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ABSTRACT 

Connectivity in a Red Sea Sponge across an Environmental Gradient 

Emily Giles 

While geographic distance is a variable often used to explain population genetic 

differentiation, dynamic processes leading to stochastic population structure are more 

likely driving factors.  The following thesis presents the population structure of a 

common reef sponge, Stylissa carteri, and yields hypotheses on the influence of 

environmental heterogeneity as a predictor of the observed population structure.  This 

project represents the largest population genetics study thus conducted in the Red Sea and 

also includes the first population genetics data gathered for sites off the coast of Sudan 

and Soccotra.  The study herein presented includes both a large scale (36 reef sites 

covering over 1000km of coastline) and small-scale (16 transects of 50m each) analysis 

of gene flow in a benthic dwelling organism.  The variable effect of geography and 

environmental conditions on S. carteri population structure is assessed using a seascape 

genetics approach.  Environmental factors from a nine-year dataset accessed from the 

NASA Giovanni website including chlorophyll a, sea surface temperature, dissolved and 

particulate organic matter for both the annual and winter temporal scale were considered.   

 

Keywords: Seascape Genetics, Stylissa carteri, Porifera, Relatedness, Isolation by Distance, 

Isolation by Environment 
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INTRODUCTION 

1.1 Population Genetics 

Evolution is a force that acts on populations, as it is the unit of the population at 

which intraspecific variation exists.  Inherent variation within populations, via the 

process of random mutation, is a key component in Darwin’s theory of natural selection 

and hence is essential for the process of evolution.  Thus, to infer potential evolutionary 

processes in a species, it is essential to first determine the genetic variability present 

within and among populations and to then comprehend factors that will enhance or 

diminish this variability in future generations.  The study of these processes, such as gene 

flow, admixture, mortality, inbreeding, and reproductive success to name a few, is the 

discipline of population genetics.  

1.1a Theoretical Objectives 

The study of populations at evolutionary as well as ecologically relevant time 

scales can provide important information for the theoretical understanding of biotic 

systems.  By looking at deep historical barriers to gene flow, the population geneticist can 

understand what conditions in the past spurred lineage divergence, speciation, and 

extinction thereby better understanding what conditions might also promote these 

processes in the future.  For example, investigating evolutionary time scales can shed 

light on the variable contribution of allopatric speciation and sympatric speciation to a 

system.  Alternatively, analyzing population admixture and divergence at shorter time 

frames can provide insights into the ongoing processes that are promoting population 

bottlenecks or range expansions, which might eventually lead to extinction and speciation 
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(Hughes et al. 1997). All in all, studies conducted to address ancient, historical 

divergence as well as those undertaken to address more recent barriers to gene flow are 

both informative to the fields of evolution and ecology as present day organismal 

interactions are just as influenced by their past as future biotic assemblages will be 

influenced by the present.  Hence, evolution and ecology are inherently interconnected 

and thus one can inform the other.  It is, however, important that the temporal scale of a 

study be noted and conclusions made must not be over-extrapolated.  The importance of 

considering temporal scaling has been noted for some time (Weins 1989) yet its 

importance in genetic studies has only recently been addressed by such authors as 

Osborne et al. 2010, Charlier et al. 2012 and Saenz-Agudelo et al. 2012.  As more studies 

are conducted at microevolutionary scales, the influence of temporality in shaping 

population dynamics and hence species dynamics will be better understood. 

 1.1b Applied Goals 

Most notably, population genetics studies can provide important information to 

aid conservation.  With the current heightened rate of extinction, loss of biodiversity, 

habitat fragmentation and outbreak of invasive species, the knowledge of population 

genetic differentiation and connectivity is useful for prioritizing conservation areas that 

will maintain genetic and species diversity.  An example of this was presented by Bowen 

et al. 2005 who demonstrated the importance of protecting multiple isolated marine areas 

rather than one large protected area to better facilitate loggerhead turtle genetic diversity. 

While these authors found no significant genetic structure in loggerhead turtle 

populations using microsatellite markers, they did find high and significant differences in 

mtDNA haplotype diversity indicating that female loggerhead turtles return to their natal 
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nesting grounds.  Hence, the failure to protect the widely distributed turtle nesting 

grounds could lead to loss of genetic diversity from maternal lineages.  In addition, 

studies employing genetic parentage analysis have shown that conservation strategies 

which consider empirical population connectivity and recruitment results can better seed 

local populations, both within protected areas through a mechanism of small-scale 

dispersal and frequent return of juvenile recruits to their natal reefs (Berumen et al. 2012, 

Harrison et al. 2012, Almany et al. 2013) and outside of protected areas by longer-range 

dispersal.  These are clear examples of how a better understanding of the population 

dynamics of marine organisms has immediate applications in conversation efforts.  

1.2 Seascape Genetics 

It is widely recognized that the geography and the environmental features of a 

locale can contribute to spatial variation in gene flow and genetic differentiation among 

populations (Shanks 1995, Sponaugle et al. 2002, Largier 2003, Pineda et al. 2007, 

Cowen and Sponaugle 2009).  Yet still, the combined effect of both geographic and 

environmental constraints on population genetic structure has rarely been tested 

empirically.  Where it has been investigated, there are promising signs that considering 

the influence of both geography and environmental features on population connectivity 

can be informative for applied and theoretical objectives. While some studies have found 

evidence of strong interactions between genetic divergence and environmental 

heterogeneity (Cushman et al. 2006, Wang and Summers 2010) and others have found 

stronger relationships between genetic divergence and geographic distance (Crispo et al. 

2006) and others still have indicated that both geography and environment influence 

genetic divergence (Lee and Michaell-Olds 2011, Wang 2013, Nanninga et al. 2014), all 
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of these studies indicate the importance of considering environmental heterogeneity when 

managing conservation and also when determining the varying importance of natural 

selection and genetic drift to shaping population divergence.  The gap in our 

understanding of the factors affecting the spatial heterogeneity of species is most notably 

lacking in the marine realm (Selkoe et al. 2008, Liggins et al. 2013) and has inspired the 

formation of the new scientific discipline of seascape genetics. 

While in the past, gene flow in the marine realm was thought to adhere to one of 

three theoretical trajectories- with populations either being panmictic, following a 

stepping stone trajectory, or being almost completely isolated- it is now understood that 

genetic connectivity can take a much more stochastic path involving any combination of 

the above mentioned trajectories which can further differ given the spatial and temporal 

scale studied (Selkoe 2008).  The patchy distribution of available habitat for benthic 

dwelling organisms and the environmental heterogeneity in terms of food and nutrient 

availability to support primary productivity and higher trophic levels can greatly affect 

marine connectivity.  These factors, in addition to the physical movement of reproductive 

propagules such as eggs, sperm, fully formed larvae, or clonal parts are further influenced 

by dynamic circulation patterns. 

1.2a Isolation by Distance 

Tobler’s first law of geography states that populations that are geographically 

distant are genetically more differentiated than populations that are geographically 

proximate (Tobler 1970).  Now more commonly referred to as Isolation by Distance 

(IBD) (Wright 1943), this metric is often used when searching for factors determining 
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population structure.  And while many marine studies have explored the effect of 

increasing spatial distance on the gene flow of species (James et al. 2002, Cowen et al. 

2006, Jones et al. 2009), the direct relationship between geographic distance and genetic 

distance is not always so linear.  More often, correlations are weak and significant only 

due to the large sample sizes of datasets (as explained by Jenkins et al. 2010).  

Furthermore, IBD relationships do not always hold at multiple spatial scales. Processes 

operating at one spatial scale can influence recruitment, survival, and admixture in ways 

that go undetected if a study is conducted at an alternate spatial scale (Manel 2013).  

More recently, this has been shown to occur frequently with invertebrate populations 

(Gorospe and Karl 2013, Ordóñez et al. 2013), and while it is useful to test for IBD to get 

a general idea of population differentiation at the scale in question, deviations in IBD and 

weak correlation coefficients suggest that other factors besides geographic distance are 

likely influencing genetic exchange. 

 1.2b Isolation by Environment 

Recently, a new metric deemed, Isolation by Environment (IBE) has been created 

to analyze the effect of increasing environmental heterogeneity on genetic structure.  For 

example, environmental distance, or the Euclidean distance of any environmental criteria 

(ie. primary productivity, turbidity, tree cover, wind speed, nutrient availability, etc.)  can 

be calculated for two sample sites and then this distance can be compared with the 

genetic distance between those same sites.  Only few studies have analyzed the influence 

of environmental factors (Selkoe et al. 2008, Nanninga et al. 2014) on shaping marine 

assemblages, and almost no studies have been conducted on the combined effect of 

geography and environment.  Most notably at large scales, environmental heterogeneity 
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can foster genetic divergence, which could impact juvenile settlement, larval survival and 

mortality, as well as promote potential differences in reproductive success (Selkoe et al. 

2006, Schmidt et al. 2008, Selkoe et al. 2008).  Thus, environmental condition is an 

influential factor in shaping population assemblages.  It is, however, noted that criteria 

such as geography and environmental condition are often correlated throughout space and 

time (Wang 2013).  Thus, teasing apart the influence of environment versus geography 

on gene flow requires novel approaches. 

 1.2c Influence of Circulation   

Our understanding of the factors affecting population structure is, however, 

further challenged by the difficulty in elucidating the influence of oceanographic 

circulation on population structure. It is widely documented that the physical features of 

the oceans affect primary production and nutrient availability (Dugdale 1972, Barber and 

Chavez 1983, Turk et al. 2001, Pennington 2006).  And, to a lesser extent, it has been 

shown that current velocity, mixing, viscosity, and turbulence can affect larval settlement 

(Butman 1986, Crimaldi 2002). Thus, in marine ecosystems, physical processes are fluid, 

and this can determine the level of continuity of environmental conditions as well as 

organismal transport and settlement.  To date, however, the influence of oceanic 

circulation patterns on gene flow among populations has been considered in few systems 

due to the difficulty in obtaining oceanographic circulation models with fine enough 

resolution to be applicable to individual organismal dispersal trajectories.  Yet, where 

course scale oceanographic information has been obtained, researchers have found a 

strong effect between population genetic structure and oceanic circulation (Gilg and 
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Hilbish 2003, Baums et al. 2006, Galindo et al. 2006, Knutsen et al. 2009, White et al. 

2010).  

1.3  Study System 

1.3a Sponge Population Biology 

Despite the ubiquity of sponges and their basal position in the animal tree of life, 

little is known about population connectivity in these organisms.  Sponges are among the 

most ancient metazoans making them target organisms for many evolutionary studies (Li 

et al. 1998, Srivastava et al. 2010), yet to date, less than ten population genetics studies 

conducted at ecologically relevant time scales using highly variable microsatellite 

markers have been published (Uriz and Turon 2013).  These studies have confirmed the 

inherent complexity of sponge population biology as three of these studies have reported 

strong genetic structure at small spatial scales (Duran et al. 2004, Blanquer and Caujapé-

Castells 2009, Blanquer and Uriz 2010), one study even reported genetic differentiation 

at the scale of tens of centimeters (Calderón et al. 2007), and two other studies found 

genetic structure only at large spatial scales (Dailianis et al. 2011, Guardiola et al. 2012).  

These studies and more conducted using mitochondrial and nuclear markers (López-

Legentil and Pawlik 2009, DeBiasse 2010) suggest that there is no general pattern of 

strict isolation by distance or panmixia in phylum Porifera, but rather the level of 

population connectivity can be species and location specific. 

Furthermore, there has to date been very little discussion concerning the 

underlying processes that drive sponge population structure.  Wörheide and colleagues 

have presented several of the few conclusive studies concerning the importance of 
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historic processes such as founder effects and vicariance on sponge population structure 

and species diversity in the Indo- Pacific (Worheide et al. 2005, 2008). Some studies 

have also indicated that limited dispersal capability has rendered sponge community 

assemblages as largely stochastic and patchy with sometimes as few as 15% of sponge 

species similarity being found at adjacent reef sites (Hooper and Kennedy 2002). Of the 

few studies that have been conducted to assess the effect that environment has on sponge 

distributions, relationships between sponge community composition and sponge size with 

depth, light, and/or turbidity have been seen (Hooper 1994, Roberts and Davies 1996).  

However, Hooper et al. 1999, Hooper et al. 2002, and Worheide et al. 2005 stated that 

there have been no studies conducted at large spatial scales that indicate that latitudinal 

gradients in environmental condition affects sponge species distributions. This lack of 

knowledge limits our understanding of the phenomena that has led to the diversification 

of phylum Porifera and ultimately the evolution of higher animals.    

1.3b Stylissa carteri 

The study subject, Stylissa carteri (syn. Axinella carteri) has a widespread Indo-

Pacific distribution (Hooper and van Soest 2004) and is abundant in coastal Red Sea 

waters typically between five and 15 meters in depth (Giles unpublished data).  As a 

member of the family Halichondrida, Stylissa carteri is thought to have indirect and 

internal reproduction with a parenchymella Type I larvae, though gametogenesis is yet 

unstudied in the genus Stylissa (Maldonado 2006). To explore the influence of 

environment and oceanography on population structure, few study subjects would be 

more appropriate than those of phylum Porifera as sponges disperse through an often-

short pelagic larval phase (Uriz et al. 1998), and once settlement has occurred, the adult 
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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).  As such, geography, environment, and circulation 

processes are thought to greatly contribute to S. carteri’s dispersal and survival through 

space and time. 

1.3c Red Sea Ecosystem 

The Red Sea is a unique yet understudied system (Berumen et al. 2013) that is 

known for its high endemism (DiBattista et al. 2013) and extreme salinity (37-42‰) 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 (Raitsos et al. 2013).  The northern and central Red Sea waters are more 

oligotrophic and clear in comparison to the higher productive and turbid waters of 

southern region (Nanninga et al. 2014).  As a largely linear water mass with thousands of 

kilometers of coastline (Raitsos et al. 2013), the Red Sea provides an ideal system for 

addressing the effect of geography, environmental heterogeneity, and oceanographic 

circulation on population genetic structure. 

1.4  Aim of Study 

The aim of this study is to assess the population genetic structure of Stylissa 

carteri and to determine potential factors that could be influencing observed population 

differentiation.  At the broad scale, patterns and breaks in genetic connectivity will be 

explored using IBD and IBE analyses to determine if the observed barriers to gene flow 

are created in part by geographic and/ or environmental forcing.  Furthermore, I 
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investigated processes occurring at the fine scale to determine if different spatial scales 

(within a reef versus among reefs) present different structuring patterns. Taken together, 

these results will yield valuable information regarding the knowledge of Red Sea larval 

dispersal and specifically the reproductive and dispersal capabilities of S. carteri.   

 

MATERIAL AND METHODS 

2.1 Sample Collection 

 Sponge tissue samples (n=966) were collected by SCUBA between October 2012 

and February 2014 from 36 reef sites spanning 1500 km of Saudi Arabian coastline, one 

reef site off the coast of Sudan, and one reef site off the coast of Socotra in the Indian 

Ocean (Figure 1, Table 1).  Approximately 1 g of tissue was cut from each sponge and 

immediately stored in 96% ethanol upon surfacing until further laboratory analysis was 

undertaken.  Select samples were analyzed by traditional taxonomy and verified as 

Stylissa carteri by two sponge taxonomic experts. 

 At eight of the 36 reef sites, systematic sampling was conducted to determine 

small-scale structure patterns both within and among sites.  At each of the eight sites (Site 

9: Reef 2, Site 10: Refinery, Site 13: Shib Nazar, Site 17: Abu Madafi, Site 19: Whale 

Shark Reef, Site 20: Reef 3, Site 21: MarMar, Site 23: Malatu), two belt transects 50 m x 

4 m were laid on the unexposed side of the reef and an effort was made to sample all 

Stylissa carteri individuals within this space.  As individuals were sampled, their depth 

and location on the transect were recorded. 
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2.2 Molecular Processing 

The total holobiont genomic DNA was extracted from 200-250 mg of sponge 

tissue with an initial cell lysis step entailing either tissue immersion in 600 μL of 1% 2-

mercaptoethanol RLT buffer (Qiagen) and shaking incubation using a FastPrep® 

Instrument (MP Biomedicals) or overnight proteinase K incubation at 56°C (Qiagen).  

Both cell lysis techniques were equally effective and resulted in partial to total digestion 

of sponge tissue.  Following cell lysis, the DNA extraction method proceeded via the 

Allprep DNA/RNA mini Kit (Qiagen).   

Nine microsatellite markers were used to genotype all samples, marker 

specifications and PCR parameters can be found in a previous publication by Giles et al. 

2013 and in Table 2.  The microsatellite markers were combined into five multiplex 

mixes based on fragment sizes and fluorescent dye tags.  For loci that did not amplify on 

the first trial for a given sample, PCRs were redone without multiplexing.  Positive PCR 

products were then diluted with Hi-Di formamide (Applied Biosystems) and GeneScan 

500-LIZ size standard (Applied Biosystems) and run on an ABI 3730xl genetic analyzer 

(Applied Biosystems) for fragment size identification. 

2.3 Genetic Analysis 

 2.3a Summary Statistics 

Samples were genotyped using the software GENEMAPPER 4.0 (Applied 

Biosystems).  Allelic frequencies, number of alleles (NA), observed (HO) and expected 

heterozygosities (HE) were estimated for each site using the software Genalex v6.5. 

Calculations were made for the inbreeding coefficient (FIS) and tests for linkage 
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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, 1,000 batches, and 10,000 iterations per 

batch).  Corrections for multiple testing were made using False Discovery Rate (FDR, 

Benjamini and Hochberg 1995).  Furthermore, the data were tested for the presence of 

null alleles using MICROCHECKER (v2.2.3; Van Oosterhout et al. 2004). 

Clonality within the entire dataset was determined by measuring the number of 

100% multi-locus matches (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 

all analysis. 

2.3b Large-Scale Structure 

To examine population genetic differentiation, pairwise population FST values for 

each of the 36 site comparisons were calculated in Genalex using an AMOVA with 9,999 

permutations and interpolation of missing values.  Significant pairwise comparisons were 

determined based on FDR.  Using the pairwise FST values, Principle Component Analysis 

(PCA) was used to visualize clusters of sites. 

In addition to the pairwise AMOVA/ PCA approach to determining population 

differentiation, Bayesian statistics via the program STRUCTURE (v2.3.4 Pritchard et al. 

2000) were employed to ascertain the theoretical number of populations (K-clusters) that 

the samples cluster into when treated individually.  An admixture model was used with 

and without location prior and allele frequencies were assumed to be correlated among 
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populations.  Each K was assigned a Log-likelihood value after 10 repetitions, 1000000 

iterations and a burn-in of 500000.  STRUCTURE Harvester (Earl 2012) was used to 

determine which K best describes the data according to the highest averaged maximum 

likelihood score and Evanno’s delta K. 

2.3c Small Scale Structure 

Genetic structure at the scale of 50 meters was analyzed using the belt transect 

samples for eight of the 36 sample sites.  Spatial autocorrelations generated in Genalex 

were used to determine the relationship between the geographic distance and the genetic 

distance of samples taken on transect surveys.  Samples were binned into 5m distance 

class sizes and 999 permutations were used to determine the 95% confidence intervals 

around the null hypothesis of no genetic structure.  All statistics were generated for each 

50m transect individually yielding two replicates for each of the eight reef sites. 

To explore the influence of local relatedness on shaping this system, I calculated 

mean relatedness and determined full sibling pairs (r = 0.5) using pedigree analysis and 

maximum likelihood.  The mean relatedness and the number of full sibling pairs were 

calculated for each of the transects at the 8 sample sites and for a pooled dataset 

generated for each location where the sample sites reside (ie, pooled among site datasets 

were generated for Yanbu, Thuwal, and Al Lith using only transect sample genotypes, 

Table 1 shows location designation). Significant full sibling matches were determined 

based on a p ≤ 0.01.  These calculations were done in the program KINGROUP via 

Queller and Goodnight estimations (Queller and Goodnight 1989).  Using the allele 

frequencies of the pooled datasets, 10,000 population-reshuffling simulations were used 
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for significance tests.  While estimating relatedness with few loci and high heterozygosity 

deficiency is associated with high variance and potential assignment error, other studies 

have deemed this method acceptable when estimating the proportion of closely related 

individuals versus unrelated individuals especially when considering a large number of 

pairwise comparisons (Blouin et al. 1996, Rollins et al. 2012).  Furthermore, to minimize 

our chances of making a Type I error (labeling a dyad as full sibling when they are 

actually unrelated) at the cost of increasing our chances of Type II errors (missing full 

sibling dyads), we set a stringent alpha for the test of significance (p ≤ 0.01). 

2.4 Geographic Analysis 

Pairwise geographic distance (Euclidean distance in km) was calculated between 

each of the 36 sample sites following Nanninga et al. 2014.  Using a Mantel test with 

9,999 permutations, pairwise matrices of linearized FST (FST/(1- FST)) and geographic 

distance were compared to determine the degree of isolation by distance (IBD) of S. 

carteri populations.  Pearson correlation coefficients were calculated for the linear 

relationship between geographic distance and genetic distance. 

2.5 Environmental Analysis 

Environmental data were gather from the NASA Giovanni website using the 

MODIS-Aqua 4km database (http://oceancolor.gsfc.nasa.gov) with standard NASA 

estimate algorithms.  Color Radiometry measurements of sea surface temperature (day 

DSST °C and night NSST °C), colored dissolved organic matter (CDOM), chlorophyll a 

(CHLA mg/m
3
), and particulate organic matter (POC mg/m

3
) were used as the 

environmental criteria in this study.  All criteria for the nine year winter season (October 
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2011 to May 2012) and annual (January 2003 to December 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.  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.   

These datasets were then mined for the values that corresponded to the point (4 

km
2
 resolution) nearest to the 36 sample site locations in this study (Table 3).  Pairwise 

environmental distance (Euclidean distance in km) was calculated between each of the 36 

sample sites following Nanninga et al. 2014 for all environmental criteria and the two 

time periods in question.  Using Mantel tests with 9,999 permutations, pairwise matrices 

of linearized FST (FST/(1- FST)) and environmental distance were compared to determine 

the degree of isolation by environment (IBE) of S. carteri populations.  Pearson 

correlation coefficients were calculated for the linear relationship between environmental 

distance and genetic distance and significance test was employed (α = 0.05).   

2.6 Partial Mantel Tests and Multiple Matrix Regression 

For all significant correlations between genetic distance, geographic distance, and 

environmental distance variables, partial Mantel tests were calculated in IBDWS (web 

service by Jensen et al. 2005) to remove the effect of co-correlated geographic distance.  

In addition, Multiple Matrix Regression with Randomization (MMRR) was used to 

visualize the additive effects of co-correlated variables (Wang 2013). 
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RESULTS 

3.1 Summary Statistics 

A total of 966 samples were genotyped at the nine-microsatellite loci with the 

exception of the Soccotra samples (n = 12) for which loci sc90 would not amplify.  As 

the S. carteri microsatellite markers were developed on Red Sea samples, it is possible 

that a mutation in the primer-binding region of the more divergent Soccotra samples is 

causing faulty amplification at this locus.  The missing data of the Soccotra samples did 

not affect the analysis, as results were identical when loci sc90 was excluded.  In 

addition, out of the 966 samples, 16 clonal pairs with identical multilocus genotypes were 

recovered (Table 9).  Clones were more commonly found within sites (14 of the 16 

pairwise comparisons) than among sites (2 of the 16 comparisons).  One individual from 

each of the clonal pairs was removed from the dataset yielding a working dataset of 950 

individuals with unique multilocus genotypes.  All analysis was completed on the dataset 

with 950 individuals. 

Overall, the data shows a clear pattern of low heterozygosity (mean Ho = 0.399, 

mean He = 0.528), which was consistent at all sample site locations (Table 1).  This was 

met with a consistent and high inbreeding coefficient (FIS ranged from 0.156 to 0.432) 

that was significant in 31 of the 36 sites.  The allelic diversity ranged from 1 to 10 alleles 

per locus for any given population. While some deviations from HWE were found, no 

loci showed significant deviations (using FDR correction) from HWE at all sites tested 

(Table 7).  Loci sc65 and sc88 showed no deviation from HWE, loci sc83 showed 

deviation from HWE in just two populations, and the remaining six loci showed 
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deviations from HWE in approximately half of the populations tested.  

MICROCHECKER indicated the possible presence of null alleles in all loci as was to be 

expected with the observed heterozygote deficiencies.  However, no loci showed the 

presence of null alleles at all sites.  Null alleles were detected on average in 14 (95% CI), 

11 (99% CI), and 16 (Bonferroni) sites for a given locus.  The lack of a clear pattern in 

deviations from HWE along with the findings of other studies (Duran et al. 2004, Whalan 

et al. 2005, Duran and Rützler 2006, Guardiola et al. 2011) that have shown reduced 

heterozygosities in sponge populations suggests that this is not a primer binding artifact 

but rather a biological phenomenon that exists in sponge populations. Lastly, the tests for 

LD yielded zero significant values for linkage disequilibrium using FDR correction (1199 

multiple comparisons).   

3.2 Large Scale Structure  

 The AMOVA indicates that the overall molecular variance among populations (36 

sites) is low (4%).  There are, however, many significant pairwise population 

comparisons (Table 4).  All pairwise comparisons with sites 22 (Sudan: Sanganeb), 30 

(Mamali Kabir: Wassalyat Shoals), 33 (Farasan Islands: Zahrat Durakah), and 36 

(Soccotra: Soccotra) were significant.  Overall, the southern sites from the Farasan 

Banks, Farasan Islands, and Soccotra were often significantly different from the rest of 

the dataset.  FST values ranged from 0 to 0.284, which for highly variable microsatellite 

markers suggests there is inherent structure in the dataset.  These results are further 

visualized in the PCA (PC1 explains 32.93% of the variation in genetic differentiation 

and PC2 explains 26.74% of the variation) that shows strong separation of Site 36 
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(Soccotra: Soccotra) from the rest of the dataset (Fig 2).  In addition, sites 33 through 35 

(southernmost Farasan Islands) separate from one large cluster of sites 1 through 32.  

 The STRUCTURE analysis yielded similar results with and without a priori 

indication of site information.  In both runs, K = 2 was the most probable number of data 

clusters (Fig 8).  The STRUCTURE plot based on K = 2 without prior (Fig 3a) and with 

prior site information (Fig 3b) show that all individuals are experiencing admixture but 

sites 33 – 35 (Zahrat Durakah, Abulad Island, Tiger Head: Farasan Islands) are different 

from the rest of the dataset.  Surprisingly, differences in site 36 (Soccotra: Soccotra) as 

seen in the AMOVA and PCA are not reflected in the STRUCTURE clustering as 

individuals from site 36 seem to resemble individuals from many of the northern and 

central Red Sea sites. 

3.3 Small Scale Structure 

 The spatial autocorrelation analysis of the 16 belt-transects taken at 8 sites 

revealed no significant relationship between geographic distance and genetic distance at 

the scale of 50m (Fig. 4).  In all analyses the correlation coefficient, R, and the error bars 

surrounding this estimate fell within the 95% confidence interval of no relationship.  It is 

noted, that at one site (Site21b), there were very few comparisons as the sample size at 

that site was small (n=7).  Though, even when sample sizes were large (n>25) at sites 

09a, 10a, 13b, 19a, 19b, 20b, and 23a, no significant correlation was found. 

Overall, mean relatedness and full sibling pairs both within and among sites 

represented a small proportion of the dataset (Fig. 5).  The mean relatedness within sites 

ranged from -0.0282 to 0.0901 and among sites ranged from -0.0012 to 0.0042.  In all but 
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three sites (Site09a, Site19a, Site21a) the mean relatedness within sites was higher than 

the mean relatedness among sites.  There was no clear pattern of mean relatedness at the 

three sample locations studied.  The percentage of full sibling pairs did not exceed 5% 

within sites and did not exceed 2% among sites. The percentage of full siblings found 

within sites ranged from 0% to 4.6% and at only 2 of the 4 sites in Yanbu and one of the 

sites in Thuwal were fewer full sibling pairs found within than among sites.  Similar to 

the mean relatedness results, there was no clear pattern of higher or lower percentage of 

full siblings at the three locations.  It is, however, important to note that potential 

inaccuracies in assignments are possible; yet estimating relative relatedness in a dataset 

can give insightful baseline approximations for future investigations.  As the 

identification of all closely related individuals and exact relationships among individuals 

was not necessary for addressing questions in this study, then the relatedness value 

inaccuracies are consistent and minimally influential to the comparisons made here. 

3.4 Isolation by Distance 

 The IBD Mantel test shows a significant (p = 0.001) and positive 

relationship (R
2
 = 0.3751)

 
between geographic distance and genetic distance (m = 8x10

-5
)

 

(Fig. 6a).  This relationship however seems to be influenced by several comparisons that 

are increasing the slope of the regression line.  The most influential data points are 

comparisons of north and central reef sites with site 36.  When these data points are 

removed and IBD is recalculated (Fig. 6b), a very weak relationship is found between 

geographic distance and genetic distance (p = 0.043, R
2
 = 0.02163, m = 9x10

-6
) 

suggesting that forces besides just geographic distance are influencing the minimal 

genetic structure seen in this region. 
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3.5 Isolation by Environment 

 The IBE Mantel tests comparing environmental distance (NSST, DSST, CHLA, 

POC, CDOM) with genetic distance (FST/(1- FST)) and geographic distance (GGD) 

yielded several significant correlations (α = 0.05), which were consistent for the two time 

frames studied (Table 5a).  This consistency in results suggests that there is no seasonal 

effect of environment on genetic structure or at least it was not detectable in this study.  

There were, however, several interesting results for the genetic by environmental 

comparisons, irrespective of similarities in the two time frames.  Genetic distance was 

significantly correlated with annual CDOM (p = 0.0230, R
2
 = 0.0841, m = 3.2723) and 

winter CDOM (p = 0.0250, R
2
 = 0.0955, m = 3.4022) though the correlation coefficient 

was low in both cases.  Furthermore, there was no significant correlation between genetic 

distance and sea surface temperature distance (NSST or DSST) though SST is highly 

correlated with geography.  Lastly, no significant correlation was found between genetic 

distance and chlorophyll distance contrasting results found by Nanninga et al. 2014. 

 The IBE Mantel tests were repeated withholding Site 36 (Soccotra: Soccotra) as it 

was thought that this disparate site could be negatively impacting the results as this site is 

subject to physical processes that are very different from the other sites.  For instance, the 

purpose of the inclusion of a seasonal time frame (winter) along with the annual time 

frame in the analysis was to account for the strong seasonal variation seen in the Red Sea 

(Sofianos and Johns 2003) physical and nutrient regime.  Withholding Site 36 from the 

analysis changed many of the genetic by environment comparison results (Table 5b).  For 

example, genetic distance was no longer significantly correlated with CDOM for the 

either time frame, but rather genetic distance was significantly correlated with annual 
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CHLA (p = 0.0000, R
2
 = 0.3446, m = 13.052), annual POC (p = 0.0000, R

2
 = 0.4045, m 

= 4839.3), winter CHLA (p = 0.0010, R
2
 = 0.3399, m = 12.784), and winter POC (p 

0.0000 = , R
2
 = 0.4070, m = 4927.5).  This suggests that perhaps a CDOM anomaly at 

Site 36 was inflating the positive relationship between genetic distance and 

environmental distance for these criteria.  Furthermore, the extreme genetic distance 

between Site 36 and the rest of the sites seemed to have diluted the relationship between 

genetics and CHLA and POC.  Lastly, the correlation coefficient between genetic 

distance and geographic distance was substantially lowered (from 0.3752 to 0.0353) 

when Site 36 was removed suggesting that geographic distance is not a good predictor of 

genetic distance in the Red Sea.  Overall, to better understand processing shaping genetic 

assemblages in the Red Sea, Site 36 was removed from subsequent IBE analyses. 

 The evidence of correlations among multiple variables- genetic distance, 

geographic distance, environmental distance- as viewed in Table 5 called for the need to 

employ extended statistical tests to cope with co-correlated variables.  Thus, the 

geographic and environmental variables (GGD, CHLA, and POC) that were significantly 

correlated with genetic distance (LinFst) were considered for the partial mantel tests and 

MMRR. 

3.6  Partial Mantel Tests and Multiple Matrix Regression 

Partial Mantel tests were calculated for the both time frames (annual and winter) 

and for both environmental criteria that were found to be significantly correlated with 

genetic distance in the paired Mantel tests (CHLA and POC).  Tests were made in 

IBDWS with 30,000 randomizations.  In both the annual and winter models, the 
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correlation between genetic distance and geographic distance was no longer significant 

when the effect of environmental distance (Annual-CHLA p = 0.2553, Annual-POC p = 

0.3775, Winter-CHLA p = 0.2309, Winter-POC p = 0.3545) was removed (Table 6).  The 

relationship between genetic distance and environmental distance became slightly less 

strong when the effect of geographic distance was removed, but nonetheless, the 

correlations remained significant (Table 6). 

Multiple Matrix Regression with Randomization (MMRR) was used to visualize 

the additive effects of co-correlated variables (GGD, CHLA, and POC) on genetic 

distance.  MMRR analysis was made for only the annual dataset as the partial Mantel 

Tests revealed no difference between the effect of environmental distance on genetic 

distance between the annual and winter time frame.  The MMRR analysis showed that 

environmental distance (both CHLA and POC) is a stronger predictor of genetic distance 

than geographic distance (Fig. 7a-c) and in the combined models of geographic distance 

and environmental distance, geography contributes minimally to the strength of the 

model (Fig. 7d-e).  Overall, the best models for predicting genetic distance were the 

model employing only particulate organic carbon distance and the combined model of 

particulate organic carbon and geography (Fig. 7c and 7e).  At most, though, only 40% of 

the variation in the predictor variables explained the variation in genetic distance. 

 

DISCUSSION 

In terms of the large scale patterns that are seen in the data herein gathered, the 

southern region of the Red Sea, south of 16.85°N, seems genetically distinct from the rest 
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of the Red Sea (28.2°N to 16.87°N) (Fig. 2 and 3).  In addition, the northwest Indian 

Ocean, namely Soccotra, represents a third distinct genetic region (Fig. 2, Table 4). These 

regions do, however, appear to be exchanging genetic propagules and do not represent 

completely isolated populations (Fig. 3). These findings are interesting in that they are 

similar to the results recently published in another study (Nanninga et al. 2014), yet 

Nanninga and colleagues found a genetic break in populations of Amphiprion bicintus in 

the southern Red Sea at 19°N which is considerably further north than the genetic break 

found in this thesis.  These differences point to the potential influence of the individual 

biological life histories of anemone fish versus that of Stylissa carteri, yet still, it must be 

noted that the southern Red Sea as delimited at 16.85°N or 19°N, houses populations 

unique from the rest of the Red Sea.   

Furthermore, despite the high and significant inbreeding coefficients (Table 1), 

there seems to be no trend of population structure at the scale of 50m as viewed by the 

lack of correlation between genetic distance and spatial distance (Fig. 4). Despite this, the 

general trend of higher mean relatedness and percentage of full sibling pairs within sites 

versus among sites suggest that there could be some small scale site specific structure at 

scales slightly larger than 50m but less than the thousands of meters that encompass the 

among site comparisons (Fig. 5).  It is noted, that the within site results suggest that 

Stylissa carteri is capable of medium to long-range dispersal at distances longer than 

50m.  This is further supported by the lack of a strong relationship between geographic 

distance and genetic distance in the IBD analysis (Fig. 6).  Therefore, the inherent 

biological dispersal capability of S. carteri is most likely not a driving factor contributing 

to the genetic separation of the southern Farasan Islands from the rest of the Red Sea.  
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But rather, it is hypothesized that gene flow is limited by other factors such as 

environmental heterogeneity or circulation boundaries. 

The IBE results indicate that environmental heterogeneity could be influencing 

gene flow.  Most notably, the strong correlation between chlorophyll distance and genetic 

distance, and between particulate organic carbon distance and genetic distance indicate 

that differential primary productively might be associated with population divergence 

(Table 6, Fig. 7).  The well-documented environmental gradient of highly oligotrophic 

waters in the north to central Red Sea and the more nutrient rich southern Red Sea 

(Raitsos et al. 2011, 2013, Table 3) paired with the IBE results found here suggest that 

there could be preferential larval settlement of S. carteri in the southern Red Sea.  It is 

possible that the nutrient rich waters of the southern Farasan Islands provide more 

suitable habitat for sponge settlement inducing local recruitment and thereby reducing 

gene flow northward.  In addition, as FIS appears to be neither higher nor lower at sites 33 

– 35, average rates of gene flow among this region is maintaining the high but average 

level of inbreeding detected in the south. 

It is noted that the physical circulation of the Red Sea could also explain the 

nutrient regime and the gene flow among S. carteri populations.  The nine-year annual 

mean surface circulation model produced by Sofianos and Johns 2003 presents several 

dominant features that should be discussed in respect to the population structuring found 

in this study.  Several notable features could contribute to the separation of the southern 

Farasan Islands from the rest of the Red Sea including the western boundary current in 

the southern most end of the Red Sea near Bab al Mandab and an anticyclonic gyre 

centered around 15-16°N.  These physical features could create a pocket of isolation 
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south of a critical latitude maintained by the westward boundary current and the 

“washing-machine-like effect” of the eddy.  However, the dominant northward flow 

above 16°N on the eastern side of the Red Sea created by the boundary switch should 

facilitate connectivity between the southern Farasan Islands including sites 33-35 and the 

northward regions.  The fact that this is not seen in the data presented here suggests that 

circulation processes are not the only determining factor in this system.  Congruence with 

the dominant current systems in the north and central regions is, however, seen in the 

general connectivity between the north and central sites along the Saudi Arabian 

coastline.  This could be due to the strong eastern boundary current that can move genetic 

propagules, phytoplankton, and particulate matter northward between 18 and 24°N.  

Lastly, the moderate separation of the Sudanese site from the other north and central sites 

could be due to the strong eastern boundary current in comparison to a weaker western 

boundary current.  The fact that a complete separation of the Sudanese site is not seen in 

this dataset is evidence that the weak gyres in the northern region do transport some 

material horizontally. As such, the genetic break of S. carteri populations south of 

16.85°N despite the boundary current shift from westward to eastward as proposed by 

Sofianos and Johns as starting about 14.5°N along with the potentially current-driven 

connectivity north of this break suggests that gene flow at sites 33-35 is not limited 

strictly by circulation. Overall, these observations are purely qualitative, thus, until the 

effect Isolation by Circulation is also tested, and more sites in the southern and western 

Red Sea are studied, circulation cannot be ruled out as a predictor of genetic structure. 
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CONCLUSION 

Through investigating the population genetics of a benthic organism in the vastly 

understudied Red Sea, this study provides novel information to enhance our 

understanding of sponge population biology as well as potential influential seascape 

processes in the Red Sea.  This thesis presents the first evidence for a potential latitudinal 

environmental gradient influence on sponge population genetic structure.  Furthermore, 

by using traditional molecular techniques paired with newly developed statistical 

analyses, the results provided here are both traditionally consistent and powerful in the 

field of population genetics. 

In terms of the theoretical insight on sponge population biology and specifically 

the biology of S. carteri, this study provides evidence to support medium to long-range 

dispersal capabilities of sponges and also the potential influence of large-scale 

environmental heterogeneity on shaping sponge assemblages.  While sponge populations 

might still be largely influenced by historical founder events, reproductive stochasticity, 

and circulation advection, demographic preferences for specific ecotypes could provide 

directionality for population divergence and eventual speciation.  Specifically pertaining 

to S. carteri, the significant correlations found in this study between genetic distance with 

chlorophyll and particulate organic matter distance is notable.  While the removal of 

particulate organic matter by sponge communities has been shown to be high in many 

studies (Richter et al. 2001, Scheffers et al. 2004), of late, it has also been shown that 

sponges are an integral part of the dissolved organic carbon cycle (De Goeij & Van Duyl 

2007, De Goeij 2008, De Goij 2013) and CDOM can be an important food source for 

sponges.  From this, it would be thought that if sponge population structure were 
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correlated with chlorophyll/ particulate organic matter, it would also be correlated with 

CDOM. Or, conversely, the correlations between genetic distance and chlorophyll/POC 

distance observed in this study are a mere by-product of other oceanographic forces.  

Obviously detailed experiments would be necessary to confirm this, but this provides 

hypotheses for future work.  

Besides providing important theoretical insights into sponge population dynamics, 

this study presents important information concerning the Red Sea ecosystem.  Notably, 

the similarities in results between this study and that of Nanninga et al. 2014 suggest that 

the southern region of the Red Sea represents a unique ecosystem.    These findings can 

thus provide important information for the planning of marine protected areas, namely by 

highlighting the importance of conserving both the southern and north-central regions. 
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Table 1 

Site Number Location Site Name GPS Coordinates N Na Ho He Fis   

1 North Gulf of Aqaba 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 4.000 0.500 0.590 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 0.2251 **  

7 North Shaybarah 25.362, 36.913 8 3.222 0.361 0.460 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 0.420 0.590 0.2902 **  

10 Yanbu Refinery 23.853, 38.240 54 6.333 0.390 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 0.380 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 5.000 0.420 0.522 0.2014 **  

18 Jeddah Obhur 21.671, 38.844 20 5.111 0.380 0.597 0.3665 **  

19 Al Lith Whale Shark Reef 20.119, 40.220 71 6.111 0.375 0.553 0.3207 **  
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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 4.111 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 Dauqa 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 0.430 0.572 0.2500 **  

35 Farasan Islands Tiger Head 16.791, 42.199 29 4.889 0.441 0.550 0.2013 **  

36 Soccotra Soccotra 12.670, 54.178 12 3.222 0.367 0.426 0.1442   

 

Table 2 

Multiplex Mix Locus (dye)  Primer sequence F and R (5'-3') Ta (°C) Repeat motif Size range (bp) 

Mix04 sc58 (PET) F:TGTGGCCTTCTGTCTATGCC 57 AC 90-112 

    R:CTAGCGTTTGACTCATGCCG       

  sc65 (VIC) F:CGTAGAAGTCTCGCCCAAATG 57 AC 184-232 

    R:ACTCGGCCGTAAGTCATAGG       

Mix06 sc72 (VIC) F:CATGGCATGCTTCACCTGAG 60 AC 147-159 

    R:TCAGTGCCGTTGTCCTCTTC       

  sc88 (6FAM) F:AGTCAGGGATGTGGCTAGAG 60 AC 190-224 

    R:AGGAAGTAGCCAACGGAGAC       

Mix07 sc90 (6FAM) F:CACACTCATGATCACACGCG 60 AC 108-130 

    R:ACATTCGCTACACTTGTGGG       

  sc56 (VIC) F:CCATCTCACGATCCCTCTGG 60 AC 122-136 

    R:TCGGTGACCCTTCTTCTGTC       

Mix09 sc83 (NED) F:GAACTGCAGGAAGGTGAGTG 60 AC 173-189 

    R:ACGTGAGGGAAGACAGTGAC       

Mix10 sc82 (VIC) F:GTAGTTGGTGAGCGTGATGG 63 AC 152-162 

    R:TACCGCCTTCAAATGGCAAC       

  sc96 (6FAM) F:AGTGTGCCCTTCCTCTCAAG 63 AC 190-226 

    R:ACCCTACAGTCACATGCACC       
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Fig. 3 
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