming speed, we used a single-channel
swimming flume, described in detail elsewhere (Majoris
et al., 2019). Larvae were removed from their hatching tank in a
90-ml sample cup immediately before each trial and placed into
the flume chamber using a large-bore pipette. Once a larva was
introduced into the flume, a 2-min acclimation period began at
a water velocity of <1 cms™. Larvae that exited the chamber
or exhibited irregular behavior during the acclimation period
(58 larvae overall) were removed from the experiment, and
additional larvae were trialed to reach a total of 30 successful
trials per parental pair. After acclimation, the water velocity was
increased to 2 cms™* and maintained for 2 min, then increased by
an additional 2 cms™* every 2 min thereafter. The trial ended when
the larva was unable to successfully swim against the current and
was expelled out the back of the flume. Critical swimming speed
was calculated as

1
Ui =U + <t*ﬂ>

2 min

where U is the penultimate speed (in cm s™%), and t equals the time (in
minutes) the larva swam at the final speed (Brett, 1964).

To measure larval size, each larva was removed from the flume
after the swim trial and photographed with a Canon 60D digital
SLR camera mounted on a Zeiss Stemi 2000-C stereo dissection
microscope. Standard length (SL)—defined for preflexion larvae as
the distance from the tip of the snout to the end of the notochord
(Roux et al., 2019)—was measured from photographs using Image)
(NIH). Standard length is a standard measure of the larval size and
is closely correlated with other measurements of body size (Parichy
et al., 2009).

2.5 | Statistical analyses

To partition the observed phenotypic variance in larval size and
swimming speed into genetic and environmental components, we
used a linear mixed-modeling technique for estimating quantitative
genetic parameters, known as the “animal model” (Kruuk, 2004).
This method was chosen over others (such as the classic full-sib,
half-sib, or North Carolina breeding design structures and their
accompanying variance estimates) because it allows us to estimate
the magnitude of additive genetic variance in each trait using all
available data on the relatedness of individuals, it can include fixed
and random effects, and it provides estimates of the contribution of
each random component to the total variance.

A bivariate model considering the larval size and swimming
speed simultaneously indicated no genetic covariance between the
two traits (see Appendix S1), but MCMC algorithm convergence
was not satisfactory for all variance components. Therefore, to fa-
cilitate convergence and simplify the interpretation of results, we
proceeded to analyze the two traits separately. For each trait, the
model structure was given by:

y=p+Xp+a+Zc+Zyd+Zs+r

where y is a vector of larval trait values with n = 688 entries (32
larvae were missing either size or swimming speed data and were
excluded from the analysis), and p is the mean trait value over all
larvae. X is the n-vector of incubation times and  is the effect of in-
cubation time. The n-vector a contains the additive genetic effects;
a has a multivariate normal distribution with a variance-covariance
structure G = "3« A, where o-ﬁ is the additive genetic variance and A is
the nx nrelatedness matrix among larvae (e.g., Aii =0.5if larvaeiand
j are full-siblings). Each Z; is an incidence matrix relating larvae to the
corresponding vector of random effects c (clutch), d (maternal ID), or
s (paternal ID). The residual term r captures all contributions to phe-
notype not explicitly accounted for by other factors: This includes
environmental sources of variation among members of the same
clutch, as well as nonadditive genetic effects (dominance, epistasis,

and their interactions). Vectors ¢, d, s, and r are normally distributed

2 2

with variances o7, aD,ag, and ag, respectively, and covariances equal

to zero.
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We also fit a second, reduced model that did not in-
clude parental effects (the model structure was given by
y = p+Xp+a+Z.c+r). The reason for considering both models is
that, in our breeding design, maternal ID, paternal ID, and additive
genetic effect are highly collinear. All larvae in our sample that
share genes (i.e., there is a positive covariance between their ad-
ditive genetic effects) also share maternal ID, paternal ID, or both.
This means that the full model may inaccurately attribute additive
genetic variance to maternal or paternal ID, while the reduced
model almost certainly attributes some parental effects (if they
exist) to the additive genetic effect. Examining both models gives
us a more realistic range for the strength of the additive genetic
effect in this population.

Model fitting was performed using the MCMCglmm package
(Hadfield, 2010) in R (R Core Team, 2021). The Bayesian framework
provides posterior estimates of the distribution of each parameter
of interest; an additional advantage is that calculating functions
of these parameters (such as heritability) is straightforward. Each
model was run in three chains of 1,000,000 iterations with a burn-in
of 10,000 and thinning interval of 100. Convergence was assessed
using the Gelman-Rubin diagnostic (Brooks & Gelman, 1998), which
was below 1.03 in all cases. Scripts and data for all analyses are avail-
able at github.com/eschlatter/Larval_trait_h2.

We chose default prior distributions to represent the hypothesis
that the total phenotypic variance was distributed equally among
variance components. For each of the three variance components
(or five, in the parental effects model) we used a diffuse inverse
gamma prior with nu = 0.001 (Hadfield, 2010). The second param-
eter (V) of each prior was chosen such that the mode of the distri-
bution was equal to 1/k of the total phenotypic variance, where k is
the number of variance components. To test the sensitivity of our
results to the choice of prior, we also fit each model using a sec-
ond set of priors, representing the alternative hypothesis that our
proposed effects do not contribute to phenotypic variance. These
priors were close to zero for all variance components: parameter-
expanded inverse gamma distributions with V=1, nu = 1000, a,= 0,
a,, = 1. To quantify the impact of the alternative priors, we calculated
the percentage deviation of the mean estimates from the alternative
priors, compared with the mean estimates from the default priors
(Depaoli et al., 2020).

I d Evoluti
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3 | RESULTS
3.1 | Components of phenotypic variance: Larval
body size

Larval standard length ranged from 3.92 to 4.61 mm, with a mean of
4.26 mm and a standard error of 0.005mm. Total phenotypic vari-
ance in standard length was 0.016 mm?. The additive genetic vari-
ance estimated by our analysis was 0.0061 (0.0012-0.0130) (mean
and 95% credible interval) in the model without parental effects and
0.0051 (0.0005-0.0130) in the model that included parental ef-
fects. Heritability of standard length was 34% (8-63%) in the model
without parental effects (Figure 2a), or 21% (3-49%) when parental
effects were included in the model (Figure 2b). The largest propor-
tion of phenotypic variance in standard length was attributed to the
residual: 49% (22-72%) for the model without parental effects in-
cluded, and 41% (15-63%) with parental effects. The effect of the
clutch was estimated at 17% (6-30%), or 10% (3-29%) with parental
effects. Maternal effects accounted for 15% (3-31%) of total pheno-
typic variance, and paternal effects for 13% (2-28%).

Results from the models of body size were robust to the choice
of prior, so only the estimates from the default priors are reported
here. The estimate of heritability using the alternative set of priors
deviated by -3% from the default estimate (or-4%, in the model
with parental effects). For additional details on alternative priors,
see the Appendix S1.

3.2 | Components of phenotypic variance: Larval
swimming speed

Larval swimming speed measurements ranged from O to 9.67cms ™%,
with a mean of 3.91cms™ and a standard error of 0.09cms™. The
total phenotypic variance in swimming speed was 4.67cm? s72. The
estimated additive genetic variance was 1.03 (0.23-2.24) cm? 572
(mean and 95% credible interval) in the model without parental ef-
fects, and 1.16 (0.14-2.98) when parental effects were included in
the model. The heritability of swimming speed was 19% (47-83%)
in the model without parental effects (Figure 3a), or 16% (29-73%)
in the model with parental effects (Figure 3b). The largest amount

(@ (b)

Additive genetic

Clutch+ .

Maternalq .

Effect

Paternal o

FIGURE 2 Posterior estimates of the
relative magnitude of each component of
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intervals, and dark lines are medians.
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of phenotypic variance in larval swimming speed was attributed to
the residual: 67% (47-83%) or 52% (29-73%) with parental effects.
Clutch accounted for 14% (6-23%) of variance or 10% (3-18%) with
parental effects. Maternal effects contributed 11% (2-24%) to the
total variance, and paternal effects contributed 10% (2-22%).

These results were sensitive to the choice of prior: The alterna-
tive set of priors, centered near zero for all variance components,
resulted in a near-zero estimate of heritability (Figure 3c,d): 5% (0-
18%) without parental effects, or 5% (0-17%) with parental effects.
This represents a-74% deviation from the default estimate (or-69%,
in the model with parental effects). For further information on alter-
native priors, see the Appendix S1.

4 | DISCUSSION
4.1 | Sources of phenotypic variance in larval size
and swimming speed

Our decomposition of phenotypic variance found evidence for
genetic, parental, and environmental effects on the body size of
newly-hatched clownfish larvae. The heritability of larval body
size was estimated to be 0.34 by the simpler model without paren-
tal effects, and 0.21 by the model that included parental effects.
These estimates are within the range of those generated by other,
similar studies of the heritability of larval body size in fishes (Bang
et al., 2006; Gao & Munch, 2013; Johnson et al., 2010), and, more
generally, of the heritability of dispersal-related traits across spe-
cies (Saastamoinen et al., 2018). Meanwhile, the presence of a clutch

effect indicates the importance of the shared environment experi-
enced by members of the same clutch during incubation and hatch.
Within a clutch, a number of possible factors (discussed below) could
be contributing to the residual variation among larvae.

The presence of maternal and paternal effects on larval body size
is consistent with the few other studies that have sought to measure
these effects in marine larval fishes. In Atlantic silversides, maternal
effects on larval body size were greater than additive genetic ef-
fects (Gao & Munch, 2013); maternal effects on larval size at hatch
have also been found in bicolor damselfish (Johnson et al., 2010).
Significant effects of paternal identity on larval body size have been
found in haddock (Rideout et al., 2004) and Atlantic herring (Bang
et al., 2006). For clownfish, in particular, the presence of both mater-
nal and paternal effects lines up with our expectations, given what
we know about parental care in this species. Although females may
have a unique opportunity for influence on the offspring's pheno-
type during egg production, male clownfish are responsible for the
majority of the care of eggs once they are laid. Individual clownfish
parents are consistent in the amount of care they provide to their
eggs, and the amount of care varies depending on food availability
(Barbasch & Buston, 2018). Parental care behaviors are crucial to the
survival and hatching success of eggs, although their effect on larval
traits such as body size is not yet known.

Because our breeding design included only a few of the many
possible combinations of parents (each of the 12 females was mated
with only two of the 12 males, and vice versa), there is high col-
linearity between maternal ID, paternal ID, and additive genetic ef-
fect, and thus considerable uncertainty in quantifying the effects of
shared parents versus the effects of shared genes. The difference
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between estimates of heritability in the models with and without pa-
rental effects can be explained by the fact that similarities between
siblings due to shared parents increase the overall resemblance
among relatives in the dataset. In the simpler model, resemblance
among relatives can be attributed to the additive genetic effect (for
any full- or half-siblings) or to the clutch effect (for members of the
same clutch). In the more complex model, some of the resemblance
among siblings that share a parent is accounted for by maternal or
paternal effects, which decreases the amount of resemblance that
is attributed to their shared genes. A breeding design that included
more mates per parent, or relatives that do not share a parent (such
as cousins), would help to more precisely quantify the relative con-
tributions of parental and genetic effects.

Our evidence for genetic variance in larval swimming speed is
equivocal. Although our default estimates (heritability of 0.19, or
0.15 from the model including parental effects) indicated a substan-
tial role for additive genetic variance in larval swimming speed, those
estimates were sensitive to the prior used to generate them. Our
alternative prior yielded heritability estimates very close to zero.
Since we do not have an a priori reason to be much more confident
in the default prior than in the alternative, we can conclude only
that, if the genetic variance in larval swimming speed exists in this
population, our breeding design was unable to consistently detect it.
This could perhaps be remedied by the modifications to the breeding
design described above (e.g., including more mates per parent). In
any case, the magnitude of genetic variance in swimming speed (if it
exists) is small in comparison to the genetic variance in larval body
size that we were able to detect with the same breeding design and
individuals. There are at least two possible reasons for this. Critical
swimming speed, as a behavioral trait, will have more phenotypic
variability than a morphological trait such as standard length due to
variation in the internal state of the larva. Genetic variation, if it ex-
ists, will then be a smaller proportion of the total and will be harder
to detect. Alternatively, selection can reduce genetic diversity, par-
ticularly in traits closely associated with fitness (Fisher, 1930). If
swimming speed strongly affects a larva's fitness, then it may have
undergone past selection, reducing or eliminating genetic variance.

We did not find either genetic or phenotypic covariance be-
tween size and swimming speed, after controlling for the effects
of the clutch. Genetic covariance might be expected as the result
of a fitness tradeoff between growth and swimming performance
(Billerbeck et al., 2001; Ghalambor, 2003), or selection on groups
of traits as a dispersal syndrome: e.g., in Anolis lizards (Calsbeek
& Irschick, 2007). However, our result generally agrees with other
quantitative genetic studies that have sought to measure a genetic
relationship between size and/or growth and swimming speed in
young aquatic and marine organisms (Hilbish et al., 1999; Watkins &
McPeek, 2006 but see Mengistu et al., 2021 for a counterexample
in aquacultured Nile tilapia). The lack of phenotypic covariance mea-
sured in our study might seem to be at odds with the robust positive
relationship between size and swimming speed that has been estab-
lished for larval fishes (Leis, 2010). However, previous work demon-
strating this relationship is based on samples that cover a significant
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portion of the larval developmental period (e.g., Majoris et al., 2019).
Our sample of larvae at 0 days post hatch (dph) lacks the ontogenetic
variation that causes the relationship between size and swimming
speed in many other studies, and the amount of phenotypic variation
we measured in both traits is comparatively quite small.

4.2 | Evolutionary implications

We do not yet fully understand the relationship between the traits
measured in this study, other larval traits throughout ontogeny,
and dispersal outcomes. To our knowledge, there are no data
available on the relationship between a larva's size at O dph and its
size or swimming ability later in development. But for larvae of all
ages, it is known that different measures of body size are strongly
correlated (Parichy et al., 2009), and that body size is associated
with survival—although the direction and details of this association
vary by species and context (Gleiber et al., 2020; Pepin, 2016).
For later-stage larvae, multiple types of evidence (discussed in the
introduction) suggest a connection between size and/or swimming
ability and dispersal outcomes—although other metrics of swimming
speed, besides critical swimming speed, may be more relevant to
dispersal (Leis, 2020). So, while gaps remain in our understanding,
it is reasonable to postulate that larvae face selection pressures
that vary depending on their body size at O dph, with a subsequent
impact on dispersal.

Given the existence of such selection pressures, our finding of
genetic variance in 0-dph larval body size is significant because it
is an indication of adaptive potential. Genetic variance, such as we
have found here, is a necessary condition for selection to lead to
adaptive evolutionary change. Our finding provides empirical sup-
port for a fundamental assumption made by many models of dis-
persal evolution: namely, that dispersal is a trait that can evolve in
response to selection via a somewhat predictable inheritance from
parents to offspring. Demonstrating the heritability of outcome-
based measures of dispersal, such as distance or propensity, is a
complicated undertaking in marine species. But we can begin to put
the pieces together with our finding of heritability in larval body size,
combined with empirical and modeling evidence that indicates larval
traits such as body size affect dispersal outcomes.

It is important to note that any measurement of heritability is
specific to the population and environmental conditions in which
it is measured: Both the numerator (genetic variance) and the de-
nominator (total phenotypic variance) of the heritability quantity
depend on the particular set of individuals whose traits were mea-
sured. In this lab-based experiment, we expect the genetic diver-
sity of the study population to be relatively realistic: All larvae
were offspring of parents wild-caught from various locations in
Papua New Guinea. However, the difference between environ-
mental conditions in the wild and those in the lab means that
applying our results uncritically to wild populations would be a
mistake. The relatively standardized conditions in the lab probably
reduce overall environmental variance, thus inflating heritability
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estimates over what they would be in the wild. In addition, sys-
tematic differences between experimental and natural habitats
(for instance, in the missing chemical cues from the surrounding
reef) likely affect trait variation in ways we cannot predict, with
unknown consequences for heritability. Although this means our
results must be interpreted with caution, the fact that we were
able to detect genetic variance in larval body size indicates that
this trait has one of the prerequisites for evolutionary change in
response to selection.

More work is needed to understand the implications of pa-
rental effects on evolution. Without the reliable mechanism of
genetic transmission, a continuity of parental effects is not guar-
anteed from one generation to the next. Nevertheless, there
are an increasing number of documented instances of inter- and
transgenerational parental effects (Bell & Hellmann, 2019), sug-
gesting that this source of phenotypic variance has the potential
to be inherited across one or multiple generations, and therefore
could evolve in response to selection (Bonduriansky & Day, 2009).
Disentangling parental effects that can be inherited from those
that cannot would require a multigenerational study of parental
identity and larval phenotype. This could be complemented by
work to understand the phenotypic, environmental, and genetic
mechanisms by which parental traits influence their offspring's
phenotype.

For both larval size and swimming speed, a large portion of the
phenotypic variance we observed remains unexplained by our mod-
els. This leaves the question: What causes differences among indi-
viduals? One component of this unexplained variation is differences
among siblings. Mechanistically, it is plausible that parents might
differentially allocate resources within a clutch to generate a range
of phenotypes: for instance, through maternal provisioning or the
spatial positions of eggs within the clutch (Green et al., 2006). This
could be a selectively neutral process, or it could be adaptive as a
form of bet-hedging (Marshall et al., 2008) if it is advantageous for a
parent to have some larvae disperse farther and others stay closer to
home (Hamilton & May, 1977; Shaw et al., 2019).

4.3 | Eco-evolutionary dynamics of dispersal: A.
percula as a model system

Dispersal plays a crucial role in both ecological and evolutionary
processes. Particularly in the changing environment of today's
oceans, where both demographics and selective forces are in flux,
understanding the causes and consequences of dispersal requires
an approach that can account for the significant overlap between
ecological and evolutionary scales. With the foundations laid here
and by others, Amphiprion percula represents a promising model
system in which to investigate the eco-evolutionary dynamics of
larval dispersal traits. Extensive research has been conducted on
A. percula's larval dispersal patterns and their consequences for
population connectivity (Almany et al., 2017; Pinsky et al., 2017).
We know that data on the demographics of populations are crucial

for correctly interpreting dispersal data (Pinsky et al., 2012), and
this information is available for A. percula (Salles et al., 2016). The
early development of its sister species, Amphiprion ocellaris, has
been described in detail, providing information about the physical
and sensory capabilities of dispersing larvae throughout ontogeny
(Roux et al., 2019). Making quantitative predictions about eco-
evolutionary dynamics will also require detailed information about
the genetic underpinnings of dispersal-related traits, including
their polygenic nature, genetic covariance among traits, and GxE
interactions (Saastamoinen et al., 2018). Tackling these questions
will require a high-quality reference genome—which is already
available for A. percula (Lehmann et al., 2018)—and other methods
such as genome-wide association studies and gene ontology studies
to understand what genes are involved in dispersal-related traits and
how they interact with each other and with the environment. Our
finding of significant heritability of larval body size in A. percula lays
the foundation for these more detailed investigations.
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