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Abstract Accurate fecundity estimates are central to pop-
ulation modelling of reproductive status and egg production
in a Wshery. Southern rock lobster (Jasus edwardsii) Wsher-
ies are managed with the consideration of performance
measures based on the level of current egg production rela-
tive to the unWshed stock. Egg production is a function of
the size at the onset of maturity, the size structure of the
stock, and the fecundity at length of lobsters. Fecundity at
length of the Tasmania stock of J. edwardsii has not been
reported previously and was estimated from seven sites
around Tasmania. Data were analysed by classical linear
regression and also generalised linear models (GLM) with
gamma and Poisson distributions. GLM with a gamma dis-
tribution produced the best Wt and did not require a correc-
tion factor to generate a model on the linear scale.
Individual fecundity ranged from 43,918 to 660,156 and
could be predicted from carapace length according to the
equation F = ¡1.707 + 2.969 (log length). The coeYcient
of length approximated three, implying the fecundity at
length relationship is cuboidal. Despite the spatial heteroge-
neity in reproductive parameters in this Wshery, the inclu-
sion of spatial information and egg development stage into
the analysis only explained an additional 1% of the vari-
ance in fecundity. Thus, it appears valid to apply the rela-
tionship across the Wshery without spatial separation.

Introduction

Southern rock lobster, Jasus edwardsii,  forms one of the
major single species Wsheries in Australia with the revenue
of approximately $220AUD million and a market capitali-
sation of quota units of over $740AUD million in 2008/
2009. The Tasmanian stock examined in this paper come
from one of the larger management zones for the species
with a total allowable commercial catch (TACC) of
1,470 t year¡1. A length-based population model is
employed for stock assessments (Punt and Kennedy 1997)
and the level of egg production relative to the unWshed state
is one of the performance measures used for management.
Performance of the stock against this measure is spatially
heterogeneous. In some areas, egg production is close to
virgin levels while in other it is highly depleted (Ford
2001). There is currently no spatial resolution in manage-
ment rules, although a move to a spatially explicit manage-
ment regime is currently under consideration, motivated by
the need to better manage reproductive output. Manage-
ment of the reproductive output of this important temperate
reef species is thus reliant, in part, on fecundity at size
information.

Examples of the relationship between egg production
and length are a fundamental need for Wsheries manage-
ment and are consequently prevalent in the Wsheries litera-
ture. The relationship is usually modelled by classical
linear regression (CLR), although the relationship between
fecundity and length is often nonlinear (e.g. Annala and
Bycroft 1987; MacDiarmid 1989), and the assumption of
homogeneity of variance is usually violated as variance
tends to increase with the increasing length. The usual solu-
tion has been to apply log transformations to both the
response (fecundity) and the predictor (length) so that the
transformed data satisfy the requirements of a CLR.
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However, to be useful to stock assessments, a predictive
relationship between fecundity and length is required in the
original scale of measurement, which requires a back-trans-
formation of estimates obtained from the linear regression
model. A major problem with the use of transformed data
and linear models can be interpretative diYculties with the
reference to the original scale of measurement. Generalised
linear models (GLM) provide a means whereby the model

may be adjusted to suit the data rather than vice versa.
Hence, estimates are provided on the original scale of mea-
surement that in turn removes interpretative diYculties
associated with back transformations.

The aim of this study is to describe the predictive rela-
tionship between fecundity and size for the Tasmanian rock
lobster Wshery, and to assess whether this relationship var-
ied according to the location, depth or developmental stage
of eggs. A secondary objective was to examine the most
appropriate model for describing this relationship.

Materials and methods

Sampling

Samples of egg-bearing females were taken from the pots
of commercial Wshing vessels at seven sites around Tasma-
nia during 1988 (Fig. 1). Additional samples were obtained
during 1990 in order to increase the size range at two of
these locations (Table 1). The timing of extrusion varies
around Tasmania, occurring from late May to July in the
northern regions (sites a, b, Fig. 1) and from April to May
for females in southern regions (sites f, g, Fig. 1). In order
to minimise the possible variation caused by egg loss dur-
ing incubation, an attempt was made to collect samples at a
similar period after egg extrusion in each area. With the
exception of site f, this objective was achieved (Table 1).

Samples were taken from the entire size range of berried
females caught in each area, with the size measured as cara-
pace length (CL, mm). Sampled lobsters were held live in
the wells of vessels, so it was not possible to associate the
depth of capture with the individual lobsters. Instead, indi-
viduals were classiWed into one of two colour classes (red

Fig. 1 Map of Tasmania, Australia, with an inset of Australia. a–g
Mark the seven sites where sampling for egg-bearing females took
place. Numbered areas around the state (1–8) are the eight zoned man-
agement units. Lines of latitude and longitude are marked
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Table 1 Details of sampling date and characteristics of the samples

Sites refer to the sites marked in Fig. 1, egg stages are deWned in Table 2. Females were classiWed into one of two colour classes (red or pale) since
these colours have a close association with the depth, red lobsters occurring predominantly above 40 m and pale lobsters most common in depths
below 50 m (Chandrapavan et al. 2009)

CL carapace length

Site Sample date CL range 
(mm)

Number of eggs 
(range)

Egg stage 
median (range)

Depth 
range (m)

Colour, R red, P pale 
median (range)

N

a 7 Sept 1988 97–137 110,383–460,133 3 (1–5) 18–50 R (R) 25

a 21 Aug 1990 144–156 383,379–660,156 1 (1–5) 10–35 R (R) 8

b 3 Aug 1988 81–155 64,468–576,107 1 (1–5) 10–30 R (R) 26

c 29 July 1988 85–121 99,073–269,328 1 (1–2) 6–20 R (R) 11

d 30 July 1988 97–111 169,046–232,482 1 (1–4) 3–30 R (R) 9

d 3 Aug 1990 89–116 105,316–215,511 4 (1–5) 15–15 R (R) 9

e 18 July 1988 76–137 54,061–296,570 1 (1–4) 4–70 R (R–P) 34

f 20 Aug 1988 61–132 43,918–336,334 5 (1–5) 2–80 R (R–P) 23

g 23 June 1988 60–113 30,075–273,268 1 (1–2) 13–82 P (R–P) 32
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or pale) because these colours have a close association with
depth, red lobsters occurring predominantly above 40 m
and pale lobsters most common in depths below 50 m
(Chandrapavan et al. 2009).

Once landed, individuals were packed into separate plas-
tic bags to minimise egg loss and then transported to the
laboratory where the eggs from each individual were classi-
Wed to one of Wve developmental stages (Table 2). Lobsters
were then frozen. After 1 month, the lobsters were thawed,
and the eggs were separated from ovigerous setae by soak-
ing in 1 N KOH (potassium hydroxide) for 6–12 h (Bycroft
1986). Eggs were soaked until the funiculae, which attach
the eggs to the setae were dissolved. Eggs were rinsed in
seawater after they had separated from the setae, and the
pleopods and setae were removed. The eggs were then pre-
served in 5% formalin with seawater and stored in the dark
to prevent bleaching. Within a year of preservation, the
total number of eggs on each individual was counted using
an electronic egg counter (coulter counter, Bycroft 1986).
Eggs from a total of 180 lobsters were counted, after
excluding samples based on the missing information or
because the egg separation techniques caused partial disin-
tegration of eggs giving rise to unreliable counts (19 cases).

Analyses

Three broad types of analyses were used to examine the
relationship between fecundity and size. In the Wrst two
analyses, GLMs were used with a log-link function and
Poisson and gamma distributions. The third model was a
CLR model, with normal distribution and assumed constant
variance, in which fecundity was log transformed. All anal-
yses used log-transformed values of carapace length. GLMs
were used to assess the relationship between fecundity and
size, and to check whether this relationship varied with site,
egg developmental stage or depth (as inferred from colour
category) using GLIM3.77 software (Royal Statistical

Society, UK). In each case, distributions of the residuals
were checked for normality and overdispersion of the vari-
ance by estimating the variance of the residuals and the
mean fecundity in each of Wve length classes.

Associated with each distributional form, there is a link
function which is both consistent with the nature of the
response variable and has broad applicability (McPherson
1990). For a Poisson distribution, this is the log link. We plot-
ted fecundity versus length using diVerent scales of measure-
ment to check the most appropriate link function, which was
the log link. The reciprocal link function is the “standard” link
for the Gamma distribution, although there was a linear rela-
tionship between log fecundity and log length (Fig. 2a)
whereas plots of 1/fecundity versus length, log length, and the
reciprocals of these were not linear. Furthermore, the use of a
log link maintains a degree of compatibility with other studies
involving linear models using a log transformation of fecun-
dity and other models used in this paper.

In a linear model, the distribution of the responses (y’s) for
each value of x must follow a normal distribution. This restric-
tion is greatly reduced for GLMs, in which the responses may
have a distributional form which comes from any of the expo-
nential family of distributions (including normal, binomial,
multinomial, Poisson, and gamma), but the error term (e) of a
GLM is in the original scale of measurement.

Results

GLM with Poisson distribution

There was a linear relationship when log fecundity was
plotted versus log length (Fig. 2a), suggesting the log-link
function was reasonable provided that analyses were con-
ducted using log-transformed values of length. The vari-
ance was much larger than the mean and the variance
appears to increase exponentially with increases in the

Table 2 Visible distinguishing 
features of embryonic develop-
mental stages, based on the 
descriptions by Silberbauer 
(1970) of Jasus lalandii

Stage Description of embryo

1 (Freshly spawned)

Eggs round and Wlled with pale yellow yolk. No embryonic development visible

2 (Early embryo)

Yolk darkens to orange–red and cleavage commences. A dark pigmented median eye Xanked 
by two cephalic lobes with unpigmented eye capsules on either side

3 (Well-formed embryo)

Eye bulbs become crescent-shaped and are Wlled with black pigment

4 (Advanced embryo)

Red chromatophores appear only in the extremities of appendages. Larval movements 
are evident within the capsule

5 (About to hatch)

Yolk reduced to a small dorsal pale yellow mass. Chromatophores extend along 
the length of all appendages
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mean. Consequently, the Poisson distribution was unac-
ceptable for predicting the fecundity at length relationship,
so no further Poisson models were examined.

GLM with gamma distribution

The normality plot of the residuals was close to linear indi-
cating that the assumption of a gamma distribution was rea-
sonable. Carapace length explained most (90.94%) of the
variation in fecundity. There was no evidence of a depth
eVect (as inferred by colour) on the relationship between
fecundity and length (Table 3). Fecundity diVered between
sites (P < 0.01) and after this eVect was removed, diVer-
ences could be detected between the egg development
stages (P < 0.05, Table 3). The inclusion of site and egg
development stage into the analysis explained only an addi-
tional 1% of the variance in fecundity. There was no evi-
dence that site or egg development stage interacted to
inXuence fecundity estimates (Table 3). This suggests that
the “best” model for the relationship between fecundity and
length is one with a common slope, but diVerent intercepts
for both sites and egg development stages. There was not a
clear relationship between fecundity and egg development

stage. Fecundity counts were lowest for stage 1 eggs,
although there was not a continuous trend in the size of
counts from stage 1 through to stage 5.

Log-linear CLR

On the transformed scale, the relationship between fecundity
and length was linear with constant variance (Fig. 2a). When
the residuals were examined, there was no distinct trend in
the variance–mean relationship and the absolute diVerences
in variances were small (never exceeding a magnitude of
two), indicating that the assumption of constant variance on
the transformed scale was reasonable. The best model was
one with a common slope for the length and with diVerent
intercepts for both site and egg development stage (Table 4;
Fig. 2b). Parameter estimates were very similar to those
from the gamma distribution with log link (Table 3; Fig. 2b),
as were results comparing fecundity between sites and egg
stages (Table 5). There was no evidence of a depth eVect (as
inferred by colour) on the relationship between fecundity
and length (Table 5). Fecundity diVered between sites and
egg development stages (P < 0.05, Table 5). There was no
evidence that site or egg development stage interacted to
inXuence fecundity estimates (Table 5). Following the for-
mula provided by Sprugel (1983), the correction factor for
the best model was 1.0003622, and the correction factor for
the length only model was 1.0004584.

Discussion

Fecundity at length relationship

Length was a very good predictor of fecundity in the Tas-
manian southern rock lobster stock, explaining 91% of the
variation in the data. The relationship between length and
fecundity followed a cuboidal trajectory (i.e. coeYcient
approximating 3), following basic body-size scaling laws
where volume (which restricts the number of eggs which
can be retained) increases as a cube of length. A similar
relationship was described in the same species in two States
in Australia (VIC and SA) and New Zealand (MacDiarmid
1989; Hobday and Ryan 1998; Linnane et al. 2008), and in
confamilials Panulirus regius (Freitas et al. 2007), P. mar-
ginatus (DeMartini et al. 2003), P. argus (Bertelsen and
Matthews 2001), P. pencillatus (Junio 1987) and Palinurus
elephas (Galhardo et al. 2006). In contrast, a linear relation-
ship between length and fecundity has been reported in
some other Palinurids, e.g. Palinurus elephas (Goni et al.
2003), P. gilchristi (Groeneveld 2005) Panulirus longipes
cygnus (Morgan 1972). The shape of the fecundity–length
relationship is generally inXuenced by sampling the full
size range or reproductive females.

Fig. 2 Relationship between fecundity (number of eggs) and cara-
pace length of southern rock lobster, Jasus edwardsii. a ln transformed
fecundity and length. b. Black dashed line is the Gamma model and
grey solid line is the Normal model. The curve shown for the normal
model has been adjusted with a correction factor
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There were signiWcant diVerences in the elevation of the
fecundity at length relationship between sites, although
these were small in magnitude and no pattern was apparent
between the location of sites and the parameter estimates
for those sites. Similar unexplained site diVerences
occurred in the same species in New Zealand (Annala and
Bycroft 1987), although there were diVerences in slopes
between sites that were not apparent in the present study.
The two most northerly sites in Tasmania had estimates that
were more similar to the two most southerly sites than to
the more central sites. This spatial pattern contrasts with
other population characteristics such as size at Wrst matu-
rity, which has a clear trend with latitude (Gardner et al.
2006). Depth, as inferred here by lobster shell colour, did
not inXuence the fecundity at length relationship.

Our strategy to account for variation caused by egg loss
during incubation did not include a temporal sampling as
did the study by Annala and Bycroft (1987). Instead, we
graded egg samples by the developmental stage and incor-
porated this into the overall analysis. After site eVects were
removed, there was a signiWcant eVect of egg development
stage on the fecundity at length relationship, although egg

number increased, rather than decreased as would be con-
sistent with a loss through incubation. We can, therefore,
reject the null hypothesis that egg loss increased during
incubation. One of a number of possible explanations is
that females that went into berry earlier in the season pro-
duced more eggs. Individual females would need to be
tracked throughout the egg-bearing season to accurately
assess the rate and direction of a change on egg number.

Choosing the best Wt

The model including site eVects added little in the way of
accuracy to the model predicting fecundity from length
alone. This implies that fecundity at length parameters can
be estimated from pooled data, thus reducing the risk of
extrapolation beyond the size range of lobsters from
smaller sample sizes for each site.

Of the three broad types of analysis conducted, only
GLM with gamma distribution and CLR with log normal
distribution provided a reasonable Wt to the data. Data in
the form of counts (such as number of eggs) often follow
a Poisson distribution in which, the variance equals the

Table 3 Analysis of variance results of model Wtting using gamma distribution and a log-link function

All F tests use the residual mean deviance from the full model as the scale factor

The models Wtted at each stage of the analysis are shown in parentheses

A dot (“.”) indicates the inclusion of an interaction term

L length, S site, E egg stage, C colour

Source of variation df Deviance Mean deviance F P R2 adj

1: Residual (1) 176 56.84

2: Residual (L) 175 5.12

1–2: Length (common slopes) 1 51.72 51.72 1,954.70 <0.0001 90.94

2a: Residual (L + L2) 174 5.10

2–2a: Extra curvature 1 0.02 0.02 0.77 >0.3 90.92

3: Residual (L + S) 169 4.58

2–3: site intercepts 6 0.53 0.09 3.37 <0.01 91.6

3a: Residual (L + S+S.L) 163 4.34

3–3a: Site slopes 6 0.24 0.04 1.55 >0.1 91.75

3b: Residual (L + S+E) 165 4.31

3–3b: Egg stage intercepts 4 0.27 0.07 2.61 <0.05 91.91

3b1: Residual (L + S+E + E.L) 161 4.3

3b–3b1: Egg stage slopes 4 0.04 0.01 0.41 >0.8 91.79

3b2: Residual (L + S+E + C) 164 4.30

3b–3b2: Colour intercepts 1 0.01 0.01 0.33 >0.5 91.88

3b3: Residual (L + S+E + S.E) 149 3.70

3b–3b3: Site £ egg stage 16 0.61 0.04 1.43 >0.1 92.3

4: Residual (L + E) 171 4.87

2–4: Egg stage intercepts 4 0.24 0.06 2.31 >0.05 91.17

5: Residual (L + C) 174 5.11

2–5: Colour intercepts 1 0.01 0.01 0.23 >0.6 90.90

Residual (full model) 132 3.49 0.03
123
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Table 4 Parameter estimates of the relationship between fecundity and length of J. edwardsii using a log link with a gamma distribution and log-
linear models

Parameter Gamma with log link (model) Log linear (model)

�yx = �0 + sitei + egg stage + �1
log (length)

�yx = �0�1log 
(length)

�yx = �0 + sitei + egg stage + �1
log (length)

�yx = �0�1log 
(length)

Value SE Value SE Value SE Value SE

�1 (slope) 2.96 0.09 2.97 0.07 2.96 0.09 2.97 0.07

�0 (intercept) ¡1.74 0.42 ¡1.70 0.31 ¡1.75 0.43 ¡1.73 0.32

Site oVset

Site a 0 0

Site b ¡0.04 0.04 ¡0.04 0.04

Site c 0.17 0.06 0.17 0.06

Site d 0.06 0.05 0.06 0.05

Site e 0.11 0.04 0.11 0.04

Site f ¡0.003 0.05 ¡0.01 0.05

Site g 0.03 0.05 0.04 0.06

Egg stage oVset

Stage 1 0 0

Stage 2 0.07 0.05 0.07 0.05

Stage 3 0.12 0.05 0.12 0.05

Stage 4 0.08 0.05 0.09 0.05

Stage 5 0.09 0.04 0.11 0.04

Table 5 Analysis of variance 
results of model Wtting on 
log-transformed data with 
normal errors

Source of variation df SS MS F P R2 adj

1: Residual (1) 176 62.39

2: Residual (L) 175 5.29

1–2: Length (common slopes) 1 57.10 57.10 2,100.08 <0.0001 90.94

2a: Residual (L + L2) 174 5.28

2–2a: Extra curvature 1 0.01 0.01 0.46 >0.4 90.92

3: Residual (L + S) 169 4.75

2–3: Site intercepts 6 0.54 0.09 3.33 <0.01 91.6

3a: Residual (L + S + S.L) 163 4.50

3–3a: Site slopes 6 0.25 0.04 1.53 >0.1 91.75

3b: Residual (L + S+E) 165 4.44

3–3b: Egg stage intercepts 4 0.31 0.08 2.89 <0.05 91.91

3b1: Residual (L + S+E + E.L) 161 4.39

3b–3b1: Egg stage slopes 4 0.05 0.01 0.44 >0.7 91.79

3b2: Residual (L + S + E + C) 164 4.43

3b–3b2: Colour intercepts 1 0.01 0.01 0.39 >0.5 91.88

3b3: Residual (L + S + E + S.E) 149 3.81

3b–3b3: Site £ egg stage 16 0.62 0.04 1.44 >0.1 92.3

4: Residual (L + E) 171 5.04

2–4: Egg stage intercepts 4 0.26 0.06 2.37 >0.05 91.17

5: Residual (L + C) 174 5.28

2–5: Colour intercepts 1 0.01 0.01 0.37 >0.5 90.90

Residual (full model) 132 3.59 0.03

All F tests use the residual mean 
square from the full model as the 
scale factor

The models Wtted at each stage 
of the analysis are shown in 
parentheses

A dot (“.”) indicates the inclu-
sion of an interaction term

L length, S site, E egg stage, 
C colour
123
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mean. The model with a Poisson distribution was not
satisfactory because of a non-linear variance/mean rela-
tionship. Furthermore, a severe case of overdispersion
(variance greater than the mean) was evident for the Pois-
son model. The Poisson distribution is a distribution of
independent events, hence, there is an assumption that the
generation of one event (e.g. the production of an egg)
does not change the probability of another event (i.e. the
production of another egg), although, production of indi-
vidual eggs is unlikely to be an independent process.
Oocytes develop simultaneously in the ovary, and after
extrusion, eggs are attached to the abdomen as clusters of
eggs, not independent units. Any loss of eggs is likely to
involve a loss of numerous eggs rather than a single egg.
The present study considered a number of explanatory
variables including length, site, egg stage, and depth
(inferred from colour), although, there may have been
other important variables that were not considered. The
unexplained results for site and egg stage estimates sug-
gest that other factors may be involved.

Both gamma and log normal distributions provided a
reasonable Wt to the data. Both models resulted in the same
conclusions, produced similar parameter estimates with
similar standard errors and provided a good description of
the relationship between fecundity and length. The GLM
with a gamma distribution and log-link function has the
advantage over the CLR model approach with log-trans-
formed fecundity of working directly with fecundity in the
original scale of measurement; thus, there was no need for a
correction factor for bias.

Conclusion

Fecundity of J. edwardsii varied with site and egg develop-
ment stage, but based on the present data, not enough to
warrant their inclusion into population models used for
Wsheries management purposes. Consequently, a model
predicting fecundity from length alone, according to
F = ¡1.707 + 2.969 (log length), is the most cost-eVective
solution to assessing fecundity of rock lobster on a large
scale. A gamma distribution was the best estimator of the
relationship between fecundity and length of the southern
rock lobster, J. edwardsii.
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