Abstract.~rowthofthe blacklip

abalone, Haliotis rubra, was estimated
from 1,464 individuals that were tagged
and left at large for up to five years at
seven sites in New South Wales, Australia. Both the shape of the fitted
growth curves and the average growth
rates differed significantly among sites,
separated by only 1-20 km. There was
also significant variation in the growth
of individual abalone within sites and
this variation differed among sites.
Abalone at sites where they grew
quickly reached larger lengths and
were morphologically different from
those at sites where they grew slowly.
For example, the shells ofabalone from
sites where they grew slowly were
wider and heavier at a given length
than those from sites where they grew
quickly. The implication that rates of
growth in width are less variable than
growth in length suggests that a minimum legal width limit may be more
appropriate than the present size limit
that is based on length. A minimum
legal width limit would redistribute
fishing effort away from sites where
abalone grow in length quickly towards
sites where they grow slowly, including
sites which are presently unfished because few individuals reach the minimum legallengtb. Ifthis were possible,
it would reduce the differences in exploitation among sites which, at present,
have the potential to seriously deplete
populations at sites where individuals
grow quickly.
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Legal restrictions on the minimum
size of individuals allowed to be
harvested are used to manage many
fisheries. The theory behind their
use asserts that by delaying the
harvest of individuals until they
have grown to a certain size, both
yield and egg production can be increased (Beverton and Holt, 1957).
Appropriate minimum size limits
have traditionally been estimated
by considering average rates of
growth, mortality, and reproduction
(Goodyear, 1993). Spatial variation
in demography can complicate the
use of a single size limit for a stock
by making different size limits appropriate in different areas. Enforcement of different size limits
over large spatial scales is possible
(e.g. Guzman del Proo, 1992), but if
demography varies over small distances, appropriate size limits are
difficult to enforce.
A common finding of studies on
the growth of abalone has been that
individuals at different sites can
grow at markedly different rates
(Sainsbury, 1982; Breen, 1986;
Tegner et aI., 1989). Despite this,
there have been few systematic attempts to determine the spatial
scale over which differences in
growth occur (see Day and Fleming,
1992, for a review). Nonetheless, it

is apparent that growth can vary
among regions separated by hundreds of kilometers (Nash, 1992)
and among sites separated by tens
of kilometers (Breen, 1986). As well
as differing in their rate of growth,
abalone that grow quickly will, in
general, reach larger sizes than abalone that grow slowly (e.g. McShane,
1992; Nash, 1992). Consequently,
many abalone fisheries contain
populations with individuals that
grow very slowly to only small sizes
(Sloan and Breen, 1988; Tegner et
aI., 1989; Nash, 1992). Because
minimum legal sizes are, in general,
enforced over areas larger than
those over which such variation in
growth can occur, these sites often
remain unfished.
Commercial fishing of abalone
Haliotis rubra in New South Wales
(NSW), Australia began in the early
1960's. Initially, divers harvested
abalone of any size, but in 1973 a
minimum legal length limit of 100
mm was introduced. This length
limit was chosen to ensure that abalone recruiting to the fishery had
reproduced at least once after
reaching sexual maturity at approximately 80-90 mm. As fishing
pressure increased through the
1970's and 1980's, it became apparent that the length limit of 100 mm
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was not conserving enough egg production (Hamer,
1983). In response, the minimum legal length limit
was increased in a series ofincrements from 100 mm
in 1979 to 115 mm in 1987. An unfortunate consequence of these increases was the concentration of
fishing effort at sites where abalone grew quickly and
to large sizes (see also McShane, 1992). Because of
this high level of effort and the limited dispersal of
larval abalone (Prince et aI., 1987), such sites were
often overexploited, whereas in other areas where
abalone grew more slowly to smaller sizes the populations were underexploited.
In this study, we describe a tagging study of variation in the growth of Haliotis rubra at seven sites
along the NSW coast. These sites were grouped into
four locations encompassing most of the geographical range of the fishery. This provides an indication of
the variability in growth ofthe species at three spatial
scales: among locations separated by hundreds of kIn,
among sites separated by 1-20 kIn, and among individual abalone within the sites. In addition we describe
morphological differences among the abalone that appear to be related to their rate ofgrowth. This link between growth and morphology suggests that a minimum legal width limit may be more appropriate than
the present size limit based on length.

curve for all recaptured individuals and in the relationship among morphological variables (see below).
Small (...2 x 10 mm), numbered plastic tags were
attached to abalone with a cyano-acrylate glue between 20 May 1975 and 3 October 1981. This procedure required that abalone be removed from the
water and their shells dried with compressed air
before tagging. Individuals were chosen to make the
size range at tagging representative of the population at each site. The maximum diameter (i.e. length)
of each shell was measured to the nearest 0.5 mm,
and the abalone were then replaced in the area near
where they were collected. Samples of these tagged
abalone were recaptured at opportunistic times between 11 December 1975 and 18 May 1982.

Patterns in growth
Estimates of growth were obtained by using procedures based on a mark-recapture analogue of
Schnute's (1981) general growth model (see Francis,
in press). Schnute's model relates size to age by several parameters, including two (a and b) which combine to describe a range of traditional growth curves
including the von Bertalanffy (a > 0, b = 1), Richards
ISd'E

Materials and methods
Sites and tags used
Abalone were tagged at seven sites,
spanning almost 1,000 km of coastline,
that were chosen because they were
commonly used by commercial divers in
the NSW abalone fishery (Fig. 1). Six of
the sites were grouped into three locations (Broughton Island, Sydney, and
Eden) each with two sites (referred to
as I and II) separated by between 1 and
20 km. The single site at Merrys Beach
was approximately midway between
those at Sydney and Eden (Fig. 1).
Supplementary tagging was also done
at Bittangabee Bay near Eden (Fig. 1).
This site was not commonly used by
commercial fishermen because few individuals reached lengths above the
115-mm minimum legal limit. Estimates ofgrowth parameters for Bittangabee Bay were not calculated separately because only 20 individuals were
recaptured. These abalone were, however, used in the estimation of a growth
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Figure 1
Map of Australia (inset) and New South Wales INSW). showing the position of eight sites within four locations where blacklip abalone. Haliotis
rubra, were tagged. Sites I and II within each location are as indicated on
the maps; BB = Bittangabee Bay. MB = Merrys Beach.
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(a > 0, b < 0), logistic (a > 0, b = -1), and Gompertz
(a > 0, b = 0) models (Schnute, 1981). Francis (in
press) reparameterized this model to express observed increments in length during tagging (AY) as
a function of the observed length at tagging (Yt ) and
time at liberty (At). The model can be reparameterized further, so that growth can be described
in terms of average annual growth for individuals of
a given size (see Francis, 1988a). The general model
where both a ":# 0 and b ":# 0, was

where

- ],
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The model was fitted to the observed increments by
using maximum likelihood (Francis, 1988b). Parameters estimated during this process include the mean
annual growth rates (g1 and g2) at two sizes (Y1 and
Y2) and the parameter b. These parameters together
combine to define the parameter a, and hence the
shape of the fitted growth curve.
Several other parameters were also considered,
and were included in the model if they significantly
improved the fit (see Francis, 1988b). Two parameters describing seasonal variation in growth were
examined by replacing
At above with At + (tPt - tPt )
•
r
I
where for any time (t i )

tPt,

u(sin(21r[ti -w)))

=

21l'

and tt and t r are the times at tagging and recapture.
The parameters u and w then describe the amplitude and phase of seasonality in growth, respectively.
A parameter describing variation in growth among
individuals was also examined, where the mean (Il g )
and standard deviation (0"8,' of the expected increment in length were related by

where v is the coefficient of variation in growth. A
parameter describing contamination by outliers was
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also examined, but it never added significantly to
the model (see Francis 1988bl.
The error model used considered errors due to
variation in growth and measurement by

where the observed increment in length (AYabs ) was
a function ofthat predicted by the growth model (AY)
and errors due to variation in growth (£g) and measurement (Em), assuming Eg - N( 1, O"'g) and Em - N(Pm,
O"'m)' As such, Pm represents measurement bias (i.e.
consistent difference in measurement between marking and recapture) and O"'m represents random error
in measurement. Since better estimates ofthe growth
parameters can be achieved when both Pm and um
are known (Francis, in press), they were estimated
by repeatedly measuring the same set ofshells (n=50)
after the tagging program had finished. Measurement bias was disregarded (Jl.m=O) because the same
people used identical techniques to measure abalone
at tagging and recapture. Random errors in measurement among replicate readings and among readers
were similar in size, and as a consequence O"'m was
set to 0.65 for all analyses. Following fitting of the
model, plots of residuals against length at tagging
and time at liberty were investigated for any systematic lack offit.
.
The parametersY1 andY2 should be chosen to span
the lengths at tagging and to enable reliable estimates of g1 and g2 (Francis, 1988b). Because of differences in the length of abalone tagged among the
sites, appropriate sizes for Y1 and Y2 also differed
among sites. To facilitate comparison, Y1 and Y2 for
each site were chosen from three standard lengths:
65, 90, and 115 mm. At sites where few small abalone were tagged, annual growth rates were estimated at 90 and 115 mm. Alternatively, at sites where
few large abalone were tagged, annual growth rates
were estimated at 65 and 90 mm. Once fitting of the
model was completed, the annual growth rate at the
third standard length was also calculated. This
growth rate is defined by the parameters chosen
during fitting of the model. Comparisons among estimated parameters were made by using t-tests.
Ta facilitate the comparison of our estimates of
growth with those previously published, we also fitted the traditional von Bertalanffy growth model.
This was done within the framework described above
(see Francis, 1988b). To further aid the comparison
ofgrowth rates among studies, we converted the traditional von Bertalanffy parameters estimated from
tagging data (k and L.) to parameters describing
estimates ofannual growth at the standard sizes used
in this study. This was also done for previously pub-
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lished estimates ofgrowth derived from tagging studies in which similar tagging methods were used.
Relation of growth to morphology

Tagged abalone were at large for a period between
8 and 1,736 days, although most (98%) of the individuals were recaptured within two years of release.
The range of times between tagging and recapture
of abalone differed among sites (Fig. 2B). There were
generally shorter times between tagging and recapture in Broughton Island I and Sydney I, and longer
times at Merrys Beach (Fig. 2B). During the tagging
period increments in size ranged from -8 mm to
84 mm, with an average ofH.8 mm (SE=O.4). Negative growth may have been caused by erosion of the
shell.

The shells of 390 recaptured abalone were retained
for further measurement. This allowed us to relate
present morphology ofthe shells to past growth rates.
Few shells were retained from Broughton Island I
or Eden I because the abalone were used in separate
experiments to estimate fishing mortality. Measurements taken included the maximum and minimum
diameters (length and width), the
width ofthe ventral ridge of the shell
at the aboral margin (ridge), and the
dry weight of the shell. Relationships
A
among these variables were investigated by correlation. 'Ib relate present
: L . . . . . . : r o u g h t o n Island I
morphology to past growth, the
10
n =124
length of all shells was related to
o
their width, weight (log transformed),
and ridge by using multiple linear regression. The residuals from this re: L a . . : r o u g h l o n Island II
lationship then indicate whether a
10
n =178
shell is longer or shorter than exo
pected given the other morphological
variables. In a similar way, all the
Sydney I
tagging data were combined into one
n =113
growth model. The residuals from
this growth model then indicate
whether an abalone has grown faster
or slower than expected. By averag..
Sydney II
ing the residuals from the morpho...
10~ n=341
logical relationship and the growth
curve across all individuals at a site,
any relationship between rates of
growth and shell morphology among
Merrys Beach
10
n = 205
sites should be apparent.

I
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Results
A total of 1,464 abalone were recovered from the seven sites. At tagging,
these individuals ranged in size from
15 to 152 mm, with a mean !;lize of
91.1 mm (SE=0.7). The size of recaptured abalone at tagging differed
among sites. Few of the individuals
recaptured at Broughton Island II
and Eden I were small when tagged
(Fig. 2A). In contrast, few large abalone were recaptured from Merrys
Beach, both sites in Sydney, and from
Eden II.
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Distribution of (A> length at marking (Yt ) and \Bl time at liberty
captured blacklip abalone, Haliotis rubra, at seven sites.
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sites and significantly greater at Broughton Island
II, Sydney I, and Eden I (t-tests, P<0.05). The standard deviation of the observed growth increment
ranged from 0.29 times the expected increment at
Merrys Beach to 0.87 times the expected increment
at Eden I (Table 1). This range implies that two-thirds
of the abalone at Merrys Beach will grow between
0.71 and 1.29 times the expected increment, whereas
at Eden I, two-thirds of the abalone will grow between 0.13 and 1.87 times the expected increment
(Fig. 4).
Parameters representing seasonal variation in
rates of growth significantly improved the fit of the
model at three of the seven sites (Table 1>. At
Broughton Island II, peak growth rates occurred
during late October at 1.9 times the minimum growth
rate in late April. In contrast, peak growth rates at
both Sydney II and Eden I occurred in December at
a rate 2.0 and 2.9 times the minimum, respectively

The shape of the fitted growth curve differed significantly among sites (t-tests, P<0.05; Table 1). At
Broughton Island I and Sydney I, the fitted growth
curve was similar to a traditional von Bertalanffy
shape (a> 0, b ... 1 in Table 1), whereas at Eden II it
was more similar to a Gompertz shape (a > 0, b ... 0
in Table 1), and at Merrys Beach more similar to a
logistic shape (a > 0, b ... -1 in Table 1). All curves
were asymptotic and expected growth approached
zero (Fig. 3B). The size at which expected growth
equalled zero differed among sites and ranged from
118 mm at Merrys Beach to 151 mm at Broughton
Island II (Fig. 3B; Table 1).
Estimates of average annual growth rates differed
significantly among the seven sites (Table 1). Abalone at the two sites on Broughton Island had faster
rates of growth than all other sites. At Broughton
Island II a 65-mm abalone was
expected to grow to the 115-mm
length limit in approximately 18
i)
A ii)
months (Fig. 3A). Above 115 mm,
140
growth declined rapidly so that in
140
~....-Sll
Ell
the next year expected growth was
120
120
less than 10 mm. The rate of deMB
100
100
cline in growth rate then slowed,
80
and growth was expected to con80
tinue until 151 mm (Fig. 3; Table
60
60
1). In contrast, growth at Sydney
4O+--.---r----,----,r---,
40 +--,------.-~----r----,
I was much slower; a 65-mm indio
2
4
6
8
10
10
8
2
4
6
o
vidual was expected to take almost
Time (years)
Time
(years)
9 years to grow to 115 mm (Fig. 3A).
Growth rate declined at an approximately constant rate throughout life
(i.e. approximating a von BertB i)
ii)
alanffy growth curve) until indi50 BI
50
viduals were expected to have no
Bll
growth at 126 mm (Fig. 3; Table
so
1). At Merrys Beach, abalone were
30
expected to grow from 65 mm to
EI
90 mm within a year, but then
10
SI~~
growth declined rapidly and indio --------------~
viduals were expected to grow only
-10 +--r-,---.-----,r--r-~
-10 +---,--.----,--.----,---rjust above the minimum length
20 40 60 80 100 120 140
20 40 60 80 100 120 140
limit of 115 mm (Fig. 3A). Growth
Length (mm)
Lenglh (mm)
rates at Sydney II and Eden II
were not significantly different at
Figure 3
any of the standard sizes (Table 1).
Predicted
mean
growth
of
blacklip
abalone. Haliotis rubra; (Al over 10 years for
There was significant variation
individuals ofa given size and (B) over 1 year for individuals ofa range of sizes.
in growth among individual abaGrowth is shown from IiI 40 mm at sites where many small abalone were tagged
lone within all sites (Table 1).
and Iii> 65 mm at sites where few small abalone were tagged up to the size of the
Variation in growth among abalargest abalone. Sites are abbreviated as follows: BI and BII = Broughton Island I
and II: SI and SII = Sydney I and II; MB =Merrys Beach; EI and Ell = Eden I and II.
lone at Merrys Beach was significantly less than that at all other

I

=-__

1

I

J;~~ _

Fishery Bulletin 93(3). J 995

556

Table 1
Estimates of growth parameters and their standard errors (in brackets) for blacklip abalone, Haliotis rubra. from tag returns at
seven sites. Parameters estimated during fitting are shown in light type; those defined by the fitted parameters are shown in
bold. Expected annual growth rate at 65,90, and 115 mm is shown asg6lj, g90 andg 115 • respectively. See Materials and Methods
section for a description of other parameters. Blanks occur where parameters did not add significantly to the fitted model.
Site
Sydney

Broughton Island

II

II

Parameter
Curve shape parameters
b
a

Growth rate parameters
g65 (mm'year l )
g90 (mm'year l )
g115 (mm'year-ll

Eden

0.04 (0.10)
0.71 (0.14)

8.87 (0.77)

24.63 10.60) 12.71 (0.92)
15.22 CO.34) 9.14 (0.49)
2.21 (0.42) 4.86 (0.28)

28.80 (0.96)
19.87 (0.69)
8.85 (1.40)

0.481O.05}
0.00 CO.Oll

0.33 (0.071
-0.0110.03)

7.58 (1.13)
0.11 (0.05)

1.33 (0.41)
0.20 (0.06)

0.2510.09)
0.66 (0.08)

33.88 (1.52)
22.24 (0.95)
11.52 (0.62)

46.93 (2.78)
24.11 n.39}
8.361O.62}

12.25 (0.77)
6.91 (0.52)
2.08 (0.91)

28.66 (0.78)

0.31 CO.08)
-o.191O.0l}

Growth variability parameter
0.5410.04)
v

19.58 CO.67)

-0.74 (0.12)
0.89 (0.08)

II

0.50 (0.37)
0.22 (0.04)

1.3310.30)
0.59 (0.13)

Seasonal parameters
u (year)
w (year)

Merrys Beach

0.73 (0.051

0.76 (0.061

0.48 <0.021

0.29 CO.01}

0.87 CO.05)

0.39 <0.02)

Asymptote (mm)

143

151

126

133

118

140

133

Largest abalone (mml

151
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Figure 4
Predicted mean growth (solid linel and 50% confidence intervals (dashed line I of 65-mm blacklip abalone, Haliotis
rubra. over one calender year at two sites.

(Fig. 4). At Broughton Island I, Sydney I, Merrys
Beach, and Eden II there was no evidence of any significant seasonal variation in growth rates (Table 1).

Relation of growth to morphology
There were differences in the morphology of abalone
among sites. For example, the shells of abalone recaptured from Merrys Beach were, on average, wider,
heavier, and had a larger ridge than individuals of
the same length from Sydney II (Fig. 5>' There was a
significant difference among sites in the slope ofeach
of the relationships (t-tests, P<O.05), suggesting that
the difference in morphology of individuals among
sites changed with length. The shell of a 100-mm
abalone from Merrys Beach was, on average, approximately 5 mm wider, 8.3 g heavier, and had a 1.7 mm
larger ridge than the shell of a 100-mm abalone from
Sydney II (Fig. 5). Differences in the width and ridge
ofshells among the sites increased with length, whereas
differences in the weight ofshells decreased with length
(Fig. 5). The width, weight, and ridge of all shells were
each significantly correlated with the other variables
(width vs. weight r=O.76; width vs. ridge r=O.58; weight
vs. ridge r=O.68; n=390 for all correlations).
Abalone from sites where their average growth was
faster were morphologically different from those
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where their average growth was slower (Fig.
6). The residuals of the general growth model
were significantly higher at sites such as those
at Brqughton Island, Sydney II, and Eden II
than at Eden I, which was, in tum, significantly
higher than Merrys Beach and Sydney I, or
Bittangabee Bay <t-tests, P<0.05; Fig. 6). This
ranking corresponds closely with the estimates
of average growth rates in Table 1. The residuals of the relation between length and the independent variables width, weight, and ridge were
generally higher at sites where growth was also
high (Fig. 6). That is, given their width, weight,
and ridge, abalone at sites where they grew
quickly were longer than those where they grew
slowly. Alternatively, shells ofabalone ofa given
length at sites where they grew quickly were
thinner, lighter, and had a smaller ridge than
those at sites where they grew slowly.
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The intense spatial variation in growth that we
observed for Haliotis rubra in NSW appears to
be characteristic of abalone populations worldwide <Day and Fleming, 1992). At the smallest
spatial scale, there was significant variation in
the growth rate of abalone within sites. At a
larger scale, both average rates of growth and
the magnitude of within-site variation differed
among sites separated by only 1-20 km. Perhaps the most likely explanation for variation
in growth over these smaller spatial scales involves variation in the supply of food, related
to local habitat- and hydrographic conditions
<Day and Fleming, 1992). At the largest spatial
scale, average growth rates at the two sites on
Broughton Island were significantly higher
than all others. Broughton Island is approximately 300 km farther north than any of the
other sites, and abalone around the island are
likely to be exposed to higher water temperatures than abalone fa;rther south. Water temperature is known to affect th~ growth rate of
abalone <Day and Fleming, 1992), but the trend
in NSW stands in contrast to that found for H. rubra
in Tasmania, where abalone grow more slowly in the
warmer, northern areas (Nash, 1992).
Several previous studies have found a relation between the rate of growth and maximum size of abalone at a site (Shepherd and Hearn, 1983; McShane
et aI., 1988; Sloan and Breen, 1988; Nash, 1992). In
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Figure 5
Relationshjp between shell length and (Al shell width. (B> shell
weight, and Ie> shell ridge for blacklip abalone, Haliotis rubra.
recaptured from two sites. Filled circles and arabic numerals
denote abalone from Sydney II, and open squares and roman
numerals denote abalone from Merrys Beach. Numerals denote
the number ofcoincident points, and the lines were fitted by leastsquares.

general, abalone at sites where they grow quickly
reach larger sizes than those at sites where they grow
slowly. A similar situation appears to exist in NSW
where abalone from the two sites on Broughton Island had the fastest average growth rates and
reached the largest shell lengths (i.e. >150 mm, Table
1). In comparison, the slowest average growth rates
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Beach; EI and Ell =Eden I and II; BB =Bittangabee Bay.

were recorded at Sydney I where the largest abalone
was smaller than those at all other sites (i.e. 124 mm,
Table 1). Despite this general relationship, slow rates
of growth were recorded at Eden I, but growth was
expected to continue until 140 mm, and many abalone were found over 130 mm in length.
Direct comparison of growth rates estimated by
different studies are complicated by the variety of
methods used for tagging and analysis. For example,
tags attached by wire through an abalone's respiratory pore can affect growth (McShane et al., 1988),
and growth parameters estimated from tagging and
age-length data need to be interpreted differently
(Francis, 1988a). Any comparison of growth rates
among studies can also be confounded by the growth
model used to fit the observed increments (e.g. compare estimates of growth from the different models
used in Tables 1 and 2). When fitted with a similar
growth model to past studies, our estimates of the
growth of abalone in NSW span almost the entire
range of those from similar studies in other states of
Australia (Table 2). In addition, estimates of growth
at the two sites on Broughton Island are consistently
higher than any previously reported natural growth
rates for the species.

Relation of growth to morphology
Differences in the morphology of individuals among
populations have been reported for a range of gastropod species including abalone (see review by
Vermeij, 1980). Despite the significance of variation

in the morphology of Haliotis rubra in NSW, differences among sites were not large (e.g. compare with
those of Breen and Adkins, 1982). There was also
substantial variation in the morphology ofindividuals within sites. Despite little evidence, explanations
for the variation in morphology of abalone usually
concentrate on environmental rather than on genetic
factors (McShane et aI., 1988). As for other gastropods, it is likely that all aspects of shell growth that
result in morphological differences are influenced by
a variety of factors including exposure to wave action, diet, and water temperature CTissot, 1992; BeIda
et al., 1993). Although we only present evidence to
suggest that differences in morphology of the shell
exist among populations of Haliotis rubra, there is
also evidence for related morphological variation in
the soft tissues (McShane et al., 1988).
Differences in the morphology of Haliotis rubra
among sites were related to differences in growth.
At sites where they grew slowly, the shells of abalone were wider, heavier, and had a broader ridge
than those at sites where they grew quickly. These
observations are similar to those made on other species of abalone (e.g. Breen and Adkins, 1982; Shepherd and Hearn, 1983; Tissot, 1988) and perhaps are
not surprising considering that the processes proposed to influence both growth and morphology are
similar. Inclusion of the slow-growing population at
Bittangabee Bay strengthened the relation between
growth and morphology that was evident among the
seven sites where extensive tagging was done. Extensive tagging was not done at Bittangabee Bay
because few animals grow above the present 115-mm
legal length limit and hence the site is rarely fished
by commercial divers. Because of the relationship between the maximum size reached by abalone at a
site and their growth rate, very slow growing sites are
rarely visited by commercial divers and, consequently,
were not chosen for tagging in this study. As a result,
our estimates of growth represent the higher end of
the range of growth rates for abalone in NSW.
The increased width and weight ofshells from abalone that grew slowly in length imply that rates of
shell growth in width and weight are more consistent among sites than growth in length. This might
be explained by increased synthesis of the organic
matrix of the shell when energy is plentiful (Palmer,
1992) and can be devoted to expansion of the mantle
at the growing edge and hence to rapid growth in
length (BeIda et aI., 1993). Alternatively, when less
energy is available, reduced synthesis ofthe organic
matrix may result in a slower expansion of the growing edge of the mantle, causing slower growth in
length and proportionally more growth in width and
weight (Vermeij, 1980). Such an explanation would
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not require any variation in the rate
of incorporation of calcium-carbonate, which may continue regardless
of the,rate of synthesis of the organic
matrix (see similar arguments for
fish otoliths in Gauldie and Radtke,
1990). Because calcium-carbonate
dominates a shell by weight (Palmer,
1992), if the rate of incorporation of
calcium-carbonate was similar among
different populations, the total
weight of the shell might be a reliable indicator of the age of the abalone (see the literature on use of the
weight of otoliths to age fish, e.g.
Worthington et aI., in press). The
ability to age abalone is obviously
desirable, but much doubt exists
about present techniques of ageing,
particularly for Haliotis rubra (McShane and Smith, 1992). This uncertainty emphasizes the need to investigate alternative methods to age
abalone, one of which may be shell
weight (Worthington et aI., unpubl.
data).
Potential for alternative size
limits

Table 2
Comparison of estimates of growth for blacklip abalone, Haliotis rubra. Note
the estimated growth of abalone below 80 mm from Prince et al. (1988) was
detennined by analysis of size-frequency distributions; all other estimates were
derived from tags glued to the external surface of the shell. Expected annual
growth rate at 65, 90, and 115 mm is shown asg65' g90' andg 1l5 , respectively.
g65
Study and
location
Shepherd and Hearn, 1983
South Australia

McShane et al., 1988
Victoria

Prince et aI., 1988
Tasmania
McShane and Smith, 1992
Victoria

This study, NSW
Broughton Island
I
II

Sydney
I
II

g90

gU5

(mm'year 1 )

L_

k

(mm)

(year l )

21.3
21.3
26.4

14.1
14.4
18.0

6.9
7.6
9.7

139
143
144

0.34
0.32
0.41

13.1
16.5
16.1

6.8
9.2
10.2

0.5
1.8
4.3

117
121
133

0.29
0.35
0.27

21.0

12.6

6.3

140

0.29

26.9
16.5
7.8

19.2
9.2
4.3

11.5
1.8
0.8

152
121
121

0.37
0.35
0.15

38.0
28.0

25.7
19.8

13.3
11.5

142
150

0.68
0.40

16.3
32.1

9.3
21.1

2.3
10.1

123
138

0.33
0.58
,

The present 1I5-mm minimum legal
11.7
0.57
Merrys Beach
22.6
0.9
117
length limit is enforced along the
Eden
entire coast ofNSW for both the com12.1
6.2
141
0.27
18.0
I
mercial and recreational fisheries.
17.9
5.5
126
0.69
30.4
II
This size limit was chosen by considering average rates of growth, mortality, and reproduction in an attempt
significantly to other populations because of the reto maximize yield from the entire stock. The intense
stricted dispersal of larvae (see also Tegner, 1993).
spatial variation in growth that we have described
In addition, because of the link between growth rate
creates several problems which combine to restrict
and the maximum length of abalone at a site, as the
the effectiveness of the length limit. For example,
maximum length of abalone at the site is below the
because the 1I5-mm length limit was chosen by conminimum length limit, many populations can never
sidering average rates of growth, it is less appropribe fished. Different length limits related to the
ate for sites where abalone grow faster or slower than
growth 'of abalone at a site would be desirable, but
average. At sites where they grow quickly, abalone
considering the small spatial scales over which sigrapidly reach the minimum legal length and may be
nificant differences in growth can occur, their enforceharvested before contributing significantly to levels
ment would be impractical.
of egg production. Because of the limited dispersal
An alternative approach to applying different
oflarval abalone (Prince et aI., 1987), such sites have
length limits would be to enforce a size limit based
a limited capability to recover after fishing and hence
on shell width. Because of the differences in mormay easily become overexploited. In contrast, at sites
phology ofabalone among sites with different growth
where they grow slowly, abalone take a longer time
rates, a width limit would allow individuals from sites
to reach the minimum legal length limit, and few
where they grow slowly to be' removed at shorter
are removed by divers. Consequently, rates of egg
lenf.Jths than those where they grow quickly. This
production may be high but they do not contribute
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would have two potentially desirable consequences.
First, it would distribute effort more evenly across
sites with the entire range of growth rates. This
would occur because more abalone could be collected
from sites where they grow slowly, and less would be
available at sites where they grow quickly. Following the progressive increase in length limit during
the 1980's, most fishing became concentrated at sites
where abalone grew quickly (see also McShane, 1992).
As described above, the length limit at these sites was
also lower than appropriate, which in combination with
the intense fishing effort, so that populations at sites
where growth was fast were exploited at considerably
higher rates than those for other populations.
The second desirable consequence of enforcing a
width limit would be to allow the collection of abalone from sites that are presently unfished because
abalone grow very slowly and few reach the minimum legal length (i.e. as stunted abalone). If an appropriate width could be chosen, more abalone would
be available for collection at sites where they grow
slowly, making it viable for divers to visit such sites.
There is some evidence to suggest that growth rates
ofindividuals at sites where they appear stunted are
limited by a lack of available food (Shepherd and
Hearn, 1983). By removing individuals, more food
may be available to those that remain and their
growth rates may, in turn, increase.
Considering the frequency of studies repOl:ting
covariation in growth and morphology of abalone, we
suggest that alternative size limits appear to have
the potential to improve the management of many
abalone fisheries. The intense spatial variation in
growth and related differences in morphology of
Haliotis rubra in NSW, and the ease with which shell
width can be measured, make a size limit based on
width a potential alternative to the present length
limit. The application of a width limit would allow
abalone that have grown at different rates to be harvested at different lengths, essentially enforcing different length limits over very small spatial scales.
As a consequence, the potentially damaging imbalance in exploitation rates among sites with different
rates of growth in length would be avoided.

Acknowledgments
DGW and NLA would like to acknowledge the foresight ofGH in the initiation of the tagging program
and in the subsequent retention ofrecaptured shells.
Others who helped tag and recapture abalone include
T. Butcher and J. Matthews. R. I. C. C. Francis provided us with Grotag, and G. Gordon and M. Krogh
helped with programming. N. Bentley, P. Brett, P.

Fishery Bulletin 93(3), J 995

Fairweather, D. Ferrell, R. I. C. C. Francis, and W.
Nash helped improve various drafts ofthe manuscript.

Literature cited
BeIda, C. A., C. Cuff, and D. Yellowlees.
1998. Modification of shell formation in the giant clam.
Tridacna gigas, at elevated nutrient levels in sea
water. Mar. BioI. 117:251-257.
Beverion, R. J. H., and S. H. Holt.
1957. On the dynamics ofexploited fish populations. U.K.
Minist. Agric. Fish. Fish. Invest. lSer. 2) 19. 533 p.
Breen, P.A.
1986. Management of the British Columbia fishery for
northern abalone (Haliotis kamtschatkana). Can. Spec.
Publ. Fish. Aquat. Sci. 92:300-312.
Breen, P. A., and B. E. Adkins.
1982. Observations of abalone populations on the north
coast of British Columbia, July 1980. Can. MS Rep. Fish.
Aquat. Sci. 1633,55 p.
Day, R. W., and A. E. Fleming.
1992. The determinants and measurement of abalone
growth. In S. A. Shepherd, M. J. Tegner, and S. A. Guzman
del Proo (eds. I, Abalone of the world: biology, fisheries and
culture, p. 141-168. Fishing News Books. Oxford.
Francis, R. I. C. C.
1988&. Are growth parameters from tagging and age-length
data comparable? Can. J. Fish. Aquat. Sci. 45:936-942.
1988b. Maximum likelihood estimation of growth and
growth variability from tagging data. N .Z. J. Mar. Freshwater Res. 22:42-51.
In press. An alternative mark-recapture analogue of
Schnute's growth model. Fish. Res.
Gauldie, R. W., and R. L. Radtke.
1990. Microincrementation: facultative and obligatory precipitation of otolith crystal. Compo Biochem. Physiol.
97A:137-144.
Goodyear, P. C.
1998. Spawning stock biomass per recruit in fisheries management: foundation and current use. Can. Spec. Publ.
Fish. Aquat. Sci. 120:67-81.
Guzman del Proo, S. A.
1992. A review of the biology of abalone and its fishery in
Mexico. In S. A. Shepherd, M. J. Tegner, and S. A. Guzman
del Pr60 leds.l, Abalone of the world: biology, fisheries and
culture, p. 341-360. Fishing News Books, Oxford.
Hamer,G.
1988. NSW abalone stock assessment shows effort should
be reduced. Aust. Fish. 42:7-11.
McShane, P. E.
1992. Exploitation models and catch statistics ofthe Victorian fishery for abalone Haliotis rubra. Fish. Bull.
90:139-146.
McShane, P. E., and M. G. Smith.
1992. Shell growth checks are unreliable indicators of age
of the abalone Haliotis rubra (Mollusca: Gastropodal.
Aust. J. Mar. Freshwater Res. 43:1215-1219.
McShane, P. E., M. G. Smith, and K. H. H. Beinssen.
1988. Growth and morphometry in abalone (Haliotis rubra
Leach) from Victoria. Aust. J. Mar. Freshwater Res.
39:161-166.
Nash, W.J.
1992. An evaluation ofegg-per-recruit analysis as a means

Worthington et al.: Alternative size limits for Haliotis rubra in New South Wales, Australia

ofassessing size limits for blacklip abalone (Haliotis rubra)
in Tasmania. In S. A. Shepherd, M. J. Tegner, and S. A.
Guzman del Pr60 (eds. I, Abalone ofthe world: biology, fisheries and culture, p. 318-338. Fishing News Books, Oxford.
Palmer, A. R.
1992. Calcification in marine molluscs: How costly is
it? Proc. Nati. Acad. Sci. USA 89:1379-1382.
Prince, J. D., T. L. Sellers, W. B. Ford, and S. R. Talbot.
1987. Experimental evidence for limited dispersal of
haliotid larvae (genus Haliotis; Mollusca: Gastropoda). J.
Exp. Mar. BioI. Ecoi. 106:243-263.
Prince, J. D., T. L. Sellen, W. B. Ford, and S. R. Talbot.
1988. Recruitment, growth. mortality and population structure in a southern Australian population of Haliotis rubra
(Mollusca: Gastsropodal. Mar. BioI. 100:75-82.
Sainsbury, K. J.
1982. Population dynamics and fishery management ofthe
New Zealand abalone Haliotis iris. I: Population structure,
growth, reproduction and mortality. N.Z. J. Mar. Freshwater Res. 16:147-16l.
Schnute,J.
1981. A versatile growth model with statistically stable
parameters. Can. J. Fish. Aquat. Sci. 38:1128-1140.
Shepherd, S. A., and W. S. Hearn.
1985. Studies on southern Australian abalone <Genus
Haliotis>. IV: Growth of H. laevigata and H. ruber. Aust.
J. Mar. Freshwater Res. 34:461-745.
Sloan, N. A., and P. A. Breen.
1988. Northern abalone, Haliotis kamtschatkana, in Brit-

561

ish Columbia: fisheries and synopsis of life history
information. Can. Spec. Publ. Fish. Aquat. Sci. 103,46 p.
Teper, M. J.
1993. Southern California abalones: Can stocks be rebuilt
using marine harvest refugia? Can. J. Fish. Aquat. Sci.
50:2010-2018.
Tegner, M. J., P. A. Breen, and C. E. Lennert.
1989. Population biology of red abalones, Haliotis rufescens,
in southern California and management ofthe red and pink,
H. corrugata, abalone fisheries. Fish. Bull. 87:313-339.
TiS8ot, B. N.
1988. Morphological variation along intertidal gradients in
a population of black abalone, Haliotis cracherodii Leach,
1814. J. Exp. Mar. BioI. Ecol. 117:71-90.
1992. Water movement and the ecology and evolution of
the Haliotidae. In S.A. Shepherd,~.J. Tegner, and S.A.
Guzman del Pr60 (eds.>, Abalone ofthe world: biology, fisheries and culture, p. 34-45. Fishing News Books, Oxford.
Vermeij, G. J.
1980. Gastropod shell growth rate, allometry, and adult
size: environmental implications. In D. C. Rhoads and
R. A. Lutz (eds.), Skeletal growth in aquatic organisms, p.
379-394. Plenum Press, New York.
Worthington, D. G., P. Doherty, and A.J. Fowler.
In press. Variation in the relationship between otolith
weight and age: implications for the estimation of age of
two tropical damselfish (PomacentruB moluccensis and P.
wardil. Can. J. Fish. Aquat. Sci.

