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ABSTRACT: The growth of both natural and artificially seeded populations of Anadara granosa (L.)
was monitored at 2 locations on the west coast of West Malaysia. Growth conforms to the von
Bertalanffy model and the best estimates of the growth constant (k) and asymptotic length (L) are 1.01
yr'! and 44.4 mm respectively for populations under optimum conditions. Initial results from natural
populations indicated that density and exposure (height on the shore) are the major factors exerting an
influence on growth rate. There was no evidence of any seasonal variation in growth but other factors
such as extreme salinity fluctuations may be important in marginal populations. A series of field
experiments confirmed the observations on natural populations that density and exposure do indeed
have a marked effect upon growth. However, equal changes in exposure do not produce proportional
changes in growth rate. It is suggested that the observed pattern may be part of a general negative
sigmoidal relationship between growth and exposure. A relation which links growth (in the form of a
variable asymptotic size} to population biomass (dry weight tissue per unit area) is developed as a first
step toward accounting for the effects of changes in population biomass on predicted growth rates and

yields.

INTRODUCTION

The arcid bivalve mollusc Anadara granosa (L.) (loc-
ally known as a cockle, although this term has no
taxonomic significance) is an important natural marine
product in Malaysia. In 1979 a total of 63,412 metric
tons were landed, accounting for 11.1 % of the total
catch (by weight) of marine species. Only trash fish
(26.4 %) and penaeid prawns (12 %) accounted for
greater proportions of the catch (Government of
Malaysia, 1980).

The bivalve is the subject of both a fishery (from
natural populations) and extensive culture operations
but despite the fact that it is such a valuable resource
little work has been done to collect and standardise
data on growth and mortality so that it might be util-
ised to predict yield under varying conditions. Pathan-
sali and Soong (1958) and Pathansali (1963a, b, 1966)
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provide some information on some aspects of the biol-
ogy of this organism and of culture techniques but this
is not sufficient for the purposes of efficient manage-
ment. Yoo (1971) has provided information on the
growth of a subspecies, Anadara granosa bisenensis
Schrenck et Reinhart, from Korea, but this appears to
be a slower-growing form (possibly due to the differ-
ence in latitude} and his data are not applicable in
Malaysia.

As part of a programme to provide additional data for
management purposes the growth of natural, artifi-
cially seeded and experimental populations was
studied between 1977 and 1979 and this paper pre-
sents the results of those studies. The term 'natural
population’ refers to one which has become estab-
lished as the result of a natural spatfall. The term
‘artificially seeded population’ means one placed by
local culturists in an area where spatfall does not occur
naturally, and the term ‘experimental population’
refers to one set up by the author as part of a field
experiment.
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METHODS
Natural and Artificially Seeded Populations

Two natural populations and 3 artificially seeded
populations were monitored. The natural populations
were at Sungei Buloh (3° 15' N, 101° 18" E) and Kuala
Selangor (3° 20° N, 101° 14" E) on the west coast of
peninsular Malaysia. The position of the natural popu-
lation at Kuala Selangor is illustrated in Fig. 1 and the
position of that at Sungei Buloh is illustrated in Broom
(in press). General site characteristics are also givenin
Broom (in press) but it should be noted that the natural
population at Sungei Buloh was subjected to extreme
tidal salinity changes from 28 %. S at high tide to as
little as 5 %o S approaching low tide (at low tide the site
is exposed), coupled with very high concentrations of
suspended solids at periods of maximum flow.
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Fig. 1. Map showing the positions of study populations of

Anadara granosa at Kuala Selangor. Dotted line: boundary of

A. granosa populations. Broken line: edge of mudflat. Stilted

circles: edge of mangrove swamp forest. Figures against the

transect lines (solid circles) represent height above chart
datum (cm)

The artificially seeded populations were all at Kuala
Selangor. Their positions are shown in Fig. 1. They are
labelled Sites 2 and 3 to distinguish them from the
natural population (Site 1). Table 1 summarises the
range of elevations occupied by the populations and
the periods over which they were studied.

Between 10 and 20 samples were collected from
each of the populations at 1 to 2 mo intervals by means
of a hand-held dredge operated from a small dinghy.
The dredge consisted of a wire basket-like structure
affixed to a long wooden pole. It retained bivalves
larger than 2 mm in their smallest dimension and
sampled an area of 0.4 m? The samples thus obtained
also provided the population density estimates to
which reference is made under 'Results’ when appro-
priate. Specimens of Anadara granosa were subse-

Table 1. A summary of shore elevations occupied by the
populations of Anadara granosa and periods during which
they were sampled. (CD = chart datum)

Site Elevation Period studied

(cm above CD)

140-200  Jul 1977-Aug 1978
200-320  Aug 1978-Aug 1979
125-175  Aug 1977-Mar 1978
75-150  Jul 1978-Jul 1979
100-200  Aug 1977-May 1978

Sungei Buloh

Kuala Selangor Site 1
Kuala Selangor Site 2
Kuala Selangor Site 2
Kuala Selangor Site 3

quently sorted into different year classes. If possible a
subsample of 100 individuals was taken from each year
class on each sampling occasion and the specimens in
the subsample were each weighed whole to the near-
est 0.01 g after first blotting off excess water. However,
older year classes occurred in very low densities and in
these cases as many individuals as possible were
weighed. At Kuala Selangor, Site 1, a careful note was
kept of the area from which each sample was taken
and of the characteristic fauna associated with it. In
this manner it was possible to identify sub-populations
within the site and growth rates of these could be
examined separately.

On one occasion (14 February 1978) 45 samples were
collected from the natural population at Sungei Buloh
using a Birge-Ekmann box sampler of area 225 cm?
Specimens of Anadara granosa were separated from
the sediment and those in each sample were counted
and weighed as a group, allowing the generation of a
density-mean weight matrix of data.

Experimental Populations

In May 1978 field experiments were set up at Kuala
Selangor in the area marked as Site 4 (Fig. 1). Five
plots measuring 10 X 10 m each were marked off with
long wooden stakes at an elevation of approximately
250 cm above chart datum (CD). They were sown as
evenly as possible with young Anadara granosa at
densities of 125, 625, 1250, 1875 and 2500 m™. An
additional 3 plots measuring 10 X 10 m were each
marked out at elevations of 150, 200 and 250 cm above
CD and sown with young A. granosa at a density of
100 m~2. Samples were collected from all plots at inter-
vals dictated by weather conditions using the dredge
mentioned above. At plots with initial densities of 625
m~ or more only one sample was collected on each
occasion and a sub-sample of 100 bivalves was
removed and each weighed individually to the nearest
0.01 g. At plots with densities of 100 or 125 m™2 samples
were collected until at least 50 individuals had been
obtained and all those collected were individually
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weighed. The samples were not replaced in the plots.
For the lowest density of 100 m~2 this represented a
total removal during the sampling period, at ca 100
sample™?, of 7 % of the number in the plot. This is
assumed not to have had any measurable effect upon
growth rates. Sampling continued until March 1979.

Treatment of Data

For comparative purpose, and to provide information
that may subsequently used in computation of yield, it
is necessary to fit the data to a model. The von Ber-
talanfty growth equation is used here as a model for
growth of Anadara granosa for the following reasons
and in the following manner.

The growth curves for both length and weight of
many organisms are sigmoid (e. g. Crisp, 1971; Ricker,
1975) and molluscs in general are no exception (e. g.
Yamaguchi, 1975; Ansell and Parulekar, 1978). Over a
sufficiently long period the growth of Anadara granosa
is also sigmoid. The original intention was to compute
a growth constant for increases in weight, and an
asymptotic weight, directly. However, in many in-
stances — particularly at the artificially seeded sites —
monitoring could not be continued for a sufficiently
long period (due to harvesting by local culturists) for
the sigmoid form to manifest itself. Therefore all
weight data were converted to mean length for pur-
poses of analysis. This conferred the additional advan-
tage that early data points (when rate of increase in
weight was still increasing) which would otherwise
have been omitted, could now be included in the
analysis. Mean weights were converted to mean length
using the following expressions which are based upon
150 total wet weights (to the nearest 0.01 g) and
lengths (to the nearest 0.1 mm) in each case.

£ = 0.931
= 0973

L = 1.490 W0313
L = 1.585 W02

Kuala Selangor:
Sungei Buloh:

where L = length (cm); W = total wet weight (g);
r? = coefficient of determination. The logarithmic
forms of these expressions, including standard errors in
parentheses, are

Kuala Selangor:

log L = 0.3131 (* 0.0070) log W + 0.1731 (% 0.0058)
Sungei Buloh:

log L = 0.2885 (* 0.0041) log W % 0.0024)

(The converse expressions from Broom (1982) calcu-
lated with length as the independent variable, are:

W = 0.245 1329 2 = 0.993
W= 0.21513¥ Z=0.986

K. Selangor:
S. Buloh:

The higher values of the coefficient of determination,
r?, show that more of the variation in Wis explained by
variation in Lthan vice versa and in retrospect it would
have been preferable to measure length directly. But
the differences in r? are not large so that the additional
error introduced by taking weights is small.)

Measurements of the growth in length of the 1979
settlement of Anadara granosa at Site 1, Kuala Selan-
gor indicate that the first inflexion point occurs at a
length of 4-5 mm (Broom, in press). It is therefore
assumed that for all sizes greater than 5 mm the length
increment per unit time of A. granosa, over short time
intervals, can be adequately described by the deriva-
tive of the von Bertalanffy growth equation viz:

dl/dt = k (L., —1) (1)

where dl/dt is the increment per unit time between
successive sampling dates (mm yr!), 1 is the mean
length (mm) for the same time interval, k is a constant
(the growth constant) and L, is also a constant (the
asymptotic length). On the basis of this assumption the
growth data for natural and artificially seeded popula-
tions have been fitted to Equation 1 by least squares
regression.

Benthic Layer Chlorophyll a Measurements

One hypothesis erected to account for some of the
results described below is that a dense population of
Anadara granosa might significantly reduce the con-
centration of food available to it in the near-bottom
benthic layer. To test whether or not this might be true
an attempt was made to measure the standing crop of
benthic microalgae immediately above the sediment
over (1) a dense bed of A. granosa and (2) an area of
virgin mud. The dense bed of A. granosa (ca. 1000 m™3)
was a ‘nursery’ area established by local culturists
between Sites 3 and 4. Adjacent to this and immedi-
ately upstream from it was an area of mudflat which
had not been utilised for culture for a period of 1 yr
previously. On 22 January 1979 10 samples of water
were collected from within 5 cm of the surface in each
of these areas. Collection was carried out using ‘snor-
kelling' equipment, each bottle being carried down to
the bottom and opened in an undisturbed area. The
samples were filtered through a GF/C glass fibre filter
paper and the residue analysed for chlorophyll a (cor-
rected for contribution by phaeopigments) and sus-
pended solids following procedures described by
Strickland and Parsons (1968). Acetone was used as the
solvent and concentrations of chlorophyll a were calcu-
lated using the monochromatic expression given by
Strickland and Parsons (1968, p. 194).
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RESULTS

The growth in weight of the 1977 and 1978 year
classes of Anadara granosa at Sungei Buloh is shown
in Fig. 2. The curves have been fitted by eye. For the
1977 year class 2 curves are presented, 1 passing
through the majority of points and 1 passing through 4
depressed points. The depressed points fit well into a
curve of their own but do not fit the general curve.
Temporal variations in external factors such as food
supply, temperature and salinity in this area were not
sufficient to explain such growth variations (see
Broom, in press). The depressed points did not corres-
pond with known spawning times nor was there any
evidence of sudden, size-selective mortality.

~ o [} ~
T T T T

w
_

MEAN WET WEIGHT (g)
~
T

T
A\

1977 1978

Fig. 2. Anadara granosa. Variation with time of mean wet

weight of a population at Sungel Buloh. 1977 md: 1977 year

class, moderate density; 1977 hd: 1977 year class, high

density; 1978: 1978 year class. Mean and one standard devia-

tion are presented. Sample size 100, unless otherwise indi-
cated by figures above sample points

Table 2. Anadara granosa. Concentrations of chlorophyll a

(chl. ‘@’ mg m™3), and suspended solids (s. s., g m™) in near-

bottom water above a dense population and above an adja-

cent, unpopulated mudflat. x = mean value, s = standard
deviation, F = variance ratio, n = 10

Parameter Dense Unpopulated F
population area
X s X s
Chl. ‘a’ {mg m™) 774 2.16 174 290 705"
s.s. (g m™) 138 47 87 32 8.1°
ug chl. a (g.ss)? 62 24 225 77 367"

* 0.05 > p > 0.01
©*r p < 0.001

However, the depressed points of the curve did cor-
respond with occasions when particularly high esti-
mates of density were obtained (Fig. 3). The results of
the estimates of chlorophyll a concentrations above
populated and unpopulated areas of mudflat, pre-

sented in Table 2, show that a dense population of
Anadara granosa may reduce such concentrations. If
chlorophyll a is taken as a useful proxy measure of
nutritive material available to the bivalve then the
overall effect might be a reduction in growth rate,
especially as the concentration of suspended solids
above the A. granosa population was elevated (pos-
sibly due to production of faecal material with a low
bulk density), thus effectively diluting the available
chlorophyll a still further. Bayne and Worral (1980)
have shown that for Mytilus edulis the ratio between
total seston (= total particulate matter in suspension)
and particulate organic matter has a crucial influence
upon growth rates because the diluting effect of inor-
ganic matter reduces assimilation efficiency. This
could be particularly important in a highly turbid area
such as a mudflat. The depressed points occurred in
the latter half of the year when biomass increases
would be expected to have their maximum effect in
dense patches; it is therefore concluded that they result
from the collection of excess samples from areas of
high density and depressed growth. This view is sup-
ported by evidence from the density-mean weight data
matrix (Fig. 4). This shows a trend towards a progres-
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Fig. 3. Anadara granosa. Variation with time of population

density at Sungei Buloh. Figures above sample points repre-

sent number of samples taken. Mean and one standard error

are presented. Arrowed points correspond to low mean
weight estimates
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Fig. 4. Anadara granosa. Plot of mean wet weight against
population density for individuals collected from Sungei
Buloh on 14 February 1978
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sively smaller mean weight at progressively greater
densities. The exact form such a relationship might
take is uncertain but a plot of log density against mean
wet weight yields a significant negative correlation
(r=-0.8157; p<0.01; d.f. = 44).
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Fig. 5. Anadara granosa. Variation with time of mean wet

weight of sub-populations at Kuala Selangor, Site 1. Max-

imum density < 500 m™%: 1 = 320 c¢m above CD, 1978 year

class; 2 = 320 cm above CD, 1977 year class; 3 = 270 cm

above CD; 4 = 200 cm above CD: Maximum density > 1000

m~2: 0220 to 250 cm above CD. Maximum density 500 to 1000
m~? incl. Pelecyora trigona: m 260 cm above CD

At Kuala Selangor, Site 1, distinctions were drawn
between sub-populations of Anadara granosa of mod-
erate density at 3 different elevations (200, 270 and
320 cm above CDJ}, a denser sub-population where
large quantities of dead shell were found, and an area
containing a potential competitor, the bivalve Pelecy-
ora trigona (Reeve) (at 260 cm above CD).

The growth in mean weight of each sub-population
is illustrated in Fig. 5 and the full data are summarised
in Table 3. Between June and August large-scale har-
vesting was carried out between elevations of 200 and
270 cm above CD and as a consequence the August
point for the 200 c¢cm sub-population is based on the
weights of only 13 individuals. However, by June vir-
tually all the members of the population were of a size
that would be retained by commercial dredges and the
13 specimens collected in August are not thought to
represent a size-selected population. On the other
hand the frequency distributions of samples taken from
270 cm above CD on 4 June and 6 August 1979 indi-
cated that in these cases some degree of size selection
had taken place and the final 2 points are undoubtedly
depressed somewhat.
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Fig. 6. Anadara granosa. Variation with time of mean length
of individuals from artificially seeded sites at Kuala Selangor.
e Site 2, 1977/78; a Site 2, 1978/79; O Site 3, 1977/78

Table 3. Anadara granosa. Changes in mean wet weight of sub-populations from Kuala Selangor, Site 1

both Anadara granosa and Pelecyora trigona combined

200 cm above CD 270 cm above CD 320 cm above CD 320 ¢cm above CD 220-250 cm 260 cm above CD
Density <500 m™? Density <500 m™ 1978 yr class 1977 vyt class above CD + P. trigona
Density <500 m™2 Density <500 m~2 Density > 1000 m™2 500-1000 m™
Date w s n w s n w s n w s n W s n W s n
11/8/78 140 0.23 40
29/9/78 2.32 0.65 100 141 0.59 100 0.70 0.24 100
25/10/78 1.75 0.63 100 1.16 046 100 1.05 038 100
10/12/78 528 1.11 60 3.10 0.68 100 141 0.53 100 6.58 1.30 21 1.81 0.25 40 1.67 0.65 100
8/2/79 6.92 125 80 4.80 1.02 100 143 065 95 710 1.65 40 3.05 0.78 100 3.48 0.83 100
8/4/79 545 143 100 1.33 0.62 100 742 130 16 3.02 0.96 100 4.83 1.18 100
20/5/79 2.23 0.82 100 8.30 140 15
4/6/79 5.58 140 100 443 1.14 100 5.57 135 100
17/6/79 2.48 0.83 100 8.14 0.83 32
6/8/79 1093 1.86 13 6.08 153 60 247 112 56 9.38 2.31 25

W mean wet weight (g). s standard deviation, n number of individuals weighed. In the final column the density referred to is that of
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Table 4. Anadara granosa. Changes in mean wet weight of artificially seeded populations at Kuala Selangor, Sites 2 and 3

Site 2 Site 3
1977/78 1978/79 197778
1977 1977 1978 1975 1976 1977
Date yt class Date yr class yr class Date yr class yr class yT class
w s w s n w S w s n w S n w S

4/8/77 0.83 0.34 13/7/78 13.27 194 5 0.69 0.28 4/8/77 18.15 095 8 048 0.34
/9177 112 0.63 11/8/78 13.89 4.09 7 1.17 0.40 5/10/77 20.37 2.39 6 1315 280 50 1.15 043
5/10/77 1.63 041 25/10/78 1.86 0.77 5/11/77 20.81 209 10 1541 283 30 280 131
5/11/77 251 0.73 5/1/79 16.53 295 12 4.41 1.09 3/1/78 2249 210 6 1648 138 16 470 1.38
3/1/77 386 143 10/3/79 1692 478 13 6.19 1.47 3/3/78 1851 152 20 6.78 1.52
1/2/78 535 1.01 25/5/79 7.47 1.87 30/3/78 19.23 344 23 6.87 1.59
3/3/78 6.48 1.73 21/7/79 19.54 272 5 10.64 2.13 28/5/78 20.87 370 21 1069 227
W mean wet weight (g); s standard deviation; n number of individual measurements. For all populations with an average initial
weight less than 1 g, n= 100

Fig. 5 shows that in the area encompassed by Site 1
there may be considerable variation in growth rates
exhibited by different sub-populations. In particular
there were marked differences between sub-popula-
tions at different densities but broadly comparable
elevations. Sigmoid curves were exhibited by those
sub-populations that occurred at moderate elevations
and densities. In those populations which were subject
to more extreme conditions such as high density and/or
high elevation the sigmoid form is not discernible,
possibly because growth was very slow and sampling
error too large to allow small changes to be accurately
detected.

Data on changes in mean weight of different year
classes in the artificially seeded populations at Sites 2
and 3 are presented in Table 4. The mean weights
given in this table have been converted to mean length
and are presented graphically in Fig. 6. At Site 2,

1977/78, the whole population was harvested rapidly
after March 1978. At Site 2, 1978/79, harvesting took
place from April 1979 onwards. In the early stages this
was size-selective and accounts for the apparent
decrease in growth rate between March and May.
However, by the end of May the majority of the popu-
lation had reached a catchable size so that the increase
in weight between May and July is probably a reason-
able estimate of growth.

Taking the results as a whole it is clear that there is a
progressive decrease in growth rate as size increases
and this approximates to a von Bertalanffy model.

After converting all weight data to mean length the
appropriate growth constants have been calculated
from the derived regression equations using Equa-
tion 1 as a model. The information thus obtained is
presented in Table 5. Estimates of growth increments
in the artificially seeded populations thought to have

Table 5. Anadara granosa. Growth constant (k) and asymptotic size (L,.) of several populations obtained when data on growth in
mean length are fitted to Equation 1

Population or collection k SE(k) L r? F d.f.
of data points (yrh) (mm)
K.S. Site 1, 200 cm 1.35 0.840 37.0 0.564 2.04 1, 2
K.S. Site 1, 270 cm 4.17 0.579 26.5 0.946 52.07"" 1, 3
K.S. Site 1, 260 cm 1.37 0.704 334 0.558 3.79 1, 3
+ Pelecyora trigona
K.S. Site 2, 77/78 0.28 0.745 60.8 0.034 0.14 1, 4
K.S. Site 2, 78/79 0.99 0.287 41.1 0.630 11.93° 1, 7
K.S. Site 2, 77/78/79 0.91 0.249 43.8 0.505 13.28"" 1,13
K.S. Site 3, 77/78 1.42 0.154 42.8 0.554 13.14"" 1,11
K.S. Sites 2 & 3, all data 1.01 0.220 44.4 0.451 21.32°*° 1,26
S. Buloh . 2.99 0.535 27.6 0.862 31.21°" 1, 5
moderate density
S. Buloh, high density 2.15 0.808 27.1 0.780 7.10 1, 2
F variance ratio of least squares regression; r? coefficient of determination; d.f. degrees of freedom (of F estimate); SE (k)
standard error of k; * 0.05>p>0.01; ** 0.01>p>0.001, *** p<0.001




Broom: Growth

been affected by size-selective mortality, were omitted
from the data used to produce the regressions. The
asymptotic size predicted from the largest collection of
data points (all data for Sites 2 and 3) is in good
agreement with the size of the largest individuals
found in the field which seldom exceeded 45 mm in
length.

The results reflect the conclusions already drawn
from Figs. 2, 4 and 5 in that the L, values are reduced
and k values increased at high elevations and/or high
densities. Not all the data yield significant regressions
and where non-significance occurs little confidence
can be placed in the predictions for L, and k.
Nevertheless, non-significance is usually the result of
regressions based on too few data points rather than on
extremely variable data.

The data relating to increase in weight of Anadara
granosa in the field experiments are presented in
Tables 6 and 7, and the corresponding mean length
values are plotted in Fig. 7. A 't"test of the hypothesis
that there is no difference between the mean weights
of populations in adjacent experimental plots on the
final sampling date indicates that there were, in fact,
significant differences between all pairs tested except
for the groups initially sown at 2500 and 1875 m™,
although even for this pair the probability that the

of Anadara granosa 75

samples were not drawn from substantially different
populations is not greater than 10 %. The relevant
statistical information concerning this test is presented
in Table 8.

A plot of the weight vs. time data presented in
Tables 6 and 7 actually gives the impression that the
growth curves are continually diverging. However,
when mean weights are converted to mean lengths this
impression disappears and it would be difficult to
ascribe a form other than a straight line to the growth
in length of most of the experimental populations. It is
assumed, for the purposes of an analysis presented
below, that the apparent straight-line growth is a small
section of a von Bertalanffy-type growth curve.

DISCUSSION

The results of the study of natural populations indi-
cate that density and exposure are the major factors
controlling growth of Anadara granosa. Field experi-
ments confirm that both density and exposure can
affect growth but it is difficult to decide which is more
important. Work on other intertidal molluscs seem to
point to density as the more important factor. For
example, Sutherland (1970) found growth in popula-

Table 6. Anadara granosa. Changes in mean wet weight of individuals placed in experimental plots at Kuala Selangor at

different initial densities

Initial density Initial density Initial density Initial density Initial density
2500 m~2 1875 m™? 1250 m™2 625 m™2 125 m™?
Date w s n \4 S n w s n w S n w s n
15/5/78 0.23 0.11 200 0.23 0.11 200 0.23 0.11 200 0.23 0.11 200 023 0.11 200
27/8/78 0.38 021 100 0.47 037 100 0.76 0.36 100 079 0.36 100 0.98 047 50
10/10/78 0.49 036 100 0.63 034 100 0.84 032 100 1.09 044 100 1.38 054 50
23/11/78 0.59 034 100 075 031 100 092 040 100 1.23 0.53 100 1.56 0.55 50
22/1/79 0.94 057 100 1.23 053 100 1.34 053 100 1.66 0.55 100 235 070 50
7/3/79 1.36 0.64 100 1.47 063 100 1.90 075 100 246 1.14 100 345 090 50
W = mean wet weight (g}, s = standard deviation, n = number of individuals measured

Table 7. Anadara granosa. Changes in mean wet weight of individuals placed in experimental plots at Kuala Selangor at

different heights above chart datum (CD)

250 cm above CD 200 cm above CD 150 cm above CD
Date w S n w s n w S n
15/5/78 0.23 0.11 200 0.23 0.11 200 0.23 0.11 200
26/7/78 0.49 0.24 100 0.62 0.37 100 0.69 0.28 100
10/10/78 1.06 0.51 100 1.27 0.54 80 1.86 0.88 100
23/11/78 1.36 0.59 100 1.75 0.75 100 3.20 0.80 64
22/1/79 2.38 0.67 80 2.52 0.65 100 4.52 1.52 66
7/3/79 3.45 1.04 100 3.68 0.85 100 5.71 1.63 64
W = mean wet weight (g}, s = standard deviation, n = number of individuals measured
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Fig. 7. Anadara granosa. Variation with time of the mean

length of experimental populations at Site 4, Kuala Selangor

at different initial densities (a) and different elevations on the
shore (b).® is initial size

Table 8. Anadara granosa. Results of a 't’ test on the final
mean weights of adjacent populations in experimental plots

Pair tested t d.f. Significance

Density:
2500 m2 vs. 1875 m™? 1.73 198  0.1>p>0.05
1875 m 2 vs. 1250 m™2  6.21 198 p < 0.001
1250 m2 vs. 625 m™ 5.80 198 p <0.001

625m2vs. 125m 536 148 p < 0.001
Exposure:
250 cm vs. 200 cm 2.42 198 0.02>p>0.01
200 cm vs. 150 cm 10.43 162 p<0.001
t Student's 't'; d.f. degrees of freedom

tions of Acmaea scabra in California to be faster at
higher shore levels than at lower levels, and Green and
Hobson (1970) observed a similar pattern in the growth
of the infaunal bivalve Gemma gemma. In both cases
higher densities at lower elevations inhibited growth.
There are other factors which may be of importance.
For example, Green (1973) found that in Arctic popula-
tions of Macoma balthica growth was faster at higher

than at lower elevations but attributed this to the
greater mean temperatures at the higher elevations.
Beukema et al. (1977) reported variations in growth
rate of M. balthica in the intertidal areas of the Dutch
Waddensea to be related both to time available for
feeding and to food supply (in the form of standing
crop and production of benthic microalgae) so that
growth was often faster at moderately high elevations
than at low elevations.

That factors other than density and elevation may
affect the growth of Anadara granosa is shown by the
poor average growth rate of the moderately dense
portion of the population at Sungei Buloh, despite its
relatively low elevation. This may have been due to
the extreme tidal fluctuations in salinity and turbidity
at this site which might be expected to reduce feeding
time. These factors may also account for the poor con-
dition of the population at this site. In most individuals
the red-brown periostracum which gives the shell its
usual appearance was not present and specimens had
a dirty white colour. The shell was frequently very
thin, especially near the umbones, and live individuals
were often found with parts of the fragile shell com-
pletely worn away leaving a gaping hole exposing the
flesh.

Very slow growth was also observed in the sub-
population at Kuala Selangor, Site 1, 320 cm above
chart datum. This elevation is close to the mean high
water of neap tides (ca. 3.8 m) and during neap tides
under calm, sunny conditions the temperature of both
water and sediment at the water's edge may rise as
high as 40 °C (Broom, 1980). Furthermore the shallow
water is a permanently turbid environment. These 2
factors together may result in an elevated metabolic
rate coupled with restricted filtration time which might
combine to produce poor growth. This effect has been
noted by Barnett (Scottish Marine Biological Associa-
tion, 1973, cited by Moore, 1977, p. 287) who observed
that the body weight of a standard size Tellina tenuis
was reduced in an area receiving warm water and
subjected to prolonged intervals of high turbidity.
Nevertheless, whether temperature and turbidity actu-
ally affect the growth of Anadara granosais not known.

From the experiments equivalent changes in expo-
sure do not appear to produce proportional changes in
growth rate, the final mean weights at 200 and 250 cm
above chart datum being only slightly different. Some
reasons for this lack of proportional difference in
growth may be deduced: Anadara granosa has been
observed to continue to feed from the surface film of
water on the mudflalts even when the tide is out
(Broom, in press) and this will tend to remove a major
restriction on growth at higher shore levels, namely
reduced feeding time during shorter periods of tidal
cover. Other possibilities are that there may be com-
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pensatory feeding activity during periods of tidal cover
or some degree of metabolic adaptation. Winter (1978)
found that Mytilus edulis populations subjected to
maximum exposure may feed faster during periods of
cover than populations lower down the shore. Calow
(1977) presented evidence that invertebrates exhibit a
whole range of metabolic adaptations in response to a
change in the quality and quantity of food available.
These adaptations include depression of the metabolic
maintenance requirement and an increase in the time
food is retained in the gut, thereby allowing more
effective assimilation.

Although demonstrable differences in growth rate in
relation to density and exposure do occur, for compara-
tive purposes the data need to be standardised in some
way. Ideally one would wish to calculate both the
growth constant (k) and the asymptotic length (L.) but
the growth data for most of the experimental plots are
too variable to allow a fit to Equation 1 to be attempted.
Therefore, because the data do not allow a graphical
interpretation, the only alternative is to fix one con-
stant at a selected value and compute the other using
the equation

Lo = (e7 - l.e¥0/(1- ") (2) (Gulland, 1969)

where I,, + = length after a time interval T following
the previous measurement (1.

Gulland (1972) suggested that the easiest way to
take account of the effects of density on growth is to
allow the asymptotic size to vary as a function of
population biomass, and for this reason I have chosen
to hold k constant and calculate L.. The underlying
assumption is that increases in density limit available
food per individual and that this results in a decrease
in asymptotic size. A similar effect can be postulated
for exposure. Organisms higher up the shore would
have less time to feed and hence would suffer from a
restriction in food supplies. Probably both k and L,
would change as a result of metabolic adaptations and
compensatory feeding activity referred to above.
Sutherland (1970) found evidence that density affected
both the asymptotic size and the growth constant of
Acmaea scabra. Griffiths (1981), studying populations
of Choromytilus meridionalis at different levels on the
shore, found that both L, and k were different at each
level although at the 2 upper levels at one site the k
values were very similar and the major difference
observed was in the value of L.

L, values have been calculated for the population in
each experimental plot based on a single increment in
length from the initial seeding to the final measure-
ment at each plot. The overall value of the growth
constant obtained from the data from all culture sites
(k = 1.01) has been used in this computation.

The mean biomass (g dry wt tissue m~2) in each of the

density plots over the period of the study was also
calculated. Mean dry tissue weights were calculated
using the expression

D/W = 5.05 X 10°3.W + 4.15 x 1072 (Broom, 1982)

Estimates of numerical density on each sampling date
(from Broom, 1980} were then combined with the esti-
mates of mean weight to give an estimate of mean
biomass for each sampling date. These separate esti-
mates were then summed for each plot and divided by
the number of estimates to give a value of average
biomass for each plot over the sampling period. The
relationship between calculated L., and average
biomass is presented in Fig. 8a, and that between L,
and exposure in Fig. 8b. No attempt was made to take
into account the effects of biomass changes in the
exposure plots because the low initial densities and
the mortality experienced in each plot during the
course of the study resulted in limited changes in
biomass.

From Fig. 8a there is a clear increase in L, with
decreasing density that follows a straight line relation-
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Fig. 8. Anadara granosa. Derived estimates of L, against

mean biomass (a) and height above chart datum (b) for

experimental populations at Site 4, Kuala Selangor.In (b)m m

are estimates from experimental populations but a4 is an

estimate of L, of a sub-population at Site 1, Kuala Selangor,

320 cm above CD (1977 yr class) derived from data presented
in Fig. 4. Curve in (b) is fitted by eye
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ship: L, = 33.6 (£ 0.77) — 0.266 (* 0.0239) B where
B = bicmass (g dry tissue m™); L., is expressed in mm,
and values of one standard error are given in paren-
theses. The regression explains a significant amount of
the variation (F, ; = 124, p< 0.01). The predicted L, at
zero biomass is low compared with that computed for
the artificial culture sites. This could be because (1) the
populations at the latter sites occupied elevations
betweeen 75 and 200 cm above chart datum whereas
those in the density plots were sown at 250 cm above
chart datum, and (2) the site used for the experimental
plots was one not normally used for culture operations
and it may have been a less productive area.

Fig. 8b consists of only 3 points derived from the
experimental plots but also included is an eye-esti-
mate of the likely L, value of the sub-population at
Site 1, 320 cm above chart datum (derived from an eye-
estimate of the W, valuej in an attempt to provide an
insight into the likely form of the relationship between
L, and elevation.

A tentative sigmoid curve has been drawn through
these points on the basis of the following assumptions.
Firstly, decreasing elevations would not increase the
animal's feeding time once it is below the intertidal
zone and in any case genotypic limitations on max-
imum size would probably come into play somewhat
before then. Secondly, at higher shore levels compen-
satory feeding or metabolic activity would be likely to
help maintain growth in the face of increasing expo-
sure but there is probably also a level above which
growth rate declines rapidly with increasing exposure
unless preceded by the death of the organism due to
the increasing effects of other factors such as thermal
stress.

Studies providing some support for the existence of
such a relationship include that of Wolff and de Wolf
(1977) who, working in intertidal soft substrata, found
a positive sigmoid curve relating biomass of molluscs
to immersion time. However, below low water level
the relationship broke down. Wolff and de Wolf do not
state whether changes in biomass were due to changes
in numbers, mean weight or a combination of both.
Spencer et al. (1978), working with Crassostrea gigas,
found evidence of a sigmoid relationship between
growth rate and exposure at low elevations (0 to 30 %
exposure), and the data presented by Griffiths (1981)
for Choromytilus meridionalis is consistent with the
hypothesis that L, will vary with exposure in a sigmoid
fashion.

The development of Equation 3 is a first step towards
standardisation of a relationship between density (in
terms of biomass per unit area) and L. In conjunction
with the weight/length relationships this could be
used in a yield function to take account of the effects of
changing biomass upon growth rates. Unfortunately it

is not possible, at this stage, to arrive at a similar
relationship for height above chart datum vs. L,
because the actual form of the relationship is still
uncertain and because insufficient data are available.
The confirmation of the form of this curve should be the
next task for those concerned with Anadara granosa
culture operations.
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