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Abstract

Larval dispersal and connectivity have important implications for fisheries manage-

ment, especially for species with life cycles influenced by ocean boundary currents.

Giant Mud Crab (Scylla serrata) and Blue Swimmer Crab (Portunus armatus) are two

estuarine portunid crabs (Family: Portunidae) that support significant commercial and

recreational harvest in eastern Australia. Giant Mud Crab migrate to coastal waters to

spawn, and while Blue Swimmer Crab spawn primarily within estuaries they occasion-

ally migrate to coastal waters to spawn, followed by larval dispersal in the East

Australian Current (EAC). Here, we coupled a high-resolution oceanographic model

with a Lagrangian particle tracking framework to simulate larval dispersal and deter-

mine the extent of population connectivity in this region. Our simulations indicate

broad-scale connectivity (�40–400 km), characterised by high inter-estuary connec-

tivity. Overall, our results suggest a north-to-south source-sink structure for both

species, with contributions of particles from the north ranging from 51% to 99%.

Recruitment to a given estuary is dependent on the proximity of mesoscale oceano-

graphic features of the EAC. Most notably, the EAC separation acts as a barrier to

recruitment between spawning and settlement to the north/south of this region. This

significantly limits interjurisdictional connectivity for these species, especially Blue

Swimmer Crab, likely due to a shorter pelagic larval duration than Giant Mud Crab.

Our results provide evidence to inform the assessment and management of these

species.
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1 | INTRODUCTION

Dispersal of larvae facilitates connectivity among different areas

(Cowen et al., 2007; Cowen & Sponaugle, 2009), which can maintain

spatially extensive metapopulations (Kritzer & Sale, 2004). Advection

of larvae in ocean currents can create source-sink dynamics within

populations (Figueira & Crowder, 2006; Kritzer & Sale, 2004). While

larval production can be a significant driver of subsequent recruitment

(Cury et al., 2014; Kell et al., 2016), favourable advection and physico-

chemical conditions during the larval phase can be as important

(Cowen & Sponaugle, 2009; Szuwalski et al., 2015). Consequently,

ocean circulation has a substantial influence on connectivity in marine

systems and can be a key driver of variation in fisheries production

(Cetina-Heredia et al., 2019; Schilling et al., 2020, in press). Quantify-

ing connectivity is important to inform the assessment and manage-

ment of exploited populations (Cadrin, 2020; Kritzer & Sale, 2004;

Punt et al., 2016).

Quantitative estimates of population connectivity can be

obtained by coupling high-resolution oceanographic models with

Lagrangian particle tracking to simulate larval dispersal (North

et al., 2009; van Sebille et al., 2018). These methods have been

applied from regional (Roughan et al., 2011; Schilling et al., 2020) to

global scales (Doblin & Van Sebille, 2016), providing estimates of con-

nectivity for a variety of taxa, such as macroalgae (Coleman

et al., 2011, 2013), sea urchins (Coleman et al., 2017), crustaceans

(Cetina-Heredia et al., 2019; Everett et al., 2017; Roughan

et al., 2005), bivalves (Norrie et al., 2020) and fish (Schilling

et al., 2020). When spawning locations (i.e., ‘sources’) are known, par-

ticles can be tracked forwards-in-time, providing estimates of settle-

ment magnitude that can be related to observed settlement and

recruitment (Cetina-Heredia et al., 2019) or patterns in fisheries pro-

ductivity (Everett et al., 2017; Schilling et al., 2020). Conversely, when

spawning locations are unknown (or poorly defined), particles can be

tracked backwards-in-time from known settlement locations

(i.e., ‘sinks’), providing estimates of putative spawning locations and

recruitment origins (Hernández et al., 2022; Putman & Naro-

Maciel, 2013; Torrado et al., 2021).

Giant Mud Crab (Scylla serrata [Forskål]; Keenan et al., 1998) and

Blue Swimmer Crab (Portunus armatus [Milne-Edwards], formerly Por-

tunus pelagicus; Lai et al., 2010) are estuarine portunid crabs (Family:

Portunidae) widely distributed across the Indo-West Pacific

(Gopurenko et al., 1999; Kailola et al., 1993; Keenan et al., 1998).

They are fast-growing and highly fecund species (Johnson et al., 2010;

Nolan et al., 2021; Quinitio et al., 2001) with an oceanic larval phase

and an estuarine juvenile–adult phase (similar to Blue Crab, Callinectes

sapidus [Rathbun]; Epifanio, 2019). Off eastern Australia (Figure 1),

Giant Mud Crab undertake a downstream migration to spawn in oce-

anic waters (Hewitt et al., 2022; Hill, 1994), with evidence that mature

F IGURE 1 Map of eastern Australia showing the release locations for backwards-in-time particle tracking simulations, and range of east coast
populations of (a) Giant Mud Crab (dark green), (b) Blue Swimmer Crab (blue) and (c) an example of the structure of the EAC (as simulated by
ozROMS; Wijeratne et al., 2018), including sea surface temperature (SST, �C) and the approximate locations of key oceanographic features,
including the EAC jet (�24–28�S); the EAC separation (28–31�S); and mesoscale eddy field (south of 31�S; dashed box). Features are marked at
their centre latitude. The dotted line represents the reduced boundaries of ozROMS that provided the velocity fields used in the simulations
(Wijeratne et al., 2018) and the solid black line shows the 200 m isobath.

2 HEWITT ET AL.



females continue to migrate northwards once in the ocean (Hewitt

et al., 2022). Blue Swimmer Crab are thought to spawn primarily

within estuaries (Johnson et al., 2010, Nolan et al., 2021), but may also

spawn in coastal waters during wetter years (Gillson et al., 2012). For

both species, spawning is followed by a dispersive larval phase (�13–

28 days; Bryars & Havenhand, 2006; Nurdiani & Zeng, 2007), before

settlement in the inshore region (Webley & Connolly, 2007) and sub-

sequent recruitment into estuaries (Potter et al., 1983; Webley

et al., 2009).

In eastern Australia, both species support commercially and

recreationally important fisheries (Grubert et al., 2018; Johnston

et al., 2018; Murphy et al., 2020). Genetic evidence suggests a high

degree of inter-estuary and inter-jurisdictional connectivity between

the state of Queensland (QLD) and New South Wales (NSW; Chaplin

et al., 2001, Gopurenko & Hughes, 2002), where they are managed

and assessed separately (Grubert et al., 2018; Johnston et al., 2018).

Connectivity between these populations is likely to be facilitated by

the East Australian Current (EAC), a southward (poleward) flowing

western boundary current (Oke, Roughan, et al., 2019; Suthers

et al., 2011) that facilitates the dispersal of several exploited species

(e.g., fish, prawns and lobsters; Roughan et al., 2011, Everett

et al., 2017, Cetina-Heredia et al., 2019, Schilling et al., 2020). Assess-

ment and management of exploited species that span multiple juris-

dictions can be complex, with activities in one area potentially

impacting productivity in another (Dichmont et al., 2006; Taylor &

Johnson, 2021). For example, QLD (in the north) implement a total

ban on the harvest of females, while NSW (in the south) only prohibit

the harvest of sub-legal sized (i.e., <85 mm carapace length) and ovi-

gerous (egg-bearing) females. Given the dominating north–south flow

of the EAC, it is possible that the northern components (i.e., QLD) of

these populations are important sources of larvae for southern estuar-

ies (i.e., NSW); however, these dynamics are not well understood.

Here, we quantify population connectivity along eastern Australia

by simulating dispersal of Giant Mud Crab and Blue Swimmer Crab lar-

vae using output from a high-resolution oceanographic model

(Wijeratne et al., 2018) within a Lagrangian particle tracking framework

(Lange & Van Sebille, 2017; van Sebille et al., 2018). Since the spawning

locations for these species are not well defined, this was achieved by

(1) releasing particles from known settlement locations and tracking

them backwards-in-time and (2) comparing patterns in connectivity

between different release locations, thereby identifying putative

spawning locations and providing estimates of population connectivity.

2 | METHODS

2.1 | Study region and oceanographic model

For this study, we used daily output from a hydrodynamic model of

Australian shelf waters (and adjacent deep ocean), configured in the

Regional Oceanographic Modelling System (hereafter ‘ozROMS’) from
2008 to 2017, without data-assimilation (Wijeratne et al., 2018). The

full model extends from 7.4�N–49�S and 92–180�E, but we used a

reduced spatial domain for our simulations, covering approximately

2200 km of coastline (15–37.5�S) encompassing QLD and NSW

waters, and extending �600 km offshore (160�E; Figure 1). This

encompasses the eastern Australian distribution of both species

(Chaplin et al., 2001; Gopurenko & Hughes, 2002) and the EAC. The

EAC exhibits mesoscale variability on seasonal, annual, and decadal

timescales (Archer et al., 2017; Kerry & Roughan, 2020; Oke

et al., 2019, b). It is considered a climate change ‘hotspot’ (Frusher
et al., 2013; Hobday & Pecl, 2014); showing evidence of warming (Li

et al., 2022; Malan et al., 2021) and increased poleward penetration

(Cetina-Heredia et al., 2014; Li et al., 2021). Key features of the EAC

include: the EAC jet, a region of coherent flow adjacent to the coast

(�24–31�S; Oke, Roughan, et al., 2019); the EAC separation, south of

the jet where the current strengthens and separates from the coast

(�31–33�S; Cetina-Heredia et al., 2014). Finally, south of the separa-

tion, the EAC forms a dynamic mesoscale eddy-field (33–43�S;

Everett et al., 2012), that feeds the eastern- and southern-extensions

towards New Zealand and Tasmania, respectively (Oke et al., 2019, b).

It is possible for eddies in this region to entrain and advect larvae off-

shore (Everett et al., 2015; Garcia et al., 2022); however, they may

also be returned to the coast via cross-shelf currents (Cetina-Heredia

et al., 2019; Malan et al., 2020; Roughan et al., 2022).

ozROMS is eddy-resolving, with a 3–4 km horizontal resolution

and 30 vertical s-levels. The model employs a vertical stretching

scheme that preserves the depth of surface- and bottom-layers to

better resolve these currents (Wijeratne et al., 2018). ozROMS has

open boundaries forced by a daily, 1/12� (�9 km) horizontal resolu-

tion output from the data-assimilating global Hybrid Coordinate

Ocean Model (HYCOM; Chassignet et al., 2007). Atmospheric forcing

is obtained from 3 hourly, 0.125� (�14 km) horizontal resolution data

from the European Centre for Medium-range Weather Forecasting

(ECMWF) Interim archive and tidal forcing is obtained from the

Oregon State University TPX07.2 global tidal model (Egbert &

Erofeeva, 2002). Model bathymetry is derived from the General

Bathymetric Chart of the Oceans (GEBCO) 30 arc-second (�0.8 km)

gridded bathymetry (Sandwell et al., 2002).

While ozROMS has been broadly validated and performs well at

reconstructing mesoscale circulation (Wijeratne et al., 2018), an

important but sometimes overlooked aspect of applying global-scale

models in a regional context is validation against local observations

that represent regionally important dynamics. To assess the suitability

of the model in the EAC and determine our level of confidence in

ozROMS we compared model outputs and observations of key EAC

metrics that are relevant to larval dispersal, these include: sea surface

temperature (SST; �C); mean kinetic energy (MKE; m2 s�2); eddy

kinetic energy (EKE; m2 s�2); and, the EAC separation latitude (follow-

ing Cetina-Heredia et al., 2014) which dictates eddy position and

hence larval delivery (Cetina-Heredia et al., 2019). Supporting infor-

mation includes details of the model validation described in Wijeratne

et al. (2018) and our independent comparison followed by a discus-

sion of model limitations. In summary, while the model has some limi-

tations it is the most suitable model available for our purposes given

the broad spatial domain and high-resolution.
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2.2 | Particle tracking

Lagrangian particle tracking simulations were conducted using PAR-

CELS v2.2 (‘Probably A Really Computationally Efficient Lagrangian

Simulator’; Lange & Van Sebille, 2017; Delandmeter & Van

Sebille, 2019), using Python v3.6.5 (Van Rossum & Drake, 2009). PAR-

CELS is an offline Lagrangian particle tracking framework, designed to

efficiently process large quantities of data (Delandmeter & Van

Sebille, 2019, Lange & Van Sebille, 2017). Particles were advected

using daily average zonal (east–west) and meridional (north–south)

velocities (m s�1). Particle positions were interpolated in 5-min time

steps, using a fourth order Runge–Kutta scheme, and recorded once

daily. A horizontal Brownian walk function of 8.8 m2 s�1 was applied

at each time step, in both zonal and meridional directions (Cetina-

Heredia et al., 2019; Okubo, 1971). This introduces random variation

to particle trajectories, to simulate natural variation caused by sub-

grid scale processes (e.g., turbulence and sea breeze; van Sebille

et al., 2018). Particle tracking simulations can be sensitive to the num-

ber of particles released, particularly in regions where circulation is

highly variable (Monroy et al., 2017; Simons et al., 2013). In the EAC,

patterns in larval dispersal and connectivity do not change signifi-

cantly beyond releases of 455 particles per location (Cetina-Heredia

et al., 2015), and therefore daily releases were comprised of n = 455

particles. While this does not represent an index of crab larval abun-

dance (e.g., 0.8–4 million larvae per spawning for Giant Mud Crab;

Quinitio et al., 2001), the aim of this study is to quantify potential

population connectivity via backwards-in-time particle tracking. A

‘true’ index of crab larval abundance would be necessary for

forwards-in-time tracking where the goal of the study is to relate

modelled settlement/recruitment to patterns in harvest.

Along eastern Australia, some patterns in the fecundity and the

spatiotemporal distribution of estuarine spawning have been resolved

for Blue Swimmer Crab (Johnson et al., 2010; Nolan et al., 2021);

however, there is no information regarding oceanic spawning for

either species. To overcome this, we released passive

(i.e., non-swimming) particles from ‘known’ settlement locations and

tracked them backwards-in-time to identify putative spawning loca-

tions. Here, we define a known settlement location as estuaries that

have historically supported notable commercial and/or recreational

harvest of either species. This resulted in seven and 14 release estuar-

ies for Blue Swimmer Crab and Giant Mud Crab, respectively

(Figure 1; Table 1). It should be noted that Giant Mud Crab are ubiqui-

tously distributed in estuaries throughout the study area; however,

the estuaries included in our study represent the estuaries that sup-

port >80% of the commercial harvest of the species (Barnes

et al., 2022). Particles were released adjacent to the mouth of these

estuaries over the 100 m isobath in the surface layer following Schil-

ling et al. (2020). We assume that oceanic spawning takes place at the

same time as estuarine spawning, spanning the austral spring–autumn

(September–May; Heasman et al., 1985; Johnson et al., 2010; Nolan

et al., 2021) and particles were released once daily during this period

(282 days) for the duration of ozROMS (10 years; 2008–2017). Since

we tracked backwards-in-time, particle releases were offset (in time)

so that tracking stopped during the spawning period. We assume that

spawning takes place on the continental shelf (i.e., shoreward of the

200 m isobath), and consider a particle trajectory ‘successful’ if it is
on the continental shelf at the end of tracking. Any particles that do

not meet this criterion or left the model domain were excluded from

our analysis.

Growth during the larval phase in portunid crabs is temperature-

dependent, with optimum conditions occurring at �25–30�C

(Bryars & Havenhand, 2006; Nurdiani & Zeng, 2007). Therefore, the

pelagic larval duration (PLD) was estimated using degree-days

(Neuheimer & Taggart, 2007; Steele & Neuheimer, 2021). Species-

specific degree-days were derived from published larval development

studies, by multiplying the time taken (in d) to grow from zoea to

megalopae by the experimental temperature used in the study

(Bryars & Havenhand, 2006, Nurdiani & Zeng, 2007). To implement

this approach, daily temperatures experienced by each particle were

sampled from ozROMS, once the cumulative sum of these tempera-

tures equals (or exceeds) the degree-days threshold particle tracking

was stopped (Everett et al., 2017; Schilling et al., 2020, in press). To

incorporate natural variability in growth rates (e.g., phenotypic plastic-

ity), we randomly sampled degree-days for each particle from a normal

distribution, with a mean and standard deviation of 535 ± 32 and

382.5 ± 50 degree-days for Giant Mud Crab and Blue Swimmer Crab,

respectively (Bryars & Havenhand, 2006, Nurdiani & Zeng, 2007). In

our simulations this means, in a constant water temperature of 22�C,

an average Giant Mud Crab or Blue Swimmer Crab particle will have a

PLD of �24 or �17 days, respectively. It should be noted that salinity

can also affect the PLD of portunid larvae (e.g., Giant Mud Crab;

TABLE 1 Release locations for backwards-in-time particle
tracking simulations. Estuaries included support notable commercial
and recreational harvest of Blue Swimmer Crab and Giant Mud Crab
along eastern Australia.

Estuary Latitude (�S) Speciesa Stateb

Hinchinbrook 18.54 GMC QLD

The Narrows 23.85 GMC QLD

Hervey Bay 25.82 Both QLD

Moreton Bay 27.34 Both QLD

Tweed River 28.17 GMC NSW

Richmond River 28.89 GMC NSW

Clarence River 29.43 GMC NSW

Macleay River 30.86 GMC NSW

Camden Haven 31.65 GMC NSW

Manning River 31.90 GMC NSW

Wallis Lake 32.19 Both NSW

Port Stephens 32.72 Both NSW

Hunter River 32.92 Both NSW

Hawkesbury River 33.59 Both NSW

Lake Illawarra 34.55 BSC NSW

aGMC: Giant Mud Crab, BSC: Blue Swimmer Crab.
bQLD: Queensland, NSW: New South Wales.
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Nurdiani & Zeng, 2007). While our simulations do not explicitly

include the effect of salinity, salinity is relatively constant in the EAC

(�35) and randomly sampling the degree-day threshold for each parti-

cle from a normal distribution captures a similar range of PLDs to all

temperature/salinity combinations in Nurdiani and Zeng (2007).

2.3 | Data analysis

We provide a descriptive and graphical summary of mean annual con-

tributions of particles from each direction (i.e., north/south) relative to

a given estuary, as well as from each jurisdiction (i.e., QLD/NSW) and

regions of broadly similar mesoscale oceanography along eastern

Australia (as simulated by ozROMS). In this study we define these

regions as: the EAC jet (�24–28�S); the EAC separation (28–31�S);

and the eddy-field (south of 31�S). In our analysis, we include the

Great Barrier Reef (north of �24�S) as part of the EAC jet; however,

this region is also influenced by the South Equatorial Current, North

Queensland Current and the Gulf of Papua Current (Sandery

et al., 2019). The latitudinal limits of these regions differ somewhat

from the literature (e.g., Oke, Roughan, et al., 2019) due to decreased

transport in ozROMS (see Supporting information). Finally, since we

released an arbitrary number of particles (calculated as the minimum

required to represent the variability in the system; Cetina-Heredia

et al., 2015) these contributions are presented as percentages (%),

while for mapping we plot particle density (km2) to assist visualisation.

3 | RESULTS

Overall, our simulations resulted in the release of 17,964,765 Giant

Mud Crab and 8,983,065 Blue Swimmer Crab particles from known

settlement locations, which were then tracked backwards-in-time to

putative spawning locations. During our simulations, very few parti-

cles left the model domain, with the exception of Giant Mud Crab par-

ticles released at Hinchinbrook Island, where it was possible for some

to cross the northern boundary (Figure S4). Of the particles that

remained within the model domain, 1,631,697 (9.1%) and 1,482,291

(16.5%) Giant Mud Crab and Blue Swimmer Crab particle trajectories

were considered ‘successful’, respectively (i.e., inshore of the 200 m

isobath at the end of their PLD). In general, estuaries sourced the

majority of particles (51–99%) from the north, with lower contribu-

tions of particles from the south (1–49%; Table 2). For Blue Swimmer

Crab, particles were generally sourced from within 48–319 km

(Figures 2, S5 and S6) of a settlement estuary. In contrast, Giant Mud

Crab particles from a given estuary originated from a broader expanse

of coastline 111–406 km (Figures 3, S4 and S7).

The distribution of putative spawning latitudes varied depending

on the adjacent mesoscale structure of the EAC, and generally exhib-

ited little interannual variability (Figures S8 and S9). For particles

released from estuaries within the EAC jet or EAC separation, putative

spawning latitudes were approximately normally distributed and dis-

placed to the north (Figures 2 and 3). Conversely, for particles

released within the eddy-field the distribution became progressively

more ‘north-skewed’ the further south a settlement estuary was, and

the most likely putative spawning latitudes were at the approximate

latitude of release (Figures 2 and 3).

Exchange of particles between estuaries within the eddy-field

(e.g., Wallis Lake, Port Stephens, Lake Illawarra) and putative spawn-

ing latitudes to the north of the EAC separation (north of �31�S) was

limited. This pattern was most evident for Blue Swimmer Crab, with

only 0.1–27% of particles released within the eddy-field originating

from north of the EAC separation (Table S1), providing little evidence

TABLE 2 Mean (± SD) annual
northern/southern percentage particle
contribution (%) to estuaries along
eastern Australia

Particle contribution (%)

Blue Swimmer Crab Giant Mud Crab

Release estuary Latitude (�S) North South North South

Hinchinbrook 18.54 - - 51 ± 18 49 ± 18

The Narrows 23.85 - - 99 ± 1 1 ± 1

Hervey Bay 25.82 93 ± 5 7 ± 5 97 ± 3 3 ± 3

Moreton Bay 27.34 93 ± 5 7 ± 5 96 ± 3 4 ± 3

Tweed River 28.17 - - 95 ± 5 5 ± 5

Richmond River 28.89 - - 89 ± 7 11 ± 7

Clarence River 29.43 - - 85 ± 10 15 ± 10

Macleay River 30.86 - - 78 ± 15 22 ± 15

Camden Haven 31.65 - - 72 ± 16 28 ± 16

Manning River 31.90 - - 72 ± 15 28 ± 15

Wallis Lake 32.19 61 ± 16 39 ± 16 68 ± 15 32 ± 15

Port Stephens 32.72 53 ± 11 47 ± 11 58 ± 15 42 ± 15

Hunter River 32.92 56 ± 12 44 ± 12 61 ± 14 39 ± 14

Hawkesbury River 33.59 74 ± 11 26 ± 11 77 ± 14 23 ± 14

Lake Illawarra 34.55 85 ± 9 15 ± 9 - -

HEWITT ET AL. 5



F IGURE 2 Percentage contribution (%) of
Blue Swimmer Crab particles to settlement at
estuaries (indicated by the dotted line) from
putative spawning latitudes (in 0.5� latitude
bands) along eastern Australia. Note percentages
are calculated for each estuary separately and
cover the entire simulation period (2008–2017).
The dashed line indicates the QLD/NSW border
(�28.2�S), and the area shaded red indicates the

approximate location of the EAC separation (28–
31�S) as simulated in ozROMS.

F IGURE 3 Percentage contribution (%) of
Giant Mud Crab particles to settlement at
estuaries (indicated by the dotted line) from

putative spawning latitudes (in 0.5� latitude
bands) along eastern Australia. Note percentages
are calculated for each estuary separately and
cover the entire simulation period (2008–2017).
The dashed line indicates the QLD/NSW border
(�28.2�S), and the area shaded red indicates the
approximate location of the EAC separation (28–
31�S) as simulated in ozROMS.
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for interjurisdictional connectivity in this species (0.2–30%; Figures 4

and 5; Table 3). Connectivity across the EAC separation was higher

for Giant Mud Crab (6–52%; Table S1), facilitating much greater inter-

jurisdictional connectivity (8–96%) for this species (Figures 6 and 7;

Table 3).

4 | DISCUSSION

This study simulated larval dispersal of two exploited estuarine portu-

nid crabs in the EAC, a dynamic western boundary current (Oke,

Roughan, et al., 2019) and climate change ‘hotspot’ (Hobday &

Pecl, 2014; Malan et al., 2021), using a high-resolution oceanographic

model (Wijeratne et al., 2018) within a Lagrangian particle tracking

framework (Delandmeter & Van Sebille, 2019; Lange & Van

Sebille, 2017). These simulations illustrate how the larval phase facili-

tates broad-scale connectivity among estuarine populations in the

region, that is consistent with the genetic structure of populations in

the region (Chaplin et al., 2001; Gopurenko & Hughes, 2002). We

demonstrate an overall north-to-south source-sink metapopulation

structure (Kritzer & Sale, 2004) and show divergent patterns in inter-

jurisdictional connectivity between species. Estimates such as these

are important for informing the assessment and management of

exploited populations (Cadrin, 2020; Kritzer & Sale, 2004; Punt

F IGURE 4 Percentage contribution (%) of
Blue Swimmer particles to settlement at estuaries
(indicated by rugs along y-axis) within the EAC jet
(north of 28�S) or eddy-field (south of 31�S) from
putative spawning latitudes (in 0.5� latitude bins)
along eastern Australia. Note percentages are
calculated for each region separately over the
entire simulation period (2008–2017).

F IGURE 5 Geographic distribution of Blue
Swimmer Crab particles (km�2) tracked
backwards-in-time from estuaries within the EAC
jet (north of 28�S) or eddy-field (south of 31�S)
when they reached their degree-days threshold
(382.5 ± 50). The dashed red lines represent the
approximate EAC separation (�28–31�S; as
simulated in ozROMS) and the dashed black lines
represent the reduced model domain used in our
simulations. The solid black line represents the
200 m isobath; all particles offshore of this at the
end of tracking are excluded from our analysis.
Note counts are derived from the entire
simulation period (2008–2017) and the log10-
transformed colour scale.
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et al., 2016), especially in the context of increasing oceanographic var-

iability under climate change scenarios (Cetina-Heredia et al., 2015;

Coleman et al., 2017).

4.1 | Patterns in larval dispersal and connectivity

Our simulations demonstrate an overall north-to-south source-sink

structure for Blue Swimmer Crab and Giant Mud Crab in eastern

Australia, that exhibits a high degree of interestuarine connectivity.

Broad-scale connectivity is a common feature of exploited estuarine

and coastal species inhabiting the EAC, including crustaceans (Cetina-

Heredia et al., 2019; Everett et al., 2017) and fish (Roughan

et al., 2011; Schilling et al., 2020). There appears to be additional

structuring in recruitment dynamics dependent on the location of indi-

vidual estuaries in relation to oceanographic features of the EAC.

Estuaries within the EAC jet and EAC separation receive almost all lar-

vae via broad-scale dispersal from the north, consistent with the

coherent southward flow in this region (Oke, Roughan, et al., 2019).

However, nontrivial contributions from the south are possible for

some estuaries towards the south of the EAC separation

(e.g., Macleay River, Camden Haven, Manning River and Wallis Lake),

indicative of discontinuous flow and eddying in this region (Cetina-

Heredia et al., 2014; Li et al., 2021; Roughan et al., 2011). For both

TABLE 3 Mean (± SD) annual percentage particle contribution (%) to estuaries along eastern Australia from Queensland (QLD) or New South
Wales (NSW)

Particle contribution (%)

Blue Swimmer Crab Giant Mud Crab

Release estuary Latitude (�S) State QLD NSW QLD NSW

Hinchinbrook 18.54 QLD - - 100 ± 0.0 0.0 ± 0.0

The Narrows 23.85 QLD - - 100 ± 0.0 0.0 ± 0.0

Hervey Bay 25.82 QLD 99.9 ± 0.3 0.1 ± 0.3 99.8 ± 0.4 0.2 ± 0.4

Moreton Bay 27.34 QLD 98.8 ± 4.0 1.2 ± 4.0 98.7 ± 4.1 1.3 ± 4.1

Tweed River 28.17 NSW - - 95.5 ± 6.0 4.5 ± 6.0

Richmond River 28.89 NSW - - 91.9 ± 5.6 8.1 ± 5.6

Clarence River 29.43 NSW - - 88.7 ± 7.7 11.3 ± 7.7

Macleay River 30.86 NSW - - 67.2 ± 17.0 32.8 ± 17.0

Camden Haven 31.65 NSW - - 54.1 ± 20.6 45.9 ± 20.6

Manning River 31.90 NSW - - 50.2 ± 21.3 49.8 ± 21.3

Wallis Lake 32.19 NSW 29.7 ± 15.2 70.3 ± 15.2 46.1 ± 18.2 53.9 ± 18.2

Port Stephens 32.72 NSW 10.5 ± 5.8 89.5 ± 5.8 27.3 ± 16.8 72.7 ± 16.8

Hunter River 32.92 NSW 5.9 ± 5.2 94.1 ± 5.2 18.9 ± 17.2 81.1 ± 17.2

Hawkesbury River 33.59 NSW 1.7 ± 1.4 98.3 ± 1.4 7.9 ± 8.3 92.1 ± 8.3

Lake Illawarra 34.55 NSW 0.2 ± 0.2 99.8 ± 0.2 - -

F IGURE 6 Percentage contribution (%) of Giant Mud Crab particles to settlement at estuaries (indicated by rugs along y-axis) within the EAC
jet (north of 28�S), the EAC separation (�28–31�S) or the eddy-field (south of 31�S) from putative spawning latitudes (in 0.5� latitude bins) along
eastern Australia. Note percentages are calculated for each region separately over the entire simulation period (2008–2017).
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species, self-recruitment appears to be the primary source of larvae

for estuaries further south within the eddy-field; however, minor con-

tributions from distant spawning locations are also possible.

Oceanographic discontinuities can limit larval exchange between

adjacent regions (Torrado et al., 2021), and it appears that the EAC

separation may act as a barrier to connectivity for both Blue Swimmer

Crab and Giant Mud Crab (Figures 4 and 6; Table 3). There was mini-

mal exchange of particles between the eddy-field region (e.g., Port

Stephens, Hunter River and Lake Illawarra) and putative spawning

locations to the north of the EAC separation region. We suggest this

region could represent a recruitment barrier, with minimal larval

exchange between waters north and south. This may be due to

increased eddying in this region (Cetina-Heredia et al., 2014), leading

to the entrainment and advection of larvae offshore (Everett

et al., 2015; Mullaney et al., 2014). However, eddies may also act as

nurseries for coastally spawned larvae of certain species (Garcia

et al., 2022) and facilitate cross-shelf transport (Malan et al., 2020),

which may enhance settlement rates for species with longer PLDs

(e.g., Eastern Rock Lobster, Sagmariasus verrauxi [Milne-Edwards];

Cetina-Heredia et al., 2019). This may explain why Giant Mud Crab

exhibit some connectivity across the EAC separation region, given

they have a �30% longer PLD. For both species, this discontinuity in

larval exchange reduces interjurisdictional connectivity, almost

entirely for Blue Swimmer Crab, and appears to demographically iso-

late estuaries within southeast Australia (i.e., the eddy-field region,

south of 31�S) from spawning in QLD.

The patterns in connectivity resolved here align with the continu-

ous genetic structure of Blue Swimmer Crab and Giant Mud Crab in

eastern Australia (Chaplin et al., 2001, Gopurenko & Hughes, 2002).

Genetic homogeneity at this scale can be maintained by the transfer

of relatively few individuals (Cowen et al., 2007), and it is likely that

genetic panmixia is facilitated by a ‘stepping-stone’ effect (Chaplin

et al., 2001), whereby recruitment between the southern- and north-

ernmost estuaries occurs over multiple years or generations (Everett

et al., 2017). Mixing between estuarine populations may be further

enhanced by the migratory behaviours of adults. For example, in

southeastern Australia, mature female Giant Mud Crab emigrate from

estuaries and continue in a northern direction (�30–150 km) to

spawn in oceanic waters (Hewitt et al., 2022; Hewitt et al., unpub-

lished data). This may also introduce a degree of self-recruitment in

estuaries that source larvae from the north (e.g., Tweed River). Move-

ments of mature Blue Swimmer Crab outside estuaries are unknown,

but northerly migrations are well documented for a range of other

estuarine species in eastern Australia (Brodie et al., 2018; Gray &

Barnes, 2015; Taylor & Johnson, 2021), and other estuarine species

that exhibit limited migratory movements (e.g., Yellowfin Bream,

Acanthopagrus australis [Günther]) maintain panmictic genetic struc-

ture via larval dispersal in the EAC (Roberts & Ayre, 2010).

4.2 | Implications for management

Our results point to different patterns in interjurisdictional connectiv-

ity for Blue Swimmer Crab and Giant Mud Crab along eastern

Australia. Estuarine populations of Blue Swimmer Crab in QLD and

NSW appear to constitute demographically separate stocks,

F IGURE 7 Geographic distribution of Giant Mud Crab particles (km�2) tracked backwards-in-time from estuaries north of the EAC separation

(north of 28�S), within the EAC separation (�28–31�S) or south of the EAC separation (south of 31�S) when they reached their degree-days
threshold (535 ± 32). The dashed red lines represent the approximate EAC separation (as simulated in ozROMS) and the dashed black lines
represent the reduced model domain used in our simulations. The solid black line represents the 200 m isobath, all particles offshore of this are
excluded from our analysis. Note counts are derived from the entire simulation period (2008–2017) and the log10-transformed colour scale.
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supporting the current assessment and management at the state level

(Johnston et al., 2018). Conversely, Giant Mud Crab maintain a rela-

tively high level of interjurisdictional connectivity, predominantly

between QLD and northern NSW (i.e., within the EAC separation)

whereas connectivity patterns suggest that estuaries within the south

of the state (i.e., within the eddy-field) may be demographically iso-

lated from the rest of the stock. These patterns indicate that inte-

grated assessment and management practices across jurisdictions may

be suitable for this species (Cadrin, 2020; Little et al., 2007).

In general, estuaries within the EAC separation support higher

and more stable catch rates of Giant Mud Crab than those in the

south (i.e., within the eddy-field; Meynecke et al., 2012). Some of this

variation is likely due to environmental variability (e.g., temperature),

which can alter catchability of the species (Meynecke et al., 2012;

Williams & Hill, 1982). However, the differential patterns in connec-

tivity coupled with the male-only harvest policy implemented in QLD

(Grubert et al., 2018) may also play a role. This protection likely pro-

vides a degree of stability in spawning biomass, which may support

higher levels of recruitment (Cury et al., 2014; Kell et al., 2016) for

estuaries that are well connected with spawning in QLD waters. Con-

versely, estuaries in southern NSW that source the majority of their

larvae from within NSW, where only ovigerous females are protected,

may occasionally become recruitment-limited by a combination of

high fishing mortality (i.e., excess removal of mature females; Myers

et al., 1994) and other factors affecting recruitment (e.g., high larval

mortality). However, male-only harvest policies are not guaranteed to

ensure adequate recruitment (Carver et al., 2005; Hines et al., 2003)

and the drivers of catch rate variability in NSW require further investi-

gation. Management of Giant Mud Crab in NSW would benefit most

from further research into the size-at-maturity to ensure that the cur-

rent minimum legal size (85 mm carapace length) is providing ade-

quate protection to the reproductively mature component of

populations in the state.

In recent decades, mesoscale oceanographic variability has

increased across the globe (Martínez-Moreno et al., 2021) and climate

change is forcing accelerated warming and intensification of western

boundary currents (Wu et al., 2012). These effects are evident in the

EAC, which is considered a climate change ‘hotspot’ (Hobday &

Pecl, 2014); exhibiting non-uniform and accelerated warming (Li

et al., 2022; Malan et al., 2021) and increased southern (poleward)

penetration (Cetina-Heredia et al., 2014; Li et al., 2021). Increased

warming has the potential to shorten PLD and thereby inhibit connec-

tivity, but increased circulation could counteract this effect. Our

results suggest that a southern shift of the EAC separation, induced

by increased poleward penetration, (Cetina-Heredia et al., 2014, Li

et al., 2021), may enhance connectivity between some NSW estuaries

(e.g., Camden Haven, Manning River, Wallis Lake) and spawning in

QLD. In a simulation of future climate scenarios, Cetina-Heredia et al.

(2015) showed a 300 km poleward shift in the peak in settlement of

Eastern Rock Lobster larvae along eastern Australia. Populations of

both Blue Swimmer Crab and Giant Mud Crab already exist further

south than modelled here; however, they do not support notable

commercial or recreational harvest, and increased poleward penetra-

tion may lead to an increase in abundance in southern NSW and

induce a southern extension of each species distribution (Gervais

et al., 2021; Pecl et al., 2017).

4.3 | Model limitations and future research

In this section, we focus on the assumptions and limitations as they

relate to the biological parameterization of our simulations. A sum-

mary and discussion of the underlying oceanographic model used to

advect particles, which includes model validation (Wijeratne

et al., 2018) and our independent comparison with local observations

is in Supporting information.

Incorporating larval swimming abilities can improve the accuracy

and realism of particle tracking simulations (Cetina-Heredia et al., in

review; Leis, 2021). Unfortunately, no such information exists for

either species, so the larvae were modelled as ‘passive’ particles.

Implicit in releasing particles adjacent to the mouth of known settle-

ment estuaries (at the 100 m isobath), is the assumption that settle-

ment is possible from within this range, probably facilitated via a

combination of chemoreception and selective tidal-stream transport

(Roughan et al., 2005; Tilburg et al., 2009; Webley et al., 2009), pro-

viding a crude proxy for swimming ability at the settlement stage. Fur-

thermore, our simulations were limited to the surface layer; however,

this is unlikely to alter the patterns in connectivity described here,

since portunid larvae are typically concentrated near the surface

(Bryars & Havenhand, 2004; Epifanio, 2007; Tilburg et al., 2008) and

circulation at the surface is generally representative of the upper

200 m (Everett et al., 2017).

In our simulations, we assume spawning is constant both through-

out the spawning season (austral spring–autumn; September to May;

Heasman et al., 1985; Johnson et al., 2010; Nolan et al., 2021) and

interannually. However, both species exhibit clear temporal peaks in

reproductive activity (e.g., mating and fecundity) within a spawning

season (Heasman et al., 1985,Johnson et al., 2010, Nolan et al., 2021),

the timing of which may be seasonal or related to other environmental

cues (e.g., heavy rainfall; Hewitt et al., 2022). Furthermore, Blue

Swimmer Crab are likely to primarily spawn in estuaries (Johnson

et al., 2010, Nolan et al., 2021), with ocean spawning dominant during

wetter years (Gillson et al., 2012; Potter et al., 1983). Future research

would benefit from a more finely resolved model of the spatial

(i.e., estuarine vs. oceanic) and temporal dynamics of larval production

(e.g., spawning and fecundity) informed through targeted fishery-

independent surveys.

Finally, we remind readers that the results presented here repre-

sent modelled (rather than empirical) estimates of population connec-

tivity. While the agreement between our results and previous genetic

studies (Chaplin et al., 2001; Gopurenko & Hughes, 2002) provide a

high degree of confidence in our results, approaches such as transge-

nerational marking of individuals (e.g., statoliths in cephalopods; Pecl

et al., 2010) represent a potential avenue to validate these results.
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4.4 | Concluding remarks

This study provides evidence of a north-to-south source-sink struc-

ture for Blue Swimmer Crab and Giant Mud Crab along eastern

Australia. The patterns in connectivity here imply a high degree of

inter-estuary connectivity. The different patterns in connectivity are

related to the EAC separation, which acts as a recruitment barrier for

estuarine populations to the north/south of this region. Quantifying

such connectivity provides a foundation for modelling variation in

exploited stocks and guiding management decisions (Cadrin, 2020;

Kritzer & Sale, 2004; Punt et al., 2016), especially in the context of cli-

mate change which is altering ocean circulation and temperatures in

this region (Cetina-Heredia et al., 2014; Li et al., 2021, 2022; Malan

et al., 2021).
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