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ABSTRACT: Length-frequency data (LFD) for the squat lobster Pleuroncodes monodon (Decapoda,
Galatheidae) from 5 research surveys carried out in central Chile (35°20'S to 36°20'S) between 1982
and 1991 were analysed to model male and female growth. The 1991 data were further used to model
female maturity. From the 5 yr of LFD, 17 year classes were identified in males and 19 in females. To
classify those year classes into age classes, a simple statistical procedure based on a stochastic depen-
dency of growth on age was developed. The procedure classified male and female year classes into
6 and 7 age classes, respectively. Size variances due to within-year-class (individual) variability and
among-year-classes (temporal) variability were estimated. The ratio between temporal and individual
size variance did not increase with age. This indicates that size variation of individuals reaching a given
age is mainly determined by the inherent variability of their year class rather than by environmental
changes encountered across ages. A von Bertalanffy growth function provided a good description of
both male and female growth. There were significant differences in the parameterization of the growth
function between males and females: females were smaller than males for every age class. Logistic
regression on female maturity data from 1991 shows that female squat lobsters reach maturity, as a
population average, at intermediate sizes (ages). The 5% plausibility regions and 95 % confidence
intervals, as measures of uncertainty in maturity estimation, showed very similar interval estimates.
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The shape of the maturity curve corresponded to a stable population in terms of age structure.

INTRODUCTION

Growth estimation is a difficult task in crustaceans
due to the loss of age marks during molting. One alter-
native is the use of length-frequency data (LFD). LFD
analysis has been used to identify year classes, and
then to fit growth functions, such as the von
Bertalanffy equation, to the mean size of the year
classes. Several graphical methods (Harding 1949,
Cassie 1954, Bhattacharya 1967) have been and still
are (Henmi 1992) used to accomplish this task.
However, they lack statistical rigour because too much
subjectivity is involved in the identification of year
classes (Macdonald & Pitcher 1979, Grant 1989), a
problem that worsens as sample size decreases. Recent
important advances are those of Macdonald & Pitcher
(1979) and Fournier et al. (1990, 1991). Macdonald &
Pitcher developed the MIX algorithm, a likelihood-
principle based procedure to decompose a single col-
lection of LFD into year classes, and under certain con-
ditions, to estimate growth parameters using the von
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Bertalanffy growth function. Fournier et al. (1990,
1991) developed the more sophisticated MULTIFAN
algorithm, also a likelihood-principle based procedure
to decompose a time series of LFD into year classes, to
estimate growth and other important parameters. Here
I show a simple procedure, which works with
Macdonald & Pitcher's MIX results, to group year
classes from a time series of LFD into age classes. In
this way, within- and between-year class size-at-age
variances and growth parameters were estimated.

The main population of the squat lobster Pleuron-
codes monodon is now under exploitation after 3 yr of
fishery closure due to overfishing in the previous 7 yr
period (Roa & Bahamonde in press). Scientific informa-
tion on demographic parameters is urgently needed for
management purposes. Individual growth is a funda-
mental aspect of biomass production and yield. Also,
size (age) at maturity may have a large impact on ex-
ploitable biomass (Welch & Foucher 1988). Therefore,
in this paper I provide estimates of annual growth and
female maturity of the squat lobster.
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MATERIALS AND METHODS

Data source. Data on length frequency and maturity
(as measured by number of ovigerous and nonoviger-
ous females at size) was obtained from 5 research
surveys done on the RV ‘Itzumi’ (April 1982, number
of sampled individuals, N = 12220; April 1983, N =
13546; March 1984, N = 9923; March 1986, N = 7322)
and RV ‘Abate Molina' (October 1991, N = 10139).
The research surveys were aimed at quantifying bio-
mass and population size structure of the main squat
lobster population in central Chile, the Achira popula-
tion (35°20'S to 36°20'S). Four surveys were carried
out during a 7 yr exploitation period (1982 to 1988),
while the last survey was done on the last year of a
3 yr fishery closure period (1989 to 1991). All these
surveys were made with similar materials and meth-
ods (see Roa & Bahamonde in press). The characteris-
tics of the area and the Achira popuilation can be
found elsewhere (Roa & Bahamonde in press). Body
size was measured from random samples of the catch
to the nearest millimeter, measuring from the base of
ihe eye socket dorsally, along a line parallel tc the
mid-line, to the posterior edge of the carapace, i.e.
carapace length (C).

The data covers 31766 male lobsters and 21384 fe-
male lobsters. For growth analysis, the whole data set
was used. For maturity function analysis, only data
from the 1991 cruise was used because this cruise was
the only one done at the end of the single egg-bearing
period, just before larval hatching (Palma & Arana
1990). Hence it was considered that the 1991 data set
provided a better picture of the egg-bearing process of
the whole population.

Growth analysis. For each year, male and female
LFD data sets were analysed separately and then the
final fitted functions for both sexes were statistically
compared using the analysis of residual sum of squares
(ARSS) modified for nonlinear least-squares regression
as in Chen et al. (1992).

The first step was to run the program MIX version
2.3 (Macdonald & Pitcher 1979, Macdonald & Green
1988) on every LFD set. Throughout, [ assumed normal
error distribution in size as a stochastic function of age,
and estimated the parameters of the distribution mix-
tures without constraints. When the number of year
classes present in the LFD is not known it 1s necessary
to guess a number. Inspecting the histogram provides a
guess. I used the number of year classes suggested by
visual inspection, say r, and r+1 and r-1. Out of these
3 runs, I selected one using 2 criteria: (1) goodness of fit
measured by the Chi-square statistics, and (2) the fit-
ted distribution mixture should not include a year class
with an unreasonably high standard deviation and/or
an unreasonably low (<5%) proportional participa-

tion. Only in one case did I violate this rule: in the 1986
LFD of males, the year class with the largest mean (see
Fig. 1) was excluded from further analysis due to its
large negative effect on the quality of the growth
analysis. It was similar to a highly influential outlier in
least-squares regression.

The application of the computer algorithm and the
selection criteria on the 5 yr of LFD produced 17 year
classes for males and 19 year classes for females
(see Fig. 1, Table 1). In every year, the number of year
classes was too low to permit the estimation of the von
Bertalanffy growth function using MIX. Therefore,
growth had to be represented by the whole set of year
classes obtained from 5 different years. This set of year
classes had to be grouped into age classes (see Fig. 2).
To do this grouping required a distance measure be-
tween adjacent year classes, represented by normal
curves from MIX. The distance measure allows identi-
tication of some borders between adjacent year classes
as being borders between age classes (see Fig. 2). A
general expression to measure distance between nor-
mal curves is

d;
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where u, and o; are the mean and standard deviation
respectively, of normal curve i (a year class in our
case), when the whole set of normal curves is ordered
into ascending mean; and d is a coefficient varying
from O to +co. Eq. (1) means that distance between
adjacent year classes is measured between points of
equal cumulative probablity under the normal curve.
The parameter & is a weight imposed on the difference
between standard deviations. (In a graphical sense, 8
weights for the different shapes of the normal curves.)
For example, if all year classes had the same variance,
then no matter the value of 3, the distance d would be
measured between means only. Conversely, if the dif-
ference between year-class variances is large, then the
effect of 3 on the distance measure would be sig-
nificant. The parameter § then weights the amount of
temporal variability in the indeterminacy of size as a
stochastic function of age. Consequently, this weight-
ing factor is a natural consequence of analysing time
series of LFD to identify groups of year classes belong-
ing to the same age class, when there is a variance
term due to temporal variability.

After finding a suitable measure of distance, thatis a
suitable measure of & (see below), an age class was
defined using the following decision rule: (1) evaluate
the distance d;;,, (Eq. 1) between adjacent year classes
when all year classes are ordered into ascending mean
size, and (2) identify all those distances d;;,; > d,
and > d;,; ,.; as the borders of age classes. Thus an age
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class was defined as the set containing year classes
between adjacent major jumps in a plot of year class
ranking against size at a given point of cumulative
probability (see Fig. 2).

Using this procedure, the problem of grouping the
year classes into age classes is reduced to finding a
suitable value for 3. To define a value for 3 I assumed
that individuals of the same sex born on the same year
in a single population would produce only one normal
curve. This assumption is supported by previous re-
search (Palma & Arana 1990) and by recent results
which indicate that recruitment of the squat lobster
occurs only on April of each year (V. A. Gallardo &
co-workers, Dept Oceanologia, Universidad de Con-
cepcidén, Chile, unpubl.) after a single annual hatching
period near November (Palma & Arana 1990). Hence a
suitable value of ® must not group 2 or more year
classes from the same year into the same age class.
Consequently, in time series of LFD composed of n yr,
the maximum number of year classes that can be
grouped into a single age class is n, and those n must
be from different years. As an increase in 8 causes a
decrease in the number of age classes, the above con-
straint provides an upper bound for 3. A lower bound
was obtained as follows: a decrease in & causes an in-
crease in the number of age classes, which in turn
causes a change in the estimated asymptotic size and
Brody growth coefficient, depending on where the
new age class was placed by the new value of §. Thus,
a lower bound for & was obtained by excluding values
below a threshold in which the estimated asymptotic
size was too low or too high given the maximum
observed sizes (Chen et al. 1992). Given these con-
straints, a value of 8 was iteratively searched.

The grouping of year classes into age classes allows
the identification of a variance due to within-year-class
(individual) size variability and among-year-classes
(temporal) size variability. For a given age class, indi-
vidual variance can be calculated as the pooled and
weighted variance of all the year classes composing it.
On the other hand, temporal variance can be obtained
from the deviation around the weighted mean size of
the age class.

Visual inspection of the size progression of the age
classes showed that the von Bertalanffy function pro-
vided a good model of the age-size relationship (see
Fig. 2). Parameterization of the von Bertalanffy func-
tion,

Cl) = Cuf1 —exp[-k(t-1t)]}, (2)

where C is carapace length, tis age, C., is asymptotic
carapace length, kis the Brody growth coefficient, and
to is the age at zero size, was achieved from nonlinear
least-squares estimation using module NONLIN of

SYSTAT version 4.0 (Wilkinson 1988). This estimation
did not include the first year class of males and that of
females, because they were poorly represented and
most likely their mean sizes were overestimated by the
selectivity of the fishing gear (see Fournier et al. 1990
for a discussion of this problem). The iteration algo-
rithm was quasi-Newton.

For estimation, arbitrary ages were assigned to each
age class. The integer part of the assigned age was ob-
tained as that providing the nearest-to-zero negative
estimation (Chen et al. 1992). The decimal part of the
assigned ages was obtained by dividing the number of
the month of the cruise, counted from the month of
birth (November; Palma & Arana 1990) by 12. It must
be emphasized that the assignment of absolute ages to
age classes did not affect the estimation of the growth
parameters k and C.. The estimation of these para-
meters was completely determined by the grouping of
year classes into age classes, that is, by the coefficient
o in Eq. (1), and mean sizes computed from MIX.

Maturity function estimation. The 1991 LFD pro-
vided estimates of the egg-bearing fractions at size. By
plotting this egg-bearing fraction against size (Fig. 4),
it became clear that a logistic function would appropri-
ately describe the maturity process, as for other crus-
taceans (Campbell & Robinson 1983, Fogarty & Idoine
1988, Restrepo & Watson 1991). Hence,

B

ey = 1+ expla; + a,C) )

where P(C) is the fraction of females bearing eggs as a
function of size, C is size (carapace length), and B, a;,
and «, are the asymptote, position, and slope parame-
ters respectively. Previous inspection of Fig. 4 showed
that the logistic curve approached 1 as size increased.
Thus the parameter B was fixed at 1.

Other sigmoid functional forms are possible (Welch
& Foucher 1988, Schnute & Richards 1990), however
this one was chosen for its simplicity in deriving esti-
mators such as the average size at which maturation
occurs. Given the binomial nature of maturity data and
the nonlinear relationship between egg-bearing frac-
tions and size, I estimated the parameters in Eq. (3) via
maximum likelihood estimation (m.l.e.), where
L(B,ar,00) = 2 [(W)In{P(C)} + (1 - B)In{1 - P(C)}] (4)
is the log likelihood function to be maximized, where
h is a dichotomous variable representing presence
(h = 1) or absence (h = 0) of eggs, P(C) is Eq. (3), and
the sum is over all observations (Shanubhogue & Gore
1987, Wilkinson 1988, Hosmer & Lemeshow 1989). In
Eq. (4) a constant term has been omitted because it
does not affect parameter estimation. By taking par-
tial denvatives of L with respect to the parameters a;
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- 1991 - 1991 since it is the average size at which matura-
by © tion occurs. By solving Eq. (4) at P = 0.5,
g g Csu/ = -0y /Qs.
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Fig. 1 and Table 1 show the results from
MIX analysis. Under the assumption of a nor-
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ues of & equal to 0.43 or less, and equal to
1.29 or more yielded unreliable or unaccept-
able results, in terms of C., and the funda-
mental assumption that a single year class
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Fig. 1. Pleuroncodes monodon. Year class composition of length-
frequency data from MIX analysis. Left column: males; right column:
females. Histograms: raw data; lines: estimated normal components and
fitted distribution mixture. +: year class not included in growth analysis.
++: fitted distribution mixture not included due to software limitations

and «,, equating to zero, and iteratively solving for o,
and a,, m.l.e. of these parameters is obtained. Compu-
tation of m.l.e. for the parameters of the logistic func-
tion was achieved using module NONLIN of SYSTAT
version 4.0 (Wilkinson 1988). Uncertainty in para-
meter estimation was evaluated using 2 different
procedures: 95% confidence interval from SYSTAT
robust computation of asymptotic standard errors and
5 % plausibility regions (Welch & Foucher 1988). This
latter uncertainty measure was obtained by fixing the
value of one parameter at several levels and estimat-
ing the other until the negative of the log likelihood
function increased in 3 units with respect to the mini-
mum value (Welch & Foucher 1988). The iterative
algorithm for m.l.e. was quasi-Newton. The sample
size was 4413 females ranging from 17 to 45 mm C. A
point of particular biological relevance is the size at
50 % sexual maturity, Csps, (Welch & Foucher 1988),

o F 4o 4

should not produce 2 or more normal curves.
When & was set at 0.667 (75% cumulative
probability) Eq. (2) classified the 17 year
classes into 6 age classes, with a maximum
number of 5 year classes in some age classes
(Fig. 2a), all belonging to different years. This
grouping yielded reliable estimates of C..
Using the same criteria, the acceptable value
of  for females was also 0.667, classifying the
19 year classes into 7 age classes (Fig. 2b).

Growth seemed to approximate a von Bertalanffy
function. For males, the iterations converged in esti-
mating the 3 parameters (Table 2}. For females, how-
ever, the iterations did not converge to a feasible para-
meter space when estimating the 3 parameters. To run
the iterations with only 2 parameters, I used the value
of t; obtained from males. This procedure yielded only
a small difference of initial size between the sexes
(1 mm), but did not affect the estimation of k and C,, at
all (Table 2).

The residuals of the fitted function against the
assigned ages for females did not behave in a com-
pletely random way (Fig. 3b): residuals are positive for
early and late ages, and negative for intermediate
ages. For both however, males and females, the vari-
ance explained by the von Bertalanffy model, as a
measure of goodness of fit (Chen et al. 1992), was very
high (Table 2).
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Table 1. Pleuroncodes monodon. Results from MIX analysis. Year classes are ordered into ascending mean size. SD: standard
deviation; P: proportion of participation in the distribution mixture. Standard error in parentheses

Year Males
class Survey date Mean SD p
{month/year) (mm) (mm)
1 4/82 17.11 1.78 0.025
{0.24) (0.17) (0.003)
2 3/86 20.85 1.92 0.134
(0.11) (0.08) (0.005)
3 3/84 22.05 2.47 0.109
(0.17) (0.13) (0.005)
4 4/83 22.96 2.57 0.170
(0.12) (0.09) (0.006)
5 10/91 23.59 2.56 0.380
(0.07) {0.05) (0.00%)
6 4/82 24.19 2.88 0.442
(0.08) {0.07) (0.008)
7 3/84 27.18 2.39 0.189
(0.15) 0.17) (0.005)
8 4/83 27.80 2.03 0.367
(0.07) (0.08) (0.008)
9 3/86 27.93 2.37 0.105
(0.23) (0.17) (0.006)
10 4/82 31.17 2.62 0.493
{0.07) (0.09) (0.008)
11 3/84 31.72 2.07 0.303
{0.10) (0.10) (0.008)
12 4/83 33.95 2.35 0.304
(0.41) {0.15) (0.009)
13 10/91 34.26 2.91 0.537
(0.07) (0.08) (0.008)
14 4/82 35.37 2.36 0.039
(0.58) (0.35) (0.004)
15 3/86 35.64 2.62 0.761
(0.05) (0.04) {0.007)
16 3/84 36.27 1.61 0.399
(0.05) {0.03) {0.007)
17 10/91 39.44 2.70 0.083
(0.31) (0.21) (0.005)
18
19

Females
Survey date Mean SD P
(month/year) {mm) (mm)

4/82 17.16 1.50 0.055
{0.14) (0.10) (0.003)

3/84 19.68 1.75 0.082
(0.26) {0.18) (0.007)

3/86 20.17 1.76 0.235
(0.10) (0.07) (0.009)

4/83 22.09 2.14 0.201
(0.11) (0.08) (0.007)

10/91 22.59 2.14 0.201
(0.06) (0.04) (0.008)

4/82 22.83 2.06 0.472
(0.06) {0.05) (0.008)

3/84 23.52 2.10 0.272
(0.14) {0.21) {0.012)

4/83 25.41 1.23 0.310
(0.06) (0.05) (0.010)

3/86 25.53 1.87 0.208
(0.16) (0.12) (0.010)

3/84 27.05 1.60 0.370
{0.10) (0.11) (0.013)

4/82 28.44 2.09 0.373
(0.08) (0.07) (0.009)

4/83 28.90 1.98 0.250
(0.19) (0.11) (0.015)

3/84 30.32 2.38 0.215
(0.19) (0.21) (0.01%)

4/83 30.66 3.50 0.239
(0.28) (0.20) (0.011)

10/91 31.08 2.31 0.431
{0.07) (0.07) (0.011)

3/86 32.17 2.67 0.557
(0.09) (0.07) (0.011)

4/82 32.95 3.14 0.101
(0.25) (0.19) (0.005)

3/84 35.83 1.73 0.062
{0.20) (0.14) (0.012)

10/91 36.36 2.99 0.111
{0.24) (0.18) (0.006)

There is a clear difference between both sexes in
terms of the parameterization of their growth function
(Fig. 3a; Table 2). A statistical comparison (Chen et
al. 1992) confirms this interpretation (F(2,29) = 67.711,
p < 0.005).

The ratio between temporal and individual size vari-
ances (Table 3) does not change with age both for
males and females (Spearman’s rank correlation coef-
ficient, p > 0.1).

Maturity function estimation

M.le. of the logistic function parameters (Table 2)
yielded a rather steep curve (Fig. 4a). The progression
from immaturity to maturation shows a succesive in-
crease in the proportion of mature lobsters with size,
corresponding to a Type II distribution of Trippel &
Harvey (1991). The average size at which maturation
occurs, Csoy, (Table 2) is intermediate (Fig. 4a). Most
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Table 2. Pleuroncodes monodon. Growth and maturity para-
meters of the squat lobster and related information. Standard
errors in parentheses. Notation follows the text

Growth Males Females
C.. (rnm) 50.45 (9.11) 44.55 (3.11)
k(yr™Y 0.197 (0.091) 0.179 (0.022)
to (yT) ~0.51 (0.70) ~0.51 (fixed)
r? 0.969 0.937
Maturity Females

B8 1 (fixed)

oy 13.648 (0.370)

oy -0.502 (0.013)

Loy, o) 1446.695

Csoe, (95 % interval) 27.2 (24.2,30.2)
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Fig. 2. Pleuroncodes monodon. Size at 75% cumulative

probability of year classes identified by MIX for {a) male and

(b} female squat lobster. On the abcissa the date of survey

is shown (month/year). Adjacent age classes are shown by
contrasting fill patterns
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Fig. 3. Pleuroncodes monodon. Von Bertalanffy growth func-

tion of male and females squat lobster. (o) males; (m) females.

{a) Fitted function (line) and calculated mean size of year
classes (squares). (b) Residuals of growth model

Table 3. Pleuroncodes monodon. Relationship between indi-

vidual and temporal variance of size at age. C: weighted

mean size at age; oy: weighted temporal standard deviation;
oy individual standard deviation; R = /0,

Sex Age C oy ay R
class (mm]} {mm) (mm)

Males 1 17.11 - 1.78 -
2 22.73 1.32 2.61 0.50
3 27.64 0.40 2.07 0.19
4 31.45 0.39 2.43 0.16
5 35.10 0.97 2.47 0.39
6 39.44 - 2.70 -

Females 1 17.16 - 1.50 -
2 19.93 0.35 1.76 0.20
3 22.76 0.60 2.10 0.28
4 26.00 0.91 1.48 0.62
5 28.67 0.33 2.05 0.16
6 31.06 0.80 2.78 0.29
7 36.10 0.38 2.67 0.14
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Fig. 4. Pleuroncodes monodon. Maturity function of female

squat lobsters. (a) Fitted function (central solid line), 95 %

confidence intervals (exterior solid lines}, 5% plausibility

limits (exterior dotted lines) and raw data (m). (b) Residuals of
maturity model

females are mature at 30 mm carapace length (Fig. 4a).
Residuals increased toward the intermediate range of
sizes (Fig. 4b), a consequence of the binomial distribu-
tion of the errors. Some size intervals above 41 mm
showed low values of the egg-bearing fraction. This
can be attributed to small sample size at those sizes
and possibly to large-sized females having started lar-
val hatching by the time of sampling. A logistic regres-
sion done without values above 41 mm did not signifi-
cantly alter the estimates, so those obtained with the
whole data set were accepted.

The uncertainty associated with maturity estimation
did not depend on the particular method used. The 95 %
confidence interval and 5 % plausibility region (Welch &
Foucher 1988) were very similar (Fig. 4a). These 2 mea-
sures of uncertainty have different interpretations but
they are asymptotically equivalent (Welch & Foucher
1988). Our results with large sample size (N = 4413) are
an example of such asymptotical behaviour.
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DISCUSSION
Methodological aspects of growth analysis

LFD from any year yielded too few year classes to fit
a growth function with the MIX algorithm. However,
the set of year classes from the 5 yr provided a wider
spectrum of sizes at age. Therefore a procedure was
developed to group the set of year classes into age
classes. This grouping completely determined the
estimation of asymptotic length and Brody growth co-
efficient in fitting a von Bertalanffy growth function.
There are 2 sources of subjectivity in this procedure.
First, the selection of the number of year classes for
any year when using the MIX algorithm. This is a
serious problem when sample sizes are small. In addi-
tion, it seems that an underestimation of the number
of year classes is worse than an overestimation in esti-
mating the Brody growth coefficient (Rosenberg &
Beddington 1987). In our case however, the average
sample size was 4277 yr~! for females and 6353 yr~!
for males, hence only very poorly represented and/or
very high variance year classes could have escaped
our attention.

A second source of subjectivity was the selection of
the value for the parameter d in calculating the dis-
tance between points of cumulative probability of ad-
jacent year classes (ordered into ascending mean size;
Eq. 1). This value determined the number of age
classes into which the year classes were grouped by
the decision rule and hence the estimation of C.. and k.
It was already noted that increasing the value of 3
reduces the number of age classes into which year
classes are grouped. This fact provided, given some
contraints and assumptions, objective upper and lower
bounds (0.43 < & < 1.29) for 3. Thus this source of sub-
jectivity in our procedures was at least objectively con-
strained.

A more sophisticated and general procedure for
analysing time series of LFD is the MULTIFAN algo-
rithm of Fournier et al. (1990, 1991). However, MULTI-
FAN does not completely remove the need to intro-
duce subjective decisions in LFD analysis (Fournier et
al. 1990). In this regard, the statement by Sparre (1987)
and Sparre et al. (1989) that LFD analysis will probably
never be entirely objective can only be supported. The
procedure used here also requires subjective deci-
sions, but introduces objective constraints to this sub-
jectivity, as does MULTIFAN. The method worked well
for the squat lobster, and may even be useful in other
organisms. However I do not advocate its use in place
of more sophisticated and general alternatives like
MULTIFAN. MULTIFAN has several advantages like
the estimation of important parameters other than
growth: size selectivity of the first age class, parame-
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ters associated to a dependency of standard deviation
on mean size, relative year class strengths, and even
mortality in some cases (Fournier et al. 1990, 1991).
Nevertheless, a potentially important advantage of the
method used here for the analysis of time series of LFD
is the ability to directly calculate within (individual)
and among (temporal) year classes size variance.

Biological aspects of growth analysis

The ratio between temporal and individual size vari-
ance does not increase with age. That is, the size of
individuals reaching a given age in different years is
mainly determined by the inherent variability of their
year class rather than by changes in the environment
that they happen to face across ages.

Growth in crustaceans is composed of 2 factors:
moulting frequency and size increment per molt. The
most appropriate modeling approach should consider
these factors (Saila et al. 1979, Campbell & Robinson
1983, Fogarty & Idoine 1988). However, the only reli-
able way to estimate empirncal growth models is with
tag-recapture data or direct experimental observa-
tions. No such data were available for the squat lob-
ster, determining the need to use an approximate de-
scription. Many authors find it valuable to approximate
crustacean growth with a von Bertalanffy growth func-
tion (Campbell 1983, Anderson 1991, Plaut & Fishelson
1991, Somers & Kirkwood 1991, Bergstrom 1992), even
with tag-recapture data (Campbell 1983, Somers &
Kirkwood 1991) or experimental observations (Plaut &
Fishelson 1991), which may produce an empirical
growth model. Thus, as a first approximation to squat
lobster growth, a von Bertalanffy function was fitted.

In fact, von Bertalanffy growth provided a good
description of annual growth of male squat lobster, as
judged from the variance explained by the model as a
measure of goodness of fit (Chen et al. 1992). For
females however, a certain departure from von Berta-
lanffy growth was apparent, which caused a non-
random pattern in the residuals of the fitted model.
However, it must be emphasized that the variance ex-
plained by the von Bertalanffy model for females was,
nevertheless, fairly high. Note also that male growth
showed no deviance from the model and only showed
a marginally better fit as compared to female growth
(r’n = r% = 0.032). Thus for both male and female squat
lobster, the fitted von Bertalanffy model provided a
good first description of annual growth.

Our parameterization of the von Bertalanffy growth
function is consistent with results for other crustaceans
(Campbell 1983, Anderson 1991, Plaut & Fishelson
1991, Bergstrom 1992). Also, female crustaceans nor-
mally attain lower size at age than males of the same

species (Campbell 1983, Fogarty & Idoine 1988, Plaut
& Fishelson 1991, Somers & Kirkwood 1991), as in
this study. An exception is the work of Bergstrom
(1992) on Pandalus borealis which is a protandric
hermaphrodite.

Methodological aspects of maturity function

Observations of maturity data distribute binomially.
Welch & Foucher (1988) seem to be the first to have
highlighted this important feature of maturity data and
its consequences in statistical estimation. Further work
has acknowledged this advance (Richards et al. 1990,
Schnute & Richards 1990, Trippel & Harvey 1991).
However, some authors are still using procedures
which do not take this fact into account (for example,
Dugan et al. 1991, Armstrong et al. 1992, Bullock et al.
1992). In this paper, I used logistic regression
(Shabunoghe & Gore 1987, Hosmer & Lemeshow
1989), a likelihood-principle based procedure that
incorporates the binomial nature of maturity data.

For the particular case of the squat lobster, it is
shown that the 5 % plausibility region of the estimated
logistic curve is very similar to the 95 % confidence in-
terval, a consequence of large sample size (Welch &
Foucher 1988). For smaller sample sizes, and espe-
cially when the data near the size range in which mat-
uration occurs is scarce, it is more convenient to use
plausibility regions as explained by Welch & Foucher
(1988).

Biological aspects of maturity analysis

Female squat lobsters reach maturity at intermediate
sizes (ages) as a population average. The transition
from immature to mature is successive, and occurs in a
range of 5 mm (from 25 to 30 mm carapace length).
This type of distribution in maturity at size data corre-
sponds to a type II distribution of Trippel & Harvey
(1991), and generally represents populations in a sta-
ble condition, i.e. populations in which the proportion
of mature individuals reflects those which would occur
from a time series of a single year class, where a gain
in percent maturity occurs with each passing year
(Trippel & Harvey 1991). Therefore, stability refers to
age structure. Based solely on the maturity distribu-
tion, in 1991 the female (and by extension, male)
Achira population of squat lobster had a stable age
structure. The population was also growing and rein-
vading former habitats after a fishery closure of 3 yr
(1989 to 1991) and a previous period of overexploita-
tion (1975 to 1988) which severely contracted latitudi-
nal distribution (Roa & Bahamonde in press). The facts
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of population growth and expansion (Roa & Baha-
monde in press) and the implications from the maturity
distribution suggest a highly beneficial effect of the
fishery closure on population recovery.

Nevertheless, the transition from immature to ma-
ture occurs within a narrow size range, suggesting that
a small change in the size at which females enter the
fishery could have a large impact on the removal of
reproductive potential, and hence on population
renewal. At present, the size at which females enter
the fishery (near 33 mm; author’s unpubl. results) is
above the estimated average at which maturation
occurs (between about 25 and 30 mm). The size at
which males enter the fishery is even greater (near
36 mm; author’s unpubl. results). However, to estimate
the effect of fishing removal of reproductive potential
on population renewal it is not sufficient to know the
distance between average size of maturation and the
size of recruitment to the fishery. Also needed is a
knowledge of mortality rates of the exploited fraction.
Future research will help solve this problem.
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