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Abstract

Interactions among selection, gene flow, and drift affect the trajectory of adaptive
evolution. In natural populations, the direction and magnitude of these processes can
be variable across different spatial, temporal, or ontogenetic scales. Consequently,
variability in evolutionary processes affects the predictability or stochasticity of
microevolutionary outcomes. We studied an intertidal fish, Bathygobius cocosensis
(Bleeker, 1854), to understand how space, time, and life stage structure genetic and
phenotypic variation in a species with potentially extensive dispersal and a complex
life cycle (larval dispersal preceding benthic recruitment). We sampled juvenile and
adult life stages, at three sites, over three years. Genome-wide SNPs uncovered a
pattern of chaotic genetic patchiness, that is, weak-but-significant patchy spatial ge-
netic structure that was variable through time and between life stages. Outlier locus
analyses suggested that targets of spatially divergent selection were mostly tempo-
rally variable, though a significant number of spatial outlier loci were shared between
life stages. Head shape, a putatively ecologically responsive (adaptive) phenotype in
B. cocosensis also exhibited high temporal variability within sites. However, consistent
spatial relationships between sites indicated that environmental similarities among
sites may generate predictable phenotype distributions across space. Our study high-
lights the complex microevolutionary dynamics of marine systems, where consider-
ation of multiple ecological dimensions can reveal both predictable and stochastic
patterns in the distributions of genetic and phenotypic variation. Such considerations
probably apply to species that possess short, complex life cycles, have large dispersal
potential and fecundities, and that inhabit heterogeneous environments.

KEYWORDS
chaotic genetic patchiness, complex life cycles, geometric morphometrics, marine organisms,
population genomics, spatiotemporal variation

2009; Rolshausen et al., 2015). Yet amidst high gene flow, adaptive

The balance between gene flow and selection is fundamental to
adaptive divergence among populations and species. When migra-
tion maintains a continual influx of unfit alleles that overwhelms
local adaptive alleles, populations can exist in maladaptive states
through a process of gene swamping (Garant et al., 2007; Nosil,

divergence may occur provided selection is strong (Dennenmoser
et al., 2017; Hanski et al., 2010; Hoekstra et al., 2004; Moody et al.,
2015; Schmidt & Rand, 1999). High gene flow may also favour the
evolution of phenotypic plasticity to buffer genotype-environment
mismatches in dispersive taxa (Scheiner, 1993; Sultan & Spencer,
2002). However, highly plastic strategies can preclude local
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adaptation because locally fit phenotypes do not have a heritable
genetic basis (Bulmer, 1972; Hanski et al., 2010; Sultan & Spencer,
2002). Therefore, predicting how adaptive traits evolve in high gene
flow systems is challenging because a range of possible outcomes
can manifest (Crispo, 2008; Garant et al., 2007).

General understanding of gene flow-selection interactions in
natural populations is further complicated by heterogeneity of eco-
logical systems and the specifics of species biology. For example,
gene flow can oscillate through time, or be restricted to specific life
stages, affecting the spatial distribution of genetic variation over
time (Di Franco et al., 2012; Hogan et al., 2010, 2012; Moody et al.,
2015; Schmidt & Rand, 1999; Watson et al., 2012). Spatiotemporal
heterogeneity in selection dictates when and where certain alleles
(or trait values) are adaptive (Aspi et al., 2003; Grant & Grant, 2002;
Paccard et al., 2018; Stratton & Bennington, 1998). Moreover, as
organisms progress through their ontogeny (their development tra-
jectory), it is possible that the selective agents acting on them might
also change. Such ontogenetic shifts in selection pressures can
alter the fitness effects of alleles at different life stages (Diamond
et al.,, 2019; Ebenman, 1992; Gagliano et al., 2007; Moran, 1994).
Interpreting patterns of genetic variation at a single point in time,
in a particular spatial context, or in a specific life stage therefore re-
quires considerations of the variability and strength of gene flow and
(or) selection. That is, are genetic patterns predictable across space,
time, or life stage, and what factors determine when and where ge-
netic differentiation emerges, persists, or is eroded?

Gene flow-selection interactions take place in the context
of finite populations and are therefore additionally subject to the
influence of genetic drift. Local adaptation through heritable ge-
netic variation is less likely in smaller populations because stochas-
tic sampling of the gene pool (high drift) reduces additive genetic
variance (Blanquart et al., 2012; Whitlock, 1999). Turnover in local
genetic composition due to drift might also lead to temporally vari-
able genetic architectures underpinning adaptive traits because
locally beneficial alleles and co-adapted complexes are randomly
lost (Yeaman, 2015; Yeaman & Whitlock, 2011). Conversely, local
adaptation in finite populations may benefit from gene flow because
lost genetic variation can be replaced by migration (Blanquart et al.,
2012). However, levels of local adaptation will always be reduced
at equilibrium in smaller populations (Blanquart et al., 2012), which
have lower critical migration thresholds for gene swamping (Yeaman
& Otto, 2011; Yeaman & Whitlock, 2011). Therefore, when drift is
high, genetic architectures comprising large-effect loci are more
likely to contribute to adaptation and remain stable through time
(Yeaman & Otto, 2011; Yeaman & Whitlock, 2011).

Given these complex interactions and theoretical expectations,
empirical investigation of adaptive differentiation requires docu-
menting which ecological dimensions (e.g., space, time, life stage)
are important in structuring variation and their relevant scales (e.g.,
short or long geographic distances, year-to-year variability, juveniles
versus adults). Quantifying variability in patterns of intraspecific
variation across these dimensions can provide insight as to whether
the processes driving microevolutionary change are predictable or

stochastic. Such an approach might be particularly useful in marine
systems. For many marine species dispersal is restricted to the early
life stages, and demersal adults occupy patchy habitats, character-
istic of metapopulations (Gaggiotti, 2017). Marine metapopulations
are expected to have large effective migration rates (Jones et al.,
2009; Waples, 1998), whereby large effective population sizes, and
(or) extensive pelagic dispersal, maintain high genetic diversity and
low differentiation among subpopulations. Yet many marine species
exhibit weak, but statistically significant, genetic structuring; a pat-
tern that is inconsistent with true panmixia (e.g., Gould & Dunlap,
2017; Hogan et al., 2012; Jackson et al., 2017; Moody et al., 2015).
This weak-but-significant genetic structure can also be spatially un-
correlated and the magnitude of genetic structure may exhibit tem-
poral fluctuations (Jackson et al., 2017; Selwyn et al., 2016; Toonen
& Grosberg, 2011), a pattern described as “chaotic genetic patchi-
ness” (sensu Johnson & Black, 1982).

Chaotic genetic patchiness is hypothesised to arise from variabil-
ity in mechanisms that can be neutral or selective in nature. Neutral
mechanisms typically refer to processes affecting dispersal trajec-
tories, migration rates, relatedness of individuals within subpopu-
lations, and genetic drift. For example, spatiotemporal variability in
oceanic currents determines the presence, frequency, and intensity
of kin aggregation, local retention, and asymmetric dispersal (Buston
et al., 2009; Cuif et al., 2015; Gerlach et al., 2007; Selwyn et al.,
2016; Watson et al., 2012; White et al., 2010; Yearsley et al., 2013).
Furthermore, “sweepstakes reproduction” has been used to describe
substantial genetic drift that can emerge from reproductive variance
in marine organisms, a product of their high fecundity and stochas-
tic juvenile mortality (Hedgecock, 1994; Hedgecock & Pudovkin,
2011). Whereas neutral mechanisms of chaotic genetic patchiness
typically occur early in life, strong selective mechanisms can occur
across all life stages for demersal marine taxa. Deterministic (non-
random) mortality of new recruits with specific phenotypes and
(or) alleles caused by selection may reduce gene flow, causing ge-
netic structure to arise over spatial scales presumably smaller than
a species’ expected dispersal distance (Appelbaum et al., 2002;
Johnson & Black, 1982; Marshall et al., 2010; Schmidt & Rand, 1999).
Additionally, changes in selection through time or across life stages
can cause shifts in genetic composition, for example, between years
or over recruitment (Ciotti & Planes, 2019; Gould & Dunlap, 2017,
Villacorta-Rath et al., 2018). Because the effects of neutral and se-
lective mechanisms can vary across ontogeny in demersal marine
species, comparisons between earlier life stages and recruited adults
can provide insights into the potential roles of gene flow, selection,
and drift (Christie et al., 2010; Pujolar et al., 2015; Schmidt & Rand,
1999, 2001; Toonen & Grosberg, 2011; Villacorta-Rath et al., 2018).

Whereas patterns of genome-wide variation are used to infer
the contribution of neutral mechanisms to chaotic genetic patch-
iness (Table 1), insight into the action of selection comes from
locus-specific analyses (Gould & Dunlap, 2017; Schmidt & Rand,
1999; Villacorta-Rath et al., 2018) and the observation of relevant
phenotypic variation. Marine metapopulations are unlikely to be at
equilibrium, that is, the point where genetic variation is stable due
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TABLE 1 Three population genetic scenarios (panmixia, local retention, or chaotic genetic patchiness), associated genetic expectations for neutral genetic variation, and observations from

Bathygobius cocosensis

Supporting
evidence

Chaotic genetic patchiness References

Local retention

Panmixia

Genetic expectation

Figure 2

1,2,3

Present, but F¢; is small and spatially

High (x)

None (X)

Spatial genetic structure

uncorrelated (v)

Present (v')

Figure 2

2,3

None ()

None (X)

Temporal variability in spatial

genetic structure

Figure 2

Present (v')

None (x)

None (x)

Life stage differences in spatial

genetic structure

Figure 3

Present (v) $e

None (X)

None (X)

Divergence between years

within a site

Figure S2.1

6,7

Present: unclear relationships between juveniles

None: juveniles are most similar to local

None: juveniles equally similar to

Divergence between life stages

with local versus nonlocal adults (v')

adults and dissimilar from nonlocal

adults (X)

None (X)

local and nonlocal adults (X)

within a site

Figure S2.2

4,7

Present (v)

None (X)

Genetic diversity in adults

>juveniles, due to

sweepstakes reproduction

Note: A tick (v) indicates an observation supported by our data in B. cocosensis, whereas a cross (X) indicates lacking evidence.

'Gerlach et al. (2007), 2Jackson et al. (2017), ®Johnson and Black (1982), “Christie et al. (2010), >Moody et al. (2015), “Toonen and Grosberg (2011), "Hedgecock and Pudovkin (2011).
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to the balance between drift, selection, and gene flow. Indeed, the
potential non-equilibrium dynamics of marine metapopulations,
caused by heterogeneous selective pressures, variable gene flow,
and stochastic demography, probably pose challenges for most stan-
dard methods of identifying adaptive loci. Therefore, methods that
relax equilibrium assumptions would help to infer the influence of
selection on stochastic genetic patterns. Furthermore, even though
the genetic architecture of adaptation can be temporally variable
(Yeaman, 2015; Yeaman & Otto, 2011), recurrent observation of the
same locus exhibiting extreme differentiation (relative to the ge-
nomic background) through time, or across life stages, would provide
greater confidence that the locus is affected by selective processes.

Characterisation of phenotypic differences among subpopula-
tions can also provide insights into divergent selection (Cohen & Dor,
2018; Galligan et al., 2012; Hoekstra et al., 2004). Weldon's studies
of dispersive marine crustaceans are a classical example of such in-
ference where he posited that differences in the mean and variance
in morphological traits across different sites and life stages could be
explained by deterministic mortality (Weldon, 1894, 1895). Even if
the underlying genetic loci responding to selection cannot be iden-
tified, observation of phenotype-environment correlations amidst
a homogenous genomic background provides strong evidence for
the action of heritable and (or) plastic responses to local conditions.
A compelling contemporaneous example is provided by Moody and
colleagues, who showed that predictable habitat-specific morpholo-
gies can diverge in the presence of high, but stochastic, gene flow in
the amphidromous goby, Sicyopterus stimpsoni (Moody et al., 2015,
2019). Hence, insight into how selection might generate spatiotem-
poral genetic patterns in marine metapopulations would benefit
from a more holistic approach, one that combines temporally rep-
licated sampling of different life stages, analysis of outlier loci, and
measures of ecologically relevant phenotypes.

The overarching goal of our study was to assess the predictabil-
ity in neutral and selective processes that affect the distribution of
genetic and phenotypic variation in well-connected marine meta-
populations. We focus on Bathygobius cocosensis (Bleeker, 1854), a
demersal intertidal fish, as a representative of marine species with a
complex life cycle, potentially high gene flow, and that occupies het-
erogeneous environments (Figure 1a). This fish has a wide distribu-
tion throughout the Indo-Pacific. In Australia, B. cocosensis inhabits
rocky coasts throughout tropical and temperate waters (Figure 1a)
(Atlas of Living Australia, 2018; Griffiths, 2003; Malard et al., 2016;
da Silva et al., 2019; White et al., 2014). Large recruitment events
occur in summer (January and February), but this species may breed
and recruit throughout the year (Joshua Thia, personal observation).
Eggs are laid and fertilised on the benthos. After hatching, larvae
undergo a ~20-25 day pelagic phase before metamorphosing into
juvenile fish and settling in intertidal and shallow subtidal habitats
(da Silva, Wilson, et al., 2019; Thia et al., 2018).

Bathygobius cocosensis has large physiological tolerances (da
Silva et al., 2019) and environmentally variable phenotypes (Carbia
& Brown, 2019, 2020; Carbia et al., 2020; Malard et al., 2016); thus
this species presents an interesting system within which to study
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microevolutionary processes. We focus on head shape morphology
as a phenotypic trait with potential ecological relevance (Figure 1d).

In teleost fishes, head shape morphology is related to feeding and
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FIGURE 1 Study schematic. Pictorial representation of our study design quantifying genetic and phenotypic differentiation in
Bathygobius cocosensis. (a) Spatial and temporal sampling on Australia's east coast: Cart = Point Cartwright; Hast = Hastings Point; and

Shell = Shellharbour. Large and small fish icons represent adults and juveniles, and the numbers above and below them (respectively)
represent collected sampling years. Inset: shaded areas illustrate recorded locations of B. cocosensis in Australia (Atlas of Living Australia,
2018) (b) Genome-wide pool-seq SNP data was used to discern between three population genetic scenarios (Table 1). Coloured circles
represent subpopulations. Lines between subpopulations indicate gene exchange, whilst loops within subpopulations indicate local
recruitment; intensity of these lines and loops indicates their magnitude. Different time points are represented by t, and t,. (c) SNPs were
used to test for genetic signatures of spatially divergent selection in different time points (t, and t,), in adult or juvenile life stages (big

and small fish). In this hypothetical example, capital letters (A, B, ... etc.) represent loci identified as spatial outliers. Comparisons across
time provided information on temporal consistency in outlier loci, whereas comparisons between life stages provided insight into which
outlier loci might exhibit spatially divergent patterns across ontogeny. (d) Adult head shape morphology was used to quantify phenotypic
variation in a geometric morphometric framework. Morphological landmarks (capturing variation in jaw shape, eye size and orientation, and
position of the preopercula and opercula) were recorded, and variation in their position summarised in a principal component analysis (PCA).
Individual fish scores on the PC axes were used as the response variables in a multivariate analysis of variance (MANOVA). Differences in
head shape among sites and years were then visualised using linear discriminant analysis (LDA)

meters) (Malard et al., 2016). Our working hypothesis is that head
shape is adaptive and responds to selection within and between
subpopulations.

We used a combination of genomic and phenotypic data to: (i)
infer the population genetic pattern characterising the B. cocosensis
metapopulation (Figure 1b; Table 1), (ii) test whether spatial selec-
tion among subpopulations was predictable over time (Figure 1c;
Table 2), (i) evaluate the importance of presettlement (pelagic lar-
val) versus post-settlement processes for structuring genetic vari-
ation (Figure 1b,c; Table 3), and (iv) determine whether patterns of
post-settlement phenotypic differentiation were concordant with
patterns of genetic variation (Figure 1d; Table 4). Our study rep-
resents one of the most comprehensive attempts to coanalyse mul-
tiple ecological dimensions (space, time, and life stage) and quantify
their contributions to predictable or stochastic structuring of intra-
specific variation in marine metapopulations.

2 | MATERIALS AND METHODS

2.1 | Sampling
We sampled three sites for B. cocosensis: Port Cartwright (526.68°
E153.14°, Queensland), Hastings Point (528.36° E153.58°, New
South Wales), and Shellharbour (534.58° E150.87°, New South
Wales), which span ~950 km and 8° latitude (Figure 1a). These loca-
tions occur in different climatic zones: Point Cartwright and Hastings
Point are subtropical, whilst Shellharbour is more temperate. We
cosampled juvenile (<20 mm standard length) and adult (225 mm
standard length) B. cocosensis at each site in three consecutive years:
2014, 2015, and 2016 (Figure 1a; Table S2.1). However, we were
unable to obtain juvenile samples from Point Cartwright in 2015.
Fish were collected using hand nets and euthanized with eugenol
at 100 mg/L in seawater before being preserved in 100% ethanol.
Little is known about the demographic rates of B. cocosensis. We
have observed gravid females with a standard length of ~25 mm
(Joshua Thia, personal observation), which may be the lower size
limit of reproductive maturity. The largest fish typically range
from ~50 to 60 mm. In our study, we considered “juveniles” as fish

<20 mm in standard length, and "adults" as fish >25 mm in standard
length. Based on preliminary otolith data and other life history in-
vestigations (Thia et al., 2018), we inferred a growth rate of ~5 days
post-settlement per 1 mm increase in standard length (Methods S1).
This rate therefore suggests that B. cocosensis with standard lengths
of 20, 25, and 60 mm might respectively be ~62, ~85, and ~250 days
post-settlement. Thus, the largest fish in the population are probably
<1 year old, meaning that local B. cocosensis subpopulations exhibit
considerable year-to-year turnover (Table S1.1). Consequently, fish
sampled in different years probably comprise different cohorts.
Note, we refer to our system as a “metapopulation”, that is, a
“patchy population” comprised of multiple structured subpopula-
tions. However, we do not specifically imply that this system experi-
ences classic metapopulation dynamics with extinction-colonisation
cycles (i.e., Harrison & Hastings, 1996; Hanski, 1998). We consider a
“subpopulation” as the group of fish corresponding to a specific site-

by-year-by-life stage combination.

2.2 | Pooled ezRAD library preparation

Genomic DNA was extracted with the Omega E-Z 96 Tissue DNA
Kit (Omega Bio-tek) following the Tissues and Mouse Tail protocol.
We used the pooled ezZRAD method (Toonen et al., 2013) to obtain
genome-wide SNP data because it provided a cost-effective way to
screen many individuals without the potential negative effects of
PCR duplication (see Methods S1). We generated two library rep-
licates (1 and 2) for each subpopulation, with 10 < n < 30 fish for
each library, with a mean of 22 and a standard deviation of 6.49,
for a total of 366 fish (Table 5). The same individuals were pooled
for each library replicate per subpopulation. Each library replicate
was prepared from equal contributions of DNA per pooled fish, to a
total of 500 ng DNA per library replicate. Mbol and Sau3Al enzymes
were used to digest the genomic DNA. Libraries were sequenced on
150 bp paired-end lllumina HiSeq4000 runs. In the initial sequenc-
ing run, some of the first library replicates yielded very low sequence
coverage and required a second round of sequencing. For each sub-
population pool, this yielded three FASTQ file pairs: library 1 rep-
licates sequenced twice, and library 2 replicates sequenced once.
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TABLE 3 Genetic expectations for spatial outlier loci between life stages, and observations from Bathygobius cocosensis

Measured Stable or Alternative (neutral)
response Genetic expectation  variable®  Selective hypotheses hypotheses Evidence
The identity of Spatial outlier loci are  Stable The same loci are under spatially divergent  Genetic differentiation due Figure 4
spatial outlier shared between selection across life stages. to neutral processes in
loci, between juveniles and Or, genetic differentiation due to spatially juveniles persists into
life stages adults. (v) divergent selection in juveniles persists adulthood (carry-over
into adulthood (carry-over effect). effect)
Spatial outlier loci Variable Ontogenetic shift in selection causes Genetic differentiation due Figure 4
are present in reduced genetic differentiation (among to neutral processes in
juveniles but sites) at a locus in the adult life stage. juveniles is eroded by the
absent in adults. Or, genetic differentiation due to spatially accumulation of genetic
v) divergent selection in juveniles is variation over successive
eroded by the accumulation of genetic waves of recruitment.
variation over successive waves of
recruitment.
Spatial outlier lociare  Variable Ontogenetic shift in selection causes Genetic differentiation Figure 4
absent in juveniles greater differentiation (among sites) at a among sites in the adult
but present in locus in the adult life stage. life stage is the result of
adults. (v) Or, purifying selection at a locus occurs in stochastic nonadaptive
both life stages. However, the strength processes.
of differentiation is not detectable until
later in life when variance around local
optima is decreased in the adult life
stage.
The allele Alleles frequencies Stable The same allele is locally adaptive in both Patterns of allele frequencies  Figure 5
frequencies of within a site life stages. arising from neutral
spatial outlier are the same in Or, patterns of allele frequencies arising processes in juveniles
loci, between juveniles and from spatially divergent selection in persists into adulthood
life stages adults. (?) juveniles persists into adulthood (carry- (carry-over effect)
over effect)
Alleles frequencies Variable Ontogenetic shift in selection favours a Differences in allele Figure 5

within a site are
different between
juveniles and
adults. (v)

different allele in each life stage.
Or, genetic markers are in different

phases with the causal variant, such

that life stage variation in allele

frequencies between
life stages, within a site,
are due to stochastic
nonadaptive processes.

frequencies reflects different haplotype
compositions in juveniles versus adults.

Note: A tick (v) indicates a genetic observation supported by our data in B. cocosensis, and a question mark (?) indicates equivocal evidence.

*The variability in spatially divergent selection between life stages. “Stable” implies that the spatial pattern of selection is the same in juveniles and
adults, which might entail: the same loci under selection, same direction of selection, and same allele effect sizes. “Variable” implies that the spatial
pattern of selection differs, which might entail: different loci under selection, different direction of selection, and different allele effect sizes.

2.3 | Denovo assembly and variant calling
Raw reads were initially screened for contaminant sequences using
FAsTQ_screeN (Wingett & Andrews, 2018) against a database containing
phiX, human, mouse, Drosophila serrata, yeast, and Escherichia coli ge-
nomes obtained from NCBI (respective accessions: GCF_000819615,
GCF_000001405,GCF_000001635,GCF_002093755,GCF_000146045,
and GCF_000005845), as well as lllumina adapter sequences. The FASTQ
files were then reordered using the pairrQ_LITE.PL script (Staton, 2016).
Restriction sites (GATC) were trimmed using seqrx (Li, 2019).

De novo assembly of subpopulations in this present study was
performed in conjunction with additional subpopulations from a

larger study, incorporating samples and genetic variation from a

broader geographic extent of B. cocosensis’ Australian range (see
Methods S1). Quality trimming, RAD contig assembly, mapping, and
variant calling was conducted in the ppocent pipeline (Puritz et al.,
2014), which utilises a suite of independent programs: TRIMMOMATIC,
RAINBOW, CD-HIT, and PEAR for assembly; Bwa and samTooLs for mapping;
and rreeBaves for variant calling (Bolger et al., 2014; Chong et al.,
2012; Garrison & Marth, 2012; Li & Durbin, 2009; Li et al., 2009; Li &
Godzik, 2006; Zhang et al., 2014). We briefly outline our parameter
choices below but elaborate in the Methods S1.

DDOCENT was used to trim reads for poor quality bases and re-
sidual adapter sequences using default settings. To prevent nonin-
dependent contributions, we selected the largest FASTQ file pair
from each subpopulation pool for RAD contig assembly (Table 51.2),
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TABLE 4 Joint phenotypic and genetic expectations to infer the role of spatially divergent selection, and observations from Bathygobius cocosensis

Alternative (neutral) hypotheses: no spatially

divergent selection

Selective hypotheses: spatially divergent

selection

Genetic

Phenotypic
structure

Evidence

Support?®

x)

Correlation

structure

Homogenising gene flow and lack of selection

Gene swamping overwhelms the action of

Uncorrelated
cor(Pgr, F7)

None

None
Psr

leads to a homogeneous distribution of

heritable phenotypic variation.

selection and leads to a homogenous
distribution of heritable phenotypic

variation.

=0

Fer=0

THIAET AL.

Lack of selection leads to spatial structuring of

Phenotypic variation (heritable or plastic) is

(x)

Positively correlated

Present
cor(Pgy, Fs1) > 0

Fsr >0

Present
Psr >0

heritable phenotypic variation that tracks

patterns of genetic variation.

spatially structured and is aligned with

patterns of genetic divergence.

Figures 6 and S2.8

Locally stochastic environments cause spatial

Phenotypic variation (heritable or plastic) is

)

Uncorrelated
cor(Pgr, Fsr)

None

Present
Psy >0

structuring of plastic phenotypic variation
in the absence of selection and against a

homogenous genetic background.

spatially structured against a homogenous

genetic background.

0

Fsr=0

Figures 6 and S2.8

Locally stochastic environments cause spatial

Phenotypic variation (heritable or plastic)

)

Uncorrelated
cor(Pgy, Fsp)

Present

Fsr>0

Present
Psr >0

structuring of plastic phenotypic variation

is spatially structured in a direction
in the absence of selection and in a

=0

uncorrelated to the genetic background.

direction that is uncorrelated to the genetic

background.

aSupport for the joint phenotypic and genetic observations. A tick (v') indicates an observation supported by our data in B. cocosensis, whereas a cross (X) indicates lacking evidence.

specifying a depth of four reads in at least four subpopulation pools
to retain a unique read sequence. Clustering of 99% similarity was
selected to merge homologous sequences. Mapping of trimmed
reads to the reference involved the swa Mem algorithm (Li & Durbin,
2009) and we modified the bbocenT script to specify the following
parameters: match score (-A 1), mismatch penalty (-B 4), gap open
penalty (-O 30), gap extension penalty (-E 10), and an unpaired mate
penalty (-U 20). Variants were called using the ppocent default set-
tings for rreeBaves (Garrison & Marth, 2012), and the raw VCF file
was filtered (filtering parse 1) using vcrrooLs (Danecek et al., 2011) to
remove indels (--remove-indels), keep only biallelic loci (--max-alleles
2), have a map score of 30 (--minQ), an average of one read per sam-
ple per locus (--min-meanDP 1), and no missing data (--max-missing
1). We removed all missing data because allele frequency imputation
across replicates cannot be conducted on loci where zero reads were
obtained in one of the replicates. More stringent filtering and impu-
tation of allele frequencies was carried out in downstream analyses
(described in the next section). Contigs with mitochondrial origin
were identified by mapping reference contigs against the B. cocosen-
sis mitogenome (Evans et al., 2018) (NBCI MG704838) using BowTIE2
(Langmead & Salzberg, 2012) and retrieving hits with samTooLs (Li
etal., 2009).

2.4 | Post-assembly data filtering and allele
frequency estimation

We imported the VCF file into R (R Core Team, 2018), merging
read counts from the double sequencing runs of replicate library
1 for each subpopulation. The biallelic SNPs underwent a second-
ary filtering step (filtering parse 2). This began by removing SNPs
with poor coverage. Within each subpopulation, reads across
library replicates were summed for each locus. If a locus had a
summed depth <40 reads in any subpopulation, it was excluded
from further analyses to ensure a consistent set of loci across all
subpopulations.

Pool-seq data encompasses two sources of sampling variance
in allele frequencies: the first being variance due to subsampling
the population, and the second being variance due to unequal DNA
contributions of pooled individuals to the sequenced pool (Gautier
et al., 2013; Hivert et al., 2018). Sampling variance due to unequal
contributions can be reduced and quantified with replicate pool-seq
libraries, providing greater confidence in the sample allele frequen-
cies, relative to those estimated from singly sequenced pool-seq
libraries (Gautier et al., 2013). To estimate allele frequencies, we
used the algorithm developed by Gautier et al. (2013), implemented
in PoOLNE_ESTIM. Briefly, pooLNE_ESTIM uses a hierarchical Bayesian
model to estimate the population reference allele frequency, herein
denoted as Panp (reported as 7 by pooLNE_EsTIM), in replicated pool-
seq experiments. The estimate of Panps and its standard deviation,

s are assumed to have beta prior distributions. Individual con-

snp’
tributions to a pool are assumed to follow a Dirichlet distribution,

and the experimental error is derived from the expected number of
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TABLE 5 Sampling details for focal

subpopulations SRR Year
Adults 2014

2015

2016

Juveniles 2014

Juveniles 2015

2016

Month Site Replicate n n, SD (n,)
6 Cart 1 29 29 1
2 29 1
5 Hast 1 23 23 1
2 23 1
6 Shell 1 21 21 1
2 21 1
11 Cart 1 13 13 1
2 13 1
9 Hast 1 20 20 1
2 20 1
7 Shell 1 16 16 1
2 16 1
3 Cart 1 24 24 1
2 24 0.961
2 Hast 1 24 24 1
2 24 1
2 Shell 1 26 26 1
2 26 0.995
6 Cart 1 14 14 1
2 14 1
5 Hast 1 16 16 1
2 16 1
6 Shell 1 15 15 1
2 15 1
2 Hast 1 30 30 1
2 30 1
7 Shell 1 10 10 1
2 10 1
3 Cart 1 30 30 1
2 30 1
2 Hast 1 30 30 1
2 30 1
2 Shell 1 25 25 1
2 25 1

Life stage, adults or juveniles; Year, sampling year; Month, sampling month; Site, Point Cartwright
(Cart), Hastings Point (Hast) or Shellharbour (Shell); Library, replicate pool-seq library; n, experimental
pool size, the true number of diploids; n,, effective pool size, estimated from pooLnE_EsTiM on filtered

read data. SD(ne), standard deviation of n_, estimated from POOLNE_EsTIM on filtered read data.

pooled diploids relative to the variance in individual contributions.
Therefore, POOLNE_ESTIM also provides an estimate of the effective
pool size, n,, the number of equally contributing individuals to the
pool. In our pool-seq data, n, for all libraries exhibited very high
concordance with the true number of pooled diploids (Table 5).
We formatted SNPs for imputation in PooLNE_ESTIM, and com-
piled output Ponp estimates, using R’s cenomaLicious (Thia & Riginos,

2019) functions pooLNE_ESTIM_INPUT( ) and POOLNE_ESTIM_ouTpuT( ),

respectively. SNPs of mitochondrial origin, or that originated from
contigs with >6 SNPs, or had a minor allele frequency (MAF) <0.05,
were removed. We used a MAF <0.05 threshold because this rep-
resents the lowest detection limit in our smallest sample pools
(Table 5): where n = 10 diploids, there are 20 possible alleles, and the
occurrence of a single minor allele would comprise 5% of the sample.
After randomly sampling one SNP per contig, we were left with a
working data set of 1288 SNPs.
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2.5 | Fg-versus allele frequency-
dependent analyses

After obtaining a working SNP set, we analysed our pool-seq data in
two different ways: analyses that required F¢; estimates or allele fre-
quencies. Genetic structure required F¢; estimates, whereas testing
for genetic signatures of sweepstakes required allele frequencies.
We used two outlier locus detection methods: outrLank (Whitlock
& Lotterhos, 2015) and pcabapT (Luu et al., 2017), which required Fer
and allele frequency estimates, respectively.

To implement these different analyses on our replicated pool-
seq data, we developed a probabilistic framework, one each for the
Fsr- and allele frequency-dependent analyses (Figure S1.4). The dif-
ferences between our frameworks for F¢; versus allele frequency
analyses reflect the specificities of different available software for
pool-seq data. However, the premise for each was the same: single
pool-seq libraries provide single estimates of population variation,
which contains both sampling and technical error, but replicate li-
braries of the same pool of individuals provide multiple independent
estimates and can be used to assess the effects of pooling variance
on downstream analyses.

For the Fs-dependent analyses, R's pooLrsTaT package (Hivert etal.,
2018) was used to estimate F¢. This method decomposes the variance
in allele counts as Q,, the probability of identity-in-state within pools,
and Q,, the probability of identity-in-state between pools, such that:

Fsr = (Q1 - Qz)/(l - Qz)

This formulation is analogous to Weir and Cockerham’s (1984)
F¢r. Estimates of Q, and Q, are themselves derived from the distri-
bution of read counts and pool sizes, and the expected allele fre-
quencies, across samples.

pooLFsTAT does not accommodate replicate pool-seq data.
Instead, we calculated Fy; for all possible combinations of replicate
libraries among subpopulations for each comparison we made. For
example, let Povay represent a single pool-seq library sequenced
from subpopulation, x, and library replicate, y. For a simple pair-
wise comparison between two subpopulations, there are four pos-
sible library replicate combinations: Popi’1 + Popzyl, Popl)2 + Popm,
Pop, , + Pop, ,, and Pop, , + Pop, ,. Hence, the calculated Fs;-values
reflect a range of estimates that are observable given the replicate
pool-seq data. Further details are in the Methods S1.

For the allele frequency-dependent analyses, we used parametric
bootstrapping to simulate the hypothetical multilocus allele frequency
combinations that could have been observed in our study. The POOLNE_
esTiM imputed posterior mean allele frequencies (psnp) and their stan-
dard deviations (ssnp) were used to generate a distribution of possible
observable allele frequencies following a beta distribution. For each
locus, we randomly drew 100 values; each b draw was combined across
loci to create a single multilocus bootstrap replicate data set for each
subpopulation. These parametric bootstraps provided insight into the
range of test statistics that could be observed given uncertainty in allele
frequency estimates. Further details are in the Methods S1.

2.6 | Genetic structure

Genome-wide SNPs were used to test the neutral genetic expecta-
tions for three population genetic scenarios: (i) panmixia, (ii) local
retention, and (iii) chaotic genetic patchiness. These scenarios have
contrasting expectations for spatial genetic structure, its temporal
stability, and differences between life stages (Table 1). Importantly,
we contrast the stable, predictable processes in panmixia and local
retention against the variable, stochastic processes in chaotic ge-
netic patchiness.

Panmixia by definition describes a randomly mating population
with no genetic subdivision (Wright, 1949). Bathygobius cocosensis
mate locally (Joshua Thia, personal observation), so we do not imply
true panmixia. However, high gene flow and (or) large effective pop-
ulation sizes, and an absence of sweepstakes reproduction, might
produce a pattern of genetic homogeneity among subpopulations
through space and time, akin to that expected under panmixia. In con-
trast, under local retention, gene flow is reduced via locally recruited
juveniles, allowing drift and local inbreeding to accumulate spatial
genetic structure. A pattern of isolation-by-distance might emerge
from locally constrained dispersal. Finally, under chaotic genetic
patchiness, rates of gene flow vary through space and time, such that
small-but-significant levels of ephemeral spatial genetic structure can
emerge, and local gene pools exhibit temporal shifts in composition.
Moreover, local juveniles might be significantly divergent from local
adults due to sweepstake events or variable source contributions,
which would create genetic structure between life stages.

A series of Fg; calculations were used to understand how
genome-wide variation was structured across space, time, and
life stage (Table 1). (i) Spatial genetic structure was determined by
calculating F¢; among all sites (metapopulation level) and between
pairs of sites (pairwise-site level), within each life stage, each year.
This provided insights on whether genetic variation was homoge-
nous or structured across space and its temporal and (or) life stage
variability. (ii) Temporal genetic structure was determined by cal-
culating F¢ within each site between pairs of years (pairwise-year
level), for each life stage. These estimates allowed us to quantify
temporal turnover in local gene pools, that is, whether genetic
composition was stable through time. (iii) Life stage genetic struc-
ture was calculated as pairwise F¢; between a juvenile subpopula-
tion from a focal site and each adult subpopulation from all three
sites, within each year. These estimates afforded tests of which
adult subpopulation(s) was (were) most genetically similar to a
focal juvenile subpopulation.

We calculated F¢; using the computersT( ) function from R’s
POOLFSTAT package (Hivert et al., 2018). For each comparison made,
F¢r was calculated for all possible replicate library combinations
among subpopulations (see above; also see Methods S1). Because
we had two replicates for each subpopulation, pairwise compari-
sons yielded four F¢; estimates, whereas comparisons among three
subpopulations yielded eight F estimates. To test whether F. was
nonzero, we evaluated whether the range of F¢; estimates across
the library replicate combinations contained zero. There are two
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caveats to this approach. Firstly, unlike individually sequenced sam-
ples, we could not use permutations to test the “significance” of Fq;
with respect to random expectations. This is an inherent trade-off
of pool-seq in that genotyping precision is sacrificed against ca-
pacity for increasing total sample size. We elected to use the pool-
seq approach to enable increased spatial, temporal, and life stage
replication. Secondly, the range of F¢-values was used instead of
confidence intervals because there were not enough datapoints for
us to confidently characterise a distribution, especially in pairwise
comparisons (n = 4). For any comparison, if at least one F¢-value
from any library replicate combination had a value <0, we classed
the subpopulations in that comparison as undifferentiated. This ap-
proach is sensitive to the lowest F.; estimated, but is probably over-
all more conservative, and is more robust than relying on estimates
derived from single pool-seq libraries because replication provides
an indication of the pooling variance and its effects on possible ob-
servable outcomes.

2.7 | Sweepstakes reproduction

We assessed signatures of sweepstakes by comparing the genetic
diversity between adult-juvenile pairs in each site-by-year combina-
tion (Table 1). Under sweepstakes, new recruits at a site (juveniles)
are expected to have less genetic diversity than adults because of
skewed variance in reproductive success (Hedgecock et al., 2007;
Hedgecock & Pudovkin, 2011). For adults and juveniles at the same
site, in each year, where Psnp is the reference allele frequency at a
locus, and 1 - Ponp is the frequency of the alternate allele, we calcu-
lated A, (effective number of alleles) as:

Ac=1/ [p2 + (1 = Py’

We then calculated the difference in genetic diversity between
adults and juveniles at each locus as:

AA, = adultA, — juvenileA,.

A, = 2 when a biallelic locus has equally common alleles. We
therefore used a one-tailed t-test to test the null hypothesis, AA, <O,
as no evidence of sweepstakes, versus the alternate hypothesis,
AA, > 0, as evidence of sweepstakes, because AA_ will be positive
if adults have more genetic diversity. We assumed loci were suffi-
ciently unlinked to provide independent reflections of genome-wide
variation but cannot appraise this assumption with pool-seq data.

These genetic diversity calculations were made using the 100
parametric bootstrap replicates of allele frequencies. For each b
bootstrap we tested the support for sweepstakes across all 1288
loci. This gave 100 p-values for the null hypothesis, p(AA, < 0). We

then calculated, P, the proportion of bootstrapped p-values

sweep’

where the alternate hypothesis was supported, p(AA, < 0) <0.05.

Hence, as P, approaches 1, there is greater evidence for genetic

sweep
signatures of sweepstakes across the bootstrap replicates.

2.8 | Spatial outlier loci

We considered how variability in spatially divergent selection across
time and life stages might structure genetic variation. Spatial selec-
tion is expected to increase allele frequency differences between
sites. We were primarily interested in whether: (i) the same loci ex-
hibited signatures of spatial differentiation across multiple years,
within a life stage, which might indicate temporal predictability in
targets of spatial selection; and (ii) the same loci exhibit signatures
of spatial differentiation between post-settlement juveniles and re-
cruited adults, which might indicate predictable targets of spatial
selection between life stages.

Interpreting replicated outlier locus analyses can be challenging
when considering the prevalence of highly non-equilibrium dynam-
ics of marine metapopulations. Without clear knowledge regarding
the adaptive role of a locus and its alleles (through experimentation),
competing selective or stochastic neutral hypotheses offer reason-
able explanations for spatiotemporal variability in outlier loci (Babin
et al.,, 2017; Bourret et al., 2014). Nonetheless, we contend that
shared outlier loci that have been identified independently in dif-
ferent sample sets (different years, or different life stages) provide
the greatest support for those loci potentially affected by selective
processes. We summarise genetic expectations for selective and
competing neutral hypotheses in outlier locus analyses for: (i) tem-
poral comparisons within life stages (Table 2), and (ii) comparisons
between life stages (Table 3).

Two outlier locus methods were used to exploit available al-
lele frequency and F¢; data. R’'s pcaDAPT package was used to
analyse allele frequencies. In pcaDAPT's pool-seq implementation,
singular value decomposition is performed on allele frequency
matrices and SNPs with disproportionate contributions to all K (=
n subpopulations - 1) right singular vectors are identified as out-
lier loci. pcapaPT is less sensitive to demographic effects causing
co-dependence among subpopulations, which can generate false
positives (Lotterhos & Whitlock, 2014). However, it does suffer
from low power if the spatial pattern of selection does not cor-
relate with genome-wide neutral genetic structure captured by
the major PC axes, which may result in false negatives (Capblancqg
et al., 2018). We also used R’s outrLank package to analyse F¢; es-
timates. outrLANK identifies loci that deviate significantly from the
expected neutral distribution of F¢, which is ;(2 distributed with
respect to K (= n subpopulations - 1). outrLANK is a highly conser-
vative method and returns few false positives across many demo-
graphic scenarios (Luu et al., 2017; Whitlock & Lotterhos, 2015).
Therefore, we expected that overlap between pcapaApT and out-
FLANK would provide high confidence regarding loci exhibiting truly
significant spatial differentiation.

Outlier locus analyses were conducted in our probabilistic
framework (Figure S1.4). For pcapapT analyses, we obtained outlier
loci for each b bootstrap replicate, whereas for outrLANK analyses,
outlier loci were identified for each library replicate combination.
For both analyses, a false discovery rate (FDR) of 0.20 was used for
each bootstrap replicate (pcapapT) or library replicate combination
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(outrLANK). We then considered how many times a locus was identi-
fied as an outlier across replicates as a measure of support for that
locus exhibiting spatially divergent patterns. For pcaparrT, loci iden-
tified as outliers across >90% bootstrap replicates were considered
significant. outrLANK identified very few outlier loci overall, so we
report those that were detected across 23 library replicate com-
binations. Loci needed to pass two filtering stages to be consid-
ered outlier loci in downstream analyses: the within replicate FDR
threshold and multiple observations across replicates. Therefore,
our outlier locus analyses are likely to be highly conservative.
Further details are in the Supporting Information (Methods S1).
For the final set of outlier loci, we assessed overlap across time or
life stage. Within life stages, we tested whether outlier loci were shared
among years, which might indicate that the same loci are predictable
targets of spatial selection (Table 2). Between life stages, we tested
whether outlier loci were shared between adults and juveniles, which
might indicate that spatial selection operates on the same loci across
ontogeny (Table 3). We used randomised permutations to estimate null
probabilities for our observed overlap in outlier loci (see Methods S1).
To evaluate whether any of our outlier loci were related to func-
tional genetic variation, we identified outlier loci with the greatest
overlap across years and life stages. The RAD contigs for the top
four outlier loci were queried against the NCBI database using BLASTN
(Altschul et al., 1990). One of these contigs, contig_878, was a single
contiguous sequence (overlapping paired reads). The remaining con-
tigs were scaffolded (nonoverlapping paired reads), so we queried

the forward and reverse ends separately.

2.9 | Spatiotemporal phenotypic structure

We quantified the phenotypic differentiation among adult sub-
populations to contrast spatiotemporal patterns in phenotypic vari-
ation to genetic variation (Figure 1d). Based on previous analyses
of head shape variation within a single site and year (Malard et al.,
2016), we expected head shape to exhibit adaptive variation among
sites, due to either selection on heritable phenotypic variation, or
adaptive phenotypic plasticity (Table 4). Adaptive plasticity occurs
when individuals alter their phenotype in the direction of the local
optima, which positively affects their fitness (Gibert et al., 2019).
Alternatively, neutral processes could also generate temporal and
spatial variation in head shape, for example, when correlations exist
between neutral genetic and phenotypic variance (Whitlock, 1999)
(Table 4). Additionally, locally stochastic environmental variation
might lead to plastic responses that cause phenotypic variation to
be spatially structured in a manner unassociated with local optima
and in the absence of selection (Table 4).

All adult fish used in the genetic analyses were included in the
morphometric analyses, except two fish from Point Cartwright (one
each from 2015 and 2016) for which morphological characters could
not be reliably measured. Although patterns of phenotypic variation
across life stages might be informative about microevolutionary pro-
cesses, the small size, and more delicate tissues of juvenile B. cocosensis

resulted in undiscernible landmarks (Figure 1d) for many juvenile spec-
imens. Consequently, we consider only adults in this study. Eight land-
marks (Figure 1d) were used to characterise individual phenotypes
and were placed on head images using TpsDic264 (Rohlf, 2015). These
landmarks captured variation in the mouth, eye, and operculum region.

Statistical analyses were conducted in R. Importation, general
Procrustes alignment, and principal component analysis (PCA) of land-
marks was performed using GeomorpH (Adams et al., 2016; Adams &
Otérola-Castillo, 2013). The first seven PC axes explained ~91% of
variation in head shape and were retained for subsequent analysis.
One sample, Bcoco849, was a multivariate outlier in PC morphospace,
based on Mahalanobis distances of head shape PCs 1-7 (Figure S1.5)
(see Methods S1). We excluded Bcoco849 from further analyses given
its disproportionate divergence from the other samples.

To determine whether spatial phenotypic and genome-wide genetic
differentiation were correlated, we estimated Py between site pairs
and across the metapopulation. If selective processes structure head
shape variation (via evolutionary or plastic responses), we expected
head shape to diverge against a homogenous genetic background, or
phenotypic differentiation to be uncorrelated to genetic differentiation
(Table 4), with the expectation that cor(Pqr, Fs;) = 0. R's manova( ) func-
tion was used to estimate the between and within subpopulation vari-
ance components in adult head shape phenotypes by fitting the model:

Y=u+SmeE+e

Where Y was a matrix of traits (head shape PCs 1-7), u was the
mean, SITe (a categorical factor) was the effect of sampling location
(between subpopulation variance), and e the error (within subpop-
ulation variance). These variance components were used to calcu-
late P¢; based on the approach described in Chenoweth and Blows
(2008), originally outlined in Kremer et al. (1997). Permutations
were used to test whether the observed P, values were signifi-
cantly larger than those obtainable under random expectations. See
Methods S1 for specifics on Pg calculation and permutation tests.

Our main analysis of phenotypic structure in adult B. cocosensis
involved a MANOVA to partition head shape variation into spatial
and temporal components, followed by a linear discriminant anal-
ysis (LDA) (Rencher, 1998) to visualise the phenotypic variation
(Figure 1d). Using R’s manova( ) function, we fit the model:

Y = u + SITE + YEAR + SITE:YEAR + &

The effect of sampling location (Site) and year (Year) were
both coded as categorical factors, and the site-by-year interaction
(SiTe:Year) was included to determine if spatial effects were temporally
variable. Because the MANOVA revealed a significant site-by-year in-
teraction, we focused our interpretation on this effect. We extracted
the sums-of-squares and cross-products matrices for the SITE:YEAR in-
teraction (H) and the residuals (E) to calculate the test matrix, F (=
E'H) (Rencher, 1998). Singular value decomposition was used to de-
compose F, using R’s svp( ) function. The right singular vectors from
this decomposition (V matrix) were used to transform the original
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phenotype scores (head shape PCs 1-7) into LD axes that captured
variation in head shape attributed to the SiTe:YeAr effect. The means

and standard errors for the first axis (LD1 ) were calculated for

SITEYeAR
each subpopulation to visualise spatiotemporal phenotypic structure.

Because shape can vary with size, we evaluated the role of body
size on head shape variation to validate that spatiotemporal phe-
notypic structure was not a statistical artefact of sampling (details
in Methods S1). Body size, measured as log,, standard length (mm)
(Figure S1.6a), was significantly different among years, but there were
no significant differences among sites or a site-by-year interaction
(Figure S1.6b; Table S1.4). To confirm that variation in size was not
causing the observed site-by-year phenotypic variation, we regressed
LD1g rvene smevens SCOTES Were not significantly
predicted by body size (ANOVA model: F, ;5 = 2.406, p = 0.124)
(Table S1.5), indicating that sampling size bias between years did not

against body size. LD1

affect our interpretations of phenotype on LD1 scores.

SITEYEAR

3 | RESULTS

3.1 | Bioinformatics

After the first preliminary filtering step with vcrrooLs, the mean
number of reads mapped to our de novo RAD contig assembly was
14,825,021 reads per replicate (range: 1,677,409-101,634,531)
and 29,650,042 per pool (range: 6,403,735-112,229,066). Our sec-
ond filtering step in R removed SNPs that: (i) came from contigs
with >6 SNPs; (ii) had a depth <40 reads in the combined replicates
of our focal subpopulations; (iii) were of mitochondrial origin; and
(iv) had a MAF <0.05. After selecting one random SNP per contig,
we were left with 1288 SNPs that were present in all focal sub-
populations. Read statistics for this working SNP set are reported
in Table S1.3.
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FIGURE 3 Temporal genetic structure. Genetic structure
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seq replicate combination, with bars illustrating the minimum and
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3.2 | Genetic structure

Spatial genetic structure, within years, exhibited a range of
-0.003 = F¢; = 0.017 across the metapopulation, whereas pairwise
spatial estimates ranged from -0.005 =< F¢; < 0.018 (Figure 2; Table
S2.1). Temporal genetic differentiation between pairwise years, within
sites, ranged from -0.002 < Fq; < 0.021 in adults, and -0.002 < F; <
0.009 in juveniles (Figure 3; Table S2.2). Life stage genetic differen-
tiation between adult-juvenile pairs, within each year, ranged from
-0.0004 = F; = 0.015 for local comparisons, and -0.004 < Fg; =<
0.016 for non-local comparisons (Figures S2.1; Table S2.3).

Genetic differentiation was overall very weak (F¢; < 0.021), and
of comparable magnitude, across all ecological dimensions examined:
space, time, and life stage. The metapopulation exhibited small fluc-
tuations between weakly structured and panmictic states (Figure 2),
and local sites underwent small changes in genetic composition year-
to-year (Figure 3). Moreover, there was no clear indication that local
adults were more likely to contribute disproportionately to local ju-
veniles at a site, based on observations that non-local adults could
be as (or more) genetically similar to focal juveniles within a site
(Figure S2.1). Indeed, temporal changes in genetic differentiation
between juveniles and different adult subpopulations (Figure S2.1)
might indicate that variable source contributions play a role in shap-

ing the genomic backgrounds within local subpopulations.

3.3 | Sweepstakes reproduction

Evidence of weak sweepstakes reproduction in B. cocosensis was
found in some of our sampled adult-juvenile subpopulation pairs.
In our probabilistic framework using parametrically bootstrapped
allele frequencies, we measured support for sweepstakes using
P the proportion of bootstrap replicates where the null hypoth-

sweep’

esis, AA, = 0, was false. When P, = 1, all bootstrap simulations

sweep
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support the alternative hypothesis, AA, > 0, evidencing sweep-
stakes. The cumulative distribution of mean AA, values and their
associated p-values across bootstrap simulations are respectively
illustrated in Figures S2.2 and S2.3. Psweep
0.47, which suggests that some hypothetical combinations of al-

ranged from 0.00 to

lele frequencies would support sweepstakes reproduction in some
comparisons. Evidence for sweepstakes was greatest for Hastings
Point 2015 (PSWeep = 0.47) and was weaker for Hastings Point 2014
(P = 0.26) and Shellharbour 2014 (P, =0.19). All other adult-

juveniles pairs had Psweep < 0.05, suggesting very little evidence of

sweep sweep

sweepstakes in those comparisons.

3.4 | Spatial outlier loci

The percentage of loci identified as spatial outliers by pcabapT ranged
from 0.23% (adults 2016) to 1.71% (juveniles 2015) of all analysed loci
(Figure 4a). ouTrLANK only identified spatial outlier loci in 2016 juveniles,
which comprised 0.23% of the total loci analysed (Figure 4a). Hence, we
could only assess temporal and life stage overlap using PcaDAPT results.
All outlier loci detected by ouTFLANK were detected in pcaparT (Figure 4c).

There was only one locus that exhibited temporal overlap (within
life stages) in the pcaDAPT analyses: a single locus between juveniles
in 2015 and 2016 (Figure 4a). Estimation of null probabilities sug-
gested that temporal overlap in juveniles was nonsignificantly dif-
ferent from random expectations when considering all three years
at once (p = 0.160). However, when considering just the pairwise
overlap between 2015 and 2016 in juveniles, our result was very
significant relative to random expectations (p = 0.000). These results
are consistent with selective hypotheses of temporally varying spa-
tial selection (Table 2).

Life stage overlap of outlier loci (summing across years within
life stages) was significantly different from random expectations
for pcaDAPT results (p = 0.000). Our results for outlier locus over-
lap between life stages covers the full gambit of possibilities: some
loci are shared between life stages, some are unique to juveniles,
and others unique to adults (Table 3). For those four loci shared be-
tween life stages (Figure 4b), a selective hypothesis would be that
these loci are under divergent spatial selection in both juveniles and
adults (Table 3). However, most loci were unique to their life stage,
which might suggest that changes in spatial selection over ontogeny
generates, or erases, differentiation at specific loci (Table 3).

We took the four overlapping outlier loci and plotted their allele
frequencies across 100 bootstrap replicates (Figure 5). The locus,
snp_878_26, was an outlier in three tests, whereas all other outlier
loci were present in just two tests, snp_42180_291, snp_32744_49,
and snp_26942_3000. Qualitative examination of allele frequen-
cies yielded two observations. Firstly, within life stages, allele fre-
quencies at these loci exhibit temporal fluctuations within sites
and among sites. Secondly, there were no clear trends between life
stages at the same site. Collectively, these observations imply that
spatial selection might vary between life stages and over time, con-
sistent with expectations of the selective mechanisms of chaotic ge-
netic patchiness (Tables 2 and 3).

(2) Temporal overlap within life stages

Year (2014 (2015 Q2016

pcadapt, adults
OutFLANK, adults

A
\Y/
=

pcadapt, juveniles

\Y/
=

OutFLANK,; juveniles

\Y/
g

(b) Life stage overlap for each method

pcadapt OutFLANK

Juvs Ads Juvs Ads

(c) Method overlap within life stages

Adults Juveniles

PCA OF PCA OF

FIGURE 4 Outlier loci. pcabapT and ouTtrLANK were used to identify
outliers among all three sites (Point Cartwright, Hastings Point,

and Shellharbour), within each life stage. Note, juveniles from Point
Cartwright were not sampled in 2015, so outliers for this year-life
stage combination are only between Hastings Point and Shellharbour.
The total number of outlier loci for each life stage, per method,
included: 18 and O for adults, and 38 and three for juveniles, using
PCADAPT OF OUTFLANK (respectively). (a) Temporal overlap. Circles
represent the outlier loci detected in each year. (b) Life stage overlap.
Circles represent the number of unique outlier loci (summed across
years) in adults (“Ads”) and juveniles (“Juvs”) for each method. (c)
Method overlap. Circles represent the number of outlier loci (summed

across years) detected by pcapapt (“PCA") and outrLANK (“OF”) within
each life stage. (a-c) The number of overlapping loci is illustrated

by values at the intersecting areas between circles, whereas
nonoverlapping loci occur in the excluding areas of each circle

An alternative nonbiological hypothesis for variable spatial
outlier loci is that bioinformatic artefacts are introduced during
de novo assembly. For instance, different loci mapping to the same
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FIGURE 5 Bootstrap allele frequencies
for four outlier loci with life stage overlap.
Sampling year is on the x-axis with the
reference allele frequency on the y-axis.
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(misassembled) contig would inflate polymorphism by combin-
ing paralogous loci, which would make SNPs within such contigs
sensitive to read counts from different paralogues. We therefore
viewed the sequence alignments at the four overlapping outlier loci
for adults in 2014 and 2015 (Figures $2.4-52.7). For all RAD con-
tigs from which the focal outlier loci reside, alignments did not give
any indication of merged paralogues, which would be evidenced
by high polymorphism and heterozygosity. Interestingly, we noted
alignments at contig 878 exhibited two groups of reads: paired
reads that mapped together within contig 878, and paired reads
that were split between contig 878 and another contig. This obser-
vation implies that the outlier locus, snp_878_26, is associated with
different RAD haplotypes (restriction site variation) in our sample
of B. cocosensis.

Finally, to assess whether our top four overlapping outlier loci
might be related to functional genetic variation, we ran a BLASTN
search of the associated RAD contigs against the NCBI database.
Whereas contig_878 and contig_42180 did not return any mean-
ingful hits, there is evidence that contig_26942 and contig_32744
contain genic sequences. In contig_26942, the forward sequence
had considerable homology to a cGMP phosphodiesterase in other
fish across much of its length (Table $2.4), and a similar result was

Year

obtained for a shorter length of the reverse sequence (Table S2.5).
The analysed locus, snp_26942_300, occurs in the reverse se-
quence, so it seems likely that this outlier locus is directly part of, or
at least linked to, a cGMP phosphodiesterase gene in B. cocosensis.
Additionally, in contig_32744, one of the top hits with the greatest
length was for a fish toll-like receptor in the reverse sequence (Table
S2.6). However, the outlier locus, snp_32744_49, occurred in the
contig's forward sequence and the BLAST hits were more variable.
Therefore, snp_32744_49 might be closely linked to a gene, but the

evidence is equivocal.

3.5 | Spatiotemporal phenotypic structure

Estimates of spatial phenotypic structure in adult B. cocosensis
head shape across the metapopulation were P = 0.222 (in 2015)
and 0.224 (in 2016) (Table S2.7). Pairwise comparisons among sites
within a year ranged from 0.107-0.138, with the weakest differenti-
ation between Hastings Point and Shellharbour, in both years (Table
S2.7; Figure S2.8). There was no evidence that phenotypic differen-
tiation was correlated with genome-wide genetic differentiation (P,
and Fg; correlation, r = -0.09) (Figure 52.8).



16
—I—W] |l A& MOLECULAR ECOLOGY

THIAET AL.

Site @ Cart Hast -® Shell
(a) (b)
001 j
2
[52)
o
N
= 000 Max
§
a -0.014 /
-
T T
2015 2016 Min
Year

FIGURE 6 Spatiotemporal phenotypic structure among adult
subpopulations. Phenotypic variation measured as the first axis in
a linear discriminant analysis of site-by-year effects on adult head
shape (LD1g,.,.)- (8) Mean site scores for each year with standard
error bars. (b) The shift in landmark coordinates from the mean
head shape to the individuals with the maximum and minimum
LD1g, .., SCOres. Vectors (scaled at 4x) indicate the direction and
magnitude of landmark shifts

MANOVA of spatiotemporal variation in head shape revealed
a significant site-by-year interaction (Ap;; = 0.240, F,, ;4 = 2.125,
p =0.012; 4.12% of the total phenotypic variance; Table 52.8). Hence,
spatial effects on head shape depended on sampling year. Most
variation of the site-by-year effect was captured by a single linear
sirevens (22.03%) (Figure 6a). The
described variation in mouth and eye shapes, contrasting

combination of head shape PCs, LD1
LD1
individuals possessing relatively short jaws and angled eyes with indi-

SITE:YEAR

viduals possessing relatively long jaws and horizontally oriented eyes
(Figure 6b). All sites exhibited shifts in mean LD1
with Port Cartwright changing in the opposite direction to Hastings

smevens PEtWEEN YEarS,
Point and Shellharbour (Figure 6a). Furthermore, Hastings Point
and Shellharbour were more similar to one another in their average
LDlSITE:YEAR
to random expectations). These results are surprising given greater

score and consistently had non-significant P¢ (with respect

geographic separation between Hastings Point and Shellharbour, and
closer proximity of Hastings Point to Point Cartwright (Figure 1a).
Collectively, our results indicated that phenotypic differentiation
was decoupled from both genetic differentiation and geographic dis-
tance among subpopulations. Given the putative ecological impor-
tance of head shape, these observations imply that selection might act
on heritable and (or) plastic variation to structure phenotypes against

ahomogeneous or weakly differentiated genetic background (Table 4).

4 | DISCUSSION

Adaptive divergence in the presence of gene flow runs counter to
expectations of genetic homogenisation in well-connected systems.
Whereas stable conditions might be amendable to predictable out-
comes from selection-gene flow interactions, ecological and physical
processes that cause variability in selection, gene flow, and drift make it
difficult to predict how biological variation is structured within species.

We studied an intertidal fish, Bathygobius cocosensis, and interrogated
three ecological dimensions that were hypothesised to exhibit vari-
ability in neutral and selective processes. Our study thus provides an
empirical examination of how predictable versus stochastic processes
acting across space, time, and (or) life stage might affect the distribu-
tion of genetic and phenotypic variation in marine metapopulations.

4.1 | The chaotic genetic patchiness of marine
metapopulations

The demographic properties of metapopulations affect the distribu-
tion of neutral variation and the genomic background of adaptation.
In our study of B. cocosensis, observations from genome-wide ge-
netic variation were most consistent with a pattern of chaotic ge-
netic patchiness (Table 1). Genetic differentiation (F¢;) across space,
time, and life stage were of comparable magnitudes in B. cocosensis.
Our study therefore adds to the growing consensus that patterns of
chaotic genetic patchiness are prevalent in marine species (Jackson
et al., 2017; Johnson & Black, 1982; Moody et al., 2015; Selwyn
et al., 2016; Toonen & Grosberg, 2011; Villacorta-Rath et al., 2018).
Spatial genetic patterns did not exhibit consistent homogeneity,
as per panmictic expectations, nor were spatial genetic patterns con-
sistent with local retention (Table 1). Instead, all populations exhibited
similar levels of genetic differentiation, despite being separated by
hundreds of kilometers (Figure 2). It is possible that the prevailing,
southward-bearing oceanographic force, the East Australian Current,
helps to maintain connectivity of B. cocosensis along Australia's
eastern coastline (Liggins et al., 2015; Murray-Jones & Ayre, 1997).
Additionally, ephemeral, stochastic processes might generate tran-
sient spatial genetic structure among sites. Within sites, there
was also evidence of small temporal shifts in genetic composition
(Figure 3), which might be partly driven by variable source contribu-
tions each year (Figure S2.1), as has been observed in other marine
invertebrate and fish species (Cuif et al., 2015; Harrison et al., 2020;
Hogan et al., 2010; Lotterhos & Markel, 2012; Moody et al., 2015;
Toonen & Grosberg, 2011). Sweepstakes reproduction can be an im-
portant contributor to genetic structure in marine metapopulations
(Broquet et al., 2013; Hedgecock et al., 2007; Hedgecock & Pudovkin,
2011). Indeed, our examination of genetic diversity provided some
limited evidence for signatures of sweepstakes in B. cocosensis, but
only in a subset of site-by-year comparisons (Figures $2.2 and S2.3).
Our results collectively imply that the spatial genetic structure among
subpopulations of B. cocosensis waxes and wanes through time, prob-
ably shaped by temporal variation in the sources of new recruits and
variance in reproductive success within and among subpopulations.
Chaotic genetic patchiness in marine metapopulations is charac-
terised by small-but-significant genetic differences among subpopula-
tions (Johnson & Black, 1982). In our study of B. cocosensis, the largest
nonzero F-value was 0.021, based on genome-wide pool-seq SNP
data (Figures 2-3 and S2.1; Tables S2.1-52.3). Other studies in ma-
rine organisms using individually sequenced SNP genotypes have ob-
served similar levels of genetic structure among subpopulations. For
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example, Fo; <0.015 in Lutjanus carponotatus snapper (DiBattista et al.,
2017), Fsr < 0.021 in Siphamia tubifer cardinalfish, and F¢; < 0.027 in
settling Jasus edwardsii lobster (Villacorta-Rath et al., 2018). Although
many studies have demonstrated such statistically significant genetic
differentiation in diverse marine taxa, it is largely unclear whether
this genetic differentiation translates into biologically significant dif-
ferences. In other words, does patchy genetic structure also trans-
late into patchy distributions of phenotypic variation, or substantial
shifts in the genomic architecture of adaptation? Marine systems
have historically played a pivotal role in generating hypotheses about
the role of selection and dispersal in structuring the distribution of
phenotypic variation across space (Weldon, 1894), through time
(Thompson, 1897), or over ontogeny (Weldon, 1895), within species.
Yet the microevolutionary implications of chaotic genetic patchiness
are virtually unstudied in the literature, where studies have largely
focused on characterising patterns of genetic variation. Quantifying
the biological and ecological consequences of processes that produce
chaotic genetic patterns would provide considerable insights into the

dynamics of marine microevolution.

4.2 | Signatures of spatially divergent selection are
variable, but some loci are consistent outliers among
years and life stages

Whether selection is predictable, or variable, has important con-
sequences for the direction of adaptive change within and among
populations. We used outlier locus analyses to infer the action of
spatially divergent selection in the B. cocosensis metapopulation for
each year-by-life stage combination. Most outlier loci that we identi-
fied were unique to their sampling year (Figure 4a). These results
are consistent with temporally variable, and ontogenetic shifts in,
spatial selection (Figure 1c; Tables 2 and 3). Yet it is important to
note that testing for variable selection using outlier locus analyses
is potentially problematic in the presence of high genetic drift (dis-
cussed below). Our study occurred during an El Nifio and La Nifa
oscillation in Australia, with the El Nifio at its peak in 2015 and tran-
sitioning into the La Nifa in 2016. These climatic dynamics prob-
ably had implications for dispersal and selection in the B. cocosensis
metapopulation, potentially affecting the genetic composition of
local subpopulations, the direction and magnitude of selection, and
could explain why we recovered so few temporally consistent outlier
loci. However, with only three sites sampled over three consecutive
years, our study is unable to address the impact of climate oscilla-
tions on the B. cocosensis metapopulation adequately.

Despite considerable temporal variability in spatially divergent
outlier loci, one locus was shared between 2015 and 2016 in our
analyses of juvenile B. cocosensis, and three loci overlapped be-
tween life stages when summing across years. Therefore, some
loci may be predictable targets of spatial selection over time and
between life stages based on our replicated tests (Figure 4; Tables
2 and 3). Independent tests that converge on a set of overlapping
loci provides greater confidence that observed “hits” are biologically

important, relative to single point estimates with false discovery cor-
rection alone. For outlier loci with the greatest overlap in our study
(Figure 5), BLAST searches using the associated RAD contigs sug-
gested that at least one of these outlier loci, snp_26942_300, might
be in a genic region, or tightly linked to one. However, apart from
providing additional confidence that we might have recovered some
biologically relevant outlier loci, we refrain from interpreting this
possible functional genetic variation.

Our work in B. cocosensis and other marine genomic studies
utilising replicated designs (Babin et al., 2017; Bourret et al., 2014;
Gould & Dunlap, 2017; Villacorta-Rath et al., 2018) highlight pitfalls
for inferring adaptive evolution from outlier locus analyses based on
single timepoint samples. The outlier locus methods, pcAbaPT and ouT-
FLANK, employed in our study perform well under many demographic
scenarios (Luu et al., 2017; Whitlock & Lotterhos, 2015). However,
stochasticity in dispersal and reproduction reduce power to discern
between adaptive versus neutral factors that generate anomalous
locus-specific differentiation (Babin et al., 2017; Hofer et al., 2009;
Klopfstein et al., 2006). Additionally, stochastic neutral processes
might change the genomic background of selection, which would be
particularly problematic for polygenic adaptation. In polygenic traits,
the effect size of individual loci is small, such that the genetic archi-
tecture of adaptation becomes less stable in the presence of high
gene flow and drift (Babin et al., 2017; Bernatchez, 2016; Rey et al.,
2020; Yeaman, 2015; Yeaman & Otto, 2011; Yeaman & Whitlock,
2011). Small effect loci and unstable genetic architectures are there-
fore less likely to yield replicable results in outlier locus analyses.
Finally, when measured alleles are not under selection themselves
but are linked to causal variants, it is possible that fluctuating allele
frequencies are due to changes in haplotype composition, because
measured alleles might exist in different phases with causal variants.
These factors suggest that inferences of selection based on an out-
lier locus analysis from a single timepoint may be misleading. Indeed,
in our study the stochasticity in both the identity and allele frequen-
cies of outlier loci is challenging to reconcile (Figure 5; Tables 2 and
3), notwithstanding some overlapping results across independent
sampling events.

When organisms possess complex life cycles, sampling multiple
life stages is important for characterising when important genetic
changes occur, and hence, inferring the timing of selective agents.
For example, genetic variation among microhabitats at the Mpi locus
in an intertidal barnacle shifts from being homogeneous to signifi-
cantly differentiated from larval settlement to adulthood (Schmidt
& Rand, 2001). In sea bream, post-settlement selection in brack-
ish lagoon versus marine habitats causes polygenic differentiation
during the recruitment of juveniles from a panmictic larval gene pool
(Rey et al., 2020). Therefore, patterns of genetic variation might
be subject to potential “carry-over” effects from processes acting
in earlier life stages that cease later in life. Such phenomena have
been investigated for morphological variation in waterfall climbing
gobies (Diamond et al., 2019; Moody et al., 2015) and have been ex-
tensively studied with respect to the life histories of marine organ-
isms (D’Alessandro et al., 2013; Gagliano et al., 2007; Hamilton et al.,
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2008; Raventds & Macpherson, 2005; Shima & Swearer, 2010). Our

study was not equipped to directly address the role of genetic carry-

over effect across ontogeny in B. cocosensis because the year-round
recruitment in this species makes it challenging to track discrete
cohorts through time. However, extending such considerations to
genetic variation might provide novel insights into ontogenetic shifts
in selection and constraints to adaptation in marine environments
(Marshall & Morgan, 2011; Rey et al., 2020). Certainly, sampling mul-
tiple ecological dimensions provides greater resolution on when and
where selective processes operate, and hence their relevant scale, in
marine metapopulations.

4.3 | Phenotypic variation is temporally variable,
but exhibits spatial predictability

Head shape in B. cocosensis varies with microhabitat over small spa-
tial scales within local sites (Malard et al., 2016) and is likely to be
an ecologically important phenotype for this species. Despite tem-
poral shifts of head shape phenotypes within each site, Hastings
Point and Shellharbour were consistently more similar to one an-
other than either site to Point Cartwright (Figure 6a and 52.8). This
result was surprising given the spatial proximity (~1.68°) of Point
Cartwright and Hastings Point (Figure 1a), the greater climatic
disparity between Hastings Point and Shellharbour, and the po-
tential north-south homogenising effect of the East Australian
Current (Hoskin, 2000; Murray-Jones & Ayre, 1997; O’Kane et al.,
2011). Moreover, spatial consistency among sites (Hastings Point
and Shellharbour were always more similar) in their phenotypic dif-
ferentiation (Figure 6a) contrasted the temporal fluctuations in ge-
netic differentiation at outlier loci, where there was no clear spatial
consistency (Figure 5). That phenotypic variation in B. cocosensis
is unrelated to spatial distance and is heterogeneous through time
suggests it exhibits “chaotic patchiness”, analogous to Johnson and
Black’s (1982) original description of stochastic genetic patterns in
marine species. Such spatiotemporally patchy phenotypic variation
could arise from variable selection on heritable variation, or from
phenotypic plasticity responding to environmental heterogeneity, or
a combination of both, to produce “chaotic phenotypic patchiness”.

Because phenotypes are the targets of selection, coanalysis of
genetic and phenotypic variation can be more informative about
the outcomes of gene flow-selection interactions than what might
simply be deduced from outlier locus analyses alone (Cohen & Dor,
2018; Galligan et al., 2012; Garant et al., 2007; Hoekstra et al., 2004;
Richardson et al., 2014) (Table 4). In our study, B. cocosensis eye
shape and mouth length were the most spatiotemporally variable
traits (Figure 6b). These traits have been shown to exhibit fine-scale
phenotype-environment structuring across microhabitats within
local subpopulations of B. cocosensis (Malard et al., 2016). In other
fish species, eye and mouth morphology has been associated with
intraspecific or between-ecotype variation in diet (Burress et al.,
2017; Schluter, 1993; Vera-Duarte et al., 2017). Eye shape may also
be important for navigating different environments in fishes (Caves

et al., 2017). Our observation that significant phenotypic differen-
tiation occurs against a background of low (but stochastic) genetic
variation in B. cocosensis is compatible with other studies on marine
or amphidromous fish. For instance, Moody et al. (2015) demon-
strated predictable body shape differences among subpopulations
of a waterfall climbing goby with respect to local environments,
despite variable year-to-year source contributions into locally re-
cruiting subpopulations. Rey et al. (2020) showed that body shape,
growth, and condition factor exhibit habitat divergence in juvenile
sea bream despite panmixia in the larval pool. In both Moody et al.
(2015) and Rey et al. (2020), the phenotypes considered appeared to
have a (partial) heritable genetic basis, but are likely to have appre-
ciable environmental components as well.

The patchy distribution of head shape phenotypes in B. coco-
sensis that is uncorrelated to, and exceeds, measures of genetic
differentiation implies that selection may influence phenotypic
differentiation across the Australian metapopulation (Table 4).
However, several unaccounted factors might also play a role in
the observed phenotypic structure. We were unable to ascertain
the sex of each adult fish, so cannot evaluate the potential effect
of sexual dimorphisms and sex-biased collections on spatiotem-
poral variation in head shape. Furthermore, we are unable to as-
sess how variation in local tidepool microhabitats sampled might
affect patterns of spatiotemporal phenotypic variation. We aimed
to reduce microhabitat variation by sampling across the intertidal
gradient at each site. And although we endeavoured to resample
the same tidepools, this was not always possible due to variation in
local abundances across our study. Furthermore, local conditions
are temporally variable, and we lack microhabitat measurements
to perform a robust analysis of how variation in the intertidal en-
vironment within and between sites might impact the distribution
of head shape phenotypes. Finally, we note that, despite our in-
triguing spatially consistent relationships among sites (Shellharbour
and Hastings Point always more similar) and a priori expectations
that head shape is ecologically important, the observed spatiotem-
poral differences might reflect neutral processes (Table 4). We are
currently undertaking further investigations to understand how
head shape phenotypes vary over ontogeny and to characterise the
possible contributions of heritable and plastic variation. Such in-
vestigations will provide a greater understanding of the processes
influencing the distribution of biological variation of B. cocosensis in
Australia from settlement to adulthood.

4.4 | Caveats of pool-seq

Although sequencing libraries of pooled individuals is a highly cost-
effective way to obtain genomic data from many populations, it
does impose limitations to population genetic analyses (Futschik &
Schlétterer, 2010; Schldtterer et al., 2014). Lack of information at the
level of individuals precludes use of methods that require knowledge
of genotypes, tests of Hardy-Weinberg equilibrium, or linkage dis-
equilibria (Andrews et al., 2014; Cutler & Jensen, 2010; Schl6tterer
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et al., 2014). Furthermore, obtaining accurate allele frequency es-
timates and assessing population genetic structure is challenging
when pool sizes and read depth are not substantial (Anderson et al.,
2014; Lynch et al., 2014).

Our study of B. cocosensis used pool sizes of 10 < n < 30 fish for
each library, with a mean of 22 (+6.49 SD). Pool sizes of n = 30 dip-
loids have been demonstrated to provide good allele frequency esti-
mation (Gautier et al., 2013). However, our smaller sized pools might
suffer from allele frequency inaccuracy and pooling error, although
we note that mean and median read counts per locus were quite
high (in the 100s) for many pools (Table S1.3). Moreover, through
replicate sequencing of our pool-seq libraries, we found that the
estimated effective contributions per pool (Gautier et al., 2013) ex-
hibited strong concordance with the true number of pooled diploids
(Table 5), so error due to variance in individual contributions is likely
to be low in our analysed data set.

Indeed, our use of library replicates provided greater power
and robustness relative other population genetic studies that have
employed a pool-seq approach but only sequenced single libraries.
This replication allowed us to devise probabilistic frameworks to
understand how pooling variance affected our population genetic
inferences from different replicate combinations and by simulating
hypothetical parametric bootstrap data sets of allele frequencies
that took estimation uncertainty into account. We believe our treat-
ment of our replicate pool-seq data provides a rigorous interrogation
of the (un)predictability of genetic patterns in B. cocosensis, given the

limitations of pool-seq.

5 | CONCLUSION

Predicting how biological variation is structured in high gene
flow systems is not straight forward because interactions be-
tween, and variability in, gene flow and selection can produce a
diversity of evolutionary outcomes that are further modulated
by drift. Our study in B. cocosensis demonstrates that biological
variation is structured in a complex manner across space, time,
and life stage. Our findings showcase the dynamic nature of mi-
croevolution in marine metapopulations. Variability in processes
that modulate gene flow might cause marine metapopulations
to fluctuate between structured and panmictic states at differ-
ent spatiotemporal scales. Amidst this stochastic, but well mixed,
genomic background, selection may still generate adaptive diver-
gence. However, phenotypes and genotypes associated with high
relative fitness may be subject to temporal variability. Such con-
siderations are not just limited to marine systems but are highly
applicable to any short-lived species that occupy heterogeneous
environments, have complex life cycles, have high fecundity,
and are highly dispersive. For any species fitting these criteria,
point-in-time estimates should not be viewed as unequivocal in-
sights into longer-term evolutionary processes. Instead, spatially,
temporally, and life stage replicated data will provide the great-
est insights into processes that predictably structure biological

variation in the metapopulations of these species. Such informa-
tion is especially imperative for conservation practitioners and
environmental resource managers to make robust and informed

decisions in a changing world.
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