CSIRO PUBLISHING

Marine and Freshwater Research
https://doi.org/10.1071/MF19172

Oceanic and coastal populations of a harvested
macroinvertebrate Rochia nilotica in north-western
Australia are isolated and may be locally adapted
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Abstract. Marine macroinvertebrates support important fisheries throughout the Indo-Pacific, but stocks of species such
as trochus (Rochia nilotica) are easily overharvested. In north-western Australia, trochus are taken from inshore reefs by
Indigenous Australians and oceanic reefs by artisanal Indonesian fishers. The management of these environmentally
distinct regions relies on understanding their spatial interdependencies, yet connectivity between them has not been
evaluated empirically. Here, we used genotype-by-sequencing analysis of 514 trochus samples collected from 17 locations
(15 in the inshore Kimberley, 2 offshore oceanic sites). Analysis of 5428 polymorphic single nucleotide polymorphism
loci revealed significant genetic subdivision between the oceanic and coastal sites, and a subset of loci exhibited
significantly higher subdivision, suggesting they are subject to directional selection. Population differentiation was also
evident between the two oceanic sites, but not between coastal sites. Trochus populations from the coastal Kimberley and
oceanic reefs represent two genetically and demographically independent units, with preliminary evidence for local
adaptation to these distinctive environments. Management strategies for R. nilotica reflect these divisions, but the limited
connectivity among oceanic populations indicates that they are vulnerable to overexploitation. Furthermore, their
potential adaptive distinctiveness indicates that coastal stocks may be unsuitable for replenishing oceanic stocks.
Additional keywords: fisheries management, genomic, population connectivity, Tectus, trochus.
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Introduction
Marine macroinvertebrates, including trochus, giant clams, sea
cucumbers and abalone, are vital cultural, economic and subsistence resources for many of the Indo-Pacific region’s poorest
communities (Conand and Bryne 1993; Foale 2008). Numerous
species are overharvested, threatening to further impoverish
those communities (Adams et al. 1996; Allison and Ellis 2001;
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Friedman and Teitelbaum 2008). This typically occurs as a
consequence of multiple factors, including inadequate resourcing, the logistical challenges of managing remote areas, cultural or traditional entitlements and a lack of understanding of
key biological traits (Anderson et al. 2011; Purcell et al. 2013).
Trochus Rochia nilotica (Linnaeus, 1767) (Class
Gastropoda, Family Tegulidae), also known as topshell, is a
www.publish.csiro.au/journals/mfr
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large herbivorous gastropod (basal diameter up to 12 cm) that
occurs on intertidal and subtidal tropical reefs throughout the
Indo-Pacific. It is a vital subsistence and economic resource for
many communities, but is often overexploited in artisanal
fisheries (Gillett 2010). Although estimating harvest rates of
trochus is difficult (ICECON 1997), the annual global demand
can exceed 7000 t, largely for the production of buttons, but also
as a raw material in paint, cosmetics, furniture and jewellery
(Amos 1997).
The tendency for R. nilotica to be overexploited is consistent
with its short, non-feeding larval phase (,4 days; Heslinga
1981; Heslinga and Hillmann 1981); for marine species this trait
typically results in limited dispersive capabilities, with local
rather than regional environmental and hydrodynamic processes
being the most important drivers of the spatial dynamics of
recruitment (Sammarco and Andrews 1989). For this reason
there has been concern that recruitment in R. nilotica may be
primarily local, making the species vulnerable to overharvest
(Heslinga 1981; Bartlett et al. 2009). Furthermore, it has been
argued that establishing permanent adjacent no-take regions
would be an effective way to sustain populations of R. nilotica
(Heslinga et al. 1984).
The merits of marine no-take reserves for artisanal fisheries
such as trochus in the Indo-Pacific, and indeed more generally,
has been a subject of debate (Hilborn et al. 2004). The design
and effectiveness of reserves depends on several factors, including the dispersal capacity of target organisms (Hilborn et al.
2004). Yet, aside from its short larval duration, little is understood about realised dispersal in R. nilotica, potentially limiting
effective management (Foale 1998; Stutterd and Williams 2003;
Kendrick et al. 2016). A lack of information on spatial process is
common in marine systems because tracking dispersive larvae is
difficult (Cowen and Sponaugle 2009). A useful and widely
used indirect approach to understanding spatial interdependencies in marine systems is the analysis of the distribution of
genetic diversity (Selkoe et al. 2016).
An investigation of genetic subdivision in R. nilotica on the
Australian Great Barrier Reef based on three polymorphic
allozyme loci indicated that gene flow, and, by inference, larval
dispersal, was extensive over almost 1000 km (Borsa and Benzie
1996). These conclusions were weakly supported because the
markers exhibited little variation. Nevertheless, they point to a
paradox between the observation of short larval duration and
susceptibility to local overexploitation, and widespread realised
dispersal. Similar observations have been made for other top
shells in the family Tegulidae with short larval durations
(Dı́az-Ferguson et al. 2010). One explanation for this may be
that the capacity for oceanographic processes to distribute
R. nilotica larvae is not properly appreciated. Indeed, the species
has a widespread native distribution across Indo-Pacific island
archipelagos, indicating capacity for broad dispersal over long
time frames (Donald et al. 2005).
Trochus are taken alongside other macroinvertebrates in
north-western Australia along the Kimberley coastal bioregion
and adjacent oceanic waters to the continental shelf (Purcell
and Cheng 2010). This region is a marine biodiversity hot spot
but, compared with other parts of the world, is little studied
(Wilson 2013; Richards et al. 2015). The Kimberley coast and
adjacent oceanic waters support both commercial and artisanal
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mixed-species fisheries, including Indonesian artisanal fishers
(oceanic reefs) permitted to fish under a memorandum of
understanding (MOU) between Australia and Indonesia (in the
MOU 74 Box) and Australian Indigenous fishers (coastal reefs).
Local depletions of trochus stocks have been documented
on both oceanic reefs (Skewes et al. 1999; Ceccarelli et al.
2011) and, historically, in some coastal Kimberley regions
(Purcell and Cheng 2010), but stocks in the latter region have
recovered and are currently unfished (Hart et al. 2013).
These regions of Western Australia are characterised by
distinctive ‘coastal’ and ‘oceanic’ faunal assemblages (Wilson
2013; Jones et al. 2017). The existence of these characteristic
assemblages has been attributed to the distinctive hydrodynamic, geological and water column properties of the Kimberley
and oceanic regions (Wilson 2013). The hydrodynamics of the
oceanic reefs are dominated by a south-west flowing extension
of the Indonesian Throughflow (ITF). This current carries warm,
clear oligotrophic waters from the west Pacific Ocean southwards through passages in the eastern Indonesian archipelago
and along the Australian western continental margin (Fig. 1a).
The biogeographic affinities of oceanic biota to Indonesian
marine communities and the prevalence of species with planktotrophic larvae with widespread distributions in the Indo-West
Pacific indicates that the ITF provides significant biogeographic
linkage among oceanic reefs (Wilson 2013).
However, the ITF does not typically reach coastal Kimberley
waters (Cresswell et al. 1993; Condie and Andrewartha 2008).
In contrast with oceanic reefs, the hydrodynamics of the coastal
reefs are dominated by extremely large semidiurnal tides (up to
11 m), which, although typically acting cross-shelf, interact with
the shallow and complex bathymetry and island archipelagos to
produce powerful multidirectional and highly idiosyncratic
currents (Holloway 1983). Despite this turbulent environment,
higher levels of nutrients and freshwater and sediment inputs
from large rivers, which result in highly turbid environments,
the Kimberley coast hosts a huge variety of sedentary benthic
marine organisms (Richards et al. 2015; Jones et al. 2017).
Whether the distinctive oceanic and coastal faunas can be
attributed to these pronounced environmental differences or to
hydrodynamic isolation has been a point of discussion among
biogeographers (Wilson 2013). Levels of genetic connectivity
between corals and fishes inhabiting oceanic reefs have confirmed that rare gene flow occurs between widely separated
reefs (,500 km apart; Underwood et al. 2009, 2012). This is
consistent with hydrodynamic modelling of the ITF and its
derivative currents, which predicts organisms could be transported between oceanic reefs if larval durations exceed a month
(Condie and Andrewartha 2008; Kool and Nichol 2015). Hydrodynamic models also indicate that connectivity between the
oceanic reefs and coastal Kimberley environments is significantly
weaker than among oceanic reefs (Condie and Andrewartha 2008;
Kool and Nichol 2015). However, this model-based hypothesis is
untested. Filling this knowledge gap is important to understanding
the origins and affinities of the coastal Kimberley faunas (Wilson
2013). However, more urgently, there is a need to understand the
likely demographic dependencies among these reefs because of
the well-documented reduced abundances of trochus and other
macroinvertebrates at multiple offshore oceanic reefs in northwestern Australia (Rees et al. 2003; Ceccarelli et al. 2011).
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Fig. 1. (a) Map showing the entire study region, bathymetry and sampling sites for Rochia nilotica (yellow circles). The area enclosed by
the dashed lines indicates coastal locations (see b). (b) Map showing the sampling sites for R. nilotica within the coastal Kimberley region
(yellow circles). Numbers correspond to sites listed in Table S1.

In this study, we used a genotype-by-sequencing approach to
reveal the extent of genetic structure within coastal and oceanic
R. nilotica populations in north-western Australia, testing the
hypothesis that connectivity is greater within each of these
regions than between them. We also used particle tracking
simulations to evaluate the role of coastal currents and tides in
dictating the observed genetic structure in this prominent
species from the coastal Kimberley environment. Finally, we
used genome scans to test for evidence of adaptive differentiation between oceanic and coastal populations because assisted
translocation and restocking of broodstock are widely practiced
for trochus in the Indo-Pacific region (Crowe et al. 1997). This
study represents the first genome-wide characterisation of
population connectivity in this highly targeted macroinvertebrate. We consider the underlying processes that likely led to the
present-day patterns, and the implications for the management
of this valuable resource.
Materials and methods
Sampling
Coastal samples were collected from the Dampier Peninsula
and Buccaneer Archipelago (King Sound) in the Kimberley
bioregion in August and October 2014 respectively (Fig. 1b).
This region includes the only gazetted commercial trochus
fishery in Western Australia (Anon. 2010) and is the centre of
trochus harvest by Indigenous fishers (Ostle 1997). Oceanic
Rowley Shoals and Scott Reefs samples were collected in
October 2014 and April 2015 respectively. Trochus from both
oceanic sites were historically targeted by Indonesian fishers,
but only Scott Reefs has been accessible to these fishers since
c. 1974 under the MOU between Australia and Indonesia (Fox
2009). Sites were selected based on past records of occurrence
and suitability of rocky reef habitat. R. nilotica individuals were
collected by hand from reef platforms at low tide, or at Scott
Reefs by SCUBA at water depth ,10 m. Global positioning
system (GPS) coordinates were obtained for each individual.

Samples were collected from a total of 15 coastal sites in the
Dampier Peninsula and Buccaneer Archipelago, six locations at
Rowley Shoals (pooled as a single oceanic site) and three
locations at Scott Reefs (pooled as a single oceanic site). Individuals were returned to a central processing area where a small
biopsy (,3  8 mm) was taken from the edge of the extended
foot. After processing, the R. nilotica individuals were returned
alive to their point of capture. In all, 524 individuals were
sampled (see Table S1, available as Supplementary material to
this paper). All activities took place under exemption permits
SF009910 and 2485 from the Western Australian Department of
Parks and Wildlife and Department of Fisheries respectively.
DNA extraction
DNA was extracted from tissue samples according to the salt
extraction method described by Cawthorn et al. (2011),
followed by purification with the Zymo ZR-96 DNA Clean and
Concentrator kit (Zymo Research, Irvine, CA, USA).
Reduced representation single nucleotide polymorphism
genotyping
Single nucleotide polymorphism (SNP) genotypes were
obtained with DArTSeq, a combination of the Diversity Arrays
Technology (DArT) complexity reduction methods and nextgeneration sequencing (Sansaloni et al. 2011; Kilian et al. 2012;
Cruz et al. 2013). The method is conceptually similar to RadSeq (restriction enzyme associated markers) methods but offers
several advantages, including: (1) the use of lower DNA input;
(2) greater tolerance to lower-quality DNA; and (3) a higher call
rate or frequency of markers shared among the samples in the
experiment (Sansaloni et al. 2011). Four enzyme systems for
complexity reduction were tested in R. nilotica (data not shown)
and the PstI–HpaII method was selected. DNA samples were
processed in digestion and ligation reactions principally (as per
Kilian et al. 2012) but replacing a single PstI-compatible
adaptor with PstI and HpaII adaptors. The PstI-compatible
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adaptor was designed to include an Illumina flow cell attachment sequence, sequencing primer and a ‘staggered’ barcode
region of varying lengths (see Elshire et al. 2011). The reverse
adaptor contained a flow cell attachment region and an
HpaII-compatible overhang sequence. Only ‘mixed fragments’
(PstI–HpaII) were effectively amplified. Polymerase chain reaction (PCR) conditions consisted of an initial denaturation at 948C
for 1 min, followed by 30 cycles of 948C for 20 s, 588C for 30 s and
728C for 45 s, with a final extension step at 728C for 7 min. After
the PCR, equimolar amplification products from each sample
were pooled and applied to a cBot (Illumina, San Diego, CA,
USA) bridge PCR followed by sequencing on an Illumina
Hiseq2500. The sequencing (single read) was run for 77 cycles.
SNP calling
Sequences were processed using proprietary DArTseq analytical pipelines. In the primary pipeline, poor-quality sequences
were initially filtered from FASTQ files, applying higher
stringency to the barcode region than to the rest of the sequence
(barcode minimum Phred score 30, minimum pass percentage
75; whole-read minimum Phred score 10, minimum pass percentage 50). Approximately 2 000 000 sequences per barcode or
sample were identified and used for marker calling. Identical
sequences were collapsed into ‘fastqcoll’ files, which were
groomed using the proprietary algorithm in DArT that corrects
low-quality bases from singleton reads using collapsed reads with
multiple members as a template. The groomed fastqcoll files were
used in the secondary pipeline for DArT’s proprietary SNP calling
algorithms (DArTsoft14). All reads from all libraries were clustered using DArT’s Cþþ algorithm at the threshold distance of
3 (number of different bases occupying a specific position in the
sequence), followed by parsing of the clusters into separate SNP
loci using a range of technical parameters, especially the balance
of read counts for the allelic pairs. Additional selection criteria
were added to the algorithm based on analysis of ,1000 controlled cross-populations. These crosses permitted testing for
Mendelian distribution of alleles in these populations and facilitated selection of technical parameters discriminating true allelic
variants from paralogous sequences. In addition, approximately
one-third of samples were genotyped twice as technical replicates,
and scoring consistency was used as the main selection criterion
for high-quality and low-error rate markers. In all, 29 552 SNPs
were identified. Raw data are available from the CSIRO Data
Access Portal at https://doi.org/10.4225/08/5a7bee08b1e5d.
SNP quality control filtering
SNPs identified by the DArTsoft14 pipeline were subjected to a
further series of quality control filters based on descriptive
statistics from the DArTSeq pipeline using the R package dartR
(ver. 0.79, see https://cran.r-project.org/web/packages/dartR/
index.html; Gruber et al. 2018). These settings were as follows:
minimum allele frequency $0.05, heterozygosity #0.75,
number of reads $20 and #200, repeatability of technical
replicates $0.98, call rate per locus $0.95, missing data per
individual #0.01 and missing data per SNP ,5%. After filtering, 5960 loci and 516 (of 524) individuals remained, which
corresponded to a dataset-wide missing data rate of 0.64%
(Fig. S1, available as Supplementary material to this paper).
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Locus selection
Filtered SNPs were subject to further checks for departure from
Hardy–Weinberg equilibrium (HWE) and gametic-phase linkage disequilibrium (LD) expectations with the R package dartR
(Gruber et al. 2018). Both HWE and gametic-phase LD testing
was conducted separately for each sampling site, and only
applied to 13 sites where the sample size was greater than 20. For
HWE testing we removed loci that showed departures from
expectations at P , 0.05 in 5 or more of the 13 sample sites. For
gametic-phase LD, we removed loci with R2 . 0.8 in 5 or more
of the 13 sampling sites. After these filters, 5548 loci remained.
Further analyses completed with different thresholds (three to
seven populations) for numbers of populations in LD and HWE
testing returned near-identical results for all analyses (data not
shown).
Testing for outlier loci
We used two approaches, outFlank (ver. 0.2, see https://github.
com/whitlock/OutFLANK, accessed March 2019; Whitlock and
Lotterhos 2015) and BayeScan (ver. 2.1, see www.cmpg.unibe.
ch/software/BayeScan, accessed 24 October 2019; Foll and
Gaggiotti 2008), to identify outlier loci putatively experiencing
directional selection. All analyses were conducted on either the
full dataset composed only of sites with greater than 20 samples
or on a dataset consisting only of sites from the coastal
Kimberley with greater than 20 samples. The Outflank method
was implemented in the R package dartR (Gruber et al. 2018).
The approach is based on an improved method for deriving the
null distribution of population differentiation for neutral loci. It
results in fewer false positives than other outlier tests, which are
more affected by demographic history (Lotterhos and Whitlock
2015). We ran OutFlank with 5% left and right trim for the null
distribution of fixation index (FST), minimum heterozygosity for
loci of 0.1 and a 5% false discovery rate (q-value). In all, 109
outlier SNPs under putative directional selection, and with
sufficiently high heterozygosity, were identified.
A second set of tests for outlier loci was completed with the
program BayeScan 2.1, as implemented in the R package
radiator (ver. 0.0.18, T. Gosselin, see https://github.com/thierrygosselin/radiator, accessed March 2019). BayeScan was run
with 5000 iterations, a thinning interval of 10, 20 pilot runs and
prior odds for the neutral model set at 1000. Five outlier SNPs
under putative directional selection were identified. Four of the
five loci identified by BayeScan were also identified using
OutFlank (Fig. S2, available as Supplementary material to this
paper). All outlier loci (110 in total) were removed from further
analyses unless noted otherwise.
Outlier loci identified by BayeScan and OutFlank were
tested for homology to known genes with the BLASTn algorithm applied to the Ensemble database. Search criteria were a
maximum E-value of 1.00  105 and identity $85%. All tests
were also implemented on datasets before removal of loci based
on HWE and gametic-phase LD tests. However, results were
negligibly different, so are not shown.
Descriptive statistics
Levels of genetic diversity (observed and expected heterozygosity, allelic richness) and the inbreeding coefficient (FIS) were
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calculated for each sampling site with the R package hierfstat
(ver. 0.04-22, see https://cran.r-project.org/web/packages/
hierfstat/index.html, accessed March 2019; Goudet 2005).
Genetic subdivision
The FST of genetic subdivision was estimated overall and pairwise between each sampling site according to the method of
Weir and Cockerham (1984) using the R package STAMPP
(ver. 1.4, see https://cran.r-project.org/web/packages/StAMPP/
index.html, accessed December 2016; Pembleton et al. 2013).
The significance of the observed subdivision between all pairs
of sampling sites was tested with 9999 bootstraps over loci.
Tests of overall genetic differentiation among sampling sites
and between coastal Kimberley sampling sites were conducted
with GenePop (Rousset 2008), based on genotypic differentiation and exact G tests. Markov chain Monte Carlo (MCMC)
settings were as follows: dememorisation 1000, batches 100,
iterations per batch 1000.
Principal components analysis and discriminant analysis
of principal components
Initially we used the k-means algorithm to evaluate support
for between 1 and 15 potential clusters (K) in the data. This
was implemented in the R package adegenet (ver. 2.0, see
https://cran.r-project.org/web/packages/adegenet/index.html,
accessed March 2019). Support for alternative values of K was
evaluated with the Bayesian information content (BIC) based on
retaining all principal components. A discriminant analysis of
principal components (DAPC) was then conducted on the data
without specifying K and based on 100 retained principal
components (optimised based on a score). In addition, a
principal-components analysis (PCA) was conducted on the
data with the glPCA function in adegenet (ver. 2.0). All analyses
were repeated on the coastal sites only (i.e. excluding Rowley
Shoals and Scott Reefs).
Model-based clustering analysis
We used a model-based clustering approach to evaluate
whether genetic variation was partitioned geographically, and
at what scale. This was implemented in the software Structure
(ver. 2.3.4, see https://web.stanford.edu/group/pritchardlab/
structure_software/release_versions/v2.3.4/html/structure.html;
Pritchard et al. 2000). Structure seeks to group individuals in
such a way that the groups maximise conformity to HWE and
gametic-phase equilibrium. We ran Structure across multiple
predefined values for K (number of clusters) and evaluated the
fit of the data to different values of K. We conducted an overall
analysis incorporating all 17 sampling sites and varied K
between 2 and 17, and conducted the same analysis on the
coastal sites only. The fits of alternative models were evaluated
with the DK method (Evanno et al. 2005) implemented in
Clumpak (ver. beta, see www.clumpak.tau.ac.il/index.html,
accessed 24 October 2019; Kopelman et al. 2015) and based on
20 independent runs for each value of K. For all runs we
incorporated a 200 000 iteration burn-in followed by 500 000
clustering iterations. We ensured the adequacy of the run length
by checking the runtime likelihood and a for stability. For all
runs we assumed that allele frequencies were correlated between
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sampling sites and allowed for admixture. We repeated runs
with and without location information incorporated as a
Bayesian prior.
Hydrodynamic connectivity
Hydrodynamic connectivity between sampling sites in the
coastal Kimberley was calculated through particle tracking
simulations run within the Regional Ocean Modelling System
(ROMS) with a resolution of 2 km to construct a site-pairwise
matrix of oceanographic connectivity. The ROMS model was
nested within the Ocean Forecasting for Australia Model 3
(OFAM3) simulation (Feng et al. 2016) and forced by 3-h
meteorological measures derived from Kobayashi et al.
(2015). The model simulation was based on observations from
2011. Hourly sea surface current velocities (at depths of 0–5 m)
were extracted from the model output and used for particle
tracking modelling. In all, 100 particles were seeded at each
sampling site for the entire year at 3-day intervals. R. nilotica in
our study area is reproductively active all year (Gimin and Lee
1997). A fourth-order Runga-Kutta subtime-stepping scheme
was used to update the particle locations every hour (Feng et al.
2016). Using the random walk effect of 1 m s1, particles were
tracked for 8 days. The locations of particles were recorded over
a period of 4–8 days because R. nilotica larvae become competent to settle after 3–4 days (Heslinga and Hillmann 1981) and
can remain in the water column for up to 10 days in the absence
of settlement cues (Heslinga 1981). The grid size for tracking
the particles from each sampling site was set to 500 m2.
Connectivity among sampling sites was estimated as 1 minus the
proportion of particles released from Site i that were tracked to
be in Site j during the competency period. To make this matrix
symmetric, we summed connectivity between i and j and
between j and i. Oceanographic connectivity was calculated
as the proportion of released particles from i and j that settled at
i and j. This value was converted to oceanographic resistance as
1 minus oceanographic connectivity. Values were arcsine
transformed before further analysis.
Isolation by distance
We used partial Mantel tests to evaluate correlations between
linearised FST (FST C (1 – FST)) and log distance as well as log
oceanographic distance. Mantel tests were conducted on the
whole dataset and on the coastal Kimberley dataset. Geographic
distances between sites were calculated based on the shortest
across-water distance with a minimum water depth of 1 m
because this was the minimum depth specifiable. These
estimates were calculated with the marmap package (ver. 0.94,
see https://cran.r-project.org/web/packages/marmap/index.html,
accessed December 2016; Pante and Simon-Bouhet 2013) in R
(R Foundation for Statistical Computing, Vienna, Austria) and
based on the GEBCO 2014 30-s bathymetry available from
the British Oceanographic Data Centre (see https://www.gebco.
net/data_and_products/gridded_bathymetry_data/gebco_30_
second_grid, accessed December 2016). We used partial
Mantel tests to test for a correlation between linearised FST and
oceanographic resistance while controlling for log geographic
distance. This analysis was conducted using the vegan package
(ver. 2.3.2, see https://cran.r-project.org/web/packages/vegan/
index.html, accessed December 2016; Dixon 2003) in R.
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Fig. 2. Fixation index (FST) values for pairwise comparisons of populations of Rochia nilotica.
Coastal sites are ordered north to south; oceanic sites are underlined. FST values were calculated
using the STAMPP package (ver. 1.4, see https://cran.r-project.org/web/packages/StAMPP/index.
html, accessed December 2016; Pembleton et al. 2013) in R (R Foundation for Statistical
Computing, Vienna, Austria) based on the method of Weir and Cockerham (1984). Asterisks
indicate P # 0.5 (calculated based on 1000 bootstraps over loci). Grey cells indicate a FST of zero.

Results
Descriptive statistics
After quality control, HWE and gametic-phase LD filtering and
outlier analyses, 5548 SNP loci remained. Table S1 presents
estimates of genetic diversity at each sampling site and overall.
The two oceanic sites exhibited lower observed and expected
heterozygosity than all coastal sites.
Detection of outlier loci
In an analysis of the full dataset, 110 loci were identified as
having significantly higher levels of genetic subdivision than
expected for neutral loci under a model of mutation–drift
equilibrium (positive outliers) when both the OutFlank and
BayeScan results were combined. In the coastal Kimberley
dataset (excluding Rowley Shoals and Scott Reefs) no outlier
loci were identified. Only a single outlier locus showed significant BLAST homology to DNA sequences in the Ensembl
genome database, and this was a 96.3% identity to an insect
mitochondrial cytochrome oxidase gene (Prodoxidae sp.;
GenBank Accession KM549916).
Genetic subdivision
The overall mean (s.e.m.) level of genetic subdivision based
on the putatively neutral markers (positive outliers removed) as
estimated by FST was 0.0053  0.0001, which corresponded to a
significant genotypic differentiation among sampling sites
(P , 0.001). Mean (s.e.m.) FST based on outlier loci was

0.0998  0.0051, and the mean (s.e.m.) FST among the coastal
sites was 5.44  105  8.89  105, which corresponded
to a non-significant difference in genotypic differentiation
(P ¼ 0.19). Pairwise FST between coastal sites was typically low,
and only 11 of 105 pairs were significantly different from zero at
P , 0.05 (Fig. 2; FST range 0–0.002). The mean (s.e.m.) FST
between Rowley Shoals and Scott Reefs was 0.0163  0.0001,
which was significantly different from zero (P , 0.001).
The mean (s.e.m.) FST between combined coastal sites and
combined oceanic sites was 0.0348  0.0008), which was
significantly different from zero (P , 0.0001), in contrast with
FST based on outlier loci, which was 0.3518  0.0022).
Model-based clustering
The data best supported two genetically discrete groups of
R. nilotica individuals; maximum DK was obtained for K ¼ 2,
whether location prior was included or not (DK ¼ 321.4
(Fig. S3) and 34.8 respectively). These two groups corresponded
to a clear division between coastal and oceanic sites (Fig. 3).
PCA and DAPC
Based on BIC, the k-means algorithm was optimised at K ¼ 2
(Fig. S3). Both PCA and DAPC revealed that these groups
corresponded exactly to oceanic and coastal sites (Fig. 4), and
that all individuals were assigned to their correct group at $0.99
probability of membership in the DAPC analysis. No grouping
with a geographical basis was observed in the analysis of the
coastal sites only.
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Isolation of coastal and oceanic trochus

Fig. 3. Bar plots indicating the probability of ancestry (q; y-axis) for 514 Rochia nilotica individuals (x-axis) from the
coastal Kimberley and from Rowley Shoals and Scott Reefs. Plots are based on K ¼ 2 (two genetic clusters assumed).
Individuals are represented by vertical bars, each divided according to their estimated probability of ancestry from each of
two genetic clusters (represented by blue and orange). Coastal sites are ordered north to south from left to right. Oceanic sites
labelled in blue. The upper panel indicates analysis completed with locations set as Bayesian priors in the analysis, whereas
the lower panel shows results without prior location assumptions.

Eigenvalues
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Oceanic sites
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Bowles Reef
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PC1 (1.3%)
Fig. 4. Principal-components analysis (PCA) for 514 Rochia nilotica individuals. Inertia ellipses are centred on the mean
coordinates of points from each sampling site and width and height correspond to variances on each axis. Here they are scaled to
incorporate ,77% of the points from each sampling site (1.5 variance). In the legend, samples are ordered from north to south, but
with the two oceanic sites listed last and in blue.

Isolation by distance and oceanographic resistance
Within the coastal Kimberley there was no significant relationship between linearised FST and shortest cross-water (log)
distance between sampling sites (R ¼ 0.042, P ¼ 0.36). Neither
was there a significant relationship between linearised FST and
oceanographic resistance (R ¼ –0.04, P ¼ 0.62). Geographic

distance and oceanographic resistance were strongly correlated
based on the 8-day particle tracking run (R ¼ 0.76, P , 0.01).
A partial Mantel test that controlled for geographic distance did
not reveal a significant relationship between linearised FST and
oceanographic resistance based on an 8-day run (R ¼ –0.118,
P ¼ 0.809).
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Discussion
We have shown that trochus populations from the west
Kimberley and adjacent oceanic reefs represent two genetically
and, by implication, largely demographically independent units,
with the oceanic trochus populations further subdivided into two
genetically distinct units corresponding to the Rowley Shoals
and Scott Reefs systems. The high level of genetic subdivision
between oceanic and coastal populations exhibited in a subset of
SNP loci is evidence that divergent selection may be driving
evolutionary adaptation to these distinctive environments, and
should be investigated further because it has implications for the
selection of stocks for translocations.
These conclusions are based on a large dataset of both
individuals and, importantly, SNP markers, meaning that, unlike
previous genetic studies of R. nilotica (Borsa and Benzie 1996),
the power to detect population structure was high (Willing et al.
2012). Accordingly, the lack of genetic structure observed
across the region encompassing the gazetted commercial fishery
between the Dampier Peninsula and Buccaneer Archipelago
strongly indicates that this species comprises a single genetic
unit, which contrasts with recent investigations of corals,
seagrasses and fish in this region (DiBattista et al. 2017;
McMahon et al. 2017; Underwood et al. 2017).
The small sample size for Scott Reefs reflects the lower
abundance of R. nilotica at this location due to overexploitation
(Skewes et al. 1999). Although it would be ideal to base analyses
on larger samples from this location, the PCA and model-based
clustering analysis based on individual genotypes rather than
population allele frequencies indicate that samples from Scott
Reefs are readily distinguished from coastal populations, and
from the Rowley Shoals.
Connectivity between coastal and oceanic reefs
This is the first time that realised connectivity between coastal
Kimberley and Rowley Shoals and Scott Reefs has been
examined with high-resolution SNP data. It confirms modelling results that the two regions have very limited hydrodynamic connectivity (Condie and Andrewartha 2008; Kool and
Nichol 2015), which explains, in part, the widely divergent reef
biotas (Wilson 2013; Richards et al. 2018). It is also consistent
with recent observations using microsatellite markers in two
species of coral that exhibit strong genetic subdivision between
oceanic and coastal regions in north-western Australia
(Underwood et al. 2017). However, the magnitude of the
subdivision in the corals (FST .0.3 and .0.4) was greater than
in R. nilotica (FST ¼ ,0.04), likely indicative of a much
smaller effective population size or lower dispersal ability in
the corals.
Connectivity between oceanic reefs
Hydrodynamic modelling predicts that larvae are unlikely to
be transported between the isolated oceanic atoll systems such
as Rowley Shoals and Scott Reefs unless their pelagic larval
duration exceeds 30 days (Kool and Nichol 2015). This has
been tested with genetic markers in several species, including
fishes and corals, which confirmed that transport is uncommon
enough that the systems are demographically independent
(Underwood et al. 2009, 2012). R. nilotica (FST ¼ ,0.02) adds
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a further example, but the level of differentiation between
Rowley Shoals and Scott Reefs for this mollusc is an order of
magnitude larger than that observed in the demersal nesting
fish Chromis margaritifer (FST ¼ 0.002; Underwood et al.
2012), similar to that observed in the broadcast-spawning coral
Acropora tenuis (FST ¼ 0.03; Underwood et al. 2009) and an
order of magnitude lower than that observed in the brooding
coral Seriatopora hystrix (FST ¼ 0.3; Underwood et al. 2009).
This variability among species likely reflects different capacities for dispersal or effective population sizes in these
organisms.
Recovery of R. nilotica after disturbances on these oceanic
atoll systems is unlikely to be driven by recruitment from
external sites. This is relevant to the exploitation of R. nilotica
by artisanal Indonesian fishers, where the stocks are significantly depleted (Skewes et al. 1999; Rees et al. 2003; Bryce
2006). The Scott Reefs stock is unlikely to recover unless local
recruitment is increased because recruitment from other
sources is demographically insignificant. Trochus are heavily
depleted on other atolls in north-western Australia, such as
Ashmore Reef, which is the closest external recruitment
source, some 230 km to the north-west (Ceccarelli et al.
2011). It is likely these stocks are similarly demographically
isolated and highly reliant on local recruitment, although this
requires investigation.
Potential for local adaptation
The geographic and hydrodynamic barriers that result in the
isolation of coastal and oceanic reefs in north-western
Australia may explain, in part, their distinctive ecological
communities (Wilson 2013). Their unique biogeographic
histories and the effect of the ITF on oceanic reefs likely
also promote their distinctiveness (Wilson 2013). A further
potential driver of diversification, as indicated by the detection of a subset of loci much more divergent than most (outlier
loci), is diversifying selection promoting local adaptation in
trochus. These molecular results require experimental validation, for example by reciprocal transplants or common
garden experiments (Sanford and Kelly 2011). However, local
adaptation would be unsurprising considering the vastly different environmental conditions these regions experienced
and their limited genetic exchange (Wilson 2013; Richards
et al. 2015). Regrettably, the limited availability of annotated
genome data for Tegulidae precludes functional interpretation
of the outlier loci.
Translocations of R. nilotica have been used throughout its
range to supplement stocks with mixed success (Stutterd and
Williams 2003). If coastal and oceanic populations have accumulated adaptive differences, supplementation of oceanic populations like those at Scott Reefs may best be sourced from
similar oceanic reefs. The same may apply elsewhere in the
Indo-Pacific for translocations, de novo establishment or aquaculture in this species. It is unclear whether the low success rates
observed in some translocation programs for R. nilotica
(Stutterd and Williams 2003) can be attributed, in part, to
maladaptation. However, this effect has been observed widely
in aquaculture and translocation (Allendorf 1987; Hereford
2009; Fraser et al. 2011), and could be a focus of future research
into the improvement of trochus fisheries.
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Connectivity among coastal reefs in the Kimberley
The absence of genetic structure within the coastal Kimberley
indicates that this region should continue to be considered to
function as a single demographic unit for the purpose of managing R. nilotica. This result differs from that seen in a pelagic
spawning fish Lutjanus carponotatus, which, despite a lengthy
pelagic larval duration, exhibits genetic differentiation over
the same coastal sampling range (DiBattista et al. 2017). The
seagrasses Halophila ovalis and Thalassia hemprichii also
exhibit moderately strong genetic subdivision across the same
region and possess longer fruiting and seed dispersive phases
than R. nilotica (McMahon et al. 2017). However, our results are
consistent with those reported for R. nilotica on the Great Barrier
Reef (Borsa and Benzie 1996), and for top shells elsewhere (Dı́azFerguson et al. 2010; Nikula et al. 2011), yet are paradoxical
considering the apparently brief non-feeding larval period and
assumption that larval dispersal and gene flow are limited in the
species (Foale and Day 1997). As has been discussed elsewhere
(Cowen and Sponaugle 2009), aspects other than pelagic larval
duration, such as motility and behaviour, settlement cues and
post-settlement selection, likely make important contributions to
observed patterns of marine connectivity.
The specific reasons for this paradox in R. nilotica are
unclear, but two unique properties of the Dampier Peninsula
and Buccaneer Archipelago may be relevant. First, the region
experiences extreme tidal velocities up to 2 m s1 (Cresswell
and Badcock 2000), which, in principle, are capable of transporting propagules a great distance in a single 6-h tidal cycle.
The second is that in King Sound, unlike most of its range,
R. nilotica reproduces continuously throughout the year
(Gimin and Lee 1997). Therefore, larvae are exposed to the
complete spectrum of hydrodynamic conditions experienced in
the region. It has been argued that establishing marine reserves
for R. nilotica close to fished areas is a way to compensate for
localised recruitment patterns in the species (Heslinga et al.
1984). However, in the case of King Sound, the hydrodynamic
mixing appears to be strong enough that even distant reefs
within the region would be well connected.
R. nilotica has a broad Indo-Pacific distribution, and the
present investigation focused entirely on the south-westernmost
part of its range, which is separated from other high-density
populations in Australia, Indonesia and on oceanic atolls
(Stutterd and Williams 2003). The broad distribution of
R. nilotica in the tropical Indo-Pacific, incorporating a variety
of reef types and hydrodynamic conditions, means that it is
unlikely that the spatial scale of genetic structure detected here
will be reflected throughout its range. Similarly, environmental
differences throughout the species’ range may exert a range of
selective pressures. Considering the economic and cultural
significance of the species to many people (Amos 1997; Gillett
and Tauati 2018), a broader investigation of the population
structure in R. nilotica and its biophysical drivers deserves
consideration.
Conclusions
Both hydrodynamic isolation and environmental differences
have been hypothesised to explain the starkly different coral reef
faunas on oceanic and coastal regions of north-western Australia
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(Wilson 2013). Our results indicate that both these hypotheses
may be true. Not only is there little genetic exchange between
coastal and oceanic populations of R. nilotica, but there is also
a significant number of genomic regions exhibiting strong
differentiation that is consistent with evolutionary adaptation to
divergent local conditions, although this requires experimental
validation.
The existing separate management of these regions is supported by the new evidence for their isolation presented here.
Two additional implications for the management of R. nilotica
are: (1) the isolation of the oceanic reefs from other sources of
recruits indicates that they are reliant on local recruitment to
offset harvest; and (2) R. nilotica on the Dampier Peninsula and
Buccaneer Archipelago represent a single stock within this
region, and should be replenished with recruits from neighbouring reefs within years, so long as management ensures that such
sites exist and allows for the slow growth of the species.
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