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ABSTRACT

Isolation by distance, whereby genetic distance between individuals or populations increases with geographic distance, is
a fundamental population genetic pattern that is observed across a broad range of taxa and spatial scales. This pattern can
be driven by dispersal limitation and be thereby informative about dispersal rate (¢), a parameter of both basic and applied
interest. Yet isolation by distance is typically directly estimated from microsatellite or single nucleotide polymorphism data,
which does not permit the direct estimation of ¢ or allow to disentangle dispersal limitation from other processes. Blocks of
identity by descent (IBD) provide another lens through which isolation by distance may be viewed, and the opportunity to
overcome these limitations. Here, we apply this framework to the barred hamlet (Hypoplectrus puella), a reef fish with a 3-
week planktonic larval phase. We consider two spatial scales, a continuous stretch of 200 km of reef along the Mesoamerican
Barrier Reef in Belize and the Greater Caribbean across >3000km. The isolation by distance patterns show a good fit with
theoretical expectations in Belize, and provide a recent ¢ estimate of 31 km / \/ge_n (95% confidence interval 23-40). The
data also show a good fit with theoretical expectations at the Greater Caribbean scale, which is remarkable given the patchy
nature of coral reef habitat at this scale, and provide a recent ¢ estimate of 248 km / \/ge_n (95% confidence interval 231-265).
These results highlight the dual role played by coral reef fish larvae, which mediate both local retention and long-distance
dispersal.

1 | Introduction seminal work was followed by Malécot (1948), Kimura (1953)

and others, who built on Wright's model and extended it to

The notion of isolation by distance goes back to Wright (1938,
1940, 1943). Wright's insight was that in a continuously distrib-
uted population in which dispersal is limited, genetic differ-
entiation between subpopulations is expected to increase with
geographic distance. Based on an analytical model, he derived
predictions for the expected increase in genetic differentiation
among populations distributed in one and two dimensions. This

the cases of discrete populations and differentiation among
individuals.

Wright suggested that isolation by distance ‘may be of consid-
erable importance’ (Wright 1940), but population genetic data
were lacking at the time to test his model. With the advent of em-
pirical population genetics, isolation by distance has been shown
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across a broad range of taxa and spatial scales, in continuous
and discrete populations, in one and two dimensions, and at the
population and individual levels (Friedlaender 1971; Palumbi
et al. 1997; Wirth and Bernatchez 2001; Watts et al. 2007; Vos
and Velicer 2008; Aguillon et al. 2017; Twyford et al. 2020;
Benestan et al. 2021). Today it is generally appreciated that iso-
lation by distance is a fundamental population genetic concept
with broad theoretical and empirical relevance.

An important aspect of isolation by distance is its link with
dispersal limitation. Isolation by distance is not expected in a
panmictic population or in an island model of population struc-
ture where dispersal is spatially unrestricted (Wright 1931,
1940). Thus, isolation by distance is often interpreted as a
population genetic ‘signature’ of dispersal limitation. What
is more, the extent of isolation by distance, that is, the slope
of the linear regression between geographic and genetic dis-
tance, may be informative about the spatial scale of dispersal.
This was notably formalised by Rousset, who derived analyt-
ical approximations that explicitly link the slope of the isola-
tion by distance regression among populations (Rousset 1997)
and individuals (Rousset 2000) to D,62, the product of effec-
tive population density (D,) and dispersal rate (¢2) in one and
two dimensions. These results provide the opportunity to es-
timate o from isolation by distance, which is broadly relevant
since isolation by distance is routinely detected with popula-
tion genetic markers and o is a parameter of both basic and
applied interest. Nevertheless, such inference requires an ad
hoc estimate of D, to extract ¢ from D,c?, which is notoriously
challenging, particularly for large and/or discontinuous popu-
lations. Furthermore, this approach assumes equilibrium be-
tween gene flow, mutation and genetic drift, which may often
not be the case in marine populations characterised by large
effective population sizes. Finally, this approach does not
allow to disentangle recent dispersal limitation from ances-
tral dispersal limitation as well as other mechanisms such as
colonisation, adaptation to environmental gradients or admix-
ture gradients that may also generate a signal of isolation by
distance (Meirmans 2012; Duranton et al. 2019).

Blocks of identity by descent (IBD) provide another lens through
which isolation by distance may be viewed. IBD blocks are con-
tinuous and homologous tracts of DNA that are co-inherited
from a common ancestor. They tend to be broken up by recom-
bination every generation, which provides the opportunity to
derive expectations for their age given their length. This prop-
erty is particularly useful for demographic inference (Palamara
et al. 2012; Palamara and Pe'er 2013; Harris and Nielsen 2013;
Browning et al. 2018), including in isolation by distance con-
texts (Baharian et al. 2016; Al-Asadi et al. 2019). In particular,
Ringbauer et al. (2017) derived the expected number of shared
IBD blocks of length L in a population with constant size distrib-
uted in two dimensions:

E[N,| =

o)) o

8nDo? \/Z .

where G is total map length in Morgans, r geographic distance
and K, the modified Bessel function of the second kind of de-
gree two. This result implies an exponential decay of shared

IBD blocks with geographic distance, which becomes more
pronounced with increasing block length and increasing geo-
graphic distance. Ringbauer et al. (2017) also developed an in-
ference scheme that allows to jointly estimate recent ¢ and D,,
which constitutes a significant methodological improvement
over classic inference approaches based on isolation by distance,
and applied it to human populations from Eastern Europe. More
recently, Campuzano-Jiménez et al. (2026) developed a Julia
package that implements the method efficiently, which provides
the opportunity to apply it broadly, including in non-model
organisms. This is what we do here, using the barred hamlet
(Hypoplectrus puella) as a case study.

The hamlets are reef fishes from the Greater Caribbean
that are known for their exceptionally high diversification
rate (McCartney et al. 2003; Hench et al. 2022; Helmkampf
et al. 2025). The genus includes 19 described species (Puebla
et al. 2022, 2025). The barred hamlet is the most widespread
and abundant hamlet species, and the only one that is also
found in Bermuda. Juveniles and adults remain associated
with coral reef habitat, but a three-week planktonic larval
phase provides potential for long-distance dispersal with
marine currents. A population genetic study of this species
based on 10 microsatellite markers demonstrated isolation by
distance at spatial scales ranging from 175km in Guna Yala
(Panama) to >3500km across the Caribbean Sea (Puebla
et al. 2009). Considering the smallest spatial scale of 175km,
isolation by distance provided a o estimate of 17 km/genera-
tion. However, this estimate relied on an ad hoc estimate of
D, derived from the same microsatellite data, and the upper
confidence interval was unbounded due to the small isolation
by distance slope. The emergence of isolation by distance at
a spatial scale of just 175km in H. puella indicated that it is
relevant to consider such a local scale for the study of disper-
sal, and that this would be most efficiently done by working
at the individual level in continuous populations of the type
envisioned by Wright.

Here, we leverage the hamlet linkage map (Theodosiou
et al. 2016), reference genome (Hench et al. 2019), resequenc-
ing data from the Greater Caribbean (Puebla et al. 2009;
Coulmance et al. 2024) and tissue samples from Belize
(Puebla et al. 2012) to revisit isolation by distance in H. puella
using IBD blocks and the framework developed by Ringbauer
et al. (2017). In particular, we aim to assess whether the H.
puella data fit theoretical expectations, and if so to jointly
infer recent ¢ and D, from this signal. Since the Ringbauer
et al. (2017) approach assumes a spatially homogeneous pop-
ulation, we expect a better fit with empirical data in Belize,
where coral reef habitat is continuous, than at the Greater
Caribbean scale where coral reef habitat is patchy and rep-
resents a just small fraction of the seafloor.

2 | Methods
2.1 | Sampling and Field Surveys
We considered two spatial scales, a continuous stretch of 200 km

of reef along the Mesoamerican Barrier Reef in Belize (local
scale) and >3000km across the Greater Caribbean. Samples
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for the local scale analysis were collected in June and July 2010
as detailed in Puebla et al. (2012). Briefly, 85 sampling sites
separated by 2.5km were considered on the seaward side of
the Mesoamerican Barrier Reef in Belize (Figure 1). A single
H. puella individual was targeted per sampling site, at depths
ranging between 3 and 30 m. In addition, a 400 m? transect sur-
vey was conducted at every other sampling site to evaluate the
census density of H. puella in the sampling area as detailed in
Puebla et al. (2012). Two scuba divers swam along a 100 m mea-
suring tape and counted all individuals within two meters on
each side of the tape. The surveys were conducted during the
day at depths ranging between 5 and 20m (mean 11 m). The po-
sition of each survey was chosen randomly, but avoiding areas
without coral such as bare sand. Accordingly, the surveys cov-
ered a variety of reef habitats that include fore reef, spur-and-
groove and reef wall.

Samples for the Greater Caribbean scale analysis were collected
in the Florida Keys, Cayos Becerros (Honduras), Bocas del Toro
(Panama), Guna Yala (Panama), La Parguera (Puerto Rico)
and Barbados (Figure 1) between May 2004 and March 2017
as detailed in Puebla et al. (2009) and Coulmance et al. (2024).
Temporal genetic structure is minimal in the barred hamlet
(Puebla et al. 2009) and is therefore not expected to confound
spatial genetic structure. Temporal genetic variation over
13years is also not expected to be an issue for the range of IBD
block lengths detected in this study, which are likely older than
that. We considered a maximum of 10 samples per site to limit
differences in sample size among sites, and to end up with a total
sample size that is comparable to the local scale analysis. For
Belize we randomly selected 10 samples from the Belize Barrier
Reef samples.

Samples were collected on scuba with microspears or hook-
and-line, either as fin-clip samples or voucher specimens.

Fieldwork was conducted under research permits 000017-10
(Belize), NOAA ONMS 2017-042 and FWCC SAL-17-1890A-SR
(Florida), 09/05/16 (Honduras), DAEX-94 (Panama), #2016-1C-
127 (E) (Puerto Rico) and 17/06/05 (Barbados), and Smithsonian
Tropical Research Institute (STRI) Institutional Animal Care
and Use Committee (IACUC) protocol 2017-0101-2020-2.

2.2 | Genotyping

The 49 samples for the local scale (Belize) analysis were se-
quenced anew for this study. Genomic DNA was extracted
with Qiagen MagAttract High Molecular Weight Kits.
Illumina Nextera DNA Flex libraries were prepared and se-
quenced at the Institute of Clinical Molecular Biology (Kiel
University) on an Illumina NovaSeq 6000. All 88 samples
considered in this study were genotyped anew to produce
two datasets, one for the local scale analysis and one for the
Greater Caribbean. The variant calling procedure was based
on the germline short variant discovery workflow and rec-
ommendations for GATK (McKenna et al. 2010) by the Broad
Institute (DePristo et al. 2011; Van der Auwera et al. 2013).
Briefly, raw reads were mapped to the hamlet reference ge-
nome (Hench et al. 2019) with BWA (Li and Durbin 2009)
after adapter trimming. Duplicated reads were removed, and
genotype likelihoods were calculated independently for each
sample. Samples of both spatial scales were then genotyped
jointly based on the individual genotype likelihoods. The
dataset was restricted to variant sites meeting strict thresholds
regarding read depth, mapping quality and mapping biases
(i.e., sites with MQ < 57.5, QD < 3.0, FS> 60.0, MQRankSum <
—0.2 11> 0.2 and ReadPosRankSum < —2.25 || >2.25 were re-
moved). Only biallelic sites present in at least 90% of samples
were retained using VCFtools v0.1.16 (Danecek et al. 2011).
Finally, the 49 samples from Belize were subset to produce the
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FIGURE1 | Sampling design. Two spatial scales were considered. At the local scale, individuals were sampled following a 200-km transect along

the Belize Barrier Reef in Belize, aiming at one individual every 2.5km (inset; red dots). At the Greater Caribbean scale, samples were collected at six

additional locations across the Caribbean Sea (blue dots).
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local-scale dataset. For the Greater Caribbean-scale dataset,
only 10 randomly selected samples from Belize were retained,
ensuring that both datasets comprised 49 samples.

2.3 | Identification of IBD Blocks

Blocks of identity by descent were identified between all
pairs of individuals from the SNP data with TRUFFLE
(Dimitromanolakis et al. 2019). This approach was chosen be-
cause it does not rely on phasing, corrects for block break-ups
that are due to genotyping errors, and is computationally effi-
cient. The minimum number of consecutive SNPs required to
identify an IBD block was empirically set to 500 for IBD blocks
that share one haplotype (IBD1) and to 250 for IBD blocks that
share both haplotypes (IBD2).

In order to assess the robustness of the method to the IBD call-
ing method, IBD blocks were also identified with the templated
positional Burrows-Wheeler transform (TPBWT, Freyman
et al. 2021) at the local scale. This approach requires phasing
but corrects for phase switch errors (as well as genotyping er-
rors), and is also computationally efficient. The SNP data
were phased with the read-aware approach implemented in
SHAPEIT2 (Delaneau, Howie, et al. 2013; Delaneau, Zagury,
and Marchini 2013), and TPBWT was run with a minimum
length for the identification of IBD blocks empirically set to
10,000 bp.

One issue with the consideration of IBD blocks in terms of num-
ber of SNPs or bp is that the Ringbauer et al. (2017) approach
considers recombination explicitly, and IBD block lengths ac-
cordingly in cM, while physical lengths are confounded by re-
combination rates that vary along chromosomes. Specifically,
longer IBD blocks are expected in low-recombining regions.
In addition, genomic regions under stabilising selection are ex-
pected to present high levels of sequence similarity (even though
we have no a priori reason to think that stabilising selection is
particularly strong in H. puella and did not attempt to identify it
directly as we are only interested in its potential effect on IBD
sharing in the context of this study). Thus, low recombination
rates and stabilising selection may contribute to an overesti-
mate of IBD sharing. In order to limit these effects, physical
lengths were converted to cM using the hamlet linkage map
(Theodosiou et al. 2016). This was done by mapping the IBD
blocks to the hamlet reference genome and retrieving region-
specific recombination rates in cM/Mb from the linkage map.
Furthermore, the distribution of IBD blocks along chromosomes
was assessed. As expected, this distribution varied markedly
along chromosomes, following broadly the Hypoplectrus recom-
bination landscape (Theodosiou et al. 2016; Hench et al. 2019,
2022), and presented sharp peaks (Figure S1A,B). A large region
of chromosome 8 that had been previously identified as a pu-
tative inversion also showed high levels of IBD sharing. In an
effort to reduce the effect of low recombination and stabilising
selection, the IBD blocks that overlapped with regions of the
genome above the 95th percentile of the genomic frequency of
IBD blocks (Figure S1A,B) were filtered out. Furthermore, IBD
blocks smaller than 0.4cM were not considered to limit the oc-
currence of false positives.

2.4 | Isolation by Distance

We started by assessing isolation by distance at both spatial
scales using SNPs across the whole genome. For this we consid-
ered relatedness between pairs of individuals using the unad-
justed Ay statistic (Yang et al. 2010) as implemented in VCFtools
(Danecek et al. 2011). We then considered all IBD blocks at both
spatial scales to assess whether IBD blocks provide a similar
pattern of isolation by distance. For this we used the following
genome-wide IBD index between pairs of individuals

0.5 x IBD1 + IBD2
IBDO + IBD1 + IBD2’

@

where IBDO, IBD1 and IBD2 correspond to the summed
lengths of all fragments that have 0, 1 and 2 haplotypes that
are identical by descent, respectively, over the entire genome.
At the local scale, distance between pairs of sampling sites (in
multiples of 2.5km that separate adjacent sampling sites) was
used as geographic distances. At the Greater Caribbean scale,
geographic distances between sampling locations were mea-
sured following the shortest in-water path calculated with the
R package marmap based on NOAA bathymetry data. Since
the isolation by distance signal was subtle at the local scale,
the analysis was repeated using the alternative method to
identify IBD blocks (TPBWT) and without filtering IBD blocks
to test its robustness.

2.5 | Model Fit and Demographic Inference

We used IdentityByDescentDispersal.jl (Campuzano-Jiménez
et al. 2026) to fit the Ringbauer et al. (2017) model to our em-
pirical data at both the local and Greater Caribbean scales. We
considered three IBD block size bins (0.4-1cM, 1-2.5cM and
2.5-5cM), which were empirically determined to cover the
range of IBD block sizes in our dataset. We considered both a
constant population density model and a power-density model
where population density grows at a fixed rate g.

The Ringbauer et al. (2017) model is explicitly two-dimensional,
while the topology of the Belize Barrier Reef may suggest that
a one-dimensional model would be more appropriate at the
local scale. Yet the Belize Barrier Reef is just one part of the
Mesoamerican Barrier Reef System that also includes shallow
reefs along the coastal lagoon, deeper reefs further offshore, as
well as islands and atolls, notably the large Turneffe, Lighthouse
and Glovers atolls in the vicinity of our study area. The barred
hamlet is present in all these habitats, and when they are con-
sidered, our sampling area in Belize is in the central part of a
>60km wide habitat. The application of a two-dimensional
model is therefore justified.

Demographic inference, that is, the estimation of o
and D, from the IBD block data using the Ringbauer
et al. (2017) framework, was done concurrently with
IdentityByDescentDispersal.jl. Inference was also done at
both spatial scales since contrary to our hypothesis the empir-
ical data presented a good fit with theoretical expectations at
both spatial scales. We considered IBD blocks >1cM because
we were interested in estimating recent dispersal specifically,
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as this is most relevant from a management and conserva-
tion perspective. The inference was done using maximum-
likelihood estimation (MLE) following Ringbauer et al. (2017)
as implemented in IdentityByDescentDispersal.jl.

In order to get a sense of the temporal scope of our estimates,
we also used IdentityByDescentDispersal,jl to compute the
expected age of IBD blocks across the range of geographic
distances and block size length considered for demographic
inference.

2.6 | Validation

The Ringbauer et al. (2017) model assumes that haplotypes
disperse following a Brownian motion across a continuous
habitat represented by a two-dimensional torus. This assump-
tion is necessary to make the inference tractable, but is likely
to be violated in natural populations. To validate the dispersal
estimates, we tested the inference framework with simulated
datasets where this assumption was relaxed. Following Chevy
et al. (2025), we used SLiM 5 (Haller et al. 2026) to simulate a
Wright-Fisher population in a continuous space and msprime
(Baumdicker et al. 2022) to perform recapitation (Haller
et al. 2019). First, we relaxed the assumption that individuals
are distributed across a two-dimensional torus and considered
instead a square area limited by borders. Furthemore, coral
reefs in the Greater Caribbean are patchy and cover only a
small fraction of the seafloor. To model this, we simulated a
highly heterogeneous space with only 1% of the surface cov-
ered by patches of high habitat suitability (‘coral reefs’) and
the remaining 99% corresponding to patches of low habitat
suitability (to which we assigned a fitness reduction of 99%
to account for the fact that barred hamlets are occasionally
observed on non-coral-reef habitat). We modelled mating and
subsequent dispersal separately and tracked mean dispersal
across generations in each simulation. We assumed indi-
viduals tend to choose nearby mates and are under density-
selection (because resources are finite). Specifically, we
modelled both mating and density-selection with a Gaussian
kernel with constant standard deviation of 0.01 distance units.
Mean dispersal was increased by drawing new positions from
a Gaussian kernel with increasing standard deviations. A total
of 120 simulations across varying dispersal rates and number
of individuals were conducted. IdentityByDescentDispersal.jl
was then used to conduct demographic inference and compare
the estimated parameters to the simulated ones.

The scripts used for data analysis and simulations are available
at https://github.com/currocam/tombers_etal.

3 | Results
3.1 | Sampling, Field Surveys and Genotyping

H. puella samples could be collected at 52 of the 85 sampling
sites in Belize, with a distance between pairs of samples rang-
ing between 2.5 km for samples collected in adjacent sites and
200km for the most distant pair of samples. Of these 52 sam-
ples, 49 were sequenced and all these genomes are new to this

study (Figure 1, Table S1). For the Greater Caribbean scale
analysis, a total of 49 genomes from seven locations (Hench
et al. 2019; Coulmance et al. 2024; Helmkampf et al. 2025)
were considered, with a sample size ranging between 3 and
10 samples per site (mean 7, Table S2). The distance between
pairs of sites ranged between 388 and 3076 km at the Greater
Caribbean scale.

A total of 43 field surveys were conducted at the sampling sites
in Belize. Between zero and two H. puella individuals were
observed per 400 m? survey, providing a census density esti-
mate of 698 +209 (standard error) individuals per km? of reef.
The barred hamlet density was relatively constant along the
212.5km portion of the Belize Barrier Reef that was surveyed,
with a slight tendency to increase towards the southern part
(Figure S2). Thus, our local scale study design based on a contin-
uous population sampled continuously at the individual level is
as close as it gets to an ideal reef fish population, notwithstand-
ing a few sampling gaps along the barrier reef.

The 88 genomes considered in this study provided a total of
13,932,149 SNPs. Mean sequencing depth per sample (aver-
aged across sites) ranged from 16.3x to 37.9%, with a mean
of 24.1x across samples after removing duplicate reads. The
metadata, sequencing depth and accession numbers of all
genomes considered in this study are provided in Tables S1
and S2.

3.2 | IBD Blocks

At the local scale, TRUFFLE identified a total of 50,835 IBD
blocks larger than 0.4cM after 95th percentile filtering. This
provided an average of 43.67 IBD blocks per pair of samples
ranging between 0.4 and 19.02cM (Figure S3A). At the Greater
Caribbean scale, TRUFFLE identified a total of 39,725 IBD
blocks larger than 0.4cM after 95th percentile filtering. This
provided an average of 34.13 IBD blocks per pair of samples
ranging between 0.4 and 19.02cM (Figure S3A). Thus, fewer
IBD blocks were detected per pair at the Greater Caribbean scale
than at the local scale, which is consistent with the expectation
that individuals are less related at the Greater Caribbean scale
than at the local scale.

The longest IBD block (19.02cM) was an outlier that was repeat-
edly recovered on linkage group 14 for a variety of sample pairs
at both spatial scales. It is therefore likely to be a false positive,
yet IBD blocks >5cM were anyhow not considered in down-
stream analyses due to their rare occurrence.

TPBWT identified fewer IBD blocks than TRUFFLE in Belize
(18,861 versus 50,835, respectively), but with a similar length
distribution (Figure S3B). One notable difference was the lower
relative proportion of the smallest bin class in the TRUFFLE
dataset, which is consistent with the fact that TRUFFLE has
low power to detect short IBD fragments (Dimitromanolakis
et al. 2019). The distribution of the TPBWT IBD blocks along
the genome was broadly similar to the TRUFFLE one, following
the Hypoplectrus recombination landscape, but with small-scale
differences, notably the position of sharp peaks of occurrence
(Figure S1C).
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https://github.com/currocam/tombers_etal

3.3 | Isolation by Distance

As expected, the SNP data provided a subtle pattern of iso-
lation by distance at the local scale in Belize (Figure 2A). A
similar pattern was recovered with the IBD index (Figure 2B),
as well as when not applying the 95th percentile filter and call-
ing IBD blocks with TPBWT instead of TRUFFLE (Figure S4).
This pattern is characterised by a small isolation by distance
slope and a high scatter, which is typical at the individual level
in continuous populations (Rousset 2000; Sumner et al. 2001;
Broquet et al. 2006; Watts et al. 2007; Aguillon et al. 2017). It
is also similar to the isolation by distance patterns revealed by
microsatellite markers in five other reef fish species (includ-
ing the closely related black hamlet) collected along the same
transect in Belize, as well as computer simulations (Puebla
et al. 2009).

As expected again, the SNP data provided a clear pattern of iso-
lation by distance at the Greater Caribbean scale, and a simi-
lar pattern was recovered with the IBD index (Figure 2C,D).
This pattern was characterised by discrete geographic distance
classes, which reflects the discrete sampling scheme at this scale
(7 locations that provide 21 pairs of locations). In agreement
with the local scale analysis, a high scatter was observed within
sampling locations (geographic distance ~0). Nevertheless, this
scatter tended to decrease towards large geographic distances.
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This reflects the fact that a broad range of relatedness is ob-
served within populations (pairs of individuals may be closely
or distantly related), but the proportion of distantly related pairs
increases with increasing geographic distance. Yet one pair of
individuals that were sampled >1500km apart was among the
most closely related pairs (Ajk >0.01 and IBD index > 0.045).
Both individuals were sampled in 2017, one in Puerto Rico and
the other in the Florida Keys.

3.4 | Model Fit and Demographic Inference

The isolation by distance patterns based on number of IBD
blocks shared between pairs of individuals for three different
IBD block size bins are presented in Figure 3. The error bars
for the number of shared IBD blocks tended to increase with in-
creasing block size, which is consistent with the fact that there
are fewer long IBD blocks. The error bars for the number of
shared IBD blocks also tended to increase with increasing geo-
graphic distance, which is consistent with the fact that there are
fewer pairs of samples separated by large geographic distances.
In agreement with theoretical expectations (Equation 1), the
number of shared IBD blocks decreased exponentially with in-
creasing geographic distance, and this decrease became more
pronounced with increasing IBD block length and increasing
geographic distance.

0.035 1
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IBD index

0.025 1

0.020 1
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' ¢ D
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FIGURE2 | Isolation by distance between pairs of individuals at the local scale in Belize (A, B) and at the Greater Caribbean scale (C, D) based on

pairwise relatedness from genome-wide SNP data (A, C) and genome-wide IBD index from all IBD blocks (B, D). As expected, a subtle pattern of iso-

lation by distance is revealed at the local scale by the two approaches, and a stronger one at the Greater Caribbean scale. Note one pair of individuals

that are >1500km apart at the Greater Caribbean scale but among the most closely related pairs with both approaches.
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The power density model provided the best fit with the empirical
data (f=0.641 and 0.554 for the local and Greater Caribbean
scale, respectively), and the fit was generally good (Figure 3).
One notable deviation was a larger number of short IBD blocks
within populations (geographic distance ~0) than predicted at
the Greater Caribbean scale, which suggests that IBD of the
most closely related pairs of individuals was overestimated (a
similar pattern can be seen for humans from Eastern Europe
in Ringbauer et al. (2017)). Other than that the fit was equally
good at the local and Greater Caribbean scale, which was unex-
pected considering the patchy nature of coral reefs at the Greater
Caribbean scale.

The results of the demographic inference are presented in
Table 1. The model provided a recent o estimate of 31 km / /gen
(95% confidence interval 23-40) at the local scale when consid-
ering IBD blocks >1cM. D, was estimated to 0.175 (95% con-
fidence interval 0.090-0.250) individuals/km?. At the Greater

Local scale (Belize)

Caribbean scale the model provided a recent o estimate of 248
km / /gen (95% confidence interval 231-265) and a D, estimate
0f 0.002 (95% confidence interval 0.002-0.003) individuals/km?.
Figure 4 indicates that these estimates are expected to reflect
dispersal limitation largely within the last 100 generations,
which would represent at least 150years since the H. puella
reaches sexual maturity within a year and a half in captivity (T.
Deuss, personal communication).

In order to assess the consistency of the results across IBD call-
ing methods, we also ran the inference at the local scale using
the TPBWT data. The model provided a recent ¢ estimate of
26 km / y/gen (95% confidence interval 16-36), and D, was es-
timated to 0.338 individuals/km? (95% confidence interval
0.089-0.587). This is broadly consistent with the results based
on the TRUFFLE data, with overlapping 95% confidence inter-
vals. The best fit was also with the power density model, and
also provided a positive 8 estimate, albeit slightly lower than

Greater Caribbean scale

FUE 'Y Y

%g Tyttt v —————

ﬁéblol‘._._.‘--...-.... () 14 Le . E

w ° ° . ¢
OUJ

g3 t

Q

F ! m

- . ‘ |
=

=

2. 0 7 ]
Ck !

“5—4 o o

gm 20) - o3 . 1
—Qm ]

== © ® o 0 0 00 0 444 %% ¢ 1 . .

= ¥ 5 M
Z gL vt | b o - -

50 100 150 1000 2000 3000

Geographic distance (km)

— 0.4-1.0 cM

— 1.0-2.5 cM

Geographic distance (km)

— 2.5-5.0cM

FIGURE 3 | Isolation by distance based on IBD blocks at the local scale in Belize (left) and at the Greater Caribbean scale (right). The same data
are presented on a logarithmic (top) and linear (bottom) scale. Three block size categories are considered: 0.4-1.0cM (red), 1.0-2.5¢cM (blue), and
2.5-5.0cM (green). The dots represent the empirical data (binned, mean with their corresponding 95% bootstrapping confidence intervals), and the
solid lines represent the maximum-likelihood estimation (MLE) model fitted to the data. The shaded areas show the 95% confidence interval predic-
tion under the model for the MLE. As expected, the number of shared IBD blocks decreases exponentially with geographic distance, and this decrease
becomes more pronounced with increasing block length and increasing geographic distance.

TABLE1 | Resultsof the demographic inference considering IBD blocks >1cM.

Spatial scale Parameter MLE Lower 95% CI Upper 95% CI
Local (Belize) D, 0.175 0.090 0.260
Local (Belize) B 0.641 0.601 0.681
Local (Belize) c 31.4 23.3 39.6
Greater Caribbean D, 0.00250 0.00194 0.00306
Greater Caribbean p 0.554 0.506 0.602
Greater Caribbean c 248.1 231.1 265.1
Note: o inkm / y/gen, D, in individuals/km?
Abbreviations: CI, confidence interval; MLE, maximum likelihood estimate.
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FIGURE 4 | Expected age of the IBD blocks >1cM considered for &
and D, inference across a range of geographic distances at the local (top)
and Greater Caribbean (bottom) scales. The inference applies largely to
the recent past (< 100 generations).

with the TRUFFLE data ($=0.244, 95% confidence interval
0.148-0.340).

3.5 | Validation

The dispersal estimates were generally robust to the model as-
sumption violations that we tested. For high dispersal rates, the
accuracy of the dispersal estimates increased with increasing
spatial scale of sampling (Figure S5), which highlights the im-
portance of sampling at large spatial scales to capture the effect
of long-dispersal events. Due to the simulation setup, the local
density and D, estimates varied drastically depending on the dis-
persal rate. This is mainly because for individuals to occupy all
suitable habitat patches, they first have to colonise them, which
might not happen with high probability if dispersal rate is very
low. This might result in a meta-population with low connectiv-
ity and/or high local density, increasing the expected effective
density and population size.

4 | Discussion

To the best of our knowledge, this is the first study that applies
the Ringbauer et al. (2017) approach to non-human populations.
The empirical data are consistent with the general predictions
of the model. This includes, most notably, the observation of
an exponential decrease of shared IBD blocks with increasing
geographic distance, which becomes more pronounced with

increasing IBD block length and increasing geographic distance.
Beyond general trends, the model predictions also show a good
fit with the empirical data, which is remarkable considering the
technical challenges to identify IBD blocks from short-read se-
quence data and to estimate their length in centimorgans.

At the local scale in Belize, IBD blocks provide a recent dispersal
rate (o) estimate of 31 km /1/gen (95% confidence interval 23—
40) for the barred hamlet. This is higher than the ¢ estimate pro-
vided by microsatellite data at the local scale in Panama (17 km/
generation), but this estimate had an unbounded upper 95% con-
fidence interval (Puebla et al. 2009). IBD blocks allow therefore
to refine this estimate by providing a finite upper 95% confidence
interval, a timescale to which the estimate is expected to apply
(mostly within the last 100 generations), and to jointly estimate
effective density (D,). A o estimate in the order of 20-40km is
in line with evidence of local retention in reef fishes (Swearer
et al. 1999; Jones et al. 1999; Almany et al. 2007), which may be
explained by a combination of oceanographic factors and active
larval retention mechanisms (Atema et al. 2015). Our dispersal
rate estimate is also consistent with evidence of small-scale con-
nectivity among reef fish populations separated by a few tens of
kilometres (Jones et al. 2022).

Small-scale dispersal estimates derived from isolation by dis-
tance have been shown to be remarkably consistent with di-
rect estimates of dispersal (Rousset 2000; Sumner et al. 2001;
Broquet et al. 2006; Watts et al. 2007), including in reef fishes
(Pinsky et al. 2017; Naaykens and D'Aloia 2022). It is never-
theless important to keep in mind that dispersal studies con-
ducted at the local scale can by definition only detect local
dispersal, leaving long-distance dispersal—which may also be
significant—uncharacterized.

The IBD data also show a good fit with the model at the Greater
Caribbean scale, which is even more remarkable than at the
local scale considering the patchy distribution of coral reef hab-
itat at this spatial scale, and the fact that coral reefs represent
just a small fraction of the Greater Caribbean. Furthermore,
the simulations indicate that the dispersal estimates are quite
robust with respect to habitat patchiness, particularly when
sampling is conducted at a large spatial scale. Altogether, these
two observations suggest that our dispersal estimates are likely
to be robust not only at the local scale but also at the Greater
Caribbean scale. This indicates that long-distance dispersal is
also substantial, and thereby also relevant for management and
conservation (Manel et al. 2019). Isolation by distance has been
evidenced before at large spatial scales in reef fishes, including
in the barred hamlet (Puebla et al. 2009), but it was not straight-
forward to use this signal to infer dispersal due to the difficulty
to independently estimate D, and disentangle recent dispersal
from more ancestral processes at this spatial scale, as well a
non-equilibrium conditions between gene flow, mutation and
genetic drift.

All in all, our local scale analysis provides evidence of local
retention, our large-scale analysis provides evidence of ex-
tensive dispersal, and we posit that the two are not in con-
tradiction. They instead relate to different parts of the
dispersal kernel, with the large-scale analysis focusing on its
tail. Long-distance dispersal was further supported by high
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IBD between two individuals collected >1500km apart in
the Florida Keys and Puerto Rico. Single nucleotide polymor-
phisms also indicated high relatedness between these two in-
dividuals, implying that this result is not an artefact of our
IBD block detection approach. This result does not necessarily
indicate a single >1500km dispersal event—the two individ-
uals may be related through several dispersal events over sev-
eral generations—but it is consistent with the occurrence of
long-distance dispersal events. Similarly, o is best interpreted
as an effective dispersal parameter that reflects the rate of the
spatial spread of ancestry back in time rather than a single-
generation dispersal distance (Ringbauer et al. 2017). This
may contribute to explain the contrast between the estimates
at the two spatial scales. At the Greater Caribbean scale, IBD
sharing between distant locations is expected to reflect recent
historical dispersal events that effectively connect otherwise
remote reefs, which may result in a filtering of the dispersal
distance distribution compared with what is observed in a
continuous habitat.

Blocks of identity by descent allow to travel in time by con-
sidering different block lengths, which provides insights for
the interpretation of isolation by distance. In contrast to IBD
blocks, microsatellite and SNP markers provide a picture of
isolation by distance that integrates over all timescales, which
may contribute to blur the signal when it is mostly due to re-
cent dispersal limitation. This is indeed the case in the barred
hamlet at the local scale, where one may question the reality of
the isolation by distance signal provided by SNP markers due
to the large scatter and small slope of the regression. The IBD
index provides a similar pattern, but IBD blocks allow to dis-
sect the signal into IBD block size classes. When this is done
the picture becomes much clearer, with an increase of isolation
by distance with increasing IBD block length and increasing
geographic distance, which is consistent with theoretical ex-
pectations and therefore supports the view that this signal is
real and driven by recent dispersal limitation. Such a situation
may be relatively common since a subtle pattern of isolation by
distance at the local scale similar to the one that we report here
has been evidenced in a variety of taxa (Rousset 2000; Sumner
et al. 2001; Broquet et al. 2006; Watts et al. 2007; Puebla
et al. 2012; Aguillon et al. 2017).

Effective density was estimated to 0.175 (95% confidence inter-
val 0.090-0.250) individuals/km? in Belize, which is three or-
ders of magnitude lower than the census density estimated from
the field transects (698 +209 individuals/km?). This provides a
D, /D ratio of 0.0003. This value is within the range of N, /N ra-
tios reported in marine fishes (0.01-0.000001), which are likely
due to high variance in reproductive success among individuals
(Hauser and Carvalho 2008). The better fit with a power den-
sity model suggests a recent population expansion of H. puella.
Independent demographic inference analyses are required to
test this hypothesis.

The detection of IBD blocks is not straightforward, with
over 20 methods developed to this aim (Browning and
Browning 2012; Delaneau, Howie, et al. 2013; Delaneau,
Zagury, and Marchini 2013; Park et al. 2015; Bjelland
et al. 2017; Dimitromanolakis et al. 2019; Naseri et al. 2019;

Zhou et al. 2020; Seidman et al. 2020; Freyman et al. 2021).
The difficulty in calling IBD blocks is notably due to the occur-
rence of genotyping and phase switch errors. Computational
requirements are also an issue when large panels of SNPs and
individuals are considered, although this is arguably less of
an issue for relatively small datasets like the ones considered
here. The advent of next-generation sequencing contributed
to improving IBD blocks calling, but errors are still expected,
particularly phase switch errors when genomes are not physi-
cally phased. This is notably the case for the TPBWT method
that we implemented (which requires phasing), and one of the
reasons that motivated us to use TRUFFLE (which does not
require phasing) for our main analyses. Nevertheless, it is en-
couraging to see that the isolation by distance pattern and de-
mographic inference in the barred hamlet is robust to filtering
versus not filtering IBD blocks and using different IBD calling
methods.

Furthermore, recombination is considered explicitly by the
Ringbauer et al. (2017) approach and therefore considers
IBD block lengths in ¢cM, which requires a linkage map. One
option that comes to mind in the absence of a linkage map
would be to use an LD-based population genetic approach to
estimate recombination rate along the genome (Pefialba and
Wolf 2020). Yet this approach typically provides population
recombination rate p = 4N,r where N, is effective population
size and r recombination rate. A N, estimate would be needed
to extractr from this product, which is not straightforward and
would imply some circularity as effective density is precisely
one of the parameters estimated by the inference. Thus, the
requirement of a linkage map is difficult to circumvent. This
may contribute to explain why the use of IBD blocks is still
largely limited to the study of human populations. For ma-
rine fishes, the fact that females can produce a large number
of eggs allows to generate a linkage map from a single cross,
which is exactly what was done for the hamlets (Theodosiou
et al. 2016). We note that some IBD calling methods allow to
input a genetic map directly at the IBD calling stage, which is
preferable to the two-step procedure that we implemented, but
may require the same set of markers for linkage mapping and
IBD calling (which was not the case for this study).

Our approach relates to the study by Duranton et al. (2019),
who estimated the spatial scale of dispersal in the European
sea bass (Dicentrarchus labrax) using blocks of admixture.
This approach is based on the premise that when a population
receives genetic material from a distinct lineage, introgressed
blocks tend to get shortened by recombination as they move
away from the contact zone through multi-generational dis-
persal. It has several parallels with the approach implemented
here (it relies on the identification of haplotype blocks, does
not assume equilibrium between gene flow, mutation and ge-
netic drift, provides dispersal estimates that are independent
of effective population size, ...) and represents a valid alter-
native to our approach, critically so when gradients of ad-
mixture contribute to isolation by distance. Yet the Duranton
et al. (2019) approach relies on the occurrence of a pulse of
introgression as well as a spatial gradient of admixture, quite
specific conditions that are also not straightforward to docu-
ment in the first place. Furthermore, introgressed tracts may
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be under stronger selection than the rest of the genome, which
would contribute to bias dispersal estimates.

4.1 | Perspectives

Our study illustrates the potential of IBD blocks for demo-
graphic inference in non-human populations. A major advan-
tage of IBD blocks is that their length provides a timeline, from
just one generation back in time for the largest IBD blocks
up to thousands of generations for the shortest IBD blocks
that may be identified with dense SNP data (Browning and
Browning 2012). The analysis of IBD blocks will become more
accessible as sequencing costs continue to drop and new in-
ference methods such as the one implemented here are devel-
oped. Furthermore, the increasing accessibility to physically
phased data, through either linked- or long-read sequencing,
as well as the continuous development of new approaches for
the identification of IBD blocks, will contribute to improving
the reliability of this approach. IBD blocks have a foot in the
door of molecular ecology; they are here to stay and are likely
to play a significant role in the field.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Distribution of IBD blocks
along chromosomes for samples sequenced at the local scale in Belize
(A), at the Greater Caribbean scale (B), and at the local scale again but
with the TPBWT data (C). The two spatial scales and IBD calling meth-
ods show similar patterns. As expected, more IBD fragments are shared
in regions of low recombination, including a putative inversion that
covers a large part of chromosome 8. The red dotted line indicates the
95th percentile of the IBD block distribution. Figure S2: H. puella den-
sity along the Mesoamerican Barrier Reef in Belize. At total of 43400m?
transect surveys were conducted from the North to the South (inset in
Figure 1). The H. puella density is low and relatively constant along the
barrier reef, with just a slight tendency to increase towards the South.
Figure S3: Distribution of IBD block length in cM. Panel A shows block
lengths from the local and Greater Caribbean scale datasets, both esti-
mated with TRUFFLE. Panel B compares the block length distribution
obtained at the local scale with two different methods, TRUFFLE and
TPBWT. Bins are 0.5cM wide, except for the last one which includes
all blocks larger than 5cM. Figure S4: Isolation by distance between
pairs of individuals at the local scale in Belize, based on the IBD index
without 95th percentile filter (left) and using an alternative approach for
calling IBD blocks (templated positional Burrows-Wheeler transform,
right). The subtle pattern of isolation by distance is robust to these two
methodological variations. Figure S5: Estimated versus ground-truthed
mean effective dispersal rate across 120 simulated datasets. Table S1:
New H. puella genomes from Belize generated for the local scale anal-
ysis. Latitude and longitude given in decimal degrees and the date
(YYYY-MM-DD) refer to sample collection. Depth reflects approximate

sequencing depth after removing duplicate reads. Accession numbers
indicates the sample record in the European Nucleotide Archive (ENA).
Table S2: H. puella genomes included in the Greater Caribbean scale
analysis. Latitude and longitude given in decimal degrees and as the
date (YYYY-MM-DD) refer to sample collection. Depth reflects approxi-
mate sequencing depth after removing duplicate reads. Accession num-
bers indicates the sample record in the European Nucleotide Archive
(ENA).
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