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ABSTRACT: Extensive larval dispersal and a high degree of planktonic cohort mixing were long
presumed to disrupt kin aggregations in marine environments. Yet, recent genetic studies of
diverse marine taxa have suggested that kin may be found in close proximity to each other after
settlement, raising interesting questions about the ecological and behavioral processes that could
generate these patterns. We drew on sibship reconstruction to test whether kin cohesion and/or
the scale of dispersal could explain patterns of relatedness in the coral reef fish Elacatinus lori. We
genotyped 4074 recently settled individuals along a 41 km transect on the Belize Barrier Reef.
Because most individuals in the population were unrelated, we found that high-confidence sibling
assignments required a large number of microsatellites (=55). Using 71 microsatellites, we docu-
mented 371 sibling pairs which were non-randomly distributed on the reef: 50 % were <3 km apart
and 99 % were <18 km apart. The spatial distribution of sibling pairs was congruent with predic-
tions from the limited dispersal hypothesis, and we found no evidence that siblings disperse cohe-
sively. These results underscore the importance of (1) accounting for the relative abundance of
different relationship types within a population to accurately identify siblings and (2) carefully
applying spatial analyses to discriminate between alternative ecological kin structuring mecha-
nisms. More broadly, this study provides a framework for linking spatial distributions of siblings to
the processes that generate them, highlighting the potential for sibship data to provide new
insights into marine larval dispersal.
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INTRODUCTION

The spatial arrangement of kin has far-reaching
effects on the potential for ecological interactions
between related conspecifics. When kin are near to
each other and interactions are common, inbreeding
may occur, with subsequent effects on individual fit-
ness (Crnokrak & Roff 1999), the genetic makeup of
populations (Charlesworth & Charlesworth 1999),
and, ultimately, the evolution of social behaviors
(Hamilton 1964, West et al. 2002). While the impor-
tance of spatial kin structure is widely acknowledged,
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it has been historically understudied in the marine
environment due to assumptions about larval disper-
sal (Kamel & Grosberg 2013). Specifically, larval co-
hort mixing within small-scale turbulence and exten-
sive dispersal distances were presumed to disrupt
most kin associations and prevent the spatial cluster-
ing of kin post-settlement (Victor 1984, Leis 1991).
Yet genetic evidence is mounting that relatives are
sometimes found in close spatial proximity after lar-
val dispersal. Putative relatives have been identified
within recruitment pulses (Grosberg & Quinn 1986,
Selkoe et al. 2006, Christie et al. 2010, Bernardi et al.
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2012), social groups and shoals (Buston et al. 2009,
Selwyn et al. 2016), and discrete reefs or sampling
sites (lacchei et al. 2013, Salles et al. 2016, Adrian et
al. 2017). Moreover, these genetic studies encompass
species that differ in key ecological traits. For exam-
ple, kin have been documented in species with vary-
ing larval durations, ranging from the colonial ascid-
ian Botryllus schlosseri that disperses for just 0-48 h
(Grosberg & Quinn 1986) to the spiny lobster Panu-
lirus interruptus that disperses for 8—11 mo (lacchei
et al. 2013). Kin have also been observed in popula-
tions inhabiting diverse marine ecosystems, such as
coral reefs (Bernardi et al. 2012), oyster reefs (Adrian
et al. 2017), and kelp forests (Selkoe et al. 2006).
Finally, kin have been found in species exhibiting a
broad range of post-settlement movement capacities,
including sessile invertebrates (Adrian et al. 2017),
sessile invertebrates living atop moving hosts (Hart &
Grosberg 1999), site-attached fishes (Buston et al.
2009), and highly mobile fishes (Horne et al. 2016).
Combined with the spatial distribution of kin at set-
tlement, these movement capacities will influence the
probability of kin interactions. Collectively, this grow-
ing body of empirical work suggests that relatives can
be found after settlement in diverse marine species.

These genetic kinship data offer a unique opportu-
nity to make inferences about ecological and behav-

[] Hp: Well-mixed dispersal
[] Hy: Limited dispersal
Il H.: Sibling cohesion
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Fig. 1. Predictions of 3 alternative hypotheses regarding mechanisms govern-
ing the spatial distribution of siblings. Hj: null hypothesis, where dispersal is
well-mixed and sibling pairs are evenly distributed across space; H;: limited
dispersal hypothesis, where the number of sibling pairs declines as the dis-
tance between individuals increases; and H,: sibling cohesion hypothesis,
where, in addition to exhibiting limited dispersal, siblings have a tendency to
disperse cohesively. For illustrative purposes, axes are intentionally unitless
and singular examples are used for dispersal decay rate and sibling cohesion
strength (n = 1000 sibling pairs hypothesis™)

ioral processes that occur during the larval phase —
an appealing prospect because the full larval phase
is not yet directly observable in situ. However, simply
documenting the co-occurrence of close kin post-
settlement is insufficient to discriminate between
alternative generating processes (where ‘close’ kin
are defined as first- and second-order relatives). Any
effort to link observed kinship patterns to larval pro-
cesses must include appropriate spatial analyses to
test for deviations from random expectations (Dale &
Fortin 2014). Essential steps include quantifying the
spatial pattern of kin structure and comparing the
observed pattern to a set of predictions from alterna-
tive hypotheses.

Several hypotheses about larval dispersal have
been put forth to explain the nearby occurrence of
close kin after settlement (D'Aloia & Neubert 2018)
(Fig. 1). As a baseline for comparison, we can con-
sider a null hypothesis of well-mixed dispersal (Hp),
wherein individuals have an equal probability of
traveling to any site in the study domain. This leads
to the expectation that sibling pairs will be equally
frequent at all distances between individuals. A first
alternative hypothesis posits that dispersal is limited
(Hy). There is generally some spatial limit to disper-
sal, even though marine species are known to exhibit
strong heterogeneity in dispersal scale (Kinlan &
Gaines 2003). When dispersal is lim-
ited, a larva's movement away from its
origin point is restricted, and so sibling
pairs will be less frequent, on average,
as the distance between individuals
increases. Generating species-specific
predictions of the limited dispersal
hypotheses hinges upon an a priori
measure of dispersal capacity, which
may be estimated directly through
genetic parentage analyses (D'Aloia
et al. 2015, Williamson et al. 2016,
Almany et al. 2017), inferred from iso-
lation by distance slopes (Puebla et al.
2012, Pinsky et al. 2017), or predicted
by biophysical models (Siegel et al.
2003). Both Hy and H; assume that lar-
vae disperse independently.

A second alternative, but not mutu-
ally exclusive, hypothesis posits that
larvae may not disperse independ-
ently (H,). This process, in which lar-
val trajectories are correlated, has
been termed cohesive dispersal, col-
lective dispersal, aggregated disper-
sal, and group dispersal (Siegel et al.
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2008, Broquet et al. 2013, Riquet et al. 2017, Burgess
et al. 2018), and could be driven by passive retention
in water packets or active behaviors to recognize and
stay with conspecifics. For the purpose of this study,
which focuses on close kin, we use the term ‘sibling
cohesion,’ and consider the specific effect of siblings
traveling together for the duration of the larval
phase. If siblings tend to have non-independent dis-
persal trajectories, there should be a substantial
increase in the number of siblings found nearby after
settlement (above and beyond the expectation from
well-mixed or limited dispersal alone) (D'Aloia &
Neubert 2018) (Fig. 1). Although some genetic kin-
ship papers have discussed the potential effects of
cohesion versus limited dispersal verbally (e.g. Sel-
wyn et al. 2016, Adrian et al. 2017), few have explic-
itly tried to discriminate between them (but see Gros-
berg & Quinn 1986).

The aforementioned hypotheses are not intended to
capture the full spectrum of marine kinship drivers;
indeed, other relevant factors are known to influence
the overall level of kinship in marine populations. One
example is the well-studied phenomenon of sweep-
stakes reproductive success (Hedgecock 1994), which
predicts that, in highly fecund marine species, a small
fraction of adults can have disproportionately high re-
productive success due to stochastic processes. This
phenomenon can decrease genetic diversity within
cohorts, increase the absolute number of siblings in a
population, and generate skew in the size distribution
of family groups, but does not, on its own, leave a dis-
tinct spatial signature (D'Aloia & Neubert 2018). Be-
cause we are interested in linking kin structure pat-
terns to larval processes, our focus is on hypotheses
that generate testable spatial predictions (Fig. 1).

We tested alternative hypotheses for the formation
of marine kin structure in a population of the sponge-
dwelling coral reef fish Elacatinus lori (Colin 2002).
Two lines of evidence suggest the species is a good
candidate for disentangling the drivers of kin struc-
ture. First, E. lori has a measured dispersal kernel
based on a previous genetic parentage study (D'Aloia
et al. 2015). The species exhibits very limited disper-
sal, with most offspring traveling less than 2 km from
their parents despite having a 26 d larval duration.
Because the dispersal kernel has been estimated, we
can generate the expected pattern of sibling struc-
ture from limited dispersal (Hy; Fig. 1). Second, E. lori
has the potential for kin cohesion: it is a demersal
spawner and males guard clutches of eggs, com-
posed of sibling groups, until they hatch into com-
petent larvae (Majoris et al. 2018a). After controlling
for predicted dispersal distances, we can test for

evidence of sibling cohesion (H,; Fig. 1), thereby
distinguishing the potential effects of philopatry and
cohesion. Here, we begin by exploring how genetic
relatedness estimates are sensitive to assumptions
about the demographic makeup of populations and
attributes of the genetic marker panel. These explo-
rations are essential first steps in reliably identifying
siblings. Next, we describe the observed distribution
of siblings and use spatial analyses to determine
which ecological processes influence the pattern of
E. Iori kin structure.

MATERIALS AND METHODS
Tissue collection

In summer 2013, we collected Elacatinus lori tissue
samples along a 41 km stretch of the Belize Bar-
rier Reef, centered on Carrie Bow Cay (16°48' 13" N,
88°04'37" W) (Fig. 2). Every km, we collected tissue
from approximately 100 individuals for a total of n =
41 collection sites and n = 4112 individuals (Table S1
in the Supplement at www.int-res.com/articles/suppl/
m607p143_supp.pdf). We treated each site as a point
location by recording waypoints at the beginning
and end of each SCUBA dive and taking their mid-
point as the location. Samples were collected along a
single depth profile where fish density is high (Zyean £
SD = 16.03 + 2.19 m). Sampling focused on recently
settled individuals, i.e. ‘settlers’ (<18 mm standard
length), which can remain on the outside of Aplysina
fistularis sponges for several weeks post-settlement
(Majoris et al. 2018b). Fish were collected using slurp
guns, euthanized with MS-222 at the surface, and tis-
sue was stored in 95 % EtOH. Because we were inter-
ested in first- and second-order relationships and
we sampled within a single generation, this sampling
regime enabled us to identify half- and full siblings.

Multiplex PCR and sequencing

All individuals were sequenced at 71 microsatellite
loci using a multiplex PCR protocol for targeted
amplicon sequencing. For full details on multiplex
PCR and Nextera barcoding methods, see D'Aloia et
al. (2017). Here, we briefly outline the main steps and
highlight modifications made for this data set.

The 71 microsatellites were chosen from a genomic
DNA library enriched for simple repeats (D'Aloia et
al. 2013). Using primers listed in Table S2, we ampli-
fied these loci with multiplex PCR reactions in 384-
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Fig. 2. Schematic of Elacatinus lori sampling transect from

2013; (a) the Belize Barrier Reef. Dashed box: the 41 km

transect location; (b) zoom-in on the transect. Grey circles:

sampling locations (n = 41), spaced ~1 km apart. Forereef
habitat is outlined in the background

well plates using QIAGEN Multiplex PCR kits. Next,
we pooled samples across multiplex groups and ran a
barcoding PCR using llumina's S5 and N7 Nextera
primers. To prepare the sequencing library, all bar-
coded individuals were pooled and cleaned with
Ampure XP (Beckman Coulter). The library was
diluted to a 2 nM concentration and sequenced on an
IMlumina MiSeq with paired 250 bp reads at Cornell
University's BioResource Center.

Post-sequencing data processing

We used a custom Perl script to trim reads for qual-
ity, sort loci by the forward PCR primer, and assign
individual genotypes at each locus (see D'Aloia et al.
2017 for full details). We used a minor allele propor-
tion of 0.2 and a quality score of Q20. To filter PCR
artefacts and paralogs while retaining true variants,
we set a minimum read length of 225 bp and used a
matching command that required 90% of the first
40 bp to match a reference contig at each locus.

To retain only high-quality markers and individu-
als with little missing data, we applied 3 additional
filters after running the script. First, all individuals
with >20% missing data were excluded. Given the
large marker panel, individuals with missing data
were still sequenced at 256 loci after this filter, which
was sufficient to confidently assign sibling relation-
ships (see Results). Second, to reduce the presence of
false haplotypes, we recoded any locus with <5 total
reads as missing data. We also recoded putative het-
erozygotes with 6 to 10 total reads as homozygotes
for the allele with the higher number of reads. Third,
for compatibility with genetic relatedness software,
we removed enough singleton haplotypes (i.e. haplo-
types found in only one sample) at 4 loci to ensure
that the number of alleles per locus was below 127
(an arbitrary but fixed threshold). After all filters
were applied there were n = 4074 individuals distrib-
uted evenly across the transect. We used these indi-
viduals for all subsequent analyses.

Tests of linkage disequilibrium

Relatedness estimates assume that loci behave inde-
pendently. As the number of markers, n, increases,
the number of unique pairwise comparisons between
them increases substantially as a binomial coeffi-
cient, i.e. (3), and some pairwise linkage becomes in-
evitable. With our large panel of 71 microsatellites
there were 2485 pairwise comparisons. We used a
multilocus index of association (fz), which summa-
rizes linkage disequilibrium (LD) while accounting
for the number of loci, to assess whether linkage
would influence our results (Agapow & Burt 2001).

Identifying siblings

We used the R package ‘related’ to estimate pair-
wise genetic relatedness (Pew et al. 2015). We began
by simulating pairs of individuals with known rela-
tionships based on the observed allele frequencies.
We used these simulated pairs to test alternative relat-
edness estimators and found that multiple estimators,
both likelihood and moment-based, performed equal-
ly well, i.e. correlation coefficients with expected re-
latedness values exceeded 0.97. Because all estimators
were accurate and strongly correlated (Table S3), and
estimating relatedness in large populations is compu-
tationally intensive due to the pairwise nature of the
data, we proceeded with the Queller and Goodnight
moment-based estimator (Queller & Goodnight 1989).



D'Aloia et al.: Spatial distribution of reef fish siblings 147

We used it to estimate empirical pairwise relatedness
(r) between all pairs of individuals with a 5% sequen-
cing error rate. This mean allelic error rate was calcu-
lated from n = 282 individuals that we sequenced
twice (sensu Pompanon et al. 2005). We performed a
sensitivity analysis to ensure that the error rate did not
affect the results.

Because we were specifically interested in the spa-
tial structure of close kin, we adopted a threshold ap-
proach to assign pairs as either ‘siblings’ (inclusive of
both half-siblings and full siblings) or ‘nonrelatives’
(also inclusive of more distant relatives). Assigning
pairs to relationship categories based on pairwise ris
notoriously difficult due to factors including the over-
lapping expected r distributions of different relation-
ship types, the true proportion of relationship types
within the population, and the number and diversity
of genetic markers (Csilléry et al. 2006, Taylor 2015).
To identify an appropriate threshold, we used the
simulated data to visualize the expected overlap in
the pairwise relatedness distributions for unrelated,
half-sibling, and full-sibling pairs (Fig. 3a). Next, we
focused on the overlapping region between nonrela-
tives and half-siblings, and accounted for the propor-
tion of these different relationships within the popu-
lation. A previous genetic parentage study conducted
along the same transect revealed that for every 1 pair
of half-siblings in the E. lori population, there were
550 pairs of nonrelatives (D'Aloia et al. 2015). This
unequal proportion of relationships generates the ex-
pectation that pairs of half-siblings are rare com-
pared to pairs of nonrelatives at all overlapping relat-
edness values (even in the upper tail of the nonrelative
distribution) (Fig. 3b). Thus, in a large population
with a relatively high proportion of nonrelatives, the
misclassification of nonrelatives as half siblings will
be higher than the reverse.

We also used empirical pairwise r data to test how
the estimated number of sibling pairs changed as a
function of the number of genetic markers used in
the relatedness estimates. The number of putative
siblings declined as the size of the marker panel
increased (Fig. 3c) (note: this effect was also evident
using alternative likelihood approaches to categori-
cal relationship assignments [Table S4]). Beyond 55
markers, the number of sibling pairs based on r
thresholds of 0.3 and higher was relatively consis-
tent. However, at the lower threshold of 0.25 (the
expected value for half-siblings), the number of pairs
continued to decline as more markers were added,
up to the full panel. Thus, to accurately discriminate
E. lori half-siblings, large panels of 270 markers were
required. We proceeded with a conservative r> 0.30

threshold and all 71 microsatellites to discriminate
siblings from non-relatives or more distantly related
relatives. While this conservative threshold will mis-
classify some half-siblings as nonrelatives, it was
necessary to account for the substantially higher fre-
quency of nonrelatives in the E. lori population.

Identifying sibling groups

We used network analyses to look for connections
among sibling pairs (Handcock et al. 2008). Nodes
represented individual fish and links between nodes
represented the presence of a sibling relationship.
Because every individual was connected to one or
more individuals in the network through a sibling re-
lationship, but not all individuals in each network
component were necessarily siblings (e.g. 2 unrelated
individuals sharing a half-sibling), we referred to the
resulting components as ‘extended sibling groups'.

Testing for spatial patterns in relatedness

After identifying siblings, we quantified the spatial
pattern of sibling structure and compared the ob-
served pattern to predictions from alternative hy-
potheses (Fig. 1). We generated the expected distribu-
tion for each hypothesis by simulating the dispersal of
sibling pairs, with the number of simulated pairs
equal to the total number of observed pairs. Individu-
als dispersed according to their underlying kernel
(e.g. uniform for Hy; Laplace for H;) and the distance
between siblings, after settlement, was calculated.
We took the average of 10000 simulations to be the
expected distribution. Next, we used bootstrapped
K-S tests to determine whether the frequency of ob-
served versus expected sibling pairs differed across
distance classes (n = 10000 bootstraps). The boot-
strapped version of the K-S test can test for differences
between 2 distributions when data are drawn from
discrete distributions and ties exist (Abadie 2002).

RESULTS
Genetic summary information

The 71 microsatellite markers were highly poly-
morphic (Table S2). The number of alleles per locus
ranged from 13-122, with a mean (+SD) of 46.77 =
28.91. Using all 71 microsatellites, mean pairwise re-
latedness within the population was —0.0001 + 0.05,
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Fig. 3. Sensitivity of pairwise relatedness estimates for Elacatinus lori. (a) Expected density of relatedness values for each rela-

tionship type given the observed allele frequencies (note that nonrelative and half-sibling distributions overlap); (b) account-

ing for the high frequency of nonrelative pairs in the population predicts that half-siblings will be relatively rare (here, not

even visible) among all pairs with relatedness values in the overlapping region with nonrelatives; (c) number of putative

sibling pairs (log scale) declines as a function of the number of markers used to estimate relatedness for all 4074 genotyped

individuals. The pattern is shown at different relatedness thresholds used to distinguish nonrelatives from siblings (where
colors reperesent unique thresholds)

revealing that the majority of pairs were not siblings.
This result was insensitive to the sequencing error
rate used in the relatedness estimator. There was no
significant level of multilocus LD (f; = 0.00367, n =
999 permutations, p = 0.982; Fig. S1).

Number of siblings
Considering all 4074 genotyped individuals, 624

of them (15.3%) had at least one sibling in the
population. The 4074 genotyped individuals yielded

8296 701 unique pairs, of which 371 (0.004 %) were
pairs of siblings. Thus, even though a substantial per-
centage of individuals had at least one sibling on the
transect, the fraction of total pairs that were siblings
was small.

Network connections between siblings revealed
that in this population, pairs of siblings did not fre-
quently link up to other pairs (Fig. 4a). The extended
sibling groups were predominantly dyads or triads,
with just 3 larger groups composed of 4, 5, and 6 indi-
viduals, respectively (Fig. 4b), suggesting a lack of
extreme reproductive variance.
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Fig. 4. Network of Elacatinus lori siblings and size of sibling groups. (a) Nodes represent individual fish and lines represents
sibling relationships (note: line length does not indicate pairwise r magnitude; node positions are not spatially explicit); (b)
proportion of discrete network components (i.e. ‘extended sibling groups') that are dyads, triads, or larger (4-6 ind.)
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Fig. 5. Comparison of observed versus expected spatial distributions of sib-

ling pairs, based on alternative hypotheses. (a) Observed distribution is

significantly different than the expected well-mixed dispersal distribution

(Hp); (b) observed distribution is not significantly different from the
expected limited dispersal distribution (H;)

Testing for spatial patterns in relatedness

The observed sibling distribution was
right-skewed, with small distances be-
tween most sibling pairs (50th percentile
= 2.8 km apart; 99th percentile = 18.0 km
apart). There was a significant difference
between the observed distribution and
the expected distribution based on a null
hypothesis of well-mixed dispersal (Hy;
bootstrapped K-S test: D = 0.7419, nyoo =
10000, p < 0.001). The expected well-
mixed distribution was uniform across all
distances, whereas the observed distri-
bution had a relative overabundance of
short distances between siblings (<5 km)
and a relative lack of long distances be-
tween siblings (=10 km) (Fig. 5a).

In contrast, the observed sibling distri-
bution was not significantly different than
the expected distribution based on lim-
ited dispersal (H;), which was generated
from the species’ Laplace dispersal kernel
(bootstrapped K-S test: D = 0.0968, ny: =
10000, p = 0.968) (Fig. 5b). Because lim-
ited dispersal explained the spatial pat-
tern, there was no need to invoke sibling
cohesion (H,), which predicts a substan-
tially higher frequency of siblings at short
distances than was observed (see Fig. 1).
Together, these results revealed that E.
lori sibling pairs tend to cluster at the
scale of a few km, and that their full spa-
tial pattern was predicted by the species’
dispersal kernel.
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DISCUSSION

The spatial distribution of kin within populations,
i.e. kin structure, has fundamental implications for
competition, cooperation, and mating between rela-
tives (Hamilton 1964, West et al. 2002). The far-
reaching consequences of kin structure have moti-
vated empirical investigations of genetic relatedness
in populations that span taxa and ecosystems
(Bourke & Franks 1995, Hatchwell 2010, Kamel &
Grosberg 2013). In marine populations, there has
been additional interest in studying kinship because
of the potential to draw inferences about processes
that may occur during the larval phase. We used sib-
ship reconstruction to explore the patterns and eco-
logical causes of kin structure within a large popula-
tion of the neon goby Elacatinus lori. We showed that
a large microsatellite marker panel was needed to
reliably identify siblings, then documented hundreds
of sibling pairs along a 41 km transect. A careful
analysis of their spatial distribution revealed that the
pattern of kin structure could be parsimoniously
explained by the species’' dispersal kernel alone,
without invoking any larval kin cohesion. Below, we
consider the challenges of reliably identifying sib-
lings within large benthic marine populations, and
discuss the role of dispersal in shaping spatial pat-
terns of post-settlement relatedness.

The challenge of identifying siblings

All downstream ecological analyses of the patterns,
causes, and consequences of kin structure hinge upon
accurate relatedness estimates, which are known to
be influenced by multiple factors including the pro-
portion of different relationship types within the pop-
ulation and various attributes of the genetic marker
panel. Our estimate of the relative frequency of non-
relative to half-sibling E. lori pairs (550:1) underscores
the importance of accounting for the population's re-
lationship-type structure. Specifically, the high abun-
dance of nonrelatives means that most pairs with
relatedness values falling within the overlapping re-
gion between nonrelatives and half-siblings (Fig. 3b)
will actually be nonrelatives. This effect has been
largely overlooked in previous relatedness studies
(but see Csilléry et al. 2006, Buston et al. 2009).

Our results also align with previous studies focus-
ing on the effects of locus type, locus polymorphism,
and locus number (Blouin et al. 1996, Glaubitz et al.
2003, Santure et al. 2010, Kopps et al. 2015, Kaiser et
al. 2017). A key issue is that a small marker panel can

identify true relatives such as half- and full siblings,
but will also misclassify many nonrelatives as half-
siblings, thereby inflating overall sibling estimates
(Kopps et al. 2015) (Fig. 3). In our own data set, for
example, we found that at least 55 highly variable
microsatellites (mean number of alleles = 46) were
needed to prevent nonrelatives from being identified
as siblings, consistent with a simulation study which
suggested that, depending on the breeding system, a
minimum of 40 to 80 microsatellites (mean number of
alleles = 10) are needed to accurately identify cate-
gories of relatives (Kopps et al. 2015).

Of course, as the number of markers increases,
some pairwise LD is expected, leading to a potential
trade-off between the benefits of a large marker
panel and the effect of LD. Because relatedness esti-
mators assume that loci are independent, LD may
result in overconfident relatedness estimates, though
linked loci are thought to perform ‘approximately’
the same as unlinked loci (Csilléry et al. 2006, Wang
2007). In E. Iori, we found no significant background
level of multilocus LD and documented a clear trend
of a declining number of siblings with an increasing
number of markers (Fig. 3). These lines of evidence
suggest that, at least in this data set, the benefit of
having many markers outweighs modest levels of
pairwise LD.

In combination with earlier empirical and simula-
tion studies, our results have important implications
for marine relatedness studies: assuming a 1:1 ratio
of nonrelatives to relatives and/or using small to
moderately sized microsatellite panels will likely
lead to the misclassification of many nonrelatives (or
distant relatives) as half-siblings in large popula-
tions. Moving forward, if microsatellite markers are
used (even highly polymorphic ones), we suggest a
minimum of ~50 markers to identify siblings. While
this number is high, the amplicon sequencing ap-
proach that we employ offers an efficient and cost-
effective method for obtaining multilocus genotypes
(D'Aloia et al. 2017).

Sibling pairs and groups within the population

Our finding that at least 371 pairs of E. lori siblings
occur within a single population is consistent with
previous kinship studies of diverse marine taxa,
including ascidians (Grosberg & Quinn 1986), barna-
cles (Veliz et al. 2006), lobster (Iacchei et al. 2013),
and numerous species of fish (Selkoe et al. 2006, Bus-
ton et al. 2009, Bernardi et al. 2012, Selwyn et al.
2016, Salles et al. 2016). We emphasize that 371 pairs
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may be an underestimate, as our conservative r
threshold likely excluded some true half-siblings.
Our results contribute to the growing body of evi-
dence that siblings can be found within marine pop-
ulations after a dispersive larval phase.

The E. lori network of ‘extended sibling groups’
revealed that most discrete network components
were in fact unconnected pairs (dyads) or trios (tri-
ads), and the largest sibling group consisted of just 6
individuals (Fig. 4). While network theory has not yet
been widely applied to marine kinship, a few studies
have used networks to identify ‘extended families’
within sibling cohorts in invertebrate (Veliz et al.
2006) and fish species (Selwyn et al. 2016). For E. lori,
the absence of large intra-generational sibling groups
demonstrates that many distinct parents are con-
tributing offspring to settlement cohorts and there
is relatively little variance in parental reproductive
success. We also found that relatedness values were
consistent across settler size classes (Fig. S2), con-
trasting with other studies that have found related
individuals tend to be similarly sized and more
prevalent in younger age classes (Buston et al. 2009,
Riquet et al. 2017). To the extent that size is a reliable
proxy for age, our results suggest that E. lori patterns
of relatedness do not change throughout this early
life stage in response to processes such as post-
settlement selection or kin competition.

Disentangling the causes of spatial kin structure

Given the spatial pattern of E. lori kin structure,
what can be said about the causes? Two main hypo-
theses regarding processes that increase genetic re-
latedness in marine populations have been proposed:
limited dispersal and larval cohesion. Considering
dispersal distance first, the observed sibling distri-
bution clearly deviated from a null hypothesis of well-
mixed (i.e. uniform) dispersal over the scale of the
study area. Instead, the spatial pattern was consistent
with the limited dispersal hypothesis. Genetic parent-
age analysis from this same study area provided
strong evidence of a Laplace dispersal kernel for E.
lori (median distance = 1.7 km; max. distance = 16.4 km;
D'Aloia et al. 2015). Based on this kernel, distances
between siblings were predicted to be up to ~16 km
apart if they happened to disperse in the same direc-
tion, or up to ~32 km apart if they happened to dis-
perse in opposite directions. Indeed, we found the dis-
tances between siblings to be congruent with these
predictions, suggesting that restricted dispersal alone
can explain the spatial pattern of relatedness.

Limited dispersal has long been recognized in the
theoretical literature as a mechanism that can gener-
ate 'viscous' populations where kin live in close prox-
imity. In turn, population viscosity can play an impor-
tant role in facilitating kin mating and the evolution
of altruism (Hamilton 1964, Queller 1994). However,
given the scale of our sampling design (collection
locations were spaced every 1 km) and the species’
limited mobility post-settlement (individuals are site-
attached and do not move far beyond their primary
host sponge), we cannot directly address the proba-
bility of kin mating from this study.

The ability to detect dispersal-influenced kin struc-
ture in other species will depend upon the relative
spatial scales of larval dispersal and field sampling
efforts. Ideally, empirical studies of sibling structure
will be designed to capture distances between sib-
lings that match the decline in the species’ dispersal
probability over space. For species lacking a meas-
ured dispersal kernel, it will be challenging to design
a sampling strategy commensurate with dispersal
capacity a priori, but biophysical models (Siegel et al.
2003) or population genetic data (Kinlan & Gaines
2003, Pinsky et al. 2017) can serve as a starting point.

In addition to limited dispersal, recent relatedness
studies, in conjunction with studies of chaotic genetic
patchiness (Broquet et al. 2013, Iacchei et al. 2013),
have fueled interest in an alternative mechanism: the
potential for cohesive (or collective) larval dispersal.
However, our data do not support that hypothesis in
E. lori. The cohesion hypothesis posits that individu-
als stay together throughout the larval phase through
active behavior to stay with conspecifics (Berenshtein
et al. 2018) and/or passive retention in the same
water packets (Siegel et al. 2008, Harrison et al.
2013). The strongest evidence for this hypothesis
comes from otolith microchemistry studies that re-
veal some individuals share dispersal pathways for at
least part of the larval phase (Ben-Tzvi et al. 2012,
Shima & Swearer 2016). If the cohesive individuals
are kin, siblings should be found closer together than
expected by chance. At first pass, the finding of hun-
dreds of sibling pairs in one population may seem
suggestive of kin cohesion. Yet sibling cohesion, as
defined by D'Aloia & Neubert (2018), is predicted to
have a specific spatial effect on kin structure: there
should be a substantial overabundance of sibling
pairs at short distances because cohesive siblings set-
tle together. This sibling cohesion effect is predicted
to persist even when siblings break up into multiple
cohesive groups that each disperse independently,
and when other mechanisms (e.g. limited dispersal,
variable reproductive success) operate simultane-
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ously. Thus, the spatial organization of E. lori sibling
pairs clearly deviates from the expected pattern pre-
dicted by sibling cohesion. Future studies may eluci-
date the prevalence and strength of larval cohesion
generally, and kin cohesion specifically, across marine
taxa.

Sibship-based insights into dispersal distances

The strong match between the limited dispersal
prediction and the observed sibling distribution pro-
vides further indirect support that larval dispersal is
spatially restricted in this species. Because of the
challenges of measuring marine dispersal (Jones et
al. 2009) and the stochastic nature of the environ-
ment in which the larvae disperse (Siegel et al. 2008),
congruent lines of evidence from multiple approaches
build confidence in empirical estimates. The body of
dispersal work conducted on this particular species
highlights the complementarity between multigener-
ational population genetic analysis (D'Aloia et al.
2014), intergenerational parentage analysis (D'Aloia
et al. 2015), and intra-generational sibship analysis
(this study), which has been previously highlighted
in at least one other fish species (Schunter et al.
2014). While both the parentage and sibship E. lori
studies were conducted along the same transect, the
sample size increased over 200 %, from 120 parent—
offspring pairs in the parentage study to 371 sibling
pairs in this sibship study. These additional data sup-
port the initial estimate of the Laplace kernel. More
broadly, these types of studies exemplify the promise
of individual-based genetic methods to provide new
insights in recent dispersal events and larval ecology
(Marko & Hart 2018).

CONCLUSIONS

Genetic kinship studies have the potential to pro-
vide new insights into the ecological dynamics of the
larval phase. However, an essential first step towards
achieving this goal is accurately identifying kin. We
demonstrated how relatedness estimates are sensi-
tive to both the genetic marker panel (a well-studied
phenomenon; Santure et al. 2010, Kopps et al. 2015)
and the proportion of different relationship types in
the population (a relatively understudied phenome-
non; Csilléry et al. 2006, Buston et al. 2009). After
controlling for these factors, we identified hundreds
of sibling pairs within this large reef fish population.
Their spatial distribution was parsimoniously ex-

plained by the species’ dispersal kernel alone, rather
than by more complex cohesive dynamics among sib-
lings. In turn, these results support prior empirical
evidence that E. lori exhibits spatially restricted dis-
persal despite a month-long larval phase, highlight-
ing the complementarity of parentage and sibship
analyses in studying larval dispersal. Taken together,
these findings have broad implications for continued
progress in the study of marine kinship. Most impor-
tantly, the careful application of spatial analysis is
necessary when inferring alternative behavioral and/
or ecological processes from post-settlement patterns
of kin structure.
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