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Executive Summary  

This report focuses on “trochus” or “mother of pearl shell” Tectus niloticus, which is a large harvested gastropod 
mollusc common on intertidal reefs in the Kimberley and the wider Indo-Pacific. This species was selected as a 
model for a study of connectivity in molluscs because it has a short larval life-history (3-5 days), which is typical 
of species whose recruitment is primarily local and they are prone to over-harvest.  Over-harvest of T. niloticus 
has been documented throughout its range, and it’s been argued that placement of reserves adjacent to 
harvested regions would be an effective way to sustain the species. However, the unique complexity and power 
of the Kimberley hydrodynamic environment potentially enlarges the scale of recruitment and/or creates 
spatially complex dynamics that may be relevant to harvest management in the region. 

T. niloticus is also unusual because it is present on both coastal Kimberley reefs and oceanic atolls at the 
edge of the Australian continental shelf margin. Oceanic and coastal reefs have profoundly different faunal 
diversity, and biogeographers have speculated on whether this can be attributed to their pronounced 
environmental differences or to hydrodynamic isolation. However, the scarcity of species common to both 
environments has meant that this hypotheses remains untested.  Oceanic populations are also harvested by 
Indonesian artisanal fishers, and there is a need to understand how oceanic reefs depend on recruitment and 
genetic variation from reefs elsewhere.  

Samples from 514 T. niloticus individuals were collected from 16 “coastal” sites in the Dampier Peninsular 
and Buccaneer Archipelago as well as the “oceanic” sites the Rowley Shoals and Scott Reef. We employed a 
genotype-by-sequencing approach to characterise genetic diversity within and between these sampling sites.  
Custom bioinformatics pipelines were developed to analyse this large dataset.  After quality control filtering, 
5,428 single nucleotide polymorphisms (SNPS) were available for analysis. 

 

Insights into broad-scale genetic structure between coastal and oceanic sites 
Significant genetic sub-division was evident between the oceanic sites (the Rowley Shoals and Scott Reef) and 
the coastal sites (distances c. 500 and 300 km respectively). Significant genetic sub-division was also evident 
between the two oceanic sites (distance c. 400km), but it was approximately 25% of the magnitude of the oceanic 
– coastal sites comparison. Evidence for significant adaptive genetic differences between the coastal and oceanic 
sites was indicated by the presence of a sub-set of highly divergent “outlier” genetic loci. 

This means that oceanic T. niloticus populations are genetically and demographically independent from coastal 
populations and from each other. The closer affinity of oceanic populations to each other than to coastal 
populations reflects irregular connectivity on evolutionary timescales under the influence of the Indonesian 
Flow-Through and derivative currents. Different environmental conditions on oceanic and coastal reefs are also 
driving adaptive divergence between T. niloticus populations. 

 

Insights into fine-scale genetic structure within the coastal Kimberley  
Negligible genetic sub-division was evident among the Dampier Peninsular-Buccaneer Archipelago coastal sites 
(distances ≤ 75km), and what sub-division was recorded could not be attributed to geographic distance nor 
modelled oceanographic connectivity.  

T. niloticus inhabiting reefs on the Dampier Peninsular and Buccaneer Archipelago form a single highly-
mixed genetic unit, and are highly demographically inter-dependent. This is likely due to their high and 
continuous reproductive output in combination with the extreme hydrodynamic mixing experienced in the 
region. 
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Implications for management at a broad-scale 

Management of T. niloticus at the Rowley Shoals, Scott Reef, and other oceanic shoals should treat each as being 
effectively isolated on the ecological timeframes relevant to harvest management. Recruitment from outside will 
not replenish over-harvested stocks even within tens of years. Occasional recruits will be drawn from other 
offshore shoals, and possibly Indonesia, and will contribute genetic diversity rather than offsetting over-harvest. 
Potential supplementation of populations should recognise that coastal T. niloticus populations may be mal-
adapted to oceanic conditions. 

Implications for management at a fine-scale 

Management of T. niloticus on the Dampier Peninsular and Buccaneer Archipelago should treat the region as 
being effectively a single stock on the ecological timeframes relevant to harvest management. Over-harvested 
sites within this region will be replenished with recruits from neighbouring sites within years, assuming they exist, 
and allowing for the slow growth of the species. 

 

Residual knowledge gaps  

This investigation had a limited spatial scope in comparison to the broad Indo-Pacific range of T. niloticus, 
capturing the south-westernmost part of its range. Indeed, even within the Kimberley region, the region of high 
density in the Buccaneer Archipelago is disjunct from other high density populations in Australia, Indonesia and 
on offshore atolls. The broad distribution of T. niloticus in the tropical Indo-Pacific incorporating a diversity of 
reef types and hydrodynamic conditions means that it is unlikely that the spatial scale of genetic structure will 
be reflected throughout its range. Considering the economic and cultural significance of the species to many 
people, a broader investigation of population structure in T. niloticus and its biophysical drivers deserves 
consideration.  
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1 Introduction 

Australia’s North-West Shelf is a large ecologically and economically significant marine bioregion encompassing 
coastal and oceanic waters to the edge of the Australia’s north-west continental shelf.  The region is a marine 
biodiversity hotspot, but in comparison to other parts of the world, it is little studied and poorly understood, 
particularly the northernmost Kimberley region (Wilson 2013; Figure 1). The Kimberley is the subject of growing 
scientific interest because of its pristine state and unique biota (Anon 2011). It is also subject to increasing 
interest from industry (Simpson 2011), which has motivated the establishment of strategically placed marine 
reserves for the management of regional biodiversity (Anon 2011). 

Two faunal assemblages dominate coral reefs of the North-West Shelf bioregion: those inhabiting offshore reefs 
and atolls along the continental shelf margin (“oceanic”), and those inhabiting shallow coastal waters ("coastal"; 
Wilson 2013). The existence of these characteristic assemblages has been attributed to the distinctive 
hydrodynamic, geological, and water column properties of the coastal and oceanic regions (Wilson 2013).  The 
hydrodynamics of the oceanic reefs are dominated by a southwest flowing extension of the Indonesian Through 
Flow (ITF). This current carries warm clear oligotrophic waters from the west Pacific Ocean southwards through 
passages in the eastern Indonesian archipelago and along the western Australian continental margin (Figure 1). 
The biogeographic affinities of offshore biota to Indonesian marine communities, and the prevalence of species 
with planktotrophic larvae indicates that the ITF provides significant biogeographic linkage among oceanic reefs 
(Wilson 2013). 

The ITF does not typically reach coastal Kimberley waters (Cresswell et al. 1993, Condie & Andrewartha 2008). In 
contrast to oceanic reefs, the hydrodynamics of the coast are dominated by extremely large semi-diurnal tides 
(up to 11 metres), which, although they typically act cross-shelf, interact with complex bathymetries and island 
archipelagos to produce powerful multidirectional and highly idiosyncratic currents (Holloway 1983). Owing to 
this turbulent environment, higher levels of nutrients, as well as freshwater and sediment inputs from large 
rivers, coastal Kimberley environments are highly turbid and hostile for many organisms (Richards et al. 2015). 

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 has been investigated recently, 
and confirmed that occasional gene flow occurs between widely separated reefs (c. 500km apart; Underwood et 
al. 2009, Underwood et al. 2012).  This is consistent with hydrodynamic modelling of the ITF and its derivative 
currents, which predict organisms could be transported between oceanic reefs if larval durations exceed a month 
(Condie & Andrewartha 2008, Kool & Nichol 2015). 

Hydrodynamic models also indicate that connectivity between the oceanic reefs and coastal Kimberley 
environments is significantly weaker than among oceanic reefs (Condie & Andrewartha 2008, Kool & Nichol 
2015). However, the scarcity of species common to both environments has meant that this hypothesis is 
untested.  This is significant because of interest in understanding the origins and affinities of the coastal 
Kimberley faunas (Wilson 2013). In addition, both coastal and oceanic faunas are harvested by commercial and 
artisanal fishers (Berry 1993, Fletcher & Santoro 2013), and there is a need to understand the likely demographic 
and genetic dependencies among these harvested reefs (Rees et al. 2003).  

The top shell, Tectus niloticus (“trochus”) provides an excellent model to test notions of connectivity within and 
between the oceanic and coastal environments of north-western Australia. Unusually, this large herbivorous 
gastropod (up to 12cm diameter) occurs in both oceanic and coastal environments of Australia’s north-west, and 
on intertidal and subtidal reefs throughout the Indo-Pacific. Understanding levels of connectivity among T. 
niloticus populations has practical significance since the species is harvested for food and mother-of-pearl shell 
in coastal Australian waters by indigenous traditional owners and on oceanic reefs by traditional Indonesian 
trepang fisherman (Purcell & Cheng 2010).  
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Over-harvest of T. niloticus has been documented on numerous occasions throughout its range (Foale 1998, 
Bartlett et al. 2009), and notably on Australia’s north-western offshore reefs (Skewes et al. 1999). Local 
depletions have also been documented in coastal Kimberley regions where indigenous harvest has been 
strongest (Purcell & Cheng 2010). These observations are consistent with the short non-feeding larval phase 
documented for T. niloticus (c. 4 days; Heslinga 1981, Heslinga & Hillmann 1981). In marine species this trait 
means capacities for dispersal are limited and local environmental and hydrodynamic processes strongly dictate 
the dynamics of recruitment (Sammarco & Andrews 1989). For this reason there has been concern that 
recruitment in T. niloticus may primarily be local, making the species prone to over-harvest (Heslinga 1981, 
Bartlett et al. 2009).  Likewise, it’s been argued that placement of reserves adjacent to harvested regions would 
be an effective way to sustain populations of T. niloticus (Heslinga et al. 1984). 

Yet, little is understood about realised dispersal in T. niloticus, and this remains a major limitation to its effective 
management (Foale 1998, Stutterd & Williams 2003). An investigation of genetic sub-division in T. niloticus on 
the Australian Great Barrier Reef based on 3 polymorphic allozyme loci indicated that gene flow was extensive 
over almost 1000 km (Borsa & Benzie 1996). However, these conclusions were weakly supported because the 
markers exhibited little variation. Nevertheless, they point to a potential paradox between the observation of 
short larval duration and susceptibility to local overharvest, and widespread realised dispersal. One explanation 
for this may be that the capacity for oceanographic processes to distribute T. niloticus larvae is not properly 
appreciated, even though they have an apparently short larval duration (Heslinga 1981, Foale 1998). Indeed, the 
species has a reasonably widespread native distribution across Indo-Malaysian and west Pacific island 
archipelagos, indicating capacity for broad dispersal over long time frames. 

Here, we employ a genotype-by-sequencing approach to reveal the extent of genetic structure within harvested 
coastal and oceanic T. niloticus populations in north-western Australia, testing the notion that connectivity is 
greater within these regions than between them. We also employ particle tracking simulations to evaluate, for 
the first time, the role of coastal currents and tides in dictating the observed genetic structure in this prominent 
species from the coastal Kimberley environment. 
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2 Materials and Methods 

2.1 Sampling 

Field trips were conducted to the Dampier Peninsular and Buccaneer Archipelago in the coastal Kimberley in 
August and October 2014 respectively (Figure 1). This region is the centre of trochus harvest by indigenous fishers 
(Ostle 1996), and falls within the only gazetted commercial trochus fishery in Western Australia (Anon 2010). In 
addition, samples were collected from the offshore sites the Rowley Shoals and Scott Reef in October 2014 and 
April 2015 respectively.  Trochus from both Scott Reef and the Rowley Shoals were historically targeted by 
Indonesian fishers, but only Scott Reef remains accessible to them (Fox 2009). Sites were selected based on past 
records of occurrence, and suitability of rocky reef habitat (Lee & Lynch 1997). T. niloticus individuals were 
collected by hand from reef platforms at low tide, or at Scott Reef and the Rowley Shoals by scuba in < 10 metres 
water depth. GPS coordinates were obtained for each individual.  Samples were collected from a total of 16 sites 
on the Dampier Peninsular and the Buccaneer Archipelago, 6 sites at the Rowley Shoals, and 3 sites at Scott Reef. 
Individuals were returned to a central processing area where a small biopsy (c. 3mm x 8mm) was taken with 
sharp dissecting scissors from the edge of the extended foot. Scissors were sterilised between samples.  The 
maximal basal width of each individual was measured to within 1mm. After processing the T. niloticus individuals 
were returned to their approximate point of capture. A total of 524 individuals were sampled. All activities took 
place under exemption permits SF009910 from the Western Australian Department of Parks and Wildlife, and 
2485 and 2295 from the Western Australian Department of Fisheries. 

2.2 DNA Extraction 

DNA was extracted in plates 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, 
California, USA). 

2.3 Reduced Representation SNP Genotyping 

SNP genotypes were obtained with DArTSeq, a combination of the DArT™ complexity reduction methods and 
next generation sequencing (Sansaloni et al. 2011, Kilian et al. 2012, Cruz et al. 2013). The method is conceptually 
similar to Rad-Seq methods but offers a number of advantages including: 1) use of lower DNA input; 2) greater 
tolerance to lower quality DNA; and 3) higher call rate/frequency of markers shared among the samples in the 
experiment (Sansaloni et al. 2011). Four enzyme systems for complexity reduction were tested in P. milleri (data 
not presented) and the PstI- HpaII method selected. DNA samples were processed in digestion/ligation reactions 
principally (as per Kilian et al. 2012) but replacing a single PstI-compatible adaptor with PstI and HpaII adaptors. 
The PstI-compatible adapter 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 adapter 
contained a flow cell attachment region and a HpaII-compatible overhang sequence. Only “mixed fragments” 
(PstI-HpaII) were effectively amplified by PCR. PCR conditions consisted of an initial denaturation at 94 °C for 
1 min followed by 30 cycles of 94 °C for 20 sec, 58 °C for 30 sec and 72 °C for 45 sec, with a final extension step 
at 72 °C for 7 min. After PCR, equimolar amplification products from each sample were pooled and applied to a 
cBot (Illumina) bridge PCR followed by sequencing on an Illumina Hiseq2500. The sequencing (single read) was 
run for 77 cycles. 
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Figure 1. Map showing the entire study region, bathymetry and sampling sites for T. niloticus (yellow 
circles). Dashed area indicates coastal locations (see Figure 2).  

 

 

 

Figure 2. Map showing the sampling sites within the coastal Kimberley region (yellow circles). 



Isolation of oceanic and coastal populations of the harvested mother-of-pearl shell Tectus niloticus in the Kimberley 

 Kimberley Marine Research Program  |  Ecological Connectivity 1.1.3.3 5 

 

2.4 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 min. Phred score 30, min. pass % 75; whole read min. Phred score 10, min. pass % 
50). Approximately 2,000,000 sequences per barcode/sample were identified and used for marker calling. 
Identical sequences were collapsed into “fastqcoll files”, which were groomed using DArT’s proprietary algorithm 
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 PL’s C++ algorithm at the threshold distance 
of 3 (number of difference in bases occupying 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 approximately 
1,000 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 criteria for high quality/low error rate markers.  A total of 
29,552 SNPs were identified. 

2.5 SNP Quality Control Filtering 

SNPs identified by the DArTsoft14 pipeline were subject to a further series of quality control filters based on 
descriptive statistics from the DArTSeq pipeline. 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/locus 
≥ 0.95, missing data/individual ≤ 0.01, and missing data per individual < 5%. After filtering, a total of 6398 loci 
and 516 (of 524) individuals remained (Appendix 1). 

2.6 Locus Selection 

Filtered SNPs were subject to further checks for departure from Hardy-Weinberg equilibrium and gametic-phase 
disequilibrium expectations. Testing for Hardy-Weinberg equilibrium made use of custom R scripts and the R 
packages SNPassoc (González et al. 2007) and pegas (González et al. 2007, Paradis 2010, R Core Team 2014). 
Testing for gametic-phase disequilibrium made use of custom R scripts (supplementary material) and the R 
packages doParallel (Calaway et al. 2014) and Adegenet (Jombart 2008). Both Hardy-Weinberg and gametic-
phase disequilibrium testing was carried out separately for each sampling site, and only applied to sites where 
the sample size was greater than 20. For Hardy-Weinberg 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 disequilibrium we removed loci 
with R2 values > 0.8 in 5 or more of the 13 sampling sites. After these filters 5584 loci remained. Further analyses 
completed with different thresholds (3-7 populations) for numbers of populations in LD and HWE testing 
returned near-identical results (data not shown). 

2.7 Testing for Markers Under Selection 

We used the R package OutFlank (Whitlock & Lotterhos 2015) to identify outlier loci putatively under the 
influence of directional selection. The approach implemented in Outflank is based on an improved method for 
deriving the null distribution of population differentiation for neutral loci. It results in fewer false positive than 
other outlier tests, which are more influenced by the effects of demographic history (Lotterhos & Whitlock 2015). 
We ran Outflank with 5% left and right trim for the null distribution of FST, minimum heterozygosity for loci of 
0.1, and a 5% false discovery rate (q value). 156 putatively SNPs under putative directional selection were 
identified.  These loci were removed from further analyses unless noted. The outlier analysis was repeated 
separately on a dataset consisting of samples collected from the coastal Kimberley only (N = 484; i.e. excluding 
the Rowley Shoals and Scott Reef).  
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Outlier loci were Blasted against the Ensemble database to search for significant homology to genes of known 
function. Search criteria were maximum E-value of 1.00E-05 and identity ≥ 85%. 

2.8 Descriptive Statistics 

Levels of genetic diversity (observed and expected heterozygosity, allelic richness) and the inbreeding coefficient 
(FIS) were calculated for each sampling site with the R package Hierfstat (Goudet 2005).  

2.9 Genetic Sub-Division 

The fixation index of genetic sub-division (FST) was estimated overall and pairwise between each sampling site 
according to the (Weir & Cockerham 1984) method with the R package StAMPP (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 genic differentiation among sampling sites and between coastal Kimberley sampling sites 
were conducted with GenePop (Rousset 2008), based on genotypic differentiation and exact G tests. MCMC 
settings were as follows: dememorization 1000, batches 100, iterations per batch 1000. 

2.10 Isolation by Distance 

We applied Mantel tests to evaluate correlations between linearised FST (FST/(1-FST) and distance as well as 
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 1m as this was the minimum depth specifiable.  These estimates were calculated with 
the Marmap R package (Pante & Simon-Bouhet 2013) and based on the GEBCO 2014 30-second bathymetry 
available from the British Oceanographic Data Centre. Oceanographic resistance was calculated from particle 
tracking simulations (see below). We employed partial Mantel tests to test for a correlation between linearised 
FST and oceanographic resistance while controlling for log(geographic distance). This analysis was conduced with 
the Vegan package in R (Oksanen et al. 2007). 

2.11 Oceanographic Connectivity 

Hydrodynamic connectivity between sampling sites in the coastal Kimberley was calculated through particle 
tracking simulations nested within a Regional Ocean Modelling System with 2 km resolution to construct a site-
pairwise matrix of oceanographic connectivity.  The model was nested within the Ocean Forecasting for Australia 
Model 3 (OFAM3) simulation (Feng et al. 2016) and forced by 3-hourly meteorological measures derived from 
Kobayashi et al (2015). The model simulation was based on data from 2011. Hourly sea surface current velocities 
(0-5 m) were extracted from the model output and used for particle tracking modelling. A total of 100 particles 
were seeded at each sampling site for the entire year at 3-day intervals. T. niloticus in King Sound is reproductively 
active all year, whereas elsewhere its reproduction is seasonal (Gimin & Lee 1996). A 4th-order Runga-Kutta sub-
time-stepping scheme was used to update the particle locations every hour (Feng et al. 2010). Using the random 
walk effect of 1 m2s-1, particles were tracked for 8 days. The locations of particles were recorded during the 
period 4-8 days. T. niloticus larvae are non-feeding and become competent to settle after 3-4 days (Heslinga & 
Hillmann 1981), but because  larvae can remain swimming for up to 10 days in the absence of settlement cues 
(Heslinga 1981) we allowed a further competency period of 4 days for settlement. The grid size for tracking the 
particles from each sampling site was set to 500m x 500m. Connectivity among sampling sites was estimated as 
one 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 symmetrical we summed connectivity between i and j and 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 an oceanic resistance as 1- oceanographic connectivity. Values were arcsine transformed 
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before further analysis. 

2.12 Principal Components Analysis and Discriminant Analysis of Principal Components 

Initially we employed the k-means algorithm to evaluate support for between one and fifteen potential clusters 
(K) in the data. This was implemented in the R package adegenet 2.0. 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. In addition, a principal components analysis was conducted on the 
data with the glPCA function in adegenet 2.0. All analysis was repeated on the coastal sites only (excluding the 
Rowley Shoals and Scott Reef). 

2.13 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 2.3.4 (Pritchard et al. 2000) 
run on the CSIRO Accelerator Cluster “Bragg”.  Structure seeks to group individuals in such a way that the groups 
maximise conformity to Hardy-Weinberg and linkage equilibrium. We ran Structure across multiple pre-defined 
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 13 sampling sites and varied K between 2 and 16, we conducted the same 
analysis on the coastal sites only.  The fits of alternative models were evaluated with the Delta K method (Evanno 
et al., 2005) implemented in Clumpak (Kopelman et al., 2015) and based on 20 independent runs for each value 
of K. For all runs we incorporated a 200,000 iteration burnin followed by 500,000 clustering iterations. We 
ensured the adequacy of the run length by checking the runtime likelihood and alpha for stability. For all runs we 
assumed that allele frequencies were correlated between sampling sites and allowed for admixture. We 
repeated runs with and without location information incorporated as a Bayesian prior.   

3 Results 

3.1 Descriptive Statistics 

5,428 SNP loci remained after QC filtering, Hardy-Weinberg and Linkage disequilibrium filtering and outlier 
analyses. Table 1 reports estimates of genetic diversity at each sampling site and overall. The two offshore sites 
exhibited lower observed and expected heterozygosity than coastal sites. 

3.2 Loci under selection 

In an analysis of the full dataset, 156 loci were identified as being positive outliers, consistent with being under 
directional selection. No loci showed evidence of stabilising selection. In the coastal Kimberley dataset (excluding 
the Rowley Shoals and Scott Reef) no outlier loci were identified. None of the outlier loci showed significant Blast 
homology to genes against the Ensembl genome database. 

3.3 Genetic Sub-division 

The overall level of genetic subdivision based on the putatively neutral markers as estimated by FST was 0.0053 
(±0.0001SE), which corresponded to a significant genotypic differentiation among sampling sites (P < 0.001). FST 
based on outlier loci was 0.0998 (±0.0051SE). FST among the coastal Kimberley sites was 5.44 x 10-5 (± 8.89 x 10-
5SE), which corresponded to a non-significant difference in genotypic differentiation (P = 0.19). Pairwise FST 
between Kimberley sites was typically low (Table 2), and only 11 of 105 pairs were significantly different from 
zero at P < 0.05. FST between Scott Reef and the Rowley Shoals was 0.0163 (±0.0001SE), which was significantly 
different from zero (P < 0.001).  FST between combined Kimberley sites and combined offshore sites was 0.0348 
(± 0.0008), which was significantly different from zero (P < 0.0001), but FST based on outlier loci was 0.3518 
(±0.0022).  
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Table 1. Descriptive statistics for 5428 neutral SNP markers genotyped in 514 individual T. niloticus from Western Australia. N mean number of 
samples; He expected heterozygosity; Ho observed heterozygosity; Fis inbreeding coefficient; Ar allelic richness. All values are ± standard error in 
parentheses. 

Site (north-south) Region N He Ho Fis Ar 

Bathurst Is. North Coastal 27.836 (0.006) 0.304 (0.002) 0.280 (0.002) 0.073 (0.003) 1.550 (0.004) 
Bowles Reef Coastal 32.799 (0.007) 0.307 (0.002) 0.282 (0.002) 0.079 (0.003) 1.553 (0.004) 
Irvine Island Coastal 5.964 (0.003) 0.306 (0.003) 0.278 (0.003) 0.064 (0.005) 1.553 (0.004) 
Frazer Island Coastal 13.916 (0.004) 0.304 (0.002) 0.280 (0.002) 0.068 (0.004) 1.554 (0.004) 
Barrett Rock Coastal 38.779 (0.008) 0.307 (0.002) 0.282 (0.002) 0.078 (0.003) 1.554 (0.004) 
Longitude Island Coastal 5.962 (0.003) 0.303 (0.003) 0.281 (0.003) 0.049 (0.005) 1.554 (0.004) 
Asshlyn Island Coastal 39.779 (0.008) 0.307 (0.002) 0.286 (0.002) 0.066 (0.003) 1.555 (0.004) 
Pope Rock Coastal 30.824 (0.007) 0.304 (0.002) 0.281 (0.002) 0.073 (0.003) 1.537 (0.004) 
Tide Rip Island Coastal 37.772 (0.008) 0.304 (0.002) 0.279 (0.002) 0.081 (0.003) 1.537 (0.005) 
Jalan Coastal 53.693 (0.010) 0.305 (0.002) 0.284 (0.002) 0.072 (0.003) 1.556 (0.004) 
Janinko Coastal 38.765 (0.008) 0.305 (0.002) 0.283 (0.002) 0.073 (0.003) 1.551 (0.004) 
Ngoorroodool Coastal 34.801 (0.008) 0.306 (0.002) 0.285 (0.002) 0.068 (0.003) 1.550 (0.004) 
Noyon Coastal 44.744 (0.009) 0.306 (0.002) 0.284 (0.002) 0.071 (0.003) 1.555 (0.004) 
Mermaid_Island Coastal 47.708 (0.009) 0.306 (0.002) 0.281 (0.002) 0.078 (0.003) 1.545 (0.005) 
Ardinoogoon Coastal 27.859 (0.006) 0.307 (0.002) 0.290 (0.002) 0.055 (0.003) 1.556 (0.004) 
Rowley Shoals Oceanic 26.658 (0.012) 0.297 (0.002) 0.272 (0.002) 0.083 (0.003) 1.551 (0.004) 
Scott Reef Oceanic 4.937 (0.004) 0.301 (0.003) 0.264 (0.003) 0.084 (0.006) 1.551 (0.004) 
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Table 2. FST values for pairwise comparisons (below diagonal). Calculated in R using package STAMPP based on the Weir & Cockerham (1984) 
method. P values ≤ 0.5 indicated with * calculated based on 1000 bootstraps over loci. Grey cells indicate FST of zero.
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3.4 Isolation by distance and oceanic resistance 

Within the coastal Kimberley there was no significant relationship between linearised FST and shortest cross-
water distance between sampling sites (R = 0.042, P = 0.36). Neither was there a significant relationship between 
linearised FST and oceanographic resistance (R = -0.04, P = 0.62).  Geographic distance and oceanographic 
resistance were strongly correlated based on both the 8 day particle tracking run (R = 0.76, P < 0.01), and the 40 
day particle tracking run (R = 0.77, 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 8 day (R = -0.118, 
P = 0.809), or 40 day runs (R = -0.169, P = 0.902). 

 

3.5 Model-based clustering 

The data best supported two genetically discrete groups of T. niloticus individuals; maximum ΔK was obtained 
for K of two whether location prior was included or not (ΔK = 321.4 and 34.8 respectively; Appendix 2). 

 

3.6 Principal Components Analysis and Discriminant Analysis of Principal Components 

The k-means algorithm was optimised at K = 2 (Appendix 2). Both principal components and DAPC analyses 
revealed that these groups corresponded exactly to offshore and coastal sites (Figure 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. 

 

 

 
Figure 3. Bar plots indicating probability of ancestry (q) for 514 individual T. niloticus individuals from the coastal 
Kimberley and from the Rowley Shoals and Scott Reef. Plots are based on K = 2 (2 genetic clusters assumed). 
Individuals are represented by vertical bars, each divided according to their estimated probability of ancestry 
from each of 2 genetic clusters (represented by blue and orange). Coastal sites are ordered north-south from 
left-right. Upper panel indicates analysis completed with locations set as Bayesian priors in the analysis.  Lower 
panel shows results without prior location assumptions.
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Figure 4. Principal components analysis for 514 T. niloticus 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 c. 77% of the points from each sampling site (1.5 * variance). In the legend samples are 
ordered north to south, but with the two offshore sites listed last. 
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4 Discussion and Conclusions 

Harvested trochus populations from the west Kimberley and adjacent offshore reefs represent two genetically 
and demographically independent units, with the oceanic trochus populations being further subdivided into two 
largely independent units corresponding to the Rowley Shoals and Scott Reef. The very high levels of genetic 
subdivision between oceanic and coastal populations exhibited in a subset of loci, also indicate that divergent 
selection is driving evolutionary adaptation to these distinctive environments. 

These conclusions are based on a large dataset of both individuals, and particularly, SNP markers, meaning that 
unlike previous genetic studies of T. niloticus (Borsa & Benzie 1996), the power to detect population structure 
was high (Willing et al. 2012). Accordingly, the lack of genetic structure observed within the most heavily 
harvested region between the Dampier Peninsular and Buccaneer Archipelago strongly indicates that it 
represents a single genetic unit. 

The small sample size for Scott Reef reflects the difficulty of collecting T. niloticus at this heavily harvested 
location (Skewes et al. 1999). While it would be ideal to base analyses on larger samples from this location, the 
principal components and model-based clustering analyses based on individual genotypes rather than 
population-based allele frequencies indicate that samples from Scott Reef are readily distinguished from coastal 
populations, and are also distinct from the Rowley Shoals. Furthermore, the large number of SNP markers 
employed here means that the estimate of FST are likely highly accurate (Willing et al. 2012). 

 

4.1 Connectivity between coastal and oceanic reefs 

This is the first time that levels of realised connectivity between coastal Kimberley and offshore reefs has been 
characterised. It confirms modelling results that the two regions have very limited hydrodynamic connectivity 
(Condie & Andrewartha 2008, Kool & Nichol 2015), which in part explains the widely divergent reef biotas. It is 
also consistent with recent observations in a species of coral that exhibit strong genetic subdivision between 
oceanic and coastal regions (sub-report 1.1.3.1). The magnitude of the subdivision in the corals was up to an 
order of magnitude greater than in T. niloticus, however, likely indicative of a much smaller effective population 
size, or less dispersive ability in the corals.  

Hydrodynamic modelling predicts that if larvae can remain suspended for longer than a month they may be 
transported between the isolated oceanic atoll systems such as Scott Reef and the Rowley Shoals (Kool & Nichol 
2015). This has now been tested in a number of species including fishes and corals, which confirm that transport 
is uncommon enough that the systems are demographically independent (Underwood et al. 2009, Underwood 
et al. 2012). T. niloticus adds a further example but the magnitude of the differentiation between Scott Reef and 
the Rowley Shoals is an order of magnitude larger than that observed in the Pomacentrid fish Chromis 
margaritifer (Underwood et al. 2012), and an order of magnitude lower than that observed between corals 
(Underwood in review), likely reflecting different capacities for dispersal and/ or population sizes in these 
organisms. 

These oceanic atolls systems therefore can be considered to operate independently on ecological timescales 
relevant to management since recovery after disturbances is unlikely to be driven by recruitment from outside 
in the short term. This is relevant to the ongoing harvest of T. niloticus from Scott Reef by artisanal Indonesian 
fishers, where the stock is believed to be significantly depleted (Skewes et al. 1999). This stock is unlikely to 
recover unless local recruitment is increased because recruitment from other sources is demographically 
insignificant. Similar conclusions have been drawn for corals on these atolls, which are vulnerable to bleaching 
(Gilmour et al. 2013).  

Translocations have been extensively used throughout the range of T. niloticus to supplement over-harvested 
stocks, with mixed success (Stutterd & Williams 2003). Our finding that oceanic populations exhibit signs of 
adaptive differentiation from coastal populations indicate that any supplementation of oceanic populations like 
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Scott Reef would best be sourced from populations sharing similar oceanic environmental conditions. The same 
principle should be considered elsewhere in the Indo-Pacific for translocations, de novo establishment, or 
aquaculture in this species. Whether the low success rate of re-seeding of T. niloticus (Stutterd & Williams 2003) 
can be attributed in part to mal-adaptation is unclear.  

 

4.2 Connectivity among coastal reefs in the Kimberley 

The lack of any observable genetic structure within the coastal Kimberley region indicates that this region 
functions effectively as a single demographic unit, and should be considered as such for management purposes. 
This result is consistent with those for T. niloticus on the Great Barrier Reef (Borsa & Benzie 1996), yet is 
somewhat paradoxical considering the apparently brief non-feeding larval period, and belief that larval dispersal 
and gene flow is limited in the species (Foale & Day 1997), as it is in related marine gastropods with similar larval 
life-histories (Prince et al. 1987, Temby et al. 2007). The reasons for this observation are unclear, however two 
unique properties of the Dampier peninsular and Buccaneer archipelagos may be relevant.  First, the region 
experiences extreme tidal velocities up to 2 m/s (Cresswell & Badcock 2000), which in principle are capable of 
transporting buoyant objects almost the length of the region in a single 6 hour tidal cycle. The second is that T. 
niloticus in the region, unlike most other parts of their range, reproduce continuously throughout the year.  
Larvae are therefore exposed to the complete spectrum of hydrodynamic conditions experienced in the region. 

Its been argued that close placement of reserves for T. niloticus to harvested areas is a way to account for local 
recruitment patterns in the species (Heslinga et al. 1984).  In the case of King Sound, however, the hydrodynamic 
mixing appears to be strong enough that reserves within the region would be well connected to harvested areas. 
It’s unclear why other species investigated in this project, specifically the seagrasses Thalassia hemprichii and 
Halophila ovalis (sub-report 1.1.3.2) and the corals Acropora aspera and Isopora brueggmanni (sub-report 
1.1.3.1) do not also exhibit the same level of mixing in this region. It points to differences in larval behaviour in 
relation to the hydrodynamics, the more seasonal reproduction, or potentially differences in settling behaviour 
as being key differences. 

This investigation had a limited spatial scope in comparison to the broad Indo-Pacific range of T. niloticus, 
capturing the south-westernmost part of its range. Indeed, even within the Kimberley region, the region of high 
density in the Buccaneer Archipelago is disjunct from other high density populations in Australia, Indonesia and 
on offshore atolls (Stutterd & Williams 2003). The broad distribution of T. niloticus in the tropical Indo-Pacific 
incorporating a diversity of reef types and hydrodynamic conditions means that it is unlikely that the spatial scale 
of genetic structure will be reflected throughout its range. Considering the economic and cultural significance of 
the species to many people (Amos 1997), a broader investigation of population structure in T. niloticus and its 
biophysical drivers deserves consideration.  

One aspect of interest is the relationship between T. niloticus populations in Indonesia to those on the Australian 
coast and oceanic atolls.  Based on the path of the ITF, populations inhabiting oceanic atolls may have a greater 
affinity to those in Indonesia than coastal Australia, with the Kimberley populations being relatively isolated from 
the “coral triangle” centre of marine tropical biodiversity (Wilson 2013). This was an observation made in the 
seagrass Thalassia hemprichii (sub-report 1.1.3.2), for which Kimberley populations exhibit lower genetic 
diversity, and less genetic affinity to those in Indonesia than Australian populations further south and with more 
direct exposure to ITF derivative currents. The Kimberley maintains a biodiverse reef fauna (Wilson 2013), and if 
insularity is common among these species, it indicates that the origins of this biodiversity may to some extent be 
independent of the mega-biodiverse coral triangle. 

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 (Wilson 2013). Our results 
indicate that both of these hypotheses are likely true. Not only is there little genetic exchange in T. niloticus 
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between the coast and oceanic reefs, but a significant number of genomic regions exhibit very strong 
differentiation that is consistent with evolutionary adaptation to local conditions. We anticipate similar results 
would be evident for other species with equal or lower larval dispersal capabilities to T. niloticus. 

T. niloticus is harvested from both coastal and oceanic reefs, each under separate management (Fletcher & 
Santoro 2013). Populations in both environments exhibit signs of over-harvest, particularly the oceanic reefs 
(Skewes et al. 1999). The separate management of these regions is consistent with the evidence for their isolation 
presented here. There are two additional implications for management of T. niloticus. First, the isolation of the 
offshore reefs from any other source of recruits indicates that they are almost entirely reliant on local 
recruitment to offset harvest. The heavy harvest and resulting low density of T. niloticus at Scott Reef, coupled 
with a broadcast-spawning reproduction, indicates the capacity for local recruitment is likely heavily reduced. 
Second, T. niloticus on the Dampier Peninsular and Buccaneer Archipelago can be considered a single stock on 
the ecological timeframes relevant to harvest management. Over-harvested sites within this region will be 
replenished with recruits from neighbouring sites within years, so long as management ensures that such sites 
exist, and allowing for the slow growth of the species. 
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9 Appendices 

Appendix 1. Frequency histograms of descriptive statistics used to filter 28,076 single nucleotide 
polymorphisms in Tectus niloticus. 
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Appendix 2. Identification of the number of genetic clusters in Tectus niloticus 

 

Figure A.1. Change in ΔK for different numbers of clusters in the data. Maximal ΔK indicates the best supported 
solution (Evanno et al. 2005). 

 

Figure A.2. Change in Bayesian Information Content (BIC) for increasing numbers of clusters in the data 
generated by the find.clusters function in the R package adegenet 2.0.  The best supported number of clusters 
is indicated by the inflection point (Jombart et al. 2010). 
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