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Introduction

Abstract

A main goal of population geneticists is to study patterns of gene flow to gain
a better understanding of the population structure in a given organism. To date
most efforts have been focused on studying gene flow at either broad scales to
identify barriers to gene flow and isolation by distance or at fine spatial scales
in order to gain inferences regarding reproduction and local dispersal. Few
studies have measured connectivity at multiple spatial scales and have utilized
novel tools to test the influence of both environment and geography on shaping
gene flow in an organism. Here a seascape genetics approach was used to gain
insight regarding geographic and ecological barriers to gene flow of a common
reef sponge, Stylissa carteri in the Red Sea. Furthermore, a small-scale (<1 km)
analysis was also conducted to infer reproductive potential in this organism. At
the broad scale, we found that sponge connectivity is not structured by geogra-
phy alone, but rather, genetic isolation in the southern Red Sea correlates
strongly with environmental heterogeneity. At the scale of a 50-m transect, spa-
tial autocorrelation analyses and estimates of full-siblings revealed that there is
no deviation from random mating. However, at slightly larger scales (100-
200 m) encompassing multiple transects at a given site, a greater proportion of
full-siblings was found within sites versus among sites in a given location sug-
gesting that mating and/or dispersal are constrained to some extent at this spa-
tial scale. This study adds to the growing body of literature suggesting that
environmental and ecological variables play a major role in the genetic structure
of marine invertebrate populations.

Studies conducted at various geographic scales are use-
ful to determine the importance of spatial heterogeneity

Historically, gene flow in the marine realm was thought
to generate panmictic populations semiconnected ones
following a stepping stone trajectory, or completely iso-
lated groups. However, it is now widely accepted that
genetic connectivity can take any combination of the
above-mentioned trajectories and can differ given the
temporal and spatial scale at which it is investigated
(Selkoe et al. 2008). It is thus noted that conducting pop-
ulation genetics studies at various temporal and spatial
scales can yield a more accurate picture of the genetic dis-
tribution of a species (Wiens 1989; Levin 1992).

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

on shaping genetic connectivity. For example, many mar-
ine studies have explored the effect of increasing spatial
distance on gene flow (Isolation by Distance, IBD)
(reviewed in Hellberg 2007; Jones et al. 2009; Selkoe and
Toonen 2011), but the direct relationship between geo-
graphic distance and genetic distance is not always linear.
Often, correlations are weak and significant only due to
large sample sizes (as explained by Jenkins et al. 2010),
and IBD relationships do not always hold at multiple spa-
tial scales. Processes operating at one spatial scale can
influence recruitment, survival, and admixture in ways
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that go undetected if a study is conducted at a larger spa-
tial scale (Manel and Holderegger 2013). More recently,
this has been shown to occur frequently with invertebrate
populations (Gorospe and Karl 2013; Orddénez et al.
2013). Many abiotic and biotic factors are known to
influence marine invertebrate population dynamics and
these factors operate at diverse spatial scales (see review
by Sanford and Kelly 2011). Temperature, light, and
salinity gradients exist at fine vertical scales to large latitu-
dinal scales. Gradients in primary productivity, nutrient
availability, and predator abundance can exist at yet other
scales (see review by Sanford and Kelly 2011). Thus, the
combination of the various scales of factors that influence
marine invertebrates yields population contingencies that
are much more complex than those resulting from genetic
drift alone.

Recently, a metric known as Isolation by Environment
(IBE) has been utilized to analyze the effect of increasing
environmental heterogeneity on genetic structure (e.g.,
Selkoe et al. 2008; Nanninga et al. 2014; Wang and Brad-
burd 2014). While analyzing the influence of environmen-
tal factors driving genetic variation among populations is
not as common as simply testing for IBD, the few studies
that have tested for IBE show the importance of consider-
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ing both geography and environment before drawing con-
clusions regarding barriers to population connectivity
(e.g., Crispo et al. 2006; Cushman et al. 2006; Wang and
Summers 2010; Lee and Mitchell-Olds 2011; Wang 2013;
Nanninga et al. 2014). Most notably at large scales, envi-
ronmental heterogeneity can promote genetic divergence,
which could impact juvenile settlement, larval survival,
and mortality, as well as promote potential differences in
reproductive success (Selkoe et al. 2006, 2008; Schmidt
et al. 2008). Environment has been shown to be particu-
larly important in segregating long-lived sessile organisms
that have wide-range dispersal (Goreau 1959; Kinzie 1973;
Paine et al. 2009; Baldeck et al. 2013). Further to this,
transplant experiments have shown that mature organ-
isms experience higher mortality in non-native habitats
(Marshall et al. 2010; Prada and Hellberg 2013) and local
adaptation has been shown to reach 71% in some plants
(Leimu and Fischer 2008). Yet, despite the fact that
sponges are both long living and sessile, the extent to
which environmental condition promotes local adaptation
in phylum Porifera is yet untested.

Sponges are among the most ancient metazoans mak-
ing them target organisms for many evolutionary studies
(e.g., Li 1998; Srivastava et al. 2010), yet to date, only
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Figure 1. (A) Sampling sites in the Red Sea and northwest Indian Ocean. Photograph of Stylissa carteri from the Red Sea (Photograph credit:
Tane Sinclair-Taylor). Contour maps of 9-year averaged Red Sea chlorophyll (B) and particulate organic carbon (C). More information can be

found in Tables S1 and S2.
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approximately ten population genetics studies conducted
at ecologically relevant time scales (e.g., using highly vari-
able microsatellite markers) have been published
(reviewed in Uriz and Turon 2012). Several of these stud-
ies confirm the inherent complexity of sponge population
biology as four of these studies have reported strong
genetic structure at small spatial scales (<1 km) (Duran
et al. 2004; Blanquer et al. 2009; Blanquer and Uriz 2010;
Guardiola et al. 2011), one study found genetic differenti-
ation even at the scale of tens of centimeters (Calderén
et al. 2007), and yet other studies found genetic structure
at large spatial scales (>100 km) (Dailianis et al. 2011;
Chaves-Fonnegra et al. 2015). These studies and others
conducted using mitochondrial and nuclear markers (e.g.,
DeBiasse et al. 2009; Lopez-Legentil and Pawlik 2009)
suggest that while dispersal is limited in some species,
there is no general pattern of strict isolation, isolation by
distance, or panmixia in phylum Porifera.

The aim of this study was to assess the broad and fine-
scale population genetic structure of a common Indo-
Pacific reef sponge, Stylissa carteri, and determine factors
that influence population differentiation. As a member of
the order Halichondrida, Stylissa carteri is thought to
have indirect and internal reproduction with a paren-
chymella type 1 larvae, although gametogenesis is yet
unstudied in the genus Stylissa (Maldonado 2006). Mem-
bers of phylum Porifera are thought to disperse through
an often-short pelagic larval phase (Uriz et al. 1998), and
once settled, the sessile adult sponge is dependent on the
constraints of its surrounding environment in terms of
food availability (Lesser 2006), reproductive potential
(Maldonado and Young 1996), and predation (Pawlik
et al. 2013). At the broad scale, genetic connectivity was
explored using Bayesian clustering, IBD, and IBE analyses
to determine whether barriers to gene flow are due in
part to geographic and/or environmental factors. At finer
scales, we investigated the presence of limited larval dis-
persal and/or nonrandom mating by evaluating spatial
autocorrelation analysis within 50-m transects and com-
paring the proportion of full-siblings among individuals
in a hierarchical design (transect/site/location). Taken
together, the results gathered yield valuable information
regarding the importance of environmental heterogeneity
in the Red Sea and how this heterogeneity predicts gene
flow and potentially local adaptation in a sessile marine
organism.

Materials and Methods

Study system

The Red Sea is an understudied system (Berumen et al.
2013) known for its high endemism (14-50% depending

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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on the taxa see Roberts et al. 1992; Randall 1994; Cox
and Moore 2000; DiBattista et al. 2013), its extreme salin-
ity (37-429,,), and temperature ranges (20-32°C) (Raitsos
et al. 2011). Extending from 30°N to 12.5°N, the Red Sea
is marked by a latitudinal environmental gradient in
primary productivity and turbidity, both increasing in
southern waters (Raitsos et al. 2013; Fig. 1). The study
subject, Stylissa carteri, has a widespread Indo-Pacific dis-
tribution (Hooper and Van Soest 2004) and is abundant
in coastal Red Sea waters (with the exception of the Gulf
of Aqgaba) typically between 5 and 15 m in depth (E. C.
Giles, unpubl. data).

Sample collection

Sponge tissue samples (n = 966) were collected by
SCUBA between October 2012 and February 2014 from a
total of 36 reef sites. A total of 34 of those sites span
1500 km of Saudi Arabian coastline, one is off the coast
of Sudan, and one is off the coast of Socotra in the
Indian Ocean (Fig. 1, Table 1). Approximately 1 g of tis-
sue was cut from each sponge and stored in 96% ethanol
until further analysis was undertaken. Select samples were
analyzed by traditional taxonomy and verified as Stylissa
carteri by two sponge taxonomic experts (Lisa Goudie
and Nicole de Voogd).

At eight of the 36 reef sites, sampling was conducted to
determine fine-scale structure patterns both within and
among sites. At each of three locations (Yanbu, Thuwal,
and Al-Lith), transects were sampled in different sites (at
Yanbu and Thuwal, two sites yielding four transects were
sampled, and at Al-Lith, four sites yielding eight transects
were sampled). Sites were separated by no more than
30 km, 38 km, and 52 km at Yanbu, Thuwal, and
Al-Lith, respectively. At each of the eight sites (Site 9, Site
10, Site 13, Site 17, Site 19, Site 20, Site 21, Site 23, indi-
cated in Table 1), two belt transects 50 m x 4 m were laid
on the leeward side of the reef and an effort was made to
sample all Stylissa carteri individuals within each transect.
As individuals were sampled, their depth and location
within the transect were recorded.

Genetic analysis

The DNA was extracted from 200 to 250 mg of sponge
tissue with cell lysis immersion in 600 uL of 1% 2-mer-
captoethanol RLT buffer (Qiagen, Germany) and shaking
incubation or overnight proteinase K incubation at 56°C
(Qiagen). Following cell lysis, the DNA extraction method
proceeded via the Allprep DNA/RNA mini Kit (Qiagen).
Nine microsatellite markers were used. Marker details
and PCR parameters are specified in Giles et al. (2013)
and summarized in Table S1. The microsatellite markers
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Table 1. Summary statistics for Stylissa carteri listed from northernmost to southernmost sampled sites (Site Number, Location, Site Name, 'fine-
scale sampling was conducted, GPS). The number of samples amplified (N), allelic diversity (Na), observed heterozygosity (Ho), unbiased expected

heterozygosity (uHE), and fixation index (Fs) are given for each population. Values are averaged over 9 loci.

Site number Location Site name GPS coordinates N Na Ho He Fis

1 North Gulf of Agaba 28.185, 34.638 7 3.111 0.313 0.485 0.3743*
2 North Jazirat Burcan 27.910, 35.065 14 4.556 0.452 0.533 0.1565

3 North Shi'b Pelam 27.817, 35.107 11 3.889 0.364 0.499 0.2807

4 North Jaz'air Sila 27.638, 35.306 7 4 0.5 0.59 0.1663**
5 North An Numan 27.139, 35.751 20 4.556 0.389 0.528 0.2703**
6 North Ras Al-Ubayd 26.736, 36.044 12 4.333 0.426 0.544 0.2257**
7 North Shaybarah 25.362, 36.913 8 3.222 0.361 0.46 0.2272

8 Yanbu Marker9 24.443, 37.248 11 4.556 0.444 0.625 0.2988**
9 Yanbu Reef2! 23.907, 38.153 44 5.889 0.42 0.59 0.2902**
10 Yanbu Refinery! 23.853, 38.240 54 6.333 0.39 0.538 0.2765%*
11 Yanbu 7Sisters 23.753, 37.974 24 5.889 0.349 0.595 0.4194%*
12 Yanbu Tistis 23.651, 38.035 22 4.889 0.313 0.546 0.4322%*
13 Thuwal Shib Nazar' 22.331, 38.863 72 6.889 0.38 0.564 0.3245%*
14 Thuwal Al Fahal 22.312, 38.978 22 5.444 0.399 0.549 0.2769**
15 Thuwal Abu Shoosha 22.305, 39.049 24 6.444 0.416 0.597 0.3065**
16 Thuwal Fsar 22.227, 39.030 24 5.667 0.446 0.533 0.1636**
17 Thuwal Abu Madafi' 22.074, 38.778 24 5 0.42 0.522 0.2014**
18 Jeddah Obhur 21.671, 38.844 20 5111 0.38 0.597 0.3665%*
19 Al-Lith Whale Shark Reef’ 20.119, 40.220 71 6.111 0.375 0.553 0.3207**
20 Al-Lith Reef3! 20.031, 40.147 46 6.222 0.385 0.549 0.2977**
21 Al-Lith MarMar' 19.838, 39.921 27 5.667 0.354 0.548 0.3495%**
22 Sudan Sanganeb 19.753, 37.448 11 4111 0.392 0.525 0.2671%*
23 Al-Lith Malatu’ 19.752, 39.910 57 6.556 0.365 0.522 0.3013**
24 Farasan Banks Abu Dauga 19.209, 40.109 15 4.667 0.413 0.525 0.2182*
25 Farasan Banks Dolphen Lagoon 19.005, 40.148 12 4.333 0.354 0.465 0.2488**
26 Farasan Banks Ablo Island 18.660, 40.827 19 4.667 0.365 0.516 0.2976**
27 Farasan Banks Marka Island 18.209, 41.335 27 4.778 0.436 0.575 0.2465%*
28 Farasan Banks Atlantis Shoal 18.189, 41.111 16 5.556 0.502 0.621 0.1943*
29 Farasan Banks Shib Radib 18.073, 40.886 44 6.667 0.393 0.538 0.2729**
30 Wassalyat Shoals Mamali Kabir 17.605, 41.671 37 5.556 0.405 0.577 0.3005%**
31 Farasan Islands Baghlah 16.980, 41.385 9 3.778 0.444 0.519 0.1504
32 Farasan Islands Dhi Dahaya 16.875, 41.440 28 5.667 0.376 0.551 0.3178**
33 Farasan Islands Zahrat Durakah 16.840, 42.305 24 4.889 0.416 0.522 0.2031%**
34 Farasan Islands Abulad Island 16.798, 42.199 46 5.778 0.43 0.572 0.25%*
35 Farasan Islands Tiger Head 16.791, 42.199 29 4.889 0.441 0.55 0.2013**
36 Soccotra Soccotra 12.670, 54.178 12 3.222 0.367 0.426 0.1442

Significant (Fs) values are indicated *P < 0.05, **P < 0.01 (FDR correction).

were combined into five multiplex mixes based on frag-
ment sizes and fluorescent dye tags. For loci that did not
amplify at first, PCRs were redone without multiplexing.
Positive PCR products were diluted with Hi-Di formam-
ide (Applied Biosystems) and GeneScan 500-LIZ size
standard (Applied Biosystems, CA, USA) and run on an
ABI 3730xl genetic analyzer (Applied Biosystems) for
fragment size identification. All samples with more than
one missing loci were removed from the dataset.

Samples were genotyped using the software GENEM-
APPER 4.0 (Applied Biosystems). Allelic frequencies,
number of alleles (N,), observed (Hg), and unbiased
expected heterozygosities (uHg) were estimated for each
site using the software Genalex (v6.5; Peakall and Smouse
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2012). Calculations were made for the inbreeding coeffi-
cient (Fs), and tests for linkage disequilibrium (LD) and
deviations from Hardy—Weinberg proportions (HWE)
were determined using Genepop (Raymond and Rousset
1995; Rousset 2008). Tests for significant deviations from
LD and HWE were made using permutations via Markov
chain reshuffling (10,000 dememorizations, 1000 batches,
and 10,000 iterations per batch). Corrections for multiple
testing were made using false discovery rate (FDR, Benja-
mini and Hochberg 1995). Furthermore, the data were
tested for the presence of null alleles using MICRO-
CHECKER (v2.2.3; Van Oosterhout et al. 2004).

Clonality within the entire dataset was determined by
measuring the number of 100% multilocus matches

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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(Genalex v6.5). To avoid over-representation of individual
genotypes, one of each of the members of a clonal pair
was removed from the dataset for subsequent genetic
analyses.

Broad-scale structure

Bayesian clustering via the program STRUCTURE (v2.3.4
Pritchard et al. 2000) was employed to ascertain the most
likely number of populations (K-clusters). An admixture
model was used with sampling location as a prior. Allele
frequencies were assumed to be correlated among popula-
tions. The model was run for values of K from 1 to 20.
For each K, the model was run 10 times with a burn-in
step of 300,000 iterations and 500,000 subsequent itera-
tions. STRUCTURE Harvester (Earl and vonHoldt 2012)
was used to determine which K best describes the data
according to the highest averaged maximum-likelihood
score and Evanno’s delta K.

We also examined population genetic differentiation
via the analysis of molecular variance (AMOVA) using
the program Genalex. The AMOVA was run four times,
once without regional classification of the samples, once
with a two-region classification, once with a three-region
classification, and once with a four-region classification.
The regional classifications were made based on results
from the STRUCTURE (v2.3.4 Pritchard et al. 2000)
analysis and based on the knowledge that Socotra repre-
sents a distant and potentially unique population as sam-
ples from this site are the only ones which were taken
outside of the Red Sea. Thus, the two-region classification
scheme included sites 1-32 and 36 in one region and sites

(A)
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33-35 in the second region. The three-region classification
scheme included sites 1-32 in the first region, sites 33—-35
in the second region, and Site 36 as the third region. The
four-region classification scheme included sites 1-29 and
31-32 in one region, Site 30 as a region, sites 33—35 as a
region, and Site 36 as a region (see Table 1 for site infor-
mation). Significant pairwise Fgr comparisons were deter-
mined based on FDR. Finally, pairwise population Fgr
and Gsr estimates were calculated in Genalex using the
same AMOVA framework with 9999 permutations to test
for significance. Pairwise Fsp and Ggr values were calcu-
lated for the 36 pairwise comparisons; pairwise values for
Site 36 were calculated using only eight loci as one loci
would not amplify for the Socotra samples.

Geographic analysis

Pairwise geographic distance (Euclidean distance in km)
was calculated between each of the 35 sample sites
following Nanninga et al. 2014. To investigate the deter-
minants of genetic distance in the Red Sea, the Socotra
data was withheld from all subsequent analysis as (1) this
site is outside the area of primary interest; (2) it is geo-
graphically isolated from all the other sites; and (3) it
appears to be very distinct (highest pairwise Fst are with
this site) from the rest of the dataset, probably due to its
geographic isolation. Thus, the inclusion of this disparate
site could confound meaningful results about processes
within the Red Sea.

Using a Mantel test with 9999 permutations, pairwise
matrices of linearized Fsr (Fsr/ (1 — Fst)) and geo-
graphic distance were compared to determine the degree

NYOYO A O N O >0 0 A0

© (B)
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Figure 2. Large-scale population genetic differentiation inferred via Bayesian clustering. Prior information about the geographic origin of the
samples was given. Best inferred clustering scheme was K = 2 (A) measured using Evanno’s delta K and K = 4 (B) determined from the mean

estimated Ln(K). More information found in Fig. S1.
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Table 2. Pairwise population structure based on nine' microsatellite loci. Sites are indicated north to south (1-36). Fsr values are below the

diagonal and Gsr values are above the diagonal. Values in bold show significant values based on FDR (alpha = 0.05).

E. C. Giles et al.

1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17

1 —0.006 0.005 —0.008 0.015 0.006 0.019 —0.004 0.014 0.019 0.003 0.005 0.006 0.002 0.008 0.012 0.015
2 0.000 —0.004 0.004 0.001 0.003  0.009 0.001  0.006 0.007 -0.001 0.015 0.002 0.001 0.003 0.003 —0.002
3 0.011  0.000 0.012 —-0.004 0.001 0.015 0.004 0.003 —0.001 0.006 0.026 0.001 —0.002 0.004 0.001 —0.001
4 0.000  0.009 0.023 0.010 0.010 0.032 0.002  0.008 0.017 -0.004 0.006  0.001 0.000 0.002 0.008 0.007
5 0.020  0.003 0.000 0.015 —0.004 0.013 0.007 0.008 0.006 0.004 0.023 0.002 0.008 0.013 0.006 0.003
6 0.015  0.007 0.001 0.021 0.000 0.006 0.001  0.006 0.005 0.004 0.021 0.005 0.006 0.012 0.008 0.012
7 0.025 0.006 0.022 0.036 0.026 0.013 0.011  0.020 0.025 0.025 0.033 0.024 0.029 0.021 0.019 0.023
8 0.000  0.003 0.008 0.002 0.015 0.002 0.012 0.007 0.013 0.001 0.011 0.002 0.008 0.002 0.008 0.008
9 0.025 0.010 0.004 0.014 0.015 0.011  0.026 0.016 0.009 0.007 0.023 0.005 0.005 0.004 0.001 0.004
10 0.033 0.013 0.000 0.032 0.012 0.009  0.040 0.029 0.018 0.011 0.025 0.007 0.005 0.012 0.004 0.008
11 0.000 0.000 0.008 0.000 0.007 0.006  0.025 0.001 0.014 0.022 0.003 0.002 0.005 0.004 0.008 0.006
12 0.012 0.028 0.049 0.014 0.046 0.040 0.040 0.022  0.045 0.049 0.007 0.014 0.025 0.017 0.025 0.021
13 0.005 0.003 0.002 0.000 0.006 0.010  0.032 0.005 0.011 0.015 0.004 0.028 0.002 0.010 0.004 0.001
14 0.004 0.002 0.000 0.000 0.015 0.012 0.035 0.015  0.009 0.012 0.009 0.047 0.004 0.000 —0.003 0.002
15 0.016  0.004 0.008 0.001 0.026 0.025 0.017 0.006  0.009 0.026 0.007 0.033  0.021 0.000 —0.003 0.005
16 0.025 0.004 0.002 0.013 0.014 0.017  0.025 0.018 0.002 0.008 0.013 0.048 0.008 0.000 0.000 0.002
17 0.023 0.000 0.000 0.009 0.009 0.021 0.023 0.010  0.007 0.015 0.008 0.035 0.003 0.005 0.005 0.003

18 0.031 0.028 0.015 0.006 0.029 0.022  0.045 0.025 0.007 0.014 0.025 0.052 0.016 0.006 0.010 0.007 0.019
19 0.027 0.024 0.018 0.015 0.030 0.028 0.027 0.013 0.014 0.034 0.019 0.025 0.017 0.014 0.012 0.010 0.005
20 0.017 0.009 0.024 0.015 0.045 0.043 0.040 0.014  0.027 0.039 0.026 0.040 0.021 0.007 0.007 0.011 0.010
21 0.034 0.016 0.015 0.002 0.033 0.029 0.059 0.027 0.016 0.025 0.019 0.060 0.019 0.000 0.012 0.009 0.005
22 0.072 0.054 0.041 0.058 0.068 0.082 0.110 0.089 0.058 0.049 0.065 0.129 0.062 0.027 0.043 0.042 0.059
23 0.029 0.020 0.004 0.030 0.022 0.028 0.047 0.026 0.018 0.018 0.029 0.058 0.015 0.005 0.022 0.008 0.007
24 0.006  0.000 0.011 0.026 0.013 0.008 0.010 0.000 0.011 0.025 0.017 0.048 0.010 0.013 0.004 0.000 0.013
25 0.022 0.018 0.000 0.038 0.017 0.015 0.044 0.035 0.021 0.000 0.028 0.062 0.012 0.000 0.026 0.009 0.004
26 0.075 0.041 0.040 0.049 0.053 0.065 0.085 0.063 0.033 0.030 0.037 0.093 0.042 0.030 0.024 0.009 0.035
27 0.054 0.046 0.043 0.015 0.043 0.054 0.079 0.033 0.030 0.042 0.032 0.080 0.022 0.021 0.024 0.019 0.030
28 0.043 0.040 0.049 0.038 0.033 0.048 0.063 0.021  0.021 0.050 0.034 0.063 0.027 0.031 0.020 0.016 0.032
29 0.053 0.020 0.010 0.028 0.030 0.040 0.056 0.033 0.026 0.036 0.037 0.094 0.029 0.005 0.009 0.003 0.017
30 0.069 0.051 0.060 0.037 0.054 0.055 0.071 0.064 0.043 0.056 0.051 0.095 0.052 0.032 0.036 0.030 0.049
31 0.025 0.000 0.000 0.023 0.010 0.015 0.005 0.006  0.000 0.013 0.003 0.046 0.003 0.000 0.000 0.000 0.000
32 0.025 0.000 0.000 0.023 0.005 0.002 0.011 0.006  0.005 0.005 0.014 0.050 0.008 0.003 0.011 0.000 0.000
33 0.092 0.081 0.105 0.066 0.107 0.114  0.069 0.087 0.087 0.112 0.095 0.091 0.087 0.074 0.067 0.084 0.084
34 0.058 0.044 0.062 0.036 0.063 0.081 0.046 0.056  0.053 0.074 0.066 0.076 0.050 0.042 0.045 0.048 0.047
35 0.098 0.086 0.099 0.079 0.100 0.115 0.082 0.085 0.089 0.109 0.096 0.097 0.089 0.072 0.063 0.082 0.088
36 0.205 0.234 0.213 0.177 0.235 0.262 0.284 0.228 0.195 0.218 0.191 0.235 0.171 0.172 0.182 0.214 0.199

Values are calculated with 9999 permutations of the full dataset.
'Only eight loci were used for calculating Fst and Gsy for Site 36 as loci sc90 would not amplify for these samples.

of isolation by distance (IBD) of S. carteri populations.
Pearson correlation coefficients were calculated for the
linear relationship between geographic distance and
genetic distance. Regressions were made twice, once using
raw matrices and secondly on matrices standardized by
subtracting the mean and dividing by the standard devia-
tion of the dataset.

Environmental analysis

Environmental data were gathered from the NASA Giov-
anni website using the MODIS-Aqua 4 km database
(http://oceancolor.gsfc.nasa.gov) with standard NASA esti-
mate algorithms. Color radiometry measurements of sea
surface temperature (day DSST °C and night NSST °C),
colored dissolved organic matter (CDOM), chlorophyll a
(CHLA rng/m3 ), and particulate organic carbon (POC

2492

mg/m’) were used as the environmental criteria in this
study. All criteria for the 9-year winter season (October
2003 to May 2012) and annual (January 2003 to Decem-
ber 2012) time frame were averaged and downloaded
yielding a value of SST, CDOM, CHLA, and POC for the
entire Red Sea and northwest Indian Ocean for winter
and annual means. Due to seasonal cloud cover/shallow
sea level, there was a lack of satellite data for summer
months; thus, this time frame was excluded from the
study. The data used for the environmental analysis were
selected because they are the most robust available mea-
surements of large-scale environmental criteria for the
Red Sea. The raw data for the five environmental criteria
assessed were averaged because it is thought that pro-
cesses such as reproduction, dispersal, and ultimately gene
flow happen over demographic to evolutionary time
scales. Contour maps of the 9-year annual averages of

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
0.023 0.012 0.006 0.018 0.050 0.011 0.008 0.009 0.044 0.031 0.031 0.029 0.040 0.014 0.016 0.044 0.030 0.052 0.082
0.015 0.014 0.004 0.005 0.027 0.010 0.000 0.008 0.021 0.025 0.020 0.011 0.027 —-0.005 —0.002 0.042 0.023 0.045 0.074
0.008 0.010 0.012 0.004 0.020 0.001 0.007 -0.011 0.021 0.023 0.025 0.006 0.033 -0.003 -0.003 0.057 0.034 0.053 0.055
0.007 0.009 0.008 0.000 0.035 0.014 0.021 0.018 0.027 0.009 0.025 0.015 0.021 0.013 0.015 0.032 0.018 0.040 0.044
0.017 0.014 0.023 0.016 0.037 0.011 0.007 0.008 0.028 0.023 0.018 0.017 0.030 0.006 0.002 0.056 0.033 0.053 0.087
0.013 0.014 0.022 0.013 0.041 0.014 0.004 0.008 0.033 0.029 0.024 0.022 0.029 0.008 0.0017 0.061 0.043 0.061 0.100
0.033 0.023 0.034 0.041 0.073 0.030 0.007 0.027 0.055 0.054 0.039 0.037 0.047 0.007 0.011 0.053 0.035 0.057 0.134
0.014 0.006 0.006 0.013 0.046 0.012 —0.001 0.018 0.031 0.017 0.011 0.017 0.032 0.004 0.004 0.044 0.027 0.042 0.080
0.003 0.007 0.013 0.006 0.031 0.009 0.008 0.012 0.017 0.016 0.010 0.014 0.022 0.000 0.002 0.047 0.027 0.047 0.062
0.006 0.017 0.019 0.008 0.025 0.008 0.015 -0.003 0.015 0.021 0.024 0.019 0.029 0.007 0.002 0.060 0.039 0.058 0.071
0.014 0.010 0.013 0.007 0.037 0.013 0.014 0.016 0.020 0.017 0.018 0.019 0.027 0.004 0.008 0.051 0.034 0.050 0.061
0.028 0.013 0.020 0.027 0.070 0.028 0.029 0.033 0.049 0.043 0.032 0.050 0.050 0.025 0.026 0.048 0.039 0.051 0.089
0.009 0.008 0.009 0.006 0.035 0.006 0.007 0.007 0.023 0.012 0.013 0.015 0.027 0.002 0.003 0.049 0.027 0.049 0.069
0.003 0.008 0.003 —0.002 0.014 0.002 0.010 —-0.0017 0.015 0.011 0.016 0.002 0.016 0.000 0.002 0.040 0.022 0.038 0.045
0.004 0.006 0.004 0.003 0.024 0.009 0.006 0.014 0.012 0.013 0.010 0.004 0.018 —0.009 0.007 0.037 0.022 0.032 0.039
0.003 0.005 0.006 0.0017 0.023 0.003 0.001 0.004 0.005 0.011 0.007 0.002 0.016 —0.009 —0.002 0.047 0.026 0.044 0.062
0.011 0.004 0.006 0.000 0.034 0.002 0.012 0.002 0.019 0.019 0.019 0.010 0.028 -0.003 -0.001 0.050 0.026 0.050 0.059

0.013 0.012 0.007 0.018 0.008 0.015 0.072 0.016 0.011 0.009 0.012 0.019 0.004 0.006 0.053 0.031 0.047 0.053
0.026 0.011 0.010 0.054 0.007 0.015 0.017 0.033 0.023 0.012 0.021 0.029 0.004 0.010 0.048 0.030 0.049 0.066
0.025 0.020 0.006 0.034 0.010 0.009 0.015 0.024 0.021 0.017 0.013 0.031 0.000 0.010 0.032 0.018 0.029 0.054
0.018 0.023 0.014 0.021 0.006 0.015 0.005 0.007 0.012 0.021 0.006 0.021 -0.001 0.005 0.050 0.032 0.051 0.043
0.037 0.097 0.064 0.047 0.038 0.046 0.0217 0.025 0.035 0.047 0.018 0.035 0.015 0.022 0.064 0.044 0.058 0.055
0.020 0.016 0.021 0.013 0.076 0.010 -0.002 0.017 0.020 0.016 0.013 0.033 0.003 0.004 0.064 0.039 0.063 0.062
0.021 0.024 0.010 0.026 0.073 0.018 0.016 0.023 0.024 0.009 0.014 0.030 -—0.006 0.003 0.059 0.033 0.057 0.100
0.023 0.031 0.030 0.021 0.041 0.000 0.027 0.016 0.029 0.036 0.015 0.038 0.006 0.000 0.068 0.043 0.065 0.061
0.034 0.061 0.046 0.022 0.047 0.036 0.036 0.031 0.017 0.020 0.015 0.025 0.006 0.010 0.077 0.052 0.070 0.065
0.022 0.043 0.040 0.030 0.066 0.042 0.039 0.050 0.032 0.015 0.008 0.022 0.009 0.017 0.059 0.038 0.057 0.060
0.017 0.025 0.032 0.035 0.087 0.033 0.014 0.069 0.040 0.030 0.020 0.022 0.009 0.013 0.055 0.031 0.044 0.088
0.026 0.039 0.026 0.017 0.035 0.025 0.021 0.026 0.029 0.016 0.038 0.022 -0.004 0.009 0.056 0.033 0.052 0.047
0.038 0.056 0.061 0.048 0.067 0.065 0.051 0.069 0.048 0.043 0.044 0.042 0.014 0.024 0.058 0.031 0.056 0.078
0.005 0.006 0.001 0.007 0.031 0.006 0.000 0.011 0.012 0.014 0.018 0.000 0.024 —0.010 0.043 0.021 0.043 0.055
0.012 0.019 0.018 0.009 0.038 0.008 0.003 0.007 0.018 0.031 0.022 0.016 0.046 0.000 0.048 0.028 0.050 0.074
0.099 0.086 0.058 0.097 0.117 0.119 0.099 0.122 0.140 0.105 0.105 0.102 0.107 0.079 0.086 0.0017 0.002 0.093
0.061 0.057 0.036 0.065 0.083 0.076 0.056 0.077 0.096 0.071 0.063 0.062 0.059 0.038 0.054 0.004 0.008 0.078
0.089 0.090 0.057 0.100 0.110 0.119 0.096 0.119 0.130 0.106 0.085 0.096 0.105 0.081 0.091 0.006 0.017 0.085
0.180 0.201 0.196 0.178 0.210 0.209 0.249 0.220 0.230 0.192 0.224 0.195 0.225 0.232 0.215 0.243 0.208 0.228

CHLA and POC for the entire Red Sea and northwest
Indiana Ocean were made in R using the raw data down-
loaded from MODIS-Aqua (Fig. 1).

These datasets were then mined for the values that corre-
sponded to the point (4 km” resolution) nearest to the 36
sample site locations in this study (Table S2). Pairwise
environmental distance (Euclidean distance in km) was cal-
culated between each of the 35 sample sites located within
the Red Sea following Nanninga et al. 2014 for all environ-
mental criteria and the two time periods in question. Using
Mantel tests with 9999 permutations, pairwise matrices of
linearized Fsp (Fsy / (1 — Fsy)) and environmental dis-
tance were compared to determine the degree of isolation
by environment (IBE) of S. carteri populations. Pearson
correlation coefficients were calculated for the linear rela-
tionship between environmental distance and genetic
distance and significance tests were made (o = 0.05).
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Multiple matrix regression

Multiple matrix regression with randomization (MMRR)
was used to determine which model best explained the
observed trend in genetic distance (Wang 2013). The
MMRR analysis was performed in R with 9999 permuta-
tions. The matrices used for this analysis were standard-
ized by subtracting the mean and dividing by the
standard deviation.

Fine-scale structure

Genetic structure at the scale of 50 m was analyzed using
the belt transect samples for eight of the 36 sample sites.
Spatial autocorrelations generated in Genalex were u