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Abstract
While there is now strong evidence that many factors can shape dispersal, the mech-
anisms influencing connectivity patterns are species-specific and remain largely 
unknown for many species with a high dispersal potential. The rock lobsters Jasus 
tristani and Jasus paulensis have a long pelagic larval duration (up to 20 months) and 
inhabit seamounts and islands in the southern Atlantic and Indian Oceans, respec-
tively. We used a multidisciplinary approach to assess the genetic relationships be-
tween J. tristani and J. paulensis, investigate historic and contemporary gene flow, 
and inform fisheries management. Using 17,256 neutral single nucleotide polymor-
phisms we found low but significant genetic differentiation. We show that patterns 
of connectivity changed over time in accordance with climatic fluctuations. Historic 
migration estimates showed stronger connectivity from the Indian to the Atlantic 
Ocean (influenced by the Agulhas Leakage). In contrast, the individual-based model 
coupled with contemporary migration estimates inferred from genetic data showed 
stronger inter-ocean connectivity in the opposite direction from the Atlantic to the 
Indian Ocean driven by the Subtropical Front. We suggest that the J. tristani and 
J. paulensis historical distribution might have extended further north (when water 
temperatures were lower) resulting in larval dispersal between the ocean basis being 
more influenced by the Agulhas Leakage than the Subtropical Front. As water tem-
peratures in the region increase in accordance with anthropogenic climate change, 
a southern shift in the distribution range of J. tristani and J. paulensis could further 
reduce larval transport from the Indian to the Atlantic Ocean, adding complexity to 
fisheries management.
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1  | INTRODUC TION

One of the main objectives of fisheries management is to ensure sus-
tainable exploitation and avoid stock depletion. Stocks generally re-
spond predictably to fishery pressure and are able to recover under 
moderate levels of exploitation (Pitcher & Hart, 1982). However, an 
inadequate delineation of biological units and a lack of information 
on the source-sink dynamics could compromise optimal exploitation, 
replenishment, and sustainability of stocks (Bernatchez et al., 2017). 
Despite this, fisheries management units are frequently based on 
territorial jurisdictions rather than on biological information (Reiss 
et al., 2009). In many cases, as with the model species used in our 
study, Jasus tristani and Jasus paulensis, management strategies are 
developed without basic connectivity and genetic data for the ex-
ploited species.

The Tristan rock lobster (J. tristani) and the St Paul rock lob-
ster (J. paulensis) are distributed in a narrow latitudinal band (~25° 
to 47° S) in the Southern Atlantic and Indian Oceans, respectively 
(Booth, 2006; Figure 1). They are regularly found in shallow waters 
to a depth of 200 m (Holthuis, 1991) but occur as deep as 600 m, 
as demonstrated by recent (2019) catches during deep-sea pots 
trials at Amsterdam Island (G. Duhamel, personal communication). 
Commercial harvesting of Jasus tristani occurs around the Tristan da 
Cunha Archipelago (Tristan da Cunha, Inaccessible and Nightingale 
Islands) and Gough Island (Roscoe, 1979; Scott, 2017). The resource 
is currently managed using Operational Management Procedures, 
and total allowable catches (TACs) are set annually for each island. 
Size limits and gear restrictions are also applied (Jeffs et al., 2013). 
While annual catches increased gradually from 331 t in 2001 to 442 
t in 2010 (Jeffs et al., 2013), CPUE values have declined since 2005 
(Glass, 2014). The intensive harvesting of the J. tristani population 
on Vema seamount in the 1960s led to the resource being consid-
ered “fished out” within two years (Heydorn, 1969) with little sign 
of recovery since then (von der Heyden et al., 2007). The J. paulensis 
fishery at St Paul and Amsterdam Islands (Duhamel, 1980; Pruvost 
et al., 2015; Vranckx, 1973) is operated from Réunion Island (land-
ing place) using one fishing vessel with associated motorized small 
boats. The fishery (operational since 1949/50) was overexploited in 
the 1970s (Pruvost et  al.,  2015), which led to the introduction of 
a number of management measures including the setting of a total 

allowable commercial catch (TACC), a minimum legal size limit, a 
closed season and the protection of egg bearing females (Jeffs 
et al., 2013). The fishery has now stabilized at a TACC of about 400 
tonnes with an increase in CPUE noted between 2001 and 2010 (G. 
Duhamel, personal communication). J. tristani and J. paulensis are 
currently treated as separate species for the purposes of fishery 
management with some acknowledgment of spatial differences in 
age and size structure. For example, the minimum landing size varies 
between the Tristan da Cunha islands and is set at 70 mm carapace 
length at Tristan and Nightingale, which gives females a chance to 
spawn before being captured (Scott, 2017). However, spatial genetic 
structure and source-sink dynamics are not explicitly taken into ac-
count in the management. Failure to incorporate genetic information 
into management plans can result in local reduction of populations 
and in reduced overall productivity or decreasing CPUE values 
(Ovenden et al., 2015).

Advances in both genetic technologies and numerical model-
ing, and their integration into multidisciplinary approaches have 
improved our understanding of the complex factors that influence 
dispersal of marine species (Werner et al., 2007). Technological im-
provements and decreasing costs of sequencing (e.g., RAD-Seq), 
as well as powerful bioinformatics tools and statistical software 
accessibility, have resulted in an increasing use of high-resolution 
genomic markers (Davey et  al.,  2011). Markers, including single 
nucleotide polymorphisms (SNPs), have been applied in a range of 
marine animals, including nonmodel organisms, such as lobsters, 
and have proved to be useful for species delineation (e.g., Georges 
et al., 2018; Iguchi et al., 2019) and for estimating population con-
nectivity (Silva, Villacorta-Rath, et  al.,  2019). Similarly, individu-
al-based models (IBMs) have been used increasingly to infer larval 
dispersal and connectivity (Cowen et al., 2007; Gallego et al., 2007). 
Such models are generally forced by simulated fields from oceano-
graphic models. Increases in computational capabilities have enabled 
the development of more sophisticated, higher-spatial resolution 
oceanographic models, which in turn have allowed more detailed 
simulations of larval transport (Werner et  al.,  2007). Connectivity 
matrices from numerical models, with probabilities of larval dis-
persal between populations, have been combined with genetic dis-
tance and differentiation matrices in a seascape genetics approach 
(Selkoe et al., 2016). This multidisciplinary approach has enhanced 

F I G U R E  1   Sample locations and 
the approximate distribution range of 
J. tristani (blue) and J. paulensis (orange) 
(adapted from Booth, 2006). Triangles 
represent locations with both genetic data 
and individual-based modeling data (the 
latter corresponding to release sites in the 
individual-based model), circles represent 
locations with modeling data only, and the 
square represents a location with genetic 
data only
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our understanding of the complex drivers shaping population ge-
netic structure (e.g., Benestan et al., 2016; Lal et al., 2017; Sandoval-
Castillo et al., 2018; Singh et al., 2018; Young et al., 2015). Combining 
genetics with oceanographic modeling is particularly valuable for 
the conservation and management of marine populations as it can 
identify ecological and biophysical characteristics associated with 
particular biological units or stocks, and any asymmetries in source-
sink dynamics (Selkoe et al., 2016 and references therein).

Rock lobsters have a long pelagic larval duration (PLD; potentially 
up to 20 months, which has been recorded for the closely related 
species J. edwardsii; Bradford et al., 2015), and therefore, it has been 
traditionally assumed that there would be high levels of gene flow 
between populations. However, the concept of “open” populations 
is no longer considered valid as barriers to dispersal have been iden-
tified in a wide range of marine animals with medium to long pelagic 
larval durations (e.g., Mattingsdal et al., 2020; Silva, Villacorta-Rath, 
et al., 2019; Takeuchi et al., 2019; Thomas & Bell, 2013; Woodings 
et al., 2018). That said, species with a long PLD usually have low lev-
els of genetic differentiation among populations as a result of large 
dispersal potential, large population sizes and high fecundity (Cowen 
& Sponaugle, 2009). Still, genetic data can also overestimate aver-
age dispersal distance as a few individuals may sporadically disperse 
long distances, thus reducing genetic differences among populations 
(Shanks, 2009). While the duration of an organism's larval phase and 
the extent of any environmental barriers to dispersal can be import-
ant predictors of dispersal potential, other life history characteristics, 
such as larval behavior and postsettlement survival, can also play a 
role in promoting or limiting dispersal (Cowen & Sponaugle, 2009; 
Moksnes et al., 2014; Villacorta-Rath et al., 2018).

Jasus tristani and Jasus paulensis distribution ranges are located 
over 7,000  km apart but mitochondrial DNA (mtDNA) data have 
shown little to no genetic differentiation between these two species 
(Groeneveld et al., 2012; Ovenden et al., 1997). However, the authors 
highlight limitations and recommend increasing sample size and the 
amount of mitochondrial sequence data obtained from each individ-
ual as well as including nuclear sequences. In addition, George and 
Kensler (1970) noted that J. tristani and J. paulensis possess a significant 

morphological difference in the abdominal sculpture index. Although 
there is mixed evidence regarding the level of the divergence between 
J. tristani and J. paulensis, it is clear that this species pair is genetically 
distinct to all other Jasus species, including J. lalandii, which is distrib-
uted on the South African coast and situated only 3,000 and 4,000 km 
from the J. tristani and J. paulensis populations, respectively.

The recruitment dynamics and mechanisms of connectivity be-
tween J.  tristani and J.  paulensis remain largely unknown as is the 
linkage between these two geographically distant populations. As 
Groeneveld et al.  (2012) emphasised, the percentage of larvae dis-
persing from the South Atlantic to the Indian Ocean has not yet been 
quantified. Processes such as ocean currents (Chiswell & Booth, 1999) 
and larval behavior in response to environmental orientation cues 
(Hinojosa et al., 2016) can contribute to complex source-sink dynam-
ics. Given the difficulty in accessing and studying these species in 
their natural habitat due to the isolation of the islands and challenging 
sea conditions, genetic and modeling approaches are valuable tools 
to help understand population dynamics and connectivity and inform 
fisheries management (Hinrichsen et al., 2011; Waples et al., 2008). 
Therefore, in this study we combined genetic data obtained from 
high-resolution genomic markers (SNPs) with individual-based mod-
eling that incorporates flow fields from a large-scale oceanographic 
model. We assessed the connectivity among J. tristani and J. paulen-
sis populations and investigated the potential for contemporary and 
historical gene flow. We hypothesized that ocean currents directly 
influence the connectivity and genetic structure of J. tristani and J. 
paulensis populations. Because stocks are currently managed with-
out any information on source-sink dynamics, results from this study 
have application to ongoing fisheries management decision making.

2  | METHODS

2.1 | Genomic analyses

Tissue samples were collected in 2015 from three populations of 
J.  tristani (Gough Island, Tristan da Cunha Island and Nightingale 

TA B L E  1   Sample sizes for Jasus tristani and J. paulensis and summary statistics of genetic diversity per population using neutral 17,256 
SNPs

Species Population ID Location Coordinates (lat, lon) Sample size HO HE AR

J. tristani 31 0.183 0.505 1.83

JTR_Tr Tristan da Cunha Is −37.05353,
−12.2573

12 0.190 0.506 1.41

JTR_NI Nightingale Is −37.42991,
−12.48231

11 0.178 0.490 1.36

JTR_Go Gough Is −40.3574,
−9.93356

8 0.177 0.496 1.39

J. paulensis 67 0.176 0.272 1.87

JPA_Am Amsterdam Is −37.7715, 77.5177 50 0.173 0.270 1.42

JPA_SP Saint Paul Is −38.721, 77.56049 17 0.183 0.265 1.42

Total 98

Abbreviations: AR, allelic richness; HE, expected heterozygosity; HO, observed heterozygosity.
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Island) and two populations of J.  paulensis (Saint Paul Island and 
Amsterdam Island; Table 1). Tissue was stored in 70% ethanol before 
processing. Total genomic DNA was extracted using NucleoMag® 
Tissue (Macherey-Nagel) following the manufacturer's instructions. 
Library preparation and sequencing were conducted at Diversity 
Arrays Technology, Canberra, Australia and followed standard proto-
cols of DArTseq™ genotyping technology (Kilian et al., 2012). Briefly, 
approximately 100  ng (2  µl) of each sample was digested with the 
restriction enzymes PtsI and SphI, and unique barcode sequences si-
multaneously ligated onto the ends of each resulting fragment as per 
Kilian et al. (2012). The PstI-compatible adapter included an Illumina 
flow-cell attachment sequence, a primer sequence and unique bar-
code, with the reverse SphI-compatible adaptor contained in the 
flow-cell attachment region. A minimum of 15% random technical 
replicates were included for downstream quality control. Each sample 
with fragments containing both PstI and SphI cut sites was amplified 
in independent PCR reactions using the following conditions: 94°C 
for 1 min then 30 cycles of 94°C for 20 s, 58°C for 30 s, 72°C for 45 s, 
and 72°C for 7 min. Samples were then purified using a Qiagen PCR 
clean-up kit (Qiagen). Samples were checked visually on an agarose 
gel to ensure complete digestion and uniform range of fragment sizes. 
Using approximately 10 µl of each sample, samples were sequenced 
on a single flow-cell lane on the Illumina HiSeq2500 for 77 cycles.

Libraries were demultiplexed, and reads were filtered for over-
all quality (–c, –q and –r options) using process_radtags in STACKS 
v.2.0b9 (Catchen et  al.,  2013). The Stacks pipeline denovo_map.pl 
was executed to run each of the Stacks modules individually (ustacks, 
cstacks, sstacks, and populations).

To optimize the de novo assembly, we tested a range of parame-
ters, including m (minimum stack depth) from 3 to 7 and M (distance 
allowed between stacks) and n (distance allowed between catalog 
loci) from 1 to 9, as recommended by Rochette and Catchen (2017) 
and Paris et al.  (2017). The parameter test showed that M = 3 and 
n = 3 (the M and n parameters were kept equal) provided a balance 
between obtaining true polymorphism and introducing sequencing 
error (i.e., the number of widely shared loci plateaued at about M = 3 
and n = 3) and that M = 3 and n = 3 was sufficient to stabilize the 
proportions of loci with 1–5 SNPs. Therefore, we retained M = 3 and 
n = 3 for the main analysis. The high coverage with the value of m = 3 
(67×) and consistent results with m = 3 to m = 7 imply a true biologi-
cal signal. As m = 3 also performs well for a broad range of data sets 
(Paris et al., 2017; Rochette & Catchen, 2017), we retained m = 3 
for the main analysis. Reads were aligned de novo with each other 
and a catalogue of putative RAD tags was created (cstacks module). 
Putative loci were searched against the catalog (sstacks module) and 
further filtering was then conducted in the populations module.

Retained reads were present in at least 50% of samples within 
each species, detected in at least one species, had a rare allele fre-
quency of at least 20%, and had no more than 2 alleles detected. 
Potential homologs were excluded by removing markers with het-
erozygosity >0.50 within samples following Hohenlohe et al. (2011). 
Individuals with more than 50% missing data were removed, result-
ing in a total of 98 samples (Table 1).

Allelic richness was estimated using hierfstat (version 0.04-22) in 
R (Goudet, 2005). Pairwise FST values and respective p-values were 
estimated using the software GenoDive version 3.0 (Meirmans & Van 
Tienderen, 2004). The R package adegenet version 2.1.1 was used to 
estimate observed and expected heterozygosity and for estimating 
membership probabilities using the compoplot() function in ade-
genet (Jombart,  2008). Genetic structure was further investigated 
with principal component analyses (PCA) using the R package stats 
version 3.5.1 (R Core Team,  2018). Outlier analyses were used to 
identify signatures of selection and two complementary approaches 
were conducted. In BayeScan (version 2.1), prior odds were set to 
100 to minimize the chance of false positives with 5,000 pilot runs, 
followed by 100,000 iterations (5,000 samples, a thinning interval of 
10, and a burn-in of 50,000) (Foll & Gaggiotti, 2008). PCAdapt (ver-
sion 4.0.3) is a hierarchical Bayesian model to determine population 
structure with latent factors and identifies outlier loci that contrib-
ute disproportionately to explaining each of the latent factors (Luu 
et al., 2017).

2.2 | Migration estimates

To infer contemporary migration (first generation migrants), 
GeneClass2 (Piry et al., 2004) was used. In order for the GeneClass2 
analysis to be computationally tractable, three subsets of 100 ran-
domly chosen SNPs were tested (SNP subsets 1, 2 and 3). Migrants 
were detected by calculating the ratio of the likelihood computed 
from the population where the individual was sampled over the 
highest likelihood value among all population samples, including the 
population where the individual was sampled (Paetkau et al., 2004). 
The assignment threshold was set to 0.01, using a Bayesian method 
(Rannala & Mountain, 1997). Monte-Carlo resampling method takes 
into account the sampling variance inherent to the limited size of 
the reference datasets to better control type I error rates (Paetkau 
et al., 2004). Monte-Carlo resampling was based on the simulation 
of 10,000 individuals with a Type 1 error of 0.01 over all scored 
loci and individuals were assigned to the location with the highest 
likelihood.

Historical migration (from the current generation back to the 
most recent common ancestor) was estimated using a coalescent 
method implemented in MIGRATE 3.7 (Beerli & Felsenstein, 2001). 
In order for the MIGRATE analysis to be computationally tractable, 
three subsets of 100 randomly chosen SNPs were tested (SNP sub-
sets 1, 2 and 3). Five independent runs were built for each subset 
of 100 SNPs and checked for convergence and the best run was se-
lected. Runs were started under the SNP model using values of Θ 
(theta) and M (migration rate) calculated from FST values. The first 
10,000 runs were discarded as burn-in for each chain and runs con-
sisted of sampling increments of 100 iterations with 10 replicates. 
Model convergence of MIGRATE analyses was confirmed using 
TRACER 1.7 (Rambaut et  al.,  2018). The number of migrants per 
generation was estimated using:

(1)xNm = Θ ×M
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where Θ (theta) is a constant value per population generated from FST 
calculations and M are mutation-scaled immigration rates.

2.3 | Individual-based modeling

An individual-based modeling (IBM) approach was used to investi-
gate the transport and population connectivity of Jasus tristani and 
J. paulensis. The ocean flows used to drive the IBM were extracted 
from a global oceanographic model, specifically a 1/12° application 
of the Nucleus for European Modelling of the Ocean (NEMO) mod-
eling framework, provided by the National Oceanography Centre, 
Southampton, UK. NEMO is a versatile modeling system that has 
been used for a range of modeling studies from regional to global 
scales, and the ability of the 1/12° configuration to represent key 
oceanographic features has been demonstrated (e.g., Deshayes 
et al., 2013; Marzocchi et al., 2015; Sérazin et al., 2015). Full details 
of the model may be found in Marzocchi et al. (2015). In summary, 
the model run was started from rest in 1978, initialized from the 
World Ocean Atlas (WOA) 2005 climatological fields. The simulation 
was forced by 6-hourly winds, daily heat fluxes, and monthly precipi-
tation fields. The model output fields used for this study comprised 
5-day mean velocities for 2000 to 2011, extracted for the region 
70°W to 90°E, and 55°S to 0°S.

The mean flows from the oceanographic model were used to 
simulate the transport of Lagrangian particles representing the 
planktonic larvae of Jasus lobsters, using an established individu-
al-based model: the Hydrodynamics-based Algorithm for Lagrangian 
simulations (HAL; Fox et al., 2006; Young et al., 2012). This model 
has been applied previously to studies of zooplankton transport 
(Young et  al.,  2014), and for the simulation of fish egg and larval 
transport (Fox et al., 2006; Young et al., 2015, 2018). Although HAL 
includes modules allowing the simulation of temperature-dependent 
growth and mortality, diel vertical migration and directed swimming, 
there is insufficient information on the early life stages of J. tristani 
for inclusion of such complexity, and the model implementation 
was therefore comparatively simplistic. Specific model parameter-
izations for the simulation of Jasus sp. larvae considered spawning 
location and timing, depth distribution of larvae, and the duration 
of the pelagic larval stage. In summary, particles were advected at 
each model time step (30 min) according to the imposed three-di-
mensional velocity field, using a second-order Runge-Kutta method, 
with additional horizontal and vertical diffusions included using a 
random-walk approach (Dyke, 2001). Particles were released at six 
locations (JTR_Go, JTR_Tr, Ve, S1, JPA_Am, JPA_SP) with known 
populations of Jasus tristani and J. paulensis (Groeneveld et al., 2012; 
Figure 1), at model grid cells with a depth shallower than 1,000 m in 
order to capture the distribution of suitable spawning regions (to an 
observed depth of 600m). 100 particles per grid cell per day were 
released for the duration of the spawning period, August to October, 
for each of 10  years (2000–2009). Subsequent particle transport 
was simulated for a total possible planktonic period of 22 months, 
with particles randomly distributed within the upper 200m of the 

ocean. Successful metamorphosis to the puerulus stage and sub-
sequent recruitment was allowed from 15  months, dependent on 
the arrival of a phyllosoma larva in a “recruitment zone” defined as 
model grid cells within 100km of one of the defined population sites. 
Due to limited observations of J. tristani and J. paulensis, the choice 
of parameterization was based on observations and prior modeling 
studies of J. edwardsii and J. lalandii, which have been studied in con-
siderably more detail (e.g., Bradford et al., 2015; Bruce et al., 2007; 
Pollock, 1986; Stanley et al., 2015). However, the assumed spawn-
ing and planktonic periods agree with the limited observations of 
J. tristani phyllosoma and pueuruli (Vladimir Laptikhovsky, CEFAS, 
personal communication). Diel vertical migration (DVM) was not in-
cluded in the representation of larval transport; there are no data 
on DVM in J. tristani or J. paulensis phyllosoma, and observations of 
DVM in J. edwardsii suggest that well-defined DVM is only observed 
in late-stage larvae (Bradford et al., 2005). In total, >5.7 million simu-
lated particles were released over the 10 year study period.

For each simulation year, the percentage of larvae from each re-
lease site successfully recruiting to one of the defined recruitment 
zones was calculated, and the results were combined into connectiv-
ity matrices, Mt, for each year describing the proportion of individ-
uals arriving in a destination population (rows) from a given source 
population (columns). Summary matrices were then calculated de-
scribing the mean and standard deviation in connectivity, and the 
number of years with nonzero connectivity. Particles transported 
among J. tristani and J. paulensis sites (and vice versa) were identified 
and their trajectories analyzed to identify dominant inter-species 
connectivity pathways.

2.4 | Demographic modeling

Several hypotheses of divergence modes were tested, aiming to 
identify the best divergence mode of J. tristani and J. paulensis and 
the direction of contemporary and historical migration. Six mod-
els were built considering possible scenarios: (SI) Strict Isolation, 
where the environment (e.g., sea level change and ocean currents) 
promoted allopatry; (IM) Isolation-with-Migration, with continuous 
gene flow since divergence; (AM) Ancient Migration, with an ancient 
gene flow event but recent isolation; (SC) Secondary Contact, with a 
recent gene flow event after past isolation; (PAM) Ancient Migration 
with two ancient gene flow events but recent isolation; and (PSC) 
Secondary Contact with two recent gene flow events after past iso-
lation. All models were implemented allowing for asymmetric migra-
tion rates (m12, m21). In the models with two events of secondary 
contact (PAM and PSC), four parameters for migration rates were 
included (mA = m12 and mB = m21 in the first migration event and 
mC = m12 and mD = m21 in the second migration event) to deter-
mine changes in the direction of gene flow over time.

Demographic inference was performed using a folded joint site 
frequency spectrum (JSFS) in the diffusion approximation method 
implemented in the software ∂a∂i (Gutenkunst et  al.,  2009). The 
function vcf2dadi in the R package radiator (Gosselin,  2017) was 
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used to create ∂a∂i SNP input files. Models were fitted using 20 rep-
licate runs per model and the best model was retained. The Akaike 
information criterion (AIC) was used to perform comparisons among 
models (Sakamoto et al., 1986).

To compare among nested models of increasing complexity and 
address over-parameterization issues, we used the comparative 
framework of Tine et al. (2014) by penalizing models which contain 
more parameters. For each species pair, a score was estimated for 
each model using:

where ∆max corresponds to the difference in AIC between the 
worst and the best performing model (∆max  =  AICmax  −  AICmin) and 
∆AICi = AICi − AICmin. Therefore, the worst model has a score of 0 and 
the best model has a score of 1. To evaluate the relative probabilities 
of the different models within each species pair, Akaike weights (WAIC) 
were also calculated following:

where R corresponds to the total number of models considered (R = 6).
Demographic parameters were converted into indicative bio-

logical units, given the missing crucial information about mutation 
rate per generation in Jasus spp. The ancestral effective popu-
lation size (Nref) before split for each species pair was estimated 
following:

with θ being the optimal multiplicative scaling factor, μ the mutation 
rate (fixed at 2.3  ×  10−9 mutations per site per generation; Flynn 
et al., 2017), and L the effective length of the genome explored:

where x is the number of SNPs originally detected from y RAD tags 
of 73 bp present in the initial data set, and z the number of SNPs re-
tained, following Rougeux et al. (2017). Estimated units in 2Nref were 
converted to years assuming a generation time of 10  years (Pecl 
et al., 2009). Estimated migration rates were divided by 2Nref to obtain 
the proportion of migrants in every generation.

3  | RESULTS

3.1 | Genomic analyses

A total of 575,777,486 quality-trimmed sequencing reads were ob-
tained, providing an average depth of coverage per individual over 

all SNPs of 58.8x. The catalog contained a total of 1,362,887 loci 
and after applying the different filtering steps, 18,879 SNPs were 
retained for further analyses. Although sample sizes at some loca-
tions were low (e.g., JTR_Go n = 8), the high number of SNP mark-
ers provide the necessary statistical power to accurately determine 
population genetic structure (Willing et  al.,  2012). Mean missing 
data across all individuals were 28% (from 16% to 49% per indi-
vidual). Population JPA_Am showed the lowest values of observed 
heterozygosity, while JTR_Tr showed the highest values of observed 
heterozygosity. Overall J. tristani showed higher values of expected 
heterozygosity than J. paulensis (Table 1).

BayeScan identified 7 outlier SNPs and PCAdapt identified 1,623 
outliers, including the 7 outliers identified by BayeScan. Due to the 
fact that we are investigating neutral processes (e.g., drift and mi-
gration) only the 17,256 neutral SNPs were used for the following 
analysis.

In general, pairwise FST values were low (0 < FST <0.05) with the 
highest values observed for the comparisons JTR_NI with J. paulensis 
populations (FST = 0.05), while the lowest pairwise FST values were 
observed for the comparisons of J. paulensis populations (FST = 0). 
Significant pairwise FST values were observed for all J. tristani and J. 
paulensis comparisons (p < .01; Table 2).

The first principal component explained 29.88% of the total 
genetic variation and the principal component analysis grouped J. 
tristani and J. paulensis separately. Membership probability tests also 
indicated a clear differentiation between the genetic clusters with 
some evidence of admixture predominantly from J. paulensis to J. 
tristani (Figure 2).

3.2 | Migration estimates

Contemporary migration estimates showed stronger connectivity 
from west to east, with 71 to 86% of first generation of migrants 
being transported from the Atlantic (J. tristani) to the Indian Ocean 
(J. paulensis). The total number of first generation migrants from J. 
tristani to J. paulensis varied from 12 to 17 while migrants from J. 
paulensis to J. tristani varied from 2 to 7 across the different SNP sub-
sets (note that 61% of migrants were commonly identified across the 
three SNP subsets; Table 3). Historical migration estimates showed 
stronger connectivity from east to west, with 82%–86% of migrants 

(2)Score =
(Δmax − ΔAICi )

Δmax

(3)WAIC =
e

− ( ΔAICi )

2

∑

R
i= 1

e
− ( ΔAICi )

2
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�

4L�

(5)L =
zy73
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TA B L E  2   Pairwise FST values (below diagonal) and p-values 
(above diagonal) using 17,256 neutral SNPs

JPA_SP JPA_Am JTR_Tr JTR_Go JTR_NI

JPA_SP – .276 .001 .001 .001

JPA_Am .000 – .001 .001 .001

JTR_Tr .024 .021 – .068 .010

JTR_Go .031 .028 .011 – .020

JTR_NI .034 .028 .019 .033 –

Note: FST values where p < .01 are highlighted in bold.
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per generation being transported from the Indian Ocean (J. paulen-
sis) to the Atlantic (J. tristani). The total number of migrants per gen-
eration from J. paulensis to J. tristani varied from 62 to 107, while 
migrants from J. tristani to J. paulensis varied from 13 to 19 across the 
different SNPs samples (Table 3).

3.3 | Individual-based modeling

The mean connectivity matrix (Figure 3a) suggests asymmetric dis-
persal of Jasus larvae both between and within the ocean basins. 
Predicted transport among islands in the Atlantic is strongly south-
west to northeast, in accordance with the dominant anticyclonic 
flows of the South Atlantic gyre (Peterson & Stramma, 1991), with 
strong potential connectivity from both the Tristan da Cunha archi-
pelago and Gough Island to Vema Seamount. Similarly, predicted 
transport from Gough Island to the Tristan da Cunha archipelago is 
much stronger and more consistent than in the opposite direction 
(>12 times larger on average, and connectivity in 10  years versus 
7 years; Figure 3). Although there is a suggested dispersal of larvae 
from Vema Seamount to the Tristan da Cunha archipelago, it is weak 
and infrequent (nonzero connectivity in 6 years), and likely associ-
ated with the sporadic generation of eddies from the interaction of 
Agulhas rings with bathymetry (Schouten et al., 2000). Simulated 
dispersal of larvae among islands in the Indian Ocean is dominated 
by the anticyclonic circulation that predominates the large-scale 
circulation in this region of the Indian Ocean and encompasses the 

Agulhas current that flows southwestwards along the coast of Africa 
(Stramma & Lutjeharms, 1997). Thus, there is bidirectional connec-
tivity predicted among the J. paulensis populations at St Paul and 
Amsterdam Islands in all years (Figure 3c), and among these islands 
and Seamount 150 (belonging to the southwest Indian Ridge) in most 
years. However, there is stronger dispersal predicted from St Paul to 
Amsterdam than vice versa (>2.5 times larger), with the simulated 
percentage of particles from St Paul recruiting to Amsterdam Island 
greater than the percentage retained locally at Amsterdam Island 
(>1.5 times larger).

The mean connectivity matrix shows finite values below the 
diagonal and predominantly zero values above the diagonal, indic-
ative of potential inter-ocean transport predominantly from west 
to east, from islands in the Atlantic toward those in the Indian. 
All islands in the Atlantic show some level of potential connec-
tivity with islands in the Indian Ocean, with strongest and most 
consistent transport from Gough Island and Vema Seamount to 
Seamount 150 and St Paul Island. Transport from each of the 
three Atlantic islands to Seamount 150 is simulated in all 10 study 
years, with transport to St Paul Island from Gough Island and 
Vema Seamount in 9 and 8 of the 10 years, respectively. However, 
inter-ocean transport is achieved by only a minority of the total 
number of particles released at the Atlantic Islands. Such particles 
escape the dominant anticyclonic circulation of the south Atlantic 
gyre in the southeast where the dynamic fronts are weak (Graham 
& De Boer, 2013), and are subsequently transported eastward 
in the Subtropical Front (Figure  4a). The connectivity matrix 

F I G U R E  2   Principal component 
analysis (top) and membership probability 
plot (bottom) of J. tristani (JTR) and J. 
paulensis (JPA) using 17,256 neutral 
SNPs. JPA_SP: Saint Paul Island; JPA_Am: 
Amsterdam Island; JTR_Go: Gough Island; 
JTR_NI: Nightingale Island; JTR_Tr: Tristan 
da Cunha Island
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also suggests weak but consistent transport (all 10  years) from 
Seamount 150 to Vema Seamount. A small percentage of particles 
that are captured by the Agulhas Current in the southwest Indian 

Ocean continue into the Atlantic Ocean through Agulhas leakage 
and shedding of Agulhas rings (Lutjeharms, 2007). Turbulent mix-
ing in the Cape Basin region (Boebel et al., 2003) then entrains 
particles in the south Atlantic gyre (Figure  4b). Thus, there is a 
potential weak east to west stepping stone connectivity from is-
lands in the Indian Ocean to Vema Seamount. However, the model 
results show stronger inter-ocean connectivity from west to east, 
thus suggesting that contemporary connectivity is predominantly 
through transport of Atlantic J. tristani larvae to Indian Ocean pop-
ulations of J. paulensis.

3.4 | Demographic modeling

The demographic model with a scenario of two gene flow events 
after past isolation (PSC) provided better fits to the data with 
good predictions of the joint site frequency spectrum asymmetry 
(LogL = −2215.8, AIC = 4,447.6; Table 4, Figure 5b). The parameters 
of the demographic model for migration rates were in agreement 
with migration estimates based on genetic data (contemporary and 
historical) and with the individual-based model (contemporary con-
nectivity) showing stronger contemporary connectivity from west to 
east (transport of Atlantic J. tristani larvae to the Indian Ocean) and 
stronger historical migration from east to west (transport of J. pau-
lensis larvae from the Indian to the Atlantic Ocean). Contemporary 
migration rates (mJTR->mJPA = 18.3; mJPA->mJTR = 3.34) were higher 
than historical migration rates (mJTR->mJPA = 0.35; mJPA->mJTR = 0.98; 
Table 4). Estimated time since divergence was 38,519 years [18,982–
58,056]. Surprisingly, since divergence J. tristani and J. paulensis spent 
more time in strict isolation (TS = 18,798 years [13,414–24,182]) than 
in secondary contact (TSC = 461 years [0–8,443]).

4  | DISCUSSION

In this study, we found low but significant genetic differentiation 
between the rock lobsters J. tristani and J. paulensis using high-reso-
lution genomic markers. The individual-based model and contempo-
rary migration estimates inferred from genetic data showed stronger 
inter-ocean connectivity from the Atlantic to the Indian Ocean (west 
to east), while historical migration estimates showed stronger con-
nectivity from east to west (Figure 6). Results from this study have 
important implications for fisheries management, in particular by 
providing novel evidence of source-sink dynamics across ocean ba-
sins and by giving insight into the possible effects of future environ-
mental change on population connectivity.

4.1 | Species delineation

In our study, J. tristani and J. paulensis individuals were clustered 
into separate groups, with low genetic differentiation and some evi-
dence of admixture and gene flow. Pairwise values of differentiation 

TA B L E  3   Migration estimates using three subsets of 100 
randomly chosen SNPs (SNP subsets sample 1, 2 and 3). (a–c) 
Contemporary migration estimated using GeneClass2 (first 
generation of migrants). (d–f) Historical migration inferred from 
Migrate-n (number of migrants per generation)

Source

JPA_
Am

JPA_
SP

JTR_
Go

JTR_
NI

JTR_
Tr

Contemporary migration

(a)

Sink JPA_Am – 11 9 0 2

JPA_SP 11 – 1 0 0

JTR_Go 0 0 – 0 5

JTR_NI 0 0 3 – 3

JTR_Tr 0 2 3 2 –

(b)

Sink JPA_Am – 19 2 4 1

JPA_SP 11 – 1 1 3

JTR_Go 2 0 – 4 2

JTR_NI 1 0 0 – 4

JTR_Tr 0 1 1 5 –

(c)

Sink JPA_Am – 12 6 3 5

JPA_SP 8 – 0 1 2

JTR_Go 0 0 – 2 2

JTR_NI 0 2 2 – 3

JTR_Tr 4 1 1 2 –

Historical migration

(d)

Sink JPA_Am – 2.37 1.27 1.77 1.72

JPA_SP 14.88 – 2.24 1.49 4.57

JTR_Go 25.31 10.17 – 7.91 4.42

JTR_NI 27.82 3.35 1.95 – 6.52

JTR_Tr 10.98 2.80 1.94 3.05 –

(e)

Sink JPA_Am – 2.95 1.81 2.50 2.28

JPA_SP 22.24 – 4.34 2.77 5.46

JTR_Go 17.63 3.15 – 11.99 5.78

JTR_NI 39.42 5.63 9.15 – 6.40

JTR_Tr 30.74 10.67 7.24 4.17 –

(f)

Sink JPA_Am – 2.03 1.62 1.68 1.72

JPA_SP 13.02 – 1.80 3.91 2.53

JTR_Go 18.14 3.90 – 3.97 13.80

JTR_NI 18.09 6.03 6.65 – 2.10

JTR_Tr 12.93 3.20 1.71 10.36 –
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between J. tristani and J. paulensis were low but significant values 
were observed (ranging from 0.021 to 0.034). These are consistent 
with FST values observed among populations of other lobster species. 
For example, American lobster (Homarus americanus) populations 
had a highest pairwise FST of 0.004 (Benestan et al., 2015), for the 
Eastern Rock Lobster (Sagmariasus verreauxi) the highest FST = 0.001 
(Woodings et al., 2018), for the Southern rock lobster (Jasus edward-
sii) the highest FST  =  0.027 (Villacorta-Rath et  al.,  2018), and for 
the European lobster (Homarus gammarus) the highest FST = 0.018 
(Jenkins et  al.,  2019). Therefore, our study suggests high levels 

of genetic similarity between J. tristani and J. paulensis, which are 
higher than FST values observed among most populations in other 
lobster species.

Previous studies have shown mixed evidence regarding the 
taxonomic status of J. tristani and J. paulensis. George and Kensler 
(1970) noted that J. tristani and J. paulensis possess a significant 
morphological difference in the abdominal sculpture index. On the 
other hand, using mtDNA (cytochrome oxidase I gene), Groeneveld 
et al.  (2012) showed little to no genetic differentiation between J. 
tristani and J. paulensis and suggested they should be synonymized. 

F I G U R E  3   Simulated connectivity 
among island populations of Jasus tristani 
and Jasus paulensis expressed as: (a) mean 
connectivity as a percentage of particles 
from source populations (columns) 
successfully reaching destination 
populations (rows); (b) standard deviation 
in the annual connectivity; and (c) number 
of years with nonzero connectivity. 
Population identifiers are Tristan da 
Cunha archipelago (Tr), Gough Island (Go), 
Vema Seamount (Ve), Seamount 150 (S1), 
St Paul Island (SP) and Amsterdam Island 
(Am); see Figure 1 for locations. Mean 
and standard deviation in connectivity are 
plotted as log transformed percentages 
[log(10x + 1)] to better visualize the full 
range of values

F I G U R E  4   Dominant pathways of 
particles transported: (a) from Gough 
Island to St Paul Island (west to east); and 
(b) from Seamount 150 to Vema Seamount 
(east to west). Shading is the percentage 
of particles that reach the target region 
that pass through each model grid cell 
during the 10-year simulation period, 
2000–2009



2544  |     SILVA et al.

Using genome-wide data (2,596 SNPs) Silva et al. (2021) showed ev-
idence of admixture between J. tristani and J. paulensis but, in accor-
dance with this study, results showed that these species spent more 
time in strict isolation (TS = 10,524 years [±2,346]) than in second-
ary contact (TSC = 1,941 years [±618]) since initial divergence. Also, 
the Tristan da Cunha and Gough Islands and the Amsterdam and St. 
Paul Islands have been grouped in the same zoogeographic province, 
called the West Wind Drift Islands Province as there is evidence of 
the same fish species that are endemic to both regions (Collette & 
Parin, 1991). Therefore, the similarities in habitat type in this zoo-
geographic province combined with high potential for dispersal 
may have facilitated gene flow between J. tristani and J. paulensis. 
However, using a high number of genomic markers (17,256 SNPs), 
our study suggests low but significant differentiation among species.

4.2 | Historical and contemporary connectivity

In this study, historical migration estimated from the genetic data 
show stronger connectivity from east to west (from the Indian to 

the Atlantic Ocean), which is reflected in the higher genetic diver-
sity in the Indian Ocean, and in the admixture analyses (showing 
introgression of J. paulensis into J. tristani). Groeneveld et al. (2012) 
also detected higher levels of genetic diversity in the Indian Ocean 
populations suggesting that these (J. paulensis) are the putative an-
cestral populations. However, levels of genetic diversity can also re-
flect higher effective population sizes as there are probably more 
populations of J. paulensis distributed throughout the southern 
Indian Ocean, whereas J. tristani may be less widely distributed in 
the southern Atlantic (Booth, 2006).

Compared with other lobster species (e.g., Panulirus spp. and 
Palinurus spp.), J. tristani and J. paulensis are distributed through-
out a narrow range of temperatures (approximately 8–18°C; 
Booth,  2006). Therefore, with lower temperatures in the last gla-
cial maximum (LGM), the distribution range of J. tristani and J. pau-
lensis might have shifted north while tracking their thermal niche. 
In addition, decreasing oceanic temperatures and lower sea levels 
would have created newly available shallow benthic habitat for lob-
sters, allowing the colonization of northern areas (e.g., along the 
Walvis Ridge; Schaaf, 1996). Due to the high degree of uncertainty 

TA B L E  4   Results of model fitting for the different demographic scenarios: Strict Isolation (SI), Isolation-with-Migration (IM), Ancient 
Migration (AM), Secondary Contact (SC), Ancient Migration with two periods of ancient gene flow (PAM) and Secondary Contact with two 
periods of contact (PSC)

Model K LogL AIC Score WAIC Theta N1 N2

m
JTR->JPA

m
JPA->JTR

m
JTR->JPA

m
JPA->JTR TS

T

SC/AM

PSC 8 −2,216 4,448 1.00 1.0 564 0.34 1.08 0.35 0.98 18.3 3.3 8.9 0.2

SI 3 −2,387 4,780 0.93 0.0 2,543 0.01 0.01 – – – – 4–04 –

SC 6 −2,892 5,796 0.70 0.0 823 0.48 2.15 13.45 0.66 – – 11.7 1.0

IM 5 −3,039 6,089 0.64 0.0 1,384 0.42 1.18 15.21 3.68 – – – 10.8

PAM 6 −4,497 9,007 0.00 0.0 901 0.83 1.61 15.13 18.82 – – 3.8 0.1

AM 6 −4,266 8,544 0.10 0.0 312 2.36 2.64 11.29 12.89 – – 11.6 0.2

Note: K, the number of free parameters in the model; LogL, best maximum likelihood estimates over 20 independent runs; AIC, Akaike Information 
Criterion; WAIC, Akaike weight of model i compared to the best model; Theta, theta parameter for the ancestral population before split (θ = 4Nrefµ), 
with Nref being the effective size of the ancestral population, and μ the per-site mutation rate per generation. N1, the effective size of population 
1 before expansion; N2, the effective size of population 2 before expansion; m12, the neutral movement of genes from population 2 to population 
1 in units of 2Nref generations; m21, the neutral movement of genes from population 1 to population 2 in units of 2Nref generations; TS, the time of 
divergence in strict isolation in units of 2Nref generations; TSC/AM, the time of secondary contact/ancient migration in units of 2Nref generations.

F I G U R E  5   (a) Schematic of the 
best demographic model tested in the 
software ∂a∂i (Gutenkunst et al., 2009). 
PSC: Secondary Contact with two recent 
gene flow events after past isolation. 
m21 and m12: asymmetric migration rates; 
Nref: ancestral population size; N1, N2: 
population sizes after divergence; Ts: the 
time of divergence in strict isolation; TSC: 
total time spent in secondary contact. (b) 
Joint site frequency spectrum of the best 
model (PSC) for J. tristani and J. paulensis
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in paleoceanographic studies and the range of different proxies 
used, there is still debate around the position of the Subtropical 
Front (STF) and the volume of Agulhas leakage during the LGM 
(Kohfeld et al., 2013). The most geographically comprehensive study 
(Gersonde et al., 2003) suggests that the STF may have shifted equa-
torward by ~3° in the Atlantic; however, such a shift relates to the 
movement of specific isotherms and not temperature gradients, and 
it is known that identifying fronts, and their associated currents, by 
means of a single isotherm can be misleading (Chapman et al., 2020). 
Multiple proxies have been used to infer a reduction in Agulhas leak-
age at the LGM (e.g., Bard & Rickaby, 2009; Peeters et  al.,  2004). 
However, Franzese et  al.  (2006) concluded that the general posi-
tions of currents had not changed, and seasonal characteristics of 
some micropaleontological proxies suggested a stronger Agulhas 
leakage during winter (Martínez-Méndez et al., 2010). With this un-
certainty in mind, we hypothesize that a more northerly distribution 
of J. tristani and J. paulensis at the LGM reduced the influence on 
larval dispersal of the eastward currents associated with the STF, 
while the westward Agulhas leakage had a relatively larger influence. 
Thus, there were likely higher levels of gene flow from J. paulensis 
“populations” to J. tristani. Finally, Groeneveld et al. (2012) showed 
that J. paulensis underwent a population expansion between 14,000 
and 118,000 years ago while von der Heyden et al. (2007) estimated 
12,000–99,000 years ago for J. tristani in the Atlantic. Therefore, the 
last glaciation event and interglacial period might have had substan-
tial impacts on these populations.

Contemporary connectivity estimated from the genomic mark-
ers and the individual-based model suggested flow from west to east 
(Atlantic to Indian Ocean). This was also reflected in the admixture 
analyses but to a lesser extent than historical migration estimates. 
This pattern could be the result of a shorter period of contemporary 
connectivity (influenced by the STF), than historical connectivity, 
perhaps due to more northward historical distribution patterns.

Contemporary connectivity inferred from the individual-based 
model corresponds to annual connectivity matrices and describes 
the transport of planktonic larvae among sites for spawning in 
one year. However, although any particles failing to reach a suit-
able recruitment site are assumed to die, the model does not in-
clude a consideration of instantaneous mortality, which is not well 
known, and would be expected to significantly reduce the simulated 

connectivity. Previous estimates of apparent mortality for similar 
species have quoted values of 98% (J. edwardsii; Lesser (1978) and 
99.61% (J. lalandii; Lazarus,  1967). The connectivity matrices also 
take no account of postsettlement survival, which is likely to be 
lower for new recruits than for the existing adult population. Such 
factors are important to consider when interpreting the connectivity 
matrices in the context of population genetics. In addition, transfer 
of genetic variability among sites is cumulative and the single event 
connectivity matrices described here do not resolve stepping stone 
transport (e.g., Young et al., 2015).

4.3 | Current implications for fisheries 
management and considerations for the future

Our study identified a potential model of source-sink dynamics 
among J. tristani and J. paulensis populations. Currently, larval trans-
port occurs mainly from the Atlantic to the Indian Ocean (influenced 
by the STF) but the Agulhas Current and Leakage also facilitate a 
stepping stone connectivity in the opposite direction, from the 
Indian to the Atlantic Ocean. This complex connectivity scenario has 
important implications in recruitment for fisheries management of 
the benthic stocks and how it could be altered under future environ-
mental conditions.

Under such a model, fishing-induced depletion of some popu-
lations (source) may reduce the connectivity and recruitment in 
other (sink) populations. This may have demographic consequences 
for populations and compromise productivity or recovery (e.g., 
Lindegren et al., 2014; Silva, Macdonald, et al., 2019). For example, 
the particle-tracking model and genetic results show that contem-
porary inter-ocean connectivity occurs predominantly from the 
Atlantic (J. tristani) to the Indian Ocean (J. paulensis). Therefore, de-
pletion of J. tristani populations can not only reduce local recruitment 
but, to a lesser degree, the recruitment of J. paulensis populations 
as well. In addition, reduced source populations could compromise 
the recovery of sink populations in cases where source populations 
are suddenly severely depleted due a catastrophic event or events. 
Information on spatial genetic structure and source-sink dynamics 
should be used to design more biologically relevant management 
units at the population level and more integrated management 

F I G U R E  6   Tristan rock lobster, Jasus 
tristani (left) and illustration of changes 
over time in source-sink dynamics in J. 
tristani and Jasus paulensis (right)
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strategies (Reiss et al., 2009). The level/rate of larval exchange in-
dicated in this study suggests that, while exchange is important, re-
cruitment in each of these group populations is likely to be derived 
from local resident females and the protection of breeding stock in 
each island group is therefore important. An integrated management 
strategy maximizing egg production would not only benefit the fish-
eries at each of the island groups and across ocean basins but would 
also ensure exchange among island groups and, importantly, be vital 
for recruitment to the various seamount populations. Future studies 
should incorporate genetic data from seamount populations, which 
are likely to have smaller population sizes and be more dependent on 
recruitment from other (source) populations. Finally, as connectivity 
can change over time and with fluctuating environmental conditions 
and egg/larval numbers, the temporal stability of the genetic struc-
ture of populations should also be assessed periodically.

Shifts in species distribution ranges have been frequently re-
ported as a result of climate change (Poloczanska et  al.,  2013), in 
particular, for marine species with large dispersal potential. For 
example, there is some evidence that the eastern rock lobster 
Sagmariasus verreauxi is becoming more common further south along 
the Tasmanian east coast (Robinson et al., 2015). In accordance with 
predicted increasing temperatures, J. tristani and J. paulensis may 
shift their distribution range further south while tracking their ther-
mal niche. In fact, there has been an occurrence of J. paulensis in 
the Kerguelen Islands (Holthuis, 1991) albeit highly questionable (G. 
Duhamel, personal communication). Within increasing temperatures 
the subantarctic Islands of the Indian Ocean such as Prince-Edwards, 
Crozet or Kerguelen Islands can become suitable habitat for these 
species. This would have implications for both fisheries management 
and the benthic ecology in these areas. A decrease in recruitment in 
the current fishery areas is likely to result in reduced local TACs and 
landings and force fishery vessels to travel longer distances to ex-
ploit new stocks. In addition, the shift of lobsters to more southern 
areas could lead to marked changes in the benthic ecology and com-
munity structure in these areas (Blamey & Branch, 2012; Cockcroft 
et al., 2008).

Ocean currents can strongly influence the genetic structure of 
species with long pelagic larval duration. Shifts in circulation pat-
terns due to environmental change may affect connectivity, adding 
complexity to fisheries management (e.g., Potts et al., 2014). Ocean 
circulation is projected to change worldwide by the end of the cen-
tury with changes in the intensity and position of western boundary 
currents including the Agulhas Current, the retroflection of which 
is projected to intensify and shift to the southeast (van Gennip 
et  al.,  2017; Popova et  al.,  2016). There is, however, considerably 
uncertainty regarding projected changes to circulation patterns in 
the Agulhas region (e.g., Tim et al., 2019), in part due to the relatively 
coarse spatial resolution of the presently available climate simula-
tions. Nonetheless, an intensification of the Agulhas retroflection, in 
combination with a southwards shift in distribution of Jasus species, 
could result in reduced east to west connectivity of J. paulensis and 
J. tristani.

Our study provides new insights into the recruitment dynam-
ics and connectivity of marine species with high dispersal potential 
and highlights the importance of incorporating multidisciplinary 
approaches into management decisions. Population connectivity 
and source-sink dynamics are currently not explicitly incorporated 
in the management practices of J. paulensis and J. tristani fisheries. 
Accounting for such source-sink dynamics, for example by applying 
management measures to maintain particular levels of biomass in 
each population in relation to that population's likely role in support-
ing recruitment, may result in higher average recruitment and a more 
successful fishery.

ACKNOWLEDG MENTS
Funding for this research was provided by an Australian Research 
Council Discovery Project grant (Project No. DP150101491) 
awarded to J.M.S., J.J.B., B.S.G. and N.P.M. We would like to thank 
Kent Way, Andrew Kent, Geoff Liggins, Marcus Miller, Giles Ballinger 
and Darrel Sykes (DAFF) for field assistance and sample collection; 
T.A.A.F. (Terres Australes et Antarctiques Françaises), for their 
French fisheries observer service ”COPEC,” the fishery observer 
Sophie Cascade on board the F.V. “AUSTRAL” and Charlotte Chazeau 
to have made available biological scientific samples and data of Jasus 
paulensis from catches in the Saint-Paul/Amsterdam French EEZ; the 
help of crew has also been appreciated. Participation of E.F.Y and 
S.A.M was funded by NERC grant NE/R000107/1. Simulated cur-
rents from NEMO were provided by the National Oceanography 
Centre, Southampton, UK.

CONFLIC T OF INTERE S T
All authors declare that they have no competing interests.

AUTHOR CONTRIBUTION
Catarina N. S. Silva: Conceptualization (equal); Data curation 
(equal); Formal analysis (equal); Methodology (equal); Visualization 
(equal); Writing-original draft (lead); Writing-review & editing 
(lead). Emma F. Young: Conceptualization (supporting); Data cu-
ration (equal); Formal analysis (equal); Funding acquisition (lead); 
Writing-original draft (supporting); Writing-review & editing 
(equal). Nicholas P. Murphy: Conceptualization (equal); Funding ac-
quisition (equal); Writing-original draft (supporting); Writing-review 
& editing (supporting). James J. Bell: Conceptualization (equal); 
Funding acquisition (supporting); Writing-original draft (support-
ing); Writing-review & editing (supporting). Bridget S. Green: 
Conceptualization (equal); Funding acquisition (equal); Writing-
review & editing (supporting). Simon A. Morley: Funding acquisition 
(equal); Writing-original draft (supporting); Writing-review & editing 
(supporting). Guy Duhamel: Data curation (equal); Writing-original 
draft (supporting); Writing-review & editing (supporting). Andrew 
C. Cockcroft: Writing-original draft (supporting); Writing-review 
& editing (supporting). Jan M. Strugnell: Conceptualization (lead); 
Funding acquisition (lead); Supervision (lead); Writing-original draft 
(equal); Writing-review & editing (equal).



     |  2547SILVA et al.

DATA AVAIL ABILIT Y S TATEMENT
Sequencing data, pipelines for de novo assembly, genetic struc-
ture, migration estimates and demographic inference analyses are 
available at: https://github.com/Catar​inaNS​Silva/​lobst​ers_clima​
te_driven_dynamics.

ORCID
Catarina N. S. Silva   https://orcid.org/0000-0001-9401-2616 
Jan M. Strugnell   https://orcid.org/0000-0003-2994-637X 

R E FE R E N C E S
Bard, E., & Rickaby, R. E. M. (2009). Migration of the subtropical front 

as a modulator of glacial climate. Nature, 460, 380–383. https://doi.
org/10.1038/natur​e08189

Beerli, P., & Felsenstein, J. (2001). Maximum likelihood estimation of a 
migration matrix and effective population sizes in n subpopulations 
by using a coalescent approach. Proceedings of the National Academy 
of Sciences of the United States of America, 98, 4563–4568. https://
doi.org/10.1073/pnas.08106​8098

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 ameri-
canus). Molecular Ecology, 24, 3299–3315.

Benestan, L., Quinn, B. K., Maaroufi, H., Laporte, M., Clark, F. K., 
Greenwood, S. J., Rochette, R., & Bernatchez, L. (2016). Seascape ge-
nomics provides evidence for thermal adaptation and current-medi-
ated population structure in American lobster (Homarus americanus). 
Molecular Ecology, 25, 5073–5092.

Bernatchez, L., Wellenreuther, M., Araneda, C., Ashton, D. T., Barth, J. M. 
I., Beacham, T. D., Maes, G. E., Martinsohn, J. T., Miller, K. M., Naish, 
K. A., Ovenden, J. R., Primmer, C. R., Ho, Y. S., Therkildsen, N. O., & 
Withler, R. E. (2017). Harnessing the Power of Genomics to Secure 
the Future of Seafood. Trends in Ecology & Evolution, 32, 665–680. 
https://doi.org/10.1016/j.tree.2017.06.010

Blamey, L. K., & Branch, G. M. (2012). Regime shift of a kelp-forest ben-
thic community induced by an “invasion” of the rock lobster Jasus 
lalandii. Journal of Experimental Marine Biology and Ecology, 420–421, 
33–47.

Booth, J. D. (2006). Jasus species. In B. F. Phillips (Ed.), Lobsters: 
Biology, management, aquaculture and fisheries. Blackwell Scientific 
Publications.

Boebel, O., Lutjeharms, J., Schmid, C., Zenk, W., Rossby, T., & Barron, C. 
(2003). The Cape Cauldron: A regime of turbulent inter-ocean ex-
change. Deep-Sea Research Part II: Topical Studies in Oceanography., 
50, 57–86.

Bradford, R. W., Bruce, B. D., Chiswell, S. M., Booth, J. D., Jeffs, A., & 
Wotherspoon, S. (2005). Vertical distribution and diurnal migra-
tion patterns of Jasus edwardsii phyllosomas off the east coast of 
the North Island, New Zealand. New Zealand Journal of Marine and 
Freshwater Research, 39, 593–604.

Bradford, R. W., Griffin, D., & Bruce, B. D. (2015). Estimating the duration 
of the pelagic phyllosoma phase of the southern rock lobster, Jasus 
edwardsii (Hutton). Marine and Freshwater Research, 66, 213–219. 
https://doi.org/10.1071/MF14065

Bruce, B., Griffin, D., & Bradford, R. (2007). Larval transport and re-
cruitment processes of southern rock lobster. CSIRO Marine and 
Atmospheric Research, FRDC 2002/007 Final Report.

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, 
W. A. (2013). Stacks: An analysis tool set for population genom-
ics. Molecular Ecology, 22, 3124–3140. https://doi.org/10.1111/
mec.12354

Chapman, C. C., Lea, M. A., Meyer, A., Sallée, J. B., & Hindell, M. (2020). 
Defining Southern Ocean fronts and their influence on biological and 
physical processes in a changing climate. Nature Climate Change, 10, 
209–219. https://doi.org/10.1038/s4155​8-020-0705-4

Chiswell, S. M., & Booth, J. D. (1999). Rock lobster Jasus edwardsii 
larval retention by the Wairarapa Eddy off New Zealand. Marine 
Ecology Progress Series, 183, 227–240. https://doi.org/10.3354/
meps1​83227

Cockcroft, A. C., Van Zyl, D., & Hutchlngs, L. (2008). Large-scale changes 
in the spatial distribution of South African West Coast rock lobsters: 
An overview. African Journal of Marine Science, 30, 149–159. https://
doi.org/10.2989/AJMS.2008.30.1.15.465

Collette, B. B., & Parin, N. V. (1991). Shallow-water fishes of Walters 
shoals, Madagascar Ridge. Bulletin of Marine Science, 48, 1–22.

Cowen, R. K., Gawarkiewicz, G., Pineda, J., Thorrold, S. R., & Werner, 
F. E. (2007). Population connectivity in marine systems - An over-
view. Oceanography, 20, 14–21. https://doi.org/10.5670/ocean​
og.2007.26

Cowen, R. K., & Sponaugle, S. (2009). Larval dispersal and marine pop-
ulation connectivity. Annual Review of Marine Science, 1, 443–466. 
https://doi.org/10.1146/annur​ev.marine.010908.163757

Davey, J. W., Hohenlohe, P. A., Etter, P. D., Boone, J. Q., Catchen, J. M., & 
Blaxter, M. L. (2011). Genome-wide genetic marker discovery and ge-
notyping using next-generation sequencing. Nature Reviews Genetics, 
12, 499–510. https://doi.org/10.1038/nrg3012

Deshayes, J., Tréguier, A. M., Barnier, B., Lecointre, A., Le, S. J., 
Molines, J. M., Penduff, T., Bourdallé-Badie, R., Drillet, Y., Garric, 
G., Benshila, R., Madec, G., Biastoch, A., Böning, C. W., Scheinert, 
M., Coward, A. C., & Hirschi, J. J. M. (2013). Oceanic hindcast 
simulations at high resolution suggest that the Atlantic MOC is 
bistable. Geophysical Research Letters, 40, 3069–3073. https://doi.
org/10.1002/grl.50534

Duhamel, G. (1980). Evolution de la pêcherie de langoustes (Jasus pau-
lensis) aux îles Saint-Paul et Amsterdam. La Pêche Maritime, 1224, 
159–166.

Dyke, P. (2001). Coastal and shelf sea modelling. Kluwer Academic.
Flynn, J. M., Chain, F. J. J., Schoen, D. J., & Cristescu, M. E. (2017). 

Spontaneous mutation accumulation in daphnia pulex in selec-
tion-free vs. competitive environments. Molecular Biology and 
Evolution, 34, 160–173.

Foll, M., & Gaggiotti, O. (2008). A genome-scan method to identify se-
lected loci appropriate for both dominant and codominant mark-
ers: A Bayesian perspective. Genetics, 180, 977–993. https://doi.
org/10.1534/genet​ics.108.092221

Fox, C. J., McCloghrie, P., Young, E. F., & Nash, R. D. M. (2006). The im-
portance of individual behaviour for successful settlement of juve-
nile plaice (Pleuronectes platessa L.): A modelling and field study in the 
eastern Irish Sea. Fisheries Oceanography, 15, 301–313. https://doi.
org/10.1111/j.1365-2419.2005.00396.x

Franzese, A. M., Hemming, S. R., Goldstein, S. L., & Anderson, R. F. 
(2006). Reduced Agulhas Leakage during the Last Glacial Maximum 
inferred from an integrated provenance and flux study. Earth and 
Planetary Science Letters, 250, 72–88. https://doi.org/10.1016/j.
epsl.2006.07.002

Gallego, A., North, E. W., & Petitgas, P. (2007). Introduction: Status and 
future of modelling physical-biological interactions during the early 
life of fishes. Marine Ecology Progress Series, 347, 121–126. https://
doi.org/10.3354/meps0​6972

George, R. W., & Kensler, C. B. (1970). Recognition of marine spiny lob-
sters of the Jasus lalandii group (crustacea: Decapoda: Palinuridae). 
New Zealand Journal of Marine and Freshwater Research, 4, 292–311.

Georges, A., Gruber, B., Pauly, G. B., White, D., Adams, M., Young, 
M. J., Kilian, A., Zhang, X., Shaffer, H. B., & Unmack, P. J. (2018). 
Genomewide SNP markers breathe new life into phylogeogra-
phy and species delimitation for the problematic short-necked 

https://github.com/CatarinaNSSilva/lobsters_climate_driven_dynamics
https://github.com/CatarinaNSSilva/lobsters_climate_driven_dynamics
https://orcid.org/0000-0001-9401-2616
https://orcid.org/0000-0001-9401-2616
https://orcid.org/0000-0003-2994-637X
https://orcid.org/0000-0003-2994-637X
https://doi.org/10.1038/nature08189
https://doi.org/10.1038/nature08189
https://doi.org/10.1073/pnas.081068098
https://doi.org/10.1073/pnas.081068098
https://doi.org/10.1016/j.tree.2017.06.010
https://doi.org/10.1071/MF14065
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.12354
https://doi.org/10.1038/s41558-020-0705-4
https://doi.org/10.3354/meps183227
https://doi.org/10.3354/meps183227
https://doi.org/10.2989/AJMS.2008.30.1.15.465
https://doi.org/10.2989/AJMS.2008.30.1.15.465
https://doi.org/10.5670/oceanog.2007.26
https://doi.org/10.5670/oceanog.2007.26
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.1038/nrg3012
https://doi.org/10.1002/grl.50534
https://doi.org/10.1002/grl.50534
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1111/j.1365-2419.2005.00396.x
https://doi.org/10.1111/j.1365-2419.2005.00396.x
https://doi.org/10.1016/j.epsl.2006.07.002
https://doi.org/10.1016/j.epsl.2006.07.002
https://doi.org/10.3354/meps06972
https://doi.org/10.3354/meps06972


2548  |     SILVA et al.

turtles (Chelidae: Emydura) of eastern Australia. Molecular Ecology, 
27, 5195–5213.

Gersonde, R., Abelmann, A., Brathauer, U., Becquey, S., Bianchi, C., 
Cortese, G., Grobe, H., Kuhn, G., Niebler, H. S., Segl, M., Sieger, R., 
Zielinski, U., & Fütterer, D. K. (2003). Last glacial sea surface tem-
peratures and sea-ice extent in the Southern Ocean (Atlantic-Indian 
sector): A multiproxy approach. Paleoceanography, 18. https://doi.
org/10.1029/2002P​A000809

Glass, J. P. (2014). The fishery and biology of the rock lobster Jasus tristani 
at the Tristan da Cunha island group. Cape Peninsula University of 
Technology.

Gosselin, T. (2017). radiator: RADseq Data Exploration, Manipulation and 
Visualization using R. R package version 0.0.5.

Goudet, J. (2005). HIERFSTAT, a package for r to compute and test hier-
archical F-statistics. Molecular Ecology Notes, 5, 184–186. https://doi.
org/10.1111/j.1471-8286.2004.00828.x

Graham, R. M., & De Boer, A. M. (2013). The dynamical subtropical front. 
Journal of Geophysical Research: Oceans. 118, 5676–5685.

Groeneveld, J. C., von der Heyden, S., & Matthee, C. A. (2012). High 
connectivity and lack of mtDNA differentiation among two previ-
ously recognized spiny lobster species in the southern Atlantic and 
Indian Oceans. Marine Biology Research, 8, 764–770. https://doi.
org/10.1080/17451​000.2012.676185

Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H., & Bustamante, C. 
D. (2009). Inferring the joint demographic history of multiple popu-
lations from multidimensional SNP frequency data. PLoS Genetics, 5, 
e1000695. https://doi.org/10.1371/journ​al.pgen.1000695

Heydorn, A. E. F. (1969). The South Atlantic rock-lobster Jasus tristani at 
Vema Seamount, Gough Island and Tristan da Cunha. Investigational 
Report, South African Division of Sea Fisheries, 73.

Hinojosa, I. A., Green, B. S., Gardner, C., Hesse, J., Stanley, J. A., & Jeffs, 
A. G. (2016). Reef sound as an orientation cue for shoreward migra-
tion by pueruli of the rock lobster, Jasus edwardsii. PLoS One, 11, 1–15. 
https://doi.org/10.1371/journ​al.pone.0157862

Hinrichsen, H. H., Dickey-Collas, M., Huret, M., Peck, M. A., & Vikebø, F. 
B. (2011). Evaluating the suitability of coupled biophysical models for 
fishery management. ICES Journal of Marine Science, 68, 1478–1487. 
https://doi.org/10.1093/icesj​ms/fsr056

Hohenlohe, P. A., Amish, S. J., Catchen, J. M., Allendorf, F. W., & Luikart, 
G. (2011). Next-generation RAD sequencing identifies thousands of 
SNPs for assessing hybridization between rainbow and westslope 
cutthroat trout. Molecular Ecology Resources, 11, 117–122. https://
doi.org/10.1111/j.1755-0998.2010.02967.x

Holthuis, L. B. (1991). Marine lobsters of the world. An annotated and illus-
trated catalogue of species of interest to fisheries known to date. FAO 
Fisheries Synopsis. No. 125, Vol. 13. Rome, FAO.

Iguchi, A., Yoshioka, Y., Forsman, Z. H., Knapp, I. S. S., Toonen, R. J., 
Hongo, Y., Nagai, S., & Yasuda, N. (2019). RADseq population genom-
ics confirms divergence across closely related species in blue coral 
(Heliopora coerulea). BMC Evolutionary Biology, 19, 1–7. https://doi.
org/10.1186/s1286​2-019-1522-0

Jeffs, A. G., Gardner, C., & Cockcroft, A. (2013). Jasus and Sagmariasus 
species. In B. F. Phillips (Ed.), Lobsters: Biology, management, 
aquaculture and fisheries, 2nd Ed., (259–288). Oxford: Blackwell 
Publishing.

Jenkins, T. L., Ellis, C. D., Triantafyllidis, A., & Stevens, J. R. (2019). Single 
nucleotide polymorphisms reveal a genetic cline across the northeast 
Atlantic and enable powerful population assignment in the European 
lobster. Evolutionary Applications, 12, 1881–1899.

Jombart, T. (2008). Adegenet: A R package for the multivariate analy-
sis of genetic markers. Bioinformatics, 24, 1403–1405. https://doi.
org/10.1093/bioin​forma​tics/btn129

Kilian, A., Wenzl, P., Huttner, E., Carling, J., Xia, L., Blois, H., Caig, V., 
Heller-Uszynska, K., Jaccoud, D., Hopper, C., Aschenbrenner-Kilian, 
M., Evers, M., Peng, K., Cayla, C., Hok, P., & Uszynski, G. (2012). 

Diversity arrays technology: A generic genome profiling technology 
on open platforms. In F. Pompanon, & A. Bonin (Eds.), Data produc-
tion and analysis in population genomics. Methods in molecular biology 
(vol. 888, pp. 67–89). Humana Press.

Kohfeld, K. E., Graham, R. M., de Boer, A. M., Sime, L. C., Wolff, E. W., Le 
Quéré, C., & Bopp, L. (2013). Southern Hemisphere westerly wind 
changes during the Last Glacial Maximum: Paleo-data synthesis. 
Quaternary Science Reviews, 68, 76–95. https://doi.org/10.1016/j.
quasc​irev.2013.01.017

Lal, M. M., Southgate, P. C., Jerry, D. R., Bosserelle, C., & Zenger, K. R. 
(2017). Swept away: Ocean currents and seascape features influence 
genetic structure across the 18,000 Km Indo-Pacific distribution of a 
marine invertebrate, the black-lip pearl oyster Pinctada margaritifera. 
BMC Genomics, 18, 66. https://doi.org/10.1186/s1286​4-016-3410-y

Lazarus, B. I. (1967). The occurrence of phyllosomata off the Cape with par-
ticular reference to Jasus lalandii. Investigational Report. Department 
of Commerce and Industries, Division of Sea Fisheries, Republic of 
South Africa 63, 1–38.

Lesser, J. H. R. (1978). Phyllosoma larvae of Jasus edwardsii (Hutton) 
(Crustacea: Decapoda: Palinuridae) and their distribution off the 
east coast of the North Island, New Zealand. New Zealand Journal of 
Marine and Freshwater Research, 12, 357–370.

Lindegren, M., Andersen, K., Casini, M., & Neuenfeldt, S. (2014). A meta-
community perspective on source–sink dynamics and management: 
The Baltic Sea as a case study. Ecological Applications, 24, 1820–1832. 
https://doi.org/10.1890/13-0566.1

Luu, K., Bazin, E., & Blum, M. G. B. (2017). pcadapt: An R package to 
perform genome scans for selection based on principal component 
analysis. Molecular Ecology Resources, 17, 67–77.

Lutjeharms, J. R. E. (2007). Three decades of research on the greater 
Agulhas Current. Ocean Science, 3, 129–147.

Martínez-Méndez, G., Zahn, R., Hall, I. R., Peeters, F. J. C., Pena, L. D., 
Cacho, I., & Negre, C. (2010). Contrasting multiproxy reconstruc-
tions of surface ocean hydrography in the Agulhas Corridor and 
implications for the Agulhas Leakage during the last 345,000 years. 
Paleoceanography, 25, 1–12. https://doi.org/10.1029/2009P​A001879

Marzocchi, A., Hirschi, J. J. M., Holliday, N. P., Cunningham, S. A., Blaker, 
A. T., & Coward, A. C. (2015). The North Atlantic subpolar circulation 
in an eddy-resolving global ocean model. Journal of Marine Systems, 
142, 126–143. https://doi.org/10.1016/j.jmars​ys.2014.10.007

Mattingsdal, M., Jorde, P. E., Knutsen, H., Jentoft, S., Stenseth, 
N. C., Sodeland, M., Robalo, J. I., Hansen, M. M., André, C., & 
Blanco Gonzalez, E. (2020). Demographic history has shaped the 
strongly differentiated corkwing wrasse populations in Northern 
Europe. Molecular Ecology, 29, 160–171. https://doi.org/10.1111/
mec.15310

Meirmans, P. G., & Van Tienderen, P. H. (2004). Genotype and 
Genodive: Two programs for the analysis of genetic diversity of 
asexual organisms. Molecular Ecology Notes, 4, 792–794. https://doi.
org/10.1111/j.1471-8286.2004.00770.x

Moksnes, P. O., Corell, H., Tryman, K., Hordoir, R., & Jonsson, P. R. (2014). 
Larval behavior and dispersal mechanisms in shore crab larvae 
(Carcinus maenas): Local adaptations to different tidal environments? 
Limnology and Oceanography, 59, 588–602.

Ovenden, J. R., Berry, O., Welch, D. J., Buckworth, R. C., & Dichmont, C. M. 
(2015). Ocean’s eleven: A critical evaluation of the role of population, 
evolutionary and molecular genetics in the management of wild fisher-
ies. Fish and Fisheries, 16, 125–159. https://doi.org/10.1111/faf.12052

Ovenden, J. R., Booth, J. D., & Smolenski, A. J. (1997). Mitochondrial 
DNA phylogeny of red and green rock lobsters (genus Jasus). Marine 
and Freshwater Research, 48, 1131–1136. https://doi.org/10.1071/
MF97192

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

https://doi.org/10.1029/2002PA000809
https://doi.org/10.1029/2002PA000809
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1080/17451000.2012.676185
https://doi.org/10.1080/17451000.2012.676185
https://doi.org/10.1371/journal.pgen.1000695
https://doi.org/10.1371/journal.pone.0157862
https://doi.org/10.1093/icesjms/fsr056
https://doi.org/10.1111/j.1755-0998.2010.02967.x
https://doi.org/10.1111/j.1755-0998.2010.02967.x
https://doi.org/10.1186/s12862-019-1522-0
https://doi.org/10.1186/s12862-019-1522-0
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1016/j.quascirev.2013.01.017
https://doi.org/10.1016/j.quascirev.2013.01.017
https://doi.org/10.1186/s12864-016-3410-y
https://doi.org/10.1890/13-0566.1
https://doi.org/10.1029/2009PA001879
https://doi.org/10.1016/j.jmarsys.2014.10.007
https://doi.org/10.1111/mec.15310
https://doi.org/10.1111/mec.15310
https://doi.org/10.1111/j.1471-8286.2004.00770.x
https://doi.org/10.1111/j.1471-8286.2004.00770.x
https://doi.org/10.1111/faf.12052
https://doi.org/10.1071/MF97192
https://doi.org/10.1071/MF97192


     |  2549SILVA et al.

accuracy and power. Molecular Ecology, 13, 55–65. https://doi.
org/10.1046/j.1365-294X.2004.02008.x

Paris, J. R., Stevens, J. R., & Catchen, J. M. (2017). Lost in parameter 
space: A road map for stacks. Methods in Ecology and Evolution, 8, 
1360–1373.

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.

Peeters, F. J. C., Acheson, R., Brummer, G. A., de Ruijter, W. P. M., 
Schneider, R. R., Ganssen, G. M., Ufkes, E., & Kroon, D. (2004). 
Vigorous exchange between the Indian and Atlantic oceans at the 
end of the past five glacial periods. Nature, 430, 661–665. https://doi.
org/10.1038/natur​e02785

Peterson, R. G., & Stramma, L. (1991). Upper-level circulation in the 
South Atlantic Ocean. Progress in Oceanography, 26, 1–73. https://
doi.org/10.1016/0079-6611(91)90006​-8

Piry, S., Alapetite, A., Cornuet, J.-M., Paetkau, D., Baudouin, L., & Estoup, 
A. (2004). GENECLASS2: A software for genetic assignment and 
first-generation migrant detection. Journal of Heredity, 95, 536–539. 
https://doi.org/10.1093/jhere​d/esh074

Pitcher, T. J., & Hart, P. J. B. (1982). Fisheries ecology. Croom Helm.
Pollock, D. E. (1986). Review of the Fishery for and Biology of the 

Cape Rock Lobster Jasus lalandii with Notes on Larval Recruitment. 
Canadian Journal of Fisheries and Aquatic Sciences, 43, 2107–2117.

Poloczanska, E. S., Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman, 
D. S., Moore, P. J., Brander, K., Bruno, J. F., Buckley, L. B., Burrows, M. 
T., Duarte, C. M., Halpern, B. S., Holding, J., Kappel, C. V., O'Connor, 
M. I., Pandolfi, J. M., Parmesan, C., Schwing, F., Thompson, S. A., & 
Richardson, A. J. (2013). Global imprint of climate change on marine 
life. Nature Climate Change, 3, 919–925. https://doi.org/10.1038/
nclim​ate1958

Popova, E., Yool, A., Byfield, V., Cochrane, K., Coward, A. C., Salim, S. 
S., Gasalla, M. A., Henson, S. A., Hobday, A. J., Pecl, G. T., Sauer, W. 
H., & Roberts, M. J. (2016). From global to regional and back again: 
Common climate stressors of marine ecosystems relevant for adap-
tation across five ocean warming hotspots. Global Change Biology, 22, 
2038–2053. https://doi.org/10.1111/gcb.13247

Potts, W. M., Henriques, R., Santos, C. V., Munnik, K., Ansorge, I., Dufois, 
F., Booth, A. J., Kirchner, C., Sauer, W. H. H., & Shaw, P. W. (2014). 
Ocean warming, a rapid distributional shift, and the hybridization of 
a coastal fish species. Global Change Biology, 20, 2765–2777. https://
doi.org/10.1111/gcb.12612

Pruvost, P., Duhamel, G., Gasco, N., & Palomares, M. L. D. (2015). In M. 
Palomares, & D. Pauly (Eds.), La pêche aux îles Saint Paul et Amsterdam, 
Fisheries Centre Research Reports 23(1). (37–45). Vancouver, BC: 
Fisheries Centre, University of British Columbia.

R Core Team (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from http://
www.R-proje​ct.org/

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., & Suchard, M. A. (2018). 
Posterior summarization in Bayesian phylogenetics using Tracer 1.7. 
Systematic Biology, 67, 901–904. https://doi.org/10.1093/sysbi​o/
syy032

Rannala, B., & Mountain, J. L. (1997). Detecting immigration by using mul-
tilocus genotypes. Proceedings of the National Academy of Sciences of 
the United States of America, 94, 9197–9201. https://doi.org/10.1073/
pnas.94.17.9197

Reiss, H., Hoarau, G., Dickey-Collas, M., & Wolff, W. J. (2009). Genetic 
population structure of marine fish: Mismatch between biological 
and fisheries management units. Fish and Fisheries, 10, 361–395. 
https://doi.org/10.1111/j.1467-2979.2008.00324.x

Robinson, L. M., Gledhill, D. C., Moltschaniwskyj, N. A., Hobday, A. J., 
Frusher, S., Barrett, N., Stuart-Smith, J., & Pecl, G. T. (2015). Rapid 

assessment of an ocean warming hotspot reveals “high” confidence 
in potential species’ range extensions. Global Environmental Change, 
31, 28–37. https://doi.org/10.1016/j.gloen​vcha.2014.12.003

Rochette, N. C., & Catchen, J. M. (2017). Deriving genotypes from RAD-
seq short-read data using Stacks. Nature Protocols, 12, 2640–2659. 
https://doi.org/10.1038/nprot.2017.123

Roscoe, M. (1979). Biology and exploitation of the rock lobster Jasus tristani 
at the Tristan da Cunha Islands. South Atlantic 1949–1976. Investigal 
Report Sea Fishery Branch (S. Afr.) 118, 1–47.

Rougeux, C., Bernatchez, L., & Gagnaire, P. A. (2017). Modeling the 
multiple facets of speciation-with-gene-flow toward inferring the 
divergence history of lake whitefish species pairs (Coregonus clu-
peaformis). Genome Biology and Evolution, 9, 2057–2074. https://doi.
org/10.1093/gbe/evx150

Sakamoto, Y., Ishiguro, M., & Kitagawa, G. (1986). Akaike information cri-
terion statistics. D. Reidel.

Sandoval-Castillo, J., Robinson, N. A., Hart, A. M., Strain, L. W. S., & 
Beheregaray, L. B. (2018). Seascape genomics reveals adaptive di-
vergence in a connected and commercially important mollusc, the 
greenlip abalone (Haliotis laevigata), along a longitudinal environmen-
tal gradient. Molecular Ecology, 27, 1603–1620.

Schaaf, A. (1996). Sea level changes, continental shelf morphology, and 
global paleoecological constraints in the shallow benthic realm: A the-
oretical approach. Palaeogeography, Palaeoclimatology, Palaeoecology, 
121, 259–271. https://doi.org/10.1016/0031-0182(95)00085​-2

Scott, S. (2017). A biophysical profile of the Tristan da Cunha archipelago, 
(1–191). The Pew Charitable Trusts.

Selkoe, K. A., Aloia, C. C. D., Crandall, E. D., Iacchei, M., Liggins, L., Puritz, 
J. B., von der Heyden, S., & Toonen, R. J. (2016). A decade of seascape 
genetics: Contributions to basic and applied marine connectivity. 
Marine Ecology Progress Series, 554, 1–19. https://doi.org/10.3354/
meps1​1792

Sérazin, G., Penduff, T., Grégorio, S., Barnier, B., Molines, J.-M., & Terray, 
L. (2015). Intrinsic variability of sea level from global ocean simu-
lations: Spatiotemporal Scales. Journal of Climate, 28, 4279–4292. 
https://doi.org/10.1175/JCLI-D-14-00554.1

Schouten, M. W., de Ruijter, W. P. M., van Leeuwen, P. J., & Lutjeharms, 
J. R. E. (2020). Translation, decay and splitting of Agulhas rings in the 
southeastern Atlantic Ocean. Journal of Geophysical Research. 105, 
21913–21925. https://doi.org/10.1029/1999j​c000046

Shanks, A. L. (2009). Pelagic larval duration and dispersal distance revis-
ited. The Biological Bulletin, 216, 373–385. https://doi.org/10.1086/
BBLv2​16n3p373

Silva, C. N. S., Macdonald, H. S., Hadfield, M. G., Cryer, M., & Gardner, J. 
P. A. (2019). Ocean currents predict fine-scale genetic structure and 
source-sink dynamics in a marine invertebrate coastal fishery. ICES 
Journal of Marine Science, 76(4), 1007–1018. https://doi.org/10.1093/
icesj​ms/fsy201

Silva, C., Murphy, N., Bell, J., Green, B., Duhamel, G., Cockcroft, A., 
Hernández, C., & Strugnell, J. (2021). Global drivers of recent diver-
sification in a marine species complex. Molecular Ecology. https://doi.
org/10.1111/mec.15780

Silva, C. N. S., Villacorta-Rath, C., Woodings, L. N., Murphy, N. P., Green, 
B. S., Hartmann, K., Gardner, C., Bell, J. J., & Strugnell, J. M. (2019). 
Advancing our understanding of the connectivity, evolution and man-
agement of marine lobsters through genetics. Reviews in Fish Biology and 
Fisheries, 29, 669–687. https://doi.org/10.1007/s1116​0-019-09573​-z

Singh, S. P., Groeneveld, J. C., Hart-Davis, M. G., Backeberg, B. C., & 
Willows-Munro, S. (2018). Seascape genetics of the spiny lobster 
Panulirus homarus in the Western Indian Ocean: Understanding how 
oceanographic features shape the genetic structure of species with 
high larval dispersal potential. Ecology and Evolution, 8, 1–17.

Stanley, J. A., Hesse, J., Hinojosa, I. A., & Jeffs, A. G. (2015). Inducers of 
settlement and moulting in post-larval spiny lobster. Oecologia, 178, 
685–697. https://doi.org/10.1007/s0044​2-015-3251-4

https://doi.org/10.1046/j.1365-294X.2004.02008.x
https://doi.org/10.1046/j.1365-294X.2004.02008.x
https://doi.org/10.1038/nature02785
https://doi.org/10.1038/nature02785
https://doi.org/10.1016/0079-6611(91)90006-8
https://doi.org/10.1016/0079-6611(91)90006-8
https://doi.org/10.1093/jhered/esh074
https://doi.org/10.1038/nclimate1958
https://doi.org/10.1038/nclimate1958
https://doi.org/10.1111/gcb.13247
https://doi.org/10.1111/gcb.12612
https://doi.org/10.1111/gcb.12612
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1073/pnas.94.17.9197
https://doi.org/10.1073/pnas.94.17.9197
https://doi.org/10.1111/j.1467-2979.2008.00324.x
https://doi.org/10.1016/j.gloenvcha.2014.12.003
https://doi.org/10.1038/nprot.2017.123
https://doi.org/10.1093/gbe/evx150
https://doi.org/10.1093/gbe/evx150
https://doi.org/10.1016/0031-0182(95)00085-2
https://doi.org/10.3354/meps11792
https://doi.org/10.3354/meps11792
https://doi.org/10.1175/JCLI-D-14-00554.1
https://doi.org/10.1029/1999jc000046
https://doi.org/10.1086/BBLv216n3p373
https://doi.org/10.1086/BBLv216n3p373
https://doi.org/10.1093/icesjms/fsy201
https://doi.org/10.1093/icesjms/fsy201
https://doi.org/10.1111/mec.15780
https://doi.org/10.1111/mec.15780
https://doi.org/10.1007/s11160-019-09573-z
https://doi.org/10.1007/s00442-015-3251-4


2550  |     SILVA et al.

Stramma, L., & Lutjeharms, J. R. E. (1997). The flow of the subtropical 
gyre of the South Indian Ocean. Journal of Geophysical Research. 102, 
5513–5530.

Takeuchi, T., Masaoka, T., Aoki, H., Koyanagi, R., Fujie, M., & Satoh, N. 
(2019). Divergent northern and southern populations and demo-
graphic history of the pearl oyster in the western Pacific revealed 
with genomic SNPs. Evolutionary Applications, 13, 837–853.

Thomas, L., & Bell, J. J. (2013). Testing the consistency of connectivity 
patterns for a widely dispersing marine species. Heredity, 111, 345–
354. https://doi.org/10.1038/hdy.2013.58

Tim, N., Zorita, E., Emeis, K. C., Schwarzkopf, F. U., Biastoch, A., & 
Hünicke, B. (2019). Analysis of the position and strength of west-
erlies and trades with implications for Agulhas leakage and South 
Benguela upwelling. Earth System Dynamics, 10, 847–858. https://
doi.org/10.5194/esd-10-847-2019

Tine, M., Kuhl, H., Gagnaire, P.-A., Louro, B., Desmarais, E., Martins, R. S. 
T., Hecht, J., Knaust, F., Belkhir, K., Klages, S., Dieterich, R., Stueber, 
K., Piferrer, F., Guinand, B., Bierne, N., Volckaert, F. A. M., Bargelloni, 
L., Power, D. M., Bonhomme, F., … Reinhardt, R. (2014). European 
sea bass genome and its variation provide insights into adaptation to 
euryhalinity and speciation. Nature Communications, 5, 5770. https://
doi.org/10.1038/ncomm​s6770

van Gennip, S. J., Popova, E. E., Yool, A., Pecl, G. T., Hobday, A. J., & Sorte, 
C. J. B. (2017). Going with the flow: The role of ocean circulation in 
global marine ecosystems under a changing climate. Global Change 
Biology, 23, 1–16. https://doi.org/10.1111/gcb.13586

Villacorta-Rath, C., Souza, C. A., Murphy, N. P., Green, B. S., Gardner, 
C., & Strugnell, J. M. (2018). Temporal genetic patterns of diversity 
and structure evidence chaotic genetic patchiness in a spiny lobster. 
Molecular Ecology, 27, 54–65. https://doi.org/10.1111/mec.14427

von der Heyden, S., Groeneveld, J. C., & Matthee, C. A. (2007). Long cur-
rent to nowhere? — Genetic connectivity of Jasus tristani populations 
in the southern Atlantic Ocean. African Journal of Marine Science, 29, 
491–497.

Vranckx, R. (1973). Evolution du stock de langoustes sur les fonds de 
pêche des îles StPaul et Nouvelle Amsterdam de 1962 à 1972. 
Bulletin Museum National d'histoire Naturelle, 155, 193–204.

Waples, R. S., Punt, A. E., & Cope, J. M. (2008). Integrating ge-
netic data into management of marine resources: How can 
we do it better? Fish and Fisheries, 9, 423–449. https://doi.
org/10.1111/j.1467-2979.2008.00303.x

Werner, F. E., Cowen, R. K., & Paris, C. B. (2007). Coupled biological and 
physical models: Present capabilities and necessary developments 

for future studies of population connectivity. Oceanography, 20, 54–
69. https://doi.org/10.5670/ocean​og.2007.29

Willing, E. M., Dreyer, C., & van Oosterhout, C. (2012). Estimates of ge-
netic differentiation measured by fst do not necessarily require large 
sample sizes when using many snp markers. PLoS One, 7, 1–7. https://
doi.org/10.1371/journ​al.pone.0042649

Woodings, L. N., Murphy, N. P., Doyle, S. R., Hall, N. E., Robinson, A. 
J., Liggins, G. W., Green, B. S., Cooke, I. R., Bell, J. J., & Strugnell, 
J. M. (2018). Outlier SNPs detect weak regional structure against 
a background of genetic homogeneity in the Eastern Rock Lobster, 
Sagmariasus verreauxi. Marine Biology, 165, 1–17. https://doi.
org/10.1007/s0022​7-018-3443-7

Young, E. F., Belchier, M., Hauser, L., Horsburgh, G. J., Meredith, M. P., 
Murphy, E. J., Pascoal, S., Rock, J., Tysklind, N., & Carvalho, G. R. 
(2015). Oceanography and life history predict contrasting genetic 
population structure in two Antarctic fish species. Evolutionary 
Applications, 8, 486–509. https://doi.org/10.1111/eva.12259

Young, E. F., Rock, J., Meredith, M. P., Belchier, M., Murphy, E. J., & 
Carvalho, G. R. (2012). Physical and behavioural influences on larval 
fish retention: Contrasting patterns in two Antarctic fishes. Marine 
Ecology Progress Series, 465, 201–215. https://doi.org/10.3354/
meps0​9908

Young, E. F., Thorpe, S. E., Banglawala, N., & Murphy, E. J. (2014). 
Variability in transport pathways on and around the South Georgia 
shelf, Southern Ocean: Implications for recruitment and retention. 
Journal of Geophysical Research: Oceans, 119, 241–252. https://doi.
org/10.1002/2013J​C009348

Young, E. F., Tysklind, N., Meredith, M. P., de Bruyn, M., Belchier, M., 
Murphy, E. J., & Carvalho, G. R. (2018). Stepping stones to isolation: 
Impacts of a changing climate on the connectivity of fragmented 
fish populations. Evolutionary Applications, 11, 978–994. https://doi.
org/10.1111/eva.12613

How to cite this article: Silva CNS, Young EF, Murphy NP, et al. 
Climatic change drives dynamic source–sink relationships in 
marine species with high dispersal potential. Ecol Evol. 
2021;11:2535–2550. https://doi.org/10.1002/ece3.7204

https://doi.org/10.1038/hdy.2013.58
https://doi.org/10.5194/esd-10-847-2019
https://doi.org/10.5194/esd-10-847-2019
https://doi.org/10.1038/ncomms6770
https://doi.org/10.1038/ncomms6770
https://doi.org/10.1111/gcb.13586
https://doi.org/10.1111/mec.14427
https://doi.org/10.1111/j.1467-2979.2008.00303.x
https://doi.org/10.1111/j.1467-2979.2008.00303.x
https://doi.org/10.5670/oceanog.2007.29
https://doi.org/10.1371/journal.pone.0042649
https://doi.org/10.1371/journal.pone.0042649
https://doi.org/10.1007/s00227-018-3443-7
https://doi.org/10.1007/s00227-018-3443-7
https://doi.org/10.1111/eva.12259
https://doi.org/10.3354/meps09908
https://doi.org/10.3354/meps09908
https://doi.org/10.1002/2013JC009348
https://doi.org/10.1002/2013JC009348
https://doi.org/10.1111/eva.12613
https://doi.org/10.1111/eva.12613
https://doi.org/10.1002/ece3.7204

