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Combined biophysical and
genetic modelling approaches
reveal new insights into
population connectivity of New
Zealand green-lipped mussels

Calvin N. Quigley1*, Moninya Roughan2, Romain Chaput1,
Andrew G. Jeffs3 and Jonathan P. A. Gardner1

1School of Biological Sciences, Victoria University of Wellington, Wellington, New Zealand, 2Coastal
and Regional Oceanography Lab, School of Biological Earth and Environmental Sciences, University
of New South Wales (UNSW) Sydney, Sydney, NSW, Australia, 3School of Biological Sciences,
University of Auckland, Auckland, New Zealand
Understanding how ocean currents affect larval transport is crucial for

understanding population connectivity in sessile marine invertebrates whose

primary dispersal opportunity occurs during the pelagic larval stage. This study

used Lagrangian particle tracking experiments to examine population

connectivity in New Zealand green-lipped mussels (Perna canaliculus) at the

national scale. Predicted patterns of larval dispersal were compared to

published multi-locus microsatellite data of observed population genetic

structure. Estimates of oceanographic circulation correlated significantly with

FST, and we conclude that hydrodynamic processes are important in driving

genetic connectivity. However, no evidence was found for an oceanographic

barrier to gene flow south of Cook Strait, an important feature of genetic

structure observed across several marine invertebrate species. Discrepancies

between genetic and biophysical data may be explained by several factors

including the different timescales of connectivity described by the two

methods and the impact of localised ecological conditions and

corresponding adaptations in genetic structure not captured by the

bipohysical model. Population genetic analyses provide empirical data on

realised connectivity and Lagrangian particle tracking experiments reveal

information about directionality and asymmetry of connections that often

cannot be determined by molecular analyses alone, thus a multidisciplinary

approach is recommended.
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1 Introduction

Population connectivity may be defined as the degree of gene

flow among demographic groups within a population, and is a

major driver of population dynamics at both ecological and

evolutionary time scales. At the ecological level, the impact of

immigration and emigration on demography is immediately

relevant to ecosystem management and conservation

challenges, such as the spatial planning of marine protected

areas to ensure habitat connectivity and protection of source

populations (Crowder et al., 2000; Hansen, 2011; Berglund et al.,

2012; Coleman et al., 2017), calculation of total allowable catch

in contiguous quota management areas (Hannesson, 2013), and

predicting dispersal rates and patterns of invasive species

(Roughan et al., 2011; Delaney et al., 2012). At the

evolutionary scale, patterns of gene flow (and absence of gene

flow) determine the rate of genetic divergence between

populations and can ultimately lead to allopatric speciation

(i.e., speciation by geographic isolation) (Slatkin, 1987). When

gene flow between populations is limited, selective pressure and

localised adaptation, genetic drift, and the accumulation of local

random mutations can result in variations in allele frequencies

among populations within a species. In species that are managed

as part of fisheries or aquaculture industries, this genetic

structure is important to consider when delineating stock

boundaries so that evolutionarily significant units (ESUs) are

protected from excess harvest pressure (Pita et al., 2016; Papa

et al., 2021). Management at the level of ESUs can help preserve

genetic diversity within the species and maximise adaptive

potential to new threats such as climate change (Jump et al.,

2009; Mable, 2019). Thus, an understanding of connectivity at

both ecological and evolutionary timescales is vital for successful

management of a target species.

For many broadcast spawning marine species, the primary

dispersal opportunity, and therefore the driver of connectivity

between populations, occurs during the pelagic larval stage

(Cowen and Sponaugle, 2009). Such species may undergo

external fertilization via broadcast spawning (Lotterhos and

Levitan, 2010), after which larvae spend a period in the water

column, known as the pelagic larval duration (PLD) (Selkoe

et al., 2016). Despite historical assumptions that species with

extended PLDs will approach genetic panmixia due to large-

scale dispersal of larvae by ocean currents, genetic analyses have

often reported higher than anticipated levels of genetic structure

for species with PLDs on the order of weeks to months s

(Weersing and Toonen, 2009; Kelly and Palumbi, 2010; Selkoe

et al., 2016). One explanation for this phenomenon is that ocean

currents often do not result in maximum dispersal of larvae:

regional circulation may result in directional gene flow or form

barriers between populations and persistent directional currents

may prevent panmixia, even among species with extended PLDs

(e.g., Liggins et al., 2016). Additionally, selective pressure and
Frontiers in Marine Science 02
local adaptation to environmental variables may produce

patterns of genetic structure that cannot be explained by PLD

or ocean circulation (Loveless and Hamrick, 1984; Dionne

et al., 2008).

To investigate potential pathways for larval transport and to

test hypotheses about patterns of genetic structure, biophysical

Lagrangian particle tracking experiments coupled with

hydrodynamic models for a region of interest are increasingly

employed (Swearer et al., 2019), and their results can be

compared to analyses of connectivity reported by population

genetic data (reviewed by Jahnke and Jonsson, 2022). Several

studies have reported correlations between modelled particle

transport rates and measures of genetic distance (such as FST)

(e.g., Coleman et al., 2011; Coleman et al., 2013; Munguia-Vega

et al., 2014; Jahnke et al., 2018), while others have found no such

relationship (e.g., Lourenço et al., 2017; Sefbom et al., 2018;

Valencia et al., 2021). Detailed explanations for why these

relationships exist in certain species and/or regions and not

others are not yet well developed, and further information about

how best to interpret these two types of data together would be a

valuable contribution to this novel multidisciplinary field. The

present study describes many of these challenges through the

application of a biophysical Lagrangian particle tracking model,

which is compared to a multi-locus population genetic analysis

to examine connectivity among populations of the New Zealand

endemic green-lipped mussel, Perna canaliculus, at the

national scale.

Perna canaliculus is a benthic bivalve of great ecological,

cultural and economic importance in New Zealand. Once

present in large numbers in subtidal, soft-sediment beds where

it played a role in forming biogenic reefs (Greenway, 1969), it is

now most commonly found on intertidal and shallow subtidal

rocky reefs, although it can also occur at depths of up to 50 m

(Jeffs et al., 1999). Distribution of P. canaliculus is intermittent

around the ~15,000 km of New Zealand’s coastline, which spans

~13 degrees of latitude (Paul, 2012). Bivalve reefs provide

important ecosystem services, such as nutrient cycling, habitat

construction, and water filtration (Grabowski and Peterson,

2007; McLeod et al., 2014). Green-lipped mussels are a taonga

(treasure) species and a valuable food source for indigenous

Māori, for whom they are known as kutai or kuku (Paul-Burke

et al., 2018). Green-lipped mussels are also important to New

Zealand’s aquaculture industry, where they are marketed as

Greenshellript™ mussels. The Greenshell™ mussel is New

Zealand’s most valuable seafood product by export value, with

over NZ$300 million of mussels exported in 2019 (Seafood New

Zealand, 2018). An understanding of population connectivity in

P. canaliculus is especially important for the Greenshell™

aquaculture because of the industry’s reliance on wild caught

mussel spat (juvenile mussel recruits)— 80% of cultured mussels

are grown from spat collected at a single site, Ninety Mile Beach,

on the northernmost peninsula of New Zealand (Alfaro et al.,
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2011). Information on population connectivity in the region is

needed to ensure that adequate protection is provided to

populations that may act as larval sources for this important

natural resource.

Three previous studies have described genetic connectivity

of population genetics in P. canaliculus at the national scale

(Apte and Gardner, 2002; Star et al., 2003; Wei et al., 2013).

These studies used three different types of genetic markers

extracted from the same group of sampled individuals: single-

strand conformation polymorphisms (SSCPs), random

amplified polymorphic DNA (RAPD), and simple sequence

repeats (SSRs or microsatellites). Each of these studies

reported the existence of a northern and a southern cluster,

with a genetic break located just south of Cook Strait, the body of

water that separates the North Island from the South Island of

New Zealand. Several other marine invertebrate taxa have shown

similar genetic discontinuities in this region (e.g., Ayers and

Waters, 2005; Veale and Lavery, 2011, reviewed in Gardner et al.,

2010), leading to hypotheses about possible environmental

drivers of this multi-taxon genetic discontinuity. The authors

of several of these studies propose that contemporary

oceanographic features, including upwelling near Cape

Kahurangi on the north-western coast and/or Cape Campbell

on the north-eastern coast of the South Island (Chiswell et al.,

2017), may be responsible for this genetic break (Apte and

Gardner, 2002; Wei et al., 2013).

This work contributes to an emerging multidisciplinary field

of study that brings together traditional population genetics with

biophysical modelling of larval transport (Jahnke and Jonsson,

2022), and further examines some of the challenges of

combining these two different types of data. The aims of this

study include evaluating the extent to which Lagrangian particle

tracking can predict observed patterns of genetic connectivity in

P. canaliculus, and identifying potential asymmetries in

connectivity that may lead to source/sink dynamics.

Additionally, the hypothesis that contemporary oceanography

may be contributing to the ongoing maintenance of the genetic

discontinuity observed south of Cook Strait is tested. This is the

first time that this multidisciplinary approach to population

connectivity has been applied to P. canaliculus, and is an

example of how particle tracking and genetic data may be

combined to better understand connectivity at a spatial scale

that includes all of a species’ geographic range, rather than a

subset of its distribution.
2. Materials and methods

2.1 Genetic data and analyses

This work builds upon genetic analyses reported in a

previous national scale study that sampled 14 populations

around the country using microsatellite markers (Figure 1,
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Wei et al., 2013). This data set was chosen because

microsatellite markers are more likely to reflect contemporary

structure due to their high mutation rate and because additional

sample populations in the Cook Strait region provide enhanced

resolution in this region (Selkoe and Toonen, 2006). Several

results published in the Wei et al. (2013) study are used in the

current study, i.e., the pairwise matrix of FST values between

populations was used as a measure of genetic distance between

populations, luster membership inferences predicted by

STRUCTURE (Pritchard et al., 2000; Dunphy et al., 2015), and

assignment tests of individuals to likely source populations

(performed using Geneclass2) that were used to estimate first

generation migration between populations (Piry et al., 2004). In

the present work, an additional genetic clustering analysis of the

microsatellite data set was performed using Geneland’s spatial

model (version 4.0.5) (Guillot et al., 2005), with a minimum of 1

population (panmixia), 2 initial populations (the structure

reported by previous analyses), and a maximum of 14

populations (the number of sites sampled, complete genetic

isolation amongst all 14 demes). In total, 25 independent runs

were calculated with 100,000 iterations, thinned to every 100th

iteration, and discarding the first 200 iterations. The

uncorrelated allele and null allele models were used. Of the 25

independent runs, the most commonly calculated solutions are

presented. Global FST across all loci was calculated in Genepop

(Version 4.7) (Rousset, 2017).
2.2 Biophysical modelling

2.2.1 Hydrodynamic model
All oceanographic simulations were conducted using the

Moana Ocean Hindcast model, a 25 year hindcast of ocean

circulation around New Zealand developed using the Regional

Ocean Modeling System (ROMS) version 3.9 (De Souza et al.,

2022). The domain is defined by a curvilinear grid extending

from 161°E to 176°W and from 52°S to 31°S. The horizontal

resolution of the model ranges from 4.1 km in the south to 5.8

km in the north. The model includes 50 vertical layers and uses a

vertical stretching function to provide increased resolution at the

surface and the sea floor as described in De Souza et al. (2015).

The model was run from 1993 to 2020 at a temporal resolution

of one hour, with the first year being discarded as an

initialization period. All analysis in this study was performed

using hourly output fields of all ocean state variables and

velocities. The model also takes into account atmospheric

forcing, including winds, humidity, air temperature, and sea

level pressure provided by the Climate Forecast System

Reanalysis (CFSR), National Center for Atmospheric Research

(NCAR). Tides were included using data provided by the TPXO

global tidal solution (Egbert and Erofeeva, 2002), along with

fresh water inputs from 42 rivers around New Zealand

(climatological data available from data.govt.nz). The model
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has been shown to reliably reproduce the coastal circulation

around New Zealand, making it suitable for this study. Full

configuration and validation of the Moana Backbone model is

described in De Souza et al. (2022).

2.2.2 Particle tracking
Larval dispersal events were simulated using OpenDrift, an

open source Lagrangian particle tracking tool implemented in

Python (Dagestad et al., 2018). All simulations were performed

offline using a module specifically developed for bivalve larvae (a

version of the module described in Norrie et al., 2020). The

domain of the model was divided into a 0.1 x 0.1 degree grid

(~10 x 10 km), and one grid cell was chosen to represent each of

the mussel sampling sites. For each site, particles were randomly

seeded within a uniform 2,500 m radius of the cell centroid.

While mussel spawning occurs at the seafloor, because of the

resolution of the model near the coast, it is only possible to

represent particles once they have left the nearshore. Thus,

particles were randomly seeded in the top 10 m of the water

column, where larvae of comparable taxa are most often found

(McQuaid and Phillips, 2000; Dobretsov and Miron, 2001). No

study of larval swimming behaviour, vertical distribution, or

cross-shelf distribution has been conducted for green-lipped

mussel larvae in New Zealand, and studies of closely related

taxa have shown conflicting patterns of larval behaviour, with
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some studies reporting signs of vertical migration (Dobretsov

and Miron, 2001; Knights et al., 2006), while others have shown

no evidence for vertical migration (McQuaid and Phillips,

2000).Thus, specific swimming behaviours were not included

in the biophysical model and simulated larvae drifted as

passive particles.

Eleven particles were released from each site each hour,

averaging 8,000 particles released per site per month, for every

month of the year from 1994-2016. Over the entire simulation

period, this resulted in > 2 million particles released per site over

the 23 years, with ~30 million particles in total for the entire

study. Particles were released throughout the year because

timing of mussel spawning is highly variable, and mussels with

ripe gametes have been found at all latitudes throughout the

year, leading to a continuous supply of larvae in the water

column due to trickle spawning (Jenkins, 1979; Hickman and

Illingworth, 1980; Alfaro et al., 2001). Settlement competency

age for larvae (particles in the model) was set as a window from 3

to 6 weeks to reflect the pelagic larval duration of green-lipped

mussels (Jeffs et al., 1999). Any particle that entered a grid cell

representing a mussel sampling site during this competency

window was considered to have settled successfully. Particles

that had not settled within 6 weeks were retired (i.e., they

represent larvae unable to settle and lost to the system).

Particles were advected using a fourth order Runge-Kutta
FIGURE 1

Map of sites sampled by Apte and Gardner (2002) and Wei et al. (2013) used for this study: Opononi (OPO, n = 27), Maunganui (MAU, n = 29),
Castlepoint (CAP, n = 30), Westhaven (WEST, n = 13), Fletchers Beach (FLE, n = 14), Tasman Bay (TAS, n = 20, one individual missing data at one
locus), Cape Campbell (CAM, n = 30, one individual missing data at one locus), Little Wanganui River (LWR, n = 26), Kaikoura (KAI, n = 16), Gore
Bay (GOB, n = 28), Timaru (TIM, n = 22, one individual missing data at one locus), Fiordland (FIO, n = 19), Horseshoe Bay (HSB, n = 22), and Big
Glory Bay (BGB, n = 20). Populations are coded according to genetic clusters reported by Wei et al.: squares represent populations in the
northern cluster and circles represent populations in the southern cluster. Landmarks referenced in the text and prevailing currents around New
Zealand are shown. Mean current velocity magnitudes across the 23 years of the analysis are represented by the blue field.
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scheme. Horizontal diffusion of 0.1164 m2s-1 was included to

account for variability not captured by the resolution of the

hydrodynamic model as calculated using the equations in Okubo

and Ebbesmeyer (1976), along with 0.01 m2s-1 of vertical

diffusion (Table 1).

2.2.3 Number of particles
To determine the number of particles to release per site that

optimised computational efficiency while still being robust enough

to capture all the variability of the model, the methodology of

Simons et al. (2013) was applied. For two of the areas in the

domain of the hydrodynamic model with the highest variability in

ocean current velocities (Cape Reinga at the northern-most

peninsula of the North Island and the Otago coast along the

southeast of the South Island) one grid cell was fully saturated

with particles every month (~36,000 particles per month) every

other year from 1994 to 2016. From these fully saturated data sets,

100 subsamples of decreasing numbers of particles were taken. For

each subsample, the fraction of unexplained variance (FUV)

between the particle density distribution (PDD) of the

subsample and that of the saturated data set was calculated as 1

subtracted by the linear correlation coefficient between the two

PDDs. From the 100 repetitions for each size of subsample, the

highest value of FUV was taken and plotted, resulting in a curve

for each month whereas the size of the subsample increases, the

FUV approaches zero. The mean of these curves was taken, and

the point at which the mean FUV fell below 0.05 (a number

chosen to be reminiscent of a 0.05 p-value) was determined to be a

sufficient number of particles to accurately represent the PDD of

the fully saturated data set. For this work, this number was

approximately 8,000 particles per site per month.
2.3 Data analyses

A connectivity matrix C was constructed from the results of

the particle tracking experiment, such that cell Cij shows the

number of particles that were released from site i (along the y
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axis) and settled in site j (along the x axis). The diagonal of this

matrix, e.g., Cii, showed local retention, or the proportion of

particles released from site i that return to settle at site i. This

connectivity matrix was then transformed to a migration matrix

M by normalising each column such that cell Mij shows the

proportion of total recruitment in site j that consists of particles

that originated from site i.In this matrix the diagonal represents

self-recruitment, or the proportion of recruits at site i that were

released from site i, and each column sums to 1. Clusters in the

oceanographic connectivity data were identified and compared

to genetic structure by visual assessment.

The migration matrix was then compared to two matrices of

genetic connectivity to assess the concordance of biophysical and

genetic approaches to studying population connectivity: a

pairwise FST matrix, and a pairwise matrix of the results of

assignment testing of individuals performed in Geneclass2,

where the rows show the likely source population for

individuals sampled from each population. As FST does not

provide for an estimate of self-recruitment rates, the diagonals of

both matrices were dropped for analyses of the relationship

between the particle tracking experiments and FST.

Additionally, because FST is a symmetric measure of genetic

distance (A!B = B!A), the migration matrix was transformed

to represent a symmetric measure of öceanographic distance” by

taking the mean of transport A!B and B!A and only one

triangle of each matrix was used to maintain independence of

data points in the correlation [as in De Wit et al. (2019)]. A

variation of the Mantel test was performed between the

migration matrix and the pairwise FST matrix and the results

of assignment testing of individuals to their likely source

population as reported by Geneclass2. First, Pearson’s

correlation coefficient R was calculated between each pairwise

value in the two matrices (n = 91 for comparisons between the

migration matrix and the FST matrix, n = 196 for the matrix of

assignment tests). Then 1,000,000 permutations of the data were

performed and a distribution of correlation coefficients from

scenarios with no discernible statistical signal were obtained.

The relationship between the two matrices was reported as

significant if the correlation coefficient fell within the bottom

5% of the R distribution of permuted data. To determine

whether oceanographic connectivity was a more effective

predictor of genetic structure than a pattern of isolation by

distance (IBD), the correlation between the FST matrix and the

migration matrix was compared to the correlation between the

FST matrix and a matrix of pairwise overwater distances

between populations. Despite potential challenges in

identifying IBD in populations with geographically distinct

genetic structure (Meirmans, 2012; Perez et al., 2018) this was

done following the methods presented in Jahnke and Jonsson

(2022) who use IBD as a null model against which to compare

the correlation of the migration matrix produced by the

biophysical model to a matrix of genetic distance, such as FST.
TABLE 1 Parameters for particle tracking.

Parameter Value

Number particles released per hour 11

Particle release depth 0 - 10 meters

Release period January 1994 - December 2016

Minimum settlement age 3 weeks

Maximum settlement age 6 weeks

Particle tracking timestep 1 hour

Advection scheme Runge-Kutta 4th order

Horizontal diffusivity 0.1176 m2 s -1

Vertical diffusivity 0.01 m2 s -1
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Probability density functions (PDFs) were produced for each

release site by recording the position of each particle at each

hourly time step between weeks 3 and 6, or the settlement

competency period. At Little Wanganui River (LWR), a site of

particular interest because of its position just south of the

observed genetic break, one PDF was generated for particles

released in summer (Jan-Mar), autumn (Apr-Jun), winter (Jul-

Sep), and spring (Oct-Dec) across all 23 years of simulations in

order to examine the possible existence of a seasonal barrier to

geneflow in this important phylogeographic region.
3 Results

3.1 Genetic analyses

Global FST across all loci was 0.021. Pairwise values of FST

between populations ranged from 0 (multiple pairs of

populations— note that negative values were set to 0) and

0.081 (MAU and TIM) (Figure 2; Supplementary Table 1).

Assignment tests performed in GeneClass2 by Wei et al.

(2013) suggest high levels of self-recruitment, with individuals

being assigned to their sampled populations at rates ranging

from 48% (CAM) to 93.3% (CAP) (mean = 70.41, SD = ± 14.43).

Of the 182 possible connections between pairs of populations, 53

pathways were taken by at least one migrant, for a total

connectance rate (number of pathways taken by at least one

particle/total number of possible pathways) of 29.1%. Of all the

potential first generation migrants, a total of 72% were assigned

to one of four source populations: HSB, GOB, TAS, and CAP

(Figure 2) Wei et al. (2013).
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The identification of genetic clusters by Geneland returned

three possible solutions from the 25 independent runs. In total,

13 runs found k = 4 clusters, with a northern cluster consisting of

populations in the North Island and northern South Island

(OPO, MAU, CAP, WEST, FLE, TAS, CAM), a cluster of

western South Island populations (LWR, FIO), a cluster of

eastern South Island populations (TIM, GOB, KAI), and a

cluster consisting of the two Stewart Island populations (HSB,

BGB). In total, 12 runs reported k = 3, following the above

structure while including the Stewart Island populations in the

eastern South Island cluster, and two runs reported k = 2, which

did not differentiate between the east and west coasts of the

southern South Island (Figure 3).
3.2 Particle tracking model

Of the ~30 million particles released over the 25-year period,

50.3% reached a coastal settlement grid cell during the

competency period and were considered to have settled, with

5.0% settling in cells representing the 14 mussel sampling sites.

Successful settlement rates ranged among sites, from 79.6%

(TAS) to 25.2% (CAM) (mean = 50.3%, SD = ±14.9). Of the

182 possible connections between the 14 sites, 52 pathways were

taken by at least one particle, giving a total connectance rate of

28.6%. Migration rates between connected sites ranged from 3%

(65,084 particles from GOB to KAI) to < 0.001% (1 particle from

TAS to CAM) (Figure 4).

For all but four sites (WEST, CAM, KAI, and BGB), the most

important source of larvae was self-recruitment. Within the 14

mussel sampling sites, self-recruitment rates (number of
A B

FIGURE 2

Matrices of genetic connectivity: (A) Pairwise FST and (B) assignment tests of individuals. Populations are ordered along the axes according to
UPGMA tree analyses performed in Wei et al. (2013).
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individuals sourced from site i recruited at site i/total

recruitment at site i) varied from 100% (OPO, MAU, FIO) to

11.3% (CAM) with a mean of 67% (SD = ± 32). Local retention

rates (number of individuals released from site i that return to

site i/total number of individuals released from site i ranged
Frontiers in Marine Science 07
from 16.8% (LWR) to 0.3% (CAM) with a mean of 3.8% (SD = ±

4.5) (Table 2).

Two primary clusters were identified in the particle tracking

matrix: a southern cluster consisting of the populations along the

southern and western coasts of the South Island (FIO, BGB,
FIGURE 4

Connectivity matrix for 14 sites sampled for microsatellite loci. Data are presented as the proportion of total particles that settle in each
destination populations (columns) that originate from each source population (rows). Populations are ordered to highlight clustering structure,
and are shown roughly south to north. Self-recruitment can be seen along the diagonal. Subscripts to population names indicate clusters as
assigned by STRUCTURE and Geneland analyses.
FIGURE 3

Model solutions of genetic structure (k = number of groups detected) as calculated by Geneland and the number of independent runs (out of
25) that arrived at each solution.
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HSB, TIM, GOB, KAI, and CAM) as well as the population at

Castlepoint (CAP) located on the south-east coast of the North

Island, and a central cluster that included the populations on the

north-west coast of the South Island (LWR, TAS, FLE, and

WEST) (Figure 5). In the southern cluster, connections occurred

primarily to the right of the diagonal (from south to north),

while connectivity within the central cluster was more

symmetrical, with connections on both sides of the diagonal.

Connections between the two clusters occurred primarily from

the central cluster into the south through FLE and WEST,

although there was some northward transport from the

southern cluster through WEST. The two northernmost

populations (OPO and MAU) were nearly completely isolated

from all other populations in the migration matrix. The PDFs of

the 14 sites grouped by cluster further demonstrate this

structure, as there is limited overlap among the dispersal

kernels of the two clusters (Figure 6).

Results of the seasonal analysis of trajectories from Little

Wanganui River showed that particles were advected north

across the genetic barrier during all four seasons (Figure 7).
3.3 Relationship between genetic
connectivity and particle tracking model

The variation of the Mantel test performed between the

modelled migration matrix and the pairwise FST matrix showed

a significant relationship. Analysis of the transformed migration

matrix and FST values showed a correlation coefficient of -0.248

and a p-value of 0.0179 (Figures 8, 9). Analysis of the modeled
Frontiers in Marine Science 08
migration matrix against the pairwise matrix of assignment tests

of individuals also revealed a significant relationship, with a

correlation coefficient of 0.579 and a p-value <0.0001

(Figure 10). Additionally, the presence of a northern and

southern cluster in the migration matrix as well as in the

genetic analyses performed in STRUCTURE and Geneland

supports a relationship between the biophysical model and

population genetic data, despite differences in the delineation

of these clusters (Figure 5).

The analysis of isolation by distance (IBD) revealed a

stronger relationship between ocean distance and FST than

between the modelled migration matrix and either of the

measures of genetic connectivity (Figure 11).
4 Discussion

In this study, the extent to which a biophysical Lagrangian

particle tracking model can predict genetic structure as reported

by analysis of microsatellite loci for the endemic New Zealand

green-lipped mussel was assessed. While the two methods

corroborated the findings of each other in several aspects,

there were also unique insights provided by each approach,

and thus a multidisciplinary biophysical-genetic approach is

recommended to best understand connectivity in sessile

marine broadcast spawners.

The permutational Mantel test revealed a significant

relationship between the migration matrix generated by the

particle tracking experiment and the matrix of pairwise FST

values (Figure 9). The negative correlation coefficient observed is
TABLE 2 Network and dispersal statistics for each population.

Population Self
recruitment

Local
retention

Downstream
neighbors

Upstream
neighbors

Mean along track distance
travelled (km)

Mean net distance
travelled (km)

OPO 100.0 12.7 0 0 579 169

MAU 100.0 2.5 0 0 995 392

WEST 77.5 5.2 5 5 938 272

FLE 95 8.9 3 4 556 136

TAS 98.7 4.3 3 2 498 107

LWR 94.2 3.3 2 3 499 165

CAP 9.7 0.1 2 7 1443 602

CAM 11.8 0.1 5 7 1260 454

KAI 5.3 0.3 4 6 1325 602

GOB 83.2 2.0 3 5 935 416

TIM 99.7 3.6 4 2 625 244

HSB 39.3 0.3 6 2 1278 589

BGB 56.8 0.6 6 2 1330 634

FIO 100.0 5.1 2 0 700 201
Self-recruitment = recruitment of particles released from site i at site i/total recruitment at site i. Local retention = particles released from site i that recruit to site i/total particles released
from site i. Downstream neighbors = the number of unique sites (out of 14) where particles released from site i settle. Upstream neighbors = the number of unique sites from which all
particles that recruit to site i are sourced. Mean along track distance travelled = mean distance travelled by all particles released from site i over the 3-6 week PLD. Mean net distance travelled
= mean distance between release and settlement locations of all particles released from site i.
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consistent with the underlying hypothesis about oceanographic

and genetic connectivity— as the number of particles migrating

between populations increases so FST decreases. While isolation

by distance (IBD) showed a stronger correlation to FST than the

migration matrix (Figure 11, oceanographic circulation may

provide a mechanistic explanation for the observed pattern of

IBD [35]. Indeed, analysis of IBD among mussels sampled from
Frontiers in Marine Science 09
sites within each genetic cluster showed no relationship, and IBD

alone is likely not the primary driver of genetic structure in the

species. There are several factors, however, that may result in a

possible underestimation of the importance of ocean circulation

in driving genetic structure. First, this study did not account for

possible connections among populations that occur over

multiple generations through stepping-stones. Because of the
A B C

FIGURE 6

Probability densities of trajectories during the settlement competency period (3-6 weeks) for particles released from each cluster as predicted
by particle tracking experiments. (A) Fiordlands, Horseshoe Bay, Big Glory Bay, Timarau, Gore Bay, Kaikoura, and Cape Campbell (squares),
(B) Little Wanganui River, Westhaven, Fletchers Beach, and Tasman Bay (circles), (C) Opononi and Maunganui (triangles).
A B

FIGURE 5

Clustering as predicted by (A) the particle tracking model and (B) molecular analyses (in this case, Structure) (right).
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large spatial scale (maximum distance between populations =

1854 km), 70% of possible connections between populations had

zero particle transport in one generation. Studies of other species

at similarly large spatial scales have found that the inclusion of

multi-generational connectivity through stepping stones can

improve the fit of the biophysical model to genetic data (e.g.,

Jahnke et al., 2018), and this is an area of future study for

studying national-scale connectivity in New Zealand green-

lipped mussels.

There are several inherent drawbacks of using FST as a

measure of genetic connectivity to compare to the simulated

migration matrix. First, FST (like many measures of genetic

distance) is a symmetric value, while simulated migration rates

between populations are often asymmetric. Additionally, as FST

does not provide for a measure of self-recruitment, information

of self-recruitment rates provided by the simulated migration

matrix cannot be included in comparisons to a pairwise FST
matrix. To compensate for this, and to allow for comparisons
Frontiers in Marine Science 10
between the asymmetric migration matrix and the symmetric

pairwise FST matrix, the diagonals of both matrices were

excluded and the migration matrix M was transformed such

that Mij and Mji are both equal to the mean of Mij and Mji FST

(as in )?. This is not ideal, however, because valuable information

about directionality in the migration matrix is lost.

Secondly, genetic structure may be influenced by local

adaptation to environmental variables not included in the

biophysical models. These selective pressures may impact

survivorship during the larval stage, during or after settlement,

or as adults, and may help maintain spatial genetic structure

even when ocean currents may facilitate larval transport among

populations. This may help explain the maintenance of genetic

structure in the Cook Strait region even in the face of substantial

particle transport by ocean currents (discussed further below), as

mussel communities have been observed to be absent or

depauperate from seemingly suitable habitat in the region

(Gardner, 2000; Helson et al., 2007).
A B

DC

FIGURE 7

Seasonal variation of probability densities of trajectories from Little Wanganui River. (A) Summer (Jan-Mar), (B) autumn (Apr-Jun), (C) winter
(Jul-Sep), (D) spring (Oct-Dec).
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Finally, many metrics of genetic connectivity, including FST,

may represent signals of structure that are the accumulation of

gene flow and barriers to gene flow over evolutionary timescales

(Hewitt, 2000). In the case of New Zealand green-lipped mussels,

the divergence time between the northern and southern lineage

is estimated to be 1.3 million years ago (Apte and Gardner, 2002;

Goldstien et al., 2006). However, other species that exhibit

similar barriers to gene flow south of Cook Strait have

divergence times between lineages of between 200,000 and

300,000 years ago (Goldstien et al., 2006). The Cook Strait

region underwent major topographical and hydrological shifts

during this long period, and it is difficult to identify a particular

historical event that would have produced the observed genetic

structure (Lewis et al., 1994). It is surprising that such a genetic

discontinuity could be maintained over multiple generations

after a historical barrier has broken down (Landguth et al.,

2010), particularly in a data set of microsatellite markers, which

are believed to represent a more contemporary scenario due to

their high mutation rate (Selkoe and Toonen, 2006). However, it

is critical to consider that biophysical models that represent

contemporary ocean currents may not be able to describe

structure among populations where the prevailing genetic

signal is the result of processes at an evolutionary timescale.

One method of describing migration from genetic data that

is not subject to many of these limitations is the assignment

testing of individuals to likely source populations. Unlike

measures of genetic distance, this method can describe

directionality of gene flow by identifying first generation
Frontiers in Marine Science 11
migrants. The permutational variation of the Mantel test

identified a significant relationship among simulated

probability of migration between populations in the

biophysical model and assignment tests of individuals

performed in Geneclass2 (Piry et al., 2004) (Figure 10). While

this positive relationship is intuitive (higher number of

simulated particles moving between populations correlate with

higher rates of migration predicted by assignment testing), it is

driven entirely by the high levels of self-recruitment predicted by

both the particle tracking model and the assignment tests. These

high levels of self-recruitment have been reported by studies of

several marine species with pelagic larval durations ranging from

multiple days to several weeks (McQuaid and Phillips, 2000;

Swearer et al., 2002; Figueiredo et al., 2013), and the particle

tracking experiments conducted here confirm these findings,

with self-recruitment remaining the most important source of

larvae for 10of the 14 sites. The identification of possible first

generation migrants by assignment tests (individuals assigned to

a different population than their sampled population) did not

correlate to predicted migration rates between populations from

the particle tracking experiment, and are unlikely to be a reliable

estimate of true migration rates. This may be due to low levels of

differentiation among populations. Assignment testing of

individuals is most successful with levels of differentiation

between populations above an FST value of 0.05 (Christie et

al., 2017), however, in the present data set, only 10% of pairwise

relationships are above that threshold. Additionally, the

reliability of assignment testing may be impacted by the
FIGURE 8

Oceanographic connectivity, presented as the proportion of particles released from each population that settle in each destination population,
and pairwise FST between all populations. As oceanographic connectivity from the two Stewart Island populations is very similar, only
Horseshoe Bay is shown for legibility.
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number of loci assayed and the limited sample size of mussels

from each population. The data set used here sampled an

average of 23 individuals per population which were assayed

at 10 microsatellite loci (Wei et al., 2013). Of the 63 studies

reviewed by Jahnke and Jonsson, (2022) that used microsatellite

markers, the average number of loci used was 12, with an average

of 50 individuals sampled per population. However, tests of error

rates in Geneclass2 used simulated data sets with a minimum of

50 individuals per population and 50 loci (Paetkau et al., 2004).

Another commonly used tool for estimating directional

migration and asymmetries in gene flow from genetic data,

divMigrate (Sundqvist et al., 2016), suggests the same

minimum number of samples and loci for reliable usage,

making both of these tools inappropriate for use with many

publicly available data sets. Thus, even with genetic analyses

designed for identifying directionality of connections between

populations, obtaining reliable estimates of migration can be
Frontiers in Marine Science 12
difficult, highlighting the value of a multidisciplinary approach

to connectivity studies in marine organisms.

Comparing the clustering patterns reported by the two

methods provides insight into population connectivity and its

potential drivers. The population genetic analysis performed in

Geneland confirmed results from previous analyses of the

microsatellite loci in STRUCTURE (Wei et al., 2013), i.e., the

primary feature of genetic structure is a discontinuity south of

Cook Strait, resulting in a northern and a southern cluster.

Additionally, the Geneland analyses performed here, which take

into account the spatial distribution of the sample sites,

distinguished between samples from the west and east coasts

of the South Island (Figure 3), consistent with the findings of

Apte and Gardner (2002) who identified such a difference using

different analyses. The particle tracking experiments also

revealed clustering among the sampled populations based on

simulated larval dispersal probabilities, however, the population
A B

DC

FIGURE 9

Permutational Mantel test between migration matrix generated by Lagrangian particle tracking model and pairwise FST. (A) Particle tracking
migration matrix, transformed for comparison to the pairwise FST matrix— the mean of migration matrix values A!B and B!A is taken for each
pair of populations, and the diagonal has been excluded. (B) Pairwise FST matrix. (C) Pairwise relationships between cells in one triangle of the
two matrices are plotted as points, with a line showing the best fit of the data. Pearson’s correlation coefficient and p-value of the correlation
are given. (D) The distribution of correlation coefficients between the migration matrix and 1,000,000 permutations of the pairwise FST matrix.
Dotted lines enclose 95% of the distribution, and the solid line shows the correlation coefficient of the unpermuted data.
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composition of the groups is slightly different from that found by

the genetic analyses (Figure 5). One cluster in the migration

matrix includes the populations along the southern and western

coasts of the South Island (FIO, BGB, HSB, TIM, GOB, KAI, and

CAM) as well as the population at Castlepoint (CAP) located on

the south-east coast of the North Island. The other cluster

consists of the populations on the north-west coast of the

South Island (LWR, TAS, FLE, and WEST). The populations

OPO and MAU (in the north of the North Island) were nearly

completely isolated from all other populations in the particle

tracking model, indicating that if connections between these

populations and the rest of the country exist, they likely happen

over multiple generations through stepping stone populations

not included in the current sampling scheme.

The differences in the demarcations of the two clusters in the

genetic and Lagrangian particle tracking data set are interesting,

especially the presence of substantial particle transport across the

reported genetic break on both the west and east coasts of the

southern coastline of the Cook Strait region. This genetic

discontinuity has been reported for several taxa (reviewed by
Frontiers in Marine Science 13
Gardner et al., 2010), and several authors (e.g., Apte and

Gardner, 2002; Waters and Roy, 2004; Ayers and Waters, 2005;

Veale and Lavery, 2011) have proposed oceanographic circulation,

including upwelling near Cape Kahurangi on the north-western

coast and/or Cape Campbell on the north-eastern coast of the

South Island (Chiswell et al., 2017), as the primary driver of this

structure (e.g., Apte and Gardner, 2002; Veale and Lavery, 2011).

One hypothesis proposes that the timing of spawning in some

species may coincide with the period when coastal upwelling is

strongest, and that this may result in a barrier to gene flow arising

for some species (Veale and Lavery, 2011; Arranz Martinez, 2018).

Because of the year round spawning window used in the present

experiment, any signal of a seasonal barrier to gene flow would be

lost in the initial analysis. However, to further examine this

possibility, an investigation of larval dispersal from LWR (Little

Wanganui River, located just south of the genetic break) during

each season (Jan-Mar, Apr-Jun, Jul-Sep, Oct-Dec) was performed.

This analysis revealed that particles are advected northward across

the genetic break year-round (Figure 7) and that the concurrence

of spawning events with seasonal oceanographic features is likely
A B

DC

FIGURE 10

Modified Mantel test between migration matrix generated by Lagrangian particle tracking model and assignment tests performed in Geneclass2.
(A) Particle tracking migration matrix. (B) Matrix of assignment tests of individuals. (C) Pairwise relationships between cells in the two matrices
are plotted as points with a line showing the best fit of the data. Pearson’s correlation coefficient and p-value of the correlation are given.
(D) Distribution of correlation coefficients between the migration matrix and 1,000,000 permutations of the assignment testing data. Dotted
lines enclose 95% of the distribution, and the solid line shows the correlation coefficient of the unpermuted data.
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not the primary driver of the genetic break observed for green-

lipped mussels near Cape Kahurangi. This is consistent with

descriptions of upwelling in the area, which indicate that while

upwelling does occur, the flow is not perpendicular to the shore,

rather it is to the northeast (Chiswell et al., 2017), and larvae with a

PLD of 3-6 weeks such as green-lipped mussels may well be able to

reach the North Island or they may be returned to settle in the

Cook Strait region. Thus, the Lagrangian particle tracking

experiment performed here found no evidence that

contemporary ocean circulation is the primary driver of the

genetic break south of Cook Strait that is observed across

multiple marine invertebrate taxa. The mechanism maintaining

this phylogeographic boundary remains unknown, with alternative

hypotheses including environmental selection (as discussed above),

the existence of an ancient barrier to gene flow that led to a

historical divergence that remains unidentified (Goldstien et al.,

2006; Ross et al., 2012), or as yet undescribed larval behaviours or

other processes that limit dispersal across the boundary or reduce

survivorship of larvae that do cross the boundary (Mertens

et al., 2018).
Frontiers in Marine Science 14
Despite some challenges in reconciling the data provided by

these two methods of assessing connectivity, the application of a

multidisciplinary oceanographic-genetic approach to studying

connectivity reveals more than has been able to be determined

by either method alone. While tools for population genetic

analyses have been able to identify two or more likely

subpopulations among New Zealand green-lipped mussels,

without additional molecular sampling, they are unable to

provide information about the directionality of connections

within and between these clusters. In the migration matrix

(Figure 4), the connections in the southern cluster are mostly

asymmetrical (they occur primarily on one side of the diagonal),

while in the central cluster (populations around the northwest

coast of the South Island) connections are mostly symmetrical

(they exist on both sides of the diagonal). Thus, connectivity in the

southern cluster is primarily south to north, while connectivity

within the central cluster is more symmetrical. Additionally,

connectivity between the two clusters is primarily from the

central cluster into the southern cluster. These patterns are

consistent with the understanding of the prevailing ocean
A B

C D

FIGURE 11

Modified Mantel test between pairwise ocean distances between populations and pairwise FST. (A) Pairwie ocean distance matrix. (B) Pairwise
FST matrix. (C) Pairwise relationships between cells in the two matrices are plotted as points with a line showing the best fit of the data.
Pearson’s correlation coefficient and p-value of the correlation are given. (D) Distribution of correlation coefficients between the ocean distance
matrix and 1,000,000 permutations of the FST matrix. Dotted lines enclose 95% of the distribution, and the solid line shows the correlation
coefficient of the unpermuted data.
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currents in these regions, which are well represented by the model

(De Souza et al., 2022). The Southland Current is a strong

boundary current that flows south to north (Sutton, 2003),

making particle transport in the opposite direction extremely

unlikely. Flow around the northwest coast of the South Island is

driven by the Westland and D’Urville currents. While flow is

generally from northwest to southeast through the Cook Strait,

strong tidal currents due to the offset in tidal phase on either side

of the Strait result in thorough mixing and bidirectionality of

larval transport between pairs of sites in the region (Walters

et al., 2010).

Understanding asymmetries in gene flow among

populations is crucial for management of biotic marine

resources due to the importance of identifying source/sink

dynamics when making management decisions (Crowder

et al., 2000; Hansen, 2011). The results of the Lagrangian

particle tracking experiment suggest that larval transport

pathways driven by ocean currents may not lead to strong

source/sink dynamics in the Cook Strait region, however, a

strong boundary current along the southwest coast of the

South Island likely results in asymmetries in migration of

larvae between populations in the region. While estimates of

abundance or fecundity in these populations were not made in

this study, larval transport from southern to northern

populations driven by the Southland Current suggests that

southern populations (e.g., BGB, HSB, and TIM in this study)

likely act as larval sources for populations along the east coast of

the South Island (e.g., GOB, KAI, and CAM, as well as CAP on

the east coast of the North Island). This suggests that rocky reefs

along the south-southwest coast of the South Island represent

interesting areas for further research due to the role these

populations may play as larval sources.

This work continues to explore a new multidisciplinary field

of study at the interface of population genetics and biophysical

oceanographic modelling. A recent review of studies that have

applied both methods determined that a majority of studies

reveal some degree of correlation between the biophysical model

results and connectivity as assessed by genetic analyses (Jahnke

and Jonsson, 2022). It is important, however, to understand why

genetic and oceanographic measures of connectivity often return

seemingly conflicting results for particular species and/or

regions. Possible reasons for these mismatches are various, and

may include life-history and behavioural traits not represented

in the biophysical model (Lourenço et al., 2017), important

oceanographic features not captured by the hydrodynamic

model (e.g., surface waves), the possibility that genetic data

represent historic patterns of gene flow that are not reflected

by models of contemporary ocean circulation, and local

adaptation to environmental pressures.

The wide range of methodologies used across these combined

studies to compare genetic and oceanographic connectivity data

makes it difficult for researchers to determine how best to evaluate

these two different data sets together; the development of a standard
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approach for this type of analysis will represent a major

advancement in the field. Despite these challenges, a

multidisciplinary approach to studying connectivity within a

species can provide additional and complementary information

about patterns of gene flow than can be learned from population

genetic analyses alone, and any future work should consider the

value gained by including both methods.
4.1. Conclusions

The application of a biophysical Lagrangian particle tracking

model provides complementary information about population

connectivity to traditional population genetics analyses,

including inferences about directionality and asymmetry of

connections within genetic clusters. Challenges in evaluating

these two data types together continue to exist in this new

multidisciplinary field, and further study of these issues as well as

standardisation of their analysis would be extremely valuable to

future research. The area on the southeast coast of the South

Island of New Zealand is identified as a region of interest for

additional study due to its likely role as a larval source for marine

species with pelagic larval dispersal.
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