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ABSTRACT: Indices of lobster abundance and population demography are often derived from pot
catch rate data and rely upon constant catchability. However, there is evidence in clawed lobsters,
and some spiny lobsters, that catchability is affected by conspecifics present in pots, and that this
effect is sex- and size-dependent. For the first time, this study investigated this effect in Panulirus
cygnus, an economically important spiny lobster species endemic to Western Australia. Three
studies: (1) aquaria trials, (2) pot seeding experiments, and (3) field surveys, were used to investigate how the presence of large male and female conspecifics influence catchability in smaller,
immature P. cygnus. Large P. cygnus generally reduced the catchability of small conspecifics;
large males by 26−33% and large females by 14−27%. The effect of large females was complex
and varied seasonally, dependent on the sex of the small lobster. Conspecific-related catchability
should be a vital consideration when interpreting the results of pot-based surveys, especially if
population demography changes. Analysis of the mean catch rate of large P. cygnus over the past
29 yr indicates that fishery management changes have created significant variations in the abundance of large lobsters. This is likely to have affected the catchability of smaller lobsters, which
will have implications for the use of time series catch rate data in the stock assessment and
management of this fishery.
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As there is currently no recognised method to age
lobsters, stock assessment and management of lobster
fisheries rely heavily upon representative and consistent size- and sex-structured abundance data (Punt et
al. 2013). Due to the depths across which many lobster
species live and their cryptic nature, pots (or traps) are
typically the most cost-effective (Miller 1990) and potentially the most accurate (Tuffley et al. 2018)
method to collect abundance and biological data on
lobster populations. Using catch rates from pots to
make inferences about the abundance, composition,
or state of a stock is reliant on the assumption that

catchability remains constant between samples and
individual lobsters, or that its variation can be accurately accounted for (Morgan 1974).
For a variety of lobster species, there is mounting
evidence of size- and sex-dependent catchability related to conspecific interactions in and around pots.
In clawed lobsters, underrepresentation of small animals in catch data is common and usually attributed
to antagonistic encounters with larger animals in and
around pots (Miller 1989, 1995, Addison 1995, Addison & Bannister 1998). While antagonistic behaviours
have been observed in numerous spiny lobster species, including the Japanese spiny lobster Panulirus
japonicus (Hamasaki et al. 2018), the western rock
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lobster P. cygnus (Cobb 1981), the southern rock
lobster Jasus edwardsii (MacDiarmid 1989), and the
Caribbean spiny lobster P. argus (Shabani et al.
2009), the possible impacts of these interactions on
catch rates have been less well studied than in
clawed lobsters.
Additionally, unlike clawed lobsters, spiny lobsters
are gregarious, and therefore the effects of conspecific interactions on the catchability of spiny lobsters
are potentially more complicated. Spiny lobsters preferentially select dens housing conspecifics in the
wild (Childress & Herrnkind 2001, Cobb 1981), and
will choose to cohabit a den, rather than den alone, in
experimental aquaria (Zimmer-Faust & Spanier
1987). This behaviour is so pronounced in the Caribbean spiny lobster that it is exploited in the Florida
spiny lobster fishery, where live juvenile P. argus are
used as attractants in place of bait (Hunt 2008). Attraction between conspecifics may mean that captured spiny lobsters increase the catchability of subsequent lobsters (Miller 1990).
The only spiny lobster species to have received
substantial investigation of conspecific-related catchability is the southern rock lobster J. edwardsii. In this
species, catch rates of large and small individuals
have been negatively correlated (Frusher & Hoenig
2001, Ziegler et al. 2002), and large male and female
lobsters inhibited small conspecifics from entering
pots in pot seeding experiments (Ihde et al. 2006).
These effects were seasonal and varied by sex, with
the strongest inhibitory effect occurring between
large and small females during the mating season.
Similarly, research suggests den cohabitation patterns
in the same species are also seasonal and dependent
on sex. Large reproductive males were aggressive towards other males and rarely cohabited during the
mating season, and likewise, cohabitation in large reproductive females was also lowest during this period
(MacDiarmid 1994). These antisocial behaviours occurred exclusively within sexes, as rates of cohabitation between sexes were greatest during this period
(MacDiarmid 1994). This increased cohabitation could
lead to pot attraction, and correspondingly, there was
some evidence of a seasonal attractant effect between
large male and small female J. edwardsii in pot seeding experiments (Ihde et al. 2006).
Any deterrent or attractant effect of lobsters in and
around pots will affect the catchability of subsequent
lobsters. As these effects are often size- and sexspecific, spatial or temporal variation in population
demography will cause variation in catchability, and
subsequent variations in size−sex structured abundance data calculated from catch rates. Because fish-

eries typically target specific size−sex classes, often
large males in lobster fisheries, fishing pressure can
lead to changes in population demography (Iacchei
et al. 2005, Barrett et al. 2009, Bellchambers et al.
2017). For example, the removal of large J. edwardsii
during the fishing season in South Australia has been
shown to increase trap selectivity for small lobsters
towards the end of the season (Frusher & Hoenig
2001). This effect is so great that it masked declining
stock recruitment over a 35 yr period in that fishery
(Frusher et al. 2003). Similarly, changes in fishery
management, such as the adoption of more conservative targets or the implementation of fishery closures
or no-take zones, can lead to increased abundances
of the most targeted sex−size classes (Cox & Hunt
2005, Babcock et al. 2007, Montgomery & Liggins
2013). If large lobsters deter small lobsters, increased
abundance of large individuals may reduce the
catchability of smaller lobsters, which may lead to
underestimating the abundance of small lobsters and
potentially misleading interpretations around the
performance of closed areas.
Catch per unit effort (CPUE) from pots is an important data source for the management of the P. cygnus
fishery. P. cygnus is endemic to Western Australia,
where it supports Australia’s most valuable singlespecies fishery, the West Coast Rock Lobster Managed Fishery (WCRLMF), worth approximately AUD
$400 million annually (Gaughan & Santoro 2018).
Management of this fishery is governed by stock assessment models which use, in addition to other data
sources, pot-based CPUE data from annual independent breeding stock surveys run by the state’s fisheries department (the Department of Primary Industries and Regional Development; DPIRD). In the
2008−2009 fishing season, low levels of puerulus settlement prompted dramatic management changes,
which led to a significant reduction in the fishery’s
annual catch (de Lestang et al. 2016, Caputi et al.
2018). This conservative level of fishing was maintained as the fishery adopted maximum economic
yield as its target in the harvest strategy. As a result,
the legal-sized biomass of this fishery approximately
doubled over a 10 yr period and is now the largest it
has been for several decades (de Lestang et al. 2016,
2018, Caputi et al. 2018). In addition to an overall increase in biomass, these management changes have
likely changed the demographics of the fishery, with
a greater number of large lobsters being present. As
there has been little research on the intraspecific
interactions of P. cygnus in and around pots, it is
unknown what effect the increased relative abundance of large animals will have on pot-based size-
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and sex-structured catch rate data used in stock
assessment modelling.
This study explored how the presence of large
conspecifics affects the catchability of smaller, immature P. cygnus using a weight-of-evidence approach
based on 3 separate studies: (1) aquaria trials, (2) a
seeding experiment, and (3) analysis of field survey
data. If the catchability of small, immature P. cygnus
is reduced by the presence of large conspecifics, it
was expected that (1) cohabitation of small animals
would be reduced in shelters containing large lobsters, (2) catch rates of small lobsters would be
reduced in pots seeded with large lobsters, and
(3) catch rates in pots which have captured large lobsters would be lower than those without large lobsters present. Finally, to assess how relevant these effects are for the stock assessment and management
of the P. cygnus fishery, this study investigated
whether the increase in biomass in the fishery corresponded to an increase in the catch rate of large animals. Twenty-eight years of lobster catch rate data,
collected during DPIRD’s independent breeding
stock surveys (de Lestang et al. 2016), was analysed
to investigate whether the average CPUE of large
lobsters has changed over this period.

Fig. 1. Western Australian coastline and locations of Fremantle, WAFMRL, Leeman Research Closure, and Seven
Mile Beach. Dotted line: northern and southern extent of
the WCRLMF
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2. MATERIALS AND METHODS
The R language for statistical computing (RStudio
Team 2020) was used for all data manipulation
(package ‘dplyr’; Wickham et al. 2020), analysis, and
graphing.

2.1. Aquaria trials
Aquaria trials were conducted between July and
September 2017 at the Western Australian Fisheries
and Marine Research Laboratories (WAFMRL),
Western Australia (Fig. 1). Lobsters were collected
onboard commercial lobster fishing vessels in Fremantle and Lancelin, Western Australia, and transported to WAFMRL in aerated tanks (Fig. 1). Lobsters
were stored in a holding tank (4.5 × 1.5 × 0.5 m) containing numerous shelters for at least 7 d before the
aquaria trials commenced, and when not participating in experiments. Lobsters were fed a diet of blue
lip mussels Mytilus edulis, as well as various other
local teleost fish and crustaceans, such that they
were satiated throughout the trials. All tanks (holding and experimental) were supplied by a flowthrough water system, ensuring lobsters were subject to ambient seawater temperature and salinity.
The holding tank was located undercover outside,
and thus exposed to natural diurnal light cycles.
Trials were conducted in four 1200 l rectangle
aquariums. Two plastic shelters of equal dimensions
(40 × 62 × 26 cm) were placed at either end (north
and south) of each aquarium (Fig. 2a). Shelters were
constructed of PVC containers, with an entrance at
one end (Fig. 2b). The roofs of the shelters were constructed of rectangular pieces of grey industrial PVC
which were slightly longer than the tubs, creating a
‘veranda’ over the entrance. Ambient seawater was
pumped into the tanks at a rate of 150 l h−1 via 2 inflow pipes located at the back of each shelter, with
the drain being located centrally. This ensured that
any potential chemical cues released by lobsters
inside the shelters were evenly drawn into the centre
of the tanks. To ensure homogenous water movement within and between tanks, care was taken to
ensure that all the 4 tanks were uniform and each
tank was symmetrical and level. Artificial lighting
was provided on a 12 h timer (07:00−19:00 h).
Lobsters were classified as either large mature
males (LM; CL [carapace length] ≥ 100 mm), large
mature females (LF; CL ≥ 100 mm), or small lobsters
(SL; CL ≥ 76 and ≤ 80 mm). The size range of the small
lobsters was selected so that the animals would be of
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Fig. 2. Illustration of (a) the trial tanks and (b) a lobster tethered inside a shelter (lobster image credit: Tim Langlois)

Table 1. Treatments tested in the spiny lobster aquaria trials. LF: large
legal size (CL ≥ 76 mm) but still sexually
female; LM: large male; SL: small lobster
immature (Melville-Smith & de Lestang 2006).
Each day, the 4 aquaria were randomly asTreatment
Focal lobster Large stimulus Small stimulus
signed one of 6 treatments (Table 1) consisting
of one focal lobster, which was free to move
1 SL = LF/SL
Small lobster Large female
Small lobster
about the tank and select a shelter in which to
2 SL = LM/SL Small lobster Large male
Small lobster
cohabit, and 2 stimulus lobsters, each tethered
3 LF = LM/SL Large female Large male
Small lobster
inside one of the 2 shelters (Fig. 2a). Stimulus
4 LF = LF/SL
Large female Large female
Small lobster
5 LM = LF/SL Large male
Large female
Small lobster
lobsters were randomly assigned to the north
6 LM = LM/SL Large male
Large male
Small lobster
or south shelters. Lobsters were tethered via
fishing line, which was attached to a swivel
glued to the lobster’s carapace using a combination
pipe (Fig. 2b). A large bead attached to the line limof Loctite and epoxy (Fig. 2b). The fishing line was
ited the movement of the stimulus lobster, such that it
threaded through a hole in the middle of the shelter
could move about freely inside the shelter and interlid and hung over the edge of the tank through PVC
act with the focal lobster at the shelter entrance but
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was unable to exit the shelter. A small sinker
attached to the loose end of the line took up slack as
the lobster moved to the middle of the shelter, ensuring the lobster did not become entangled in the slack
fishing line.
Stimulus lobsters were tethered in the experimental tanks approximately 3 h prior to the focal lobster
entering the tank. This allowed them time to acclimate to the tank, recover from any stress related to
tethering and for any chemical cues released during
the tethering and tank transfer process to be flushed
from the tanks. The focal lobster was released in the
middle of the aquarium and left to select a shelter
overnight. Transferring the focal lobsters from the
holding tank to the experimental tanks may have
also stressed the animals; however, as the focal lobsters had approximately 16 h to acclimate and select
a shelter, there was no need to allow for an acclimation period. The location of the focal lobster was
noted at 09:00 h the next day. The location was
scored as either 1 — inside the shelter, 2 — outside
the shelter but displaying association with a shelter
(i.e. in the veranda or near alongside the shelter) or
3 — no association with a shelter. All lobsters (focal
and stimuli) were then returned to the holding tank,
and the trial tanks were flushed with seawater for at
least 4 h before the next trials began. Each lobster
was only used as either the focal and stimulus lobster
in each treatment once.
Treatments 1 and 2 (Table 1) tested whether small
lobsters were affected by the presence of large lobsters. Because lobsters are gregarious and have been
shown to preferentially cohabit, placing a small,
immature lobster in the ‘control’ shelter meant the
shelters were theoretically equally attractive as they
both contained a lobster with which to cohabit, and
only the shelter containing the large stimulus lobster
was influenced by the size and sex of the animal.
Treatments 3, 4, 5 and 6 (Table 1) tested whether
large lobsters displayed any preference when presented with large and small lobsters with which to
cohabit. This would elucidate whether deterrent
effects were 1-way (i.e. large lobsters deter small, but
small have no effect on large) or 2-way (i.e. large lobsters deter small, and small lobsters deter large).
Trials in which stimulus lobsters broke their tether
were considered unsuccessful and were removed
from the analysis. Only trials in which the focal lobster showed an association with a shelter (i.e. scored
1 or 2) were included. In accordance with animal
ethics permit requirements, results were continually
monitored so that trials could be concluded as
quickly as possible to (1) avoid possible habituation

103

which might impact the results of the study, and (2)
avoid the unnecessary collection of additional lobsters from the wild. Cumulative curves, graphing the
rolling average proportion of focal lobsters sheltering
with the large stimulus lobster, assessed the progress
of the trials. A stabilization of results indicated that
additional replicates would have little effect on the
outcome. The timing of this stabilization was used to
determine when trials could cease. A binomial test of
given proportions (Wilson 1927) was used to test
whether the proportion of focal lobsters sheltering
with the large stimulus lobster was significantly different from the null hypothesis of no preference
(50%) in each treatment. A difference from 0.5 in the
proportion of animals sheltering with the large lobster would indicate the effect of the large animal.

2.2. Seeding experiment
Pot-seeding field experiments were conducted at
Seven Mile Beach, Western Australia (Fig. 1), over 3
consecutive nights (10−13 September 2019) coinciding with the peak mating season of Panulirus cygnus.
Seven Mile Beach is known to hold an abundant
juvenile lobster population. Fourteen sites of ‘good
lobster habitat’ were selected based upon previous
surveys and underwater visual assessment. At each
site, 2 lobster pots were fished within 2 m of each
other, to ensure they were fishing the same group/
den of lobsters. Meshed, recreational-sized lobster
pots were used, as they are known to capture a large
range of lobster sizes, including juveniles, as well as
accurately sample sites of variable abundance (see
Tuffley et al. 2018 for a description of these pots and
analysis of their appropriateness). Before setting, one
pot was ‘seeded’ with one large female lobster (CL ≥
100 mm), with 2 wooden battens placed parallel over
the entrance to prevent the lobster from escaping.
The other (‘blank’) pot also had 2 wooden battens
placed parallel across the entrance but was left
empty to serve as a control. All pots were baited with
approximately 1 kg of blue mackerel Scomber australasicus. Pairs of pots were fished overnight and
retrieved between 06:30 and 12:00 h the next day.
Upon retrieving the pots, the biological information
of all captured lobsters was recorded, including CL,
sex, reproductive state, and any damage to the animal, before they were returned to the site of capture.
Damage to the pot was also recorded, as well as the
presence of other animals, i.e. fish, octopus, or sharks,
which may have impacted the pot’s catchability. Bait
baskets were thoroughly cleaned of any remaining
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bait and refilled with fresh bait. Pots were then reset
at the same site.
To maximise statistical power with consideration to
the experimental design, testing the influence of
large lobsters on undersize catch rate was limited to
one sex in the field experiments. Large females were
selected as they had the smallest and least significant
effect in the aquaria trails (see below) and therefore
represented the most conservative option. As such,
any effect of large females in the field would likely
indicate a similar but stronger effect by large males.
Large female lobsters were collected from Fremantle
and Lancelin, Western Australia, and held at
WAFMRL in the same holding tank under the same
conditions as the lobsters in the aquaria trials. These
females were already mated upon collection, as they
all had spermatophores (tar-spots) on their sternum.
Pots whose catch may have been compromised (i.e.
predators present, broken battens or dead lobsters
present) were removed from the analysis. There is a
latitudinal reduction in size at sexual maturity across
the fishery, for both male and female lobsters
(Melville-Smith & de Lestang 2006). While males
≤ 80 mm were still likely immature, some females in
this size range at Seven Mile Beach may have been
mature. To ensure the analysis only considered the
catch of immature females, only non-setose females
(a biological indication of immaturity) ≤ 80 mm were
considered. There were too few immature but legalsized lobsters at Seven Mile Beach to limit the analysis to those ≥ 76 mm CL, so no minimum CL value was
set. As replication was at the site level, only sites at
which both treatments were successfully fished were
analysed.
A paired t-test compared the number of small
immature lobsters caught in each treatment. Data
was square root transformed to fit the assumption of
normality. Square root transformation was selected
based on the slope of log standard deviation against
log mean of the 2 samples (Clarke & Warwick 1994),
and confirmed through visual assessment. To calculate the effect of the large female on the catchability
of the seeded pots, the following equation was used:
CLT = B L q αT

(1)

where CLT is the catch at site (L) in treatment (T)
(seeded or control), B L is the biomass at the site, q is
the catchability of a small lobster (assumed to be
equal across locations), and αT is the catchability
scalar in treatment (T). The catchability scalar of the
control pot, αcontrol, will be equal to 1, i.e. when a pot
does not have a seeded lobster present there is no
scalar on q. Therefore:

αseed = Cseed / Ccontrol

(2)

The catchability scalar of the seed pot, αseed, was
calculated for each set of pot lifts and the mean
calculated.
To test whether the presence of the large female
affected the catch rates of small males and females
differently, the proportions of small males and the
proportions of small females caught in the seeded
pots at each site were compared using a paired t-test.
As above, the data was square root transformed, with
normal distribution and homogeneity of variance
confirmed through visual assessment.
To confirm that any potential differences in catch
rates between the treatments were not the result of
seeded pots reaching their upper-biomass limits or
pot saturation (for an explanation of pot saturation,
see Miller 1990), catches of each pot, including the
seeded lobster, were converted into biomass via the
length:weight ratio equation outlined in de Lestang
et al. (2018) and compared.

2.3. Survey data
Time series pot catch rate data were obtained from
annual independent stock surveys at The Leeman Research Closure (Fig. 1). The closure is a 3900 ha (6 × 2
nautical miles) area in the middle of the WCRLMF,
which has been closed to rock lobster fishing since
2011 (Fig. 1). The closure was surveyed annually between 2008 and 2016, with fishing occurring over 10
consecutive days during the new moon between midSeptember and early November each year to coincide
with peak spawning season. Standard-sized commercial fishing pots with closed escape gaps (to retain
undersized lobsters) were fished over 2 nights (2 d
soak period) on the same GPS locations each year.
Upon retrieval, all captured lobsters were measured
(CL), and sex, reproductive state, and shell/appendage damage were recorded, along with the associated pot location (latitude/longitude).
Pots with compromised catchability (e.g. the presence of a predator, broken battens or deceased lobsters) were removed. As the expected effect of large
lobsters on small lobster catch rates (a 15−25% reduction; see Section 3.1) would be difficult to discern
in pots with low catches, data was filtered to only
include pots with catches of 5 or more lobsters. A
generalised additive model (GAM; Wood 2017) was
used to investigate how the presence of (1) no large
lobsters, (2) large male lobsters (CL: ≥ 100 mm), (3)
large female lobsters (CL: ≥ 100 mm), and (4) both
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Catch rates of large lobsters were obtained from
independent breeding stock surveys at 5 locations
along the west Australian coast (Fremantle, Lancelin,
Jurien, Dongara and Kalbarri) from 1992−2020.
These surveys followed the same methodology as the
independent field surveys above.
Marginal means from a generalised linear model
was used to calculate the mean annual catch rate of
large male and female lobsters (≥ 100 mm), whilst accounting for heterogeneity in sampling of the various
locations each year (location was treated as an additive factor). Prior to undertaking the modelling, raw
data were tested for normality (Shapiro-Wilk) and
homogeneity of variance (Levene’s) and transformed
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2.4. Large lobster catch rate
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α2 = C2 / C0
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where CLYT is the catch per pot at a location (L), in
year (Y), in treatment (T), and treatment = no large
lobsters (0), one or more large males (1), one or more
large females (2), and one or more large males and
females (3). BLY is the biomass at the location in each
year (Y), q is the catchability of a small lobster
(assumed to be equal across locations and years), and
αT is the catchability scalar, with α0 = 1. Therefore:

A total of 179 replicate trials were conducted, of
which 28 were removed due to the stimulus lobster
breaking free, and one because the focal lobster
showed no association with either shelter (scored as
‘3’), resulting in 150 ‘successful’ trials; 25 of each
treatment. This level of replication saw the proportion
sheltering/associating with the large stimulus lobster
plateau (Fig. S1 in the Supplement at www.int-res.
com/articles/suppl/m666p099_supp.pdf), and trials
were concluded. The vast majority of replicates (83%;
n = 125) resulted in the focal lobster sheltering inside
a shelter (scored as ‘1’) with only 17% (n = 25) being
associated with a shelter (scored as ‘2’).
Small lobsters sheltered with large males in only
24% of trials (Fig. 3; SL = LM/SL, p = 0.016), indicating a 26% reduction from the null hypothesis of no
preference (50%). While not significant at the 95%
confidence limit (p = 0.11), there was a tendency for
small lobsters to avoid large females, with only 36%
of the small lobsters choosing to shelter with the
large female (Fig. 3; SL = LF/SL), a 14% reduction
from the null hypothesis. There was no significant effect of large lobsters on the shelter choice of large
conspecifics (p > 0.05), indicating that while small
lobsters avoided large lobsters, large lobsters did not
avoid small lobsters. However, there was a non-

F/
S

(3)

3.1. Aquaria trials

LF
=L

CLYT = B LY q αT

3. RESULTS

Proportion sheltering with large lobster

large male and female lobsters impacted the catch
rates of small, immature lobsters. Immaturity was
allocated according to the same criteria as the field
experiments above. Catches of small male and
female lobsters were modelled both together and
separately to assess whether large lobsters impacted
small males and females differently.
A negative binomial error distribution was used to
model this count data, as initial analysis using a Poisson distribution indicated overdispersion in the ratio
of deviance and the residual degrees of freedom
(Crawley 2002). Latitude and longitude were incorporated into the model as a smooth interaction term
to account for spatial dependency of small lobster
biomass, as previous research has indicated possible
habitat segregation of size classes (Bellchambers et
al. 2010). Year (n = 9) was also incorporated as a
smooth function to account for any variations in juvenile biomass due to emigration and immigration
across years. Therefore, catch rate was defined as:
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Treatment
Fig. 3. Average proportion of focal lobsters sheltering with
the large stimulus lobster in the aquaria trials, with 95%
confidence intervals and p-values, calculated from the binomial test of given proportions (Wilson 1927). See Table 1 for
treatment combinations. Dashed line: 50% proportion; bold
denotes significance at 95% confidence limit
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significant tendency for large animals of the same
sex to cohabit, with an 18% increase in large males
cohabiting in trials (Fig. 3; LM = LM/SL, p = 0.17),
and a 14% increase in large females cohabiting in
trials (Fig. 3; LF = LF/SL, p = 0.23).

All small lobsters ( n = 1345 )
2.0
1.5

P = 0.145
P < 0.001

1.0

P = 0.001

3.2. Seeding experiment
Each treatment was fished a total of 39 times over
the 3 nights. Eight pairs of pots were removed due to
compromised catches, leaving 31 paired pot lifts.
These pots captured a total of 934 lobsters over the 3
nights, of which 895 had a CL of 80 mm or less
(range: 32.3−80 mm CL; mean: 59.1 mm CL).
There were significantly (p < 0.001; Table 2) fewer
small lobsters captured in the seed pots (mean =
10.74 pot−1), compared with the control pots (mean:
18.13 pot−1). Across the 31 paired pot lifts, the mean α S
was 0.73 (± 0.348), which equates to a 27% reduction
in the catchability of these pots. There was no significant difference in the proportions of small males and
small females captured in the seeded pots (p = 0.51;
mean females: 32.7%, means males: 34.9%).
The greatest biomass was recorded in the control
pots, with the seeded pots capturing on average
almost half the biomass of the control pots (Fig. S2).
This indicates that the majority of the seeded pots did
not reach their upper biomass limits, despite these
pots being seeded with a large lobster.

Mean immature catch rate

0.5
0.0
0.5

Small females ( n = 394 )
P = 0.182

0.4
0.3

P = 0.066

0.2

P = 0.033

0.1
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Small males ( n = 951 )
1.5
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P = 0.003
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Fig. 4. Modelled mean catch rates, 95% confidence intervals
and p-values of small immature lobsters (males and females
[all], females only [females], and males only [males]), in
each treatment (pots that captured no large animals [no
large], one or more large males [large males(s)], one or more
large females [large female(s)] calculated from generalised
additive models fitted to the independent field survey data.
Bold denotes significance at 95% confidence limit

3.3. Survey data
In total, 1204 pot lifts were used in the analysis. Of
those, 536 caught no large lobsters, 374 caught one
or more large males, 154 caught one or more large
females, and 140 caught at least one large male and
one large female (Fig. 4). The pots captured a total of
1345 immature lobsters (394 females and 951 males),

Table 2. Paired t-test results of the field experiment data. Pot
type: comparison of catch rates of small lobsters in the
seeded and control pots; sex: comparison of the portions of
males and females captured in the seeded pots. Bold denotes significance at 95% confidence limit. Note that all
data has been square root transformed

Pot type
Sex

Mean
difference

95% CI

df

1.107
−0.058

0.520−1.693
−0.234−0.118

30
30

t

p

3.857 < 0.001
−0.667 0.51

with a mean CL of 72.0 mm (range: 30.6−80 mm)
(Fig. 4).
Pots containing one or more large males caught significantly fewer small lobsters than pots with no large
lobsters present (Fig. 4), with the catchability of small
animals reduced by 32.9% in these pots (p < 0.001;
Table 3). The effect was most significant for small
males, with catchability reduced by 34.5% (p < 0.001),
while the catchability of small females was only reduced by 27.8% (p = 0.066; Table 3). There was no
significant difference between the catch rate of immature lobsters in pots containing one or more large female lobsters and those without large lobsters (p =
0.145; Table 3). However, when the catches of small
males and females were modelled separately, pots
containing large females caught fewer small males
(p = 0.003) than pots with no large lobsters, with small
male catchability reduced by 34.8% in these pots
(Table 3). Conversely, pots with large females captured 28.9% more small females; however, this effect
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Table 3. Mean catch rates of small lobsters in each treatment, calculated from generalised additive models fitted to the independent field survey data. Treatment:
categorization of the pot based on whether large lobsters were present or not—no
large: no large animals present; large male(s): one or more large males present;
large female(s): one or more large females present; large male(s) + large female(s):
both one or more males and one or more females present. αT: catchability scalar of
each treatment (T). Percent change in q: the resulting change in catchability due
to the scalar. Bold denotes significance at 95% confidence limit
Treatment

Mean catch
rate (CT)

All undersized lobsters
No large
Large male(s)
Large female(s)
Large male(s) + large female(s)

1.030
0.691
0.842
0.573

SE

p

0.205
0.136 < 0.001
0.188 0.145
0.137 0.001

αT

Change
in q (%)

1.0
0.671 −32.9
0.817 −18.3
0.556 −44.4
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was not significant at the 95% confidence limit (p = 0.182; Table 3). Pots
which captured both large males and
females caught significantly fewer
small lobsters (p = 0.001) than pots
with no large animals, reducing small
lobster catchability by 44.4%: females by 43.3% (p = 0.033) and
males by 41.2% (p = 0.003; Table 3).

3.4. Large lobster catch rate

Mean catch rate of large lobsters

The mean catch rate of large
(≥ 100 mm CL) male and female lobFemale undersized lobsters
sters (p < 0.001; Table 4) varied sigNo large
0.187
0.048
1.0
nificantly between years. Following
Large male(s)
0.135
0.034 0.066 0.722 −27.8
the first series of management
Large female(s)
0.241
0.069 0.182 1.289
28.9
Large male(s) + large female(s) 0.106
0.035 0.033 0.567 −43.3
changes (Fig. 5), the mean catch of
Male undersized lobsters
large females significantly increased
No large
0.907
0.190
1.0
from around 0.1 lobsters pot−1 to
Large male(s)
0.594
0.124 < 0.001 0.655 −34.5
around 0.3 in the late 1990s. It then
Large female(s)
0.591
0.140 0.003 0.652 −34.8
decreased again in the early 2000s
Large male(s) + large female(s) 0.533
0.134 0.003 0.588 −41.2
to around 0.2 pot−1 before significantly increasing in the late 2000s
following the second series of manTable 4. ANOVA results of generalised linear model of mean number of large
agement changes (Fig. 5). Large female
female and male lobsters (≥100 mm) caught per pot from 1992−2020, as a funccatch rates peaked at 1.06 pot−1 in 2014 and
tion of year and location. Bold denotes significance at 95% confidence limit
have since stabilised at around 0.5 pot−1 in
the late 2010s (Fig. 5).
Large females
Large males
There was an initial increase in large
LR Chisq df Pr(>Chisq)
LR Chisq
df Pr(>Chisq)
male catch rates during the first set of management changes, from < 0.01 to around
Location 520.49
4
< 0.001
149.82
4
< 0.001
0.17 lobster pot−1 (Fig. 5). However, catch
Year
1007.34
28
< 0.001
1318.61
28
< 0.001
rates gradually decreased again from
1994−2000, and stayed relatively low at
around 0.1 pot−1 for most of the 2000s. Following the
1.2
second series of management changes, however,
Females
mean catch rates of large males significantly inMales
1.0
creased to approximately 0.5 pot−1 in 2014, averaging
0.4 pot−1 over the late 2010s.
0.8

0.6

0.4

0.2

0.0
1990

1995

2000

2005

2010

2015

2020

Fig. 5. Mean catch per unit effort, with 95% confidence intervals, of large lobsters (carapace length ≥ 100 mm) during independent breeding stock surveys conducted by DPIRD,
from 1992−2020. Shaded columns denote significant changes
in the management of the fishery. The first series of management changes occurred between 1992 and 1994, and included effort reduction, the introduction of a maximum size
limit for females, and protection for reproductive females
(setose) (de Lestang et al. 2016). The second series of significant management changes occurred between 2007 and 2010,
and included major effort reduction and culminated in the
transfer to a quota-managed fishery (de Lestang et al. 2016)
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4. DISCUSSION
This study has demonstrated that the catchability
of small, immature Panulirus cygnus is reduced by
the presence of large conspecifics, and that this
effect varies with sex and season. Cohabitation of
small lobsters was reduced in shelters containing
large lobsters, pots seeded with large females had
reduced catch rates compared with control pots, and
pots which captured large lobsters in the field generally had lower catch rates of small lobsters compared
with pots without large lobsters present. Large lobsters showed no significant cohabitation preference
in the aquaria trials, indicating that while large lobsters can deter small lobsters, small lobsters do not
appear capable of deterring large. Large males had
the greatest effect, reducing cohabitation and catch
rates of small lobsters by around 30% (26−33%) in
both the aquaria and the field surveys. Although the
effect of large males was not tested in the seeding
experiment, based on the significant effect of large
females, it is likely that one existed. The effect of
large females was more complex than males and varied seasonally. Large females reduced cohabitation
of small animals in the aquaria (by 14%), and the
catchability of small animals in the pot seeding
experiment (by 27%), both of which were conducted
during the mating season. However, in the field surveys, conducted during the spawning season, large
females continued to reduce the catchability of small
male lobsters (by 35%) but did not reduce catchability in small females. While deterrent effects have
been observed in some lobster and decapod species
(Miller 1990, Frusher & Hoenig 2001, Ihde et al. 2006),
this study provides, for the first time, conclusive evidence of intraspecific catchability interactions in P.
cygnus. Conspecific-related catchability should be a
critical consideration when interpreting the results of
pot-based surveys, which are commonly used in stock
assessment models, assessments of no-take zones,
fishery closures, and habitat association studies.
These interactions are an especially important consideration when interpreting time-series CPUE from
the P. cygnus fishery, as analysis of historical catch
data indicates that there have been significant variations in the catch rates of large lobsters in this fishery
over the past 29 yr.
The results of this study provide evidence to indicate that large lobsters deter smaller lobsters from
entering pots; however, the mechanisms behind this
deterrence are still unknown. Pots with large lobsters
present are likely to reach their upper biomass limits
(i.e. become saturated) at lower abundances than

those without large lobsters, purely owing to the increased biomass of larger lobsters. However, this
does not appear to be the sole cause of the reductions
recorded within this study. Reduced catch rates of
smaller lobsters in the seeding experiment were observed across a range of total pot densities, not just in
the more densely inhabited pots. Furthermore, when
the biomass of lobsters was compared between the 2
treatments, those with a seeded large lobster had, on
average, almost half the biomass of those without a
seeded large lobster. It is therefore likely that, in addition to any possible pot saturation effects, large lobsters specifically act as deterrents to smaller lobsters.
Due to their communal den sharing and perceived
gregarious nature, spiny lobsters are not generally
considered antagonistic or aggressive; however,
aggressive behaviours have been observed in several species (Atema & Cobb 1980, MacDiarmid 1989,
Shabani et al. 2009, Hamasaki et al. 2018). While
there has been very little research on behavioural
interactions between adult P. cygnus, Cobb (1981)
did observe aggressive interactions between adults
related to den sharing, which often resulted in one
lobster leaving the den. Additionally, spiny lobsters
are known to use chemical cues to facilitate aggregations, detect predators, and avoid injured or diseased
conspecifics (Berger & Butler 2001, Horner et al.
2006, Candia-Zulbarán et al. 2015). In the absence of
other cues, urine-borne signals alone have been
shown to successfully induce avoidance behaviours in
P. argus, causing the submissive lobster, usually the
smaller animal, to move to a nearby shelter, and even
suppressing appetitive responses to food odours (Shabani et al. 2009). All 3 studies described in this paper
were designed to enable large lobsters the use of
both physical and chemical attributes; it is, therefore,
possible that both aggressive physical behaviours
and chemical signalling are responsible for the deterrent effect of large P. cygnus.
Deterrent effects in the aquaria were observed only
in large lobsters; small lobsters had no effect on the
cohabitation of large individuals. Because lobsters are
free moving in the field, it can be problematic to conclude that reductions in catch rates of small lobsters
are the result of small lobsters avoiding large lobsters
and not the result of large lobsters avoiding small.
This study provides evidence that small lobsters do
not deter large lobsters, and therefore pots containing
large animals are likely to have reduced catchability
for small animals. However, deterrent effects of small
lobsters were only tested with a single small lobster,
and many small lobsters may have yielded different
results (Ratchford & Eggleston 1998).
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No difference was expected in the effect of large P.
cygnus on small males and small females — a key
assumption of the aquaria trials in which small males
and females were not differentiated. This assumption
was supported by the results of the seeding experiments, in which there was no significant difference
in the reduction of small male and small female catch
rates in pots seeded with large females. However, in
the field surveys, the presence of large lobsters affected small males and females differently. The magnitude of the large male effect was similar for small
males and females, reducing catches by 34.51 and
27.81% respectively; however, the effect was only
significant in small males. While large males may
affect small males and females differently, considerably fewer small female lobsters were captured in
the field surveys (394 females compared with 951
males), which may account for the lack of significance in the large male deterrent effect. Conversely,
the effect of large females was considerably different
for small males and small females. While there was
no significant effect of large females on the combined catch rate of small lobsters, when differentiated by sex, catches of small males were significantly
reduced by 35%, while catches of small females
were 29% greater (although this difference was not
significant).
The variation in the effect of large females may be
related to seasonality. It is very likely that over the
timeframe of the 3 studies, large reproductive female
P. cygnus transitioned across 2 distinct reproductive
stages: mating and spawning. Due to the protracted
nature of P. cygnus reproduction, catches of females
with tar spots (spermatophores) are observed from
early June, while spawning does not begin until midSeptember, peaking between early October and midNovember (de Lestang et al. 2016). The aquaria trials
and seeding experiments were conducted between
June and early September, during the mating season,
while the field surveys occurred during the spawning
season, between mid-September and November. Of
the 418 large females captured in the field surveys,
only 5 had not mated, over 50% had visibly ripe
ovaries (Melville-Smith & de Lestang 2005), and 28.7%
were already carrying eggs. Although the large
females used in the pot seeding experiment had also
mated, they were earlier in their reproductive cycle,
with only approximately 10% of the mature female
population carrying eggs at this time of the year (de
Lestang et al. 2016), and were likely still weeks/
months from spawning. Reproductive females, therefore, are likely to have experienced hormonal
changes related to ovary maturation over the time-
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frame of this study. These hormonal changes may be
responsible for the changes in the large female effect.
While large females deter both small males and females during the mating season, ovigerous females,
or females close to egg extrusion, no longer had a deterrent effect on small females. This is consistent with
previous research which found the inhibitory effect of
large female Jasus edwardsii to be highly seasonal,
significantly reducing the catch rates of small lobsters
just before the mating season but not later in the year
post-spawning (Ihde et al. 2006).
During the spawning season, large females may
have attracted small females, with greater catch rates
of small female lobsters in pots also containing large
female lobsters. As with the deterrent effect of large
males, the attraction effect between large and small
females in the field surveys was not significant at the
95% confidence limit. Again, low numbers of small
females may account for this. There was also evidence for an attraction effect in the aquaria trials,
where large lobsters of the same sex showed some
tendency, although not significant, to cohabit. Attraction between spiny lobsters has been well documented (Ratchford & Eggleston 1998, Nevitt et al.
2000); however, the majority of previous research has
concluded that attraction between conspecifics is
independent of lobster size and sex (Zimmer-Faust et
al. 1985, Horner et al. 2006), and seasonal variation
in conspecific attraction has not been investigated.
This study found evidence of possible attraction effects between large and small female lobsters during
the spawning season and between large lobsters of
the same sex during the mating season, indicating
both size−sex and seasonal components. In addition,
previous work has focussed on den selection and
cohabitation, while the implications for pot catchability have been less well studied. For the first time, this
study has provided evidence that an attraction effect
between large and small female P. cygnus may result
in increased catches of small females at certain times
of the year. These results are, however, inconclusive
and require further assessment.
If the effect of large females on the catchability of
smaller animals varies across the reproductive season, the reproductive state of large females must be a
key consideration when interpreting catch data.
Breeding stock surveys are often timed to coincide
with egg-bearing periods; however, the exact timing
of the reproductive cycle can vary from season to
season. Timing of mating and ovarian development
have been correlated with water temperatures in
some Panulirus species (Matsuda et al. 2002, Vega
Velázquez 2003), and water temperature is known to
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impact the timing of moulting to setose and embryonic development in P. cygnus (Melville-Smith & de
Lestang 2006). Interannual variations in water temperature are therefore likely to cause variations in
the timing of breeding and spawning in P. cygnus,
and are likely to be exacerbated under future climate
change predictions. How lobster catchability relates
to reproduction must be understood to ensure the
continued accuracy and comparability of stock surveys over time.
Because conspecific-related catchability in P. cygnus appears to be size- and sex-specific, it will be especially problematic for measuring relative abundance if population demography changes through
time or space. Fewer large lobsters, due to sizespecific targeted fishing pressure, could increase the
relative catchability of smaller animals, which may be
interpreted as increased recruitment (Frusher et al.
2003). Conversely, management changes which increase the abundance of larger animals will result in
small lobsters increasingly being underrepresented
in catch data, and recruitment may be perceived to
be declining. The results of this study indicate that
management changes in the P. cygnus fishery over
the past 29 yr have resulted in large variations in population demographics. Observed variations in large
lobster catch rates during standardised fisheryindependent surveys are indicative of changes in
large lobster abundance, suggesting that the demography of the fishery has experienced both decreases
and increases in large lobster abundance. There was
an increase in catch rates of large lobsters following a
series of significant management changes between
1992 and 1994, which included an effort reduction
and, importantly, the introduction of a maximum size
limit for females and protection of reproductive females. This increase was more significant and persistent in females than in males, likely due to the
greater level of protection afforded to adult female
lobsters compared with males by the new regulations.
Mean catch rates of large male and female lobsters
increased again following the second series of management changes between 2007 and 2010, which included major effort reduction and adoption of maximum economic yield as a management target and
culminated in the transfer to a quota managed fishery
(de Lestang et al. 2016). These variations in large lobster abundance over the past 29 yr are likely to have
significantly affected the catchability of smaller animals, and this should be accounted for when modelling abundance from time series catch rate data.
In addition to the long-term trends in large lobster
CPUE, there were significant inter-annual variations

between years. Despite these surveys being standardised for bait, location, month, and fishing gear,
some of this variation was so extreme that it is
unlikely to be a true reflection of variation in abundance. For example, CPUE of large males doubled,
from 0.3−0.6 pot−1, and large females more than doubled, from 0.3−0.7 pot−1, between 2010 and 2011. It is
very unlikely that the abundance of these older animals doubled within 12 mo. It is more plausible that
other factors affecting the catchability of these animals caused these significant variations. The catchability of P. cygnus has been significantly correlated
with environmental factors such as swell (Srisurichan
et al. 2005) and water temperature (Morgan 1974), as
well as biological factors such as moult (Morgan
1974) and reproductive stage (Waddington et al.
2005). Changes in catchability caused by variations
in these factors are likely to cause variations to catch
rates, both between years as well as between months
within years. How variations in the catchability of
large animals affect catch rates, and to what extent
this affects the catchability of smaller lobsters, requires further investigation.
Studies of the effects of fishing pressure and notake marine reserves on crustaceans often use undersized abundances, calculated from CPUE, to compare
the suitability of control (fished) sites to those within a
no-take reserve (Iacchei et al. 2005, Kay et al. 2012).
As under-sized crustaceans are not subject to fishing
pressure, the ratio of legal-sized to under-sized animals is sometimes used as an indication of the impact
of protected areas. However, if increased abundances
of large lobsters inside closures reduced the catchability of the smaller animals, this will skew the ratio
towards large animals, thereby artificially increasing
the perceived positive effects of the closure.
Similarly, studies which rely on pot-based data to
investigate habitat use also need to consider conspecific catchability relationships. For example, Bellchambers et al. (2010) concluded that large and small
P. cygnus have different habitat assemblage associations, as mean lobster CL was larger in areas with
Ecklonia sp. and smaller in areas dominated by
sponges. However, the authors noted that conspecific
pot interactions may confound these conclusions;
and indeed, the results of the present study suggest
that the reported absence of small lobsters in the
Ecklonia sp. habitat may be a result of reduced
catchability of these animals caused by the greater
numbers of large animals in these habitats. So while
their results indicate that large lobsters were more
abundant in Ecklonia sp., inferences about the habitat use of smaller lobsters should be made with con-
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sideration for the impacts of behavioural catchability. Without considering, and ideally accounting for,
the demonstrated conspecific-induced variations in
catchability, management and researchers may come
to erroneous conclusions about population abundances and distributions.
Correction factors, or selectivity curves (see
Frusher et al. 2003 for example), could be applied to
catch rate data to compensate for the effect of large
lobsters in pots. Calculation of such corrections
would require further research spanning greater
temporal and spatial scales than the present study, to
ensure it encapsulates seasonal changes and to
investigate whether correction factors need to be
location- and/or population-specific. Future research
should also investigate whether multiple large lobsters result in an amplified deterrent effect. These
models would need to account for other environmental and biological factors that may cause variation in
catchability, such as swell, temperature, and moult
cycles (Morgan 1974, Srisurichan et al. 2005, Feenstra et al. 2014). While the field surveys were standardised for the moon phase, swell and temperature
are harder to control for and will likely vary considerably from day to day and month to month. If external
stimuli affect large and small lobster catchability differently, as may be the case for swell (Srisurichan et
al. 2005), they are likely to have confounded the results of the field surveys. Further research should be
undertaken in this area to disentangle the impacts of
both environmental and biological factors on the
catchability of P. cygnus.

5. CONCLUSIONS
This study demonstrated, for the first time, that
large male and female Panulirus cygnus reduce the
catchability of smaller conspecifics. In aquaria trials
and field surveys, large male P. cygnus significantly
reduced the catchability of smaller immature lobsters, by approximately 30%. This effect was consistent throughout the study, while the effect of large
females varied seasonally. During the mating season,
large female P. cygnus reduced shelter selection in
the aquaria, and catchability in the field, in both
small male and female lobsters by 14−27%. However, during the breeding season, large females reduced the catchability of small males by approximately 35%, but may have increased the catchability
of small females by 29%. These relationships need to
be understood and accounted for when using catch
data to calculate abundance and model population
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demography, which is common in both lobster fisheries and ecological studies. This is especially important when interpreting time series catch rates from
the P. cygnus fishery, as the catch rates, and likely
the abundance, of large lobsters has varied considerably over the past 29 yr. Without understanding
these relationships, pot-based surveys may lead to
erroneous conclusions, which in turn may well lead
to poor management decisions.
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