
 
 
 

 
 

Macquarie University PURE Research 
Management System 

 
 

 
 
This is a post-peer-review, pre-copyedit version of an article published in 
Conservation Genetics. The final authenticated version is available online at:  
 
O’Hare, J. A., Momigliano, P., Raftos, D. A. et al. (2021) Genetic structure and 
effective population size of Sydney rock oysters in eastern Australia. 
Conservation Genetics, vol. 22, no. 3, pp. 427–442. 
https://doi.org/10.1007/s10592-021-01343-4 
 
 
Copyright: © Springer 2021. 

https://doi.org/10.1007/s10592-021-01343-4


1 
 

Genetic structure and effective population size of Sydney rock oysters in eastern Australia 1 

Jessica A O’Hare1* (ORCID: 0000-0002-1914-8393), Paolo Momigliano2 (ORCID: 0000-0001-6390-6094), 2 
David A Raftos3,1, Adam J Stow1 (ORCID: 0000-0002-6796-4854) 3 

 4 
1Department of Biological Sciences, Faculty of Science and Engineering, Macquarie University, Sydney, NSW 5 
2109, Australia 6 
2Ecological Genetics Research Unit, Organismal and Evolutionary Biology Research Program, Faculty of 7 
Biological and Environmental Sciences, University of Helsinki, FI-00014 Helsinki, Finland 8 
3Sydney Institute of Marine Science, Mosman, NSW 2088, Australia 9 
*Corresponding author: jessica.ohare@mq.edu.au  10 

 11 

Running head:  Australian oyster population genetics 12 

 13 

Acknowledgments: 14 

The authors extend sincere thanks to the oyster industry in eastern Australia for sharing knowledge of local 15 
oyster populations, and Shana Ahmed, Liam O’Hare, Cathy James, Peter James and Maria Vozzo for assistance 16 
with fieldwork. Two anonymous reviewers are thanked for their insightful and constructive comments on an 17 
earlier version of this manuscript.  18 
 19 

Declarations: 20 

Funding: This work was funded in part by an Australian Research Council Discovery Grant #DP150101363 to 21 
DAR (with Melanie J. Bishop), an Australian Research Council Industrial Transformation Training Centre 22 
Grant #IC130100009 to DAR (with Paul A. Haynes, Wayne A. O'Connor and others), and Macquarie 23 
University. 24 

Conflicts of interest/Competing interests: The authors declare that they have no conflict of interest. 25 

Ethics approval: Sampling was conducted under General Fisheries Permit 188883 (Queensland), Scientific 26 
Collection Permit P07/0047-6.0 (New South Wales), Fisheries General Research Permit RP1288 (Victoria) and 27 
National Parks Research Permit 10008300 (Croajingolong National Park). Sample processing at Macquarie 28 
University was completed under Biosafety Permit 5201600675.  29 

Consent to participate: Not applicable 30 

Consent for publication: Not applicable 31 

Availability of data and material: Datasets generated and/or analysed during this project are available on 32 
Zenodo  33 

Code availability: Codes for the analyses described herein are available on Zenodo 34 

Authors' contributions: JAO, DAR and AJS conceived the project; JAO collected the samples and generated 35 
data; DAR, AJS and PM supervised the research; JAO, DAR, AJS and PM developed or designed methods; 36 
JAO analysed the data; JAO wrote the paper; DAR, AJS and PM substantially edited the paper; PM contributed 37 
substantial materials and resources. 38 

 39 

Key words 40 

Population genetics; Demographic modelling; Stock structure; Genetic diversity 41 

mailto:jessica.ohare@mq.edu.au


2 
 

Abstract 42 

Oyster reef habitats are critical to coastal biodiversity and their decline has prompted restoration efforts in 43 
Australia. Knowledge gaps exist regarding the population structure and diversity of key species in these habitats. 44 
This may be critical information for the design of effective restoration programs. Sydney rock oysters 45 
(Saccostrea glomerata) are the dominant reef-forming bivalve in eastern Australia. Wild populations of S. 46 
glomerata have declined due to overharvesting, disease outbreaks, coastal development and reduced water 47 
quality. Here, we use genetic markers identified by genome-wide sequencing to investigate the genetic structure 48 
and diversity of wild Sydney rock oysters throughout their distribution in eastern Australia. We examine 49 
evidence for past population bottlenecks and spatial genetic structure associated with the East Australian 50 
Current. Analysis of 3, 400 neutral single-nucleotide polymorphisms (SNPs) revealed a single population, and 51 
an overlap with two other Saccostrea sp. at the northernmost boundary of the distribution. We detected signals 52 
of asymmetric gene flow consistent with the direction of the East Australian Current, and spatial structure 53 
patterns of limited genetic isolation by distance and spatial autocorrelation in the northern region (which 54 
experiences stronger effects of the East Australian Current) but not in the southern region of the distribution. We 55 
found no evidence of significant recent bottlenecks, with high effective population size throughout the species’ 56 
range. This information will provide a baseline against which to assess the impact of restoration projects, and 57 
guide strategies for sourcing stock for the enhancement of wild oyster populations. Our results provide a 58 
positive outlook for the resilience and adaptive capacity of Sydney rock oysters, and highlight wild populations 59 
as valuable resources for aquaculture and restoration initiatives.  60 

 61 

Introduction 62 

Oysters provide extensive ecosystem services in coastal environments, facilitating significant productivity and 63 
biodiversity (Coen et al. 2007). They are the base food source in important food webs and create complex 64 
habitat that supports diverse communities (Beck et al. 2011; Coen et al. 2007; Diggles 2013; Summerhayes et al. 65 
2009). Oyster reefs function as nurseries for young fish and refugia for many organisms, increasing local 66 
invertebrate abundance more than other marine habitat-forming bivalves (Bateman and Bishop 2017). Filter-67 
feeding bivalves such as oysters are also important nutrient cyclers because they create a link between benthic 68 
and pelagic environments through biodeposition (Newell 2004). Oysters exert both top-down and bottom-up 69 
control of phytoplankton blooms through active feeding and reduced eutrophication as a result of alterations in 70 
nutrient availability (Coen et al. 2007; Newell 2004). Additionally, filter-feeding acts to reduce turbidity, 71 
increasing the primary productivity and the potential distribution of benthic aquatic plants (Wall et al. 2008). 72 
Oyster beds trap and stabilise sediment to reduce erosion, elevate coastal floors and attenuate wave energy 73 
(Borsje et al. 2011). These traits mean that oysters are valuable ecosystem engineering species that can protect 74 
coastal areas by replacing the need for manmade coastal protection structures or reducing the impact on such 75 
structures (Borsje et al. 2011).  76 

 77 

The Sydney rock oyster (Saccostrea glomerata) is the dominant native species in the estuarine intertidal 78 
ecosystems of eastern Australia (Fig. 1). There is archaeological evidence of their abundance and consumption 79 
by indigenous Australians (Nell 2001). Historically, S. glomerata occupied two distinct ecological niches, as 80 
intertidal oyster beds along the banks of estuaries and as oyster reefs that remained submerged at low tide 81 
(Ogburn et al. 2007). After British colonisation, their abundance supported early fisheries that would become 82 
one of Australia’s oldest continuing industries. In 1870, commercial farming of Sydney rock oysters began a 83 
transition from wild harvest of adult oysters to the collection and grow-out of naturally settled juveniles on 84 
oyster farms (Nell 2001). Oyster farming grew into one of Australia’s largest industries, operating throughout 85 
New South Wales and Queensland. Translocations of oysters between estuaries was a common farming practice, 86 
allowing farmers to take advantage of optimal growing conditions in different estuaries (Nell et al. 2000). 87 
Today, the industry produces approximately 720 million oysters per year, worth $48.7 AUD million in revenue 88 
for farmers (Jefferson 2019) and retail sales that are likely to exceed $1 AUD billion. 89 

 90 

Despite the success of oyster farming, wild Australian oyster populations have been severely depleted due to 91 
numerous factors over the past two centuries. European settlers exploited oysters for food and lime via hand 92 
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collection and the destructive method of dredging (Nell 1993; Nell 2001). Overharvesting of wild populations 93 
was so significant that the New South Wales Government banned the burning of oysters for lime in 1868, 94 
prompting the establishment of the Sydney rock oyster farming industry (Nell 2001). In 1888, the industry 95 
attempted to boost depleted wild stocks by importing Saccostrea glomerata from New Zealand. However, this 96 
introduced mudworm infestations that accelerated the decline of local populations (Nell 1993; Nell et al. 2000; 97 
Ogburn et al. 2007). Population declines were further exacerbated by mass mortalities associated with recurrent 98 
disease outbreaks. As a result, Australia’s wild oyster reefs are now classified as functionally extinct (Beck et al. 99 
2011; Ogburn et al. 2007). This means that they are deteriorated to the extent that they can no longer perform 100 
vital ecosystem functions (Coen et al. 2007). Specifically for the Sydney rock oyster, it is estimated that only 101 
8% of historically documented reefs remain in Australia (Gillies et al. 2018). These declines in wild oyster 102 
populations could have caused a genetic bottleneck, that is, an abrupt loss of genetic variation of the species, 103 
with implications for the persistence of the species under changing environmental conditions. 104 

 105 

Given the ecological importance of Sydney rock oyster reefs, there is now growing interest in their conservation 106 
and restoration (Gillies et al. 2015).  A number of restoration initiatives have been proposed or are underway in 107 
Australia (Gillies et al. 2018; McLeod et al. 2018). Restoration of Sydney rock oyster reefs could reverse the 108 
loss of ecosystem services associated with population declines, providing extensive ecological and economic 109 
benefits for coastal communities (McLeod et al. 2019). As habitat-provisioning species, restoration of the 110 
Sydney rock oyster would likely improve both biodiversity and ecosystem services within restored estuaries, as 111 
these metrics are positively correlated (Rey Benayas et al. 2009). These restored habitats may become 112 
increasingly important under climate change, because the structural complexity of oyster beds provides a 113 
thermal refuge for organisms during periods of exposure (McAfee et al. 2018). Restoration of wild oyster 114 
populations with selectively-bred, environmentally resilient juveniles could also help to ameliorate the negative 115 
consequences of environmental change on these already deteriorated ecosystems (Pereira et al. 2019). Breeding 116 
for environmental tolerance could also increase disease resistance, as susceptibility to disease has been linked to 117 
poor physiological condition resulting from environmental stressors (Lenihan et al. 1999). 118 

 119 

Successful restoration strategies for S. glomerata will require knowledge of population structure and 120 
connectivity before investing time and money in large scale restoration projects. Required knowledge includes 121 
how genetic variation is partitioned throughout the distribution of the species and whether there is evidence for 122 
more than one genetically distinct wild stock. Strong population genetic structure and isolation by distance is 123 
commonly reported for oyster populations worldwide, with reduced gene flow often associated with marine 124 
biogeographic barriers (Hare and Avise 1996; Lal et al. 2017; Lazoski et al. 2011; Rose et al. 2006; Silliman 125 
2019). Thus far, studies of Sydney rock oysters have described high genetic similarity and low genetic 126 
differentiation between a small number of locations (Buroker et al. 1979a; Melwani 2016). However, there has 127 
been no examination of genetic structure throughout the extent of their distribution. Furthermore, these studies 128 
have used traditional genetic markers, such as allozymes or microsatellites, which may not have sufficient 129 
resolution to identify subtle trends in genetic variation (Vignal et al. 2002). If substantial genetic subdivision 130 
exists, restoration projects for different areas may need to be managed separately and the potential sources of 131 
wild stock for re-seeding may need to be restricted to avoid outbreeding depression (Frankham et al. 2011). 132 
Additionally, particular regions may have higher genetic variation and would potentially be more suitable for 133 
use as stock for re-seeding. This may be particularly important because some areas may have been more 134 
substantially impacted by past population bottlenecks than others, and so harbor detrimentally lower genetic 135 
variation (Frankham et al. 1999; Reed and Frankham 2003; Spielman et al. 2004).  136 

 137 

Our study is the first comprehensive genetic assessment of Sydney rock oysters throughout their known 138 
distribution on the east coast of Australia, covering approximately 1500km of coastline. We aim to 139 
comprehensively define the genetic structure of Sydney rock oysters in eastern Australia using single nucleotide 140 
polymorphisms (SNPs). Spatially explicit methods are used to investigate fine scale genetic structure, and to test 141 
hypotheses regarding the factors driving observed patterns of connectivity. Given previous findings, larval 142 
dispersal capabilities and translocation histories of S. glomerata, we expect to find limited genetic structure. 143 
However, we predict that the increased strength of coastal currents (specifically, the East Australian Current, 144 
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EAC) in the northern parts of the distribution may increase the dispersal of larvae, limiting the strength of 145 
isolation by distance compared to more southerly populations. Genetic signatures of bottlenecks through the 146 
estimation of past changes in effective population size are also examined. 147 

 148 

Materials and Methods 149 

Sample collection  150 

Sydney rock oysters (n = 372) were collected in 2015-2017 throughout the species’ distribution. The sampling 151 
regime reflects the known distribution of Sydney rock oysters on the east coast of Australia, ranging from 152 
Burrum Heads, Queensland (25.186oS, 152.601oE) to Wingan Inlet, Victoria (37.756oS, 149.498oE). Oysters 153 
were collected from 25 estuaries spanning this distribution (Fig. 1 and Table S1). The estuaries were between 14 154 
–142 km apart (mean distance between adjacent estuaries = 62.8 km). Within each estuary, oysters were 155 
sampled from three distinct sites. The total distance covered across the three sites per estuary ranged from 1.35 – 156 
12.92 km (mean distance covered per estuary = 4.95 km), with sites spread 0.25 – 9.4 km apart (mean distance 157 
between adjacent sites = 2.76 km). Sampling was evenly distributed across sites and estuaries. Four to five 158 
oysters were collected per site, totalling 14-15 samples per estuary.  159 

 160 

Oysters were opened and their shells checked for the presence of denticles, or chomata, near the shell hinge (do 161 
Amaral and Simone 2016; Thomson 1954). This morphological characteristic allowed Sydney rock oysters to be 162 
differentiated from the co-distributed Pacific oyster (Crassosterea gigas, do Amaral and Simone 2016). Other 163 
species of Saccostrea are known to exist and the extent of their distribution along the east coast of Australia is 164 
not well documented. The morphological plasticity of Saccostrea species, and the taxonomic uncertainty 165 
surrounding oysters in general (Lam and Morton 2006), make it impossible to conclusively classify Saccostrea 166 
specimens to the species level using morphological characteristics alone (Buroker et al. 1979b). However, to 167 
reduce the likelihood that congeneric individuals were included in our samples, we excluded any oysters that did 168 
not resemble the gross morphology of S. glomerata. For each oyster that passed morphological examination, gill 169 
tissue was removed and immediately stored in 70-90% ethanol. Small subsections of tissue (2mm3) were 170 
excised from stored gill samples (total n = 372), placed in 70% ethanol and sent to Diversity Arrays Technology 171 
Pty Ltd (DArT) for DNA extraction and sequencing, as detailed below. 172 

 173 

DNA extraction, library preparation and sequencing 174 

DNA was extracted using GenCatch™ Blood and Tissue Genomic Mini Prep Kits (Epoch Biolabs), according 175 
to the manufacturer’s instructions, and held in a 1× solution of MultiCore™ restriction enzyme buffer 176 
(Promega). All samples were electrophoresed on 0.8% agarose gels pre-stained with GelRed™ (Biotium, Huang 177 
et al. 2010) to confirm the extraction of high-molecular-weight DNA. For samples that passed this quality 178 
control, 100ng DNA were digested with a combination of two restriction enzymes (PstI and SphI). Digested 179 
samples were ligated to adapters specific to the PstI cut site and contained an Illumina flow cell attachment 180 
sequence, a sequencing primer and a unique sample-specific 9bp barcode sequence with at least 2bp difference 181 
to any other sample. 84 technical replicates (23% of samples) were also carried through the entire library 182 
preparation and sequencing pipeline, as per the DArT standard protocol (Kilian et al. 2012). 183 

 184 

Samples were cleaned with Qiagen PCR clean up kits and amplified via PCR with primers specific to the 185 
adapter and barcode sequences. The PCR conditions were as follows: initial denaturation (1 min, 94°C), then 30 186 
cycles of denaturation (20 s, 94°C), annealing (30 s, 58°C) and extension (45 s, 72°C), with a final extension of 187 
7 min at 72°C. All samples were pooled in equal molar quantities, then diluted and denatured with NaOH prior 188 
to hybridisation to the flow cell. Samples were single-end sequenced on an Illumina HiSeq2500 platform using 189 
77 cycles, producing reads of equal length (77bp). Illumina software was used to convert the resulting raw 190 
sequence data to FASTQ files that were de-multiplexed using the sample-specific barcode sequences within the 191 
adapters. Initial quality control checked for viral and bacterial contaminants using GenBank sequences and the 192 
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DArT in-house database. Reads with Phred quality scores <25 were removed (Ewing et al. 1998), and the 193 
remaining demultiplexed reads were provided by DArT in FASTQ format.  194 

 195 

SNP Calling and Genotyping  196 

Adapter barcode sequences were removed and reads trimmed to an equal length of 69bp (FASTX-Toolkit 197 
v.0.0.14; http://hannonlab.cshl.edu/fastx-toolkit). Reads were mapped to the S. glomerata draft reference 198 
genome assembly (excluding short contigs <10 kb, Powell et al. 2018), sorted and aligned using Bowtie2 199 
v2.3.4.2 (Langmead and Salzberg 2012), samtools v1.9 (Li et al. 2009), and Picard v2.18.11.0 200 
(http:/broadinstitute.github.io/picard). SNP genotypes were called via GATK’s v. 3.8 (McKenna et al. 2010) 201 
UnifiedGenotyper, and stringently filtered to create a dataset of high quality SNP genotypes. VCFtools 202 
(Danecek et al. 2011) was used to retain only biallelic SNPs with minor allele frequency >0.02 and <10% 203 
missing data. As the dataset only contained biallelic sites, any exceeding a maximum heterozygosity of 0.5 were 204 
excluded using the perl sript Hetfilter.pl (https://github.com/z0on/2bRAD_GATK).  205 

 206 

SNPs were further filtered to produce a neutral, unlinked dataset. The perl script Thinner.pl 207 
(https://github.com/z0on/2bRAD_GATK) was used to keep only one SNP tag (setting window length to 69 bp), 208 
retaining the variant with the highest minor allele frequency. Remaining SNPs were then individually tested 209 
against Hardy-Weinberg equilibrium (HWE) expectations in Arlequin v.3.5 (Excoffier and Lischer 2010). The 210 
resulting p-values were corrected for multiple tests using the method of Benjamini and Hochberg (1995) 211 
implemented in the p.adjust function of the R package stats (R Core Team 2013). Any loci that deviated from 212 
HWE at FDR<0.05 in more than one sampling location were removed from the dataset. Finally, SNPs were 213 
screened for signals of selection using multiple FST outlier approaches as implemented in Arlequin v.3.5, 214 
BayeScan v.2.1 (Foll 2012; Foll and Gaggiotti 2008) and OutFLANK v.0.2 (Whitlock and Lotterhos 2015). All 215 
programs were run with default parameters, and FST outliers were identified at FDR<0.05 (Arlequin p-values 216 
were converted to FDR significance as above). All FST outliers identified by any program were removed from 217 
the dataset to ensure only putatively neutral SNPs remained. Where required, the Java program PGDSpider was 218 
used to convert between file types (Lischer and Excoffier 2012). 219 

 220 

Genetic structure and diversity 221 

The genetic relationship between all individuals was examined using principal components analysis (PCA), k-222 
means clustering and discriminant analysis of principal components (DAPC) in the R package Adegenet 223 
(Jombart 2008), replacing missing data with the mean value as necessary. Genetic structure was further explored 224 
using the admixture function of the R package LEA (Langella et al. 2001), testing K=1-25 with 10 iterations per 225 
value of K. Pairwise FST values between all sampling locations and genetic clusters were calculated using the R 226 
package diveRsity, with 999 bootstraps to generate 95% confidence intervals (Keenan et al. 2013). Analysis of 227 
molecular variance (AMOVA) based on pairwise genetic distance was conducted in Arlequin, using 10,000 228 
permutations.  229 

 230 

Summary statistics were calculated for each estuary and genetic cluster using the R package strataG (Archer et 231 
al. 2017). These included observed and expected heterozygosities, FIS, number of alleles, private alleles, and the 232 
proportion of loci that were polymorphic. Individual multilocus heterozygosity was also calculated as the 233 
proportion of loci that were heterozygous per individual. Average values of pairwise relatedness between 234 
individuals from within the same estuary and genetic cluster were calculated using the R package SNPRelate 235 
(Zheng et al. 2012). The R package ggplot2 was used to prepare boxplots and heatmaps for key summary 236 
statistics (Wickham 2016).  237 

 238 

Spatial structure 239 
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Spatial genetic structure was examined using maximum likelihood population effects parametrisation (MLPE, 240 
Clarke et al. 2002). We compared geographic distance and genetic distance to test for evidence of isolation by 241 
distance throughout the sampled distribution. This was implemented using the R packages nlme (Pinheiro et al. 242 
2012) and corMLPE (https://github.com/nspope/corMLPE), with the correlation between population pairs as 243 
covariates, and Akaike weights calculated using the MuMIn package (Bartoń 2019). These analyses were 244 
conducted at both the individual and estuary level, where genetic distances were provided as either genotypic 245 
distance (as calculated by GenAlEx v.6.502, Peakall and Smouse 2012), or chord distance (DCSE, Cavalli‐Sforza 246 
and Edwards 1967; Edwards 1971), respectively.  247 

 248 

Individual-based spatial genetic structure was further examined by testing for spatial autocorrelation across 249 
various geographic distance classes. Ten distance classes were selected to best represent pairwise distances that 250 
ranged from 0 to 1450 km. Spatial autocorrelation analyses were carried out in GenAlEx v.6.502 (Peakall and 251 
Smouse 2012), testing for heterogeneity and generating 95% confidence intervals around zero and the 252 
autocorrelation coefficient using 999 permutations and 999 bootstraps, respectively. 253 

 254 

We also investigated the influence of the East Australian Current (EAC) on spatial genetic structure to 255 
determine whether the presence of this dominant coastal current influences the relationship between genetic and 256 
geographic distances of this broadcast spawning species. The EAC is the dominant ocean current of the 257 
Australian Eastern seaboard. It originates from the South Equatorial Current in the South Pacific Ocean at ~15oS 258 
and flows southward along the coast. The EAC bifurcates at ~32oS, where ~60% of flow turns eastward to flow 259 
as the Tasman Front, with the remaining flow continuing with decreased strength as the EAC extension (Fig. 1, 260 
Wijeratne et al. 2018). Consequently, we divided the dataset into two regions either side of the EAC separation 261 
from the coast, that is, one region for which the EAC is strong and runs along the coastline (n = 110 oysters 262 
from 8 estuaries), and another region encompassing the reduced flow of the EAC extension (n = 253 oysters 263 
from 17 estuaries). For each of these regionalised datasets, summary statistics, MLPE and spatial autocorrelation 264 
analyses were completed as described above. We also conducted hierarchical analysis of molecular variance 265 
(AMOVA) in Arlequin, using pairwise genetic distance and 10,000 permutations to test for regional effects on 266 
genetic structure. 267 

 268 

Effective population size 269 

We modelled the demographic history of S. glomerata in eastern Australia using the model-flexible method of 270 
Stairway Plot v2 (Liu 2020; Liu and Fu 2015). This method does not require a-priori information of 271 
demographic events, and is appropriate for inferring recent demographic changes from site frequency spectra 272 
(SFS) calculated from SNP data (Liu 2020). To infer past changes in effective population size (Ne), stairway 273 
plots were generated for each estuary and genetic cluster, using folded SFS data calculated from genotype 274 
likelihoods in the software ANGSD via the functions doSAF and realSFS (Korneliussen et al. 2014). Beginning 275 
with raw read data, we kept only sites with mapping and quality scores > 20, and a minimum of 7 individuals 276 
with a read depth between 2 and 1000 when assessing each estuary independently. Besides the above filters to 277 
remove sites with poor mapping and quality scores, and extreme missing data, no other filtering thresholds were 278 
applied. Importantly, no sites were filtered based on polymorphism or allele frequency, as this would affect 279 
inference of SFS. An average of 493,425 sites were used to generate SFS per estuary independently. At the 280 
genetic cluster level, individuals were randomly subsampled to include a maximum of 125 individuals due to 281 
computational limitations, and the parameter for minimum individuals was set to 100. The SFS for this single 282 
genetic cluster was then generated using 254,954 sites. Stairway plots were generated using Stairway Plot v2 283 
with default settings and author recommendations (Liu 2020; Liu and Fu 2015). Example input files for 284 
Stairway Plot v2 are provided in the script file accompanying this manuscript, detailing all parameter choices. 285 
We used a generation time of 2 years, as individuals are known to spawn annually from 1 year old resulting in 286 
overlapping generations (Dinamani 1974). We opted to use the default mutation rate of 1.2 x 10-8 per site per 287 
generation, which has also been used to scale divergence rates in Crassostrea (Kawamura et al. 2017). 288 
Comparable mutation rates within the same order of magnitude have been reported for numerous highly diverse 289 
taxa (Humans 1.2 x 10-8, Campbell et al. 2012; Cushion willow 1.01 x 10-8, Chen et al. 2019; microcrustacean 290 
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1.06 x 10-8, Lynch et al. 2017; Tasmanian devil 1.39 x 10-8, Patton et al. 2019), and so it is reasonable to assume 291 
a similar mutation rate for S. glomerata. Lastly, contemporary Ne was also calculated for each estuary and 292 
genetic cluster using the linkage disequilibrium method implemented in NeEstimator v2 (Do et al. 2014), with a 293 
minimum allele frequency of 0.05 and default values for all other settings. 294 

Directionality of gene flow 295 

We hypothesised that the EAC may affect the directionality of gene flow, resulting in asymmetric migration 296 
rates and stronger southward migration. To test this hypothesis, we estimated demographic parameters using 297 
models with symmetric and asymmetric gene flow between five pairs of populations at increasing levels of 298 
geographic distance: CLA-FOR (~320 km), SAW-TUR (~700 km), MBY-ILL (~900 km), EVN-WON (~980 299 
km), TWD-WIN (~1,150 km). We obtained the joint SFS (jSFS) for each population pair in ANGSD, retaining 300 
only bases with coverage for at least 90% of individuals and the same quality threshold used for the one 301 
dimensional SFSs. We then optimized parameters for two nested demographic moments using moments 302 
(Jouganous et al. 2017), which is a development of the dadi (Gutenkunst et al. 2009) method for demographic 303 
inference based on diffusion approximation of the allele frequency spectrum. The full model is an Isolation with 304 
Migration (IMASYM) model, where an ancestral population of size NREF gives rise at time T to two populations of 305 
size nu1 and nu2. In the full model, migration rates are asymmetric, and defined as Mij=2NREFmij, where Mij is the 306 
proportion of individuals at a given generation in population i that is made up of migrants from population j. 307 
The nested model (IMSYM) is identical to the full model, with the exception that migration rates are symmetrical 308 
(only one migration parameter M=2NREFm). We optimized model parameters in five independent optimization 309 
routines, each consisting of three rounds of optimization. In the first, parameters were optimized using a 310 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm optimization (function "optimize.log"; max-iter=30) run 311 
for 30 sets of threefold randomly perturbed parameters. Round two and three were run as round one, but using 312 
the parameters from the best replicate from the previous round as a starting point, and doing two-fold and one-313 
fold perturbations (respectively). This optimization approach was originally developed for the software dadi by 314 
Portik et al. (2017) and modified by Momigliano et al. (2021) to be used with moments. After ensuring that 315 
models reach convergence, for each population pair we tested support for the full model by running a 316 
Likelihood Ratio Test (LRT). Since our data are not independent (we used all SNPs to increase power), we 317 
adjusted the D statistics as described by Coffman et al. (2016), using the Godambe Information Matrix and 318 
block-bootstraps.  319 

 320 

Results 321 

Individual and SNP filtering 322 

Preliminary analysis indicated that nine oysters were clearly distinct from all other individuals. Principal 323 
components analysis (Fig. S1) and k-means clustering of all 372 oysters revealed three distinct genetic clusters 324 
(Fig. S2, K=3). One cluster contained five oysters from the northernmost location (Burrum Heads, Queensland), 325 
one contained four oysters from the second most northerly location (Noosa Heads, Queensland), and the third 326 
cluster contained all remaining oysters (n = 363) from all other locations. Further investigation including only 327 
oysters from Burrum and Noosa Heads (n = 30) revealed the same genetic clustering pattern (Fig. 2a), with high 328 
pairwise FST values between all clusters (0.498 – 0.576). These pairwise FST values are multiple orders of 329 
magnitude higher than all of the other comparisons reported below. The two small clusters were therefore 330 
deemed to be genetically distinct populations, likely representing two additional species of oyster other than S. 331 
glomerata (see Discussion). All individuals (including the nine disparate oysters) displayed the denticles that 332 
distinguish S. glomerata from the co-occurring C. gigas. No distinct morphological features were observed that 333 
could distinguish between individuals of the three genetic clusters (Figs. S8 & S9; Additional supporting 334 
information and results are provided in Section 1 of the Electronic Supplementary Material).  335 

 336 

Since the inclusion of the nine genetically dissimilar oysters could have influenced the quality filtering and FST 337 
outlier tests, these nine samples were removed and the new dataset (n = 363) was re-filtered and re-analysed. An 338 
average of 19.6% reads per individual did not map to the draft genome for S. glomerata (GCA_003671525.1 339 
Sgl1.0; (Powell et al. 2018), while a further 41.3% mapped to more than one location. These reads were 340 
removed from the dataset, leaving 39.1% (± 7.5%) of reads to call SNPs and genotypes. SNP calling resulted in 341 
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an initial dataset of 778, 798 SNPs, with 3, 413 SNPs remaining after filtering (Table S2). No SNPs were found 342 
to significantly deviate from HWE after correction for multiple tests. FST outlier analyses identified a total of 13 343 
SNPs as potentially under selection. All of these were identified by Bayescan, while two were also identified by 344 
Arlequin, and one by OutFLANK. The 13 SNPs associated with selection were removed from the dataset, with 345 
the remaining dataset containing 3,400 putatively neutral SNPs. All individuals were genotyped for at least 80% 346 
of loci in this final dataset (missing data ranged from 0.59 – 18.2% per individual). All results reported hereafter 347 
were generated from this finalised dataset containing 3,400 putatively neutral SNPs for 363 definitive S. 348 
glomerata samples, unless otherwise stated. Data and scripts used in this study are publicly available on Zenodo 349 
(doi:XXXX). 350 

 351 

Genetic structure and diversity  352 

For the dataset of 3,400 loci and 363 individuals, principal components analysis (PCA; Fig. 2b), k-means 353 
clustering (Fig. S13, K=1) and admixture (Fig. S14, K = 1, cross-entropy = 0.4615) all indicated that only one 354 
genetic cluster remained. Pairwise FST values for all estuaries were all lower than 0.0038, with all 95% 355 
confidence intervals straddling zero (Fig. S15, Table S3). Analysis of molecular variance (AMOVA) indicated 356 
that variation was explained within individuals (84.96%) and within estuaries (15.04%), but not among estuaries 357 
(0%,). The reported PCA and pairwise FST results are robust to alternative filtering thresholds (see Figs S12 and 358 
S16).  359 

 360 

Summary statistics for all estuaries are provided in Table 1. All estuaries had higher expected heterozygosity 361 
(He; 0.1626-0.1678) than observed heterozygosity (Ho; 0.1207-0.1367), with positive inbreeding coefficients 362 
(FIS; 0.1465-0.2093). The highest average within-estuary pairwise relatedness was observed in Moreton Bay, 363 
Queensland (0.011), and the lowest in Lake Illawarra, New South Wales (0.0056). Significant differences were 364 
observed between some estuary pairs for Ho, FIS and individual multilocus heterozygosity (Figs. S19 - S21). 365 
These were mostly confined to comparisons that included the northernmost locations with slightly lower sample 366 
sizes. No private alleles were found within any of the 25 estuaries.  367 

 368 

Spatial structure 369 

Estuary level analysis of spatial genetic structure indicated no significant isolation-by-distance (IBD) throughout 370 
the distribution, with no relationship between chord distance (DCSE) and geographic distance between estuaries 371 
(p = 0.22; Fig. 3a). At the individual level, however, spatial analyses revealed a significant pattern of IBD (p < 372 
0.001; Fig. S23a), and significant spatial autocorrelation over short distances of up to 10 km (Fig. 4a).  373 

 374 

Patterns of IBD and spatial autocorrelation differed between the two regions in which the EAC differs in 375 
strength near the coast (north and south of Smoky Cape, NSW). In the northern region where the EAC is 376 
strongest, there was a significant relationship between geographic and genetic distances at both the individual (p 377 
<0.001, Fig. S23b) and estuary level (p = 0.029, Fig. 3b). By contrast, in the southern region where the EAC is 378 
weak or absent on the coast, no significant relationship between geographic and genetic distance was observed 379 
(individual-level: p = 0.67, Fig. S23b; estuary-level: p = 0.75, Fig. 3b). Significant autocorrelation was also 380 
found to extend to distances of 50 km in the northern region with the strong influence of the EAC (Fig. 4b), 381 
while the southern region with weak EAC influence showed no significant autocorrelation (Fig. 4c). The 382 
northern region also presents significantly lower individual multilocus heterozygosity (Fig. S21) and higher 383 
average pairwise kinship (Fig. S22) than the southern region without the EAC. The southern region also 384 
contained six private alleles that were not found in the northern region. There were no significant differences 385 
between the regions in other summary statistics (Figs. S17 – S20). Hierarchical analysis of molecular variance 386 
(AMOVA) including populations (estuary) and groups (North and South regions) indicated that variation was 387 
explained within individuals (85%) and within estuaries (15%), but not among estuaries (0%) or regions (0%). 388 

 389 
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Effective population size 390 

No major bottleneck was observed in recent centuries that would correspond to documented over-exploitation of 391 
the species and/or disease outbreaks. The stairway plot for the single genetic cluster indicated a period of 392 
increasing effective population size to a maximum estimate of 1.43 million approximately 4,200 years before 393 
present (Fig. 5, Table S4). This was followed by a gradual decline to an estimated current Ne of 261,100. 394 
However, 95% confidence intervals were wide for this most recent estimate (51,500 – 1.14 million). Individual 395 
stairway plots for each estuary displayed similar patterns of effective population size changes over the past 396 
~800,000 years (Figs. S25 – S49). The overall estimate of Ne calculated via the linkage disequilibrium method 397 
in NeEstimator v2 was 7,300 (95% CI: 6,400 – 8,500) for the entire population of Sydney rock oysters. 398 
Estimates of Ne per estuary ranged from 85.9 – ∞ per estuary, with large confidence intervals (Table S6). 399 

 400 

Directionality of gene flow. 401 

Results from demographic modelling provide weak evidence for the effect of the EAC on directionality of gene 402 
flow. Among the five population pairs tested, only two (TWD-WIN, MBY-ILL) LRT rejected the nested model 403 
with symmetric migration (Table 2). These were among the population pairs separated by the greatest 404 
geographic distances. In these two population pairs, estimates of migration rates were strongly asymmetrical, 405 
with no evidence of northward migration and evidence of strong southward migration (Table 2).  406 

 407 

Discussion: 408 

This study demonstrates that Sydney rock oysters in eastern Australia constitute one genetic stock with high 409 
connectivity throughout their entire distribution. Within this large population, there is some evidence for 410 
asymmetric gene flow in line with the direction of the major currents. Mild isolation by distance is evident in the 411 
northern portion of the distribution, yet no spatial structure was observed within the southern region. Despite the 412 
severe depletion of wild Sydney rock oysters in eastern Australia, there was no evidence of an associated 413 
genetic bottleneck. Furthermore, the effective population size is likely to be sufficient to mitigate risks of 414 
inbreeding and retain evolutionary potential (Franklin and Frankham 1998). Taken together, these findings 415 
provide a positive outlook for this species, and the associated restoration projects and farming industry. 416 

 417 

Genetic homogeneity across the distribution of the Sydney rock oyster is consistent with broadcast spawning 418 
and the lack of obvious physical barriers within the distribution. Lack of genetic subdivision has been observed 419 
in other marine broadcast spawning organisms over similarly large geographic scales, for example, lionfish 420 
(Pterois volitans, Pérez-Portela et al. 2018) and deep-sea octocoral (Swiftis simplex, Everett et al. 2016), but not 421 
in others, such as blue threadfin (Eleutheronema tetradactylum, Horne et al. 2011) and the Olympia oyster 422 
(Ostrea lurida, Silliman 2019). In south eastern Australia, homogenous population structure has also been 423 
reported for the native flat oyster, Ostrea angasi (Hurwood et al. 2005). Practices of Australian oyster farming 424 
include the translocation of oysters between geographically distant estuaries to capitalise on regional and 425 
seasonal differences in growing conditions and growth characteristics (Nell 2001). This, along with large scale 426 
releases of imported wild S. glomerata stocks from New Zealand in the 1880’s (Nell et al. 2000), may have 427 
contributed to the homogenisation of neutral genetic structure in the Sydney rock oyster.  428 

 429 

Within the single genetic stock of S. glomerata, subtle genetic patterns were observed that may be associated 430 
with coastal currents. We identified mild patterns of isolation by distance (IBD) and spatial autocorrelation at 431 
fine geographic scales, with the east Australian Current (EAC) potentially influencing these patterns in an 432 
unexpected manner. Modelling of the EAC has shown that northern locations are connected by shorter 433 
connectivity times (Coleman et al. 2013). Therefore, we predicted that strong currents associated with the 434 
northern section of the EAC would allow for greater larval dispersal, reducing signals of IBD in the northern 435 
region of the Sydney rock oyster distribution. Instead, we found stronger signals of IBD in the north where the 436 
EAC is strongest, and no significant IBD in the south where the EAC has largely moved away from the coast. 437 
To the best of our knowledge, a distinction between patterns of IBD either side of the EAC bifurcation has not 438 
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been observed in marine species with equivalent life history traits. The lack of IBD in the southern region is 439 
consistent with other co-distributed spawning marine organisms, such as the sea urchin (Centrostephanus 440 
rodgersii, Banks et al. 2007) and damselfish (Parma microlepis, Curley and Gillings 2009). In addition, the IBD 441 
in the northern region has been similarly observed in snapper (Sumpton et al. 2008). We propose several 442 
explanations for our observation. First, higher temperatures in the northern region (associated with latitude and 443 
the EAC) would facilitate faster larval development and settlement (Dove and O'Connor 2007), therefore 444 
reducing dispersal distances. It is also possible that the stronger currents in the north may limit larvae dispersal. 445 
Stronger associated eddies could lead to greater retention of larvae within estuaries, or larvae may be lost 446 
offshore due to greater advection (Teske et al. 2015). Alternatively, patterns of spatial genetic structure may be 447 
influenced by on-shelf current flows (not addressed here) in addition to the larger boundary current of the EAC 448 
(Teske et al. 2015). We also identified some minor patterns in neutral diversity that suggest stronger directional 449 
gene flow north to south in conjunction with the major flow of the EAC. Some alleles were present only in the 450 
southern region, but there were no alleles exclusive to the northern region. Demographic modelling provided 451 
weak evidence of asymmetric migration rates, since the null model of symmetric migration was only rejected in 452 
two out of five tested population pairs (both population pairs were separated by large geographic distance). 453 
Nevertheless, the estimated demographic parameters from these two population pairs suggest very strong north 454 
to south directionality in migration rates. It is worth noting that these spatial patterns of neutral diversity may 455 
not reflect the distribution of loci under selection, as localised adaptation can occur even in the presence of high 456 
gene flow (Hoey and Pinsky 2018; Momigliano et al. 2017; Nayfa and Zenger 2016).  457 

 458 

Our data also show that the Sydney rock oyster population in eastern Australia is genetically robust, with a 459 
sufficiently large effective population size (Ne) to retain evolutionary potential. Although there is debate 460 
surrounding the minimum Ne required to ensure the long term viability and adaptive capacity of populations 461 
(Brook et al. 2011; Frankham 1995; Franklin and Frankham 1998; Lynch and Lande 1998; Pinsky and Palumbi 462 
2014), our lower confidence limit exceeds recommendations by at least an order of magnitude. Estimated 463 
changes in Ne over the past million years indicated a bottleneck in the history of this species. The exact timing 464 
of this bottleneck is difficult to estimate, as most methods scale time according to generation length and assume 465 
discrete generations. Therefore, estimating effective population size (and related estimates such as effective 466 
number of breeders), is problematic for bivalves due to overlapping generations and high iteroparity (Hare et al. 467 
2011). Our best estimate places the observed bottleneck approximately 1,000 years ago, rather than a recent 468 
event that would correspond with the documented overharvesting or disease impacts during the past two 469 
centuries. While this should be interpreted with caution, the apparent lack of a more recent genetic bottleneck 470 
and the large effective population size provide a positive outlook for this species, and is particularly relevant 471 
with respect to oyster farming and management. 472 

 473 

The absence of neutral genetic structure and largely consistent measures of genetic variation suggest that the 474 
genetic provenance of broodstock has fewer implications for hatchery breeding programs for aquaculture or 475 
restoration. Oysters could be collected from any area within the distribution, and their offspring released without 476 
significant impact on the neutral genetic structure of the recipient populations. Although FIS values were 477 
consistently positive indicating heterozygote deficiencies, this is commonly observed in bivalves due to high 478 
genetic load and segregation distortions (Plough 2016). Although no neutral genetic structure exists, provenance 479 
may still be important for genetic variation shaped by local selection pressures (Nayfa and Zenger 2016). In this 480 
case, supplementation efforts with non-local stock may disrupt locally adaptive genotypes, carrying a low risk of 481 
negatively impacting the long-term persistence of restored populations (Camara and Vadopalas 2009; Frankham 482 
et al. 2011). Thus, patterns of local adaptation in this species are the subject of continued research. While 483 
beyond the scope of the present study, the 13 loci that we identified as under selection may be of interest in this 484 
respect, but FST outlier tests are known to have high rates of false positives (Lotterhos and Whitlock 2014). 485 
Annotation of the reference genome for S. glomerata is in progress, and future work will utilise this resource 486 
and environmental association analysis to investigate local adaptation in this species.  487 

 488 

Despite the genetic homogeneity of S. glomerata, the presence of morphologically indistinguishable congeneric 489 
species identified in this study suggests that close attention should be paid to species identification using 490 
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molecular genetic techniques. This will be particularly important if hatchery programs wish to collect 491 
broodstock in the north of the distribution. We inadvertently collected individuals from different species that are 492 
morphologically indistinguishable from S. glomerata. The inclusion of two additional genetically distinct groups 493 
of oysters within our initial dataset demonstrates that genetic-based species identification should be considered 494 
prior to any assessment of genetic structure, as morphological characteristics may not be sufficient to 495 
differentiate closely related species or subspecies (Buroker et al. 1979b; Lam and Morton 2006). For example, 496 
COI barcoding has revealed that oyster populations in Taiwan, believed for centuries to be the Pacific oyster 497 
(Crassostrea gigas), are in fact the Portuguese oyster (Crassostrea angulata, Hsiao et al. 2016). Species 498 
identification of Australian Saccostrea oysters is especially problematic, due to significant intraspecific 499 
morphological variation and lack of consensus regarding taxonomic classifications. The most likely candidate 500 
that we accidentally collected in this study is the milky or coral rock oyster (Saccostrea cucullata), which is 501 
commercially grown to the north of our sampling locations (Nell 2001). Taxonomic discrepancies between S. 502 
glomerata and S. cucullata have been ongoing, with the Sydney rock oyster and milky oyster both previously 503 
classified as Saccostrea commercialis, and North Queensland milky oysters referred to as “a local variety of the 504 
Sydney rock oyster” (Olivier et al. 2002). Other species that occur in eastern Australia with the potential to 505 
contaminate Sydney rock oyster breeding programs are the black-lip oyster (Saccostrea echinata) and another 506 
rock oyster (Saccostrea mordax, Lam and Morton 2006; Nell 2001). Further investigation into the taxonomic 507 
classification of north eastern Australian oysters will be required to resolve these discrepancies. 508 

 509 

The long-term persistence of biodiversity is of increasing concern under changing environmental conditions. 510 
The threat of disease outbreaks and climate change have been identified as major risks to bivalve populations 511 
(Tan et al. 2020; Tan and Zheng 2019). These threats are likely to have synergistic consequences, with 512 
susceptibility to disease outbreaks amplified by the stress of the changing environmental conditions (Butt and 513 
Raftos 2007; Goncalves et al. 2017; Guo and Ford 2016; Leung and Bates 2013; Mackenzie et al. 2014). There 514 
are particular concerns regarding disease outbreaks in wild and commercial bivalve populations (Zannella et al. 515 
2017), which may have greater impact on species compromised by low genetic diversity (King and Lively 2012; 516 
Spielman et al. 2004). The severe depletion of wild Sydney rock oyster populations through overharvesting, and 517 
the compounding threats of multiple disease outbreaks and declining water quality have raised concern for the 518 
long term potential of this species. However, the large effective population size identified in the current study 519 
indicates that the Sydney rock oyster population in eastern Australia does have the genetic variation required to 520 
maintain evolutionary potential. Furthermore, it is possible that oysters may already be building resilience to 521 
particular stressors through local adaptation, and there may be regional differences in traits such as thermal 522 
tolerance or disease resistance. Given the relative abundance of neutral genetic variation identified in this study, 523 
the genetic potential associated with local adaptation could be exploited by aquaculture and restoration 524 
initiatives for use in selective breeding programs for resilient oysters without compromising the genetic future of 525 
this important species. 526 

 527 
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Fig. 1: The distribution of Saccostrea glomerata in eastern Australia (dashed line), and location of estuaries (n = 778 
25; black circles) from which oysters were sampled. The point where the majority of the East Australian Current 779 
(EAC) moves away from the coast near Smoky Cape, NSW, with lesser flows and eddies continuing south, is 780 
also shown. Description of site codes are provided in Table 1. The EAC projection was adapted from Wijeratne 781 
et al. (2018). 782 

 783 

Fig. 2: Principal components analysis of neutral SNP markers, indicating the genetic relationship between 784 
individual oysters for datasets containing a) oysters from Burrum Heads and Noosa Heads (n = 15 oysters per 785 
location, and b) all oysters remaining after removal of nine oysters from Burrum Heads and Noosa Heads that 786 
were highly differentiated from S. glomerata (n = 363 oysters). Each data point in both a) and b) represents one 787 
oyster. The values superimposed in a) are pairwise FST between clusters calculated in diveRsity. The data points 788 
in b) are colour coded according to the latitude of the location from which the oyster was sampled. Results 789 
comparable to a) were obtained using a dataset containing all oysters (n = 372; Fig. S1), while results 790 
comparable to b) were obtained using datasets with alternative filtering thresholds (Figs. S10-S12). 791 

 792 

Fig. 3: Relationship between geographic and genetic distances (Edward’s distance, DCSE) between estuaries, 793 
calculated for a) all sampling locations (black), and b) for sampling locations before (northerly, red) and after 794 
(southerly, blue) the East Australian Current splits away from the coast. Comparable results were obtained for 795 
genetic and geographic distances between each individual oyster (see Electronic Supplementary Material, Fig. 796 
S2.14). 797 

 798 

Fig. 4: Correlograms for genetic correlation between individual oysters at various distance classes (km) for a) 799 
all estuaries, b) northern estuaries with strong influence from the East Australian Current, c) estuaries south of 800 
the East Australian Current bifurcation at Smoky Cape, New South Wales. Bars represent 95% confidence 801 
intervals around the correlation coefficient (r). Shaded areas represent 95% confidence intervals around the null 802 
hypothesis.  803 

 804 

Fig. 5: Effective population size (Ne) for S. glomerata over time, calculated for a subsample of five individuals 805 
from each estuary (n=125). Solid lines represent median estimate of Ne for each time point. Shading for 95% 806 
and 75% confidence intervals are light and dark grey, respectively. Comparable results were obtained with a 807 
subsample of two individuals per estuary (Fig. S50). Individual stairway plots per estuary with confidence 808 
intervals are provided in the Electronic Supplementary Material (Figs. S25-2.49). 809 
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Tables 810 

Table 1: Summary statistics for all 25 sampling locations, including site code, mid-site GPS coordinates, 811 
number of samples collected per location (N), and averages for number of alleles (Na), observed (Ho) and 812 
expected heterozygosities (He), inbreeding coefficient (FIS) and pairwise kinship values. These values were 813 
calculated for the reduced dataset (n = 363), with extreme outlier individuals removed. More detailed sample 814 
location coordinates are provided in Table S1, and as metadata online via Zenodo. 815 

 816 

Sampling Location Site  GPS N Na Ho He FIS Kinship 

Burrum Heads, QLD BUR -25.1834, 152.6104 10 1.66 0.1213 0.1634 0.2013 0.0086 

Noosa Heads, QLD NOO -26.3949, 153.0708 11 1.68 0.1253 0.1631 0.1818 0.0077 

Moreton Bay, QLD MBY -27.2335, 153.1174 15 1.74 0.1207 0.1649 0.2093 0.0110 

Tweed Heads, NSW TWD -28.1988, 153.5063 15 1.75 0.1258 0.1651 0.1877 0.0074 

Evans Head, NSW EVN -29.1234, 153.4299 15 1.76 0.1318 0.1654 0.1575 0.0080 

Clarence River, NSW CLA -29.4346, 153.3441 15 1.76 0.1304 0.1638 0.1616 0.0068 

Sawtell, NSW SAW -30.3744, 153.1016 15 1.76 0.1330 0.1648 0.1531 0.0076 

Nambucca Heads, NSW NAM -30.6520, 152.9969 14 1.74 0.1300 0.1635 0.1633 0.0063 

Hastings River, NSW HAS -31.4140, 152.8950 15 1.75 0.1321 0.1640 0.1556 0.0069 

Forster, NSW FOR -32.1816, 152.4988 15 1.77 0.1344 0.1654 0.1477 0.0058 

Port Stephens, NSW PS -32.7212, 152.0161 15 1.76 0.1296 0.1660 0.1731 0.0069 

Hunter River, NSW HUN -32.8999, 151.7859 15 1.76 0.1325 0.1645 0.1536 0.0057 

Hawkesbury River, NSW HAW -33.5475, 151.2307 15 1.76 0.1351 0.1654 0.1465 0.0065 

Georges River, NSW GR -34.0372, 151.1475 15 1.77 0.1325 0.1645 0.1549 0.0062 

Lake Illawarra, NSW ILL -34.5441, 150.8694 15 1.76 0.1325 0.1655 0.1543 0.0056 

Crookhaven Heads, NSW CRK -34.9226, 150.7589 15 1.78 0.1367 0.1678 0.1478 0.0057 

Clyde River, NSW CLY -35.7111, 150.1832 15 1.77 0.1338 0.1658 0.1554 0.0060 

Tomaga River, NSW TOM -35.8275, 150.1874 15 1.75 0.1319 0.1626 0.1471 0.0067 

Tuross Lake, NSW TUR -36.0400, 150.1210 15 1.75 0.1311 0.1637 0.1506 0.0074 

Wagonga Inlet, NSW WAG -36.2239, 150.0894 15 1.76 0.1320 0.1651 0.1566 0.0078 

Nelson Lagoon, NSW NEL -36.6802, 149.9841 15 1.76 0.1323 0.1651 0.1609 0.0060 

Pambula Lake, NSW PAM -36.9580, 149.8904 14 1.74 0.1298 0.1630 0.1601 0.0070 

Wonboyn Lake, NSW WON -37.2450, 149.9484 15 1.77 0.1350 0.1677 0.1538 0.0064 

Mallacoota, VIC MAL -37.5546, 149.7574 14 1.72 0.1316 0.1648 0.1642 0.0107 

Wingan Inlet, VIC WIN -37.7481, 149.4978 15 1.75 0.1280 0.1669 0.1860 0.0087 

North N  110 1.998 0.1279 0.1657 0.2158 0.0077 

South S  253 2 0.1325 0.1663 0.2013 0.0066 

All ALL  363 2 0.1311 0.1662 0.2099 0.0069 
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 817 

Table 2: Results from demographic modeling. For each of the five tested population pairs, 818 
we optimized isolation with migration assuming both symmetric and asymmetric migration 819 
rates, and carried out likelihood ratio test between symmetric and asymmetric models using 820 
the godambe information matrix (GIM) and bootstraps to account for linkage. Pop = 821 
population pair tested; Dadj = D statistic from likelihood ratio test, adjusted according to 822 
Coffmann et al. (2016); p = probability of rejecting the symmetric migration model; θ = 823 
4NREFµ, i.e. mutation scaled population size (µ is the mutation rate for the entire sequence 824 
length from which the jSFS was derived); nu1 = Ne of population one after the split (scaled by 825 
NREF); nu2 = Ne of population two after the split (scaled by NREF); m = when the symmetric 826 
migration model is not rejected, this is the migration rate M*4NREF. When the symmetric 827 
migration model is rejected, migration rates are given in units of Mij = 2Nrefmij. Here Mij is 828 
the proportion of individuals in population i that is made up from individuals from population 829 
j at a given generation.  830 

 831 

Pop Dadj p  θ nu1 nu1 T m m12 m21 
CLA-FOR 2.3479 0.0627 2188.5175 2.4778 2.8215 0.4433 8.4501   
EVN-WON -1.3581 1 2195.6588 2.5934 2.9884 0.4228 8.0494   
TWD-WIN 9.1949 0.0021 1805.0536 4.4875 1.7679 0.4682 - 0.0 19.231 
SAW-TUR 0.5241 0.2345 2165.5945 2.836 2.6522 0.4694 7.8495 - - 
MBY-ILL 8.5337 0.0017 1678.4176 4.387 2.2665 0.5604 - 0 14.824 
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 833 


