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Abstract

Background

Movement to spawn in offshore waters provides numerous benefits to inshore marine fish and crustacean
species, but there is often limited empirical data on the behaviour and ecology of this key aspect of their life
history. This is the case for Portunid mud crabs of the genus Scyl/la, which have swimming abilities and are
widely distributed throughout the Indo-West Pacific.

Methods

Two lines of evidence were used to quantitatively and qualitatively improve the understanding of the spawning
migration of Scylla serrata, the largest of the four species of mud crab: (i) the novel application of the smallest
pop-up satellite archival tag available to twelve females considered to have advanced ovarian development, and

(ii) the collation of requested sightings of migrating and/or egg-bearing females. The satellite tags provided


mailto:julie.robins@daf.qld.gov.au

empirical data on the movement and behaviour of migrating females, whilst the collated sightings (n=101)
provided information on the direction and seasonality of migration. The study occurred between October 2020
and June 2024 in the waters of Queensland, Australia, that included the continental shelves of the Gulf of
Carpentaria (approximately 12-18°S, 138-142°E) and the Queensland’s east coast (approximately 11-28°S, 142-
153.5°E).

Results

Satellite tag data was obtained from nine individuals, with 30 second interval depth, temperature, and light
archived data available from two individuals, including one egg-bearing female. This data indicated three types
of behaviour associated with the spawning migration: (i) estuarine benthic behaviour in shallow water (<10 m)
where these benthic dwelling crabs remain mostly on the sea floor of tidal estuarine habitats; (ii) active
swimming behaviour when the crabs alternated between near surface positioning interspersed with sedentary
behaviour at increasing depth likely indicative of swimming to deeper offshore waters; and (iii) offshore benthic
behaviour in deeper waters (>20 m). Over 100 sightings of spawning females provided a broadscale insight into
their movement and possible offshore destinations.

Conclusions

Results indicated the offshore spawning migration of giant iiiud crabs is variable, depending on local
bathymetric and oceanographic conditions, which has consequences for larval distribution and the genetic and
demographic connectivity of this species. Pop-up satellite archival tags can provide novel insights into the

spawning migration of brachyuran crabs, providing additional information to inform fisheries management.
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Background
Movement patterns determine the spatial, demographic and genetic structure of marine species, which often
display multi-phase ontogeny [1]. Many inshore marine fish and decapod crustaceans display a tri-phasic life

cycle that includes planktonic eggs and larvae, juvenile use of shallow-water inshore habitats and ontogenetic



shifts in habitat and resource use by adults [1]. A tri-phasic life cycle includes the movement (often passive) of
planktonic larvae from spawning habitats and movement of adults to them. The spawning migration of adults is
different from routine movements associated with feeding activities occurring within a species-specific home-
range. The primary purpose of spawning migration by adults is to reach areas with suitable conditions that
increase the chances of larval survival [2,3]. Many marine species exhibit spawning migration [4], with

numerous decapod crustaceans displaying spawning migration toward offshore areas [2,5].

As a decapod crustacean and portunid with good swimming ability, mud crabs of the genus Scylla migrate to
spawn [6,7,8,9,10]. There are four species (serrata, olivacea, tranquebarica, paramamosain) widely distributed
throughout the Indo-West Pacific, many of which are widely cultivated in aquaculture operations [11] and some
species (e.g., S. serrata) incurring heavy fishing pressure in wild-capture fisheries (e.g. South Africa, Red Sea,
Asia, Australia, Fiji, southern Japan). They have a planktonic larval stage that provides broadscale genetic
connectivity [12,13,14Error! Reference source not found.]. Juveniles and adults occur in shallow-water (<10
m), mangrove-associated habitats of estuaries and coastal areas. Females are inseminated during moulting to
their mature instar, retaining spermatophores in their spermatheca for internal fertilisation during extrusion of
eggs. The egg-mass is incubated on their abdominal {lap for between 9 and 11 days, dependent on temperature
and salinity [15,16]. Of the few studies on the spawning migration of Scylla [6,9,10] considerable variability is

reported in the details e.g. distance offshore, depth, seasonality.

Regional variation in their spawning migration is speculated to be related to oceanographic conditions and/or
geographic features [17] and is congruent with oceanographic particle simulations of effective larval advection
patterns [18,19]. However, there is limited empirical data on the behaviour and ecology of the spawning
migrations of female mud crabs. It is currently unclear what determines the migration pathway and/or endpoint,
why the distance travelled offshore varies, and whether, how or what proportion of females return to the

coastline after spawning [6,7,9,10].

The current study used two lines of evidence to gain empirical and theoretical insights into the behaviour and
ecology of the spawning migration of S. serrata: (i) the novel application of micro pop-up satellite archival tags
(PSATs) to crabs imminent to their spawning migration; and (ii) collated sightings of migrating and egg-bearing

females. The water of the continental shelves of northern Australia were used as a case study for this research,



providing a large spatial context, diverse and complex continental shelf habitats, covering tropical and sub-
tropical waters and a range of seasonal temperature and rainfall conditions — parameters which have been

previously suggested as the triggers of the spawning migration [6,10].

Methods

Study locations

The study occurred in Queensland waters, which include an eastern facing coastline and associated continental
shelf open to the Pacific Ocean (approximately 11-28°S, 142-153.5°E), and a western and northern facing
coastline open to a semi-enclosed shallow sea and continental shelf that is the Gulf of Carpentaria
(approximately 12-18°S, 138-142°E, Fig. 1). These coastlines have extensive areas of mangrove-lined estuarine
habitats, supporting significant fisheries for S. serrata (approximately 700 tonnes per annum combined, male

only harvest [20]), but differ greatly in their oceanography and bathymetric complexity.

The Queensland east coast extends for over 2,222 km from Cape York (~10.68°S) to the New South Wales
border (~28.17°S). Offshore of estuaries inhabited by S. serraia is the Great Barrier Reef, which occurs from
Cape York to ~25°S. The Great Barrier Reef provides a coniplex continental shelf that includes coral reefs (both
eastern outer boundary reefs and inner individuai reefs), continental islands, and coral sand cays dispersed
beside and amongst a deeper ‘lagoon’ area that occurs between the mainland (where most mangrove-lined
estuaries are located) and the outer barrier reef. Shallow water (<20 m) occurs in a narrow area generally within
3 km of the coast [21], seaward of which depth increases across the continental shelf, until the 100 m depth
contour (considered the eastern boundary). East of the 100 m depth contour is the drop-off to the continental
slope. The width of the continental shelf from the mainland coast to the outer reef averages 100 km but ranges
from 23 km (at 14°S) to 260 km (at 22.5°S). Within the Great Barrier Reef, currents are a function of semi-
diurnal tides and prevailing seasonal winds, which are northwesterly during the monsoon season (~October to
April) and southeasterly during the tradewind season (~May to September). Seaward of the outer barrier reefs,
the westward flowing South Equatorial Current (and jets) splits when it hits the outer reefs (~17°S [22]),
creating complex currents that flow either generally northward (i.e., North Queensland Current and Hiri Gyre)
or generally southward (i.e., East Australian Current) [22]. South of the Great Barrier Reef, parts of the
Queensland east coast are sheltered from the Pacific Ocean by large, sand barrier islands (K’gari, Bribie,

Mulgumpin, North and South Minjerribah). The offshore waters south of Sandy Cape (K’gari, ~24.68°S) are



greatly simplified in comparison to the offshore waters of the Great Barrier Reef, generally characterised by fine
sandy sediments, a narrow continental shelf, with an eastward continental slope that rapidly increases in depth.
Offshore waters south of Sandy Cape are exposed to the dynamics (e.g., temperature, velocity, and direction) of

the East Australian Current and its associated eddies.

The Gulf of Carpentaria is a semi-enclosed sea with a coastline extending for approximately 1,852 km from
Cape York (~10.68°S, 142°F) to Cape Wessel (11°S, 136.75°E), of which 1,111 km is within Queensland’s
jurisdiction. The coastline has few major headlands and there are extensive, wide (up to 20 km) and shallow
(<20 m) coastal flats that are turbid and well-mixed [21]. Offshore, water depths increase to a maximum of 65
m, and are oceanic in quality, being separated from inshore coastal waters by a boundary current [23]. Within
the Gulf of Carpentaria, currents are a function of diurnal tides and prevailing seasonal winds, which are
northwesterly during the monsoon season and southeasterly during the trade wind season [24,25]. Although
occurring within tropical latitudes (i.e., ~10.68°S to 18°S), inshore coastal waters of the Gulf have larger
seasonal variation in temperature than inshore coastal waters of equivalent latitude on the Queensland east coast
and Great Barrier Reef [26]. The diurnal tides, and adjacent land features, amplify the seasonal range of water

temperatures on the inshore coastal flats and adjacent estuaries.

Satellite tagging

Acoustic and satellite tags were considered to study the spawning migration as both have been previously used
to study crab movement [e.g. 10,27,28]. Pop-up satellite archival tags (PSATs) were selected because they had
successfully provided location data in previous crab migration studies [27,28], and they can provide a time-
series of temperature and depth data to inform movement behaviour, which acoustic tags do not. Migrating
female S. serrata are unlikely to spend sufficient time at the surface to allow the use of tags which transmit data
in real-time (e.g., SPLASH or SPOT tags). Wildlife Computers microPATs were chosen as they were the

smallest pop-up archival satellite tag available (i.e., 95 mm x 33 mm, plus antennae, weighing 46 grams in air).

Upon deployment, microPATs record depth, temperature and light information, with their programmed release
from the animal occurring by a burn-pin, detaching the tag from its tether to the animal. Once released, the
microPAT, floats to the surface and a wet-dry sensor notifies the tag that it has surfaced, after which the tag

transmits data to the Argos satellite network. MicroPATs provide a pop-up location as well as depth, temperature



and light level readings which can be used to generate light-based estimates of geolocation [29]. If the tags are
physically recovered, the complete archived data series can be downloaded, otherwise ‘packaged’ data
consisting of daily minimum (min)and maximum (max) depths, temperatures and light levels over six-hourly
intervals are transmitted to the Argos satellite network whilst the microPAT has capacity (i.e., battery life and
clear line of transmission). We set the microPATs to record depth (0.5 m resolution), temperature and light data
every 30 seconds, with the release-pin set to burn at 30, 45, or 60 days depending on the time of year and
condition of the crab (Table 1). The egg-bearing female had tag-release set at 30 days, whilst females without
eggs had tag-release set to 45 days (April) or 60 days (October) to enable further ovary development prior to
their spawning migration. Transmission repetition rate was set to 60 seconds, with pop-up locations based on

transmissions to Argos satellite network confirmed by messages detected by two, preferably three satellites.

The microPATs were coated with antifouling paint (International Interprotect High Performance Epoxy Primer
as an undercoat and International Ultra 2 High Strength Antifouling as a topcoat {30]) as per Wildlife Computers
recommendation. Harness attachment methods utilised in previous bracliyuran PAT studies [27] were
inappropriate as obstruction to the opening of the abdominal tlap would prevent egg extrusion and subsequent
collection and attachment of the eggs to the crabs abdominal pleopods. We developed a system whereby the
microPAT was attached to the crab using flexible stainless-steel wire (Grade 316, 7x7, 0.81 mm in diameter)
looped and crimped to a stainless-steel ‘saddle’ that was glued with an adhesive to the dorsal carapace (Fig. 1).
The carapace was wiped clean then abraded to enhance bond strength and a generous bead of epoxy was applied
to adhere the stainless-steel saddle to the dorsal carapace of the crab. We opted for an epoxy footprint of
approximately 5 cm by 2 cm to provide strong adhesion without interfering with the animals’ natural
behaviours. Prior to deployment on wild individuals, tank trials were conducted to explore attachment options,
adhesive types and buoyancy effects of the microPAT on female crabs. We tested several adhesives including
multiple brands of 5-minute epoxy. Iccons Pure Epoxy [31] was selected for field application as it created the
strongest bond, did not produce significant heat when curing and did not soften or weaken after long periods of
submersion in sea water. Tagged crabs were held and observed in tanks for 7 days, during which the natural
movements and buoyancy of the individuals did not appear to be hindered by the tethered microPAT, consistent

with Nault et al. [32].



Fig. 1 Female Scylla serrata showing micro pop-up archival tag (microPAT) attachment method so extrusion of
an egg-mass would not be impeded. Examples shown are: (left) crab-253088, an egg-bearing female; (middle)

crab-253096; (right) crab-252950. See Table 1 for details.

Locations for microPAT application to female S. serrata were based on: (i) the logistics of collecting females
with advanced ovary development (described below), (ii) estuarine habitat complexity to minimise the risk of
tag entanglement, (iii) relevance to high-catch fishery areas, and (iv) limited information (published or
anecdotal) on spawning movement (i.e., knowledge gap). Egg-bearing female sighting data [6] and larval
modelling [18,19] led to the deployment of 12 microPATs across three locations - Missionary Bay and The

Narrows, both on the Queensland east coast, and Karumba in the Gulf of Carpentaria (Table 1).

The microPATs were deployed in the austral spring and autumn when female S. serrata are thought to have peak
spawning [6,10,17]. Females were collected with the assistatice of local commercial fishers from baited 30 ply
polyethylene mesh covered crab pots, which had been set in the intertidal zone. Mature females with limbs
intact and showing advanced ovary development were selected for tagging. Females in advanced stage-V ovary
development (i.e., tertiary vitellogenesis [33]) were assessed by visual examination of the transparent membrane
between the junction of the first abdominal segment and the ventral carapace (thoracic sternites). The ovary of
advanced stage-V females fills the body cavity to such a degree that the ovary (usually orange in colour) extends
into the abdominal segment of the crab (i.e., tail flap), resulting in orange crescents being visible externally (Fig.
2). Observation of orange ovary material in the abdominal flap of female mud crabs is used in aquaculture to
identify when spawning is imminent (i.e., expected to occur within two to three weeks [34] and was verified by
dissection in concurrent research (Robins unpublished)). Following tag application, crabs were held in
individual containers, covered with hessian and kept cool and damp until the epoxy was set (90-120 minutes,

temperature dependent). Individuals were released as close as feasible to their capture location.

Location processing from the deployed microPATs using GPE3 provided in the Wildlife Computer Data Portal

was attempted for all individuals with data transmitted to Argo satellite network or where the microPAT was



retrieved and full data downloaded. Modelling of the movement track of the microPAT tagged crab had variable
success and overall was not more robust or that much more informative than the straight-line track presented in
the Results. Best fits (based on maximum likelihood ‘score’ (0 to 100), and plausibility of movement) of the
geolocation processing are provided in the Supplementary Material for 6 of the microPAT tagged crabs. Three of
the PSAT data sets were unable to have a track estimated by GPE3 processing due to lack of model

convergence.

Fig. 2 Externally visible indicators of late-stage V (i.e., fully mature) ovary development in female Scylla
serrata): (a) orange crescents (inside red circles) visible through the transparent membrane between the junction
of the first abdominal segment and the ventral carapace (thoracic sternites), and (b) dissected late-stage V

female showing full mature ovary (orange tissue).

Collated sightings of migrating and egg-bearing females

Sightings of female S. serrata ‘offshore’ and egg-bearing females were collated from social media posts
(Instagram, Facebook), and directly from commercial and recreational fishers following public announcements
requesting the reporting of such sightings (see Supplementary Material). Collated information included the
source of information, date of sighting, location (latitude and longitude, or bearing and distance from a
landmark), water depth, photographic evidence (to confirm species, whether egg-bearing, colour of egg mass to
infer development stage), plus other relevant comments (e.g. sighted at surface, type of fishing activity — pot or
trawl caught). Only sightings confirmed as S. serrata with precise location information were utilised.
Photographs of the egg-mass were visually assessed (colour, larval development) to roughly estimate
development (i.e., days post extrusion) guided by expert opinion [14,35,36]. Where possible, perpendicular
distance to the nearest mainland shoreline was calculated. The sightings were aggregated by region - seven for
the Queensland east coast and three for the Gulf of Carpentaria reflecting geography and climate patterns, to

assist in understanding potential regional patterns in spawning migrations (Fig. 3, regional boundaries provided



in the Supplementary Material). Seasonality of spawning migration was investigated by assessing the monthly

frequency of sightings.

Assumptions and limitations

Sample size

Twelve microPATs were deployed with informative data retrieved for nine (Table 1). Thus, the sample size is
small and a limitation that should be considered when interpreting results. However, the female S. serrata were
tagged and released in three different locations, and two different times of year providing a degree of
representativeness. The number of microPATs deployed was restricted by funding and uncertainty as to whether
microPATs could return any data on the spawning migration of this species. The microPAT derived data
(reported in the Results) provides water depth and temperature data for individuals and is suggestive of
behaviour, and whilst variable has commonalities. We suggest our interpretation is not unreasonable, as it
concurs with the cited published literature (see Results and Discussion) and is likely applicable to the wider

population.

microPAT weight relative to crab weight

Crabs fitted with microPATs ranged in size from 147 to 178 mm CW (Table 1), with an estimated weight
between 605 and 980 grams respectively (Robins unpublished). As microPATs weight 46 grams out of water, the
tag-weight to animal-weight ranged between 7.6% and 4.7% and was greater than the suggested 2% rule for tags
applied to fish [38], although other studies where PSATSs were applied to crabs had fish-tag to animal-weight
values between 10% and 1.9% [27,28]. PSATs have been reported to not change the crabs natural movements or
buoyancy [32] — consistent with our observations during the 7 day tank trials, suggesting that the 2% fish-tag

‘rule’ may be overly-conservative [39].

Collated sightings

The collated sightings are opportunistic, a limitation that should be considered when interpreting the results.
However, given the almost limited empirical data on the spawning migration of S. serrata, these sightings
provide useful insight into the regional seasonality, migration directions and potential end points of the
spawning migration, particularly when combined with the microPAT results. The extensive distribution and

abundance of female S. serrata in Queensland waters, noting that harvest is prohibited in this jurisdiction, and
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the intensity of commercial and recreational fishing effort, would imply that migrating females should be

sighted (even if at low frequencies) in all regions, with the chance of sightings increasing in proportion to the

level of human activity in a region.

Fig. 3 Locality map of study and spatial distribution of female Scylla serrata considered to be undertaking

spawning migration in Queensland waters. Egg-bearing status was confirmed by photograph. White boxes

illustrate fishery regions (see Supplementary Material Table S1). GoC = Gulf of Carpentaria. EC = Queensland

east coast.

Table 1 Details of female Scylla serrata deployed with microP AT satellite tags in Queensland waters — East
Coast (EC) and Gulf of Carpentaria (GoC). No data received = niever heard from the tag. n/a = not applicable.

Location | PTTID | CW | Release Relcase Pop-up Pop-up Days at Pop- | Distance
mm date lat/long date lat/long® liberty, up release to
early depth | pop-up
release, (m) location
reason if (straight
n known line km)
253092 | 166 | 04/10/23 | -17.46518 na na no data n/a n/a
140.82823 received
253090 | 160 | 05/10/23 | -17.46518 | 04/12/23 | -16.61947 60 days 19 103
140.82823 140.43152
3 253091 | 169 | 05/10/23 | -17.46518 | 04/12/23 | -16.57403 60 days 21 106
< 140.82823 140.50987
—é 253093 | 178 | 05/10/23 | -17.46703 | 15/11/23 | -17.00323 41 days, 19 54
3 140.82058 140.95843 early
Vi release
reason
unknown
253096 | 167 | 05/10/23 | -17.46703 | 04/12/23 | -16.95478 60 days 19 73
140.82058 140.38788
253088* | 150 | 17/10/23 | -18.20757 | 16/11/23 - 30 days 18 11
Eu) 146.22158 18.157483
50 146.29133
3 253089* | 157 | 17/10/23 | -18.26597 na -17.8925 18 days, 15 38
g 146.23190 146.09923 early
g release,
@2 predated
s 253094 | 147 | 17/10/23 | -18.20755 na na no data n/a n/a
146.22158 received
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253095 | 168 | 17/10/23 | -18.20757 | 16/12/23 | -19.1795 60 days 320 363
146.22158 149.51493
253097 | 156 | 17/10/23 | -18.27295 na n/a no data n/a n/a
146.19705 received
262950 | 163 | 11/04/24 | -23.55920 | 04/05/24 | -20.20893 23 days, 69 387
150.95838 150.04338 early
release,
WetDry
function
S) triggered
! 262949 | 166 | 11/04/24 | -23.55920 | 17/04/24 | -23.5155 6 days, <lm 21
4 150.95838 150.81192 early
g release,
2 depth
& function
= triggered

CW-=carapace width; *full archival data obtained for recovered tags; ®* Argos Location Quality Class-3, >4

messages per satellite pass, estimated location error <250m

Results

Satellite tag performance

Of the 12 microPATs deployed, nine (75%) transmitted data to the Argos satellite network, of which eight had
informative data (Table 1). Three microPATs (25%) were never heard from and no data was received by the
Argos satellite network. Five of the tags that transmitted data (55%) remained attached for the programmed
duration, while four (45%) released early, one likely due predation but the others for unknown reasons (Table 1
and discussed further below). Two microPATs were retrieved, one of which also transmitted to the Argos
satellite network (i.e., ID 253088), providing archived data collected at 30 second intervals for 30 days post-
release. This enabled comparison between the 6 hourly summary data transmitted to the Argos satellite network
and the microPAT archived depth, temperature and light data. As presented below, the 6 hourly summary data
captured key changes in depth and was consistent with that recorded in the 30 second interval archived data,
giving confidence that the summary data provides credible information on the spawning migration. To illustrate
inferred behaviour, examples of depth and light are presented below, with the data (including temperature) for

each microPAT plotted in the Supplementary Material.

Movement, depth and inferred behaviour
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Data was available for four of the five females tagged in the Karumba region (south-east Gulf of Carpentaria)
and showed movement away from their estuarine release location to deeper water (Fig. 4). The straight-line
distance between the release and pop-up location ranged between 54 and 106 km north or north-west of the
release location (Table 1, Fig. 4). The 6 hourly summary data transmitted to the Argos satellite network
indicated similar patterns in the minimum (min) and maximum (max) depth experienced by these individuals
(Fig. 5). Immediately post-release (“estuarine benthic”), the min and max depth values remained approximately
the same (usually <10 m) indicating the benthic behaviour of the tagged crabs on the sea floor, likely in inshore
or estuarine waters given the bathymetry of the south-east Gulf of Carpentaria. The duration of the estuarine
benthic phase ranged from 9 days (crab-253091) to 26 days (crab-253093). After that (“active swimming”), min
depth values were near 0 m (indicating crab at surface) interspersed with max depth values increasing to 20-40
m (Fig. 5), indicating the tagged crabs were at the surface (likely swimming, a behaviour commonly reported in
the sightings) interspersed by the crabs at or near the sea floor (likely sedentary or walking, behaviours common
in estuarine locations). Lastly, (“offshore benthic”) min and max depth values were approximately the same but
at greater depth (i.e., approximately 20-25 m), indicating tagged crabs remained at or near the sea floor, at
considerable distance from shore, given the bathymetry of the south-east Gulf of Carpentaria. Tag release, via
programmed pin-burn at the expected time and date, was visible in the 6 hourly data transmitted to the Argos
satellite network, with min and max depth values abruptly changing to approximately 0 m (Fig 5). Further
evidence that similarity in the min and max depth values was indicative of benthic behaviour, is that variation in

the min and max depth values follows the tide cycle (which is diurnal) and amplitude of the Karumba region.

Temperature-at-depth indicated that all the tagged females encountered water temperatures that were initially
26-28°C, which increased over the duration of tag-deployment to approximately 30°C (see Supplementary
Material). At water temperatures of 29-30°C, egg incubation in S. serrata is estimated to take approximately 11
days [37]. The microPATs provided no information as to whether the tagged females extruded an egg-mass,
incubated the egg-mass, or what subsequent activity may have occurred (e.g., extrude another batch at an
offshore location). However, depth profiles of the female S. serrata released at Karumba provided no evidence

to support that migrating females returned to shallow inshore or estuarine waters post-spawn.

The Queensland east coast has greater diversity and complexity in its ‘offshore’ bathymetry and oceanography

compared to the Gulf of Carpentaria. Thus, we expected greater variability in the spawning migration of east
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coast females, in terms of distance moved offshore, depth of water traversed, and direction of movement (i.e.,
north, south or east). Data was available for four of the seven tagged females released in two locations along the
Queensland east coast. The straight-line distance between the release and pop-up location of the microPATs
ranged between 11 and 387 km, with movement in northern, easterly and southern directions, noting that two
tags popped up near or beyond the outer Great Barrier Reef (i.e., 100 m contour, Fig. 4). Depths recorded by
tagged crabs on the east coast were more variable than those recorded for the Gulf of Carpentaria, with max

depth values ranging from approximately 25 m (crab-253088) to 320 m (crab-253095, Fig. 5).

The behaviour of females on the east coast was consistent to that observed for females in the Gulf of Carpentaria
in that the crabs were initially estuarine benthic, then actively swimming, with two profiles showing subsequent
offshore benthic behaviour at deeper depths (Fig. 5). Crab-253095 ‘settled’ at 320 m water depth, likely located
beyond Great Barrier Reef continental shelf waters given its pop-up location (Table 1, Fig. 4). Recorded water
temperature at 320 m (derived from the Series Range file) was 13°C (see Supplenientary Material) and unlikely
to enable successful egg incubation. We surmise that at some point during the tagged period, crab-253095 had
died. Detailed inference on the possible movement of this crab is provided in the Supplementary Material. The
other east coast crab to show offshore benthic behaviour subsequent to active swimming behaviour, was the egg-
bearing crab-253088, which settled in water approximately 20 m deep, likely located within Great Barrier Reef
continental shelf given its pop-off location (Table 1, Fig. 4). Recorded water temperatures of 26-27°C (see
Supplementary Material) were almost optimal for egg-development, with incubation expected to take 10-15

days [34,37].

MicroPAT 253088 was retrieved, providing a 30 day profile of depth recorded at 30 second intervals (Fig. 5),
with detailed depth and light data for the first 3 days post-release provided in Fig. 6. The archived data shows
details of the “active swimming” behaviour and then subsequent “offshore benthic” behaviour. MicroPAT
253089 was also retrieved, being recovered before its programmed release and data transmission. This tag was
recovered from a beach 38 km northwest of its release location (Table 1, Fig. 4), showing evidence of predation
i.e., missing its antennae and covered in teeth marks. The archived data indicated that this crab had remained in
shallow water (<2 m) for about 18 days post-release (i.e., behaviour consistent with “estuarine benthic”), before
the data indicated offshore movement (i.e., “active swimming” with depths increasing to 26-28 m interspersed

with shallower depths, Fig. 7). At approximately 20 days post-release, the light data, which had up to this point
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tracked the sunrise and sunset cycle, showed a 72 hour period of darkness (i.e., light level below 20 W cm™)
along with stable temperature (in contrast to preceding variable temperature, see Supplementary Material) and
extremely variable depth — taken as evidence of ingestion of the tag (and possibly the crab) by a predator. At
approximately 23 days post-release, the light data returned to a diurnal pattern, suggesting the microPAT had
passed through the predator and floated for approximately 4 days (stable depth and temperature) before washing

ashore (cycling temperature indicative of day/night air temperatures) approximately 28 days post-release.

Fig. 4 Release (green markers) and pop-up location (red markers) of microPATs attached to female Scylla
serrata for tags where data was transmitted to the Argos satellite network or the tag retrieved. See Table 1 for
details. Yellow dashed line is the straight-line path of least distance. (A) south-east Gulf of Carpentaria (GoC)
with 20 m depth contour indicated (white line). (B) Locality map. (C) Queensland east coast (EC) with the 100

m contour line indicated (grey line).

Fig. 5 Depth profiles of data derived from microPATs attached to female Scylla serrata released in the south-east
Gulf of Carpentaria (left-hand plots) and Queensland east coast (right-hand plots). See Table 1 for details of
each crab released. CW = carapace width. Six-hourly minimum and maximum depth data transmitted to the
Argos satellite network indicated in black. Recorded depth at 30 second intervals archived on the retrieved
microPAT indicated in blue. Behaviour phases (estuarine benthic, active swimming, offshore benthic — see text

for details) indicated in red, exemplified in the depth profile for crab ID 253090.

Fig. 6 Depth and light data (at 30-second intervals) for the first 3 days post-release from retrieved microPAT
253088 that was applied to an egg-bearing female Scylla serrata, illustrating behaviour patterns of swimming at

surface (depth ~ 0 m) interspersed with short-term variable or stable depth, and then long-term stable depth.
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Fig. 7 Depth and light data (at 30-second intervals) for 30 days post-release from retrieved microPAT 253089
that was applied to a female Scylla serrata. likely predated, as indicated by light levels below 20 W/cm?

between 20 and 23 days post-release.

Sightings of migrating and egg-bearing females

Between October 2020 and June 2024, we collated 101 reported sightings of female S. serrata in offshore
locations (i.e., well beyond estuarine habitats) and egg-bearing females in inshore locations (i.e., within
estuarine habitats). Most of the egg-bearing females were reported with bright orange egg-mass (n = 62),
suggesting extrusion was within the past few days (Fig 4), although multiple brown to dark-brown egg-masses

(n =7), signalling late-stage egg development (i.e., approxiimately 8-11 days post extrusion) were also observed

(Fig. 8).

Fig. 8 Examples of reported egg-bearing female Scylla serrata, showing range of egg-mass development,

estimated based on colour as approximately 3, 8 and 11 days post extrusion, images left to right respectively.

Female S. serrata were reported mostly from the southern (n = 38) and northern (n = 36) regions of the
Queensland east coast (Fig. 1, further details in Supplementary Material, Table S2). In the southeast region of
the east coast, sightings were most frequent in October and November (n > 8), with three or fewer sightings in
all other months. Whilst reports included trawl-caught and recreational fisher sightings, most reports were of

crabs caught in commercial crab pots targeting Portunus armatus (blue swimmer crabs) in nearshore oceanic
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waters adjacent to a barrier sand island at the northern end of Moreton Bay (i.e., Bribie Island, adjacent to the
city of Brisbane). In the north region (Queensland east coast), the highest number of sightings occurred in
September (n = 8), October (n = 6) and November (n = 7), with four or fewer sightings in all other months (see
Supplementary Material, Table S2). Most reports were of egg-bearing females caught in commercial crab pots
targeting legal males in inshore estuarine areas. In the other regions, limited inference can be made on the
seasonality of the spawning migration because of low number of reported sightings. However, the four female S.
serrata reported in October in the north region of the GoC is similar to the seasonality reported by Hill [6].
Females reported from offshore locations included both egg-bearing and non-egg bearing individuals, usually
sighted swimming at the surface. Offshore sightings occurred in water depths ranging from 12-140 m, and
distances of 5-130 km from shore. Females reported from inshore locations were only considered if they were
egg-bearing or in atypical locations. Inshore and estuary sightings of egg-bearing females occurred in water

depths ranging from <5-18 m, and distances of within estuaries to 9 km from shore.

Discussion

The combination of pop-up satellite archival tags and collated sightings has provided new and unique
quantitative and qualitative information on the spawning migration of female S. serrata. The satellite tags
‘tracked’ females providing novel information on behaviour during the spawning migration, direction of
movement and locations where egg incubation may be occurring, whilst the sightings provided more broadscale

insight into possible migration pathways and seasonality.

Satellite tagging

Judicious application of satellite tags successfully provided novel data on the spawning movement of S. serrata,
a brachyuran crab. Key logistics that supported the successful deployment of satellite tags were: (i) targeting
females with signs of advanced ovary development (i.e., externally visible orange crescents in the abdominal
flap), (ii) secure attachment of the tag to the carapace in a manner unlikely to impede spawning (i.e., harness
attached by glue that did not obstruct the opening of the abdominal flap), and (iii) deployment of microPATs in
locations where the entanglement risk (in mangrove prop roots or crab pots) was minimised. Collaboration with

commercial fishers who are regularly on the water contributed to the success of the research.
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Initially, the tags were programmed to release by automated pin-burn and tag pop-up at 60 days post-release for
non-egg-bearing females, and 30 days post-release for the egg-bearing female. The premature release
capabilities of microPATs were not activated on the crabs released in Karumba or Missionary Bay because this
was the first use of microPATs on a crab species that inhabits estuarine intertidal habitats, where during parts of
tidal cycle, the crabs may be in very shallow water or no water at all, which would cause premature release of
the tag if certain premature release settings were used. Two of the first 10 microPATs deployed popped-up
earlier than programmed, and three of the first 10 microPATs did not successfully transmit any data to the Argos
satellite network. If premature release capabilities had been activated, some data from these tags might have

successfully transmitted rather than no data at all.

MicroPATs deployed on crabs in The Narrows region were deliberately programmed with activated premature
release capabilities based on the following conditions: the wet-dry sensor on the tag was more than 25% dry or
was shallower than 1 m, or the tag was at a constant depth of +4 m for longer thau 120 hours. This was
beneficial as one microPAT (ID 262950, Table 1) transmitted data soon after its release from the crab. However,
the chosen automated release settings also resulted in premature relcase of a tag on a female that stayed in
shallow estuarine habitat for longer than 120 hours (i.e., TD 262949). Premature release could have been avoided

by setting the ‘first dive below’ condition to a greater depth (e.g., 50 m).

The spawning migration of female S. serrata

Few studies have reported on the spawning migration of S. serrata [6,10] or other Scylla species (e.g., S.
olivacea, [9], with limited empirical quantification of the movement behaviour during this key aspect of their
life cycle. In general, the spawning migration is towards an offshore destination, noting there is no clear
definition of ‘offshore’ other than some undefined distance from “inshore, especially estuaries” [ 6]. Variability
in the offshore migration of S. serrata has been previously noted, as egg-bearing females may occur within a
few kilometres of mangrove habitats or up to 50 km from shore [9,17,40]. The direction and possible end-points
of the spawning migration is speculated to be driven by females seeking suitable and/or stable water quality
conditions (e.g., temperature and salinity) to maximise larval survival given regionally (or seasonally) variable
oceanographic and geographical features [41], with previous studies focused on distance offshore and water
depth [6,10]. Using satellite tagging technology, the current research has provided unique new insights into

some of the abiotic parameters influencing the spawning migration (e.g., water depth and temperature) and/or
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possible endpoints. Given the diversity of locations within the current study, the results provide the groundwork
for further research into this elusive life-cycle phase of S. serrata. We suggest tags capable of differentiating
walking or swimming from sedentary behaviour (e.g., tags with accelerometers) might be useful to discern

active migration from sedentary benthic behaviour.

Region specific comments — Gulf of Carpentaria

The current study is congruent with the results of Hill [6] and fills a knowledge gap in the south-east region of
the Gulf of Carpentaria which had limited sampling [6]. In the Gulf of Carpentaria, female S. serrata migrate to
offshore waters 20-25 m in depth ([6] and results of the current study), which likely provide salinity and
temperature water quality characteristics appropriate for egg-incubation and survival of planktonic larvae [42].
We speculate that spawning migration in the Gulf of Carpentaria is to locations that are beyond the turbid
inshore waters, where fine sediment is frequently resuspended by wind and tide [43]. In the Gulf of Carpentaria,
oceanographic features, such as the coastal boundary current [23] likely moderate larval dispersal [44], resulting

in a degree of east-west genetic structuring across in this a semi-enclosed sea [13,14].

Region specific comments — Queensland east coast

The current study provides the first quantitative evidence of the movements, direction and behaviours that
spawning female S. serrata undertake along the Queensland east coast. Compared to other locations, the
Queensland east coast has a highly complex continental shelf with a diversity of sea floor sediments (e.g., mud,
sand, coral/shell grit) and current regimes. Most sightings of egg-bearing females along the Queensland east
coast were from either the south-east or north regions — likely an artefact of the opportunistic nature of this data
collation. In the south-east region, sightings were most common in October in oceanic areas slightly offshore of
the Moreton Bay barrier islands. In the north region, sightings were most common between September and
November, being reported in estuarine areas adjacent to Hinchinbrook Island. Many of the reported sightings of
egg-bearing females from the Queensland east coast were from waters where turbidity would be low. However,
the non-rare occurrence of egg-bearing females in baited crab pots in estuarine locations is somewhat
perplexing. It could be a consequence of the entrapment of mature, stage-V females in pots, but this is unlikely
as this should then be a fishery-wide phenomenon. Alternatively, it could be the consequence of appropriate

water quality conditions in some inshore locations, as speculated previously [40,41].
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The seasonality of sighted egg-bearing females provided some evidence that the timing of spawning may have a
latitudinal gradient related to water temperature [17], occurring later at more southern latitudes and slightly
earlier at more northern latitudes (noting the work occurred in the Southern Hemisphere). We suggest that
spawning migration occurs when females have advanced ovarian development, which is regulated by hormones,
nutrient acquisition and a complex interplay of environmental factors [44]. Whilst a rapid decrease in estuarine
salinity has triggered downstream movement of female S. serrata in some locations [10], and thus potentially
stimulate offshore migration, spawning migration has been observed in other locations when decreases in
salinity could not be a trigger [6]. Further research is required to better determine the causes or cues that trigger

spawning migration.

Spawning migration to offshore waters

Extreme fecundity (i.e., millions of eggs per batch) is part of the reproductive strategy of the genus Scylla and
likely compensates for high larval loss resulting from offshore spawning. Only those larvae that survive and
successfully recruit back to inshore estuaries have a chance of effectively countributing to the next generation
[18,19,45]). Spawning and egg incubation by Scylla species is well studied under aquaculture conditions.
Females preferentially select fine sand substrates during spawning [46], which involves internal fertilisation,
extrusion of initially loose eggs that are gathered into an egg-mass and attached to the setae of the abdominal
pleopods. Females actively maintain their egg-mass, removing eggs infected by fungi, polychaetes or nematode
worms [16]. Clean water quality is a key requirement of successful mud crab hatcheries [34]. On the basis of
this aquaculture research, combined with our field results, we speculate that wild female S. serrata seek out
locations during their spawning migration with features that support successful egg incubation, so as to
maximise successful egg-hatch and larval production. In addition to previously identified optimum temperature
and salinity, we suggest that females seek locations with low turbidity and sandy or coral-grit substrates (which
often co-occur), thereby minimising the chance and/or rate of eggs becoming infected. In many regions where
mud crabs inhabit estuaries, this necessitates an offshore migration. Offshore continental shelf waters generally
have more stable temperature and salinity than inshore waters [21]. The temperatures recorded by the microPAT
satellite tags (26-28°C from east coast sites, and 26-30°C in the Gulf of Carpentaria) are near the optimum
embryonic development range recommended for aquaculture hatcheries [34]. While the spawning migration
may involve movement against prevailing ocean currents in some locations [10], movement observed in the

current study by microPAT tagged females (i.e., release and pop-up location) were both with and against
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prevailing ocean current, suggesting that the spawning migration may not be universally against prevailing

currents.

Previous studies have inferred that egg-bearing female S. serrata feed at lower rates than non-egg-bearing
individuals and so would not be attracted to and caught in baited crab pots [17]. However, in the current study,
egg-bearing females were repeatedly caught in baited pots in certain locations. Speculation that female S.
serrata have a capital breeding strategy, whereby females rely on stored energy reserves during ovarian
development [10] is inconsistent with our field results. Females with varying stage of ovarian development were
observed during complimentary field-based research where ovarian development was assessed externally and
non-lethally (as per Fig. 2) for approximately 6,000 wild, estuary-caught females. Laboratory dissection and
macroscopic assessment of ovary development for approximately 1,000 of these supported that late stage-V
ovary development is visible externally (Robins unpublished). Late inter-moult females with advanced stage-V
ovary development (i.e., tertiary vitellogenesis [33], Fig. 2) are expected to spawn within two to three weeks

[34]. Our observation was that ovarian development occurs in inshore habitats where food is abundant.

The energy necessary for development of millions of eggs (per egg-mass) and offshore movement has led to
speculation that females may use energy-conserving strategies, such as using selective tidal stream transport to
move offshore [18,23,44]. The repoited occurrence of egg-bearing females in baited crab pots raises the
possibility that females acquire energy (i.e., feed, see also [47]) during the spawning migration, but it may be
that they mostly migrate along depth contours where crab pots are not commonly set. This aspect requires
further research. The satellite tagging data provided some evidence that movement by spawning females
included active swimming behaviour that was synchronised with the tidal phases, but further verification is

required.

The microPAT data, collated sightings and published literature support the paradigm of an offshore spawning
migration by female S. serrata. However, multiple reliable reports of egg-bearing females in inshore and
estuarine environments implies that the spawning migration is spatially variable. Offshore migration may be
more prevalent in regions where inshore water quality conditions or prevailing currents are not suitable for
larval survival. Coastal and offshore spawning populations occur elsewhere for some species. For example,

flounder (Platichtys flesus) in the Baltic Sea have genetically distinct offshore and coastal-spawning
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populations, although they share feeding grounds in coastal waters [48]. In other locations (e.g., near the
California Current, [49]), variable life history strategies have been hypothesised to improve recruitment of
offspring, given the prevailing currents at different times of year, with pelagic phases being a means of
achieving movement between oceanic and inshore habitat types rather than a dispersal mechanism. The results
of Shanks and Eckert [49] provide an alternative explanation of the importance of widespread larval dispersal to
a population’s survival and whether it is a species’ life history or the local environment and oceanography that
determines the ‘best’ reproductive strategy. Whilst our results support a predominately offshore spawning
strategy for the S. serrata, we recommend further research into the spawning migration to better understand
locations that provide an effective source of larvae for estuarine recruits. We further note that the larval
requirement for specific water quality parameters presents a potential barrier to recruitment, which is relevant to
the management of coastal environments, and something which may also be vulnerable to climate events (e.g.,

marine heat waves).

Implication for fisheries

Worldwide, there are different regulations regarding the harvest of female mud crabs; with the State of
Queensland being one of the few where female harvest is prohibited. Therefore, the population dynamics and
mortality of females is relatively natural in this jurisdiction. Hewitt et al. [ 10] suggested that the spawning
migration of female S. serrata was terminal, despite the species’ ability to spawn multiple times after a single
mating event and is contrary to other reports [6,17]. The satellite tagging results lead us to concur with Hewitt et
al. [10] that most female 5. serrata likely die during or immediately after their spawning migration, with
mortality related to distance moved offshore. In jurisdictions where females are harvested, management should
consider the impacts of fishing mortality on inshore mature female biomass as many females are likely to only
participate in a single spawning migration. For example, any minimum size limit for female harvest should
ensure that a significant proportion of the female population is mature and not exposed to fishing mortality.
Where available, mature female biomass should be estimated prior to the onset of the spawning season (e.g.,
[50]) and fishing mortality be reduced if necessary to ensure sufficient mature females are available to

participate in the spawning migration.

Conclusions
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The current study combined information collected on the opportunistic sightings of female S. serrata with the
novel application of the smallest available pop-up satellite archival tag to gather empirical data on the direction,
seasonality, behaviour and movement of spawning females. Combined, the evidence indicates that the offshore
spawning migration is variable, depending on local oceanographic and bathymetric conditions. This has
consequences for larval distribution and the genetic and demographic connectivity of this widely distributed and
important fishery species. Judicious application of pop-up satellite archival tags to brachyuran crabs can provide

novel insights into their spawning migration and could be more broadly applied.

23



Acknowledgements

The current research benefited greatly from the assistance of fishers with an interest in mud crabs and assisting
science. We thank those individuals who reported offshore and egg-bearing females. We gratefully acknowledge
the advice by Wildlife Computer staff on microPATs programming. We particularly thank those fishers who
assisted greatly with the deployment of the microPATs on female mud crabs to better understand their spawning
migration and those persons who assisted in the search and recovery of microPAT satellite tags that had washed
ashore. We thank Susannah Leahy (DAF) for her excellent graphical support. We thank Andrew Norris (DAF)

and reviewers for comments that improved the manuscript.

Author contributions
JBR and NF developed the overarching project concept and acquired funding. Fieldwork and data collection
were undertaken by NJS, JBR and SS, with NJS responsible for developing the tether attachment protocols.

Data analyses were performed by NJS and JBR. The first draft of the manuscript was written by NJS, with

24



further interpretation and contextualisation provided by JBR, NF and SS. All authors commented on previous

versions of the manuscript. All authors read and approved the final manuscript.

Funding
Funding for this research was supported by the Fisheries Research and Development Corporation (FRDC) via
project 2019-062, in collaboration with the Department of Agriculture and Fisheries, State of Queensland, and

CQUniversity.

Availability of data and materials
The data collected during the current study are available from the corresponding author (JBR) on reasonable

request.

Ethics approval and consent to participate
The research was conducted under General Fisheries Permit 210183, Marine Park Permit P-MPP-100155117,
and Marine Park Permit G22/46474.1. Animal ethics approval for this research was received from the

Queensland Department of Agriculture and Fisheries Animal Ethics Committee (permit no. CA 2021-10-1554).

Consent for publication
The author (JBR) owns the 1P for iniages in the manuscript or has consent for images contained in the

manuscript to be published. Consent for publication is available upon request.

Competing Interests

The authors declare no competing interests.

References

1. Pittman SJ, McAlpine CA. Movements of marine fish and decapod crustaceans: process, theory and

application. Adv Mar Biol. 2003;44:205-94. https://doi.org/10.1016/s0065-2881(03)44004-2

25


https://doi.org/10.1016/s0065-2881(03)44004-2

10.

11.

12.

Pechenik JA. On the advantages and disadvantages of larval stages in benthic marine invertebrate life

cycles. Mar Ecol Prog Ser. 1999;177:269-297. https://doi.org/10.3354/meps 177269

Cowen RK, Sponaugle S. Larval dispersal and marine population connectivity. Ann Rev Mar Sci.

2009;1:443-466. https://doi.org/10.1146/annurev.marine.010908.163757

Nemeth RS. Dynamics of Reef Fish and Decapod Crustacean Spawning Aggregations: Underlying
Mechanisms, Habitat Linkages, and Trophic Interactions. In: Nagelkerken, I. (eds) Ecological Connectivity

among Tropical Coastal Ecosystems. 2009; Springer, Dordrecht. https://doi.org/10.1007/978-90-481-2406-

0_4

Pires RFT, Peliz A, Pan M, dos Santos A. “There and back again” — How decapod megalopae find the way
home: A modelling exercise for Pachygrapsus marmoratus. Prog Ocean. 2020;184:102331.

https://doi.org/10.1016/1.pocean.2020.102331

Hill BJ. Offshore spawning by the portunid crab Scylla serrata (Crustacea: Decapoda). Mar Biol.

1994;120:379-384. https://doi.org/10.1007/BF00680211

Robertson WD, Kruger A. Size at maturity, mating and spawning in the Portunid crab Scylla serrata
(Forskal) in Natal, South Africa. Est Coast Shelf Sci. 1994;329:185-200.

https://doi.org/10.1006/ecss.1994.1057

Le Vay L. Ecology and management of mud cab Scylla spp. Asian Fish Sci. 2001;14:101-111.
Koolkalya T, Thapanand T, Tunkijjanujij S. Aspects in spawning biology and migration of the mud crab
Scylla olivacea in the Andaman Sea, Thailand. Fish Man Ecol. 2006;13:391-397.

https://doi.org/10.1111/j.1365-2400.2006.00518.x

Hewitt DE, Niella Y, Johnson DD, Suthers IM, Taylor MD. Crabs go with the flow: declining conductivity
and cooler temperatures trigger spawning migrations for female giant mud crabs (Scylla serrata) in

subtropical estuaries. Est Coasts. 2022;45:2166-2180. https://link.springer.com/article/10.1007/s12237-022-

01061-1

Apine E, Ramappa P, Bhatta R, Turner LM, Rodwell LD. Challenges and opportunities in achieving
sustainable mud crab aquaculture in tropical coastal regions. Ocean & Coastal Management.

2023;242:106711. https://doi.org/10.1016/j.ocecoaman.2023.106711

Gopurenko D, Hughes JM, Keenan CP. Mitochondrial DNA evidence for rapid colonisation of the Indo-
West Pacific by the mud crab Scylla serrata. Mar Biol. 1999;134:227-233.

https://doi.org/10.1007/s002270050541

26


https://doi.org/10.3354/meps177269
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.1007/978-90-481-2406-0_4
https://doi.org/10.1007/978-90-481-2406-0_4
https://doi.org/10.1016/j.pocean.2020.102331
https://doi.org/10.1007/BF00680211
https://doi.org/10.1006/ecss.1994.1057
https://doi.org/10.1111/j.1365-2400.2006.00518.x
https://link.springer.com/article/10.1007/s12237-022-01061-1
https://link.springer.com/article/10.1007/s12237-022-01061-1
https://doi.org/10.1016/j.ocecoaman.2023.106711
https://doi.org/10.1007/s002270050541

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gopurenko D, Hughes JM. Regional patterns of genetic structure among Australian populations of the mud
crab, Scylla serrata (Crustacea : Decapoda): evidence from mitochondrial DNA. Mar Fresh Res.

2002;53:849-857. https://doi.org/10.1071/MF01225

Williams SM, Scata G, Taylor MD, Johnson DD, Flint N, Stratford NJ, Robins JB. Genome-wide
evaluation of Scylla serrata (giant mud crab) population structure between and within two continental shelf

regions of northern Australia. Mar. Fresh. Res. 2025;76(17):MF25150. https://doi.org/10.1071/MF25150

Mann DL, Asakawa T, Pizzutto M. Development of a hatchery system for larvae of the mud crab Scylla
serrata at the Bribie Island Aquaculture Research Centre. In: Mud crab aquaculture and biology.
Proceedings of an international scientific forum April 21-24, 1997. (eds CP Kennan and A Blackshaw).
Australian Centre for International Agriculture Research, Canberra. 1999;141-146.

Davis JA, Churchill GJ, Hecht T, Sorgeloos P. Spawning characteristics of the South African mud crab

Scylla serrata (Forksal) in captivity. ] World Aqua Soc. 2004;32:121-133. https://doi.org/10.1111/1.1749-

7345.2004.tb01068.x

Heasman MP, Fielder DR, Shepherd RK. Mating and spawning in the mud crab Scylla serrata (Forskal)
(Decapoda: Portunidae) in Morton Bay, Queensland. Aust ] Mar Fresh Res. 1985;36:773-783.

https://doi.org/10.1016/0044-8486(83)90210-7

Hewitt DE, Schilling HT, Hanamseth R, Everett JD, Li J, Roughan M, Johnson DD, Suthers IM, Taylor
MD. Mesoscale oceanographic {eatures drive divergent patterns in connectivity for co-occurring estuarine

portunid crabs. Fish Ocean 2022;31:587-600. https://onlinelibrary.wiley.com/doi/10.1111/fog.12608

Charles WD, Aiken C, Robins J, Barnett A, Flint N. Implications of spawning migration patterns of the
giant mud crab Scylla serrata (Forskal, 1775) on opportunities for larval dispersal. Est Coast Shelf Sci.

2024;310:€109008. https://doi.org/10.1016/j.ecss.2024.109008

Kirke A, Johnson D, Johnston D, Robins J. Status of Australian Fish Stock Report. Mud crabs. Fisheries

Research and Development Corporation. 2023;17 pps. https://fish.gov.au/report/275-MUD-CRABS-2023

Wolanski E, Ridd P. Mixing and trapping in Australian tropical coastal waters. Coast Est Studies.

1991;38:165-183. https://doi.org/10.1007/978-1-4613-9061-9 13

https://research.csiro.au/cem/projects/current-projects/ereefs/overview/hydrodynamics/

Wolanski E. Water circulation in the Gulf of Carpentaria. J Mar Sys. 1993;4:401-420.

https://doi.org/10.1016/0924-7963(93)90024-G

27


https://doi.org/10.1071/MF01225
https://doi.org/10.1071/MF25150
https://doi.org/10.1111/j.1749-7345.2004.tb01068.x
https://doi.org/10.1111/j.1749-7345.2004.tb01068.x
https://doi.org/10.1016/0044-8486(83)90210-7
https://onlinelibrary.wiley.com/doi/10.1111/fog.12608
https://doi.org/10.1016/j.ecss.2024.109008
https://fish.gov.au/report/275-MUD-CRABS-2023
https://doi.org/10.1007/978-1-4613-9061-9_13
https://research.csiro.au/cem/projects/current-projects/ereefs/overview/hydrodynamics/
https://doi.org/10.1016/0924-7963(93)90024-G

24. Forbes AMG, Church JA. Circulation in the Gulf of Carpentaria. II* Residual currents and mean sea level.

Aust ] Mar Fresh Res. 1983;34:11-22. https://doi.org/10.1071/MF9830011

25. Ashbridge E, Lucas R. Ticehurst C, Bunting P. Mangrove response to environmental change in Australia’s

Gulf of Carpentaria. Ecol Evol. 2016;6:3523-3539. 10.1002/ece3.2140

26. Robins JB, Northrop AR, Grubert M, Buckworth RC. Understanding environmental and fisheries factors
causing fluctuations in mud crab and blue swimmer crab fisheries in northern Australia to inform harvest
strategies. Final report to the Fisheries Research and Development Corporation for project number 2017-
047. Queensland Department of Agriculture and Fisheries. 2020;166 pps.

https://era.daf.qld.gov.au/id/eprint/7686/

27. Davidson ER, Hussey NE. Movements of a potential fishery resource, porcupine crab (Neolithodes
grimaldii) in Northern Davis Strait, Eastern Canadian Arctic. Deep-Sea Res 1. 2019;154:¢103142.

https://doi.org/10.1016/.dsr.2019.103143

28. Green D, Klemke J, Jalali A. Defining movement characteristics of Victoria’s giant spider crab. Sci Rep

2021;17:16 pps. https://vfa.vic.gov.au/ _data/assets/pdf file/0010/655786/Spider-Crab-Movement-Final-

Report.pdf

29. Wildlife Computers (2024). microPAT User Guide. https:/static.wildlifecomputers.com/microPAT-User-

Guide.pdf

30. https://www.interlux.com/en/us/

31. https://www.iccons.coni.au/

32. Nault AJ, Gacuman WB, Daly BJ, Coyle AE. Does the presence of a pop-up satellite archival tag affect
movement of Tanner Crab (Chionoecetes bairdi) in an exposed Alaskan bay? Fish Res. 2025;281:107228.

https://doi.org/10.1016/j.fishres.2024.107228

33. Islam MS, Kodama K, Kurokura H. Ovarian development of the mud crab Scylla paramamosain in a

tropical mangrove swamp, Thailand. J Sci Res. 2010;2:380-389. https://doi.org/10.3329/jsr.v2i2.3543

34. Quinitio ET, Parado-Estepa FD. Biology and hatchery of mud crabs Scylla spp. Southeast Asian Fisheries

Development Center. Philippines. 2003;56 pps. https://repository.seafdec.org.ph/handle/10862/3104

35. Mann DL, Asakawa T, Pizzutto M, Kennan CP, Brock L. Investigation of an Artemia-based diet for larvae

of the mud crab Scylla serrata. Asian Fish Sci. 2001;14:175-184.

28


https://doi.org/10.1071/MF9830011
https://doi.org/10.1002/ece3.2140
https://era.daf.qld.gov.au/id/eprint/7686/
https://doi.org/10.1016/j.dsr.2019.103143
https://vfa.vic.gov.au/__data/assets/pdf_file/0010/655786/Spider-Crab-Movement-Final-Report.pdf
https://vfa.vic.gov.au/__data/assets/pdf_file/0010/655786/Spider-Crab-Movement-Final-Report.pdf
https://static.wildlifecomputers.com/microPAT-User-Guide.pdf
https://static.wildlifecomputers.com/microPAT-User-Guide.pdf
https://www.interlux.com/en/us/
https://www.iccons.com.au/
https://doi.org/10.1016/j.fishres.2024.107228
https://doi.org/10.3329/jsr.v2i2.3543
https://repository.seafdec.org.ph/handle/10862/3104

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Mann DL, Asakawa T, Kelly B, Lindsay T, Paterson B. Stocking density and artificial habitat influence
stock structure and yield from intensive nursery systems for mud crabs Scylla serrata (Forskal). Aqua Res.

2007;38:1580-1587 https://doi.org/10.1111/1.1365-2109.2006.01626.x

Heasman MP, Fielder DR. Laboratory spawning and mass rearing of the mangrove crab, Scylla serrata
(Forskal), from first diet to first crab stage. Aqua. 1983;34:303-316.

Winter JD. Underwater biotelemetry. In Fisheries Techniques. Eds Nielsen LA, Johnson DL. American
Fisheries Society, Bethesda 1983;371-395.

Jepson N, Schreck C, Clements S, Thorstad EB. A brief discussion of the 2% tag/body mass rule of thumb.
In Aquatic telemetry: advances and applications. 2005;225-259.

Hyland SJ, Hill BJ, Lee CP. Movement within and between different habitats by the portunid crab Scylla

serrata. Mar Biol. 1984;80:57-61. https://doi.org/10.1007/BF00393128

Alberts-Hubatsch H, Lee SY, Meynecke J-O, Diele K, Nordhaus I, Wolftf M. Life-history, movement, and
habitat use of Scylla serrata (Decapoda, Portunidae): current knowledge and future challenges.

Hydrobiologia. 2016;763:5-21. 10.1007/s10750-015-2393-7

Rothlisberg PC, Forbes AMG, White N. Hydrographic Atlas ot the Gulf of Carpentaria. CSIRO Mar Lab

Rep 1989;209:51p. https://publications.csiro.au/ipr/download?pid=procite:5e08b24ebd7d-42{t-ab85-

f4f9af2accal &dsid=DS1

Rothlisberg PC, Burford MA. Biological oceanography of the Gulf of Carpentaria, Australia: A review. In:
Aquatic Microbial Ecology and Biogeochemistry: A Dual Perspective. Eds. Glibert P.M. and Kana, T.M.,

2016;251-260. https://doi.org/10.1007/978-3-319-30259-1 20

Dildar T, Cui W, Ma H. Physiology of ovarian development in crustaceans: interactions among hormones,
nutrients, and environmental factors from integrated perspectives. Aquaculture Nutrition. 2025;4900891.

https://doi.org/10.1155/anu/4900891

Patterson RG. Preliminary investigation of hydrodynamic and particle tracking modelling of female and
larval stage Giant Mud Crabs in the Gulf of Carpentaria. In: Final Report to the Fisheries Research and
Development Corporation for project number 2017/047 Understanding environmental and fisheries factors
causing fluctuations in mud crab and blue swimmer crab fisheries in northern Australia to inform harvest

strategies. 2019;7:130-143. https://era.daf.qld.gov.au/id/eprint/7686/

29


https://doi.org/10.1111/j.1365-2109.2006.01626.x
https://doi.org/10.1007/BF00393128
https://doi.org/10.1007/s10750-015-2393-z
https://publications.csiro.au/rpr/download?pid=procite:5e08b24ebd7d-42ff-ab85-f4f9af2acca1&dsid=DS1
https://publications.csiro.au/rpr/download?pid=procite:5e08b24ebd7d-42ff-ab85-f4f9af2acca1&dsid=DS1
https://doi.org/10.1007/978-3-319-30259-1_20
https://doi.org/10.1155/anu/4900891
https://era.daf.qld.gov.au/id/eprint/7686/

46.

47.

48.

49.

50.

Fazhan H, Waiho K, Shu-Chien AC, Wang Y, Ikhwanuddin M, Abualreesh MH, Kasan NA, Wu Q, Muda S,
Sor CS, Jalilah M. Fine sand facilitates egg extrusion and improves reproductive output in female mud crab

genus Scylla. Peer]. 2022;10:¢13961 https://doi.org/10.7717/peer].1396

Hill BJ. Abundance, breeding and growth of the crab Scylla serrata in two South African estuaries. Mar

Biol. 1975;32:119-126. https://doi.org/10.1007/BF00388505

Nissling A, Thorsen A, da Silva FFG. Fecundity regulation in relation to habitat utilisation of two sympatric
flounder (Platichtys flesus) populations in the brackish water Baltic Sea. J Sea Res. 2015;95:188-195.

https://doi.org/10.1016/j.seares.2014.06.003

Shanks AL, Eckert GL. Population persistence of California Current fishes and benthic crustaceans: a

marine drift paradox. Ecol Mono. 2005;75:505-524. https://doi.org/10.1890/05-0309

Grubert MA, Walters CJ, Buckworth RC, Penny SS. Simple modelling to inform harvest strategy policy for
a data-moderate crab fishery. Mar Coastal Fish: Dynamics, Management Eco Sci. 2019;11-125-

138. https://doi.org/10.1002/mcf2.10068

30


https://doi.org/10.7717/peerj.1396
https://doi.org/10.1007/BF00388505
https://doi.org/10.1016/j.seares.2014.06.003
https://doi.org/10.1890/05-0309
https://doi.org/10.1002/mcf2.10068

