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Abstract

Genetic differentiation is characteristically weak in marine species making assessments
of population connectivity and structure difficult. However the advent of genomic
methods have increased genetic resolution, enabling studies to detect weak, but
significant population differentiation within marine species. With an increasing number
of studies employing high resolution genome-wide techniques, we are realising the
connectivity of marine populations is often complex and quantifying this complexity
can provide an understanding of the processes shaping marine species genetic structure
and to inform long-term, sustainable management strategies. This study aims to assess
the genetic structure, connectivity and local adaptation of the Eastern Rock Lobster
(Sagmariasus verreauxi), which has a maximum pelagic larval duration of 12 months
and inhabits both subtropical and temperate environments. We used 645 neutral and 15
outlier SNPs to genotype lobsters collected from the only two known breeding
populations and a third episodic population — encompassing S. verreauxi’s known
range. Through examination of the neutral SNP panel, we detected genetic homogeneity
across the three regions, which extended across the Tasman Sea encompassing both
Australian and New Zealand populations. We discuss differences in neutral genetic
signature of S. verreauxi and a closely-related, co-distributed rock lobster, Jasus
edwardsii, determining a regional pattern of genetic disparity between the species,
which have largely similar life histories. Examination of the outlier SNP panel detected
weak genetic differentiation between the three regions. Outlier SNPs showed promise in
assigning individuals to their sampling origin and may prove useful as a management

tool for species exhibiting genetic homogeneity.
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Introduction

Researchers and resource managers traditionally believed that genetic homogeneity was
the only genetic structure possible for a marine species with a pelagic larval duration
(PLD) in the order of months to years. As the ocean has few physical barriers, species
with longer PLDs have the potential to disperse over larger geographical scales (Shanks
et al. 2003; Siegel et al. 2003), enhancing gene flow between geographically isolated
populations. Early population genetic studies, limited to a small number of neutrally
evolving genetic markers, often lacked statistical power to detect population divergence
(Ouborg et al. 1999; Allendorf 2017) characteristic of many marine species (Allendorf
et al. 2010); reinforcing the assumption of high connectivity between populations in the
marine environment. However, with the advent of powerful genomic techniques, large
panels of Single Nucleotide Polymorphisms (SNPs) have increased genetic resolution,
enabling studies to detect weak, but significant population differentiation within marine

species (Benestan et al. 2015; Araneda et al. 2016; Villacorta-Rath et al. 2016).

Using high resolution genomic methods, such as RADSeq (Baird et al. 2008; Peterson
et al. 2012) and DArTSeq (Sansaloni et al. 2011), enables analyses to differentiate
between neutrally evolving SNPs and “outlier” SNPs — loci with higher genetic
divergence than expected under neutral conditions (Perez-Figueroa et al. 2010). The
higher genetic divergence detected in these loci is potentially caused by environmental
selection, however it should be noted that outlier loci may also be detected due to Type
I error or demographic processes, such as range-expansions and pre- or post-zygotic
isolation (Bierne et al. 2011). Nevertheless, outlier loci are often more powerful than

neutral SNPs in delineating genetic structure and reliably assigning individuals to
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sampling regions in species exhibiting genetic structure (Freamo et al. 2011; Milano et
al. 2014; Araneda et al. 2016; Villacorta-Rath et al. 2016). Furthermore, if outlier SNPs
can be linked to biological function, they may provide useful insight into the ecological

drivers of adaptation within their environment.

With an increasing number of studies employing high resolution genome-wide
techniques, we are realising that the connectivity of marine populations is often
complex: influenced by a multitude of factors including local oceanographic features,
life-history factors and historical environmental changes (Zardoya et al. 2004). Species
that occupy the same geographical location, are closely related and/or have similar life-
history traits can exhibit markedly different patterns of genetic structure (Ovenden et al.
2013; Holland et al. 2017; Momigliano et al. 2017), indicating that the traditional
assumption of high population connectivity is inappropriate for marine species.
Understanding and quantifying the complexity of connectivity in the marine
environment is important on an evolutionary scale to understand processes that shape
the genetic structure in marine species, but also on a contemporary scale to inform long-
term, sustainable conservation and management strategies (Hauser and Carvalho 2008;

Ovenden et al. 2013; Bernatchez et al. 2017).

Population structure and connectivity in the Eastern Rock Lobster, Sagmariasus
verreauxi, is currently poorly understood. This species supports commercial fisheries in
New South Wales (NSW), Australia (NSW Department of Primary Industries 2007) and
in the North Island of New Zealand (NZ; Kensler and Skrzynski 1970). Separate

management strategies exist for both countries based on the results of an early genetic
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assessment, which used six mitochondrial regions, indicating separate genetic
populations in NSW and NZ (Brasher et al. 1992). While S. verreauxi are yet to be
assessed with high resolution genetic markers, SNPs recently confirmed a trans-Tasman
genetic break in the co-distributed, closely related, commercially important Southern
Rock Lobster, Jasus edwardsii (Villacorta-Rath et al. 2016). Oceanographic models
indicate that trans-Tasman gene flow for both species of lobster is possible due to their
long PLDs (Chiswell et al. 2003); microsatellite studies have indicated that for J.
edwardsii, trans-Tasman gene flow occurs at levels low enough to maintain genetic
structure (Thomas and Bell 2013). As S. verreauxi and J. edwardsii have many similar
life-history characteristics, such as long pelagic larval durations, high fecundity and
restricted breeding times (Table 1), we could expect the subdivision detected for J.
edwardsii to be mirrored in S. verreauxi populations. However these lobster species do
exhibit some differences in their life-history, such as geographically restricted vs
unrestricted breeding locations and large vs small migratory movements (Table 1),
which can result in disparate patterns of genetic structure (Ovenden et al. 2009).
Comparing and contrasting the genetic structure of closely related, co-distributed
species provide insights into the factors responsible for shaping genetic structure in the

marine environment (Kelly and Palumbi 2010).

Sagmariasus verreauxi inhabits a wide latitudinal range, covering sub-tropical to
temperate environments. The two geographically restricted breeding grounds occur in
the subtropical environments of northern New South Wales, eastern Australia
(Montgomery 1992) and Cape Reinga, New Zealand (Booth 1986), while a third small,

non-breeding population occurs in temperate Tasmania, the southernmost area of
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Australia (Montgomery et al. 2009; Fig. 1). Distribution across heterogeneous
environments, together with limited breeding sites, suggest that spatially varying

selection may play a role in shaping the adaptive genetic structure of S. verreauxi.

Sagmariasus verreauxi has been caught in Tasmanian waters since 1886 (Saville-Kent
1886), as bycatch of the J. edwardsii focussed Tasmanian Rock Lobster Fishery.
Tasmanian S. verreauxi are currently rare and recruitment into the population is
irregular. Recruits are believed to originate in NSW waters, and are transported to
Tasmania by the southerly flowing East Australian Current (EAC; Gardener et al. 2000;
Pecl et al. 2009). However, evidence for this is anecdotal and originates from the
observation of a large number of S. verreauxi recruits settling on Tasmania’s east coast,
coinciding with the occurrence of a strong EAC (Gardener et al. 2000). Importantly, no
records exist of egg-bearing females occurring within Tasmanian waters (Pecl et al.
2009), despite intensive fishing and monitoring practices in the area. Due to predictions
of climate change induced EAC intensification (Cai et al. 2005; Ridgway and Hill
2012), there is some concern that this species may undergo a population expansion and
establish a breeding population in Tasmania in the future, which may have detrimental
effects on local J. edwardsii populations (Pecl et al. 2009; Robinson et al. 2015). Thus,
it is important to clarify the origins of the Tasmanian recruits to gain an understanding
of the likely response of this peripheral population to intensification of the southward

EAC penetration in the future.

In this study, we used double digest Restriction-site Associated DNA sequencing

(ddRADSeq) to identify neutral and outlier SNPs in order to assess the genetic
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structure, connectivity and local adaptation between S. verreauxi populations.
Specifically, we aimed to clarify whether NSW and NZ S. verreauxi populations consist
of a single panmictic stock or mirror the genetic structure detected in the closely related
J. edwardsii. Dependant on the genetic structure detected, we compared and contrasted
the times of population divergence and life-history of both rock lobster species in an
attempt to understand the biological factors shaping their genetic structure. We also
aimed to determine whether evidence of self-recruitment exists for the Tasmanian

population and, if not, the most likely source of Tasmanian recruits.

Materials and Methods

Tissue collections

A total of 90 Sagmariasus verreauxi tissue samples were obtained from three regions
(NSW, NZ, TAS) spanning the species range in 2013 and 2014 (Table 2; Fig. 1). NSW
Department of Primary Industries spawning stock and commercial catch surveys
provided samples from NSW and the NZ Rock Lobster Industry Council provided
samples from NZ. There is no commercial S. verreauxi fishery in Tasmania; TAS
samples were opportunistically sourced from both fishers and Stanley Seaquarium (a
processing facility retaining S. verreauxi bycatch in captivity). Tissue samples were

taken from either the telson, pleopod or leg and stored in 90% ethanol at -80°C.

Molecular techniques
Total genomic DNA was extracted from approximately 20-mg of tissue using a DNeasy
Blood and Tissue Kit (Qiagen). DNA samples were divided into two groups for library

preparation, with each group including three intra- and three inter-library replicates.
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Replicate pairs were sourced from a single DNA extraction, but were treated as separate
samples during library preparation. Libraries were processed using a modified version
of Peterson et al. (2012) ddRADSeq protocol (Supplementary Appendix 1). Libraries
were sequenced as 100 base pairs (bp) single end (SE) reads on two lanes of an Illumina
HiSeq 2500 by the Australian Genome Research Facility (AGRF; Melbourne,

Australia).

Preliminary quality control of raw sequencing data

Raw read quality was assessed with FASTQC v0.10.1 (Babraham Bioinformatics
2007). Human and bacterial contaminants were identified using KRAKEN v0.10.4
(Wood and Salzberg 2014) and subsequently removed. TRIMMOMATIC v0.32 (Bolger
et al. 2014) was used to remove reads with an average quality score < Phred 28. Reads
matching mitochondrial DNA (mtDNA) were removed with a custom KRAKEN
database consisting of S. verreauxi mtDNA (Doyle et al. 2015). The remaining data
were demultiplexed and trimmed to 75-bp using ‘process_radtags’ from STACKS v1.29

(Catchen et al. 2011).

De novo assembly and SNP calling

De novo assembly was conducted using a custom pipeline, RAD-LOCI (Villacorta-Rath
et al. 2016, 2017; available at https://github.com/molecularbiodiversity/rad-loci), which
was developed to deal with paralogous loci retained by other available software. To
include sequences with low coverage within individuals but high coverage across the
dataset, demultiplexed reads from all samples were initially clustered at 100%

similarity, with a minimum cluster depth of 75 sequences — allowing two-thirds of the
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samples to be represented by at least one read. Reference loci were collated by merging
clusters together — allowing a mismatch of three nucleotides — and removing
monomorphic clusters (those with less than two variants) and potentially paralogous
clusters (those with more than 16 variants). The upper threshold of 16 was chosen as a
three-bp mismatch with four possible nucleotide substitutions equates to 64 possible
sequence permutations (e.g. 4°), however during pipeline development the highest
number of cluster members identified was 16, hence the upper threshold was set at 16.
This step was repeated, using the same thresholds, and clusters containing variants
previously associated with a different cluster in the previous filtering round were
removed. Variants that mapped to a different cluster in the second filtering round were
likely from repetitive or closely related regions. All samples were mapped back to the
remaining loci and final filtering removed: 1) loci with >20% missing data ii) loci for
which a single sample mapped to more than two variants, indicating a repetitive region.
Remaining loci were recorded into a RAD-tag catalog and were used as reference
sequences to align the filtered sample data with VSEARCH v1.1.3

(https://github.com/torognes/vsearch) in preparation for SNP calling.

The genotype likelihoods of putative variant sites were determined using the mpileup
command in SAMTOOLS v1.2 (Li et al. 2009), and variants were called using
BCFTOOLS v1.2 (Li2011) with a minimum depth of three reads. To reduce spurious
genotyping calls due to low read depth, a likelihood ratio was calculated from the most-
and second most-likely Phred scaled likelihood for each genotype. Samples with a ratio

of <10 (equating to 10% error on a Phred scale) were marked as missing data.
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VCFTOOLS v0.1.13 (Danecek et al. 2011) was used for subsequent filtering of variant
sites. SNPs which exhibited a significant departure (p<0.001) from Hardy Weinberg
Equilibrium (HWE), indels, loci with >30% missing genotypes, and a global minor
allele frequency of <0.05 were excluded from the dataset. Samples with more than 30%
missing data across all loci or with an initial sequence read count of less than 1 million
were excluded from further analysis. To negate high levels of site linkage within the

dataset, only one SNP per locus was retained using the thin option in VCFTOOLS.

Analysis of replicates and batch effects

In order to assess batch effects, a principal component analysis (PCA) was conducted
on the full SNP panel with the intra- and inter-library replicates using the R package
adegenet v2.0.0 (Jombart 2008). Locus and allele error rates were calculated for all
replicates (Mastretta-Yanes et al. 2015). The replicate from each pair with the highest
amount of missing data was removed from further analyses. PCAs were also conducted
on the full SNP panel to test for batch effects between sampling years and between

juveniles and adults.

Detection of markers under selection

The full SNP panel was screened for regional outlier loci using a consensus approach to
reduce detection of false positives. Two programs, LOSITAN (Beaumont and Nichols
1996; Antao et al. 2008) and ARLEQUIN v3.5 (Excoffier et al. 2005), were run three
times each and SNPs identified as divergent in all runs were classified as putatively
positively selected. Both programs use a coalescent-based simulation to identify outlier

markers by assessing the relationship between Fst and expected heterozygosity, with

11
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LOSITAN assuming a neutral island model of migration. Under the assumption of an
island migration model, high numbers of false positives can be detected when genetic
structure is hierarchical in reality (Excoffier et al. 2009). To mitigate this, ARLEQUIN
was run under a hierarchical model, with default settings of 100 demes per ten groups
and 50,000 permutations and a finite island model with default settings. LOSITAN runs
were performed with 50,000 simulations, neutral and forced Fsr, a confidence interval
01 0.99 and a false discovery rate of 0.1. SNPs classified as putatively neutral or

putatively positive outliers were separated into corresponding SNP panels.

To determine if outlier SNPs were associated with biological functions, a homology
search of the 75-bp RAD-tags containing the outlier SNPs was performed against the
NCBI nr public database using BLASTn (Altschul et al. 1990) and against the
American lobster, Homarus americanus, transcriptome (McGrath et al. 2016). A

minimum E-value of 10 was the threshold for a significant hit.

Genetic variation

Observed heterozygosity (Ho), unbiased expected heterozygosity (Hur) and unbiased
Fst estimator 6 (Weir and Cockerham 1984) were calculated for the neutral SNP panel
using GENODIVE v2.0b27 (Meirmans and Van Tienderen 2004). Significant
departures in Ho and Hue among the three regions were tested using the OSx-statistic
(Goudet 1995) with 10,000 permutations. Inbreeding coefficient (Fis) was calculated in
ARLEQUIN v3.5 (Excoffier et al. 2005). Significance values for Fst and Fis were based

on 10,000 permutations.
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Population structure and assignment tests

Regional genetic structure was examined in the neutral SNP panel using both a
Bayesian clustering method, performed in STRUCTURE v2.3.4 (Pritchard et al. 2000)
and Discriminant Analysis of Principal Components (DAPC), performed using the R
package adegenet (Jombart 2008). Both methods were used to identify the most likely
number of genetically distinct clusters (K) and to assign individuals to those
populations. For the STRUCTURE analysis, 20 independent runs for each value of K
(1-6) were performed, under the assumption of an admixture model and allele
frequencies being correlated among populations. Each run had a burn-in period of
100,000 followed by 100,000 data iterations. To evaluate the best value of K, the AK
method (Evanno et al. 2005) was implemented in STRUCTURE HARVESTER (Earl &
vonHoldt 2012) and results of individual population assignment was visualised with

CLUMPAK (Kopelman et al. 2015).

Unlike STRUCTURE, DAPC is a multivariate analysis that does not assume an
underlying population genetic model (Jombart et al. 2010) and was therefore used to
assess both the neutral and outlier SNP panels. The premise of DAPC is to minimise
within group variation while maximising variation between the groups. To determine
the optimal value of K Bayesian Information Criterion (BIC) was implemented in
find.clusters, without sampling information. Overfitting of discriminant functions can
occur when too many principal components (PCs) are retained. To avoid overfitting a
cross-validation approach was used to determine the optimal number of PCs to retain,

using 75% of the samples as a training set.
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To establish whether source population(s) for TAS recruits could be identified,
assignment tests were performed on the neutral SNP panel using a Bayesian approach
(Rannala and Mountain 1997) in GENECLASS2 (Piry et al. 2004). NSW, NZ and
approximately half of the TAS samples (n=9), chosen at random, served as reference
populations and the remaining TAS samples (n=8) were assigned or excluded. The
probability computations were based on the resampling algorithm of Paetkau et al.
(2004), recommended for detecting first generation migrants (Piry et al. 2004), with
10,000 simulated individuals and an a 0£0.01, as recommended by Paetkau et al.

(2004).

In a number of marine population genetic studies outlier SNPs have been shown to
produce similar patterns of genetic structure as neutral SNPs, but with higher statistical
power (Freamo et al. 2011; Milano et al. 2014; Araneda et al. 2016; Villacorta-Rath et
al. 2016). Therefore, we examined whether outlier SNPs were able to successfully
assign individuals to their sampling region. The same parameters as described for
assigning Tasmanian recruits were used, with the additional likelihood of an individuals
genotype occurring within the population of collection (L_home). The results of the
self-assignment test for the outlier SNPs were cross-validated by splitting the samples
randomly into reference populations and individuals for assignment. Three different
criteria were assessed for successful assignment: a) the highest probability of

occurrence b) 99% probability of occurrence and ¢) 95% probability of occurrence.

Allele sharing distance methods

14
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Allele sharing distances have proven effective in detecting genetic partitioning between
regions (Bowcock et al. 1994) and subpopulations (Estoup et al. 1995), when allele
frequencies indicate little to no genetic differentiation. To assess subtle population
genetic structure undetectable through allele frequency methods, an allele sharing
distance (ASD) matrix (Bowcock et al. 1994) was created utilising the full SNP panel in
the R-package adegenet. A Neighbour Joining (NJ) dendrogram was constructed from

the ASD matrix with the R-package ape v5.0 (Paradis et al. 2004).

To test whether alleles were randomly distributed across geographical space, the neutral
SNP panel was assessed using a Spatial Analysis of Shared Alleles implemented in
SAShA 2 (Kelly et al. 2010). Detection of non-random allele distribution can signify a
departure from panmixia. Alleles can either be under-represented in space, indicating
subtle genetic partitioning, or over-distributed, suggesting alleles occur further apart
than would be expected under a panmictic model. The observed mean allele distribution
(OM) was tested for significant departure of the expected mean allele distribution under

panmixia (EM), with 1,000 permutations.

Gene flow analysis

The direction of gene flow between the breeding grounds in NSW and NZ was tested
using the Bayesian strategy implemented in MIGRATE-N v3.6.11 (Beerli 1998; Beerli
and Felsenstein 1999, 2001). In order for the MIGRATE-N analysis to be
computationally tractable a subset of 50 randomly chosen 75-bp loci were tested under
the sequence model with constant mutation rates. A series of initial full migration model

simulations were conducted to ensure convergence was obtained. The full migration

15
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model described NSW and NZ as genetically distinct populations with bi-directional
gene flow. Once replicate runs converged, three additional gene flow models were
tested, which included NSW and NZ as genetically distinct populations with
asymmetrical gene flow originating from NSW or from NZ and a model describing
NSW and NZ as a single genetic population (Table 5). Each model was performed with
the parameters set to one long chain with 10,000 genealogies sampled and run
concurrently five times. Sampling increment and burn-in was 100 and 100,000,
respectively. To determine the most likely migration model log Bayes Factors (LBF)
were calculated from the Bezier approximation score and compared for all four gene

flow models.

To examine the directionality and magnitude of contemporary migration and identify
possible source populations for Tasmanian recruits all three sampling sites where
assessed using the divMigrate function (Sundqvist et al. 2016) from the R package
diveRsity (Keenan et al. 2013), employing both Nei’s Gsr and Jost’s D. Relative levels
of migration are calculated in divMigrate through assessing the genetic differentiation
between two populations and a hypothetical pool of migrants. Source and sink
populations can be identified when relative migration rates are larger in one direction

than the other direction (Sundqvist et al. 2016).

Results
Sequence filtering and SNP discovery
A total 0£417,216,775 SE reads were obtained from sequencing 90 individuals with 9

replicated individuals (n = 99). Following filtering of raw reads to remove contaminant

16
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sequences, poor quality reads, and mtDNA-derived reads, the demultiplexed mean read
abundance was 3.5 million reads per sample (+ 1.4 million SD; range = 320,694 —
1,913,298). These reads were used to create the RAD-tag catalog containing 2,635 RAD
loci for SNP calling, from which a total of 3,384 SNPs were identified. After further
site- and individual-based filtering, the final full SNP panel contained 756 SNPs, with
an average read depth of 16 (+ 6.7 SD). Under the hierarchical model ARLEQUIN was
unable to complete the outlier analysis as the F-statistics were negative, indicating no
hierarchical structure in the data. Consensus outlier analyses of LOSITAN and
ARLEQUIN finite island model detected 15 outlier SNPs exhibiting putative positive
selection. From the 741 remaining SNPs, 81 were detected to be subject to balancing
selection and an additional 15 SNPs had been identified as potential outliers but did not
fulfil the requirements of the consensus approach. 645 SNPs were retained in the neutral
SNP panel. No significant nucleotide or transcriptome BLAST hits were returned for
RAD-tags containing outlier SNPs. A total of 23 individuals, with >30% missing data
across all loci, were removed from the dataset, along with one of the replicate samples,
resulting in a final sample size of 29, 23 and 17 individuals for NSW, NZ and TAS,

respectively (Table 3).

Batch effect and replicate analysis

No batch effect from library preparation or sequencing was evident in the PCA of the
inter-library replicates, which showed no separation of replicates across the libraries
(Supplementary Figure S1). Consistent with this result, the mean locus and allele error

rates did not differ between the inter-library replicates. Non-concordant genotyping
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errors (e.g. different genotyping calls) were present in low abundance: occurring in 9%

of SNPs.

In addition, genetic structure was not attributable to the collection of samples across two
sampling years or the different life stages collected. No clear separation between the
sampling years, or life stages was evident in the respective PCAs (Supplementary

Figure S2a and S2b, respectively).

Genetic variation

A founder effect (i.e. a reduction in genetic diversity), characteristic of breeding
populations recently colonised by a small number of individuals, was not detected for
the Tasmaninan population (Table 3). Comparison of Ho and Hue between the NSW,
NZ and TAS indicated genetic diversity did not significantly differ between regions (Ho
OSx =0.041, P=1.00; Hug OSx =0.013, P =1.00). Gene flow between the three
regions is evidenced by the lack of regional private alleles detected and the inbreeding

coefficient (Fis) not significantly deviating from zero in any region.

Population structuring and assignment based on allele frequency methods

No genetic differentiation was detected between regions in any of the analyses
performed on the neutral SNP panel. All pairwise Fsr values were non-significant,
indicating a lack of genetic differentiation between regions (Supplementary Table S1).
The Evanno method to determine the optimal value of K identified five genetic clusters,
signified by the highest value of AK. However, visualisation of the STRUCTURE

output, indicates no genetic differentiation between the sampling locations, with all
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individuals showing similar degrees of admixture of the five genetic clusters
(Supplementary Figure S3). The presence of a single genetic stock (K=1) was indicated
in the find.cluster results as the smallest BIC located was at K=1 (Supplementary Figure
S4a). DAPC can only be computed with a minimum K=2, therefore a DAPC was not
conducted for the neutral SNP panel. TAS recruits were equally highly likely to be
assigned to any one of the three regions (NSW probability = 1.00; NZ probability =
1.00; TAS probability = 1.00), based on the neutral SNP panel assignment test. This
indicates the regional neutral genetic signatures cannot be distinguished from each
other, which is consistent with the lack of genetic differentiation detected with Fsr and

BIC.

Weak genetic differentiation among the three regions was detected in the analysis of the
outlier SNP panel. While the number of genetic clusters was unable to be defined, BIC
indicated the most appropriate number of genetic clusters ranged between 3-5,
evidenced by the bend in BIC (Supplementary Figure S4b). The outlier SNPs did not
hold enough signal to determine the optimal value of K, however visualisation of each
best K with DAPC demonstrated that genetic clusters corresponded to the three
geographical regions in K=3 and 4, albeit with some admixture present. The best
separation of the three geographical regions, with the least admixture, was exhibited at
K=3 (Fig. 2a). One additional cluster was present at K=4 and contained 46% NSW,
33% TAS and 25% NZ samples (Fig. 2b). At K=5 genetic clusters relating to the

geographical regions were less evident (Fig. 2c¢).
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Initially, outlier SNPs possessed high power to discriminate between individuals from
the three regions as 100% of individuals were successfully assigned to their sampling
regions with high probabilities (NSW average probability = 0.993 £ 0.02 SD, n = 29;
NZ average probability = 0.986 + 0.03, n = 23; TAS average probability = 0.999 +
0.002, n =17) using the self-assignment approach in Geneclass. However, cross-
validating the results using the assignment/exclusion approach indicated a reduction in
assignment success (Table 4). Successful assignments based on the highest probability
of occurrence returned the highest assignment success rates, while 95% probability gave
the lowest. This indicates that while assignments based on the highest assignment
probability returned good rates of assignment success, there is often less than 5%
difference in assignment probability between the most- and second most-probable

location of occurrence.

Population structuring based on allele sharing methods

No subtle genetic structure was apparent in the ASD NJ dendrogram based on the
neutral SNP panel (Fig. 3a); all branches were of similar length indicating individuals
had equal levels of genetic differentiation, regardless of regional origin. However weak
genetic partitioning was apparent in the NJ dendrogram based on the outlier SNPs (Fig.
3b), with the majority of individuals within a clade originating from the same region
(Fig. 3b). Four clades exhibited regional stratification with 73% of NZ individuals
belonging to Node 2 and 4, 47% of TAS individuals belonging to Node 3 and 31% of

NSW individuals belonging to Node 1.
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The SAShA analysis of the neutral SNP panel detected very small, but significant,
difference between the expected and observed mean distance between shared alleles.
Shared alleles were found to be dispersed over broader geographical distances than

expected under a model of panmixia (OM = 1,137.6 km; EM = 1,132.6 km; P < 0.001).

Gene flow analysis

The coalescent simulations indicate that the Sagmariasus verreauxi breeding stocks
located in NSW and NZ consist of a single genetically homogeneous population, as
evidenced by the model rankings based on the highest likelihood of occurrence and
probability (Table 5). The single genetic population model had a probability 10.6 times
higher than that of the next best model of full migration (bi-directional migration from
two genetically distinct models). The model found least likely to occur was that of

unidirectional gene flow from NZ to NSW.

Relative contemporary migration rates indicated migration was bi-directionally high
between NSW and NZ and between NSW and TAS (Fig. 4). Relative migration rates
between NZ and TAS were comparatively lower than the bi-directional rates for NSW.
The relative migration rates calculated with Nei’s Gsr (Fig. 4a) and Jost’s D (Fig. 4b)
both showed congruence in directionality and magnitude of migration, however relative
migration rates with Jost’s D indicated less migration between NZ and TAS, than Nei’s

GST.

Discussion
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In this study, we have used genome-wide ddRADseq data to investigate the broad-scale
genetic structure, connectivity and local adaptation of Sagmariasus verreauxi across its
known range. For the neutral SNPs, we found a signature of genetic homogeneity that
extended across the Tasman Sea, encompassing the NSW and NZ breeding grounds as
well as the putative genetic sink population in Tasmania. This result indicated regional
disparity in genetic structure of S. verreauxi and the closely related Jasus edwardsii, for
which a genetic break exists between Australian and NZ populations. Due to the genetic
homogeneity detected across the three regions, the source population for the Tasmanian
recruits could not be identified. We found no evidence to suggest that self-recruitment is
occurring in the Tasmanian population, however we cannot exclude the possibility that

self-recruitment in Tasmania is being masked by high gene flow.

Weak regional stratification between NSW, Tasmania and NZ was evident through the
examination of only 15 outlier SNPs. While this result suggests that local adaptation
may be occurring, we were unable to associate any of the loci with genes and therefore
there is a chance that the outliers may be due to Type II error or other demographic
processes. Nevertheless, as regional genetic structure with the neutral SNP panel was
not detected, we examined the outlier SNP panel to ascertain whether outlier SNPs had
increased power to distinguish between regions in a genetically homogeneous species,
which has not been examined before. Outlier SNPs showed good regional assignment
success based on the highest probability of occurrence. However, there was often less
than 5% probability between the first and second most probable locations of occurrence

and assignment success rates varied between regions. Nevertheless, this is a promising
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result and increasing the sampling of SNPs may increase the number of outliers

identified and improve regional discrimination in a genetically homogeneous species.

Maintenance of neutral genetic homogeneity

Our results of trans-Tasman neutral genetic homogeneity contradict with the results of
Brasher et al. (1992), a preliminary genetic study reporting a genetic break between
Australian and NZ S. verreauxi populations. This discrepancy in results is most likely
due to low (N=20) and uneven sampling effort (NZ n= 14, Australian n=6) in the
preliminary study, which is known to cause overestimation of genetic stratification
calculated via Gst (Caujape-Castells 2010) the genetic distance estimator used in
Brasher et al. (1992). Hence it is likely that the genetic break detected in Brasher et al.

(1992) is an artefact of the sampling effort, not a biological reality.

Lack of neutral genetic structure can occur between discrete regions due to gene flow,
or alternatively, due to regions retaining effective population sizes (N.) large enough to
overcome the effects of genetic drift, or a combination of both (Hauser and Carvalho
2008). From our study, it is not possible to determine the mechanism responsible for
maintaining neutral genetic homogeneity, however the detection of overly dispersed
alleles is consistent with routine long-distance larval dispersal (Kelly et al. 2010).
Furthermore, as genetic differentiation is maintained in the closely related Southern
Rock Lobster, J. edwardsii (Villacorta-Rath et al. 2016) which has a wider distribution,
higher biomass and a longer pelagic larval duration compared to S. verreauxi, it is
unlikely that genetic homogeneity is being maintained in S. verreauxi through a large Ne

alone.
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Oceanographic modelling supports the hypothesis of genetic homogeneity in S.
verreauxi being maintained via long distance larval dispersal. Chiswell et al. (2003)
demonstrated that it is theoretically possible for 2% of NSW S. verreauxi larvae to reach
NZ shores within 12 months if they are entrained in the Tasman Front (see Fig. 1 for
Tasman Front details). While our historical gene flow analysis was unable to provide
the rate or direction of migration due to the breeding populations consisting of a single
genetic stock (i.e. NSW and NZ are genetically identical, therefore there is no way to
statistically discern patterns of gene flow), this result does not preclude gene flow
(Horne and Van Herwerden 2013). Our contemporary gene flow analysis exhibited
strong bi-directional gene flow between all three regions, however this is unlikely as
there is no evidence that Tasmanian lobsters reproduce. Given that the contemporary
gene flow analysis assesses the genetic differentiation between a pool of migrants
against two populations, under a scenario where two populations are genetically
identical the pool of migrants will exhibit the same degree of genetic similarity to both
populations and hence the directionality of gene flow will be deemed to be bi-
directional. However, model-based studies have demonstrated that asymmetrical gene
flow can cause displacement of the genetic variation within the sink population with
that of the source population (Pringle and Wares 2007; Wares and Pringle 2008). Under
this scenario the homogeneous genetic signature produced by asymetrical gene flow

will be indistinguishable from bi-directional gene flow.

Taking into account the local oceanographic features, asymmetrical gene flow from

NSW to NZ is the most-likely scenario. It is unlikely that trans-Tasman genetic
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homogeneity is maintained through bidirectional, or unidirectional gene flow
originating from NZ, as a strong Tasman Front undercurrent is required for larvae to
transit ~2 000 km within their pelagic larval phase. A Tasman Front undercurrent has
been identified at a depth of 800 m (Sutton and Bowen 2014), however this
undercurrent is unlikely to be a vector for trans-Tasman spiny lobster dispersal as it is
weak and 400 m deeper than the current known maximum depth of spiny lobster larvae
(Rimmer and Phillips 1979; Minami et al. 2001; Bradford et al. 2005). Therefore, we
propose unidirectional gene flow from NSW to NZ, facilitated by the Tasman Front, is

the most likely scenario for S. verreauxi.

The differential population structure observed for S. verreauxi and J. edwardsii across
the Tasman Sea may seem surprising, given their similar life-histories, however patterns
of incongruence in regional genetic structure has been found to occur in co-distributed,
closely related species of sharks (Ovenden et al. 2009), mackerel (Zardoya et al. 2004)
and sea bass (Liu et al. 2006). Explanations for the difference in genetic patterns have
been attributed to subtle differences in life-history and/or historical environmental
changes resulting in differential timing of population isolation. As the Australian and
NZ populations of S. verreauxi and J. edwardsii were estimated to have physically
separated approximately 10 MY A (George 1997) this is unlikely to be the cause of the
disparity in genetic structure between the two species. More likely is the difference in
fecundity of the two species. Sagmariasus verreauxi has a maximum fecundity almost
four times higher than J. edwardsii (Table 1). This combined with the NSW .

verreauxi breeding ground being slightly further north than the break off of the Tasman
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Front could account for more S. verreauxi larvae being entrained in the Tasman Front

and transported across the Tasman Sea, thus maintaining genetic homogeneity.

While a genetic break exists for J. edwardsii across the Tasman Front, the Tasman
Front itself is not a barrier to dispersal as low levels of migration were detected from
Australia to New Zealand (Thomas and Bell 2013). The factor that may account for the
potential difference of trans-Tasman gene flow between S. verreauxi and J. edwardsii is
the different breeding strategies between the species. Sagmariasus verreauxi juveniles
undertake a counter current migration to join the geographically restricted breeding
grounds with the onset of maturity (Booth 1986), while J. edwardsii breed throughout
their distribution (Booth and Breen 1994; Booth and Phillips 1994). Therefore, it is
possible that S. verreauxi larvae are more abundant in an area where trans-Tasman
transport is possible, leading to a higher number of S. verreauxi recruits successfully
traversing the Tasman Sea than J. edwardsii recruits, which could account for the

genetic disparity between the species.

Tasmanian recruits

Assignment tests using neutral SNPs were unable to determine the region of origin for
the Tasmanian recruits. Tasmanian recruits were just as likely to be assigned back to
Tasmania as the other two regions and due to the absence of a reduction in genetic
diversity (i.e. absence of founder effect) in Tasmania, there is no evidence for the
occurrence of self-recruitment in Tasmania. Without self-recruitment the Tasmanian

population is likely reliant upon immigrants for its persistence.
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While NZ cannot be completely ruled out as a source for Tasmanian recruits, regional
oceanography indicates NSW is the most likely source for Tasmanian recruits due to the
southerly flowing East Australian Current (EAC; Ridgway and Hill 2012). The
transport of many marine invertebrates from mainland Australia to Tasmania is
associated with the EAC, especially recently with the strengthening of the EAC and
increased water temperatures that are causing species ranges to shift into Tasmanian
waters (Ling et al. 2009; Banks et al. 2010; Johnson et al. 2011; Amor et al. 2014). As
NSW is the likely source population, finer scale analysis with higher spatial sampling
along the NSW coast should be conducted to examine the existence of isolation by
distance or gene surfing patterns, which would indicate range-shifting and self-
recruiting (Pierce et al. 2014) in Tasmania. In some cases, fine-scale patterns can be
masked at broader scales (Adrian et al. 2017). If this is the case for S. verreauxi, self-

recruitment within Tasmanian could be obscured by the current regional sampling scale.

Outlier SNPs and their utility in assignment tests

Only a few examples exist in the literature of species exhibiting regionally stratified
outlier loci against a background of neutral genetic homogeneity (Gagnaire et al. 2012;
Pujolar et al. 2014; Gleason and Burton 2016; Jasonowicz et al. 2017), the cause of
which is attributed to occurrence of spatially varying selection from a single gene pool.
We were unable to associate any biological functions to the RAD loci containing outlier
SNPs in this study, however this does not preclude the possibility of spatially varying
selection acting through pre- or post-settlement mortality on S. verreauxi larvae.
Spatially varying selection acts within each cohort, however it can be stable across

cohorts if the environmental conditions remain stable (Gagnaire et al. 2012; Pujolar et
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al. 2014), creating a regional signal of spatial varying selection, as is the case for S.
verreauxi. Alternatively, the genetic structure of S. verreauxi could result from an
absence of drift-migration equilibrium (Slatkin 1993), where diverged populations with
restricted gene flow resemble a single genetic population as there has been insufficient

time since population divergence for neutral genetic differentiation to occur.

Outlier SNPs show promise for assigning individuals to their region of origin when
genetic homogeneity is detected through the analysis of neutral SNPs. Our study
demonstrates that care is needed in deciding the criteria to base successful assignments
on, as different criteria greatly influenced the success rates of individual assignments.
Using the highest probability returned the best assignment success, however these
results may have been due to chance as differences between probabilities for each
location were low. While the assignment success rates were variable between regions
and differences between probabilities were low, these factors could be artefacts of the
low number (n=15) of outlier SNPs that were detected in this study. The power of
outlier SNPs to assign individuals to their geographical origin is a function of the
number of outlier SNPs detected, hence more outlier SNPs results in higher assignment
power (Benestan et al. 2015). As sequencing technology, such as target capture
approaches and whole genome sequencing, develops and becomes more accessible it
will be possible to sample more of the genome, providing greater access to highly
divergent regions of the genome and outlier SNPS. Even so, with only a small number
of SNPs, this study shows that outlier SNPs have the potential to be used for population
assignment in species with neutral genetic homogeneity, however further investigations

are needed to determine their reliability as a management tool.
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Management Implications

This study highlights the complexity of elucidating genetic populations to enhance
management strategies for a genetically homogeneous species. Quantifying the
direction and magnitude of gene flow is essential to determine the level of population
connectivity, and more importantly to resource managers, the demographic connectivity
between populations. Demographic independence has been suggested to occur when
migration rates between populations fall below 10% (Hastings 1993; Waples and
Gaggiotti 2006). However, when a species exhibits genetic homogeneity, migration
rates are unable to be statistically determined through genetic data alone. We suggest in
these cases oceanographic modelling may be needed to estimate potential migration
rates between populations. In the case of S. verreauxi we hypothesise that the genetic
homogeneity between NSW and NZ is caused by asymmetrical gene flow, however
biologically realistic (e.g. seeding during egg-hatching months and restricted to the

NSW and NZ breeding grounds) oceanographic models are required for further clarity.

Conclusion

Our analyses of neutral genetic variation across the known range of S. verreauxi
suggests that regional genetic structure is homogeneous at neutral SNPs, indicating the
lack of a trans-Tasman genetic break. The genetic disparity between the closely related
S. verreauxi and J. edwardsii indicates the importance of quantifying genetic structure
for exploited species rather than using the genetic structure and connectivity of a closely
related species as a proxy for management decisions. Outlier SNPs detected weak

regional partitioning, which could potentially indicate the presence of spatially varying
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selection between the regions. Due to the weak regional partitioning of the outlier SNPs,
they were useful in achieving high individual assignment success between the regions,
albeit with low differentiation between probabilities of first and subsequent population
assignments. Although further investigations into the reliability of outlier assignment
success is needed, these SNPs do show promise in their utility to be used as traceability

tools for species exhibiting genetic homogeneity.

Compliance with Ethical Standards

Funding This research was funded by ARC DP 150101491, a La Trobe University
Securing Food, Water and Environment Grant, the Holsworth Wildlife Research
Endowment, the Institute for Marine and Antarctic Studies, the NSW Department of
Primary Industries and shareholders in the NSW Rock Lobster Fishery.

Conflict of interest The authors declare that they have no conflict of interest.

Data accessibility Reference loci sequences are available through Dryad, doi:
Ethical approval All applicable international, national and/or institutional guidelines
for the care and use of animals were followed and all necessary approvals were

obtained.

Acknowledgements We would like to thank Marcus Miller and Giles Ballinger for
collecting and organizing the New South Wales S. verreauxi samples, which were
obtained during fishery independent spawning stock survey and commercial catch
observer survey routinely undertaken by the New South Wales Department of Primary
Industries. We thank Irina Ilyushkina and Darrel Sykes for collection and organisation

of New Zealand S. verreauxi samples. Thanks to the Tasmanian Rock Lobster Fishing

30



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

Industry, University of Tasmania students, dive team and recreational divers that
collected specimens in Tasmania. We are grateful to Michael Amor for laboratory
assistance and Cecilia Villacorta-Rath for assistance in rad-loci pipeline development.

We thank the editor and two reviewers for their time and their constructive feedback.

References

Adrian AJ, Lack CE, Kamel SJ (2017) Kin aggregations occur in eastern oyster
Crassostrea virginica reefs despite limited regional genetic differentiation. Mar

Ecol Prog Ser 584:79-90

Allendorf FW (2017) Genetics and the conservation of natural populations: allozymes

to genomes. Mol Ecol 26:420-430

Allendorf FW, Hohenlohe PA, Luikart G (2010) Genomics and the future of

conservation genetics. Nat Rev Genet 11:697-709

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment

search tool. ] Mol Biol 215:403—410

Amor MD, Norman MD, Cameron HE, Strugnell JM (2014) Allopatric speciation

within a cryptic species complex of Australasian octopuses. PLoS One 9 €98982

Antao T, Lopes A, Lopes RJ, Beja-Pereira A, Luikart G (2008) LOSITAN: A
workbench to detect molecular adaptation based on a Fst-outlier method. BMC

Bioinformatics 9:323

Araneda C, Larrain MA, Hecht B, Narum S (2016) Adaptive genetic variation
distinguishes Chilean blue mussels (Mytilus chilensis) from different marine

environments. Ecol Evol 6:3632-3644

31



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

Babraham Bioinformatics (2007) FastQC. Babraham Institute.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Baird NA, Etter PD, Atwood TS, Currey MC, Shiver AL, Lewis ZA, Selker EU, Cresko
WA, Johnson EA (2008) Rapid SNP discovery and genetic mapping using

sequenced RAD markers. PLoS One 3:1-7

Banks SC, Ling SD, Johnson CR, Piggott MP, Williamson JE, Beheregaray LB (2010)
Genetic structure of a recent climate change-driven range extension. Mol Ecol

19:2011-24

Beaumont MA, Nichols RA (1996) Evaluating loci for use in the genetic analysis of

population structure. Proc R Soc Lond 263:1619-1626

Beerli P (1998) Estimation of migration rates and population sizes in geographically
structured populations. In: Carvalgo G (ed) Advances in Molecular Ecology, 10S

Press: Amsterdam, pp 39-53

Beerli P, Felsenstein J (1999) Maximum-likelihood estimation of migration rates and
effective population numbers in two populations using a coalescent approach.

Genetics 152:763-773

Beerli P, Felsenstein J (2001) Maximum-likelihood estimation of a migration matrix
and effective population sizes in n subpopulations by using a coalescent approach.

Proc Natl A Sci 98:4563—4568

Benestan L, Gosselin T, Perrier C, Sainte-Marie B, Rochette R, Bernatchez L (2015)
RAD genotyping reveals fine-scale genetic structuring and provides powerful
population assignment in a widely distributed marine species, the American lobster

(Homarus americanus). Mol Ecol 24:3299-3315

32



743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

Bernatchez L, Wellenreuther M, Araneda C, Ashton DT, Barth JMI, Beacham TD,
Maes GE, Martinsohn JT, Miller KM, Naish KA, Ovenden JR, Primmer GR, Suk
HY, Therkildsen NO, Withler RE (2017) Harnessing the power of genomics to

secure the future of seafood. Trends Ecol Evol 32:665-680

Bierne N, Welch J, Loire E, Bonhomme F, David P (2011) The coupling hypothesis:
why genome scans may fail to map local adaptation genes. Mol Ecol 20:2044—

2072

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: A flexible trimmer for [llumina

sequence data. Bioinformatics 30:2114-2120

Booth J (1979) North Cape—a ‘nursery area’ for the packhorse rock lobster, Jasus

verreauxi (Decapoda: Palinuridae). New Zeal ] Mar Fresh 13:521-528

Booth J (1984) Size at onset of breeding in female Jasus verreauxi (Decapoda:

Palinuridae) in New Zealand. New Zeal J Mar Fresh 18:159-169.

Booth J (1986) Recruitment of packhorse rock lobster Jasus verreauxi in New Zealand.

Can J Fish Aquat Sci 43: 2212-2220

Booth J (2006) Jasus species. In: Phillips B (ed) Lobsters Biology, Management,

Aquaculture and Fisheries, Blackwell Scientific Publications: Oxford, UK, pp

340-358

Booth J, Breen P (1994) The New Zealand fishery for Jasus edwardsii and J. verreauxi.
In: Phillips B, Cobb J, Kittaka J (eds) Spiny Lobster Management, Blackwell

Scientific Publications, pp 6475
Booth J, Phillips B (1994) Early life history of spiny lobster. Crustaceana 66:271-294

Booth JD, Stewart RA (1992) Distribution of phyllosoma larvae of the red rock lobster

33



766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

Jasus edwardsii off the east coast of New Zealand in relation to the oceanography.

Larval Biol Proc 15:138-148

Bowcock AM, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd JR, Cavalli-Sforaz LL
(1994) High resolution of human evolutionary trees with polymorphic

microsatellites. Nature 368:455-457

Bradford R, Bruce B, Chiswell S, Booth J, Jeffs A, Wotherspoon S (2005) Vertical
distribution and diurnal migration patterns of Jasus edwardsii phyllosomas off the

east coast of the North Island, New Zealand. New Zeal J Mar Fresh 39:593-604

Brasher DJ, Ovenden JR, Booth JD, White RWG (1992) Genetic subdivision of
Australian and New Zealand populations of Jasus verreauxi (Decapoda:
Palinuridae)—preliminary evidence from the mitochondrial genome. New Zeal J

Mar Fresh 26:53-58

Cai W, Shi G, Cowan T, Bi D, Ribbe J (2005) The response of the Southern Annular
Mode, the East Australian Current, and the southern mid-latitude ocean circulation

to global warming. Geophys Res Lett 32:1.23706

Catchen JM, Amores A, Hohenlohe P, Cresko W, Postlethwait JH (2011) Stacks:
building and genotyping loci de novo from short-read sequences. G3 - Genes

Genomes Genet 1:171-82

Caujapé-Castells J (2010) General Gst and 0 inflation due to biased intra-population
sampling, and its consequences for the conservation of the Canarian Flora. Conserv

Genet 11:709-720

Chiswell S, Wilkin J, Booth JD, Stanton B (2003) Trans-Tasman Sea larval transport: Is

Australia a source for New Zealand rock lobsters? Mar Ecol Prog Ser 247:173—182

34



789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, Handsaker RE,
Lunter G, Marth GT, Sherry ST, McVean G, Durbin R, (2011) The variant call

format and VCFtools. Bioinformatics 27:2156-2158

Doyle SR, Griffith IS, Murphy NP, Strugnell JM (2014) Low-coverage MiSeq next
generation sequencing reveals the mitochondrial genome of the eastern rock

lobster, Sagmariasus verreauxi. Mitochondrial DNA 1736:1-2

Earl DA, vonHoldt BM (2012) STRUCTURE HARVESTER: a website and program
for visualizing STRUCTURE output and implementing the Evanno method.

Conserv Genet Resour 4:359-361

Estoup A, Garnery L, Solignac M, Cornuet JM (1995) Microsatellite variation in Honey
Bee (Apis Mellifera L.) populations: hierarchical genetic structure and test of the

infinite allele and stepwise mutation models. Genetics 140:679—695

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals

using the software STRUCTURE: a simulation study. Mol Ecol 14:2611-2620

Excoffier L, Hofer T, Foll M (2009) Detecting loci under selection in a hierarchically

structured population. Heredity 103:285-298

Excoffier L, Laval G, Schneider S (2005) Arlequin ver 3.0: An integrated software

package for population genetics data analysis. Evol Bioinform Online 1:47-50

Freamo H, O’Reilly P, Berg PR, Lien S, Boulding EG (2011) Outlier SNPs show more
genetic structure between two Bay of Fundy metapopulations of Atlantic salmon

than do neutral SNPs. Mol Ecol Resour 11:254-267

Gagnaire PA, Normandeau E, Coté¢ C, Hansen MM, Bernatchez L (2012) The genetic

consequences of spatially varying selection in the panmictic american eel (Anguilla

35



812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

rostrata). Genetics 190:725-736

Gardener C, Bruce B, Montgomery S, Liggins G, Cawthorn A, Ibbott S (2000) Influx of

Jasus verreauxi pueruli into Tasmania. Lobster Newsl 13:8-9

George RW (1997) Tectonic plate movements and the evolution of Jasus and Panulirus

spiny lobsters (Palinuridae). Mar Freshwater Res 48:1121-1130

George RW (2005) Evolution of life cycles, including migration, in spiny lobsters

(Palinuridae). New Zeal J Mar Fresh 39:503-514

Gleason LU, Burton RS (2016) Genomic evidence for ecological divergence against a
background of population homogeneity in the marine snail Chlorostoma

funebralis. Mol Ecol 25:3557-3573

Goudet J (1995) FSTAT (Version 1.2): A computer program to calculate F-statistics. J

Hered 86:485-486

Green BS, Gardner C, Kennedy RB (2009) Generalised linear modelling of fecundity at

length in southern rock lobsters, Jasus edwardsii. Mar Biol 156:1941-1947

Hastings A (1993) Complex interactions between dispersal and dynamics: lessons from

coupled logistic equations. Ecology 74:1362—-1372

Hauser L, Carvalho GR (2008) Paradigm shifts in marine fisheries genetics: ugly

hypotheses slain by beautiful facts. Fish Fish 9:333-362

Holland LP, Jenkins TL, Stevens JR (2017) Contrasting patterns of population structure
and gene flow facilitate exploration of connectivity in two widely distributed

temperate octocorals. Heredity 119:35-48

Horne JB, Van Herwerden L (2013) Long-term panmixia in a cosmopolitan Indo-

Pacific coral reef fish and a nebulous genetic boundary with its broadly sympatric

36



835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

sister species. J Evol Biol 26:783—-799

Jasonowicz AJ, Goetz FW, Goetz GW, Nichols KM (2017) Love the one you’re with:
genomic evidence of panmixia in the sablefish (Anoplopoma fimbria ). Can J Fish

Aquat Sci 74:377-387

Johnson CR, Banks SC, Barrett NS, Cazassus F, Dunstan PK, Edgar GJ, Frusher SD,
Gardner C, Haddon M, Helidoniotis F, Hill KL, Holbrook NJ, Hosic GW, Last PR,
Ling SD, Melbourne-Thomas J, Miller K, Pecl GT, Richardson AJ, Ridgway KR,
Rintoul SR, Ritz DA, Ross DJ, Sanderson JC, Shepard SA, Slotwinski A,
Swadling KM, Taw N (2011) Climate change cascades: Shifts in oceanography,
species’ ranges and subtidal marine community dynamics in eastern Tasmania. J

Exp Mar Bio Ecol 400:17-32

Jombart T (2008) adegenet: a R package for the multivariate analysis of genetic

markers. Bioinformatics 24:1403—-1405

Jombart T, Devillard S, Balloux F (2010) Discriminant analysis of principal
components: a new method for the analysis of genetically structured populations.

BMC Genet 11:94

Keenan K, McGinnity P, Cross TF, Crozier WW, Prodohl PA (2013) diveRsity: an R
package for the estimation and exploration of population genetics parameters and

their associated errors. Methods Ecol Evol 4:782-788

Kelly RP, and Palumbi SR (2010) Genetic structure among 50 species of the

northeastern pacific rocky intertidal community. PLOS One 5:e8594

Kelly RP, Oliver TA, Sivasundar A, Palumbi SR (2010) A method for detecting

population genetic structure in diverse, high gene-flow species. J Hered 101:423—

37



858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

436

Kensler CB (1967) Fecundity in the marine spiny lobster Jasus verreauxi (H. Milne

Edwards) (Crustacea: Decapoda: Palinuridae). New Zeal J Mar Fresh 1:143-155

Kensler C, Skrzynski W (1970) Commercial landings of the spiny lobster Jasus
verreauxi in New Zealand (Crustacea: Decapoda: Palinuridae). New Zeal J Mar

Fresh 4:46-54

Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose I (2015) Clumpak: a
program for identifying clustering modes and packaging population structure

inferences across K. Mol Ecol Resour 15:1179-1191

Li H (2011) A statistical framework for SNP calling, mutation discovery, association
mapping and population genetical parameter estimation from sequencing data.

Bioinformatics 27:2987-2993

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G,
Durbin (2009) The sequence alignment/map format and SAMtools. Bioinformatics

25:2078-2079

Ling SD, Johnson CR, Ridgway K, Hobday AJ, Haddon M (2009) Climate-driven range
extension of a sea urchin: inferring future trends by analysis of recent population

dynamics. Glob Chang Biol 15:719-731

Linnane A, Dimmlich W, Ward T (2005) Movement patterns of the southern rock

lobster, Jasus edwardsii, off South Australia. New Zeal ] Mar Fresh 39:335-346

Liu JX, Gao TX, Yokogawa K, Zhang YP (2006) Differential population structuring
and demographic history of two closely related fish species, Japanese sea bass

(Lateolabrax japonicus) and spotted sea bass (Lateolabrax maculatus) in

38



881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

Northwestern Pacific. Mol Phylogenet Evol 39:799-811

Mastretta-Yanes A, Arrigo N, Alvarez N, Jorgensen TH, Pifiero D, Emerson BC (2015)
Restriction site-associated DNA sequencing, genotyping error estimation and de
novo assembly optimization for population genetic inference. Mol Ecol Resour

15:28-41

McGrath LL, Vollmer S V., Kaluziak ST, Ayers J (2016) De novo transcriptome
assembly for the lobster Homarus americanus and characterization of differential

gene expression across nervous system tissues. BMC Genomics 17:1-16

McKoy JL (1983) Movements of rock lobsters, Jasus edwardsii (Decapoda:
Palinuridae), tagged near Stewart Island, New Zealand. New Zeal J Mar Fresh

17:357-366

Meirmans PG, Van Tienderen PH (2004). GENOTYPE and GENODIVE: Two
programs for the analysis of genetic diversity of asexual organisms. Mol Ecol

Notes 4:792-794

Milano I, Babbucci M, Cariani A, Atanassova M, Bekkevold D, Carvalho GR,
Espineira M, Fiorentino F, Garofalo G, Geffen AJ, Hansen JH, Helyar SJ, Nielsen
EE, Ogden R, Patarnello T, Stagioni M, Fishpoptrace Consortium, Tinti F,
Bargelloni L (2014) Outlier SNP markers reveal fine-scale genetic structuring

across European hake populations (Merluccius merluccius). Mol Ecol 23:118-135

Minami H, Inoue N, Sekiguchi H (2001) Vertical distributions of phyllosoma larvae of
palinurid and scyllarid lobsters in the Western North Pacific. J Oceanogr 57:743—

748

Momigliano P, Harcourt R, Robbins WD, Jaiteh V, Mahardika GN, Sembiring A, Stow

39



904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

A (2017) Genetic structure and signatures of selection in grey reef sharks

(Carcharhinus amblyrhynchos). Heredity 119:142—-153

Montgomery S (1992) Sizes at first maturity and at onset of breeding in female Jasus
verreauxi (Decapoda: Palinuridae) from New South Wales waters, Australia. Mar

Freshwater Res 43:1373.

Montgomery S, Craig J (2005) Distribution and abundance of recruits of the eastern
rock lobster (Jasus verreauxi) along the coast of New South Wales, Australia. New

Zeal J Mar Fresh 39:619-628

Montgomery S, Kittaka J (1994). Occurrence of pueruli of Jasus verreauxi (H. Milne
Edwards, 1851)(Decapoda, Palinuridae) in waters off Cronulla, New South Wales,

Australia. Crustaceana 67:65-70

Montgomery SS, Liggins GW, Craig JR, McLeod JR (2009) Growth of the spiny
lobster Jasus verreauxi (Decapoda: Palinuridae) off the east coast of Australia.

New Zeal J Mar Fresh 43:113-123

Morgan EMJ, Green BS, Murphy NP, Strugnell JM (2013) Investigation of genetic
structure between deep and shallow populations of the Southern rock lobster, Jasus

edwardsii in Tasmania, Australia. PLoS ONE 8:¢77978

NSW Department of Primary Industries (2007) Fishery Management Strategy for the

NSW Lobster Fishery. Cronulla

Ouborg NJ, Piquot Y, Van Groenendael JM (1999) Population genetics, molecular

markers and the study of dispersal in plants. J Ecol 87:551-568

Ovenden JR, Berry O, Welch DJ, Buckworth RC, Dichmont CM (2013) Ocean’s

eleven: a critical evaluation of the role of population, evolutionary and molecular

40



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

genetics in the management of wild fisheries. Fish Fish 16:125-159

Ovenden JR, Kashiwagi T, Broderick D, Giles J, Salini J (2009) The extent of
population genetic subdivision differs among four co-distributed shark species in

the Indo-Australian archipelago. BMC Evol Biol 9:1-15

Paetkau D, Slade R, Burden M, Estoup A (2004) Genetic assignment methods for the
direct, real-time estimation of migration rate: a simulation-based exploration of

accuracy and power. Mol Ecol 13:55-65

Paradis E, Claude J, Strimmer K (2004) APE: Analyses of phylogenetics and evolution

in R language. Bioinformatics 20:289-290

Pecl G, Frusher S, Gardner C, Haward M, Hobday A, Jennings S, Nursey-Bray M, Punt
A, Revill H, van Putten I (2009). The east coast Tasmanian rock lobster fishery:
vulnerability to climate change impacts and adaptation response options. Report to

the Department of Climate Change, Australia.

Perez-Figueroa A, Garcai-Pereira MJ, Saura M, Rolan-Alvarez E, Caballero A (2010)
Comparing three different methods to detect selective loci using dominant markers.

J Evol Biol 23:2267-2276

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE (2012) Double digest
RADseq: an inexpensive method for de novo SNP discovery and genotyping in

model and non-model species. PLoS One 7:¢37135

Pierce AA, Zalucki MP, Bangura M, Udawatta M, Kronforst MR, Altizer S, Haeger JF,
de Roode JC (2014) Serial founder effects and genetic differentiation during

worldwide range expansion of monarch butterflies. Proc R Soc B 281:1-9

Piry S, Alapetite A, Cornuet JM, Paetkau D, Baudouin L, Estoup A (2004)

41



950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

GENECLASS2: A software for genetic assignment and first-generation migrant

detection. J Hered 95:536-539

Pringle JM, Wares JP (2007) Going against the flow: maintainance of alongshore

variation in allele frequency in a coastal ocean. Mar Ecol Prog Ser 335:69-84

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using

multilocus genotype data. Genetics 155:945-959.

Pujolar JM, Jacobsen MW, Als TD, Frydenberg J, Munch K, Jonsson B, Jian JB, Cheng
L, Maes GE, Bernatchez L, Hansen MM (2014) Genome-wide single-generation
signatures of local selection in the panmictic European eel. Mol Ecol 23:2514—

2528

Rannala B, Mountain JL (1997) Detecting immigration by using multilocus genotypes.

Proc Natl Acad Sci 94:9197-9201

Ridgway K, Hill K (2012) East Australian Current. In: Poloczanska ES, Hobday AlJ,
Richardson AJ (eds) 4 Marine Climate Change Impacts and Adaption Support

Report Card for Australia 2012, CSIRO publishing, Clayton, Victoria, pp 47-60

Rimmer D, Phillips B (1979) Diurnal migration and vertical distribution of phyllosoma

larvae of the western rock lobster Panulirus cygnus. Mar Biol 54:109-124

Robinson LM, Gledhill DC, Moltschaniwskyj NA, Hobday AJ, Frusher S, Barrett N,
Stuart-Smith J, Pecl GT (2015) Rapid assessment of an ocean warming hotspot
reveals ‘high’ confidence in potential species’ range extensions. Glob Environ

Chang 31:28-37

Sansaloni C, Petroli C, Jaccoud D, Carling J, Detering F, Grattapaglia D, Kilian A

(2011) Diversity Arrays Technology (DArT) and next-generation sequencing

42



973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

combined: genome-wide, high throughput, highly informative genotyping for
molecular breeding of Eucalyptus. BMC Proc 5:P54

Saville-Kent W (1886) Note upon the occurence of the Sydney crawfish, Palinurus

huegelli, on the coast of Tasmania. Pap Proc R Soc Tasmania:116—117

Shanks AL, Grantham BA, Carr MH (2003) Propagule dispersal distance and the size

and spacing of marine reserves. Ecol Appl 13:S159-S169

Siegel DA, Kinlan BP, Gaylord B, Gaines SD (2003) Lagrangian descriptions of marine

larval dispersion. Mar Ecol Prog Ser 260:83-96

Slatkin M (1993) Isolation by distance in equilibrium and non-equilibrium populations.

Evolution 47:264-279

Sundqvist L, Keenan K, Zackrisson M, Prodohl P, Kleinhans D (2016) Directional

genetic differentiation and relative migration. Ecol Evol 6:3461-3475

Sutton PJH, Bowen M (2014) Flows in the Tasman Front south of Norfolk Island. J

Geophys Res Ocean 119:3041-3053

Thomas L, Bell JJ (2013) Testing the consistency of connectivity patterns for a widely

dispersing marine species. Heredity 111:1-10

Villacorta-Rath C, Ilyushkina I, Strugnell JM, Green BS, Murphy NP, Doyle SR, Doyle
SR, Hall NE, Robinson AJ, Bell JJ (2016). Outlier SNPs enable food traceability

of the southern rock lobster, Jasus edwardsii. Mar Biol 163:223

Villacorta-Rath C, Souza CA, Murphy NP, Green BS, Gardner C, Strugnell JM (2018)
Temporal genetic patterns of diversity and structure evidence chaotic genetic

patchiness in a spiny lobster. Mol Ecol 27:54—65

Waples RS, Gaggiotti O (2006) What is a population? An empirical evaluation of some

43



996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

genetic methods for identifying the number of gene pools and their degree of

connectivity. Mol Ecol 15:1419-39

Wares JP, Pringle JM (2008) Drift by drift: effective population size is limited by

advection. BMC Evol Biol 8:235

Weir BS, Cockerham CC (1984) Estimating F-statistics for the analysis of population

structure. Evolution 38:1358-1370

Wood DE, Salzberg SL (2014) Kraken: ultrafast metagenomic sequence classification

using exact alignments. Genome Biol 15:R46

Zardoya R, Castilho R, Grande C, Favre-Krey L, Caetano S, Marcato S, Krey G,
Patarnello T (2004) Differential population structuring of two closely related fish
species, the mackerel (Scomber scombrus) and the chub mackerel (Scomber

Jjaponicus), in the Mediterranean Sea. Mol Ecol 13:1785-1798

44



1009

1010

1011

1012

1013

1014

1015

1016

1017

Figures

Latitude
-40

-30

-35

-45

-50

T
EAC
olL
eCH
OPM
NSW eTU
TF
oJdB
k Q
- 0 ’ ﬁ?oFl
“o
Bl
P
[ I [ | \
0 200 400 600km /N
T T T T T
140 150 160 170 180
Longitude

Fig. 1 Locations of Sagmariasus verreauxi sampling sites (listed in Table 2) within

Australia and New Zealand during 2013 and 2014 sampling periods. Black dots denote

sampling sites where only adults were collected. White dots denote sampling sites

where juveniles were collected. The major local oceanographic currents depicted on the

map: EAC, East Australian Current; TF, Tasman Front; ECE, East Cape Eddy; WA,

Wairarapa Eddy. The study region is illustrated in a broader context in the inset map

(red box)

45



1018

1019

1020

1021

1022

1023

(a) @ Cluster 1 Cluster 3 @ Cluster 5
O ® @ Cluster 2 @ Cluster 4

([
*
*® et ¢
@ > 1
ot o
. oo ‘o o i
- .. . DA eigenvalues ! |
o ° ® I ||I i .I L |III. ...

®e NSW NZ

) ST S——— A p——
.‘.o @ ze) || I
S0 °N° .
L 4 3
0. % f.‘. DA eigenvalues 1 |
. T L GG
NZ TAS

NSW
(c) L

I N— ) TS
¢ °® k... e 1 I |I
o |° ®o o -
g ..i" 5A eigenvalues /|
° [
> o I LY JULN
NSW NZ TAS

Fig. 2 Discriminate Analysis of Principal Components using the outlier SNP panel at

1.0

0.8

0.6

0.4

0.2

.T I||.

TAS

0.0

(b)

1.0

0.8

0.6

Membership Probability
0.4

0.2

0.0

1.0

0.8

“
*°
F

0.4

0.2

0.0

(a) K=3, (b) K=4 and (c¢) K=5. Scatterplots (on the left) represent individual samples,
with the symbols indicating cluster assignment. The concordance between actual
sampling location (y axis) and cluster assignment based on genotype (x axis; numbers

correspond to clusters identified in the scatterplot) is presented on the right-side panels.

46



1024  Each row represents an individual and the colours represent the posterior probability of
1025 membership to that cluster by the DAPC. NSW, New South Wales, Australia; TAS,

1026  Tasmania, Australia; NZ, New Zealand
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1028  Fig. 3 Neighbour joining dendrogram of (a) neutral SNP panel and (b) outlier SNP
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1029  panel based on allele sharing distances. Numbers in circles are the node names, as per

1030 the text.
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Fig. 4 Relative migration network among all sampling locations, calculated with (a)
Nei’s Gst and (b) Jost’s D. The arrows indicate direction of migration, while the
numbers and strength of the arrows indicates the relative migration rates. Higher

numbers and thicker lines signify stronger relative migration.
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Table 1 Comparison of the life history characteristics of two rock lobster species, Jasus

edwardsii and Sagmariasus verreauxi

Sagmariasus verreauxi

Jasus edwardsii

Physical separation
between Australian and
NZ populations

Distribution

Breeding locations

Breeding timing

Fecundity

Pelagic larval duration

Migration

Genetic structure

~ 10 million years ago (George 1997).

Inhabits coasts of New South Wales,
Australia and north east coast of North
Island, New Zealand, with a small,
episodic population in Tasmania,
Australia (Kensler and Skrzynski 1970;
Montgomery et al. 2009).

Restricted breeding grounds occur along
coast of northern New South Wales,
Australia and Cape Reinga, New Zealand
(Booth 1984; Montgomery 1992).

Breeding occurs once/annum between
October-January (Booth 1984). Eggs
hatch between December to January
(Kensler 1967; Booth 1979).

385,000 to 2 million eggs per female
(Kensler 1967).

8-12 months (Booth 1986; Montgomery
and Kittaka 1994; Montgomery and Craig
2005).

Recruits settle to the south of the breeding
grounds before undergoing a
countercurrent migration at the onset of
maturity to join the breeding population.
Migration distance ranges from 200-
1,070km (Booth 1986).

Australian and New Zealand populations
consist of a single genetic stock, with
outlier SNPs indicating weak regional
differences.

~ 10 million years ago (George 1997).

Inhabits all coasts of Southern Australia
(including Western Australia, South
Australia, Victoria, Tasmania) and New
Zealand (Booth 2006).

Breeding occurs in all areas of distribution
(Booth and Breen 1994; Booth and
Phillips 1994).

Breeding occurs once/year in June to
September (George 2005). Eggs hatch
between September and October (Booth
and Stewart 1992).

43,918 to 660,156 eggs per female (Green
et al. 2009).

Up to 24 months (Booth and Phillips
1994).

Majority of migrations are small on- and
off-shore movements <100km (McKoy
1983; Linnane et al. 2005).

Australian and New Zealand populations
and populations within Australia are
genetically distinct (Morgan et al. 2013;
Thomas and Bell 2013; Villacorta-Rath et
al. 2016).
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Table 2 Sampling and sequencing information

No. No. of sequenced individuals:
Region Site Code  Site Name Year samples
collected  Juveniles Adults Unknown
NSwW IL Iluka 2014 6 - 6 -
cH Coffs 2014 8 1 7 -
Harbour
PM Port . 2013 7 6 ) )
Macquarie
TU Tuncurry 2014 1 1 -
B Jervis Bay 2013 7 - -
TAS FI Flinders 2014 3 1 i i
Island
SH Saint Helens 2014 2 - -
BN Bicheno 2013 8 - -
BI Bruny Island 2014 1 1 - -
SSA SS Aquarium 2014 16 4 1 -
NZ CM Cape Maria
. 2013 19 - 3 16
van Diemen
NC to North Cape 2014 7 ) 4 )

Table 3 Genetic diversity indices for all sampling regions

Neutral SNP Panel

Region N Ho Hue Fis

NSwW 29 0.314 0.300 -0.160
NZ 23 0.347 0.309 -0.309
TAS 17 0.326 0.308 -0.259

Abbreviations: the number of individuals genotyped (N), observed heterozygosity (Ho), unbiased expected heterozygosity

(Hug) and Wright’s inbreeding coefficient (Fis).

No Fis values significantly differed from zero.

No significant differences were detected for Ho or Hue among the three regions.
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1047  Table 4 Percentage comparison of successful individual assignments based on a) the
1048  highest probability, b) probabilities above 0.99 and c) probabilities above 0.95.

1049  Successful assignments to sampling origin are in bold.

Percentage of individuals successfully assigned to:

NSwW NZ TAS > 1 population Unassigned

Successful assignment based on highest probability

NSwW 71 7 7 14 0
NZ 64 18 9 9 0
TAS 25 0 63 12 0
Successful assignment based on >0.99 probability

NSwW 43 0 0 50 7
NZ 9 18 9 46 18
TAS 13 13 38 25 13
Successful assignment based on >0.95 probability

NSwW 29 0 0 71 0
Nz 9 9 9 73 0
TAS 0 0 13 75 13

1050
1051 Table S Comparison of log Bayes Factors (LBF) inferred from Bezier approximation

1052  score for different models of migration between NSW and NZ breeding populations

Model Log(mL) LBF Rank Przf)zgzlity
Single genetic population ~ -8394.13 0 1 0.9137
Full migration -8396.49 -2.36 2 0.0862
NSW to NZ only -8415.84 -21.71 3 341x 10710
NZ to NSW only -8448.69 -54.56 4 1.84 x 10

1053
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