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ARTICLE
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Crab Fishery
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Institute for the Oceans and Fisheries, University of British Columbia, Vancouver, British Columbia V6T 1Z4, Canada
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Abstract
Attempts to model the giant mud crab Scylla serrata fishery in the Northern Territory (Australia), have often been

complex and the results difficult to interpret, leading to divergent estimates of fishing mortality. This has hindered the
development of meaningful management policy. Additionally, analyses based on the entire Northern Territory fishery
have masked the extreme variation in catches observed along the Gulf of Carpentaria coast. We applied a structurally
simple model to visualize the historical patterns in stock size, recruitment, fishing mortality, and fishing mortality at max-
imum sustainable yield in the western Gulf of Carpentaria mud crab fishery (WGOCMCF) from 1983 to 2017. We also
projected future catch and female spawning stock biomass (FSSB) under positive, neutral, and negative recruitment sce-
narios for three closure periods contained in the fishery harvest strategy (which start in October, if triggered) and com-
pared these with the results of equivalent closures beginning in September. This exercise was undertaken because of
known and significant changes in the proportion of fishing effort across different months as well as large variations in the
proportion of females harvested each month (with both factors being particularly low in December). These differences
were annualized and incorporated into the yearly time step of the model. Predicted catch and FSSB were similar for
shorter closure periods (3 or 6 weeks), irrespective of the starting month. However, initiating a 3-month closure in
September rather than October could lead to a 16–17% increase in FSSB under negative and average recruitment
anomalies, imposing a 9–10% reduction in predicted catch. Based on our experience applying a simple model to the
WGOCMCF, we also describe processes and practices that could improve the quality of assessment data for this and
other data-moderate crab fisheries.
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The multitude of crab fisheries in operation today
employ many different harvest methods in a wide array of
habitats; they also vary greatly in terms of gross value of
production and management complexity. Examples range
from simple hand harvesting of portunid crabs in Melane-
sia (Dumas et al. 2012) to industrialized trap-and-trawl
operations targeting lithodid (king) and orgeniid (snow)
crabs in the Arctic waters off the coast of North America
(Kruse et al. 2010). The quantity and quality of data
obtained from these fisheries are typically proportional to
their gross value, as is the complexity of the associated
management system. There are numerous examples of
management approaches for both data-limited and data-
rich crab fisheries in the literature (Kruse et al. 2010;
Dumas et al. 2012; Fitzgerald et al. 2018) but compara-
tively few accounts for data-moderate crab fisheries, par-
ticularly those targeting portunids in the tropical West
Pacific.

Mud crabs (genus Scylla) inhabit mangrove and mud
flat ecosystems in most of the Indo-West Pacific (Stephen-
son and Campbell 1960) and support important commer-
cial, recreational, and indigenous fisheries (Brown 1993;
Henry and Lyle 2003). The giant mud crab Scylla serrata
and the orange mud crab S. olivacea are present in the
Northern Territory (NT), Australia (Keenan et al. 1998),
where they are primarily caught using baited traps (collo-
quially known as pots).

Only 10% of the male orange mud crabs and <1% of
the females caught by commercial fishers in the NT attain
the relevant commercial minimum legal size (MLS; M. A.
Grubert, unpublished), which is based on the reproductive
biology of the larger giant mud crab (and which is greater
for females than for males). The low retention rate of
orange mud crabs, combined with the scarcity of this spe-
cies to the east of Darwin (where most commercial fishing
effort is concentrated), means that the giant mud crab
constitutes over 99% (by volume) of the overall commer-
cial harvest of mud crabs in the NT (Hay and Calogeras
2001).

Information derived from monthly commercial logbook
records (which begin in 1983) and a market monitoring
program (which has collected biological data from over
75,000 individual crabs since 1994) has been used in a
number of stock assessment models for the fishery (Wal-
ters et al. 1997; Knuckey 1999; Haddon et al. 2005; Ward
et al. 2008; Grubert et al. 2013), all constructed with the
aim of estimating fishing mortality rates and the risk of
recruitment overfishing.

Effective management of this data-moderate fishery has
been hindered by the fact that these models produce
highly variable results, with estimates of the annual fishing
mortality rate (F) varying from as low as 0.5/year to as
high as 5.0/year. Unsurprisingly, some assessments have
warned of overfishing (Ward et al. 2008) while others have

indicated that exploitation has been within sustainable
limits (Grubert et al. 2013). The very high estimates of F
have generally come from fitting annual models that pre-
dict the average carapace width (CW) distribution in the
catch. The much lower estimates have come from fitting
complex monthly population dynamics models to the
catch and size data, which allow for temporal variation in
size at age and size at recruitment.

More recent models have been so complex that it is dif-
ficult to see the effects of key assumptions about the rela-
tionships between stock size, catch, effort, and recruitment
dynamics. Furthermore, these models have been quite
broad in their geographic scope, pooling data from the
entire fishing fleet. Most of the variation in mud crab
catch in the NT occurs along just one-quarter of its coast-
line, that to the east of 135° east longitude and to the
south of 13° south latitude, in a management unit referred
to as the western Gulf of Carpentaria mud crab fishery
(WGOCMCF; NTG 2018). Annual catches in this fishery
(which was first assessed as a separate management unit in
2016; Grubert et al. 2016) have varied almost 20-fold over
the last two decades (ranging from 51 to 984 metric tons
[t]), in response to only a fourfold variation in effort. By
contrast, catches in the Arafura-West mud crab fishery,
which encompasses the remainder of the NT coastline (to
the west) have shown around twofold variation (ranging
from 61 to 157 t) in response to a similar variation in
effort.

The high variability in catch in the WGOCMCF also
contrasts sharply with that in the adjacent (eastern) sec-
tion of the Gulf of Carpentaria, which forms part of the
state of Queensland. This jurisdiction prohibits the harvest
of female mud crabs and imposes a larger MLS for com-
mercially harvested male crabs (i.e., 150 mm CW versus
140 mm in the NT). Annual catches in the eastern Gulf of
Carpentaria have only varied fourfold (51–199 t) in
response to a twofold variation in effort in the last two
decades (State of Queensland 2018). If the catch for the
year 1998 is excluded, the variation in catch is just two-
fold.

The conflicting estimates of the fishing mortality rate
from the various models used over the past two decades
emphasize the need to investigate the underlying dynamics
of the WGOCMCF in more detail. While there are myr-
iad complex models available to examine the stock
dynamics of crustaceans (Punt et al. 2013), we chose to
use a relatively simple Deriso (1980)–Schnute (1985)
delay-difference model to assist in the visualization of his-
torical patterns in fishing mortality, stock size, female
spawning stock biomass (FSSB), and recruitment anoma-
lies for the WGOCMCF.

One of these outputs (i.e., FSSB) is used in the harvest
strategy for the WGOCMCF, which has been in place
since early 2017 (NTG 2017). A harvest strategy should
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be viewed as a dynamic management tool that undergoes
periodic review, with iterative improvements over time
(Dowling et al. 2008). With this in mind, we extended the
simple delay-difference model structure to include projec-
tions of future catch and FSSB under both current and
hypothetical harvest strategy scenarios.

The purpose of this article is twofold: first, to discuss
the benefits and limitations of employing a simple model
to inform harvest strategy policy for a data-moderate
crab fishery using the WGOCMCF as an example (not-
ing that we have intentionally chosen not to compare
the results of models of differing complexity); and sec-
ond, to highlight the importance of improving the qual-
ity of input data for a simple model—to the point where
it is no longer possible (or practical) to refine this data
further—before embarking on the use of more sophisti-
cated models, particularly where there are limited
resources with which to address uncertainties in model
parameters.

METHODS
Temporal patterns in catch, effort, and catch per unit

effort.—Commercial mud crab catch and effort data for
the WGOCMCF for the period January 1983 to Decem-
ber 2017 were extracted from the database of compulsory
fishery logbooks, maintained by the Fisheries Division of
the NT Department of Primary Industry and Resources.
Estimates of recreational and indigenous catches within
this fishery are only available from three 12-month surveys
(Coleman 1998; Henry and Lyle 2003; West et al. 2012).
In each case, the cumulative catch by these sectors was
less than 5% of the commercial catch during the survey
period, so recreational and indigenous catches were not
included in this analysis.

Catch data for each of the 60- × 60-nautical mile report-
ing grids within the WGOCMCF were summed across all
licensees and months within the calendar year, to produce
the annual catch (Ct) for the fishery. Catch weights are
reported for both sexes combined and were analyzed in the
same form. Effort in the fishery is expressed as the number
of “pot-lifts,” with the effort for each calendar year (Et)
being calculated from monthly logbook records as

Et ¼ ∑m¼ 12
m¼ 1 ½l1 × np� þ ½l2 × np�

� �
; (1)

where l1 represents the number of days when pots were
lifted once, l2 is the number of days when pots were lifted
twice, np is the number of pots lifted under both scenarios,
and m is month expressed numerically. (Note that a pot-
lift involves hauling the pot from the water, checking/emp-
tying its contents, and rebaiting it, as necessary.) In those
cases where pots are lifted twice a day, the time between

lifts is generally 8–12 h, coinciding with the two daily high
tides.

This relatively simple effort calculation reflects the cur-
rent effort reporting system. There may be cases in which
the number of pots lifted during the second haul run for a
given day (when it occurs) is different from that during
the first run. Similarly, soak times may not be the same
for all pots when they are lifted twice a day, as fishers
may lift pots in reverse order when returning to their fish-
ing camp. Furthermore, when fishers only lift their pots
once a day, they periodically switch from afternoon to
morning lifts, depending on tidal and/or wind conditions.
Given these factors, meaningful standardization of soak
times is not considered viable at this time.

Estimates of annual catch and effort derived through
the above process were also used to calculate annual catch
per unit effort (CPUE) across the WGOCMCF for com-
parison with equivalent figures for the Queensland section
of the Gulf of Carpentaria obtained online (State of
Queensland 2018). While this comparison does not form a
major part of our study, it is necessary to contrast the
recent performance of these two fisheries.

Estimation of the growth–natural survival factor g.—
The simple delay-difference model has been widely used to
represent size–age dynamics in fisheries with knife-edge
recruitment, such as those that apply a MLS to limit
catch. Walters and Parma (1996) showed that the biomass
dynamics predicted by this model can be represented very
simply by the carryover-recruitment equation

Bt ¼ Rt þ gðBt� 1 � Ct� 1Þ; (2)

where Bt and Rt are biomass and recruitment in year t
and Bt – 1 and Ct – 1 are biomass and catch in the year
before (where spawning biomass St – 1 = Bt – 1 – Ct – 1).
The coefficient g is a combined growth–natural survival
factor (Hilborn and Walters 1992) for crabs not caught in
a year, calculated as

g ¼ s
α
�W

þ ρ
� �

; (3)

where s is the annual natural survival rate (s = e–M), α and ρ
are the Ford–Walford plot intercept and slope for weight at
age n against weight at age n + 1 (Ford 1933; Walford
1946), and �W is the mean body weight (kg) of the animals
in the exploitable population. For our model, the value of s
was calculated using the mean of the three estimates of the
instantaneous natural mortality rate (M) derived by Knuckey
(1999). See Table 1 for details on all input parameters.

To construct a Walford plot, length at age was first
calculated for four year-classes using a von Bertalanffy cur-
vature parameter (K) of 1.14/year (Knuckey 1999). Weight
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at age was then derived for the same year-classes using a
length–weight relationship constant (aLW) of 1.41, also from
Knuckey (1999). The mean body weight of the exploited
population was calculated from weight-at-age values as

�W ¼ Wage2 × 0:9
� �þ ðWage3 × 0:1Þ; (4)

where the catch was assumed to consist of 90% 2-year-old
crabs and 10% 3-year-old crabs. This is consistent with
the modeled age structure and the observed size composi-
tion of the catch. All crabs within the exploited popula-
tion were assumed to be sexually mature.

Reconstruction of historical exploitable biomass and
recruitment.— The catch (Ct) each year can be predicted
from the biomass (Bt) at the start of the year and fishing
effort (Et) over the year using the catch equation

Ct ¼ Btð1� e�qEtÞ; (5)

where qE = the fishing mortality rate (F). We recon-
structed the historical biomass pattern by solving equa-
tion (5) for Bt given observed values of Ct and Et and an
assumed catchability q:

Bt ¼ Ct

ð1� e�qEtÞ : (6)

The Bt estimates calculated from equation (6) depend
only on the catch equations being reasonably accurate as
a predictor of catch and the assumed value of q (q may
follow many possible trajectories, of which we only tested
a subset). This is similar to the approach suggested by
Csirke and Caddy (1983) for the reconstruction of stock
size and production from mortality rate data.

There are few estimates of q for mud crab fisheries in Aus-
tralian waters and even fewer for those from the Gulf of Car-
pentaria. Gould et al. (2001) conducted a depletion study in
the eastern Gulf of Carpentaria (Queensland) and derived a q
of 1.5 × 10−3. We consider the area swept by the gear used by

Gould et al. (2001) to be analogous to that used by fishers in
the WGOCMCF, given the similarities in pot size, bait type,
and bait quantity. However, we acknowledge that the area
occupied by the mud crab stock is unlikely to be the same on
either side of the Gulf of Carpentaria. This being the case, we
chose to run four different catchability scenarios across an
eightfold range (i.e., q = 0.25 × 10−3, 0.5 × 10−3, 1.0 × 10−3,
and 2.0 × 10−3) to account for potential differences in the area
occupied by mud crabs between regions.

Given a Bt sequence with an assumed q, we recon-
structed the apparent historical recruitment trend Rt by
solving the carryover equation using the Bt estimates:

Rt ¼ Bt � gðBt � 1 � Ct � 1Þ (7)

for years t = 2 and later. In reality, not all recruitment for
a year occurs before the fishing season, and there is some
catch in all months. But more importantly, any method of
deriving stock size estimates from catch, effort, and q is
susceptible to the generally incorrect assumption that q is
constant over time and does not depend on stock size. In
reality, q has likely increased substantially in the fishery
despite only modest changes in gear, due to (1) better tar-
geting (finding aggregations); (2) range contraction
dynamics leading to each pot “sweeping” a higher propor-
tion of the area occupied by crabs; and (3) effort “sort-
ing,” whereby fishers with lower individual qs drop out of
the fishery earlier in the season and over years, causing an
increase in the average q of the operators that keep fishing
as the vulnerable biomass decreases (Walters et al. 1997).
We implemented an additional component in the model to
allow for incremental increases in q over time. In this par-
ticular example, we examined the effect of doubling q
(from each of the four base q scenarios) over the time ser-
ies for 1983–2017. Testing a wide array of other possible q
scenarios was outside the scope of this exercise, given our
focus on a simple modeling approach.

Estimation of apparent stock recruitment relationship
and FMSY.—We chose the Ricker (1954) model to fit the

TABLE 1. Parameters used in scenario modelling. The mean value of the three estimates of natural mortality derived by Knuckey (1999), i.e., 1.21,
was used here. The estimate of the length–weight constant for male crabs (1.41) derived by Knuckey (1999) was used instead of that for female crabs
because the former are vulnerable to the fishery for longer since they are subject to a smaller minimum legal size. Selection of the four values of q used
here (which progressively doubled from an initial value of 0.25 × 10−3) were guided by the estimate calculated by Gould et al. (2001).

Parameter Notation Estimate Sex Derivation Source

Natural mortality M 1.16 Pauly (1980)
1.18 Pooled Rikhter and Efanov (1976) Knuckey (1999)
1.31 Beverton and Holt (1957)

Curvature parameter K 1.14 Pooled Fabens (1965) form of the von
Bertalanffy growth curve

Knuckey (1999)

Length–weight constant aLW 1.41 Male Nonlinear regression Knuckey (1999)
2.89 Female

Catchability q 1.5 × 10−3 Pooled Leslie and Davis (1939) depletion model Gould et al. (2001)
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Rt+2 versus St relationship for the estimates provided by
equations (6) and (7), namely,

Rtþ2 ¼ Stea� bSt �ωt : (8)

After log transformation and rearranging to obtain the
equation

lnðRtþ 2

St
Þ ¼ a� bSt; (9)

we applied linear regression analysis to estimate productiv-
ity at low stock size (a) and density dependence (b). We
assumed that environmental recruitment “anomalies” (ωt)
were normally and independently distributed. Conditional
on the a and b estimates, the historical recruitment
anomalies were estimated as

ωt ¼ ln
Rtþ 2

St

� �
� aþ bSt: (10)

To estimate the stock size and fishing mortality refer-
ence points, we adopted the approach of Walters and
Parma (1996), that is, given the parameters of the Ricker
stock–recruitment curve (equation 8), a numerical search
(Newton’s method) was applied to find spawning biomass
at the maximum sustainable yield (SMSY), such that
dR/dS = 1 − g, where R is recruitment, as in equation (8).
Given SMSY, the corresponding BMSY was calculated using
equation (2) and FMSY as –ln(SMSY/BMSY). In this way,
these management reference points could be updated as
estimates of a and b changed with estimates of R and S.
When equation (8) is used in equation (2) to predict
recruitment and yield, the estimate of FMSY depends only
on the Ricker a parameter and g; the estimated values of
BMSY and SMSY depend on a, b, and g.

The assessment method described above could be vul-
nerable to errors due to changes in the growth–survival
factor g through changes in the mean weight Wt caused
by variation in mortality and recruitment rates. We
explored this using the full delay-difference model struc-
ture to predict Wt and hence time-varying gt. However,
this more complex model gave results similar to those of
the simple model employed here because the growth–sur-
vival parameters M, α, and ρ imply very little variation in
gt even for years with relatively high historical recruit-
ment. The full delay-difference model structure was not
used beyond this point.

Model projections of different harvest strategy actions.—
Two performance indicators are used in the harvest strat-
egy for the WGOCMCF: (1) CPUE across the indicator
months of April and May and (2) FSSB (at the end of the
previous year), which is calculated from the simple delay-

difference model described here (FSSBt = St/2). When the
values of these performance indicators fall below their
trigger reference points, a decision matrix is used to deter-
mine which level of management action (low, moderate,
or high [corresponding to 3-week, 6-week, and 3-month
closures] starting on October 1) to implement (NTG
2017).

We extended the simple delay-difference model struc-
ture to examine the effects of the various harvest strategy
closures (at three levels of future recruitment anomalies,
i.e., ω = −0.5, 0, or +0.5) on projections of FSSB and
catch. This was achieved through partial disaggregation
of the model into male and female components and pro-
jecting it forward in time using an assumed future annual
effort of 400,000 pot-lifts (which approximates the aver-
age fishing effort over the previous 10 years) and a con-
stant q of 2.0 × 10−3. This exercise was not fully
disaggregated because the same value of g was applied
to both sexes.

The sex ratio of the harvest and the proportion of fish-
ing effort in the Gulf of Carpentaria are not evenly dis-
tributed over the calendar year, with minimal fishing
effort occurring between December and February
(Knuckey 1999). This was accounted for in the annual
model by applying proportional reductions in future effort
and the fraction of females harvested (for each closure
period), as shown in Table 2 (derived from outputs of a
monthly stock synthesis model described by Grubert et al.
2013).

The recurring pattern of minimal fishing effort in
December also prompted an investigation into the relative
benefits of starting the different harvest closure periods
1 month earlier, in September. Estimates of the numerical
harvest of female crabs each month derived by Grubert
et al. (2013) suggest that a 3-month closure starting in
September would protect almost half (47%) of all vulnera-
ble females per year, whereas a closure starting in October
would protect just over a third (34%).

RESULTS

Temporal Patterns in Catch, Effort, and Catch per Unit
Effort

The patterns in historical catch and effort in the
WGOCMCF and the timing of changes to harvest con-
trols are shown in Figure 1. The introduction of an MLS
of 130 mm CW for both sexes of mud crabs in 1985, and
the subsequent 10-mm increase for female crabs alone in
1996, had negligible impacts on the growth in catches dur-
ing the 1980s and 1990s, presumably because the wire
mesh pots used by the industry are highly selective toward
adult crabs (>130 mm; Knuckey 1999; Hay et al. 2005;
Grubert and Lee 2013). The introduction of these
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measures also coincided with episodes of spatial expansion
in the fishery (Ward et al. 2008).

A quality assurance measure known as the commer-
cially unsuitable crab rule was introduced in 2001 and
specified that soft-shelled mud crabs of legal size must be
returned to the water to allow their meat content to
increase and their shells to harden. The hardening process
takes around 2–3 weeks to complete, at which point the
crabs become vulnerable to the fishery. This management
control is unique among Australian mud crab fisheries
and means that NT mud crabs generally command a
higher unit price than those from other jurisdictions.

Although the introduction of the rule preceded a dra-
matic decline in catches, there is no evidence to suggest that
it was responsible for this downturn. Catch rates declined in
a similar manner in both the NT and Queensland sections

of the Gulf of Carpentaria during the early 2000s (Fig-
ure 2), and such an extensive reduction in this metric cannot
be attributed to a management change in a single jurisdic-
tion alone. The more likely cause is widespread poor
recruitment and/or suppressed catchability, presumably the
result of unfavorable environmental conditions.

The increase in the MLS of commercially harvested
mud crabs in May 2006 (to 140 mm CW for males and
150 mm for females) doubled the proportion of crabs that
are released in the WGOCMCF, from around 35% to
70% of those caught (Ward et al. 2008). The average
annual CPUE in the WGOCMCF for the decade prior to
2006 was 0.73 kg/pot-lift (peaking at 1.25 kg/pot-lift in
2001; Figure 2), whereas the average across the decade
that followed was 0.48 kg/pot-lift (peaking at 0.81 kg/pot-
lift in 2009).

TABLE 2. Proportional reductions in future fishing effort and female crab harvest used in testing different closure durations and starting months
(September or October). The values were derived from a monthly stock synthesis model described by Grubert et al. (2013).

Variable

September October

3 weeks 6 weeks 3 months 3 weeks 6 weeks 3 months

Effort 0.91 0.82 0.65 0.91 0.82 0.72
Female harvest 0.88 0.74 0.53 0.86 0.75 0.66

FIGURE 1. Historical patterns in catch and effort in the western Gulf of Carpentaria mud crab fishery relative to changes in harvest controls
(denoted by vertical dotted lines): (A) introduction of a minimum legal size (MLS) of 130 mm carapace width for both sexes; (B) increase in the MLS
of female crabs to 140 mm; (C) introduction of the commercially unsuitable crab rule; (D) increase in the MLS for commercially harvested mud crabs
to 140 mm for males and 150 mm for females; and (E) introduction of harvest strategies for two discrete management units, including provisions for
regional fishery closures under certain circumstances. See text for further details.
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Estimation of the Growth–Natural Survival Factor g
Using an M of 1.21 (from Knuckey 1999), we esti-

mated the annual natural survival rate s as 0.30. The
intercept (α) and slope (ρ) of the Ford–Walford plot were
calculated as 0.84 and 0.42, respectively. The mean body
weight of the exploited population ( �W ) derived from
equation (4) was 1.05 kg. Substituting the above values
into equation (3) produced an estimate of the growth–nat-
ural survival factor of 0.36.

Reconstruction of Historical Exploitable Biomass and
Recruitment

Reconstruction of biomass under alternative assump-
tions about q indicated substantial uncertainty about the
trend in this important variable (Figure 3A). A gradual
twofold increase in each of the four assumed values of q
over time served to tighten the trajectories of the recon-
structed biomasses in later years (Figure 3B).

Estimation of the Apparent Stock–Recruitment
Relationship and FMSY

The effects of alternative q estimates on the recon-
structed stock–recruitment pattern are shown in Figure 4.
Assumptions about catchability influenced the estimated
productivity of the modeled stock, with productivity
increasing proportionally to the assumed value of q. Simi-
larly, density-dependent effects on productivity increased
as the level of q was raised (evident through the contrac-
tion of the Rt+2 estimates at the higher values of q).

The effects of q on the estimated recruitment anomaly
patterns (ωt) from equation (10) are shown in Figure 5.
Under all of the assumptions for q there was a strong
downward trend in the anomalies from 1998 to 2014 and
an abrupt switch from a negative to a positive anomaly
between the spawning years 2014 and 2015, which is con-
sistent with the 3.5-fold increase in catch between 2016
and 2017 (with a 2-year lag between spawning and har-
vest).

An expected pattern that emerged when the different q
scenarios were applied to the biomass and recruitment
reconstruction (equations 6 and 7) was that estimated
stock size declined as q was raised (and the estimated his-
torical values of F increased). The estimated stock–recruit-
ment relationship also became steeper (the α parameter
increased; see Figure 4), because if the stock size were
lower historically, it must have been more productive to
have sustained the high historical catches. Thus, the esti-
mated values of both F and FMSY increased as q was
raised, and consequently the trend in F/FMSY (for which
values exceeding 1.0 imply overfishing) did not change
greatly (Figure 6).

Model Projections of Different Harvest Strategy Actions
Table 3 shows projected FSSB and catch in 2020 if clo-

sures were introduced from 2018, under a constant
assumed q of 2.0 × 10−3. Reading the table from left to
right shows that FSSB increased linearly in response to
increasing closure duration at each level of recruitment

FIGURE 2. Comparison of catch per unit effort in the western (Northern Territory) and eastern (Queensland [Qld]) Gulf of Carpentaria mud crab
fisheries. Note that (1) CPUE is expressed differently in the two jurisdictions and (2) Queensland prohibits the harvest of female crabs and imposes a
larger MLS for commercially harvested male crabs (150 mm carapace width as opposed to 140 mm in the Northern Territory).
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anomaly and for both starting months. The pattern in the
catch response was quite different, with catches rising then
falling with progressively longer closures under negative
recruitment anomalies but trending downward only (albeit
very gradually) when recruitment anomalies were positive.
Projections of both FSSB and catch increased as the
recruitment anomalies switched from negative to positive,
and there was little difference in FSSB and catch between
the two starting months (under the same recruitment con-
ditions) for both the 3-week and 6-week closure periods.
However, initiating a 3-month closure in September rather
than October produced a 16–17% increase in FSSB under
negative and average recruitment anomalies (i.e., the more
likely conditions for a fishery closure), for a 9–10% reduc-
tion in the predicted catch.

DISCUSSION
Delay-difference models of various forms have been

applied to a number of nephropid, palinurid, and penaeid
(i.e., lobster and prawn) fisheries around the world (Hall

and Brown 1995; Fogarty 1998; Dichmont et al. 2003;
Bentley et al. 2005; Kienzle et al. 2014) but have not
been widely used to highlight the dynamics of crab fish-
eries. Here, we discuss the benefits and limitations of
applying this modeling approach to a data-moderate crab
fishery and identify possible means of improving the qual-
ity of input data for the model; our ultimate goal is to
inform the next iteration of the harvest strategy for the
WGOCMCF and assist in the development of harvest
strategies for other crab fisheries with similar attributes.

The application of increasingly complex models to mud
crab fishery data in the NT over time appears to have led
to greater disengagement of fishers from the modeling pro-
cess. We presume that this is largely due to the many
assumptions made and the uncertainties around them.
Employing a model with a few simple components (as we
have done here) allows researchers, managers, and indus-
try to more readily identify deficiencies in the input data
and collectively develop solutions to improve the data.
This approach is particularly relevant where model out-
puts are used in the harvest strategy for the fishery (as is

FIGURE 3. Reconstructions of harvestable biomass in the western Gulf of Carpentaria mud crab fishery over time under different assumed values
for the growth–natural survival factor, q. In (A) q was held constant at the values indicated, whereas in (B) q was progressively increased by a factor
of 2 from the initial values shown.
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the case for the WGOCMCF) because there is an incen-
tive for all parties to refine the data that ultimately inform
the harvest strategy.

The effect of different harvest strategy closure periods
on subsequent catches in the WGOCMCF is yet to be

tested in a real-world scenario because the strategy was
only implemented in 2017, at which time the CPUE across
the indicator months of April and May exceeded the trig-
ger reference point and a closure was not implemented.
This pattern was repeated in 2018. Our modeling suggests

FIGURE 4. Reconstructions of the stock–recruitment relationship for the western Gulf of Carpentaria mud crab fishery under two initial values for
q: 0.5 × 10−3 (left column) and 1.0 × 10−3 (right column); in both cases the initial value of q was doubled over the time period. For the lower value
of q, F = 0.70 and FMSY = 0.43 under average recruitment; for the higher value of q, F = 1.39 and FMSY = 0.76. The results for the five most recent
spawning years (2011–2015) are shown as blue dots. Note the difference in the x-axis scale between the left and right panels.
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that initiating either of the two shorter closures (3 or
6 weeks) in October (as per the current harvest strategy)
has much the same effect (in terms of projected FSSB and
catch relative to the closure period) as initiating them in
September (as per our alternative proposal). However,
starting a 3-month closure in September rather than

October would produce a 16–17% increase in FSSB under
negative and average recruitment anomalies, for a 9–10%
reduction in predicted catch (acknowledging that the
reduction in catch comes at a time when prices are among
the highest in the annual cycle). A 3-month closure start-
ing in September would also result in a de facto 4-month

FIGURE 5. Effect of alternative assumptions for q on the estimated recruitment anomaly (ωt) pattern around the average Ricker stock–recruitment
relationship. Note that the starting values of q are doubled over the time series and that only spawning years are shown.

FIGURE 6. Effect of alternative assumptions for q on the estimated trend in F/FMSY, assuming average relative recruitment in the FMSY calculation
and a doubling of the starting value of q over time.
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closure, as most fishers in the WGOCMCF cease opera-
tions in late November due to high ambient temperatures
(around 40°C), intense storms, and the threat of flooded
roads. We suggest that if a full fourth-quarter closure is
triggered in the future (under current arrangements) but
found to be inadequate in terms of aiding stock recovery,
then the harvest strategy should be amended to start the
3-month closure in September.

The catch in the WGOCMCF in 2016 was exception-
ally poor, coinciding with prolonged drought conditions,
significant mangrove dieback, and extreme ocean-warming
events (Duke et al. 2017; Benthuysen et al. 2018). Water
temperatures in the shallow mud flat environments where
mud crabs occur are known to reach 44°C in the NT
(Mounsey 1989), close to the incipient lethal water tem-
perature of 46°C (Islam and Bhuiyan 1981). The combina-
tion of reduced coastal productivity during a protracted
drought, the loss of mangrove foliage and the associated
mortality of juvenile mud crabs (through increased desic-
cation and/or predation), and extreme water temperatures
(which may have prompted adult crabs to move into dee-
per waters outside the area prospected by the fishery) are
considered likely causes of the historically low catch in the
WGOCMCF in 2016.

Above-average wet season rainfall and cooler than aver-
age air temperatures in early 2017 (COA BOM 2017) coin-
cided with a 3.5-fold increase in catch in the WGOCMCF
between 2016 and 2017. The rapid rebound in the fishery in
2017 may have been due to a combination of a significant
change in catchability (due to more favorable environmen-
tal conditions [in particular, water temperature]), enhanced
juvenile survivorship, or rapid growth of prerecruits. The
fact that catchability is known to vary with water tempera-
ture (Arregu�ın-Sánchez 1996; Stoner 2004) highlights a limi-
tation in our implementation of the delay-difference model,
which assumes that catchability is either constant or
increases gradually over time from a base level.

The detection of patterns in mud crab catches and
recruitment anomalies in the WGOCMCF in response to

changes in the abiotic environment is hampered by the
fact that there are few time series of direct measurements
of inshore water temperature and salinity from the western
Gulf of Carpentaria (Benthuysen et al. 2018). More widely
available data on air temperature, rainfall, river flow, and
volumetric discharge provide an indication of the variabil-
ity in environmental factors, but the degree to which these
factors reflect fine-scale conditions along the coastal fringe
is uncertain. Similarly, the accuracy of sea surface temper-
ature (SST) and salinity (SSS) estimates for this zone
derived from satellite remote sensing is compromised by
interference known as “near-land emissions” in the passive
microwave SST and SSS data (Gentemann et al. 2010) as
well as the relatively coarse (multiple-kilometer scale) reso-
lution of salinity data and the limitations of around 1-km
resolution of current infrared SST sensing equipment
(Beggs 2010). This data deficiency could be addressed by
deploying dedicated coastal monitoring stations at various
points within the Gulf of Carpentaria to collect informa-
tion on the abiotic environment. Another possible solution
would be to integrate environmental sensor outputs with
location reports produced by devices used in vessel moni-
toring systems, an idea currently being explored by one of
us (M.A.G.). More work on the productivity of coastal
food webs in this region and how they respond to environ-
mental variation would be informative.

Recruitment anomalies produced by the delay-difference
model can be compared with environmental variables, but
the annual time step of our model may mean that the
impacts of significant short-term or seasonal events go
undetected. Models with a shorter (quarterly or monthly)
time step might be considered when examining relationships
between recruitment variation and environmental variables.
However, catch and effort in the WGOCMCF is currently
reported on a monthly basis, so analyses of fine-scale tem-
poral trends (i.e., daily or weekly) are not yet feasible.

Assessment of the WGOCMCF relies on CPUE as
the main index of abundance. However, the accuracy of
the fishing effort information reported by licensees in the

TABLE 3. Effect of different fishery closure durations, starting months, and future recruitment anomalies (ω; where 0 = average recruitment) on pro-
jected female spawning stock biomass (FSSB; t) and catch (t) 2 years after closure with effort, female harvest, and recruitment conditions being held
constant in years 2 and 3.

Starting month ω

No closure 3 weeks 6 weeks 3 months

FSSB Catch FSSB Catch FSSB Catch FSSB Catch

September –0.5 46 112 63 113 83 109 116 92
0 90 220 123 219 160 208 216 172

+0.5 172 423 231 411 291 380 376 300
October –0.5 46 112 66 113 82 109 99 101

0 90 220 127 219 157 209 187 191
+0.5 172 423 238 410 287 382 333 341
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NT has been questioned in the past (Hay and Calogeras
2001), and some uncertainty remains regarding how well
reported effort reflects actual effort. The practice of
“overpotting,” that is, using pots in excess of those per-
mitted under a license was considered relatively common
in the late 1990s and early 2000s (Hay and Calogeras
2001). Recent unitization of the fishery (NTG 2011) has
removed much of the incentive to overpot and the prac-
tice is now considered rare. Despite this, in many cases
there is still a discrepancy between actual fishing effort
and reported effort, which arises through Darwin-based
mud crab processors completing monthly logbook
returns on behalf of the fishers who supply them with
product. It is not clear whether the error rate in effort
reported in this manner has varied over time or
remained constant. This is one of several reasons why
we did not attempt to standardize effort/CPUE during
this modeling exercise. An automated effort reporting
system (e.g., one linked to a vessel monitoring system)
would significantly improve the quality of effort data
and model outputs.

The use of CPUE as a proxy for abundance can also be
compromised by the phenomenon known as trap satura-
tion, whereby the number of crabs in a pot plateaus after a
period of time. Experimentation to provide soak time stan-
dardization would be valuable. Robertson (1989) demon-
strated that the saturation effect can be reduced, or even
removed, through frequent (2-h) “clearing” of crab pots.
Given the potential confounding effects of trap saturation
on abundance/CPUE estimates, we believe there is merit in
repeating trap-clearing experiments to validate, and where
necessary, correct CPUE estimates, similar to the approach
suggested by Cadrin et al. (2016). The proposed correction
factor being the difference in the initial slopes of the cumu-
lative catch curves for the cleared and uncleared (control)
pot treatments. One limitation of the work of Robertson
(1989) was that crab sizes were not presented in the analysis,
an important consideration for size-selective fisheries if the
work is to be repeated in future.

One recent change to the management of the
WGOCMCF (effective July 1, 2018) that did not feature
in our analysis but that will need to be considered in
future assessments is the compulsory use of escape vents
in commercial crab pots. In addition to allowing under-
sized crabs to exit a pot, these devices can increase the
catch rate of legal-sized crabs (Grubert and Lee 2013).
This might have an impact on future modeling exercises.

As sex-specific catches are not reported by mud crab
fishers in the NT, males and females were assumed to con-
tribute equally to the historical catch and form equal parts
of the modeled biomass estimates. These assumptions are
unlikely to be valid for a number of reasons, including (1)
differential growth between sexes, with males growing fas-
ter than females (Sara 2010); (2) a skewed sex ratio in the

annual catch (which is typically dominated by males; Sara
2010; Ogawa et al. 2011, 2012; Dumas et al. 2012); (3)
differences in the MLS applied to each sex; and (4) poten-
tial variation in mortality rates between sexes (Ward et al.
2008; Sara 2010; Grubert et al. 2013).

Potential biases in the model outputs that arise from
these assumptions could be minimized by separating the
model into male and female components and running it
with different permutations of either male or female domi-
nance in the catch, together with sex-specific values of the
growth–survival factor g. However, the results of such
work will remain largely academic until a time series of
sex-specific catch information is available. New South
Wales is the only state in Australia in which the commer-
cial catch of male and female mud crabs is reported sepa-
rately (Grubert et al. 2016). The NT industry is
encouraged to adopt this reporting practice. The need for
sex-specific catch reporting extends beyond the delay-dif-
ference model, as the computational power of most (if not
all) population models for crab fisheries would be
improved with separate catch data for each sex, at least
where the harvest of both sexes is permitted.

Estimates of g are influenced by the rate of instanta-
neous natural mortality (M). Only a handful of works
have estimated M for mud crabs, and they typically place
it in the broad range of 0.5–2.5/year (Knuckey 1999; Zafar
et al. 2006; Sara 2010; Amarasekara et al. 2016). We
question the estimates less than 1.0/year reported by Zafar
et al. (2006), as these values imply that in the absence of
fishing mortality the maximum longevity of this species is
around 10 years, more than twice the generally accepted
estimate of 3–4 years (Heasman and Fielder 1977;
Knuckey 1999). Given the continued reliance on the vari-
ous parameter estimates derived by Knuckey (1999) (i.e.,
M, K, and aLW) almost 20 years ago, it would be prudent
to consider updating these estimates in light of the signifi-
cant changes in the WGOCMCF since the mid-1990s.

Through the above synthesis, we have identified several
areas in which the data used in the simple delay-difference
model could be improved. Many of these deficiencies are
shared by data-moderate crab fisheries elsewhere. Where
cost-effective, such fisheries should adopt real-time (or
near real-time) electronic reporting of both catch and
effort, with catch being reported by sex for dual-sex fish-
eries. The effort-reporting component could be automated
through direct means (such as coded pot tags) or indirect
means (by detecting negative spikes in vessel speed, i.e.,
when a vessel slows down to check a pot, then accelerates
towards the next). Automation of this nature would
require validation, but if shown to be effective, it could
save time for both fishers and management agencies and
improve the accuracy and timeliness of CPUE estimates
and subsequent modeling. The overall benefit would be a
more responsive, effective, and efficient harvest strategy.
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