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Abstract:

The emerging field of seascape genetics seeks to incorporate environmental variables and processes into analyses of population genetic data in order to improve our understanding of forces driving genetic divergence in the marine environment. While the majority of seascape genetic models to date have been applied to linear systems or at large spatial scales, very few have been applied to complex systems at regional scales. Here we apply a seascape genetics approach to a peripheral population of the tabulate coral Acropora spicifera across the Houtman Abrolhos Islands, a complex coral reef system off the central coast of Western Australia. We coupled population genetic data from a panel of microsatellite DNA markers with a biophysical dispersal model to test whether oceanographic processes could predict patterns of genetic divergence. We identified significant variation in allele frequencies over distances less than 10 km and showed that genetic heterogeneity was patchy across the islands, with significant variation occurring between adjacent sites but not between the most geographically distant ones. Larval dispersal simulation based on oceanographic data showed that the distinct genetic clusters lay outside the connected areas of high larval density and occurred in an area of heightened local recruitment around the southernmost island group. Recruitment probabilities between sites based on simulated larval dispersal were projected into a measure of resistance to connectivity that was significantly correlated with patterns of genetic divergence, suggesting that gene flow was not constrained by geographic distance but by regional oceanographic currents that act to isolate populations and enhance self-recruitment. Our results demonstrate that adopting an isolation-by-resistance framework that incorporates oceanographic data can improve our understanding of processes driving connectivity across complex seascapes. This study highlights the effectiveness of seascape approaches in explaining fine-scale genetic structure, and underscores the importance of integrating biological and physical processes when studying gene flow in marine populations.


1. INTRODUCTION
Population genetic structure is routinely interpreted using a model of isolation by distance (IBD; Wright 1943), a spatially-explicit analysis that tests the fit of variation in allele frequency with geographic distance between sampling locations. Under the IBD model, when dispersal is constrained by distance, the local effects of genetic drift outweigh the effects of gene flow, and levels of genetic differentiation increase with distance (Slatkin 1993). Although IBD has proven to be widespread and common in nature (Meirmans 2012), there is a frequent disconnect between gene flow and geographic distance in the marine environment, particularly for highly fecund organisms with a pelagic larval stage (e.g. Johnson and Black 1994; Doherty et al. 1995; Magalon et al. 2005; Purcell et al. 2006; Herwerden et al. 2009; Puebla et al. 2012; Kennington et al. 2013). For these organisms, spatial genetic structure is often not correlated with geographic distance between sample sites and can be greater between adjacent sites than between distant ones (Watts et al. 1990; Ayre and Hughes 2000; Hancock 2000; Johnson and Black 2006; Arnaud-Haond et al. 2008). However, IBD tests whether gene flow is constrained solely by geographic distance and does not account for other possible effects of the environment on gene flow and connectivity (reviewed by Wang and Bradburd 2014). Consequently, the IBD model may be too simplistic to describe patterns of gene flow for organisms with a high capacity for dispersal across oceanographically complex systems. 

The emerging field of seascape genetics seeks to incorporate environmental variables and processes to improve our understanding of spatial genetic structure independent of geographic distance (reviewed by Selkoe et al. 2008; Riginos and Liggins 2013). As in landscape genetics, which incorporates physical features to explain patterns of restricted gene flow across terrestrial systems (Manel et al. 2003; Manel and Holderegger 2013), similar information about barriers to gene flow in the marine environment can be used to define a ‘resistance surface’ that can be used to predict spatial genetic structure and explain deviations from the simple IBD model. The so-called ‘isolation by resistance’ (IBR) pattern may be particularly evident when an organism’s reproductive strategy involves a sedentary adult phase and a pelagic larval stage that is subject to the prevailing currents and can be widely dispersed. For example, seascape genetic models have revealed a significant effect of currents (Kenchington et al. 2006; Selkoe et al. 2006; Collins et al. 2010; White et al. 2010; Schunter et al. 2011; Godhe et al. 2013) and habitat discontinuity (Johansson et al. 2008; Selkoe et al. 2010; D’Aloia et al. 2014; Rogers et al. 2014) on gene flow for such organisms, and have begun to unravel the drivers of genetic structure for a variety of marine taxa. The majority of seascape genetic models to date have been applied to linear systems or at large spatial scales (> 250 km; see references above), and very few have been applied to complex systems at regional scales (~10 - 100 km). Because the regional scale is generally more relevant to management, linking gene flow with the physical environment can help place confounding patterns of local genetic structure into more ecologically meaningful and relevant contexts. 

The Houtman Abrolhos Islands (HAI) represents a unique opportunity to apply a seascape approach to a coral reef system that offers great complexity at a fine-scale. The HAI is the southern-most coral reef system in the Indian Ocean and is located at the edge of the continental shelf off the central coast of Western Australia (28°150’ and 29°00’ S) in a region of convergence between the temperate waters of the south coast and the tropical waters of northwest coast. The archipelago comprises a network of 122 low-lying islands that form three main groups that together span approximately 70 km north to south. The islands sit at the edge of the warm, pole-ward flowing Leeuwin Current (Batteen and Miller 2009), and while the exposed windward side of the islands are predominantly algal covered, the back reef lagoons and channels are dominated by diverse coral fauna (184 species representing 42 genera; Veron and Marsh 1988). Previous population genetic studies on intertidal gastropods (Johnson and Black 1991; Johnson et al. 1994; Johnson and Black 2006) and finfish (Johnson et al. 1994) have demonstrated that the complexities of the system restrict gene flow and isolate populations, leading to significant and often complex patterns of spatial genetic structure that can be up to an order of magnitude greater than among adjacent mainland populations (Parsons 1996; Johnson et al. 2001; Pudovskis et al. 2001). While these studies highlight the effects of the islands on patterns of connectivity (especially Johnson & Black 2006), they do not include independent estimates of larval advection. They also focus almost exclusively on intertidal species. 

The aim of this study was to test whether a seascape modelling approach could predict patterns of gene flow across a complex coral reef system. We focus our analysis on the tabulate coral species Acropora spicifera, which is considered rare throughout the Indo-Pacific and East Indian Ocean, but dominates coral assemblages of the HAI at the southern extent of its range (Veron and Marsh 1988). Specifically, we coupled population genetic data from a panel of microsatellite DNA markers with a biophysical dispersal model to determine whether oceanographic processes could predict patterns of local genetic structure within this complex island system. Three specific hypotheses were tested: H0, the null hypothesis that A. spicifera forms a single panmictic population across the HAI; H1, population genetic structure is a function of geographic distance between sample sites (i.e. IBD), and H2; population genetic structure is a function of the level of resistance to connectivity imposed by regional oceanographic currents (i.e. IBR).	Comment by Luke Thomas: Should I include this sentence?: ‘Our results demonstrate that estimates of resistance to connectivity imposed by regional oceanographic currents can be more effective at predicting patterns of genetic divergence than geographic distance and can enhance our understanding of processes driving connectivity across complex seascapes.’

2. METHODS

(a) Sample collection, DNA extraction and microsatellite genotyping

Samples of A. spicifera (n=395) were collected in October 2013 and April 2014 from 15 sites across the HAI (Figure 1, Table 1). Coral colonies with a minimum diameter of 200 mm were collected along a 200 metre transect within each site at a depth of between 2.5 and 10 metres. Colonies were sampled at a minimum distance of two metres to reduce the chance of sampling individuals that were formed via fragmentation. Genomic DNA was extracted from samples using a modified silica-based method as described in Ivanova et al. (2006). Samples were amplified across a panel of ten microsatellites (and optimized into four multiplexes using the Qiagen Multiplex PCR Kit (Table S1, modified from vanOppen et al. 2007 and Wang et al. 2009). PCR products were analyzed on an ABI 3700 sequencer using a GeneScan-500 LIZ internal size standard and scored with manually prepared bins in GENEMARKER 1.90 (SoftGenetics). 

(b) Microsatellite analysis 

The discriminative power of the panel of microsatellites was determined using the probability of identity (PID) index in GENEALEX 6.5.1 (Peakal and Smouse 2006). Allelic frequencies, observed and expected heterozygosities and inbreeding coefficients were also calculated in GENEALEX for each population and across all loci. Deviations from Hardy-Weinberg equilibrium (HWE; by locus and population) and tests for linkage disequilibrium (LD) were calculated using GENEPOP 4.0.10 (Rousset 2008) and based on 10 000 de-memorization, 10 000 batches and 10 000 iterations per batch. Tests for evidence of large allele dropout, stuttering and the presence of null alleles that could explain deviations from HWE were performed using MICROCHECKER 2.2.3 (van Oosterhout et al. 2004). Significance levels were adjusted using sequential Bonferroni corrections in all statistical analyses that included multiple comparisons. The details of these tests are summarized in Appendix S1.

(c) Genetic connectivity

The statistical power of the panel of microsatellites to detect genetic structure was tested using a simulation approach in POWSIM v 4.0 (Ryman and Palm 2006). The program utilizes Fisher’s exact and chi-squared tests to test the null hypothesis of genetic homogeneity using the number of loci, allele frequencies and sample sizes from the current dataset. Simulations were run using a range of combinations of Ne (effective population size) and t (time since divergence) for FST values ranging from 0.001 to 0.10. The power of the panel of microsatellites was determined by the proportion of significance tests (p < 0.05) across 1000 replicate runs.  

Several methods were employed to test the null hypothesis of panmixia. A hierarchal analysis of variance (AMOVA) calculated in ARLEQUIN v 3.11 (Excoffier et al. 2005) was used to identify differences between island groups (ΦCT), among sample sites within island groups (ΦSC) and among sample sites irrespective of island group (ΦST). Tests for significance were based on 10 000 permutations. Pairwise levels of genetic differentiation between populations were estimated using the indices FST (Nei 1977), D (Jost 2008) and G'ST (Hedrick 2005) as suggested by Verity and Nichols (2014). Bayesian clustering analyses were conducted in GENELAND 3.2.4 (Guillot et al. 2005) in R (R Development Core Team 2010). GENELAND differs from the widely used clustering software STRUCTURE (Pritchard et al. 2000) in that geographical coordinates can be incorporated as a prior to produce more accurate inferences of population structure based on the spatial distribution of individuals, particularly when genetic differentiation is subtle (Latch et al. 2006). Analyses were performed under the spatial and null allele model with correlated alleles and with 1 000 000 MCMC iterations with a thinning of 1000 and K ranging from 1 to 10. Ten independent runs were used to determine the appropriate number of K, which was chosen based on the modal K with the highest posterior probability. Then, an additional five independent runs were conducted with the K value held constant (likely number of groups based on posterior probability of the previous run) to test for consistencies of membership probabilities of each sample site across multiple runs.

(d) Oceanographic connectivity

The relationship between patterns of genetic divergence and levels of resistance to connectivity imposed by regional currents was assessed by simulating the probability of larval dispersal among sample sites using a fully 4-Dimensional (3D x time) open source, object-oriented biophysical dispersal model developed by Kool and Nichol (2015). Coral spawning in Western Australia occurs predominantly in the austral autumn (Simpson 1991), with a secondary smaller spawning event in the spring (Rosser and Gilmour 2008). At the HAI, at least 60 % of the scleractinian coral species, including A. spicifera, spawn within a one-week period in the main autumn event (Babcock et al. 1994). For the larval dispersal simulations, larvae were released following the third full moon of the year for five consecutive days and were considered eligible for recruitment following a three-day pre-competency period. Under controlled settings, 85 % of A. spicifera larvae from the HAI settle on day seven post-spawning (Foster et al. submitted), therefore a recruitment eligibility window of days three to day nine was selected for simulated dispersal. Dispersal tracks were generated for 1000 simulated larvae per sample site with an exponential mortality rate (0.06 per day). Larval density maps were generated using the Spatial Analyst tool in ArcMaps and were based on a circular area with a radius of 2 km around each raster cell.

A probability matrix, describing the likelihood of individuals recruiting to a destination population (row) from a source population (column), was generated based on the proportion of simulated larvae that occurred within a 1 km zone around each sample site during the recruitment eligibility window. The matrix included data from four consecutive spawning events (2009 - 2012) to account for inter-annual variability. Values were then standardized across rows (destination populations) to generate a migration matrix (M), providing frequencies of recruitment contribution of each source population. The diagonal of this matrix is the proportion of simulated larvae that self-recruit. The migration matrix was then projected forward in time to examine the probability of populations being connected over multiple generations as in Kool et al. (2010) using the formula , where  (the top bar indicates row-normalization) and  is a state matrix representing the constitution of each adult population at each adult population at time t (rows) in terms of the relative contribution from each source population at t = 0 (columns), B is a diagonal matrix of per capita birth rates, K is a diagonal matrix of relative carrying capacity and I is an identity matrix with the same dimension as M, and t is the number of generations projected (Kool et al. 2010). The forward-projected matrix was calculated using t = 10, and identity matrices were applied for B and K since turnover rates were assumed constant at one juvenile per individual per generation, and all populations were assumed to be equal in size. When using higher birth rates the matrix rapidly converged to the eigenvalues and so higher values were avoided. The projection model does not take into account post-settlement mortality, which would act to slow the rate of convergence; however, without any spatial biases the relative patterns would not be affected. To generate patterns of derived genetic distance that could be directly compared to the empirical genetic data, a genetic similarity matrix was projected from each of the two migration matrices using the equation  (Nei 1987; Kool et al. 2010), where x and y are larval migration probabilities between pairs of populations. This value was subtracted from 1 to generate a distance matrix, hereafter referred to as Derived Oceanographic Resistance (DOR).

(f) Seascape effects on gene flow

To determine whether oceanographic data could better predict patterns of genetic divergence than simply distance between sampling locations, we tested for significant correlations with genetic distance (linearized G’ST, D and FST) using geographic distance (i.e. IBD) and DOR (i.e. IBR). This was done using one-tailed Mantel tests (null hypothesis: r ≤ 0) based on 1000 permutations, using the package ECODIST (Goslee and Urban 2013) in R (R Development Core Team 2010). We also carried out partial-Mantel tests of genetic distance versus DOR while controlling for geographic distance between sample sites by partitioning out the effects of geographic distance on our measures of DOR. Despite being a widely applied statistical method in evolutionary biology (Storfer et al. 2010), there seems to be much debate about the validity of Mantel tests to test the independence of elements in two matrices (Cushman and Landguth 2010; Legendre and Fortin 2010; Guillot and Rousset 2013). An alternative approach involves fitting mixed-effects models to account for the correlated structure of regression on distance matrices (maximum likelihood population effects or MLPE model; Clarke et al. 2002); however, parameter optimization is achieved using the restricted/residual maximum likelihood (REML) procedure, raising doubts about the use of traditional information criteria such as AIC for model selection (Verbeke and Molenberghs 2000). While summaries of ‘variance explained’ such as the R2β value (Edwards et al. 2008) have been proposed as suitable alternative statistics for model evaluation, there remains several practical and theoretical issues and an overall lack of consensus towards this approach (Nakagawa and Schielzeth 2013). The goal of our approach was to improve on the IBD model by replacing geographic distance with a measure of distance that reflects the physical seascape. Because IBD has been traditionally interpreted using a Mantel test (Storfer et al. 2010), which are generally more conservative than mixed effects models (Legendre and Fortin 2010), we chose to keep with this approach.

3. RESULTS

(a) Microsatellite analysis

All microsatellite loci were polymorphic (Table S2). There was considerable variation in departures from HWE among loci, but only one locus (EST_254) showed significant deficits of heterozygosity across all populations, suggesting the presence of null alleles. The presence of null alleles was confirmed by MICROCHECKER, so this locus was removed from further analyses. Significant deviations from HWE across the remaining loci were detected at 6 sample sites (Table 1), and significant cases of linkage disequilibrium were detected in only 8 out of 540 comparisons. Replicate multi-locus genotypes (MLGs) were detected in 9 % (n = 37) of the samples collected, and there was no instance where a MLG was shared between individuals from different sampling sites or between more than three individuals within a sampling site. The probability that two discrete individuals could have the same MLG by chance was low (PID=1.2 x 10-8), so samples with matching MLGs were considered clones formed via fragmentation and were removed from the dataset.

(b) Genetic connectivity 

Simulations in POWSIM indicated a high statistical power (0.996) of the panel of microsatellites to resolve population structure at low levels (FST = 0.005). Under the AMOVA framework heterogeneity between island groups was not significant (ΦCT = 0.002, p = 0.101) but was significant among sites within island groups (ΦSC = 0.020, p = 0.001) and among sample sites irrespective of island group (ΦST = 0.022, p = 0.001), rejecting our null hypothesis of panmixia. The matrix of comparisons based on G'ST and D were significant (adjusted p ≤ 0.0006) in 11 out of 105 comparisons (Table 2), all of which involved a sampling site from the southern Pelsaert group (P3, P4 or P5). Both indices of genetic differentiation were strongly correlated (R = 0.998, p = 0.001). Pairwise FST values followed similar trends and were significant in 12 out of the 105 comparisons, all of which involved a sample site from the Pelsaert group (Table S3). FST values were strongly correlated with G’ST and D (0.947 < R < 0.954, p = 0.001). Bayesian clustering in GENELAND identified K = 3 as the most likely number of clusters in the data set. Maps of posterior probabilities showed that the first cluster comprised all Wallabi and Easter group samples sites as well as P1 and P2 from the Pelsaert group (Figure 2). The second cluster comprised P5 and the third cluster comprised P3 and P4. This pattern was consistent across five independent runs. Significant genetic structure was identified between groups when based on this clustering scenario (ΦCT = 0.043, p = 0.001). 

(c) Oceanographic connectivity 

Larval density maps based on simulated particle trajectories illustrated that the distinct genetic clusters within the Pelsaert group lay outside the connected areas of high larval density (Figure 3). In general, larvae that were released from the Wallabi or Easter groups tended to either track out through channels between the islands and then move in a southerly direction along the continental shelf or track north in the lee of the islands before moving westward and being diverted south along the shelf. In both situations very few simulated larvae came within recruiting distance of the eastern Pelsaert sample sites (identified as clusters two and three from the GENELAND analysis). Probabilities of larval dispersal between sample sites, which were standardized to compare frequencies of contribution to recruitment at each site, supported a pattern of restricted larval recruitment to the Pelsaert group (Table S4). Both the Wallabi and Easter groups contributed very few recruits to the Pelsaert sample sites, with 92 % of successful recruits to the Pelsaert sample sites originating from within this island group. The genetic similarity matrix, based on the standardized dispersal probabilities, identified a strong genetic break between the Wallabi and Pelsaert groups, particularly with the more eastern Pelsaert sample sites (P3, P4 and P5); however, this pattern became less pronounced when the migration matrix was projected forward ten generations (Figure 4). 

(e) Seascape effects on gene flow

Mantel tests revealed a non-significant correlation between observed genetic distance (linearized G’ST, Jost’s D and FST) and log-transformed geographic distance (Table 3), rejecting the hypothesis that genetic divergence is a function of geographic distance between sample sites (i.e. IBD). Incorporating oceanographic processes into the analyses resulted in a significant relationship when replacing geographic distance with DOR, confirming our IBR hypothesis that patterns of genetic divergence are correlated with the level of resistance to connectivity imposed by regional oceanographic currents. This relationship was significant for all measures of genetic differentiation at t = 0 and became marginally non-significant when projecting the matrix forward 10 generations (Table 3). Partial Mantel tests controlling for the effects of geographic distance yielded similarly significant p-values.

4. DISCUSSION
 
Here we show that estimates of resistance to connectivity imposed by regional oceanographic currents are more effective than geographic distance at predicting patterns of genetic structure across complex seascapes such as island archipelagos. Results from this analysis indicate that gene flow for the tabulate coral A. spicifera was not constrained by geographic distance but by effective distance due to currents, which acted to restrict gene flow and isolate local populations. We linked patterns of genetic divergence to an oceanographic mechanism and identified a region of the archipelago that appears to be isolated from the greater larval pool and largely reliant on locally sourced larvae to maintain healthy coral populations. This study highlights the effectiveness of seascape approaches in explaining fine-scale genetic structure and underscores the importance of integrating biological and physical processes when studying gene flow in marine populations.

Acropora spicifera does not form a single panmictic population at the HAI. We identified significant variation in allele frequencies over distances less than 10 km and showed that genetic heterogeneity was patchy, with significant variation occurring between adjacent sites but not between the most geographically distant ones. This pattern of genetic patchiness is a common finding for planktonic dispersers (e.g. Watts et al. 1990; Holborn et al. 1994; Selkoe et al. 2006; Arnaud-Haond et al. 2008; Iacchei et al. 2014; Sinclair et al. 2014), including scleractinian corals, which display fine-scale genetic structure within reefs (< 10 km), but panmixia across vast distances (> 1000 km; Ayre et al. 1997; Ayre and Hughes 2000, 2004; vanOppen et al. 2011; Torda et al. 2014). 

Population genetic structure was more complex than predicted by a stepping-stone model of IBD, as geographic distance was a poor predictor of allele frequency variation between populations. Significant patterns of IBD are generally indicative of restrictions to gene flow across large geographic areas, thus the decoupling of geographic with genetic distance between sample sites was not surprising considering the small spatial scale of the study and the complex bathymetry of the island archipelago. There was also no genetic evidence to suggest that the deep water channels separating the island groups represent barriers to dispersal; the AMOVA indicated an absence of genetic structure between island groups and the Bayesian clustering analysis showed that the majority of sample sites across all three island groups formed one genetic cluster. Significant differences between the island groups of the HAI have previously been identified for species with a limited capacity for dispersal, such as direct developers or those with a short pelagic larval stage (Johnson and Black 1991; Johnson et al. 1994; Pudovskis et al. 2001; and Johnson and Black 2006) but not for species with longer larval durations (Johnson et al. 2001).  Taken together, these studies suggest that the deep channels separating the island groups act as barriers to gene flow only for organisms with a limited capacity for dispersal. 

Results from our analyses indicate that patterns of genetic divergence are a product of restricted gene flow arising from differences in the source of larval recruits among sites. All of the statistically significant between-site genetic divergences involved the Pelsaert group, and modelled larval transport from oceanographic data indicated that the distinct genetic clusters within the Pelsaert group lay outside the connected areas of high larval density in an area of heightened local recruitment characterised by a restricted supply of larvae from the island groups to the north. It may be the case that the Pelsaert group is shadowed from the strong and consistent north to south laminar flow of the Leeuwin Current by the northern island groups, with recruitment along these reefs instead more influenced by small-scale eddies that act to isolate local populations and enhance self-recruitment but with the leptokurtic tail of dispersal maintaining genetic diversity over multiple generations. This interpretation would also explain why other species with a high capacity for dispersal (e.g. Siphonari kurracheensis) display significant genetic structure in the Pelsaert group but not elsewhere in the HAI (Johnson et al. 2001).

Currents have been well documented to be a major force influencing gene flow in the marine environment at basin-wide scales (e.g. Galindo et al. 2006; Kenchington et al. 2006; Foster et al. 2012; Thomas et al. 2013; Schiavina et al. 2014), but less documented at regional scales (but see Collins et al. 2010; White et al. 2010; Alberto et al. 2011). Variable ocean currents and bathymetric complexities can work synergistically to produce fine-scale source sink dynamics that isolate local populations, particularly across island archipelagos that are made up of a mosaic of reefs (Winans 1980; Scheltem et al. 1986; Johnson et al. 2001; Johnson and Black 2006). Under these circumstances, populations may be sufficiently isolated for significant genetic subdivision to arise, but occasional long-distance dispersal (leptokurtic gene flow) can keep the broader set of populations connected. Dispersal is a highly stochastic process and patterns of genetic patchiness can arise from a number of pre-settlement processes that influence the spatial distribution of alleles. An alternative mechanism commonly invoked to explain patterns of fine-scale heterogeneity amidst large-scale homogeneity, particularly for broadcast spawning species, is the variable reproductive success of adults (termed sweepstake reproductive success; Hedgecock 1994), where a small number of individuals contribute a substantial amount of recruits to a given population due to a chance matching of reproduction and oceanography. The resulting patterns of genetic patchiness are therefore ephemeral, and one generation’s genetic patches will not predict the genetic patterns in the next generation (Johnson and Black 1982; 1984). Unfortunately, we were unable to test this hypothesis as we did not collect recruits from multiple cohorts. While there is likely to be some sweepstakes effects occurring, there is an element of temporal stability in the genetic data that operates over enough generations to show a significant correlation with the oceanography. 

Ultimately, more information on the intra-population dynamics at these sites is needed to test our interpretation; however, all of the evidence from this analysis suggests that the more eastern reefs of the Pelsaert group are effectively isolated from larvae sourced from elsewhere in the HAI. Consequently, these populations have a limited capacity to recover from disturbance in comparison with other reefs at the HAI that maintain high levels of  connectivity. This information has direct implications for management decisions and conservation planning, as the spatial arrangement and zoning of marine protected areas can have important effects on gene flow dynamics (Palumbi 2003), with the accurate identification of larval ‘source’ populations required to ensure local populations are maintained. There are currently four Fish Habitat Protection Areas (FHPAs) at the HAI aimed at conserving marine life and associated habitat (Department of Fisheries 2012). The FHPA in the Pelsaert group lies immediately adjacent to sample sites P3 and P4 and, based on our analyses of genetic and oceanographic data, likely protects a valuable larval source population for adjacent reefs in the Pelseart group, but has little value for the other island groups in the HAI.

Our results add to a growing body of evidence demonstrating that seascape genetic models incorporating environmental processes are better suited at explaining patterns of genetic divergence than traditional IBD models, particularly when dealing with highly dispersing species across oceanographically complex regional seascapes. While our IBR approach identified a significant correlation between currents and patterns of genetic divergence, a certain proportion of the genetic variation could not be explained by the output of the biophysical model. The underlying oceanography of the model is at a regional scale resolution (1/12°), and although the velocity values are interpolated over space and integrated over time (Runge-Kutta integration), which effectively downscales the resolution, it is unlikely to capture the intricacies of fine-scale circulation around the HAI in entirety. Nevertheless, the reason for our good fidelity over most of the HAI is most likely to be related to the strong and consistent southward flow of the Leeuwin Current, as opposed to a regime dominated by eddies and turbulence. We were also limited in our seascape analysis to ocean currents as there is no other environmental data available that could be included. As the resolution of these oceanographic models increases and measures of variable abiotic parameters become available, seascape genetic analyses at finer geographic scales will facilitate a more detailed understanding of processes driving genetic structure for organisms with more restricted larval dispersal in the marine environment. 
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Table 1 Descriptive statistics of 15 sample sites across the Houtman Abrolhos Islands: sample sizes (N), number of multi-locus genotypes (G), allelic richness (AR), number of private alleles (PA), observed (HO) and expected (HE) heterozygosity and inbreeding coefficients (FIS). Bold values indicate significance (P ≤ 0.05).  

	Group
	Site
	Latitude
	Longitude
	N
	G
	AR
	PA
	HO
	HE
	FIS

	Pelsaert
	P1
	-28.869
	113.877
	16
	16
	3.513
	1
	0.604
	0.637
	0.040

	
	P2
	-28.898
	113.923
	14
	14
	3.327
	0
	0.610
	0.594
	0.012

	
	P3
	-28.867
	113.970
	18
	18
	3.693
	1
	0.572
	0.668
	0.175

	
	P4
	-28.862
	113.988
	14
	14
	3.217
	0
	0.500
	0.591
	0.109

	
	P5
	-28.815
	113.948
	16
	15
	3.554
	2
	0.638
	0.624
	0.033

	Easter
	E1
	-28.650
	113.880
	30
	26
	3.879
	1
	0.533
	0.653
	0.181

	
	E2
	-28.699
	113.780
	25
	25
	3.903
	0
	0.597
	0.644
	0.102

	
	E3
	-28.716
	113.789
	33
	32
	3.818
	0
	0.609
	0.648
	0.087

	
	E4
	-28.740
	113.809
	26
	26
	3.810
	2
	0.600
	0.654
	0.091

	
	E5
	-28.737
	113.789
	30
	30
	3.643
	1
	0.547
	0.639
	0.143

	Wallabi
	W1
	-28.473
	113.776
	38
	35
	3.691
	1
	0.587
	0.656
	0.127

	
	W2
	-28.480
	113.784
	24
	20
	3.812
	1
	0.629
	0.663
	0.049

	
	W3
	-28.499
	113.746
	44
	44
	3.730
	0
	0.576
	0.669
	0.152

	
	W4
	-28.435
	113.743
	37
	30
	3.395
	0
	0.597
	0.617
	0.009

	
	W5
	-28.407
	113.719
	30
	30
	3.740
	1
	0.640
	0.673
	0.067




Table 2 Pairwise measures of genetic differentiation (G'ST above diagonal; D below diagonal) between 15 sample sites across the Houtman Abrolhos Islands. Bold values indicate significance based on sequential Bonferroni adjusted p value ≤ 0.0006.  


	
	P1
	P2
	P3
	P4
	P5
	E1
	E2
	E3
	E4
	E5
	W1
	W2
	W3
	W4
	W5

	P1
	
	0.003
	0.056
	0.114
	0.002
	-0.011
	-0.015
	0.032
	0.020
	0.001
	0.019
	0.008
	0.018
	0.012
	-0.007

	P2
	0.003
	
	0.051
	0.068
	0.068
	-0.008
	-0.013
	-0.007
	-0.012
	-0.007
	-0.020
	0.014
	0.003
	0.013
	0.009

	P3
	0.046
	0.041
	
	0.000
	0.111
	0.052
	0.054
	0.089
	0.077
	0.073
	0.049
	0.057
	0.052
	0.128
	0.062

	P4
	0.091
	0.053
	0.000
	
	0.126
	0.071
	0.088
	0.120
	0.107
	0.089
	0.062
	0.098
	0.092
	0.133
	0.079

	P5
	0.002
	0.054
	0.091
	0.101
	
	0.046
	0.026
	0.087
	0.079
	0.068
	0.073
	0.053
	0.097
	0.073
	0.012

	E1
	-0.009
	-0.006
	0.042
	0.056
	0.037
	
	-0.011
	0.018
	0.011
	-0.009
	-0.008
	-0.003
	0.025
	0.016
	-0.008

	E2
	-0.012
	-0.010
	0.044
	0.070
	0.020
	-0.009
	
	-0.004
	-0.014
	0.004
	-0.013
	0.002
	0.013
	0.011
	0.001

	E3
	0.026
	-0.005
	0.073
	0.096
	0.070
	0.014
	-0.003
	
	-0.007
	0.014
	-0.005
	0.023
	0.011
	0.035
	0.032

	E4
	0.016
	-0.010
	0.064
	0.086
	0.064
	0.009
	-0.011
	-0.006
	
	0.022
	-0.009
	0.016
	-0.007
	0.028
	0.022

	E5
	0.000
	-0.006
	0.060
	0.071
	0.054
	-0.007
	0.003
	0.011
	0.018
	
	0.001
	0.016
	0.030
	0.022
	0.018

	W1
	0.016
	-0.016
	0.040
	0.049
	0.059
	-0.007
	-0.011
	-0.004
	-0.007
	0.001
	
	0.026
	0.002
	0.029
	0.008

	W2
	0.007
	0.011
	0.047
	0.079
	0.043
	-0.002
	0.002
	0.018
	0.013
	0.013
	0.021
	
	0.031
	0.027
	0.014

	W3
	0.015
	0.002
	0.043
	0.073
	0.079
	0.020
	0.010
	0.009
	-0.006
	0.024
	0.002
	0.025
	
	0.040
	0.037

	W4
	0.010
	0.010
	0.104
	0.105
	0.058
	0.013
	0.009
	0.028
	0.022
	0.017
	0.023
	0.022
	0.032
	
	0.020

	W5
	-0.005
	0.008
	0.051
	0.064
	0.009
	-0.006
	0.001
	0.026
	0.018
	0.015
	0.006
	0.011
	0.030
	0.016
	




Table 3 Mantel randomization tests comparing isolation by distance v. resistance across three measures of genetic differentiation (G’ST, D and FST). Bold values indicate significance (p < 0.05). Partial Mantel tests of isolation by resistance, controlling for geographic distance are also included.  
	 
	 
	G'ST
	 
	Jost's D
	 
	FST
	 

	Predictor
	Description
	r
	p
	r
	p
	R
	p

	D (log)
	Log transformed geographic distance (IBD)
	0.119
	0.096
	0.120
	0.086
	0.080
	0.168

	DOR
	Derived Oceanographic Resistance based on transition probabilities (IBR)
	0.348
	0.006
	0.348
	0.007
	0.373
	0.001

	DORFP
	Derived Oceanographic Resistance based on forward-projected allele states (IBR)
	0.195
	0.096
	0.193
	0.085
	0.164
	0.127

	DOR + D (log)
	Derived Oceanographic Resistance, given geographic distance
	0.377
	0.011
	0.391
	0.017
	0.434
	0.005

	DORFP + D (log)
	Forward projected Derived Oceanographic Resistance, given geographic distance
	0.131
	0.181
	0.127
	0.199
	0.097
	0.270

	
	
	
	
	
	
	
	




Figures

Figure 1. Sample sites of Acropora spicifera colonies collected across the Houtman Abrolhos Islands, Western Australia. Pale grey areas indicate shallow reef.

Figure 2. Distributions of genetic clusters (K = 3) in GENELAND v. 3.2.4. Lighter colours indicate higher probabilities of membership to a cluster. 

Figure 3. Kernel density plots using Spatial Analyst in ArcMaps, showing log-transformed densities per square kilometre of simulated larvae (75 % confidence cut) released from all sample sites for years 2009 – 2012.  Plots show simulated larval densities released from (A) Wallabi group, (B) Easter group and (C) Pelsaert group within the defined recruitment eligibility window.  

Figure 4. Projected matrix of genetic similarity (Nei 1987) generated from the standardized probability matrix (left) and forward projected matrix (right). Red indicates high levels of similarity and blue low levels of similarity. The matrix is symmetric and so non-directional. 
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