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Abstract
Understanding the processes that shape patterns of genetic structure across space is a
central aim of landscape genetics. However, it remains unclear how geographic features
and environmental variables shape gene flow, particularly for marine species in large
complex seascapes. Here, we evaluated the genomic composition of the two-band
anemonefish Amphiprion bicinctus across its entire geographic range in the Red Sea and
Gulf of Aden, as well as its close relative, Amphiprion omanensis endemic to the southern
coast of Oman. Both the Red Sea and the Arabian Sea are complex and environmentally
heterogeneous marine systems that provide an ideal scenario to address these questions.
Our findings confirm the presence of two genetic clusters previously reported for A.
bicinctus in the Red Sea. Genetic structure analyses suggest a complex seascape
configuration, with evidence of both Isolation by Distance (IBD) and Isolation by
Environment (IBE). In addition to IBD and IBE, genetic structure among sites was best
explained when two barriers to gene flow were also accounted for. One of these coincides
with a strong oligotrophic-eutrophic gradient at around 16-20˚N in the Red Sea. The other
agrees with an historical bathymetric barrier at the straight of Bab al Mandab. Finally, these
data support the presence of inter-specific hybrids at an intermediate suture zone at
Socotra and indicate complex patterns of genomic admixture in the Gulf of Aden with
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evidence of introgression between species. Our findings highlight the power of recent
genomic approaches to resolve subtle patterns of gene flow in marine seascapes.

Introduction
Elucidating the processes that shape spatial patterns of genetic variation in natural
populations is a central aim of evolutionary biology (Avise 2000). Many species occupy
geographic ranges that are heterogeneous in terms of their geography and environment,
both of which are fundamental components shaping patterns of gene flow across
landscapes. Factors that limit gene flow among populations can lead to divergence via
genetic drift (Wright 1943; Slatkin 1987; Riginos & Liggins 2013). Alternatively, selection
in different ecological environments can drive divergence between populations and limit
gene flow despite, in some cases, high dispersal (Via 2002; Nosil et al. 2009). Overall,
disentangling the relative contribution of geography and environment to patterns of
genetic diversity in natural populations is important in the identification of drivers of
connectivity (Wang & Bradburd 2014).
Discerning the relative contribution of geography and environment in shaping genetic
diversity remains a challenging endeavor. This is because in nature, environmental
heterogeneity, spatial distance and habitat distribution are part of the same landscape
matrix in which populations evolve. One major complication in discerning the role of these
two factors in evolution is the fact that geographic distance and environmental differences
are often correlated. In addition, identifying and quantifying the underlying processes
(selection, drift, dispersion) that shape the patterns of genetic variation in natural
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populations remains a difficult task (Wang et al. 2013; Sexton et al. 2014; Wang &
Bradburd 2014). However, the development of new statistical methods, the proliferation of
protocols that allow for high density SNP discovery and genotyping in large populations, as
well as ease of accessing environmental data derived from satellite imagery provide a new
opportunity to examine how geography and environment shape genetic structure in
natural populations (Balkenhol et al. 2009; Wang & Bradburd 2014).
Coral reefs of the Arabian Peninsula are rich and diverse ecosystems characterized by high
levels of endemism across many taxa (Klausewitz 1989; DiBattista et al. 2015a; b). The
geological history of the region has played an important role in generating this unique
biodiversity. The Red Sea rift led to the separation of the Arabian plate from the horn of
Africa during the Oligocene (~25 Mya), opening the Red Sea to the Indian Ocean via the 30
km wide strait of Bab al Mandab. This narrow and shallow passage was almost completely
emerged during Pleistocene glacial cycles (2.5 Mya), when sea level lowered as much as
140 m (Rohling et al. 1998) isolating the Red Sea from the Gulf Aden and Indian Ocean. The
formation of the Red Sea created a unique set of environmental conditions including
minimal freshwater inflow, high evaporation rates and a latitudinal gradient of
temperature, salinity and nutrient concentrations (Sofianos 2003; Raitsos et al. 2013).
These environmental conditions have played an important role in shaping the structure
and diversity of shallow-water marine communities in the region (Sheppard & Sheppard
1991; Roberts et al. 1992; DiBattista et al. 2015b).
Coral reef communities in the Red Sea display heterogeneous composition and structure
along the north to south axis (Sheppard & Sheppard 1991; Roberts et al. 1992; Khalaf &

This article is protected by copyright. All rights reserved.

Accepted Article

Kochzius 2002; DiBattista et al. 2015b). However, relatively few studies have assessed
genetic variation within the region (Berumen et al. 2013). These studies include reef fishes
(Larabicus quadrilineatus, Froukh & Kochzius 2007; Amphiprion bicinctus , Nanninga et al.
2014), a reef sponge (Stylissa carteri, Giles et al. 2015), a coral (Pocillopora verrucosa,
Robitzch et al. 2015), as well as a mussel (Brachiodontes pharaonis, Shefer et al. 2004).
Interestingly, all but one survey (Robitzch et al. 2015) found evidence of a genetic break at
around 16-20˚N latitude. In particular, both Nanninga et al. (2014) and Giles et al. (2015)
found that genetic structure along 1,500 km of the Saudi Arabian coast of the Red Sea was
best explained by a combination of isolation by distance (IBD) and isolation by
environment (IBE). The authors suggest that this internal genetic break coincides with a
zone of environmental transition from oligotrophic waters to eutrophic waters associated
with a turbid, shallow reef system. It remains unclear, however, if this apparent correlation
between genetic and environmental differences is truly the result of adaption to different
environmental conditions in the Red Sea. It has been suggested that the sharp
environmental gradient around 16-20˚N in the Red Sea could be the product of specific
topographic and oceanographic conditions in this particular area (Raitsos et al. 2013).
Under this scenario, it is possible that larval connectivity and thus gene flow across the 1620˚N transition zone are limited by physical (oceanographic and topographic) constraints.
If this is the case, then it would still be possible to observe a significant IBE (because both
oceanographic/topographic and the environmental transitions occur in the same area) but
that would not involve necessarily a causal link to local adaptation to different
environments.
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Here we evaluated the genomic composition of the two-band anemonefish Amphiprion
bicinctus (Rüpell, 1830) across its entire geographic range with a genotyping by sequencing
approach using a double digest restriction site associated DNA protocol (ddRAD; Peterson
et al. 2012). Amphiprion bicinctus is a common inhabitant of coral reefs in the Red Sea that
is found between 0.5 to 45 m depths in association with five species of anemones
(Entacmea quadricolor, Stichodactyla haddoni, Heteactis aurora, Heteractis crispa, and
Heteractis magnifica). While its host anemones occur throughout the Indo-Pacific region, A.
bicinctus is endemic to the Red Sea and parts of the Gulf of Aden (Nanninga et al. 2014;
DiBattista et al. 2015c). In addition, based on coloration patterns and differentiation at a
single nuclear gene (RAG2), a recent study (DiBattista et al. 2015c) found that A. bicinctus
might hybridize with Amphiprion omanensis (Allen & Mee, 1991) a closely related species
endemic to the Southern coast of Oman (Santini & Polacco 2006; Litsios et al. 2014).

We performed a genome-wide survey among 11 sites and compared patterns of genomic
divergence in A. bicinctus across among two previously described barriers to gene flow in
the region: (1) oligotrophic-eutrophic barrier (or possibly a circulation barrier) around
20˚N (Roberts et al. 1992; Nanninga et al. 2014) and (2) the straight of Bab al Mandab at
the junction between the Red Sea and Indian Ocean (an ancient bathymetric barrier;
DiBattista et al. 2013). We also consider a monsoonal upwelling barrier of the monsoonal
upwelling system of the Arabian Sea, which may have led to the speciation of A. bicinctus
and A. omanensis. Our first aim was to evaluate genomic divergence across these barriers.
We then determined if genomic patterns differed between barriers and whether or not
they displayed signals that are consistent with the intrinsic nature of each barrier. If
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adaptation to environmental conditions is driving patterns of genetic diversity, then we
would expect to find a subset of loci under selection and for these to depart from neutral
expectations across putative barriers. On the other hand, if drift alone is responsible for the
genetic differences, we might expect fewer outlier loci regardless of the degree of
divergence among populations on either side of the barrier. Finally, we evaluated the
permeability of the Gulf of Aden and Oman upwelling barrier by evaluating patterns of
genetic admixture between A. bicinctus, A. omanensis and their putative hybrids from
Socotra Island.

Materials and methods
Study region and sample collection
Samples of Amphiprion bicinctus (Fig. 1a) were collected from nine sites between the Gulf
of Aqaba (28˚N, 34˚E) in the northern Red Sea and Djibouti (12˚N, 43˚E) in the Gulf of Aden
(Fig. 1d). In addition, we used samples of its congeneric species A. omanensis (Fig. 1c)
collected by Simpson et al. (2014) from the Dhofar region of Oman (16˚N, 54˚E) . Previous
reports also indicate that both A. bicinctus and A. omanensis may co-occur in Socotra,
Yemen (12˚N, 53˚E; Kemp 1998; Zajonz et al. 2000). At Socotra, anemonefish are generally
rare; only individuals of intermediate coloration were observed and subsequently collected
(Fig. 1b). These likely represent putative hybrids of these closely related species (Litsios et
al. 2014; DiBattista et al. 2015c). In total, 144 samples were collected across 12˚ of latitude
and spanning the known geographic distribution for A. bicinctus and its putative outposts.

This article is protected by copyright. All rights reserved.

Accepted Article

Library preparation and sequencing
Genomic DNA was extracted from fin or gill tissue preserved in 96% ethanol or saltsaturated DMSO buffer using a Nucleospin-96 Tissue kit (Macherey-Nagel, Düren,
Germany). Double digest restriction associated DNA (ddRAD) libraries were prepared
using 500 ng of DNA per sample following the protocol described by Peterson et al. (2012)
with some modifications. Briefly, genomic DNA was digested at 37°C for three hours using
the restriction enzymes SphI and MluCI (NEB) followed by a ligation step, whereby each
sample was assigned to one of 16 unique adaptors. Pools of 16 individuals were combined
and run on agarose gel, where 300 to 500 bp fragments were manually excised and purified
using a Zymoclean Gel DNA recovery kit. Each pool was amplified using 10 PCR cycles in 50
µl reactions containing 25 µl Illumina True Seq Master Mix, 20µl of library DNA and a
unique indexing primer for each pool that corresponds to the standard Illumina
multiplexed sequencing protocol. PCRs were carried out in a Veriti 96-well thermal cycler
(Life Technologies) using the following protocol: initial step heating at 98˚C for 30 sec, ten
cycles (98˚C for 10 sec, 60˚C for 30 sec, and 72˚C for 30 sec), followed by a final step at 72˚C
for 5 min. DNA libraries were quantified using the high sensitivity DNA analysis kit in a
2100 Bioanalyser (Agilent Technologies). Pools were combined in equimolar
concentration to form a single genomic library and sequenced in one lane of a HiSeq 2000
Illumina sequencer (single end, 1 x 101 bp; v3 reagents).

De-novo assembly
Sequences were de-multiplexed and filtered for quality using the ‘process_radtags.pl’
pipeline in Stacks version 1.18 (Catchen et al. 2011). Individual reads with phred-scores
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below 20 (average on sliding window) or with ambiguous barcodes were discarded. In the
absence of a reference genome for this species, RADSeq loci were assembled de-novo using
the ‘denovo_map.pl’ pipeline in Stacks. Different parameter combinations were evaluated,
which resulted in different numbers of loci (Supporting information, S1) but gave similar
results in genetic comparisons (genetic clustering and pairwise FST among sites). For the
main analyses presented here, we used a parameter combination recommended by
Mastretta-Yanes et al. (2014): minimum read depth to create a stack (-m) = 3, number of
mismatches allowed between loci within individuals (-M) = 2, number of mismatches
allowed between loci within catalog (-n) = 2.
Following de-novo mapping, an initial data-filtering step was performed using the
population component of Stacks retaining only those loci present in at least 80% of
individuals at each site and at least 7 of all 11 sites. A second filtering step was also
performed removing loci with minor allele frequencies lower than 0.05 (to reduce the
number of false polymorphic loci due to sequencing error) ,and loci that were absent in
more than 20 samples regardless of the site (to remove loci with more than 20% missing
data that passed the filtering conditions of Stacks [80% individuals within each site and 7
of 11 sites]). The write_single_snp option produced a vcf file with only one single nucleotide
polymorphism (SNP) per stack. The resulting vcf file was converted to other program
specific input files using PGDSPIDER version 2.0.5.1 (Lischer & Excoffier 2012).
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FST, FIS and genetic diversity metrics (percentage of polymorphic loci, average number of
alleles, observed and expected heterozygosity) were estimated using Genodive version 2.0
(Meirmans & Van Tienderen 2004). The significance of pairwise FST values was tested using
10,000 permutations..

Population genetic and statistical analyses
To address all aims of this study we performed a principal components analysis (PCA) and
a genetic clustering analysis. Both these analyses allowed elucidating the spatial patterns of
genetic admixture along the distribution range of A. bicinctus and provided information
about the levels of admixture between A. bicinctus, A. omanesis and their putative hybrids
from Socotra. To address the second aim we used an information-theoretic approach to
elucidate the main factors that shaped genetic differences among sites. In addition, we used
a latent factor mixed model to detect potential loci that were strongly associated with the
environmental variables. We also performed a test for population splits and mixtures to
evaluate for migration events across these barriers. Finally, for the last aim and to
complement the Bayesian clustering analysis, we simulated hybrid individuals (F1 and
Back crosses) among different sites and compared their distribution in Principal
Component’s space relative to all samples.

Principal components Analysis
We performed a principal components analysis of the genotype covariance matrix using the
“dudi.pca” function in R and following Jombart et al. (2010). We used this to summarize
genotypic variation across all sampled individuals.
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Clustering analysis
To explore genetic structure across sampling sites, a clustering analysis was performed in
STRUCTURE version 2.3.4 (Pritchard et al. 2000) without a priori information of the
geographic origin of each sample. The analyses were run under the admixture model with
correlated allele frequencies (Falush et al. 2003), with a burn-in period of 200,000 MCMC
iterations, followed by 300,000 iterations for each run. The number of K (putative
populations) ranged from one to eleven when all loci and all sites were included and
ranged from one to six for analyses that involved subsets of the main dataset. Five replicate
analyses were run for each value of K. The number of clusters was inferred by comparing
the ln Pr (X|K) among different values of K. The value of K for which ln Pr (X|K) was highest
or reached a plateau was selected as the most parsimonious number of populations in our
sample. The ad hoc statistic ΔK (Evanno et al. 2005) was also considered.

Determinants of genetic differentiation within the Red Sea
We used an information-theoretic approach (Anderson 2008) to determine the factors that
may have shaped the observed patterns of population structure among sites. This approach
is widely used in ecology, especially in situations where model uncertainty prevails
(Johnson & Omland 2004), and has the advantage of ranking alternative models according
to empirical evidence rather than simply accepting or rejecting each putative model
(Correa & Hendry 2012). Environmental and geographical variables were included in the
model selection and each model was ranked based on their evidence ratio and posterior
probability. Environmental data were gathered from the NASA Giovanni website using the
MODIS-Aqua 4 km database (http://oceancolor.gsfc.nasa.gov) with standard NASA
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estimate algorithms. Color radiometry measurements of daytime sea surface temperature
(day DSST °C), chlorophyll-a (CHLA mg/m3), colored dissolved organic matter (CDOM),
particulate organic carbon (POC mg/m3) and sea surface salinity (‰) were used. For all
variables, nine-year annual averages (January 2003 to December 2012) were downloaded
and used. Values of these variables for each site are included as supporting information
(Supporting information, S1). Environmental distances among sites (env) were estimated
by standardizing all variables, performing a principal components analysis using the
“prcomp” function in R, and then calculating the distances between sites plotted on the
resulting first two PC axes (Variance explained by PC1 + PC2 = 97.12%). Geographical
factors included the Euclidean distance over water between sites (geo) and the presence of
three putative barriers to gene flow: i) oligotrophic-eutrophic barrier around 16-20˚N (b1;
Nanninga et al. 2014); ii) the Strait of Bab Al Mandab that connects the Red Sea and Gulf of
Aiden (bathymetric barrier) (b2); and iii) the monsoonal upwelling system in the Arabian
Sea (b3) that may limit the distribution of A. bicinctus. All barriers were considered
independently and in combination (b1_2, b1_3, b2_3, and b1_2_3). Each barrier was
modeled as a factor with 2 levels (same side vs different side of barrier).

Overall, 49 models were fitted using the linear model “lm” function in R . For each model,
the sample size-corrected Akaike information criterion (AIC) was computed as AICc = AIC
+2K(K +1)/(n- K -1), where AIC= -2log-likelihood + 2K (K= number of parameters in model,
n = number of observations). Models were then ranked based on increasing AICc and
further interpretation based on model probabilities (w) and evidence ratios (Anderson
2008). To compensate for the fact that pairwise FST values are not independent among
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sites, tests of significance were performed using a randomized permutation (n=104)
procedure as implemented in the MMRR function (Wang et al. 2013).

Testing for association between loci and the environmental gradient
We tested for the presence of loci that exhibited high correlation with the environmental
gradient for A. bicinctus (sites1-9). To do this, we used a latent factor mixed effect model
(LFMM) implemented in the package LEA in R (Frichot & François 2015). The algorithm
implemented in LFMM detects correlations between environmental and genetic variation
while simultaneously inferring background levels of population structure. Background
population structure is introduced into these models using unobserved variables (latent
factors). First, we used the function “snmf” from the package LEA to estimate the most
likely number of ancestral populations that best explains the genotypic data by evaluating
the cross-entropy criterion for different values of K. Second, we performed an ecological
association test using the LEA function “lfmm” with numbers of latent factors ranging from
K = 2 to K = 3 to account for background population structure. K =2 corresponded to the
most likely number of clusters based on STRUCTURE as well as the value of K with the
minimal cross-Entropy according to “snmf” results (Supporting information, S2). As
environmental variable we used the first PC component estimated in the previous. We ran
the Gibbs sampler algorithm for a period of 10000 cycles following a burn-in period of
5000 cycles. This was done 5 times for each value of K. The genomic inflation factor (λ) was
1.75 for K =2 and 1.63 for K = 3. While this value should ideally be close to 1, we found that
this calibration produced a correct distribution of adjusted p-values (drawn from a uniform
distribution)(Supporting information S2). To control for false discoveries, we applied the
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Benjamin-Hochberg algorithm using standard R scripts as described in the LEA package
documentation and using a false discovery rate (FDR) q = 10%.

Testing for population splits and mixtures
We built a population tree to infer patterns of genetic admixture among the 11 sampled
sites using the program Treemix version 1.12 (Pickrell & Pritchard 2012). The model used
was based on the construction of population trees to infer their relationships and allowed
for the inclusion of both the effects of population splits and gene flow. In particular, we
tested if a simple bifurcating population tree could fully explain the genetic variation in the
data (reflecting the amount of genetic drift among populations), or if additional migration
events were needed to explain the data. We first built a maximum-likelihood tree for all 11
sites under the assumption that all SNPs were independent. Given the fact that no reference
genome, genetic map or linkage was available for this species, Amphiprion omanensis was
set as the root of the tree. In order to assess the confidence of the topology of the tree, ten
replicate trees were generated using the bootstrap option (resampling blocks of 250 SNPs).
We then built trees allowing for different numbers of migration events (1 to 10) and
assessed the percentage of variance explained for each iteration. Three and four population
tests were used to explore the robustness of the inferred migration events (Reich et al.
2009).

Simulation of Hybrids
We used the function “hybridize” from the package adegenet (Jombart et al. 2010) in R to
simulate hybrid individuals. This function performs hybridization between two sets of
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genotypes (populations). The function estimates allelic frequencies for each population and
gametes are sampled following a multinomial distribution. For each simulation a set of 12
hybrid genotypes were produced from two parental populations (sites). Hybrid individuals
were then included in a second PCA analysis as described previously.

Results
Raw sequence filtering and assembly
A total of 107 186 385 reads of 101 bp each were obtained for 144 individual samples from
11 locations in the Red Sea and Arabian Sea (Fig 1d). As a conservative measure, 29
samples were discarded due to low read recovery (< 250 000), which comprised only 2.7%
of all reads. Of the remaining reads, 86.7% were successfully built into ‘stacks’ with 180
776 to 2 566 557 reads per individual. On average, ~800 000 reads and ~200 000 stacks
per individual were recovered and used to build loci. The minimum average depth of
coverage per individual ranged between 6x and 20x and averaged 10.5x across all samples.
A total of 60 142 loci with at least one SNP were recovered. Additional filtering was
performed to eliminate loci with more than 20% missing data and individual samples for
which more than 25% of loci were missing. Overall, 4559 loci were retained for 115
samples from 11 sites. Depth of coverage per sample after filtering ranged from 7x to 75x
and averaged 25x coverage per locus per sample.

Principal components Analysis
The amount of genotypic variation explained by the first three Principal Components (PC)
was low (11%). Yet, PC1 (accounting for 5.77 % of the variation) discriminated well
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simples from sites 10 and 11 (Socotra and Oman) from the rest. PC1 also discriminated to
a lesser extent samples from Sumayr, Farasan and Djibouti in the southern Red Sea (sites
7,8 and 9) from samples from the central and northern Red Sea (sites 1-6). PC2 (3.03% of
variation) further distinguished samples from the southern Red Sea (sites 7-9) from the
central and northern Red Sea region. Interestingly, PC3 (2.13% of variation) separated site
10 from site 11 indicating a small but evident difference between these sites (Fig. 2). Six
different sets of simulated hybrids were then added to the PCA analysis (Supporting
information S2). Interestingly, some simulated hybrids were in proximity to Socotra when
plotting PC1 and PC2. In particular, simulated F1 hybrids between sites Sumayr and Oman
as well as backcrossed hybrids (F1 Oman-Farasan X Oman) were plotted in close proximity
to Socotra individuals. However, PC3 clearly separated Socotra samples from all other
samples including all simulated hybrids.

Population genetic statistics
A summary of the principal statistics (number of individuals per site, percentage of
polymorphic loci, average number of alleles, observed and expected heterozygosity, and
FIS) is presented in Table 1. Global FST among all sites was 0.054. The distribution of FST per
SNP is presented as supporting information (S2). Briefly, 90% of all FST values were below
0.127. The 90th to 100th percentile comprised values ≥ 0.127. Site pairwise FST values
varied between 0.0 (Yanbu – Abu Terr) and 0.178 (Sudan - Socotra) (Table 2). When
populations were grouped according to Bayesian clustering results (see below), global FCT
among K = 3 groups (Fig. 3) was 0.064 and FST between sites but within groups was 0.015.
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Bayesian clustering analysis
With the complete data set of 4559 SNPs from 113 samples across 11 sites, the Bayesian
clustering analysis suggested K = 2 populations as the most parsimonious partitioning of
individuals based on the metric ΔK (Evanno et al. 2005). This division separates sites from
the north and central Red Sea (sites 1-6) from Socotra and Oman (sites 10-11), with sites in
the southern Red Sea (7-9) displaying different levels of admixture between these two
clusters. When plotting ln Pr(X|K) against K to determine the most likely number of
clusters, we found K = 3 as the most likely partition of the samples (Fig. 3), with a curvelike trend as K increased. This result is indicative of scenarios where one contact zone has
significant levels of sub-structure within zones and is likely driven by the differences
among species rather than among sites (Evanno et al. 2005). Both summary statistics (ΔK
and ln Pr(X|K)) are presented as Supporting information (S3). In an attempt to identify
population sub-structure in A. bicinctus only, Socotra and Oman were excluded from
further Bayesian clustering analyses. In this case, K = 2 was the most likely solution,
providing further support for the general K = 3 as the most likely overall scenario (Fig. 2).
While K = 2 suggests introgression of A. omanensis DNA into A. bicinctus in the southern
Red Sea, a K = 3 solution would suggest a genetic sub-structure of A. bicinctus between
northern (1-6) and southern (8-9) Red Sea sites, with Farasan Islands (site 8) showing
introgression with A. omanensis and Sumayr (site 7) showing intermediate levels of
admixture between the northern and southern Red Sea genetic clusters.

To evaluate if patterns of genetic clustering changed among different loci, clustering
analyses were also performed for different subsets of SNPs based on the distribution of
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global FST. (Supporting information, S2). While no evidence of genetic clustering was
identified with the SNP subset in the 60th percentile based on global FST (see ln Pr(X|K) plot
in S2, Supporting information), all other SNP subsets indicated similar groupings between
sites as when the analysis was performed with all loci, with K = 3 being the most likely
model. No remarkable differences in admixture patterns were observed for different
subsets of loci in sites 1-9 compared to results when all loci were included. However, site
10 (Socotra) did show variation in admixture proportions depending on the subset of loci
analyzed. In particular, loci in the 60th to 80th percentile showed evidence of admixture in
Socotra between the southern Red Sea cluster and the Oman cluster (Supporting
information S2).

Explaining patterns of genetic structure in the Arabian Sea
Results from Bayesian clustering showed a gradient of admixture in sites 6 to 8 providing
alternative putative locations to place the b1 barrier) between sites 5 and 6, 6 and 7 or 7
and 8). We compared three independent models to evaluate which placement of b1
explained best pairwise genetic variation. We found that pairwise genetic differentiation
was best explained when b1 was placed between sites 7 and 8 (Fig. 1d) (Supporting
information, S1). This model had a probability of 99% compared to the second best model,
which placed b1 between sites 6 and 7 and had a probability of less than 1%. Therefore, b1
was placed between sites 7 and 8 for all subsequent analyses.

When all sites were included in the models, genetic differentiation (FST) was best explained
by models that included the presence of at least one barrier. That is, the top 30 ranked
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models (out of 67) included at least one barrier (S4, Supporting Information). One model
outperformed all the other models (model probability of 0.86 compared to 0.06 of the next
model in the rank). This model included env, geo, the presence of the b3 barrier (Gulf of
Aden and Oman upwelling) as well as an interaction between env and b3 as well as geo and
b3 (Fig. 4 panels a-e). This model confirmed that: 1) The average pairwise FST among sites
on different sides of the Gulf of Aden and Oman upwelling barrier was 2.9 times higher than
the average FST among sites on the same side of the barrier (FST same = 0.057 ± 0.0040 SE, P
< 0.001; FST different = 0.149 ± 0.0100 SE, P < 0.001). 2) Pairwise FST values were positively
correlated with geo within the same side of b3 but not across it (same side: 0.038 ± 0.0062
SE,P < 0.001; different sides: 0.0104 ± 0.0045, P = 0.076) (Fig. 4b). 3) Pairwise FST values
were positively correlated with env for comparisons within the same side of the barrier
(slope: 0.0104 ± 0.0041 SE, P < 0.008), but not across different sides (slope: -0.006 ± 0.006
SE; P = 0.31) (Fig. 4c). Overall, FST values increased as a function of the combined effect of
env plus geo within the same side of the barrier (combined slope: 0.049), but was close to
zero among sites in different sides of the barrier (combined slope: 0.007) (Fig. 4d). There
was a small but significant correlation between env and geo (R2 =0.165, F = 10.46, P =
0.002) (Fig. 4e).

We repeated this analysis excluding sites 10 and 11 (A. omanensis and putative hybrid
samples) and thus b3 (Gulf of Aden and Oman upwelling) (Fig. 4, panels f-j). Genetic
differentiation within sites 1 - 9 was best explained by models that included the presence of
at least one barrier. That is, the top 25 ranked models (out of 31 evaluated) included one or
two barriers (b1: the oligotrophic-eutrophic barrier between sites 7 and 8; b2: the straight

This article is protected by copyright. All rights reserved.

Accepted Article

of Bab al Mandeb barrier) as effects (S5, Supporting Information). One model outperformed
all other models (model probability of 52% compared to 22% of the next model in the
rank). This model included geo, env, b1_2 (a variable including both b1 and b2) and an
interaction between env and b1_2. This model suggested that: 1) The average pairwise FST
among sites within the same side of the b1 barrier was 2.3 times lower than the average FST
among sites across b1 and 4.1 times lower than the average FST among sites across b2 (FST
same = 0.015 ± 0.0015 SE; P < 0.001; FST across b1 = 0.034 ± 0.0012 SE; P < 0.001; FST
across b2 = 0.059 ± 0.0089 SE; P < 0.001). 2) Pairwise FST was positively correlated with
geo both within and among barriers with no differences among slopes among factors
(barriers) (0.0092 ± 0.002 SE, P < 0.001 )(Fig. 4g). 3) FST increased with env but the rate of
change (slope) of FST with respect to env was similar within same side of barriers and
across barrier b2 (slope: 0.004 ± 0.001 SE, P < 0.001), but was higher across b1 (slope
different side of b1: 0.032, P < 0.001) (Fig. 3h). Overall, with both geo and env combined,
the rate of increase in FST was 2.9 times higher for pairwise comparisons across the b1
barrier than for comparisons in the same side of barriers (combined slope same side =
0.014 ± 0.0015 SE; combined slope different side of b1: 0.041 ± 0.006 SE). The combined
slope for comparisons across the b2 barrier was similar to that of comparisons within same
side of barriers (combined slope different side of b2: 0.007 ± 0.012 SE) (Fig. 4i). There was
no significant correlation between env and geo (R2 = 0.01, F = 0.34, P = 0.556) (Fig. 4j).

Association between loci and the environmental gradient
Using 2 latent factors, and after controlling the FDR at q =10%, we obtained a list of 98
candidate SNPs, representing 2.1 % of the total number of loci. That is, 98 loci presented
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significant correlations with the environmental gradient after controlling for population
structure in the data set, adjusting the p-values of these correlations and correcting for
false discoveries. We note that the use of the genomic inflation factor to adjust p-values is a
conservative procedure (Frichot et al. 2013). Results when using 3 latent factors, and after
controlling the FDR at q = 10%, were quite similar. The number of candidate loci with
significant correlations with the environmental gradient was 103. Of these, 95 were the
same as when 2 latent factors were used. Putative loci under selection had associated pvalues that ranged from 0.0021 to 9.17e-12. Overall, after controlling for population
structure there was evidence of putative adaptive loci for A. bicinctus along the Red Sea.

Population trees
The most likely population tree in Treemix explained 98.04% of the variance in relatedness
between populations (Fig. 5). The tree was rooted using Oman and placed Socotra as the
closest site to Oman, but also the most divergent one (longest branch of the tree). Following
Socotra are Farasan and Djibouti, with the latter having diverged for twice as long as
Farasan. Of the remaining sites in the Red Sea, Sudan had the longest branch. We examined
the residuals of the model’s fit to identify aspects of ancestry not captured by the tree (Fig.
5). Overall only five sites showed evidence of admixture that was not captured by the
original tree (Oman, Socotra, Djibouti, Farasan, and Burcan). We then sequentially added
migration events to the tree. By adding five migration events (P < 1x10-3 in all cases), the
amount of the variance in relatedness between sites that could be explained increased to
99.6% (Fig. 5). Interestingly, these events included one admixture event from Oman to
Farasan (w = 0.12), one event from Socotra to the northern Red Sea (w = 0.049), and three
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events from southern Red Sea (Djibouti or Farasan) to the northern Red Sea (Abu Terr,
Aqaba, Canyon Reef, and Sumayr) (w = 0.09 - 0.48). We tested the significance of these
admixture events with three population tests (Reich et al. 2009), which provided support
for admixture of sites in the northern Red Sea (Abu Terr, Canyon Reef and Sumayr) with
sites from the southern Red Sea (Farasan and Djibouti) (significance was set at Z < -3.3, P <
0.0005). The admixture event between Socotra and the northern Red Sea sites was not
significant for this test (all tests with Z > -0.40, P > 0.34). The admixture event between
Oman and the southern Red Sea (Farasan) was not significant for this test either (all tests
with Z > 0).

Discussion
Understanding the processes that shape genetic structure and lead to population
differentiation across landscapes is one of the primary objectives of population genetics
and speciation studies. Here, we shed light about the main processes that shaped the
genetic structure of a coral reef fish, A. bicinctus, in the Red Sea and its genetic relationship
to one of its closest relatives A. omanensis in the Arabian Sea. Our analysis of genomic data
from ddRAD sequencing identified one prominent genetic discontinuity in the southern
Red Sea. This pattern of genetic structure in A. bicinctus coincides with a putative
oligotrophic-eutrophic environmental transition that divides the basin into its centralnorthern and southern bioregions. While our results support the idea that isolation by
distance (IBD) and isolation by environment (IBE) may be important mechanisms that
define the observed genetic structure, the presence of a physical (circulation) barrier
cannot be ruled out. Here, we discuss how these new results add to our understanding of
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seascape genetics, identify caveats to our genomic approach and provide guidelines for
future research in the discipline.

Bayesian clustering analyses supported the presence of three genetic clusters. The limits of
these clusters coincide with the position of two of the three putative barriers evaluated (b1
and b3). One clearly delimited the distribution of A. bicinctus outside the Red Sea (b3). The
second (b1) giving rise to a genetic break within A. bicinctus somewhere between Canyon
and Farasan (sites 5 and 8). The analysishowever, did not support the presence of a barrier
at the Strait of Bab al Mandab (b2). Principal Components Analysis was mostly congruent
with Bayesian clustering but provided evidence of further substructure. Perhaps the only
remarkable difference was that the Bayesian clustering analysis placed sites 10 and 11
together, while they were clearly separated by one of the principal components (PC3) in
the PCA. Overall, our data support the presence of the b1 barrier, consistent with previous
reports from microsatellite studies in A. bicinctus (Nanninga et al. 2014) and the reef
sponge Stylissa carteri (Giles et al. 2015). Interestingly, these studies clearly differentiate
the Farasan Islands from the rest of the Red Sea and suggest that this southern Red Sea
genetic cluster displays an introgression that diminishes gradually towards the North. Our
results are in accordance with these previous reports. In addition, Bayesian clustering and
Treemix analyses indicated unidirectional gene flow from the southern Red Sea to the
northern Red Sea. While we cannot confirm the directionality of introgression using this
dataset, estimated gene flow does coincide with the dominant direction of water flow
through the Strait of Bab el Mandab (intrusion of Gulf of Aden Intermediate Water;
Sofianos 2003; Sofianos & Johns 2007). However, high seasonal variability in both the
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direction and magnitude of surface flows are common in the southern Red Sea (P. Zhan,
personal communication). A coupled biophysical modeling approach (e.g. Paris et al. 2013)
of ocean circulation would be necessary to determine how oceanographic patterns affect
the dispersal potential of A. bicinctus larvae across this boundary.

Compared to the previous study by Nanninga et al. (2014) using microsatellite markers, the
results of this study provide further support regarding the complex nature of the
oligotrophic-eutrophic barrier located somewhere between the Farasan and Sumayr sites.
Our results also extend the geographic range of the previous study by including samples
from Djibouti and providing support for the straight of Bab Al Mandab as a putative barrier.
Our present approach suggested that models that explicitly included both of these barriers
were better than a simple IBD or IBE model, or even a model combining both IBD and IBE.
In particular, we found significant signals of both IBD and IBE for sites on the same side of
b1 as well as when comparing sites across the b1 and b2 barriers. Interestingly, even if the
average pairwise Fst changed considerably among comparisons within and between the
barriers, the IBD slope of this correlation was similar for all comparisons regardless of
their position with respect to the b1 and b2 barriers. The IBE slope on the other hand, was
significantly steeper for comparisons across the b1 barrier than for comparisons within the
same side of the barrier (sites 1-7) or for comparisons across barrier b2. .Assuming that b1
was a nearly impermeable physical barrier, we could expect to find significant IBD among
sites on the same sides of b1, and relatively high pairwise Fst values among sites across b1
but without significant IBD (or at least weaker correlations). This is because in the
presence of a strong physical barrier, allele frequencies would be allowed to drift
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independently on either side of it, erasing the relationship between genetic and geographic
distances among sites on different sides of the barrier (Hutchison & Templeton 1999).
Since the rate of change (slope) in pairwise Fst is maintained despite these barriers, our
results essentially rule out the possibility of both b1 and b2 as being impermeable barriers.
In contrast, we did not detect signals of IBD or IBE when comparing sites across the Gulf of
Aden and Oman upwelling barrier (b3) (the slopes for comparisons across the barrier were
not different from zero). We note, however, that the Gulf of Aden and Oman upwelling
barrier (b3), which serves as our reference for what should be expected under an
impermeable physical barrier scenario, is an old barrier that delimits the A. bicinctus
distribution. As such, it is possible that the lack of IBD and IBE among sites on different
sides of the barrier is a consequence of the age of the barrier rather than its nature (strong
physical barrier). Whether or not a more recent physical barrier, or an old semi-permeable
physical barrier (DiBattista et al. 2013) would produce the same pattern remains to be
tested.

With this caveat in mind, these results support the idea of a permeable barrier at b1 and b2.
In addition, the results of the correlations between pairwise Fst and environmental
distances also advocate for the presence of a significant ecological component in b1 but not
b2. Evidence for a strong ecological component was further supported by the results of the
Latent Factor Mixed Models. This analysis revealed the presence of almost one hundred
loci that showed significant association of their allele frequencies with the environmental
gradient after accounting for population structure. Assuming that the nature of this barrier
is indeed ecological, our results suggest that multigenic and/or weak selection against
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immigrants that cross this barrier might explain to some extent the observed patterns of
genomic divergence observed here (de Villemereuil et al. 2014). We note however, that we
cannot rule out the possibility that barrier b1 has instead a strong oceanographic physical
component (Sofianos 2003; Sofianos & Johns 2007) that simply coincides with the
environmental gradient. Such a scenario could produce similar signals of IBD and IBE
without necessarily involving divergent selection in different environments. Unfortunately,
testing between these two alternative hypotheses is beyond the limits of our current
approach and dataset. A promising avenue of research to more thoroughly address these
questions includes the development of high resolution biophysical modeling tools for the
southern Red Sea as well as fine scale habitat maps and fine spatial scale genomic surveys
of this region. Further experiments, involving reciprocal transplantations, coupled with
high density genomic surveys and comparisons of genetic differentiation of quantitative
traits (Orsini et al. 2013) may also shed further light onto the nature of this barrier and the
potential for selection to act against dispersers moving across it..

Finally, based on SNPs, our results suggest that divergence between A. bicinctus and A.
omanensis is strong, despite the lack of differences in mtDNA previously reported (Litsios &
Salamin 2014; DiBattista et al. 2015c). These results add to the growing literature that
highlights the use of RAD sequencing in delimiting closely related species and identifying
cryptic species (Puebla et al. 2014; Gaither et al. 2015; Pante et al. 2015). We found
different patterns of admixture depending on the percentile of loci used for clustering
analyses. It seems that while loci in the 90th percentile showed introgression from A.
omanensis to one of the sites in the south of the Red Sea (Farasan), lower percentiles (60th -
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80th) indicated some level of introgression from A. bicinctus to samples of the putative
hybrids at site 10 (Socotra). A finding of introgression at RADSeq loci confirms previous
work by DiBattista et al. (2015c) that identified seven anemonefish individuals collected
from Socotra as putative hybrids based on intermediate coloration between the parental
species and differentiation at a single nuclear gene (RAG2). Even though anemonefishes are
very rare at Socotra, both A. bincinctus and A. omanensis have been recorded in previous
surveys (Kemp 1998; Zajonz et al. 2000), setting the scene for hybridization between the
two species at the edge of their distributional range. Bayesian clustering results were
partially supported by the hybrid simulation analysis. However, the inclusion of simulated
hybrids in PCA analysis revealed that despite the fact that Socotra seems similar to some
simulated hybrids when plotting the first two PC axes, the third axis still clearly separates
Socotra from all samples, suggesting that if hybridization is indeed occurring here, it might
be more complex than the simplistic simulations we have evaluated. Admixture of RADSeq
loci between the species further highlights the importance of the Socotra Archipelago as a
hybrid hotspot in the tropical Indo-Pacific. Still, further genomic surveys of clown fishes in
this region seem necessary to fully resolve the complex history of anemonefishes in this
suture zone. Overall, our results reinforce the notion that coastal seascapes are extremely
complex systems, highlighting the value of powerful new genomic tools, such as RAD-seq,
to resolve subtle patterns of gene flow and connectivity in marine organisms.
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Tables
Table 1. Sites, sample size and molecular metrics (S.C = Site Code; Na = Average number of
alleles; Ho = observed heterozygosity; He = expected heterozygosity; FIS = Inbreeding
coefficient) for Amphiprion bicintus and A. omanensis populations based on 4559 RADSeq
loci (SNPs).

Site
Aqaba
Burcan
Yanbu
Abu Terr
Sudan
Canyon Reef
Sumayr
Farasan
Djibouti
Socotra
Oman

S.C.
Aqa
Bur
Yan
At
Sud
Can
Sum
Far
Dji
Soc
Oma

Lat
28.404
27.910
24.150
21.676
21.207
19.890
17.787
16.618
11.721
12.659
16.969

Lon
34.741
35.065
37.675
38.841
37.232
39.961
41.442
41.938
43.165
53.907
55.085

N
12
12
10
12
11
12
10
8
9
7
10

Na
1.874
1.863
1.792
1.862
1.758
1.879
1.83
1.774
1.705
1.632
1.649
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Ho
0.237
0.234
0.203
0.226
0.187
0.235
0.225
0.245
0.221
0.2
0.18

He
0.262
0.26
0.246
0.256
0.239
0.257
0.255
0.26
0.237
0.216
0.214

FIS
0.093
0.099
0.173
0.119
0.219
0.085
0.12
0.057
0.067
0.078
0.16
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Table 2. Pairwise FST values for Amphiprion bicintus and A. omanesnsis populations based
on 4559 RADSeq loci (SNPs). Values in bold were significant at 0.05 after Bonferroni
correction (based on 10000 permutations). Abbreviations are listed in Table 1.
Aqa
Aqa

Bur

Yan

At

Sud

Can

Sum

Far

Dji

Soc

Oma

--

Bur

0.002

--

Yan

0.006

0.002

--

AT

0.006

0.003

-0.001

Sud

0.013

0.009

0.004

Can

0.012

0.009

Sum

0.034

0.029

Far

0.075

Dji

-0.005

--

0.004

0.002

0.008

--

0.020

0.017

0.018

0.008

--

0.077

0.065

0.06

0.062

0.047

0.014

--

0.088

0.083

0.074

0.066

0.071

0.057

0.032

0.028

--

Soc

0.165

0.172

0.177

0.169

0.178

0.165

0.148

0.137

0.172

--

Oma

0.156

0.163

0.165

0.158

0.161

0.153

0.132

0.118

0.152

0.099

--

Figure legends
Fig. 1 Amphiprion bicinctus (panel A). Suspected hybrid between A. bicinctus and A.
omanensis which exhibit an intermediate morphology (panel B). A. omanensis (panel C).
Panel D shows the map of sampling sites (numbers in brackets indicate the codes used in
Fig. 2) and distribution of Amphiprion bicinctus (yellow shading), A. omanensis (red
shading) and their suspected hybrids, (orange shading). Black dashed lines denote the
barriers to dispersal considered in this study: 20˚N (b1) and
the Strait of Bab al Mandab (b2), Gulf of Aden and Oman upwelling (b3).
Fig. 2. Principal Components Analysis of multilocus genotypes for Amphiprion bicinctus,
Amphiprion omanensis, and putative hybrids from Socotra. Each point represents one
individual fish. Color codes correspond to sampling sites.
Fig. 3 Results of Bayesian clustering for different values of K (2-8) using 4559 SNPs. Each
bar corresponds to an individual sample and colors in each bar correspond to estimates of
admixture proportion.
Fig. 4 Correlation between pairwise genetic distance, geographic (geo) and environmental
(chla) distances for Amphiprion bicinctus and A. omanensis around the Arabian Peninsula
(a-e) and A. bicinctus in the Red Sea (e-j). In each case, genetic distance (FST) was compared
to geographic distance (b, g), environmental distance (c, h), and the combined geographic–
environmental distance (d, i). Correlation between geographic and environmental distance
are shown in (e, j). For panels b-d, orange dots correspond to the pairwise comparison of
sites on the same side of the b3 barrier (Gulf of Aden and Oman upwelling) and light blue
dots indicate pairwise comparisons among sites on opposite sides of this barrier. For
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panels g-i, green dots correspond to pairwise comparisons on the same side of the b1
barrier (oligotrophic-eutrophic barrier), red dots indicate pairwise comparisons among
sites on opposite sides of b1, and purple dots indicate pairwise comparisons among sites on
opposite sides of b2 (bathymetric barrier)..
Fig. 5 Maximum-likelihood tree showing the relationship among the 11 sampled sites
inferred by Treemix. The scale bar shows ten times the average standard error of the
covariance matrix. The pairwise matrix below the tree shows the residual fit from the
maximum-likelihood tree before migration events were added. Residuals above zero (in
red) represent sites that are more closely related to each other than in the best-fit tree, and
thus are candidates for admixture events. Colored arrows in the tree indicate the five
migration events that were added to the tree (colored according to their weight:
yellow<orange<red). Admixture weight values for these migration events are as follows:
Oma->Far = 0.12; Soc->Aqa = 0.05, Far->Sum = 0.48; Far->Sum: Can = 0.21; Dji->At = 0.09.
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