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ABSTRACT

Context. The western rock lobster fishery is recognised to be conservatively managed, with
breeding stock levels estimated to be at record levels over the past decade. Despite this,
anecdotal reports from commercial fishers identified an area of unexpectedly low catches in the
centre of the fishery and lobsters’ biogeographic distribution. Aim. To confirm the presence of
this suspected ‘low-catch’ zone and examine the variability in catch and growth rates of lobsters
if identified. Methods. This study conducted an intensive mark—recapture survey over
8 months to explore catch rate, density, movement and growth rates across this ‘low-catch’
zone and three comparable locations. Key results. In total, 9318 lobsters were caught and
7565 individuals were tagged during the study. Consistently low catch rates of under-sized
lobsters were observed in the ‘low-catch’ zone, with catch rates increasing with distance from
the zone. By contrast, similar catch rates of legal-sized lobsters were observed across all
locations. Conclusions. The study confirmed low catch rates, for under-sized lobsters, within
an area of perceived low catch rates within the centre of the fishery. The lack of difference
found in legal-sized catch rates among locations is likely to be due to the low fishing pressure in
the ‘low-catch’ zone, resulting from hyperstability of fishers adapting to the historical perceived
low catch rate. Modelled data demonstrated the ‘low-catch’ zone to be associated with faster
growth rates and high fine-scale migration, indicating a potential release from density-dependent
processes. Implications. We anticipate that these results will be a useful starting point for
future research into the mechanisms responsible for the unexpectedly low catch of sublegal
lobsters within the ‘low-catch’ zone and the implications it may have on the wider population,
both regionally and across the species distribution.

Keywords: catchability, commercial fishing, fine-scale variability, fisheries ecology, fishery
management, mark—recapture, trap fishery, western rock lobster.

Introduction

Understanding the environmental drivers of demographic rates and the catchability of
commercially targeted species underpins sustainable fisheries management. The western
rock lobster (WRL; Panulirus cygnus George) is found along the lower western coast of
Western Australia and is exploited by both commercial and recreational fishers
throughout its geographic range. The commercial fishery alone represents Australia’s
most valuable wild-caught single-species fisheries, contributing a total revenue of
A$424 million in 2017 (Gaughan and Santoro 2018). Owing to its high economic and
social value, the western rock lobster fishery has been the focus of over 40 years of
extensive research (de Lestang et al. 2016; Bellchambers et al. 2017). Much of this
research relies on stock assessments from pot-based surveys to derive size-structured
abundance and demographic data. The fishery is currently managed using a strict
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quota-controlled system with individual transferable quotas
(ITQ) and a total allowable commercial (TAC), which is set
annually (de Lestang 2014).

Despite the overall high catch rates currently reported
within the West Coast Rock Lobster Managed Fishery
(WCRLMF), a pre-study workshop with fishers from the
Professional Fishermen’s Association (PFA) and perception
surveys of fishers on changes in catch rates throughout the
fishery identified an area of abnormally low legal-sized
catch within the centre of the fishery (Brooker 2022). This
‘low-catch’ zone is centred on the shallow waters at ‘Cliff
Head’ (Fig. 1), with lower-than-expected catch rates since
1995 and a continued decline since. Additionally, a gradient
of catch rates was identified within the fishery, including
a low to moderate catch area (‘boundary’), a moderate to
high catch area (‘mid’), and a high-catch area (‘high-catch”)
commonly known as ‘Seven Mile Beach’ north of Dongara.
Despite this variation in catch rate, all catch areas share
broadly comparable environmental conditions and perceived
historical (pre-1995) catch rates. The perceived low catch
rates within this ‘low-catch’ zone have resulted in the reloca-
tion of almost all the commercial fishers that previously fished
in this region to fish in adjacent locations. Interestingly,

the identified ‘low-catch’ zone allegedly produced some of
the highest catch rates in the fishery prior to 1995,
supporting a large number of fishing vessels (>60 boats,
John Fitzhardinge, pers. comm.). Furthermore, the coastal
waters within this region have received historically, and
receive currently, some of the highest levels of recruitment
within the fishery (Caputi et al. 2014; de Lestang et al.
2016). Moreover, the perceived ‘low-catch’ zone is situated
in close proximity (<40 km) to areas that are currently
producing some of the highest catch rates in the fishery
(de Lestang et al. 2016). Understanding the extent and the
likely mechanisms driving these unexpected low-catch rates
could be crucial for maintaining the sustainability of the
fishery.

Palinurus cygnus has a bi-phasic life cycle composed of
pelagic and benthic life stages that cover a large
geographical extent, from deep offshore waters to shallow
coastal reefs, where the majority of settlement is likely to
occur (Chittleborough and Phillips 1975). Post-settlement,
P. cygnus is known to undergo a migration from shallow
inshore waters (<40 m) between late November and
January every year to deeper offshore waters (40—100 m;
Caputi et al. 2010). This migration occurs at ~4 years of
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Fig. I. The mark-recapture potting locations; ‘low-catch zone’ (red, Cliff Head), ‘boundary’ (yellow),

‘

mid’ (green) and ‘high-catch’ (blue, Seven Mile Beach). Pot locations indicated by blue circles were

restricted to a maximum depth of 20 m across all locations.
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age before P. cygnus reaches maturity. This process is known
as the ‘whites’ migration because of the pale colouration of
the lobsters after the moult, prior to the migration event
(Caputi et al. 2010). Given the lack of morphological age
markers for crustaceans, there is no method to directly age
decapods (Kilada et al. 2012), which results in an inability
to obtain size-at-age data. Therefore, this ‘whites’ life stage
provides an opportunity to compare individuals of likely
comparable age.

Low catch rates within the near-shore ‘low-catch’ zone
could be caused by a wide range of variables because both
environmental and physiological factors have previously
been demonstrated to influence the catchability and popula-
tion density of P. cygnus. Water temperature (Chittleborough
1970), salinity (Morgan 1974), lunar phase (Morgan 1974;
Srisurichan et al. 2005) and swell (Srisurichan et al. 2005)
can influence the catchability of P. cygnus. Feeding activity,
and therefore catch rate, has been shown to be significantly
influenced during ecdysis or ‘moulting’, where the hard
outer exoskeleton is shed to allow for growth (Needham
1946). For P. cygnus, feeding behaviours have been shown
to vary with the stage of the moult cycle, in turn affecting
the catchability of the individual (Morgan 1974). In addition,
the presence of predators within a trap can affect the catch
rate of P. cygnus (Morgan 1974). The main factors thought
to influence population density are the levels of recruitment,
which are thought to be highly influenced by a range of
factors, including environmental processes (de Lestang
et al. 2015), post-larval survival, breeding stock abundance
(de Lestang et al. 2015), natural mortality (MacArthur
et al. 2007), and the degree of immigration or emigration
(MacArthur et al. 2008). Disentangling whether the per-
ceived low catch rates at Cliff Head (‘low-catch’ zone) are
attributable to certain factors influencing catchability or
factors causing a decline in population abundance is a
complex, yet vital, task to investigate when exploring the
potential implications of the reported low catches in this area
and how these mechanisms may relate to the management of
the fishery.

The current study conducted an intensive mark-recapture
potting survey over 8 successive months to confirm the
existence of low-catch rates within the ‘low-catch’ zone
reported by fishers, relative to comparable adjacent areas.
Specifically, we aimed to test the hypothesis that the ‘low-
catch’ zone will be associated with lower standardised catch
rates of legal-sized lobster than are nearby locations with
comparable environmental and catch rate histories, matching
the fishers’ perceptions. Owing to the design of the study, the
spatial extent of the ‘low-catch’ zone could be identified
if evidence of low catch exists, and variations in growth
rates between locations can be analysed. We investigated
whether environmental, behavioural, physiological and life-
stage variables may be influencing the low catchability
coefficient or low abundance within the perceived ‘low-
catch’ zone. If the ‘low-catch’ zone is confirmed, a crucial

component for future studies will be to explore whether the
identified low catch rates are due to a low population
density for the area, or whether they are due to a low
catchability of the lobster population within the ‘low-
catch’ zone.

Materials and methods

Study area

A preliminary workshop was conducted with 18 fishers from
the Dongara PFA and a separate perception survey with
47 fishers was conducted as a part of research metholdology
of a PhD candidate (M. Brooker, University of Western
Australia, UWA). The surveys identified four locations with
comparable historical catch rates and environmental vari-
ables, yet with contrasting current perceived catch rates
(Fig. 1). The ‘low-catch’ location centred on Cliff Head was
perceived to currently have the lowest catch and strongest
contrast with fishers’ knowledge of historical catch averages,
whereas the ‘boundary’ and ‘mid’ locations were perceived to
have moderately low catch compared with historical catch
averages. The ‘high-catch’ location, commonly known as
‘Seven Mile Beach’, was perceived to currently have the
highest and most comparable catch to historical (pre-1995)
averages. Each location was chosen to capture this gradient in
perceived change in catch-rate across locations representing
otherwise comparable lobster habitat.

With the assistance of fishers and historical fishing
records, representative and comparable potting sites
(between 3 and 5 per location) were chosen. Owing to
the mandatory use of sea lion exclusion devices (SLEDs)
on all recreational and commercial fishing activities south
of 29°35.16'S, it was not possible to find comparable
sampling locations further to the south of the southern-
most ‘boundary’ location.

Catch rate and mark-recapture experimental
design

A catch and mark-recapture survey was conducted over
4-6 successive days every month over an 8-month study
period between May and December in 2018. A minimum of
15 baited wooden pots enclosed by mesh were used to
capture individuals at each study location, with each pot
site being sampled twice on each trip. The pots were adapted
from commercial wooden pots, with a 1 cm wire mesh added to
cover the interior of the pot. This design of ‘mesh-enclosed’ pot
is used as a standard fisheries independent sampling method
for sampling both legal size (>76-mm carapace length) and
sublegal size (<76-mm carapace length) lobsters across the
fishery (Tuffley et al. 2018).

The fishing was conducted over reef habitats pre-identified
as suitable fishing grounds and comparable habitats by fishers

337


https://29�35.16
www.publish.csiro.au/mf

A. Miller et al.

Marine and Freshwater Research

during the pre-study surveys. Potting was restricted
to a maximum depth of 20 m across all locations. All pots
were deployed and recovered the following day from a
commercial fishing vessel. The bait was standardised across
all sampling trips.

Data collection

On capture, lobsters were temporarily placed in a ‘chill tank’
to stun the lobsters, so as to reduce handling damage.
Individuals larger than >40-mm carapace length and
in suitable condition (no more than four lost appendages
and no visible damage) were tagged with a uniquely
coded 50-mm plastic T-bar anchor tag (Hallprint, Australia).
Tags were inserted, with a tag applicator, into the tail
extensor muscle located between the first abdominal
segment and the posterior edge of the carapace. During
each sampling month a unique pleopod was clipped to
allow for estimates of tag loss, where any individual
caught with a cut pleopod but no tag was recorded as a
tag loss. Biological data on each lobster included carapace
length (CL, from the posterior edge of the cephalothorax
to the rostral horns), sex, colour, reproductive state
(presence or absence of ovigerous setae) and any external
damage (lost or newly regenerated legs or antennae). The
presence of predators and the type and number of by-catch
in each trap was also recorded. All lobsters were placed
in a holding tank prior to release to ensure that they were
in a suitable condition before being released back into
the water. Individuals were returned to the same GPS
coordinates as where the pot was pulled from. Sampling
sites were left undisturbed for at least 3 weeks before potting
was repeated. Water temperatures used in subsequent
analyses were derived using the work of Chamberlain
et al. (2012).

Additional mark-recapture data were obtained from a
simultaneous and comparable on-going research program
conducted by the DPIRD (Fisheries Research) at Seven
Mile Beach between May 2017 and November 2018. These
data extended the spatial coverage and number of recaptures
in the study and comprised 534 tagged individuals in total,
with 213 total recaptures (39.9%), 141 being unique
(26.4%). Historical data from a previous tagging study
between November 2017 and December 2017 conducted
by the University of Western Australia (UWA) contributed
an additional 1682 tagged individuals with 102 total
recaptures (6%), 99being unique (5.8%). A further 206
recaptures of individuals marked during these studies
were reported by commercial fishers fishing throughout
the region between December 2017 and February 2019.
Finally, 28 recaptures were obtained during a follow-up
sampling trip in June 2019, which re-visited the 2018
study potting locations.
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Animal ethics approval

The work conducted for the study was undertaken under
animal ethics protocol ‘RA/3/100/1550 Catch and release
of western rock lobster (Panulirus cygnus) in an area of
unexpectedly low catch rates’ approved by the UWA
Animal Ethics Committee on 12 October 2017.

Quality control and validation

Owing to the collaborative nature of the study, an extensive
amount of quality control and validation was required. All
catch and mark-recapture data collected at the main
locations and sites of interest were collected by a single
observer; however, historical UWA data and that were
provided by commercial fishers and DPRID fisheries
researchers were extensively checked prior to incorporation.
Inaccurate, incomplete and inconsistent data entries were
either corrected or removed prior to statistical analyses.

Statistical analysis

Contribution of location and environmental
variables to catch rate and mean length

Differences among locations, perceived by fishers to be
different, and the influence of environmental variables
(Table 1) in catch rate and mean length per pot were
assessed using generalised additive mixed models (GAMM)
with a full-subset model selection approach (as per Fisher
et al. 2018). The full-subset approach tests all possible
combinations of a range of predictor variables, to a maximum
of three, and then identifies the most parsimonious model
(Fisher et al. 2018). Models containing variable combinations
with correlations of >0.28 were excluded, as suggested
by Graham (2003), to eliminate potential problems with
collinearity and overfitting, and model selection was based on
Akaike’s Information Criterion optimised for small sample
sizes (AICc; Akaike 1973), and parsimony (Graham 2003;
Fisher et al. 2018). GAMMs were chosen to standardise
catch rates because they utilise smoothing techniques to
accommodate for non-linear relationships with predictors
and can be modified to suite the error distribution of the
data and account for random effects (Hastie and Tibshirani
1986; Lin and Zhang 1999).

For catch data, the number of sublegal- and legal-sized
lobsters per pot was used as the response variable. The raw
data had a high number of zeros (5.7-37%, depending on
the location); therefore, a Tweedie error distribution was used
(Tweedie 1984). The Tweedie distribution is an extension
of a compound Poisson model and has the advantage of
handling zero-inflated data in a unified way, in contrast to
delta or hurdle models (Tweedie 1984; Candy 2004; Shono
2008). Given that assessing temporal patterns in catch rate
was not an objective of this study, and that broad temporal
consistency of catch-rate was observed among sampling
locations (Fig. 1), the sampling date was considered as a
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Table I.
cygnus.

Predictor variables used in generalised additive mixed-effects models to investigate differences in catch rate and mean length of Panulirus

Predictor variable

Reasoning to include as a predictor variable

Location
The three study locations sampled each sampling trip

Sea-surface temperature (SST)
Average sea-surface temperature for sampling day for

each study location (2012)

Swell period (s)
Average swell period (s) calculated for each day of
sampling for each study location

Swell height (m)
Average swell height (m) calculated for each day of
sampling for each study location

To assess the difference of catch and life-history parameters between locations of perceived
contrasting catch rates

Water temperature has been shown to influence the catchability (de Lestang et al. 2009) of
western rock lobsters (Srisurichan 2001). SST was derived from the work of Chamberlain et al.

The activity of western rock lobsters has been shown to be influenced by swell from the
previous day (Srisurichan et al. 2005)

The activity of western rock lobsters has been shown to be influenced by swell from the
previous day (Srisurichan et al. 2005)

random effect to account for fine-scale temporal variation
within the study. In addition, the independent potting sites
(3-5) nested within each location were also included as a
random effect to account for small-scale spatial variation.
All pots that had a predator present, or indication that one
had visited, were removed from the catch-rate analysis to
reduce the impact of predator presence on variation in
catchability and catch rate.

The mean length of the migratory ‘white’ and resident ‘red’
life stages of lobster per pot was analysed in a similar fashion;
however, data exploration found the residuals to be normally
distributed for both analyses and, therefore, a Gaussian error
distribution was used in modelling. The sampling date and the
identity of each pot were used as random effects in these
models to account for both spatial and temporal small-scale
variation and to account for the non-independence of
length measures within each pot.

For all models, importance scores of every predictor
variable were obtained by summing the AIC weights of each
model for which each variable occurred within and these
scores were then plotted to identify the relative importance
of predictor variables across all possible models (Fisher et al.
2018). All data formatting, plotting and statistical analyses
were conducted in the R language for statistical computing
(ver. 4.03, R Foundation for Statistical Computing, Vienna,
Austria, see https://www.r-project.org/), using the following
additional packages: tidyr (ver. 1.12, H. Wickham and
M. Girlich, see https://tidyr.tidyverse.org/), dplyr (ver. 1.01,
H. Wickham, R. Francois, L. Henry, K. Miiller and RStudio, see
https://github.com/tidyverse/dplyr) and ggplot2 (ver. 3.31,
H. Wickham, see https://github.com/tidyverse/ggplot2).

Comparison of growth among locations
Growth curves were generated using Fabens (1965) modi-
fication of the traditional von Bertalanffy growth equation

AL=(Ly, —L;) (1 —e XA

where L, is the length (mm) at time of marking (t,,); L, is the
length (mm) at time of recapture (t,); AL is the change in

length (mm; L, - L;); At is the time (days) at liberty
(t. - tn) and two deterministic growth parameters; K is
Brody growth coefficient; and L, is the maximum length
(mm). The Brody growth coefficient (K) was allowed to vary
between sexes and among locations. To avoid potential
over-parameterisation of the models, and given that our
main objective was to compare growth rates (K) and
that the majority of lobsters tagged were immature and
well below the maximum length for the species, the maximum
size (L) was kept constant across the groups being compared
(i.e. it was estimated but could not vary among groups).
Chi-Square maximum-likelihood ratio tests were conducted
to determine whether growth varied significantly with sex
or location. Recaptures obtained from commercial fishers
and from the follow-up sampling trip conducted in June
2019 were incorporated to increase data abundance and
accuracy of the model. Only recapture data from lobsters
that were at liberty for more than 1 month were used, to
ensure sufficient time for moulting (i.e. growth) to occur
between recaptures. The data were standardised by seasons,
which resulted in the ‘high-catch’ (Seven Mile) location
being excluded owing to the inconsistencies in the temporal
coverage of the mark-recapture data from this location.
Recaptures that had more than two damaged appendages
were excluded because leg loss can affect the growth of
lobsters (Goosen and Cockcroft 1995). All analyses were
again conducted using the R language for statistical
computing (R Foundation for Statistical Computing), using
the mixed effects package lme4 (ver. 1.1-27.1, see https://
CRAN.R-project.org/package=lme4; Bates et al. 2015).

Results

Catch and release data

In total, 9318 lobsters were captured from 1461 pot lifts
across the eight sampling trips (May 2018-December
2018). This resulted in 7565 unique individuals suitable
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Fig. 2. The raw temporal and spatial variation in the average number
of lobsters caught per pot (+s.e.) over the eight separate sampling trips
between May and December in 2018. The three study locations
included ‘low-catch’ (Cliff Head, red), ‘boundary’ (yellow) and ‘mid’
(blue). Date of sampling was included as a random effect in the
formal statistical analysis.

(>40 mm CL and less than five missing appendages) for
tagging. The raw catch rates varied temporally across the
study but displayed broadly consistent differences among
locations (Fig. 2).

The influence of location and environmental
variables on catch rate

Legal-sized individuals

The most parsimonious model for the legal-size class
explained 23% of the deviance in the response variables
and included the variables swell height, swell period and sea-
surface temperature (Table 2). Importance scores indicated
that location had low importance for predicting the catch
rate of legal-sized individuals, but that all three environ-
mental variables (swell height, period and sea-surface
temperature) were more important for predicting the catch
rate across all possible models (Fig. 3a). Catch rates were
comparable across all four zones. However, the catch rates
for the legal-sized class were anticipated to be strongly
influenced by fishing pressure within the study locations; as
such, the trends across the four zones for this size class
were not explored further.

Sublegal-sized individuals

Importance scores indicated that swell period had low
importance, but that location, swell height and sea-surface
temperature were more important for predicting the catch
rate of sublegal individuals (Fig. 3). The most parsimonious
model for the sublegal-size class catch rate included
location, swell height, and sea-surface temperature and
explained 31% of the deviance (Table 2). There were lower
catch rates in the ‘low-catch’ zone, with a strong trend of
increasing catch rate with an increasing distance from the
low-catch zone, with the highest catch rate in the ‘high-
catch’ location (Fig. 4).

Recapture rates

Of the 7565 unique individuals tagged with a uniquely
coded T-bar anchor tag, a total of 1261 individuals (16.7%)
was recaptured throughout the study. Of these recaptures,
992 (13.1%) were unique individuals, with more than
three-quarters of the recaptured individuals being caught
on multiple occasions. A strong pattern was observed with
the raw recapture rate of sublegal-size lobsters in the ‘low-
catch’ zone being approximately half of that within both the
‘boundary’ and ‘mid’ locations and a quarter of that found in
the ‘control’ location. For the legal-size raw recapture rates,
a similar pattern was found, except for the ‘mid’ control
location, which displayed recapture rates comparable to those
in the ‘low-catch’ zone. Unexpectedly, we found considerable
along-shore movement of tagged sublegal-sized lobsters
among study locations (up to 20 km); therefore, the planned
formal mark-recapture analyses were not attempted because
of violation of the assumptions of closed, spatially explicit
populations.

Mean length frequency

Migratory ‘white’ life stage

The most parsimonious model for the mean length of the
‘white’ life stage explained 20% of the deviance and
included location, sea-surface temperature and swell period
(Table 3). The mean length of this migratory ‘white’ life
stage was greater within the ‘low-catch’, ‘boundary’ and
‘mid’ locations than in the ‘high-catch’ location, with the
majority of ‘white’ individuals greater than legal size

Table 2. Best-fitting generalised additive mixed models for predicting the average catch rate of sublegal-size (<76 mm CL) and legal-size (>76 mm

CL) individuals per pot.

Size class Model AAICc ®AICc r d.f..

Sublegal Swell height + location + sea-surface temperature 0.035 0.307 0.317 47
Swell height + sea-surface temperature + swell period 0451 0.25 0317 47.41

Legal Swell height + sea-surface temperature + swell period 0 0.884 0.236 48.2

Ordered by parsimony, including the difference between the lowest reported AIC (AAICc), AIC weights (wAlCc), explained variance (r?), and the effective degrees of

freedom (d.f.).
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Fig. 3. Relative variable importance scores from full-subset

generalised additive mixed-model analyses exploring (a) the average
catch rate per pot for legal-size (>76 mm CL) and sublegal-size
(<76 mm CL) classes of P. cygnus individuals and (b) the mean
carapace length (mm) per pot for the resident ‘red’ and migratory
‘white’ life stages of P. cygnus individuals. Variables included in the
most parsimonious model are indicated by an ‘X'

(>76 mm, Fig. 5). Importance scores indicated that swell
height had a low importance for predicting the mean length
per pot for the ‘white’ life stage, whereas, location, sea-
surface temperature and swell period were relatively more
important (Fig. 3b).

Resident ‘red’ life stage

The most parsimonious model for the ‘red’ life-stage size
class explained 12% of the deviance in the response
variable and included the predictor variables location, sea-
surface temperature and swell period (Table 3). For this
resident ‘red’ life stage, there was a higher mean carapace
length found in the ‘low-catch’ and the ‘boundary’ location,
with the ‘mid’ and ‘high-catch’ locations demonstrating a
comparably lower mean carapace length (Fig. 5). Importance
scores indicated that swell height had a very low importance
for predicting the mean length per pot for the red life stage,
whereas location, sea-surface temperature and swell period
were more important (Fig. 3b).

Comparison of growth curves

The Chi-Square maximume-likelihood ratio tests on the growth
coefficients obtained from the modified Fabens growth model
found that growth rates varied significantly among locations

Sub-legal
50- N
40-
T 5
8
8
7]
8 20
-
10- N
o — —l
Low-catch Boundary Mid High-catch
Location
Fig.4. Predicted difference in the average and standard error of catch

per pot of sublegal-size individuals (<76 mm CL), standardised for
month of sampling, swell height and sea-surface temperature across
the following four reference study locations: ‘low-catch’ (Cliff Head),
‘boundary’, ‘mid’ and ‘high-catch’ (Seven Mile).

(P < 0.02) but not between lobster sexes (P = 0.4, Fig. 6).
Inspection of the residuals for each term in the Fabens
found an acceptable distribution of residuals supporting
the model. Pairwise comparisons of growth rate among
locations found that individuals in the ‘low-catch’ location
grew significantly faster than those in the ‘mid’ location
(P < 0.01), but no significant differences were found between
the ‘low-catch’ and the ‘boundary’, or the ‘boundary’ and ‘mid’
locations.

Discussion

Our study confirmed the existence of an area of significantly
lower standardised catch rates for sublegal-sized lobsters
at the centre of western rock lobster fishery. The area was
identified to have previously supported high fishing activity
and high catch rates, between the 1970s and 1990s (John
Fitzhardinge, pers. comm.). By contrast, the catch rates for
legal-sized lobsters were comparable across all perceived
‘low’, ‘boundary’, ‘mid’ and ‘high’ catch areas. Additionally,
recapture data showed an unexpectedly high movement of
individuals among our study locations (up to 20 km),
particularly from the ‘low-catch’ area, for both sublegal-
and legal-sized lobsters. Movements of these distances have
not previously been observed in comparable studies, and
thus further research should be conducted to explore this
pattern. Furthermore, recaptured lobsters in the ‘low-catch’
zone had the fastest growth rates relative to that in other
areas. These results suggest fisher’s perceptions of catch
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Table 3. Best-fitting generalised additive mixed models for the mean average length per pot for the resident ‘red’ and migratory ‘white’ life stages
of P. cygnus.
Colour Model AAICc ®wAICc r d.f..
White Location + sea-surface temperature + swell period 0.000 0.562 0.201 28.58
Swell height + location + sea-surface temperature 0.597 0417 0.201 27.35
Red Location + sea-surface temperature + swell period 0.000 0.991 0.125 79.57

Ordered by parsimony, including the difference between the lowest reported AIC (AAICc), AIC weights (@AlCc), explained variance (r?), and the effective degrees of

freedom (d.f..).
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Fig. 5. Relative density of P. cygnus by carapace length (mm) for the
resident ‘red’ (red) and migratory ‘white’ (white) life stages for each of
the following four reference locations: ‘low-catch’ (Cliff Head),
‘boundary’, ‘mid’ and ‘high-catch’ (Seven Mile). The mean (+s.e.) for
the resident ‘red’ life stage (black circle) and the migratory ‘white’
life stage (black triangle) are displayed. The legal size (76 mm) is
indicated by the dashed line.

rate could be more reflective of sublegal-size lobster
populations or that these populations of sublegal lobster
represent the potential and sustained future legal catch rate
of the area, which fishers are perceiving through observation
of low numbers of sublegal-sized lobsters.

In contrast to the fishers’ perceptions, the current study
found the catch rates of the legal-sized lobsters to be compa-
rable among all four study locations. Previous studies have
reported that flexibility and adaptation in fishing behaviours
result in hyperstability in both fisheries-dependent and
-independent data for a target population (Ward et al.
2013). Discussions with fishers at the pre-study workshop
and during this current study indicated that hyperstability
has occurred, with commercial fishing pressure having been
lowest in the ‘low-catch-zone’ and highest in the ‘mid’ and
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Fig. 6. Comparisons of growth curves generated from parameter
estimates using Fabens (1965) modification of the traditional von
Bertalanffy growth equation model among the following three study
locations: ‘low-catch’ (red line), ‘boundary’ (orange line), and ‘mid’
(blue line). Pairwise results with no significant difference are
indicated by letters, the same letter indicates that growth rates had
no significant difference between the locations (P = 0.05).

‘high-catch’ locations for at least the past 20 years. Spatial
data on commercial catches collected by DPIRD are unfortu-
nately not of fine-enough spatial resolution to demonstrate
such small-scale changes in fishing effort (Gaughan and
Santoro 2018). Regardless, given this apparent strong gradi-
ent in fishing pressure across the locations sampled, the
comparable legal-sized catch rates among the locations
support the perception that the ‘low-catch’ zone would have
lower sustained catches of legal-sized lobsters if the fishing
pressure were higher.

Comparison of raw-recapture rates indicate a strong
contrast among the study locations. For both sublegal- and
legal-sized lobsters the lowest recapture rate was found
within the ‘low-catch’ zone at Cliff Head, with recapture
rates generally increasing with an increasing distance from
the ‘low-catch’ zone. This trend was particularly evident in the
sublegal-size class, with the ‘boundary’ and ‘mid’ locations
displaying a two-fold increase, and the ‘high-catch’ loca-
tion a four-fold increase in recapture rates compared with
the ‘low-catch zone’. Interestingly, the recapture rates for
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the legal-size class displayed a similar trend, except for the
‘mid’ location, which had a recapture rate comparable to
that in the ‘low-catch’ location. We suspect that the low
recapture rate for legal-sized lobsters within the ‘mid’
location is due to the increased commercial fishing pressure
that was observed over the study. Despite approaching and
encouraging commercial fishers to submit recapture data by
the DPIRD ‘tagging’ app and release any tagged individuals
caught, it was expected that not all will be consistently
recorded or released, which would contribute to a low rate
of recapture.

Similarly, the mean carapace length of the migratory life
stage, known colloquially as the ‘whites’, differed among
locations. There was a greater mean carapace length in the
‘low-catch’, ‘boundary’ and ‘mid’ locations than in the
‘high-catch’ location. Interestingly, the majority of the size
distribution for the ‘high-catch’ location was below the
legal-size cut-off (<76 mm), whereas for the other three
locations, it was above the legal size (>76 mm). This
greater mean length could indicate a faster growth rate of
individuals within these areas of interest, allowing them to
reach a larger size before they undergo the ‘whites’ migration.
However, these results are likely to be confounded by the
greater fishing pressure within the ‘high-catch’ location,
because commercial fishing would act to remove any
individuals greater than 76-mm carapace length, which
is evident by the truncated size distribution at legal size
in this location. Additionally, swell period was shown to
positively influence the mean carapace length of both
the ‘white’ and the ‘red’ life stages. Increased swell activity
has been shown to increase the activity of lobsters the
following day, owing to the stronger water movement
disturbing the bottom habitat and increasing food availability
(Srisurichan et al. 2005). It is therefore plausible that the
greater mean carapace length for the whites is due to
(1) the greater likelihood of catching larger individuals at a
certain locations because of greater swell increasing the
activity of lobsters for the location, (2) greater growth from
increasing feeding or moulting events resulting in a higher
proportion of large lobsters within certain locations, or
(3) fewer larger individuals being located at areas that
undergo higher fishing pressure, resulting in a dispropor-
tionate population structure.

Comparison of the modelled growth curves derived from
the recapture data should provide a comparison that is less
confounded by fishing pressure than is any analysis of
mean length. Our study indicated that individuals from the
‘low-catch’ zone had a significantly faster rate of growth
over the sampling period than did those from the ‘mid’
location. These growth results support the findings from a
previous tagging study conducted by Chittleborough
(1974), and a SCUBA diver survey conducted by Jernakoff
et al. (1994), who both demonstrated faster growth rates
of juvenile P. cygnus within the same location as the
‘low-catch’ zone (Cliff Head) than in the more northern

‘high-catch’ location used in the study (Seven Mile Beach).
Unfortunately, it was not possible to use the growth data
from the ‘high-catch’ location in our study because of
seasonal differences in the survey times because temperature
has been shown to significantly affect growth of P. cygnus
(de Lestang and Melville-Smith 2006). Additionally, the
growth rates recorded at Cliff Head in our current study are
comparable to those recorded in aquaria-reared P. cygnus
that were fed on a highly nutritional diet and reared in
optimal conditions (Chittleborough 1974). Chittleborough
(1976) suggested that the higher growth rates found at Cliff
Head were attributed to the higher invertebrate component
found in the Cliff Head population diet than in the diet found
at Seven Mile Beach. Regardless of the cause, our analysis
found high growth rates that are comparable to those
recorded in a study conducted over 40 years ago within the
same ‘low-catch’ location (Cliff Head). Importantly, these
current growth rates are comparable to a time when,
according to fishers, the ‘low-catch’ location produced high
catch rates, supported a large number of fishers, and had a
much higher fishing pressure.

There are four main competing hypotheses that could
explain the observed variations in catch rates across the
study locations, namely, the locations vary in (1) catchability,
or the relative density of lobster populations at these locations
differ due to (2) recruitment limitation, (3) post-recruitment
movement patterns, or (4) post-recruitment mortality. These
hypotheses are discussed below.

The catchability of lobsters could confound catch-rate
estimates across the locations of interest because the ability
to capture a lobster has been shown to be influenced by a
wide range of environmental, behavioural and physiological
factors, with each factor also shown to interact with each
other in complex ways (Ziegler et al. 2002, 2003). The
additional evidence of faster growth rates within the ‘low-
catch’ zone suggests that food availability is relatively
higher or has a higher nutritional content, which in turn
would decrease the likelihood of a lobster entering a pot
(Ziegler et al. 2002). This could be attributed to a lower
density of lobsters resulting in abundant food resources that
are not found at the other locations. Conversely, research
conducted in the 1970s (Chittleborough 1976) found the
same high growth rates within the same location now known
as the ‘low-catch’ zone, so other factors that influence
catchability across the study locations cannot be ruled out.
There are obvious limitations associated with utilising
commercial fishing techniques as the only methodology to
interpret the natural population structure of a species. The
most recent study conducted within the area that utilised
an alternative sampling technique was that of Jernakoff
et al. (1994) over 20 years ago. The study used SCUBA
surveys to explore the population densities of juvenile
P. cygnus, and reported higher densities of juveniles at the
Seven Mile Beach site than at the Cliff Head site. Despite
supporting our results, the study also acknowledged the

343


www.publish.csiro.au/mf

A. Miller et al.

Marine and Freshwater Research

low accuracy of the methodology, and potential for under-
estimating the population size. This study recommends that
future research utilises other techniques, such as diver
surveys and underwater camera surveys, to limit deduction
of unconfounded data.

Recruitment limitation in the ‘low-catch’ zone may have
resulted in the observed differences in catch rates within
the fishery. Several environmental factors have historically
been shown to strongly effect puerulus recruitment settle-
ment within Western Australia. In particular, the strength of
the Leeuwin Current, which brings warm waters southwards
along the edge of the West Australian continental shelf,
has been shown to be positively correlated with puerulus
settlement (Caputi et al. 2014). However, ongoing studies
using standard puerulus collection methods suggest that
recruitment limitation is unlikely to be a factor in this region.
This current ongoing research has recorded comparable
recruitment levels between the ‘low-catch’ and ‘high-catch’
locations (Brooker 2022).

Analysis of the recapture data showed unexpectedly
high levels of fine-scale movements of individuals among
the study locations outside of the migratory time of year.
Movements of up to 20 km were recorded for some
individuals, with the ‘low-catch’ area being associated
with the highest level of movement for both sublegal- and
legal-sized lobsters. Previous fine-scale tracking studies
have shown that P. cygnus is a typically sedentary species
that displays great retention within its home range, only
traversing distances of <500 m when foraging (MacArthur
et al. 2008). These unusual movement patterns identified
within our study are therefore unlikely to be related to
normal foraging alone, and instead could be indicating
unsuitable habitat or food abundance within the ‘low-catch’
location. These apparent high levels of emigration occurring
from the ‘low-catch’ location could also be an attributing
factor for the low catch rates and low recapture rates within
the location. The contradictory findings of low recapture
rates within the ‘low-catch’ zone, usually indicating a high
population density, could also be explained by the high
levels of movement, because higher emigration from a
location would subsequently result in low recapture rates.

High levels of post-recruitment mortality within the ‘low-
catch’ location may explain the identified low catch rates of
sublegal-sized lobsters within the location. P. cygnus in its
first-year post-settlement benthic stage has been shown to
experience the highest levels of natural mortality (Phillips
et al. 2003). Predation has been recorded as the main cause
of natural mortality, with the smaller post-settlement stage
being particularly susceptible to predation. Evidence suggests
that up to 80% lobsters do not survive the first-year
post-settlement stage, with majority of this being due to
predation. Various species have been identified to predate
on small post-puerulus lobsters from historical studies of the
diets of fish species at Seven Mile Beach (Howard 1988).
There is a lack of data on fine-scale variations of predator
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density and activity among our study locations. However,
it remains plausible that the ‘low-catch’ area may be
associated with a higher level of predation, and further
research needs to be conducted.

Marine heat waves have been identified to affect the
settlement survival and success of benthic invertebrate
species. The extreme marine heatwave that occurred in
the austral summer of 2010-2011, affecting ~2000 km of
Western Australia’s coastline, was shown to indirectly affect
the fishery (Caputi et al. 2019). Previous studies have utilised
the abundance of the sublegal-sized lobster population
3-4 years after the heatwave to evaluate the impacts on the
puerulus and juvenile phase of the life cycle. Studies on the
population abundance in Kalbarri, further north of our
study area, have indicated long-term impacts with no sign
of recovery evident after 7 years (Caputi et al. 2019).
However, locations assessed closer to our study locations,
such as the Jurien region, have demonstrated abundance
levels prior to marine heatwave conditions. Given that the
low-catch zone was identified prior to the marine heat
wave, and no significant changes to the population was
experienced within the life cycle since, it is unlikely that
the marine heatwave has contributed to the existence of the
low-catch zone. It is possible that the shift in temperatures
has affected other aspects of the zone ecosystem, which
indirectly affects the lobster abundance there. However,
more research is required to investigate this.

Conclusions

Overall, our study obtained strong, but clearly contrasting,
observations on the catch rate, growth, and raw recapture
rates of sublegal-size lobsters across the four study locations.
The study confirmed that the ‘low-catch’ zone, within the
near-shore shallow water habitat at Cliff Head, is charac-
terised by populations with lower-than-expected catch rates
of sublegal-sized lobsters, faster growth rates and higher
levels of fine-scale movement patterns. This study investi-
gated the main hypotheses on what may be contributing
to these fine-scale variations in catch rates within the
centre of the fishery, including low catchability, recruitment
limitations, high post-recruitment movement patterns, or
high post-recruitment mortality. A crucial component is
distinguishing whether the lower catch rates of sublegal
lobsters are associated with a lower population density, from
low recruitment or high post-recruitment movement and
mortality, or is simply due to a lower level of catchability.
The latter being evidently difficult to disentangle for this
study because of the reliance on commercial fishing
methodologies. This study aimed to provide an insight into
the biological and environmental factors that may be driving
the catch and growth rates of P. cygnus. Furthermore, the
study was designed to explore a trend that had only previously
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been anecdotally identified by commercial fishers within
the region. Confirmation of the existence of the low catch
rate within the ‘low-catch’ zone has emphasised the impor-
tance of transparent communication between researchers and
relevant stakeholders when it comes to relevant management
decisions. This study should be used as a starting point for
further research to comprehensively understand the processes
that may be driving such patterns and whether these
mechanisms pose any threat to the sustainability of the
fishery in future.
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