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Abstract
The e¡ects of food availability on the larval growth
and survival of Paphia malabarica were studied in
two experiments by feeding the larvae with six algal
diets. Newly hatched larvae of P. malabarica were fed
with six di¡erent marine microalgae species, singly
and in a combination of two species. The best growth
was with Isochrysis galbana and Nannochloropsis salina as a single species of diet. The nutritional value of
single-species diets was in the order of N. salina, I. galbana, Dicrateria inornata, Chaetoceros calcitrans,Tetraselmis gracilis and Dunaliella salina. Of the mixtures
tested, 50% I. galbana/50% N. salina supported
growth and metamorphosis equivalent to those of
the I. galbana control.
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Introduction
The yellow neck clam, Paphia malabarica, is an important clam resource in Ashtamudi estuary, south west
of India, and emerging ¢shery of commercial importance (Appukuttan 1996). They are widely exploited
for both meat as food and shell as raw material
for industrial applications (Appukuttan, Aravindan,
Yohannan & Balasubramaniam 1999) and hence is
an important income resource for local people. The
species has great market demand in Japan and other
European countries. Even though the species are
widely distributed along the coastal and estuarine
areas in Vietnam, China and Bangladesh, there is no
report on clam culture using a standard protocol.
With rapidly increasing demands, the natural stocks
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are overexploited. Overexploitation of under-sized
clams and non-availability of seed are the major
constraints for the culture of this species. Larval
rearing of other cultivable clam species Meretrix meretrix (Narasimham, Muthiah, Gopinathan & Gandhi
1988) and Anadora granosa (Muthiah, Narasimham,
Gopinathan & Sundararajan 1992) lead to seed availability and ranching in natural habitats. Larval rearing and sea ranching of seeds of P. malabarica species
have been attempted on an experimental basis to aid
stock restoration e¡orts. However, little information
is available on the nutritional requirements of P. malabarica larvae and no previous study has been reported on the relative food values of di¡erent species
of microalgae for P. malabarica larvae.
Most marine invertebrate larvae develop for a certain time in the plankton stage before metamorphosis. The development of P. malabarica larvae is similar
to other bivalve species. The larvae experience
zygotes, trochophore, D-larvae and Prodissoconch II
stage. During this period of time, planktotrophic larvae acquire their food from seawater to obtain energy
for growth and development. In commercial shell¢sh
hatcheries, the diets for bivalve larvae rearing are
mainly cultured live microalgae (Laing 1987). Hence,
optimizing the species composition of microalgal
diets for a particular species should be of critical
importance.
Crisp,Yule and White (1985) stated that the results
from their studies on bivalve larvae support the inconsistency that food levels in the aquatic environment appear to be insu⁄cient to support optimal
growth, or in fact any growth at all. Larvae generally
have greater metabolic demands than spat due to
high mass-speci¢c metabolic rates (Widdows 1991).
Based on laboratory experiments, the amount of
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phytoplankton in the ocean is rarely present at concentrations necessary to sustain maximum larval
growth. Hence, it is necessary to study how bivalve
larvae acquire food from seawater or endure the
absence of diets. The relationships among egg size,
energy content and larval life-history strategies have
also been studied extensively (Hart 1995; Levitan
2000; Moran & Manahan 2004). Considerable attention has also been focused on the physiological capacity of planktotrophic larval forms of marine
invertebrates to resist starvation. Such larval forms
often develop from small eggs with a low-energy content (Vance 1973) and are presumed to be highly dependent on exogenous foods soon after the ¢rst
feeding stage is reached (Anger 1987; Starr, Himmelman & Herriault 1990; His & Seaman 1992; Bochenek, Klinck, Powell & Hofmann 2001). These models
use the assumption that before the onset of feeding,
larvae behave as closed metabolic systems that are
predominantly fuelled by endogenous energy reserves rather than energetic inputs from the environment (Moran & Manahan 2004). One of the valuable
methods to evaluate the di¡erences in food value is to
estimate the relative growth e⁄ciency of the larvae
fed with various diets (Laing & Millican 1986). The
objectives of the present study were to ¢nd the optimal algal diets in larval rearing and its e¡ects on
growth, survival and metamorphosis of P. malabarica
larvae.

Materials and methods
Brood stock and larvae collection
The experiment was carried out in December 2002 at
the Tuticorin Research Centre of Central Marine
Fisheries Research Institute, India. The adult clams
were collected from Ashtamudi estuary (Latitude
8145 0 N; Longitude 78128 0 E), where P. malabarica was
one of the major bivalve species. Brood stock clams
were conditioned at 24^25 1C for about 20 days to
speed up their gonad development. The clams were
dried in the dark for 4^6 h, and then shifted to a
higher temperature ¢ltered seawater (0.45 mm,
28^30 1C) to induce spawning. About 4^6 h after
being induced, the clams began to spawn. The zygotes were cultured in 0.45 mm ¢ltered seawater at a
density of 5^7 zygotes mL 1. When the zygotes developed to the D-larvae stage (about 24 h after fertilization at 26^27 1C), the larvae were collected using a
100 mm mesh, and transferred to natural ¢ltered seawater (0.45 mm).

The microalgae used in this experiment were
obtained from CMFRI, and batch cultured using a
scale-up from 5 to 20 L glass carboys. Microalgae
were grown at 22^26 1C in sterilized media. The
photoperiod was 24:0 (light/dark), and illumination
was provided by two daylight (40 W) £uorescent
tubes. Seawater (salinity 5 30.0  1.0) was 0.45 mm
¢ltered, and UV treated. Continuous aeration was
provided to enhance growth and prevent the algae
from settling. The algae were harvested at the exponential phase for feeding. Replicate three to six culture carboys of each species were used throughout
the experiment.

Experiment
E¡ects of di¡erent algae diets on the growth and
metamorphosis of larvae
The larvae collected were transferred into 4 L natural
¢ltered seawater (0.45 mm). Seawater salinity was
30.0  1.0 and the temperature ranged from 22.0 to
24.5 1C. The seawater was renewed every alternate
day and the number of larvae in each beaker was
counted by sampling. Six microalgae species (Isochrysis galbana, Nannochloropsis salina, Dicrateria inornata, Tetraselmis gracilis, Chaetoceros calcitrans and
Dunaliella salina) and three mixed diets (50% I. galbana/50% N. salina, 50% N. salina/50% D. inornata and
50% N. salina/50% T. gracilis) were selected to determine the e¡ects of di¡erent algae diets. The algae
were harvested at the exponential phase for feeding.
In order to control the ¢nal concentration of microalgae in the experimental beaker, the feeding quantity
was determined by measuring the original concentration of di¡erent microalgae diets exactly.
From day 0 to day 3, all diets were fed at a concentration of 0.5, 1.0, 2.0 and 4.0  104 cells mL 1 in the
water media of the beaker; after day 3, the concentration of 4.0  104 cells mL  1 was maintained until
the end of the test. For the mixture diet experiments,
two microalgae diets were adjusted to the same concentration and then mixed with half-volume of each
diet before they were used to feed the larvae. There
were equal cell numbers in the experimental beaker.
Each treatment included three replicates with the
same larvae concentration (about 6 larvae mL 1).
Survival were measured as the percentage of initial
(n 5100) surviving each observation interval. Antero-posterior shell length and dorso-ventral shell
height was measured for 20 randomly sampled
larvae from each replicate using an ocular
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micrometer. The experiment was carried out for
10 days. Relative growth was calculated using the
formula of Walne (1963)
K ¼ ðln L2  ln L1 Þ=t
where L1, L2 are the lengths at the beginning and the
end of the experiment, respectively, and t is the duration of the experiment in days.

Statistical analysis
All data were analysed by ANOVA, and signi¢cant differences between treatments means were determined by the Tukey test using SPSS software.
Survival data were arcsin transformed before statistical analysis. The signi¢cance level for all analyses
was set at Po0.05. Data are presented as mean  SE.

Results
Larvae from di¡erent beakers were examined and
their shell length and width were recorded. The results showed that shell length and width presented
as a positive correlation, y 51.0332x115.508 mm,
r2 50.9205 (Fig. 1). This means that larvae developed
normally and length could be used as a suitable indicator of growth. From observations and statistical
analysis, it was found that larvae crawled using the
developed foot at a shell length of 220^270 mm,
which provided a method to estimate the metamorphosis rate.
The growth of P. malabarica larvae fed various diets
after 10 days is shown in Fig. 2. Early foot development and spat settlement was observed in larvae fed
with N. salina and the three mixed diets of the same
species on day 7. Larvae with other test diets showed

Figure 2 Mean shell length of Paphia malabarica larvae
fed various single or mixed diets over a 10-day period.
Mixed diets are at an equal concentration (50% v/v).
Means with the same superscript are not signi¢cantly
di¡erent (P40.05).

Table 1 Relative growth (K) until day10 and foot developed
time of Paphia malabarica larvae fed various algal diets
Diets

K

NS
IG
DI
DS
TG
CC
NS/IG
NS/DI
NS/TG

2.252
2.287
2.255
2.286
2.321
2.064
2.219
2.223
2.162

Foot development










0.156a
0.087b
0.070a
0.059c
0.074c
0.061c
0.093a
0.064a
0.044a

Day 7
Day 9
Day 7
Day10
Day 10
Day 10
Day 7
Day 7
Day 7

The data were means of  SD of replicates. K, relative growth
(mm); NS, Nannochloropsis salina; IG, Isochrysis galbana; DI, Dicrateria inornata; DS, Dunaliella salina; TG, Tetraselmis gracilis; CC,
Chaetoceros calcitrans. Means with the same superscript letters
are not signi¢cantly di¡erent (P40.05).

foot development and spat settlement on day 9 or 10
(Table 1). No signi¢cant di¡erences were detected in
terms of shell length among larvae fed di¡erent algal
diets. However, a high survival and relative growth
rate (31.5% and 2.252%) was observed in larvae fed
with N. salina than other mono diets (Fig. 3 and Table
1). The mixed diet of the same species with I. galbana
also showed a similar performance in relative growth
and survival (2.219% and 22.7%). Larvae fed with
I. galbana showed relative growth (2.287), but the survival was low (22.4%). Larvae fed C. calcitrans had the
lowest growth rate (2.064) and larvae fed D. salina,
showed the low survival (1.4%).

Discussion
Figure 1 Relationship between larvae shell length and
width.
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Successful metamorphosis in marine invertebrates
including bivalves depends on the energy reserves
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Figure 3 Survival of Paphia malabarica larvae fed six single or mixed diets after 10 days of subsequent feeding.
Means with the same superscript are not signi¢cantly different (P40.05).

stored up during two developmental stages (Labarta,
Fernandez-Reiriz & Perez-Camacho 1999). The ¢rst,
which corresponds to embryonic development, is
mainly governed by the endogenous reserves that
the parents provided in the egg (Bayne 1973). There
is a detailed description of the transition process in
marine bivalve from the trocophore larva stage to
the veliger larva stage. The second stage, in which
stored reserves are essential, is a process that takes
place before metamorphosis and depends on the food
value of diets that are provided to promote larval
growth (Whyte, Bourne & Hodgson 1989; Whyte,
Bourne & Ginther 1990). The velum disintegrates
with the onset of metamorphosis, which limits movement and inhibits feeding. The use of endogenous reserves during metamorphosis re£ects the inability of
bivalves to capture food particles during the metamorphosis period when bivalve larvae replace the velum with the juvenile and adult feeding organ,
branchia. The processes involved have been described
previously (Cran¢eld 1973).
In the present experiment, no signi¢cant di¡erence was detected in terms of shell length among different algal treatments in the initial days. This
suggested that during this period, larval growth
mainly depends on the energy reserve in the embryo.
After attaining the ‘D’ shape, larvae began to ingest
algal food from the ambient environment and
showed a di¡erence in growth among the di¡erent
treatments. During the feeding trials, the best growth
(increase in shell length) and survival of P. malabarica
larvae was with the N. salina diet. Larvae fed the
mixed diets of N. salina with I. galbana also showed
good performance than I. galbana alone. The larvae
performed moderately well when fed Dicrateria iornata
or T. gracilis and poorly with D. salina or C. calcitrans.
As the size of algae is also an important factor during

feeding, the preference of low-size N. salina (2 mm)
could be considered to be an appropriate food for
P. malabarica larvae, as they attained their maximum
growth and survival with this alga. This result indicates that a combination of N. salina with any other
£agellates in£uences larval survival and better
growth in the early stages before settlement. A number of previous studies have shown that when fed
I. galbana and any one of Dunaliella sp., Phaeodactylum tricornutum and P. subcordiformis, the larvae preferably selected I. galbana and the intestines of the
larvae were ¢lled with mainly I. galbana. Here also
the size plays a critical role, where I. galbana (7^
8 mm) is lower than these species. In the present case,
N. salina remains preferable to I. galbana in terms of
size. This showed that P. malabarica larvae showed selected feeding of algal diets. This feeding behaviour
may also be related to essential nutrients and the
form di¡erences in the algae, as the cell of N. salina is
round and smaller in volume than the other diets.
The selective feeding of P. malabarica larvae of various
algal diets may be another factor that in£uences
their growth and survival. These results also illustrate the importance of an acceptable feeding protocol for the most e⁄cient utilization of the diet and to
obtain the best growth. It clearly shows the importance of providing P. malabarica larvae with the appropriate algal diet. With N. salina alone or mixed
with other algae, the larvae will grow faster and have
a higher quality. Also, because the food is utilized
more e⁄ciently, the algal production costs can be
kept to a minimum (Laing & Millican 1986).
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