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Abstract
The mangrove clam Polymesoda (Geloina) erosa (Solander, 1786) is one of staple
for indigenous community in northern Australia. Between June 2001 and September
2002, samples were taken to study reproduction and biochemical composition of the
clam population in Maningrida Region, Northern Territory (NT), Australia to
provide some basic information required for the management of this fishery resource.
At the same time, the development of gonad and reproductive output of this species
under several feeding regime in the laboratory using tropical microalgae was also
studied in order to develop hatchery protocols for producing mature broodstock. The
main findings and recommendations of this thesis are:
P. erosa is dioecious (gonochoristic) which mature at shell length of about 45 mm.
Within the range of shell length 55 to 90 mm, the sex ratio in population was 1
male: 1 female. However, at the shell length lower than 55 mm males were
significantly more predominant than females. Females were more common at the
shell length larger than 80 mm, but not statistically significant. At the shell length
higher than 90 mm, this clam was probably in the senility state when production of
new gametes were reduced. Based on the gonadosomatic index (GSI) and
histological study, P. erosa spawned during the middle until the late of rainy season.
Males and females showed a synchrony in spawning. Females within the shell range
of 65 to 85 mm produced at least 800,000 eggs per animal. The high frequency of
spawning was likely related to long inundation during the rainy season. It was
recommended that the present practice of not gathering mangrove clam during the
rainy season should be maintained. Also, the minimum size should be increased to
about 65 mm shell length.
Gross biochemical composition i.e., carbohydrate, lipid and protein, in the muscle,
mantle, and gonad changed throughout the year and was strongly affected by the
reproductive cycle. Based on the relative proportions of each body tissue i.e., pedal
and adductor muscles, mantle and gonad, the mangrove clams rely on carbohydratebased metabolism, with foot, adductor muscles and mantle as storage organs. During
the dry season, for gametogenesis clams derived most of its energy from the
utilization of stored carbohydrate reserves. While during the wet season, the clam
renewed its energy reserves. Females appeared to require more energy than males
during the reproductive season. Females accumulated large amounts of lipid in their
gonad, while males had high concentrations of protein in their gonad.
Measurements of physiological rates i.e., filtration rate, ingestion rate, assimilation
rate and energy acquisition showed that this clam accepted wide ranges of microalgal
diets. High rates occurred when clams fed on microalgae T-ISO, Chaetoceros sp
(CS256), Rhodomonas sp (NTiS) and Ciyptomonas sp (CRFI01). Trials with other
NT microalgae such as Isochrysis sp (NT 14) and Tetraselmis sp (NT 18) showed that
the clam did not accept these algae. Mangrove clam was able to mature and
produced viable larvae in hatchery under unialgal diet of T-ISO, CS256, NTiS and
CRFJO I. However, the reproductive output in terms of number of eggs released by
females was much lower than the potential fecundity of this species. This low
reproductive output was probably due to drawbacks in biochemical and fatty acid
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composition of the microalgae. T-ISO and CS256 were good source of carbohydrate
and energy but contained low percentage of essential fatty acids such as 20:5(n-3) or
22:6(n-3), while NT15 and CRFIO1 had lower energy content, even though they had
high content of 20:5(n-3) and 22:6(n-3). All these microalgae contained low
amounts of 20:4(n-6) and this may also influenced their nutritive value for
conditioning. The results tend to suggest that the reproduction P. erosa may require
diets with high energy content with sufficient amounts of essential fatty acids. This
will constitute one of the hypotheses for future testing.

vi

Table of Contents
Thesis Declaration
ii
iii
Acknowledgements.....................................................................
v
Abstract...................................................................................
vii
Table of Contents .......................................................................
Listof Figures ...........................................................................x
Listof Tables ............................................................................ xiii
Chapter 1: General Introduction ....................................................
1.1. Description and background information on Polymesoda (Geloina)
erosa................................................................................
1.2. The Role of Mangrove Clam Fishery ..........................................
1.3
Succeptibility of Mangrove Clam Fishery to Overfishing ..................
1.4. The Need for Management Schemes ..........................................
1.5. The Role of Aquaculture ........................................................
1.6. Food and Feeding Habit of Bivalves ..........................................
1.7. Nutritional Requirement of Bivalves ..........................................
1.7.1. Carbohydrates ...........................................................
1.7.2. Lipids and Fatty Acids .................................................
1.7.3. Proteins ..................................................................
1.8. The Role of Microalgae in Bivalve Hatchery ................................
1.9. The Potential Benefit of Using Locally Available Algal Diets in
Aquaculture.......................................................................
1.10 Thesis Aims and Outline ........................................................
1.10.1. Thesis Aims ............................................................
1.10.2. Thesis Outline ..........................................................

1
1
1
2
4
5
7
9
9
10
11
12
12
13
14
14

Chapter 2: General Methods .........................................................16
2.1. Study Organism ..................................................................
16
2.1.1. Collection Site ..........................................................
16
2.1.2. Collection of Clams ....................................................
16
2.1.3. Transportation, Handling and Rearing of Clams ...................
19
2.1.4. Shell Measurements ....................................................
19
2.1.5. Sex Determination .......................................................20
2.1.6 Tissue Wet Weight .....................................................
20
2.2. Algal Culture Method ............................................................
20
2.3. Freeze-Drying .....................................................................
22
2.3.1. ClamsBodyParts ......................................................
22
2.3.2. Microalgae ...............................................................
23
2.4. Gross Biochemical Analyses ...................................................
23
2.4.1. Carbohydrate ............................................................
23
2.4.2. Total Lipids ..............................................................
24
2.4.2.1. Method of Total Lipids and Fatty Acids ..................
24
2.4.2.2. Method for Total Lipids Only ..............................
25
2.4.3. Total Protein ............................................................
25
2.4.4. Energy Content .........................................................
26

vii

2.5.
2.6.

26
Fatty Acid Analysis
2.5.1. Methylation of Fatty Acids ...........................................26
2.5.2. Capillary Gas Chromatography .......................................27
Induced Spawning and Egg Incubation .......................................27

Chapter 3: The Reproductive Biology of Polymesoda (Geloina) erosa
(Solander, 1786) ........................................................................
3.1. Introduction .......................................................................
3.2. Materials and Methods ..........................................................
3.2.1. Sex Ratio ................................................................
3.2.2. Size at Reproductive Fertility .........................................
3.2.3. Reproductive Cycle ....................................................
3.2.3.1. Gonadosomatic Index .......................................
3.2.3.2. Histological Analysis .......................................
3.2.4. Gonad Index ............................................................
3.2.5. Fecundity ................................................................
3.2.6. Temperature and Salinity .............................................
3.2.7. Statistical Analysis .....................................................
3.3. Results
3.3.1. Sex Ratio ................................................................
3.3.2. Size at Reproductive Fertility .........................................
3.3.3. Gonadosomatic Index (GSI) ..........................................
3.3.4. Male Reproductive Cycle .............................................
3.3.5. Female Reproductive Cycle ...........................................
3.3.6. Relationship between Gonadal Indices ..............................
3.3.7. Fecundity ................................................................
3.3.8. Environmental Variables ..............................................
3.4. Discussion ........................................................................
3.4.1. Sex Ratio ................................................................
3.4.2. Size at Reproductive Fertility .........................................
3.4.3. Gonadosomatic Index (GSI) ..........................................
3.4.4. Reproductive Cycle ....................................................
3.4.5. Relationship between Gonad Indices .................................
3.4.6. Environmental Factors .................................................
Chapter 4: Biochemical Composition of Wild Polymesoda (Geloina) erosa
(Solander, 1786) .........................................................................
4.1. Introduction .......................................................................
4.2. Materials and Methods ..........................................................
4.2.1. Sample Collection and Preparation for Analysis ...................
4.2.2. Condition Index .........................................................
4.2.3. Seasonal Variation in Body Component Index .....................
4.2.4. Seasonal Variation in Biochemical Composition of The Soft
Tissue.....................................................................
4.2.5. Statistical Analysis ......................................................
4.3. Results .............................................................................
4.3.1. Condition Index .........................................................
4.3.2. Seasonal Changes in the Proportion of Body Components .......

viii

32
32
36
36
36
36
37
37
41
41
42
42
43
45
45
48
49
52
52
52
56
56
58
60
60
63
64
67
67
71
71
71
72
72
72
73
73
73

4.3.3.

4.4.

Seasonal Variation in Biochemical Components ..................
4.3.3.1. Pedal and Adductor Muscles ...............................
4.3.3.2. Mantle .........................................................
4.3.3.3. Gonad ..........................................................
4.3.3.4. Energy Value .................................................
4.3.3.5. Association between Different Constituents in Various
BodyParts ......................................................
4.3.4. Distribution of Biochemical Constituents in Soft Tissue .........
Discussion ........................................................................
4.4.1. Condition Index .........................................................
4.4.2. Seasonal Changes in The Mass of Body Components ............
4.4.3. Distribution of Constituents in Organs of Wild Polymesoda
erosa.....................................................................
4.4.4. Seasonal Changes in Biochemical Content .........................

Chapter 5: Physiological Responses of Polymesoda (Geloina) erosa
(Solander, 1786) .........................................................................
5.1. Introduction .......................................................................
5.2. Materials and Methods ..........................................................
5.2.1. Production of Algal Cultures ..........................................
5.2.2. Chemical Analyses of Microalgae ....................................
5.2.3. Mangrove Clams ........................................................
5.2.4. Measurements of Individual Physiological Responses ............
5.2.4.1. Filtration and Ingestion Rates Calculation ...............
5.2.4.2. Assimilation Efficiency and Absorbed Energy ..........
5.2.4.3. Size Standardisation of FR, 1IRc, liRw and AE ...........
5.2.5. Experiment 1: Effect of Microalgal Concentration ...............
5.2.6. Experiment 2: Filtration Rate and Ingestion Rate of Clams of
Different Size ............................................................
5.2.7. Experiment 3: Effect of different Feed Species ....................
5.2.8. Clam's Dry Tissue Weight (DTW) ...................................
5.2.9. Statistical Analysis ......................................................
5.3. Results .............................................................................
5.3.1. Effect of Algal Concentration on Filtration Rate, Ingestion Rate,
Assimilation Efficiency and Energy Acquisition ..................
5.3.2. Effect of Body Tissue Weight on Filtration Rate, Ingestion Rate
and Assimilation Efficiency ..........................................
5.3.3. Effect of Microalgal Diet Species on Filtration Rate, Ingestion
Rate, Assimilation Efficiency and Energy Acquisition ............
5.4. Discussion ........................................................................

73
78
80
82
84
86
89
91
91
92
93
94
102
102
104
104
104
104
106
106
107
108
108
108
109
109
109
110
110
112
112
118

Chapter 6: Reproductive Conditioning of Polymesoda (Geloina) erosa
(Solander, 1786) .........................................................................125
6.1. Introduction .......................................................................125
6.2. Materials and Methods ..........................................................128
6.2.1. Selecting Broodstock for Conditioning Experiment ...............128
6.2.2. Experimental Containers ..............................................128
6.2.3. Culture ofMicroalgae .................................................128

lx

6.3.

6.4.

6.2.4. Conditioning Procedure
6.2.5. Induce Spawning and Sampling of Eggs and Larvae .............
6.2.6. Data Collected ..........................................................
6.2.6.1. Condition Index and Gonadosomatic Index .............
6.2.6.2. Reproductive Output of Conditioning Experiment
6.2.6.3. Biochemical Composition ..................................
6.2.6.4. Fatty Acid Composition ....................................
6.2.7. Statistical Analysis ......................................................
Results .............................................................................
6.3.1. Condition Index ........................................................
6.3.2. Gonadosomatic Index ......................................
..
... . .. ...
6.3.3. Output of Reproductive Conditioni ng ...............................
6.3.4. Gross Biochemical Composition .....................................
6.3.4.1. Microalgal Diets .............................................
6.3.4.2. Non-gonad Tissues ..........................................
6.3.4.3. Gonad ..........................................................
6.3.5. Fatty Acid Composition ................................................
6.3.5.1. Fatty Acid Composition of Algal Diets ...................
6.3.5.2. Fatty Acid Composition of P. erosa Fed the Microalgae
Discussion ........................................................................
6.4.1 Condition Index ........................................................
6.4.2. Gonadosomatic Index ..................................................
6.4.3. Spawning Rate ..........................................................
6.4.4. Egg Size, Fertilisation Rate and Percentage of D-larvae ..........
6.4.5. Effects of Microalgal Diets on The Gross Biochemical
Composition of P. erosa ...............................................
6.4.6. Effects of Microalgal Diets on The Fatty Acid Composition of
P. erosa ..................................................................

129
130
131
131
131
131
131
132
133
133
133
136
136
136
139
142
146
146
148
156
156
157
158
160
160
165

Chapter 7: Summary and Recommendations ....................................171
References................................................................................179
Appendix.................................................................................211

x

List of Figures
Figure 2.1.

Figure 2.2.
Figure 2.3.
Figure 2.4.

Figure 2.5.
Figure 2.5.
Figure 3.1.

Figure 3.2.

Figure 3.3.
Figure 3.4.
Figure 3.5.
Figure 3.6.

Map of Maningrida Region, Northern Territory, Australia
showing the collection site of Polymesoda erosa. The
animals were collected from a clam bed adj acent to
Tomkinson River ................................................
Habitat of Polymesoda erosa in Maningrida where the
clam was collected (A). The area was totally dry during
the low tide (B). A clam buried in its substrate (C) .........
Anatomy of male and female Polymesoda erosa. The
gonad occupies the largest proportion of the soft tissue. A.
Male; B. Female ..................................................
Administering serotonin for spawning induction. The
valves are slightly open using a blunt knife until the
adductor muscle is visible (A), then serotonin is injected
onto the muscle (B) ..............................................
Male and female Polymesoda erosa are spawning. The
male clam is ejecting white cloud of sperms (A), while the
female releasing streaks of eggs (B) ...........................
Incubators for fertilized eggs of Polymesoda erosa made
of inverted plastic bottles .......................................
Photomicrograph of histological sections showing six
developmental stages of the testes of Polymesoda erosa:
(A) primordial, (B) developing, (C) maturing, (D) ripe, (E)
partially spawned, and (F) spent ...............................
Photomicrograph of histological sections showing six
developmental stages of the ovaries of Polymesoda erosa:
(A) primordial, (B) developing, (C) maturing, (D) ripe, (E)
partially spawned, and (F) spent ...............................
(A) Apperance of the gonad of a 90mm-length female
Polymesoda erosa ................................................
Box and Whisker plots of gonadosomatic index in monthly
samples for male Polymesoda erosa ...........................
Box and Whisker plots of gonadosomatic index in monthly
samples for female Polymesoda erosa ........................
Reproductive cycle of male Polymesoda erosa from
Maningrida, Northern Australia. Relative frequency of
gonadal stages between June 2001 and September 2002
Reproductive cycle of female Polymesoda erosa from
Maningrida, Northern Australia. Relative frequency of
gonadal stages between June 2001 and September 2002
Seasonal change in Gonad Index of male Polymesoda
erosa during the period between June 2001 and September
2002 ...............................................................
Seasonal change in Gonad Index of male Polymesoda
erosa during the period between June 2001 and September
2002 ...............................................................
...

Figure 3.7.

...

Figure 3.8.
Figure 3.9.

xi

17
18
21

29
30
31

39

40
46
47
47
50
50
51
51

Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 4.1.
Figure 4.2.
Figure 4.3.
Figure 4.4.
Figure 4.5.
Figure 4.6.
Figure 4.7.
Figure 5.1.
Figure 5.2.

Figure 5.3.
Figure 5.4.
Figure 6.1.
Figure 6.2.
Figure 6.3.
Figure 6.4.

Box and Whisker plots of GSI for each gametogenic stage
in male Polymesoda erosa ......................................
53
Box and Whisker plots of GSI for each gametogenic stage
in female Polymesoda erosa ...................................
53
Minimum and maximum air temperature (°C) recording
from June 2001 to September 2002 ...........................
55
Salinity of the water entrapped in the shell cavity of
Polymesoda erosa sampled between June 2001 and
September 2002 ..................................................
55
Total monthly rainfall (mm) recorded at Maningrida
between June 2001 and September 2002 .....................
55
Condition Index of Polymesoda erosa between June 2001
and September 2002 .............................................
74
Relative proportion of body components of male
Polymesoda erosa to the total soft tissue weight ............
75
Relative proportion of body components of female
Polymesoda erosa to the total soft tissue weight ............
76
Monthly variations in the biochemical components (mg gdry tissue weight) of the muscle of Polymesoda erosa
79
Monthly variations in the biochemical components (mg g
dry tissue weight) of the mantle of Polymesoda erosa
81
Monthly variations in the biochemical components (mg g
dry tissue weight) of the gonad of Polymesoda erosa
83
Monthly variations in the energy content (kJ g dry tissue
weight) of the muscle of Polymesoda erosa ..................
85
Filtration rate of Polymesoda erosa fed on seven
microalgal diets. Data from 1 g standard animal, n5
113
Mean ingestion rate of Polymesoda erosa for the seven
microalgal diets on a (i) cell number, (ii) dry weight and,
(iii) dietary energy basis. Data from 1 g standard animal,
n5................................................................. 114
Assimilation efficiency of Polymesoda erosa for the seven
microalgal diets tested. Data from 1 g standard animal,
n=5 ................................................................. 115
Absorbed energy of Polymesoda erosa for the seven
microalgal diets tested. Data from 1 g standard animal,
n5................................................................. 116
Condition index (CI) of broodstock Polymesoda erosa
after 12-week conditioning with four tropical microalgae... 134
Gonadosomatic index (GSI) of broodstock Polymesoda
erosa after 12-week conditioning with four tropical
microalgae......................................................... 135
Biochemical composition and energy content of pooled
samples of four microalgae used in conditioning
broodstock Polymesoda erosa ................................. 138
Biochemical composition and energy content of pooled
samples of the non-gonad of male Polymesoda erosa after
12-week conditioning with four tropical microalgae
140

xii

Figure 6.5.
Figure 6.6.
Figure 6.7.

Biochemical composition and energy content of pooled
samples of the non-gonad of female Polymesoda erosa
after 12-week conditioning with four tropical microalgae.. 141
Biochemical composition and energy content of pooled
samples of the gonad of male Polymesoda erosa after 12week conditioning with four tropical microalgae ............143
Biochemical composition and energy content of pooled
samples of the gonad of female Polymesoda erosa after
12-week conditioning with four tropical microalgae ........144

xiii

List of Tables
Table 3.1.
Table 3.2.
Table 3.3.
Table 3.4.
Table 4.1.
Table 4.2.
Table 5.1.
Table 5.2.

Table 5.3.
Table 6.1.

Table 6.2.
Table 6.3.
Table 6.4.

Microscopic characteristics of the reproductive stages of
male and female Polymesoda erosa .............................
38
Numbers of male and female Polymesoda erosa collected
per month and the value for differences from an expected
ratiooflmale: ifemale ...........................................
43
Numbers of male and female Polymesoda erosa of each
class size and the x2 value for differences from an expected
ratio of 1 male: 1 female ..........................................
44
Estimated numbers of oocytes per gonad of Polymesoda
erosa.................................................................
54
Mean values of biochemical composition of different body
parts (dry tissue) in male Polymesoda erosa ...................
90
Mean values of biochemical composition of different body
parts (dry tissue) in female Polymesoda erosa .................
90
Characteristics and gross proximate composition (% dry
weight) of recently isolated tropical Australian microalgal
species fed to adult Polymesoda erosa .......................... 105
Mean values of filtration rate (FR), ingestion rate on cell
basis (IRc), ingestion rate on weight basis (IRw),
assimilation efficiency (AE), ingested energy (IErg.) and
absorbed energy (Abs.Erg) of adult Polymesoda erosa fed
on different concentration of microalga T-ISO ................ 111
Correlation coefficient (r) between microalgal parameters
and physiological variables of Polymesoda erosa of 1 g
standard dry tissue weight ........................................ 117
Number of spawned broodstock Polymesoda erosa, number
of eggs released, egg size, fertilization rate and percentage
of D-larvae after conditioning for 12 weeks under different
diets at25-27°C ..................................................... 137
Fatty acid composition of four microalgae used as diets for
conditioning broodstock Polymesoda erosa for 12 weeks
147
Fatty acid composition of the non-gonad of Polymesoda
erosa fed on four microalgal diets for 12 weeks ............... 149
Fatty acid composition of the gonad of Polymesoda erosa
fed on four microalgal diets for 12 weeks
153
...

xiv

Chapter 1

General Introduction

CHAPTER 1
General Introduction
1.1. Description and Background Information on Polymesoda (Geloina) erosa
The mangrove clam, genus Polymesoda, subgenus Geloina, species erosa Solander
1786 (Bivalvia: Corbiculoidae) is a large bivalve, the shells of which may grow up to
120 mm or more in length (Morton, 1985). The main characteristics of this bivalve
are the almost orbicular and similar shape of the shell valves (equivalve) that can be
closed tightly. The shell is thick and, in the adult the periostacum is dark brown to
black with numerous concentric rows of elevated lines covering the surface of the
shell. In juvenile animals the shell is thin and the periostacum colour is dark green
(Morton, 1984). The umbos of the shells are often badly eroded by the acidic
mangrove soil (Morton, 1976; 1984; 1988). P. erosa has two short siphons: the
inhalant and the exhalant siphons with a ring of small tentacles surrounding the
inhalant siphon. The clam's foot is white, hatchet-shaped and proportionally large
and extended when the animal is active.
This bivalve is naturally distributed throughout the tropical seas from Sri Lanka in
the west to Solomon Islands in the east, from Japan in the north and to northern
Australia and New Caledonia in the south (Morton, 1984). P. erosa is a very high
zoned species, inhabiting around streams draining through the mangroves. It is
usually found buried in the stiff mud and is capable of withstanding long periods of
desiccation and wide ranges of salinities. During emersion, it is able to exchange
water and suspended material with subterranean water through the pedal gape, and
then resume filter feeding rapidly when fully inundated (Morton, 1976).

1.2. The Role of Mangrove Clam Fishery
The mangrove clam has been harvested for food in various Southeast Asian countries
including the Indonesian archipelago (Morton, 1976; 1984). In northern Australia
(Maningrida Region, Arnhem Land), this is one of the staple foods harvested by
indigenous Australians living in coastal regions (Meehan*, 1982; Isaac, 2002).
*) Meehan (1982) used the scientific name Batista violacea which is a closely related genus.
Specimens from Amhem Land should be Polymesoda erosa (A. J. Griffiths, personal communication)
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Aboriginals call this clam anbambula or nyamanya and is one their most preferred
shellfish over other molluscs (gastropods and bivalves) (Meehan*, 1982; Isaac,
2002).
When camping close to the mangroves, the people eat large quantities of clams, on
average half to three quarter kilos of soft parts per person per day (Isaac, 2002). In
Maningrida, clams are usually cooked by arranging the shells in a special standing
position, covering them with small sticks and dead grass, which is then ignited. The
shells are roasted for a few minutes only until their juices start exuding (Meehan,
1982; Isaac, 2002). In other Asian countries P. erosa is prepared in the same way as
other common edible bivalves for various delicious cuisine.
Currently, no market exists for this clam as are available to other seafood from
northern Australia such as various crustacean or oysters. On the other hand, it has
been a popular seasonal food in Indonesia and other Asian countries (Morton, 1984).
In Western Papua, Indonesia, for example, it is commonly traded in traditional
markets where it fetches a price of about AUD$ 1 per kg (Petrus Boli, personal
communication). Currently, there have been attempts to sell this clam from northern
Australia to other parts of the country as a self-sustaining income-generating project
for the indigenous community (Ray Hall, personal communication). Bawinanga
Aboriginal Corporation in Maningrida, NT has taken steps to promote this resource
for commercial venture. Samples of clams have been sent to public health agencies
and have been declared safe for public consumption. It has also been chef tested and
is considered to be as suitable as other bivalve shellfish for various meals (Ray Hall
and Graham Dobson, personal communication). Its acceptability among nonaboriginal Australians can be enhanced with appropriate campaigns. This clam is
likely to fetch a good price if large quantities of product are consistently available.

1.3. Susceptibility of Mangrove Clam Fishery to Overfishing
In Maningrida, Polynzesoda erosa inhabits the landward fringe of the mangrove
bordering large estuaries. Most of its habitat is exposed during low tide and is
accessible during that time (Author observation). The aboriginals use the
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termination "mud mussel country" to refer to the clam beds which are scattered along
the estuary. These clam beds are well-defined areas and the people usually use the
surrounding areas as campfire sites or dinnertime camps (Meehan, 1982). Heaps of
clams litter indicate that some of these clam's habitats have been visited frequently.
Visits to some of the clam beds gave an impression that the density of the clam was
very low, particularly those beds close to home base (Author's observation).
However, there are no records documenting the density of clam and fishing rate in
the past, so it is not known whether the low density was a result of fishing activity or
other causes.
As sedentary species P. erosa is prone to overfishing. This is because its habitat is
mostly accessible and no special tool is needed to catch this clam. During the low
tide when the clam beds are exposed, clams can be easily spotted because part of
their shells emerge above the mud. Even when all parts of the shell are buried in the
mud, a skilled collector is able to locate and dig them up using a piece of wooden
stick. Within one hour, depending on the density of clams in an area, a skilled
collector can harvest between 50 and 100 individuals (Author's observation). It is
predicted that when this resource is harvested commercially in the future, in the
absence of management schemes, overfishing would happen. Because of the patchy
nature of clam distribution, clam collectors tend to fish a bed until the density drops
to some level, and then later to abandon the area. The over-harvested beds would not
easily recover, even after closed season management is later imposed. This is
because the number of adults may be reduced to a level where reproduction is unable
to replace the number lost (Nash, 1985; Gosling, 2003). Great distance between
reproductive individuals in a fished population may result in a low fertilisation rate,
and thus to low recruitment (Pennington, 1985). Decline in the population of those
easily fished bivalves has been recorded in the Philippines on another species of
mangrove clam (Anodontia edentula), which has very similar nature to P. erosa
(Adan, 2000).
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1.4. The Need for Management Schemes
The objectives of fishery management can be summarised as the ability to maximise
yield whilst maintaining the long-term viability of the resource (Knuckey, 1999). It
is apparent that no single management measure has been implemented for P. erosa in
Maningrida. Interviews with clam collectors in the area gave the impression that
they harvest all the shells they could find in the clam beds they visit. Although
Meehan (1982) mentioned that clam collection by Aborigines is not determined by
the distance of the clam beds from the home base, but by some 'spiritual'
considerations to harvest at certain beds, it is not clear whether this spiritual driven
collection also helps to maintain the preservation of the clam beds. If it does, then
logically this practice will only spare those unfished beds, but not those frequently
fished. This practice differs to those community-based traditional marine resources
managements documented in other indigenous communities. For instance, New
Zealand's Maori have tikanga, which are customary management traditions
including the enhancement of depleted shellfish beds, relocation or transplantation of
shellfish from one location to another (Booth, 2000). In Maluku (Moluccas) Islands,
Indonesia, coastal villagers practice sasi, a traditional fisheries resource management
practice, which is mainly based on season and area closures (Ruhunlela et al., 1994;
Nikijuluw, 1995).
There are many management protocols have been applied in various aquatic living
resources. Among these are the imposition of minimum and maximum legal size,
restriction of collection season or temporal closed season, rotating harvest, licensing
and quota, moratorium system, and sanctuaries (Heslinga, 1981; Heslinga et al.,
1984; Nash, 1985; Orensanz, 1986; FAQ, 1994; Beasley et al., 2000; Murawski et
al., 2000; Goulletqouer and Le Moine, 2003; Aswani and Weiant, 2003; Gosling,
2003). Ideally, a fishery should be managed as early as possible, but in many cases
the management measures are applied when there is already evidence of
overexploitation of the resource (Gosling, 2003). In the case of P. erosa, lack of
records about the present status of the fishery, as well as the absence of basic
biological data, make the implementation of any management measures difficult.
Despite the fact that it is still harvested at subsistence levels, the requirement of such
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protocol for P. erosa in Maningrida is a necessity because of human population
increase over time.
Basic biological data are required to design management protocols. Of most interest
to fishery biologist/managers are the size/age at sexual maturity, and the timing of
spawning and recruitment (Barber and Blake, 1991; Beasley et al., 2000; Gosling,
2003). This information can be collected through studies on reproduction of a
species from different areas and different times. For this reason, the reproductive
study of wild P. erosa is one of the main subjects in this thesis.

1.5. The Role of Aqtiaculture
In many parts of the world, commercial aquaculture depends on species, which are
non-native species and are introduced from other locations. In the past, introduction
or translocation of species was driven mainly by economic and market considerations
as well as cultural and traditional needs. Good examples for bivalve aquaculture are
Pacific oyster (Crassostrea gigas), European flat oyster (Ostrea edulis) and the US
bay scallop (Argopecten irradians) (Chew, 1990). However, despite the success
stories of many of these introductions in reviving dying fisheries, there are also
environmental implications and other negative effects, which are the reasons why
such introductions should be discouraged (Welcomme, 1988; Ross and Beveridge,
1995).
Promoting native species is an alternative to avoid the possible risk of the introduced
species. It will also encourage sustainable aquaculture and farming systems,
conserve genetic resources and maintain diversity (Ross and Beveridge, 1995).
Although native species, particularly those that have been domesticated and
genetically modified, may also pose risks including reduced genetic diversity, to the
remaining wild stocks (FAO, 1997; Booth, 2000), this can be avoided by involving
large numbers of broodstocks and minimum interference on the genetic stock. Good
larval rearing practices and transferring the larvae as earlier as possible from the
hatchery to the grow-out areas in the mangrove also minimise the chance of the
larvae harbouring disease that may be transmitted to the wild population.
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There are some criteria which have to be considered in selecting the native species
for aquaculture. These are economic and market values, biotechnical constraints and
environmental implications (Ross and Beveridge, 1995). However, other factors
such as the social benefits for the local indigenous population are also important
(I1IRR, IiDRC, FAQ, NACA and ICLARM, 2001a). In many developing countries,
small-scale aquaculture activities of local species have helped in increasing fish
production and in reducing the cost making fishery products more accessible to lowincome groups (Pillay, 1990; RDV, 1998). Relying on simple technology this type
of aquaculture is easily adopted by rural community and encourages active
participation of the community members. For instance, in many Southeast Asian
countries, small-scale aquaculture in mangroves is now being promoted by providing
support to poor coastal communities to start small-scale coastal aquaculture
technologies (IliRR, IDRC, FAQ, NACA and ICLARM, 2001b). Part of these rural
aquaculture projects is the enhancement or reseeding of natural water bodies and
mangroves where people have free access to the resources.
For P. erosa aquaculture, such public or collectively owned or co-managed lowtechnology aquaculture should be considered. This is particularly important if the
goals are self-sustained indigenous community development and participation of all
community members as stakeholders. The simple and cheap technology is also
important by the fact that there will be still long way to go to create an established
market for this native species. As a kick-start for the more established public benefit
aquaculture activities, enhancement programme of the depleted clams beds is
recommended. Simplicity of operation and little time required to tend the reseeded
beds make this project suitable for mass participation of the member of indigenous
community. Rice et al. (2000) provides an overview and analysis of shellfish
restoration and management, which later develop into public aquaculture projects.
They emphasised the inter-relation between stakeholders-educators-scientists in such
projects. Similar public participation in restoration is reported for oyster in
Cheasepeake Bay (Brumbaugh et al., 2000). All of these authors underline the
important role of hatchery-produced seeds in the enhancement and restoration
programmes.
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Many bivalve aquacultures depend primarily on the collection of spat from the wild.
However, spat from the wild is not only seasonal, but also varies in quality and
quantity making it unreliable for commercial culture (Pillay, 1990; Gosling, 2003).
In the case of P. erosa, the situation is worse because information about the habitat
of spat or spatfall season is not available. Therefore, enhancement programmes for
this species will rely primarily on the hatchery-produced spat.
For seed production of the mangrove clam to succeed, several problems will have to
be addressed. One of the more important ones is the acquisition of mature and
healthy broodstock, which can be induced to spawn and produce high quality spat.
Food is one of key factors in producing such broodstock. Studies on biology of the
adult and larval stages are required before hatchery technique can be developed. One
of the focal points of this thesis is on the preparation of adult P. erosa to be used as
broodstock in the hatchery.

1.6. Food and Feeding Habit of Bivalves
Bivalves can be classified into functional feeding groups based on food-acquiring
mechanisms.
Filter feeders feed on particles in suspension above the sediment. They are also
known as suspension feeders because they take their food out of water column
(Purchon, 1968). Water is brought through the inhalant siphon and passed over the
gills where the food particles are captured and transported to the mouths via cilia.
The particles pass through the digestive system and waste is released through the
exhalant siphon in the shape of rod-shaped faecal pellets. Besides particulate organic
matter, filter feeders are also able to absorb dissolved organic materials from the
water. Some filter feeders, such as the giant clams Tridacna, obtain some portions of
their nutrients from their zooxanthella symbionts (Klumpp et al., 1992). Many
commercial species such as Mytilus edulis, Mercenaria mercenaria, Cerastoderma
edule, Mya arenaria, Geukenisia demissa, Perna viridis, various edible and pearl
oysters and scallops belong to this group (see Winter, 1978 for a review; Langdon
and Newell, 1990; Bricelj and Shumway, 1991; Kammermans, 1994; Hawkins et al.,
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1996; Pouvreau et al., 2000a). P. erosa is primarily a filter feeder even though it
may get some of its nutrient from sediment, particularly during emersion (Morton,
1976).
Pedal feeders rely on special cilia on their foot to collect buried organic matter (Reid
et al., 1992). Some bivalves, such as Sphaeriidae and Uniodae, do pedal feeding
only during the juvenile stage (Way et al., 1990; Yeager et al., 1994; review of
Vaughn and Hakenkamp, 2001). Others maintain the pedal feeding until adult stage.
For instance, Corbicula can switch between pedal and filter feeding according to the
availability of planktonic food (Hakenkamp and Palmer, 1999; review of Vaughn
and Hakenkamp, 2001).
Deposit feeders particularly take their food from the sediment. They obtain their
nutrition by processing and sorting large volumes of sediment, but rejecting most
before ingestion as pseudofaeces. Macoma baithica and Scrobiculariaplana are
examples of deposit feeders (Kammermans, 1994).
Of the three feeding groups, the mechanism of filter feeding is the most frequently
studied. Many studies have reported the effects of water quality such as temperature,
turbidity and current, silt and other inert particles, food type, food quality and
quantity, life history, body size, metabolic state and gametogenic stages on the
filtration and assimilation rate of bivalves (Ali, 1970; Walne, 1972; Rubenstein and
Koehl., 1977; Winter, 1978; Widdows et al., 1979; Kiørboe, 1981; Navarro and
Winter, 1982; Meyhofer, 1985; Shumway et al., 1985; Navarro et al., 1992; Barillé et
al., 1993; Bayne et al., 1993; Bougrier et al., 1995; review Jørgensen, 1996; Clausen
and Riisgârd, 1996; Lenihan et al., 1996; Ward, 1996; Bacon et al., 1998; Yukihira et
al., 1998; Inoue and Yamamuro, 2000; Sobra! and Widdows, 2000; Lee and Chung,
2001; Nakamura, 2001; Risgárd et al, 2003). Studies on filter feeding activities
provide information on how bivalves respond to diet under certain condition, which
is useful in selecting a proper diet for aquaculture purposes. For P. erosa there is no
record available, so the present study will also examine the filter feeding activities of
this species on different kind of microalgae.
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The principal food source for bivalves are living and dead particulate organic
matters. These include phytoplankton, micro-zooplankton, macrophyte, fragments of
vascular plants, detritus and bacteria (Kiørboe and Møhlenberg, 1981; Bricelj and
Malouf, 1984; Ward and Targett, 1989; Crosby et al., 1989; Langdon and Newell,
1990; Bricelj and Shumway, 1991; Navarro et al., 1992; Hawkins and Bayne, 1992;
Shpigel et al., 1993; Bayne et al., 1993; Kammermans, 1994; Charles et al., 1996;
Hawkins et al, 1996; review by Jorgensen, 1996; Silverman et al., 1997; Nakamura,
2001 and Gosling 2003). The quantity and the quality of the food sources vary
seasonally. This is one the main factors influencing the growth and reproduction of
bivalves. Many studies underline the effect of food availability on the seasonal
features of the reproduction in bivalves (Robinson, 1992a; Ruiz et al., 1992; Sarkis,
1993; Martines et al., 2000). This also will be an aspect of the study of P. erosa in
the present study.

1.7. Nutritional Requirement of Bivalves
Bivalves use assimilated nutrients from food to provide kinetic energy for activity
and metabolic maintenance, or as reserve energy in the form of lipid, carbohydrate or
protein (reviews of Bricelj and Shumway, 1991; Hawkins and Bayne, 1992). They
also need these nutrients for building new somatic and reproductive tissues (Gosling,
2003). Knowledge of the nutritional requirement of bivalves in each stage of
development, from larval to adult stage, must be provided in order to compose a
satisfactory diet in the hatcheries.
1.7.1. Carbohydrates
The contribution of carbohydrates in the algal diet for cultured animals has been well
studied. Many bivalves use stored carbohydrate, in the form of glycogen, as an
energy source during gametogenesis or under conditions of nutritional stress (De
Zwan and Zandee, 1972; Gabbot, 1975; Taylor and Venn, 1979; Barber and Blake,
1981; Robinson et al., 1981; Peirson, 1983; Beninger and Lucas, 1984; Barber and
Blake, 1985; Deslous-Paoli and Héral, 1988; MartInez, 1991; Frolov and Pankov,
1992; Robinson, 1992c; Mathieu and Lubet, 1993; RodrIguez-Moscoso and Arnaiz,
1998; Li et al., 2000; Berthelin et al., 2000). Carbohydrate is also an important
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energy source for bivalves experiencing frequent anoxic condition (De Zwaan,
1983). Apart from their use as energy source, carbohydrates are also used as a
respiratory substrate for the formation of other constituents, either lipid or protein
(Bayne, 1976; Gabbot, 1975, 1976; Peirson, 1983; Fernandez Castro and de Vido de
Mattio, 1987; Sarkis, 1993) and to help to maintaining the balance of the utilisation
of proteins and lipids for energy production (Whyte et al., 1989).
1.7.2. Lipid and Fatty Acids
Lipids are also used as a source of metabolic energy and are essential materials for
the formation of cell and tissue membranes. For the broodstock, lipids are
particularly important in gonad formation in females. It is generally accepted that
the quantity and quality of lipid content of the diet during conditioning have a major
impact on spawning, egg and larval quality (Thompson, 1977; Gallagher and Mann,
1981, 1986; Wilson et al., 1996; Soudant et al., 1996a, 1996b; Utting and Millican,
1997). The egg and larval quality of bivalves is strongly dependent on the nutritional
status of the broodstock. Their essential role during embryonic development making
lipids the unique index of quality of the bivalve larvae (Gallagher et al., 1986).
Besides providing energy, the dietary lipids play an important role as sources of
essential fatty acids. Studies show that the lack in the polyunsaturated fatty acid
(PUFA) content of broodstock diets is one of the crucial factors affecting negatively
the fecundity, fertilisation, hatchability, viability of bivalve larvae (Frolov and
Pankov, 1992; Palma-Fleming et al., 2002). It has been reported that in many
bivalves, the fatty acid composition of the larvae reflects the composition of the
broodstock diet (Frolov and Pankov, 1992). Although some bivalves are able to
elongate and saturate some fatty acids, certain n-3 and n-6 fatty acids cannot be
synthesised de novo, and thus, they have to be supplied by the diet. Many studies
reported that some PUFAs such as 18:2(n-6), 18:3(n-3), 20:5(n-3) and 22:6(n-3)
(Chu and Greaves, 1991; Soudant et al., 1996; Caers et al., 1999a,b,c; Piveteau et al.,
1999; Palma-Fleming et al., 2002; Pazos et al., 2003; Cerpa et al., 2003) are essential
for bivalves and have to be present in the diet. Deficiency in any of these fatty acids
results in low growth and survival rates, as well as retardation of gonad development
in adult.
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1.7.3. Proteins
Proteins (amino acids) are required as building blocks for the synthesis of
macromolecules during cell growth and reproduction. Proteins constitute the major
organic component of bivalve oocytes (Holland, 1978), and also serve as an energy
reserve during gametogenesis (Gabbot and Bayne, 1973; Barber and Blake, 1981;
Ruiz et al., 1992) and during energy imbalance (Gabbot and Bayne, 1973; Beninger
and Lucas, 1984). Although it is generally accepted that the role of proteins as a
source of energy is not as important as carbohydrates or lipids, in some bivalves
protein contributes more than carbohydrate to maintenance energy during food
shortage. Mytilus edulis changes its main energy source from glycogen to protein
during winter when food supply is low (Gabbot and Bayne, 1973). Similarly,
Crassostrea gigas relies on stored protein during food scarcity (Whyte et al., 1990b).
Proteins provide amino acids for bivalves during gametogenesis and larval
development. Study has shown that there is strong relationship between gonadal
amino acids and those in the larvae with some amino acids such as aspartic acid,
lysine, cystine and tyrosine probably essential for gonad development (Frolov and
Pankov, 1992).

1.8. The Role of Microalgae in Bivalve Hatchery
Microalgae play an important role as a source of nutrients in the aquatic food-web
process (Brett et al., 1997). They contain carbohydrates, lipids, proteins, vitamins,
minerals and pigments required by the aquatic species. For that reason, microalgae
are used in aquaculture as live feeds for all growth stages of bivalve molluscs, for the
larvallearly juvenile stages of abalone, crustaceans and some fish species as well as
for enriching zooplankton used in aquaculture food chains (Brown et al., 1989;
Heasman et al., 2000; Brown, 2002).
In bivalve aquaculture, microalgae fed to broodstock not only affect the broodstock
per Se, but also the quantity and the quality of eggs and early larval stages.
Numerous studies have reported the important role of microalgal diet in the
reproductive conditioning of bivalves (Gallagher and Mann, 1986; Laing and Lopez-
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Alvarado, 1994; Wilson et al., 1996; review by Utting and Millican, 1997; Berntsson,
et al., 1997; Piveteau et al., 1999; O'Connor et al., 2000; FarIas and Uriarte, 2001;
Cerpa et al., 2003)
Despite the availability of dried algal products or other substitute diets (Coutteau and
Sorgeloos, 1992; review of Knauer and Southgate, 1999; Brown, 2002), various
studies showed that live or fresh microalgae have better quality than the preserved or
artificial diets (Laing and Lopez-Alvarado, 1994; Albentosa et al., 1997; Robert and
Trintignac, 1997). Some factors such as cell aggregation and rapid settlement
making them unavailable for feeding as well as leakage of the cell contents leading
to loss of some nutrients or problems associated with fouling of the water are
responsible for the lower quality of these diets compared to live algae (Coutteau and
Sorgeloos, 1992; Esquivel and Voltolina, 1996; review of Borowitzka, 1997;
Heasman et al., 2000). Currently, most bivalve hatcheries still depend partly or
entirely on live microalgae even though culturing microalgae is very costly and
labour-intensive (Esquivel and Voltolina, 1996; Heasman et al., 2000; Lora-Vilchis
and Doktor, 2001; Brown, 2002; Ponis et al., 2003).

1.9. The Potential Benefit of Using Locally Available Algal Diets in Aquaculture
Ideally, microalgae should be adaptive to local conditions, available year-round and
suitable as a food source for bivalves (Jeffrey et al., 1990; Barille et al., 2003). Some
locally isolated microalgae fulfil all these requirements
In terms of adaptability, the local strains may be more suited to specific local
environmental conditions (light, temperature and seawater chemistry) than
introduced species (Thinh et al., 1999; Knuckey et al., 2002). For this reason, it is
likely that growing local strains would face less failure or 'crash' during massculture because of their adaptability. Also, they can be grown outdoors with natural
lighting and without temperature control. Culturing algae under these conditions
would be cheaper compared with those that have to be grown indoors under artificial
lighting and temperature control (Borowitzka, 1997). Because they are isolated from
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surrounding waters, their stock culture can be renewed easier than the introduced
ones.
Environmental issues may lead to a preference for local algal strains. The increase in
public concern about possible risks of introduced species may expand to introduced
food organisms, including microalgae. Although there has not been any report about
harmful effects of introduced microalgal diets, the possible risks exist by the fact that
all of these algae are used in the hatchery as fresh or live strains and they may have
environmental implications when waste water from the hatchery is discarded into the
environment. For the environmental reasons, Renaud et al. (1999) discussed the use
of locally isolated microalgae to feed various aquaculture species. The use of the
local strains would face less concern from government regulatory agencies about the
possible danger of the introduced strains (Knuckey et al., 2002).
The local microalgae could probably provide the nutritional requirements of the
native species (Knuckey et al., 2002). This is because the native animals have
adapted to diet found in their natural habitat. It is likely that locally isolated algae
could provide various trace nutrients or minerals that may not be available in the
introduced species. however, this aspect of the work will need further study.
There are many microalgal species that have been isolated from tropical waters of
Australia. Some of these have good biochemical composition (proximate and fatty
acids) and are considered good food source for marine organisms (Renaud, 1992;
Renaud et al., 1994, 1999, 2000, 2002; Thinh et al., 1999). Apart from their use in
enriching zooplankton and other organisms (Thinh et al., 1999), there has been no
study about their use in the culture of P. erosa. For this reason, one of the main
aspects of this thesis is study on the effect of some tropical algae on conditioning of
P. erosa.

1.10. Thesis Aims and Outline
Apart from the studies published by Morton (1976; 1984; 1985; 1988), very little is
known about the reproductive biology of P. erosa within the species geographical
distribution. Also, no study about dietary requirements or conditioning protocols is

13

Chapter 1

General Introduction

available for this clam. This thesis investigates the reproductive cycle and
biochemical composition of P. erosa in natural population and the reproductive
conditioning of this clam in the hatchery.
1.10.1. Thesis Aims
The aims of this study can be identified as follows:
to investigate the reproduction of P. erosa at Maningrida,
to monitor the seasonal changes in the body composition over an annual
cycle,
to investigate physiological responses of P. erosa fed various microalgal
diets,
to determine the effects of various microalgal diets for broodstock P. erosa
during reproductive conditioning in the hatchery.
Achievements of these aims will give information required for fishery management
and for developing the hatchery technology required for larval mass production and
the enhancement of the depleted clam beds in Maningrida, Northern Territory,
Australia.
1.10.2. Thesis Outline
The thesis is composed of seven chapters. Chapter 1 is an introduction to the topic
with general information about P. erosa and its traditional role as diet in indigenous
Australian, vulnerability of this bivalve to over-fishing, the need for management
measures for this resource and the possibility of using simple aquaculture techniques
to alleviate the risk. Chapter 2 describes the methods used including the sampling,
transporting, measurements, hatchery maintenance, culturing microalgae, chemical
analyses and spawning induction of clams. Chapter 3 and 4 are studies about the
wild population. In Chapter 3, aspects of reproductive biology of P. erosa were
determined. Information from this study can be used as a basis to design
management measures in natural population. Chapter 4 includes detailed chemical
analyses of the clam's body tissues, which will give information how the animal
utilises and accumulates nutrients for growth and reproduction in the nature. This
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will give insight about the relative importance of various nutrients for P. erosa.
Chapter 5 to 6 are studies to develop hatchery technology for this bivalve. In
chapter 5 the suitability of some recently isolated tropical Australian microalgae was
tested. This chapter focuses on physiological responses, such as filtration, ingestion
and assimilation rates, to predict the amount of energy available to the clam when fed
different algal diets and how this information could be used as a short-term criterion
in sorting out the potential diets for conditioning of P. erosa. Chapter 6 goes into
more details on the long-term effects of the diets selected in chapter 5 on supporting
growth and development of the gonad until spawning. It includes the chemical and
fatty acid composition of P. erosa. Lastly, in chapter 7 the results of the studies in
chapter 3 to 6 are summarised. It discusses also the implications these findings have
for the management of the fishery on this species and aquaculture. Further, an
outline for future research in this field is given.
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CHAPTER 2
General Methods
2.1. Study Organism
2.1.1. Collection Site
The animals were collected in the mangrove forest bordering the Tomkinson River in
the Maningrida Region, Northern Territory, Australia (Figure 2.1). The whole region
experiences a tropical monsoonal climate with annual mean rainfall 1,580 mm (4
years averages from 1999 to 2003, Bureau of Meteorology, Northern Territory
Region). The 'wet' season occurs from November to April when the north-west
monsoon produces high rainfall. The mean monsoonal rain recorded during the
present study varied from 80 mm during November reaching a peak of 277 mm in
February before steadily decreasing towards the end of the wet season. The dry
season starts from May and lasts until October under the influence of southeast trade
winds. Rivers such as the Tomkinson River flow only during the wet season, while
during the dry season, seawater penetrates estuaries up to 100 km upstream due to
low flow rates and low stream gradients of the rivers as well as high tidal ranges
(Australian Water Research Council in Knuckey, 1999). The selected study site was
relatively unfished and human disturbance was relatively low.
The Tomkinson River is generally turbid, due to large quantities of silt and mud in
the water. The river banks are lined with mangroves, predominantly Rhizophora
spp., Avicennia spp. and Ceriops spp. (Figure 2.2A). The habitat of P. erosa is
usually in areas where Avicennia spp is predominant (Figure 2.2B). The clams
buried themselves in the stiff mud in the high intertidal zone of the mangroves with
only their siphons emerged (Figure 2.2C).
2.1.2. Collection of Clams
From 40 to 100 clams (31.2 to 111.7 mm in size) were taken, usually at monthly
intervals, from June 2001 to September 2002. Clams were hand collected by digging
mud substrate under mangrove during low tide when the area was totally exposed.
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Figure 2.1: Map of Maningrida Region, Northern Territory, Australia showing the
collection site of Polymesoda erosa. The animals were collected from a
clam bed adjacent to Tomkinson River.
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Figure 2.2: 1-labilat of Polyinesoda erosa in Maningrida where the clam was
collected (A). The area is totally dry during the low tide (B).
Individual clam in its substrate (C).
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2.1.3. Transportation, Handling and Rearing of Clams
The collected live clams were airfreighted dry in styrofoam boxes to an experimental
hatchery at the Charles Darwin University. Upon arrival samples of water entrapped
inside the shell were taken for salinity measurement. The animals were cleaned by
spraying freshwater and brushing the shells.
Minimum of 40 animals of size ranges between 75 and 85 mm were taken for
monthly histological and chemical studies. They were placed in 500 L tank
containing sand-filtered seawater of 20 ppt. They were purged overnight to clean
their guts prior to processing for histological and biochemical studies. An
identification number was written on each clam using a silver ink permanent-marker.
The remaining clams were placed in 5000-L static fibreglass tanks containing aerated
sand-filtered seawater of 20 ppt to almost full capacity at the density 40 to 50
animals per tank. The tanks were located outdoors and received natural light. To
reduce the harsh light, each tank was covered with nylon shade cloth of 50% shade.
Water temperature ranged from 20 to 32°C depending on season of the year. The
clams fed on endogenously derived microalgae without exogenously addition of
nutrients and microalgae stock cultures.
2.1.4. Shell Measurement
Shell dimensions were recorded according to Cox (1969) using a vernier calliper
(MTI) as follows:
Shell length
The shell length (mm) was recorded as the maximum dimension anterior-posterior
axis.
Shell height
Due to most shells having eroded umbo, shell height (mm) was recorded as the
maximum dimension along shell hinge to ventral side
Shell width
The shell height (mm) was maximum lateral axis.
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Shell volume
Volume measurements were made to the nearest 0.1 mL by water displacement
according to Quale and Newkirk (1989). Individual clams were placed into a 600mL beaker containing distilled water at a reference level. The amount of water taken
out by a graduate pipet until the level returned to the reference was the volume of the
clam. A similar procedure was carried out on the empty shells after shucking the
flesh. Internal shell volume was the difference between total body volume and
empty shell volume. This method was appropriate for P. erosa because its shell can
be closed tightly, and hence there was no exchange water between the clam
measured and the water in the beaker.
2.1.5. Sex Determination
The shell was open by inserting a paring knife between the valves to cut both the
anterior and the posterior adductor muscles. The soft tissues were shucked and sexes
were recorded based on the colour of the gonad. The gonad in females is black and
in males is creamy white (Figure 2.3). When in doubt, gonadal smear was examined
under the microscope for sperms or eggs.
2.1.6. Tissue Wet Weight
The wet tissues were blotted dried on paper towel and their weights were measured
until constant weight to the nearest 0.00 1 g with a Sartorius B31OS electronic
balance.

2.2. Algal Culture Method
Two commercial microalgal species (Isochrysis aff. galbana T-ISO and Tetraselmis
suecica) and five purified algal stocks isolated from different parts of tropical
Australian waters (details in Chapter 5) were used in the present study. Microalgae
were cultured in 2 L Erlenmeyer flasks containing 1.5 L of sterile Guillard's f2
medium (Guillard and Ryther, 1962) at 30 ppt and 25 °C on Plexiglas shelves
illuminated from behind with white fluorescent light of 80-100 .tmol photon s m
on a continuous light period and under constant aeration. Silicate (Na2SiO3.5H20)
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Figure 2.3: Anatomy of male and female Polyinesoda erosa. The gonad occupies
the largest proportion of the soft tissue. A. Male; B. female.
aain= anterior adductor muscle; pam= posterior adductor muscle; nit=
mantle, sl)= siphon; gl= gills; gd= gonad;ft foot
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was used only for culturing diatom i.e., Chaetoceros sp. CS256. Saltwater used for
making culture media was filtered using a series of cartridge colunm glass-fibre
filters down to 0.3 im. The water was further filtered using Whatman GF/C-filter
paper. All chemicals used were analytical grade (AR). The salinity of the culture
medium was adjusted with tap water, using a TPS Salinity meter Model LC84,
before sterilisation. Culture medium was steam sterilised in a Labec autoclave at 140
kPa for 30 minutes. Aeration of the culture was achieved by passing sterile air
through a glass tubing (i.d. 5 mm) connected to a high blow air pump Model HP80.
After reaching the log-phase, these cultures were used as inoculums for batch
cultures in 20 L carboys.
Culture medium and culture conditions in the carboys were similar to the flask
culture. The only difference was the water was not GF/C-filtered and the medium
was not autoclaved. The medium was disinfected using UV-Disinfection System
Model LC20 at the rate of 2 L mm'.
The cell density of algal cultures was counted using an improved Neubauer
hemocytometer. The algae were harvested for feeding trials at the end of log-phase.

2.3. Freeze-drying
2.3.1. Clams Body Parts
For the study of the biochemical composition of P. erosa from the wild (Chapter 4),
the soft tissues (flesh) of individual clams were separated into three groups i.e., foot
and adductor muscles, mantle and associate tissues, and gonad. For the conditioning
experiment (Chapter 6), the flesh was grouped into non-gonad and the gonad. Each
of these tissue groups was rinsed with the volatile buffer 2% ammonium formate
(BDH, Analar) to remove salts, transferred into individual tared 30 mL plastic vial
with lid, and placed overnight in a —20°C freezer. The vials containing frozen tissues
were removed from the freezer, and placed with lids removed in a freeze-drier
(Dynavac model FD3 or Savant model RVT400). To avoid loss of tissue, each vial
was covered with a ply of tissue paper. The tissues were freeze-dried up to 72 hours
until constant weight. The dry weight was measured to 0.0001 g with a Sartorius
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A200S electronic balance. The dried tissues of each tissue group were pooled and
pulverized using mortar and pestle. This was followed by further pulverisation using
an automatic grinder (Retsch type RMO), to get a homogenous mixture of particle
size less than 1 mm. The powder of dried tissues was stored in a —70°C freezer
(Forma Scientific®) until further chemical analysis (two-three months after freeze
drying for gross chemical analyses and one month for fatty acids).
2.3.2. Microalgae
Suspension of microalgae in culture medium was centrifuged at 5000 rpm for 10
minutes using a Beckman Model J2-21MIE refrigerated centrifuge. The supernatant
was removed by aspiration and the algal pellets were resuspended in 2% ammonium
formate and then re-centrifuged. The algal paste was frozen overnight in a -20 °C
freezer, then freeze-dried for approximately 72 hours and stored at —70°C prior to
chemical analysis.

2.4. Gross Biochemical Analyses
2.4.1. Carbohydrate
Carbohydrate was determined by the colorimetric method of Dubois et al. (1956).
The carbohydrate in clams tissues or microalgal cells (7.5 to 10 mg) were extracted
with 10 mL of 0.5M H2SO4 for 1 hour at 90°C on a steam bath, and then centrifuged
at 2000 rpm for 10 minutes. A series of glucose standards (BDH, Analar) were
prepared (0-200 Lg/mL). Into 1 mL aliquots of each supernatant or glucose standard,
1 mL 5% phenol reagent was added and vortex mixed (Stansen Model VM1), then 5
mL of concentrated H2SO4 (Ajax, Univar) was rapidly added with further vortex
mixing. After 30 minutes the absorbances of extracts and glucose standards were
measured at 485 nm using a Hitachi U-1100 ultra-violet visible spectrophotometer.
Carbohydrate was calculated according to formula:
CHO % =

concentration std (1ug / mL) Absorbance std
x
x Volume of sample x 100
Absorbance std
Mass sample (ug)

with std=standard
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2.4.2. Total Lipids
The total lipids were determined using two modifications of the methanolchloroform extraction method (Foich et al., 1957) i.e., modification by Bligh and
Dyer (1959) and a modification of the method of Bligh and Dyer according to Mason
and Nell (1995).
2.4.2.1. Method for Total Lipids and Fatty Acids
This method was used to determined total lipids for samples which were then
subjected to further fatty acids analysis (Chapter 6).
The freeze-dried samples were removed from the —70°C freezer and allowed to reach
room temperature. A mass of 100 mg of the freeze-dried sample was accurately
weighed to four decimal places (Sartorius, B12OS) in a 100 mL conical flask
Ten mL methanol and 20 mL chloroform were added to each flask then followed by
ultrasonification for 10 minutes. The samples were filtered (Whatman No 40 filter
papers) and the filtrate was transferred to 100 mL separating fimnels. Flasks were
rinsed with minimum volume of methanol-chloroform (1:2) and filtrate combined in
the separating funnel. Ten mL of 0.88% KC1 was added to the funnel and the
mixture allowed to separate into two phases.
The clear upper aqueous layer was removed by aspiration; 10 mL 50% aqueous
methanol was added and the samples re-extracted, followed by 20 minutes rest to
allow the layers to separate.
The chloroform layer, which contained the lipid was collected in a 50 mL beaker,
approximately 1 g of sodium sulfate (Analar, granular, anhydrous) added to remove
any trace of water in the lipid sample, and the sample was pipetted into a 50 mL
round-bottom flask.
The chloroform was rotary evaporated (Heidoip VV2000) under vacuum at 30°C to a
volume of approximately 1 mL. The sample was pipetted into a pre-weighed sample
bottle and further evaporated to dryness at 30°C under a gentle flow of high purity of
nitrogen. The evaporation was continued until constant weight was obtained.
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Calculation of the total lipid (%) was: Lipid mass (g)/sample mass (g) x 100. The
accuracy and the precision of this method, estimated using 10 replicates of stearic
acid was 94.7±3.4%. The lipid was then stored at —70°C until fatty acid analysis.
2.4.2.2. Method for Total Lipids Only
This method (Renaud et al., 1999) was used for samples that were not subjected to
further fatty acids analysis such as in Chapter 4. This method was appropriate for
processing large numbers of samples rapidly.
A mass of 100 mg of the freeze-dried sample was accurately weighed to four decimal
places in a 100 mL conical flask.
Five mL methanol, then 10 mL chloroform and four mL HP-water (high purity,
Permutit) were added to each flask then followed by ultrasonification for 10 minutes.
The samples were filtered (Whatman No 40 filter papers) and the filtrates were
transferred to 50 mL beakers. Remains of the sample in flask was rinsed with a
minimum volume of methanol-chloroform (1:2) and passed through the filter paper.
The filtrate was later transferred to a 50 mL beaker containing boiling chips and
evaporated to dryness at 60°C using a hot plate (SEM).
The lipid fraction was then rinsed out of the dried residue with five mL chloroform
into a tared 25 mL beaker and allowed to evaporate on the hotplate. The lipid was
weighed to constant weight and the total lipid content (%) was calculated as the
previous method.
The accuracy and the precision of this technique were estimated using 10 replicates
of stearic acid was 94.2±2.6%.
2.4.3. Total Protein
Clam tissues or microalgal cells (25 to 30 mg) were digested overnight with 3.5 mL
concentrated H2SO4 (Ajax, Univar) and 1.50 g K2SO4 (BDH, Analar) and 0.125 g
CuSO4.5H20 (BDH, Analar). Digests were heated gradually from 160°C to 390°C
using a temperature-programmed block digestor for three hours.
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The digests were cooled, diluted with 46.5 mL HP water in Falcon tubes and vortex
mixed, and water was added to obtain the final volume of 50 mL.
The nitrogen (total Kjeldal nitrogen) content was determined by Flow Injection
Analysis (FIA) using Lachat 8000. The digests were injected into the chemistry FIA
manifold, where the pH was maintained by buffer (mixture of NaOH, d,lNaKC4H406.4H20, and Na2HPO4.2H20) prior to reacting with sodium salicylate
(15% w/v) and sodium hypochlonte (4% w/v) to produce blue product. The colour
was further intensified by reaction with sodium nitroprusside. The absorbance of the
blue product was measured at 660 nm and reported as nitrogen digest (mg NIL). The
percent nitrogen in the sample was calculated by the formula:
%N=[Nitrogen digest (mg N/L) x Volume (L)/sample mass (mg)] x 100.
Protein was calculated as nitrogen (%) x 6.25.
2.4.3. Energy Content
The energy content of clams tissue and microalgae was determined indirectly by
multiplying percentages of carbohydrate, lipid, and protein by certain conversion
factors. For the clam tissue, the conversion factors of 17.2, 35.3 and 20.1 J/mg were
used for the carbohydrate, lipid and protein respectively (Beukema and De Bruin,
1979). For the microalgal biomass, the conversion equivalents for the carbohydrate,
lipid and protein were 17.2, 39.6, and 23.6 J/mg respectively (Parsons et al., 1984).

2.5. Fatty Acid Analysis
2.5.1. Methylation of Fatty Acids
Fatty acid methyl esters (FAME) were prepared by direct transesterification of lipid
extracts with 14% B173-methanol at 60°C for 2 hours. One ml of BF3-methanol
complex (BDH) was added to the lipid extracts (extracted according to Bligh and
Dyer (1959, as modified by Mason and Nell (1995). The sample bottles containing
the lipid extracts were then placed on a rack in a water bath set at 60°C for 2 hours.
After cooling at room temperature, the solutions were then transferred to 100 ml
separating funnels; five ml of hexane was added and allowed to stand for 10 minutes
for phase separation. The hexane layer containing the FAME was the upper layer.
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Ten ml 15% NaCl was added into the hexane extract and the mixture was allowed to
separate for 10 minutes, after which the aqueous layer was removed and discarded.
The hexane layer was transferred to a 10 mL beaker, and a small amount of
anhydrous sodium sulfate was added to remove any water. The FAME-in-hexane
was transferred to a 10 mL glass vial using Pasteur pipette, and the volume was
reduced to about 2 ml under nitrogen at 30°C. The sample was pipetted in to a 2 mL
septum vial and evaporated under nitrogen to exactly 1 ml volume. If necessary the
volume was topped to the 1 mL mark with additional hexane. The vial was capped,
labeled and stored at —70°C until further analysis.
2.5.2. Capillary Gas Chromatography
All FAME samples were analysed using a Varian Vista 3300 gas chromatograph
with FTD detector and split-splitless injector, using a fused-silica column (SGE
BP225, 50% cyanopropyl 50% phenyl dimethylsiloxane, 25 in x 0.22 mm i.d.).
The sample vials were removed from the —70°C and allowed to reach room
temperature. Samples (1 l) were splitless injected and purged at 60 seconds. The
injector temperature set at 220°C, the detector temperature was 300°C and the helium
carrier gas flow was 3 mL per minute. Samples were injected at column
temperature 130°C. After 2 minutes the temperature was programmed to 230°C at
10°C per minute and then held at this temperature to give a total analysis time of 35
minutes. Data were collected and manipulated using the Varian Star
chromatography system. Fatty acid were identified by comparison with retention
times of known standards of mixed fatty acid methyl esters obtained from Sigma
Chemical Co. and Aldrich Chemical Co. and using cod liver oil as a secondary
standard.

2.6. Induced Spawning and Egg Incubation
For the purpose of standardisation of gametogenic state of broodstock used in
various feeding trials, a method of inducing spawning was developed during this
study. Each individual was induced to spawn by injecting 0.2 mL 1 niM Serotonin
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onto the anterior adductor muscle of the clam (Gibbons and Castagna, 1984).
Serotonin (5-hydroxytryptamine) creatinine sulfate complex (Sigma) was dissolved
in 20 ppt autoclaved GF/C-filtered seawater to make a stock solution of 0.1 M (3.874
g/100mL). The stock solution was kept in a stoppered lightproof bottle at 5°C until
use. For induced spawning the stock was diluted with 20 ppt autoclaved OF/Cfiltered seawater.
Each clam was positioned on a styrofoam base with shell hinge down, and then a
blunt knife was inserted between valves of the shell (Figure 2.4A). The knife was
twisted until the valves open slightly and the adductor muscles connecting the valves
could be seen. The injecting solution was administered using a 26G. 1/2 inch needle
(JMS) fitted to a 1 mL syringe (Tuberculin, BD) (Figure 2.4B).
The injected clams were placed individually in a 4 L plastic box filled up with 20 ppt
filtered seawater. Soon after the clams were in the water, they protruded their foott
and touched the bottom of the spawning container. Spawning usually took place
within 15 minutes to 2 hours, when cloud of sperms or eggs were seen in the
container (Figure 2.5A&B).
Sperms and eggs (100 eggs/mL and ratio of sperms to eggs were 100,000, as
established from a pilot study) were allowed to mix for 15 minutes at room
temperature (water temperature 25 °C) to fertilise. The fertilised eggs were collected
using Nytex screen and rinsed with 20 ppt filtered seawater. The fertilised eggs were
incubated in egg incubators made of inverted 2 L soft-drink bottles (Figure 2.6) and
allowed to develop to D-larvae.
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Figure 2.4: Administering serotonin for spawning induction. The valves are
slightly open using a blunt knife until the adductor muscle is visible
(A), then serotonin is injected onto the muscle (B).
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Figure 2.5: Male and female Polyinesoda erosa are spawning. The Male clam is
ejecting white cloud of sperms (A), while the female releasing black
streaks of eggs (B).
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Figure 2.6: Incubators for fertilised eggs of Polyinesoda ei-osa made of inverted
plastic bottles. The plastic tubing at the centre is an outlet for water.
Near the tip of the tubing is a hole lined with a piece of Nytex screen.
When water is added into the bottle, the excess will flow out through
the hole to the bottom.
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CHAPTER 3
The Reproductive Biology of Polymesoda (Geloina) erosa
(Solander, 1786)
3.1. Introduction
Reproduction is a complex process that requires long-term preparation involving
accumulation and allocation of energy derived from food to grow reproductive
products. This process is under the control of interaction between environmental and
endogenous factors (Giese, 1959; Sastry, 1978; Clark, 1979). The environmental
conditions work by switching or triggering endocrine mechanisms within animal.
Once the hormonal mechanisms are active, they direct gametogenesis and bring the
animal to a state where it is susceptible to further environmental signals to achieve
the final stage of reproductive cycle: spawning (Clark, 1979).
There are two types of environmental factors determining the reproductive cycle in
marine invertebrates, i.e., the necessary environmental conditions for gametogenesis
and specific environmental signals that alter physiological events in the animal
toward gametogenesis (Clark, 1979). However, the distinction between these two
types of environmental conditions is unclear.
Water temperature and food abundance are among the necessary conditions required
for gametogenesis and spawning in marine molluscs, particularly in higher latitudes.
There are huge numbers of studies showing dependency of the reproduction to either
one or both of these exogenous factors (Giese, 1959; Seed, 1976; Sastry, 1979;
Mann, 1979; Dredge, 1981; Rodhouse et al., 1984; MacDonald and Thompson, 1985,
1986; Beninger, 1987; Dinamani, 1987; Peredo et al, 1987; Hadfield and Anderson,
1988; Shafee, 1989; Baron, 1992; Robinson, 1992a; Ruiz et al., 1992; Robert et al.,
1993; Villalba, 1995; Brousseau, 1995; Grant and Creese, 1995; Hooker and Creese,
1995; Rodrigue-Moscoso and Arnaiz, 1998; Tirado and Salas, 1998; Marsden, 1999;
Sato, 1999; Martinez et al., 2000; Gonzalez et al., 2002; Morriconi et al, 2002;
RodrIguez-Rña et al, 2003). To initiate the gametogenesis, a threshold temperature
has to be reached. Once initiated, the gametogenesis will depend on temperature and
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either stored nutrient reserves availability or ambient food supply (Shpigel et al,
1992).
Variation in water temperature and sun illumination decrease as the latitude is closer
to equator. As a result, there is decreasing seasonality in reproduction from polar to
tropical regions (Gabbot, 1975; Lalli and Pearson, 1993). Marine invertebrates from
high latitudes have clear separation between gametogenesis, spawning and quiescent
periods (Giese, 1959; Lowe et al, 1982; Mathieu and Lubet, 1993). Depending on
local temperature profiles and food availability, bivalves from the high latitude show
variations in timing of reproductive events from short to prolonged breeding season
(Giese, 1959; Sastry, 1979; Lowe et al., 1982; Peredo et al., 1987). On the other
hand, species from tropical regions tend to have continuous gametogenesis and
extended spawning season. Due to low seasonal variability in temperature and food
availability, the tropical species are able to develop their gametes in any time of the
year and are likely to be non-seasonal breeders (Lasiak, 1986; Lefort and Clavier,
1993).
Although temperature variations over the year are less marked in tropical areas, other
factors may become critical. Clear differences in precipitation and wind patterns
between rainy and dry season bring consequences in other environmental factors
(Urban, 2001). Seasonal changes in seawater salinity, turbidity and tidal exposure
are common in tropical regions (Broom, 1983; Cárdenas and Aranda, 2000). These
variations particularly affect bivalves living in intertidal (littoral) areas (Mathieu and
Lubet, 1993). As a result, contrary to the general opinion, tropical species also show
some variations or even seasonality in their reproductive cycle to respond
"unstability" of their environment (Cárdenas and Aranda, 2000). Therefore, study
of reproductive biology has to be carried out in every population in order to
understand more about a species.
Documentation of the reproductive biology of P. erosa is scarce not only in Australia
but also within its geographical distribution. To date, the study of Morton (1985) on
ecology and reproductive strategy of the species at the far north of its geographical
range, i.e. Hong Kong, is the only published work available. In Hong kong, P.

33

Chapter 3

Reproductive Biolo

erosa has a single but extended spawning season during summer. There is no
information about other P. erosa populations within its geographical range. Because
the reproductive cycle of a species may vary considerably within its geographical
range (Sastry, 1979; Fournier, 1991; Sato, 1999; Ward and Davis, 2002), species
which has a wide geographical distribution covering several latitudes, such as P.
erosa, is likely to exhibit a variety of reproductive strategy (Cárdenas and Aranda,
2000). The present study will provide comparative data to gain a better
understanding about this species.
The tropical species are likely to experience less fluctuated temperature and food
availability than those from the higher latitudes. It is hypothesised that P. erosa in
northern Australia, which is part of tropical region, will adopt a continuous
gametogenesis, as experienced by bivalves living in the tropical Australia (Tranter,
1958), and spawning period throughout the year. However, considering
characteristics of clam's habitat in northern Australia where various environmental
factors could fluctuate diurnally and seasonally, it was expected that gametogenesis,
or at least spawning intensities, will vary over a year. In northern Australia, P.
erosa occurs high in the intertidal zone of the mangrove areas. During the dry
season, this area frequently experiences long periods of desiccation during low tide,
whereas during the rainy season (November to April) it receives rain runoff, and thus
is exposed to inundation longer than in the dry season when inundation is brought
only by tidal actions. Therefore, the mangrove clam is exposed to considerable
diurnal and seasonal fluctuations, in terms of salinity and other water quality
parameters as well as food supply. Bivalves living in such hostile environments are
likely to have distinctive timing and length of spawning season (Walker and
Heffernan, 1994) different to those inhabiting stable and continuously inundated
habitats.
Considering the absence of knowledge about the reproductive biology of P. erosa in
northern Australia, this chapter deals with developing a better understanding of such
processes in P. erosa from the Maningrida region. The specific aims addressed
were:
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to describe trends in reproductive parameters that contribute to understanding
the population in Maningrida, such as sex ratio, minimum and maximum size
at reproductive fertility and fecundity of female clam;
to examine the reproductive cycle, in particular pattern and timing of
gametogenesis, spawning period of P. erosa and the possible relationship to
environmental factors in Maningrida;
to explore the possibility of following the reproductive cycle using simple
gonadosomatic index.
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3.2. Materials and Methods
3.2.1. Sex Ratio
A total of 710 clams were measured and dissected. Because in P. erosa there is no
sexual dimorphism based on shell morphology, sex was determined by examining
the colour of the gonad after the valves have been opened. The gonad in females is
black whereas in males is cream. When in doubt, smears of gametes were checked
under the microscope to confirm the sex. Data of sex were also recorded from
various induced spawning experiments conducted during the course of the study.
Data from direct dissecting and induced spawning were combined to give numbers of
males and females to obtain the sex ratio in monthly samples. All the sexed animals
were assigned into 5 mm shell-length classes to see any differences in the ratio of
male and female within particular shell length.
3.2.2. Size at Reproductive Fertility
Apart from the routine sampling for histological works, all specimens with
recognised sex from size classes <50 mm and >90mm were also subjected to
histological examination to determine their gametogenic stage. By combining data
of sex ratio within shell-length class sizes and the gametogenic stage, the minimum
and the maximum size at reproductive fertility can be determined. The minimum
size at maturation is defined as the smallest individuals that contain mature gametes
(Wilson and Schiel, 1995). For the largest specimens, a criterion for reproductive
activity was based on the presence of gametes of early-developmental stages.
3.2.3. Reproductive Cycle
The reproductive cycle of P. erosa was examined by means of gonadosomatic index
and histological classification of gonad sections. Each month between June 2001
and September 2002, a number of clams of shell length within the range 65 to 85 mm
were dissected and sexed to select 10 males and 10 females. The flesh of the animal
was separated from the shell and subjected to gravimetric and histological
procedures.
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3.2.3.1. Gonadosomatic Index

Parts of the flesh were dissected and classified into the gonad and non-gonadal
tissue. The gonad, inclusive of stomach and intestine, was separated from other
organs. Non-gonadal parts included mantle, anterior and posterior adductor muscles,
ctenidia and labial palp, pencardial organ, digestive diverticula, crystalline style and
foot. Both gonadal and non-gonadal tissue were blotted dry on paper towel then
weighed separately to the nearest 0.001 g with Sartorius B310S electronic balance to
give gonad weight (GW) and non-gonad weights (NGW). Total soft tissue weight
(TWW) was obtained by combining GW and NOW. The gonadosomatic index
(GSI) was calculated using the equation adopted by Wolff (1988), Avendaflo and Le
Pennec (1997), Sato (1999) and Gonzalez et al. (2002):

GSI=GW/TTw x 100
where GW= gonad weight (g); TTW=total tissue weight (g)
3.2.3.2. Histological Analysis
After measurements for gonad index, the dissected gonads were fixed in aqueous
Bouin's solution for 48-72 hours. A central portion about 5 mm thickness was
dissected transversely from each fixed gonad, placed in a tissue cassette and stored in
70% (v/v) ethanol prior to dehydration. The gonad portion was later dehydrated in
FAA (40% formaldehyde, 95% ethanol, and glacial acetic acid in the ratio of 1:5:0.2)
and in ascending an ethanol series ranging from 70 to 100% in a tissue processor
(Shandon Duplex) overnight. The tissue was cleared with histoclear and
impregnated with paraffin wax. The resulting block was sectioned at 5m with a
rotatory microtome (American Optical), mounted onto slides, stained with Mayer's
Acid Hemalum and counterstained with eosin Y (Bancroft and Stevens, 1982).
The stages of development of gonadal samples were assigned to criteria modified
from Morton (1985) for P. erosa in Hong Kong. Criteria used in this scale are set
out in Table 3.1.
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Table 3.1:

Microscopic characteristics of the reproductive stages of male and
female Polymesoda erosa

Stage

Characteristics

Males

Primordial
(Figure

3.JA)

Developing
(Figure3. JB)

Maturing
(Figure 3.1 C)
Ripe
(Figure 3. JD)

Partially spawned
(Figure 3.1K)

Spent
(Figure 3.

iF)

Females
Primordial
(Figure 3.2A)
Developing
(Figure 3.2B)
Maturing
(Figure 3.2C)
Ripe
(Figure 3.2D)
Partially spawned
(Figure 3.2E)
Spent
(Figure 3.217 )

Small follicles scatter gonadal area. Interfollicular space
large. Phagocytes present in some follicles. Germinal cells
start lining up inside of the follicle.
Dense spermatogonia in germinal layer of the follicle.
Spermatozoa appear at the centre of the follicular lumen.
Spermatozoa occupy greater area at the central lumen. The
spermatozoa are in orderly stripe-configuration with tails
pointing toward the centre of the lumen. Spermatocytes and
spermatids are dense at the periphery of the follicle.
Stripes of spermatozoa occupy almost the whole area of the
follicle leaving a very narrow strip along the periphery for the
spermatogonia and spermatids.
The number of spermatozoa filling the lumen decreases in
some follicles. Spermatids occupy the area vacated by the
spermatozoa.
Most of follicles are empty. Empty follicles with irregular
and elongated shape present in the gonadal matrix.
Phagocytes are active.
Follicles have large empty lumen. Some lytic oocytes and
phagocytes present in the lumen. Few oogonia start lining
follicular wall.
Follicular lumen is large. Follicles increase in size and have
well defined walls. Oogonia and early-developmental-stage
oocytes densely pack periphery of the follicle. Young
oocytes attached to the wall by thick stalk.
Follicles are large. Round vitellogenic-oocytes increase in
size, but many still attach to follicular wall by thin stalked.
Some mature oocytes with prominent nucleus and nucleolus
are free in the lumen.
Proportion of free oocytes in the lumen increase. Small
number oocytes are still attached to follicular wall by thin
stalk. Most oocytes are polygonal.
Some follicles contain mature ova. Others are empty or
contain small number of ova. Follicles reduce in size
particularly in those devoid of ova.
Follicles are empty and follicular wall collapses in places.
Some residual mature oocytes still present in empty lumen.
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Figure 3.1: Photomicrograph of histological sections showing six developmental
stages of the testes of Polymesoda erosa: (A) primordial, (B)
developing, (C) maturing, (D) ripe, (E) partially spawned, and (F) spent.
All bars are 50m
FW=follicular wall; L=lumen; sgo=spermatogonium; std=spermatid;
spz=spermatozoa;
spermatozoa about to release from the follicle
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Figure 3.2: Photomicrograph of histological sections showing six developmental
stages of the ovary of Polymesoda erosa: (A) primordial, (B)
developing, (C) maturing, (D) ripe, (E) partially spawned, and (F) spent.
All bars are 100tm
FW=follicular wall; L=lumen; ogo=oogonium; do=developing oocyte;
MO=mature ovum; Nu=nucleus; Nl=nuc1eo1us
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To assign the gonads into the proper stage, the slides were first examined under low
magnification (x40) to scan the entire gonadal area, then under higher power (100 to
400x) to assess random follicles. Staging criteria decisions were made based on the
condition of the majority of the gonadal area (Grant and Creese, 1995).
3.2.4. Gonad Index
Each of developmental stages was assigned to a numerical score as follows:
primordial=1, developing =2, maturing and partial spawned=3, ripe=4 and spent=0.
This scoring was modified from Sause et al. (1987) and Hadfield and Anderson
(1988). For each monthly sample a mean gonad index was determined following
calculation described by Seed (1976), Sause et al. (1987), Ceballos-Vásquez et al.
(2000) and Gosling (2003). The number of individuals in each stage was multiplied
by the numerical ranking of the stage and divided the sum of these products by the
total individuals in the sample.
3.2.5. Fecundity
Estimation of the fecundity, i.e., the number of mature oocytes contained in female
gonads, was made following the technique described by Dredge (1981). The mature
ovaries, which were selected by macroscopic appearance, of individuals of minimum
65 mm in shell length were fixed in Bouin's solution until they were hardened.
After washing with ethanol 70%, the membrane encasing the eggs mass was peeled
off and the gametes were carefully separated from stomach and intestine. The mass
of eggs was blotted dry and later weighed to the nearest 0.0001 g. A small portion
from this mass was taken and weighed, then placed individually into a 250mL-beaker
containing 100 ml of distilled water. A battery-operated mini mixer was used to
detach the eggs from the mass and disperse them through the water. The contents of
the beaker were transferred into a graduated cylinder and water was added to a
required volume. The number of eggs in the cylinder was estimated using Sedgwickrafter cell. The result represented the number of eggs per mass of gonad. The result
was multiplied by the total weight of the gonad to estimate the total number of
oocytes per whole gonad.
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3.2.6. Temperature and Salinity
Water temperature records were those issued by The Bureau of Meteorology for
Maningrida region. Because during the collection the river bank the habitat of P.
erosa was totally dry, water salinity was measured indirectly by testing the salinity of
water entrapped in shell cavity with a calibrated hand-refractometer (Vista
A366ATC). The shell of the mangrove clam can be closed tightly to contain a large
amount of water, which enables the animal to withstand long periods of desiccation.
The salinity of the water inside the shell would be the same as salinity in the
environment just before the animal is exposed to desiccation.
3.2.7. Statistical Analysis
Observed sex ratios were tested against a 1:1 ratio using a chi-square goodness-of-fit
(Fowler et al., 2000). Data GSI from females and males were treated separately.
ANCOVA with animal's shell volume as covariate was used to check any
differences in GSI for the whole year. To check whether the gonads develop in the
san-ie way in both males and females, a two-way ANCOVA with month and sex as
fixed factors and shell volume as covariate was performed (Grant and Tyler, 1983).
Data in percentage were subjected to arcsine transformation. The frequency of
individuals in the six developmental stages was tested using a contingency chi-square
test (Fowler et al., 2000). To check to what extent the GSI can be used to follow the
reproductive cycle in the mangrove clam, the GSI values were analysed using
ANCOVA with the gametogenic stage as factor and shell volume as covariate.
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3.3. Results
3.3.1. Sex Ratio
The male: female sex ratio for P. erosa population in Maningrida did not differ
significantly (P>0.05) from the expected ratio of 1:1. For the total of 710 specimens
that were examined, of which 361 were males, 323 were females and 26 were
undifferentiated. No hermaphrodites were detected. The sex ratios in monthly
samples also were not significantly different from the expected 1:1 ratio for any of
the 12 samples, although there were more males than females in most of the samples
(Table 3.2).
Table 3.2: Numbers of male and female P. erosa collected per month and the x2
value for differences from an expected ratio of 1 male : 1 female (x2i
p0.05, 1 dfi=3.841)
Males

Females

June2001

35

29

0.562

July 2001

29

24

0.47 1

September2001

34

29

0.397

October2001

34

28

0.581

November2001

39

34

0.342

January2002

18

21

0.231

February 2002

18

20

0.105

March2002

29

26

0.164

May 2002

32

25

0.860

June2002

35

27

1.032

August2002

26

33

0.600

September 2002

31

27

0.276

361

323

2.111

Month

Total
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By assigning all individuals into 5 mm-length categories, it was possible to check
whether one sex was predominant in certain size classes. Data are presented in Table
3.3.
Table 3.3: Numbers of male and female P. erosa of each class size and the 7,2 value
for differences from an expected ratio of 1 male: 1 female (X2i p0.05, 1
df=3.841)
Class Size (mm)

Undetermined

Males

Females

30.0-39.9

12

0

0

40.0 44.9

9

2

0

2.000

45.0-49.9

5

11

3

4.571*

50.0 54.9

39

23

4.129*

55.0 59.9

43

37

0.450

60.0 64.9

41

35

0.474

65.0 69.9

47

41

0.409

70.0 74.5

64

54

0.847

75.0- 79.9

42

33

1.080

80.0 84.9

36

43

0.620

85.0 89.9

32

46

2.513

~! 90.0

2

8

3.600

361

323

2.346

-

-

-

-

-

-

-

-

Total

26

-

*Asterisk signifies a significant difference from the expected ratio
Table 3.3 shows that clams of 45-55 mm had a sex ratio significantly (P<0.05)
biased towards males. At higher length-classes (55 to < 80 mm) males still
outnumbered females, but there were no significant (P>0.05) deviation from the
expected 1:1 ratio. In contrast, at larger sizes than 80 mm, there was a tendency for
females to predominate the population, although the ratio did not significantly
different from 1:1.
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3.3.2. Size at Reproductive Fertility
Sex could not be determined in specimens of less than 40 mm in shell length. Within
the range 40 <50 mm, from 30 individuals were sampled, of which 13 were males,
-

three females and 14 were undifferentiated sex (Table 3.3). Most animals with
undifferentiated sex were observed only at size smaller than 50 mm. The smallest
male specimen was 43.2 mm, whereas the smallest female was 47.3 mm. In this
respect, initial sexual activity, corresponding to the smallest individuals with
recognised sex, is presumably at least 40 mm for males and 45 mm for females.
However, histological studies showed that all of the five smallest individuals with
definite sex were at gonadal stages range from primordial to developing.
Individuals of this size were probably a small contributors to population recruitment
because no ripe gonads were found.
For individuals of size >90 mm, determination of sex by unaided eye was more
difficult than for smaller-sized clams, because gonads had two distinct colours, i.e.,
creamy white and black (Figure 3.3A). However, microscopic observation of gonad
slides showed that there were only mature ova surrounded by cormective tissue
(Figure 3.3B). Because no male gametes were found, these specimens were
classified as female instead of hermaphrodite.
3.3.3. Gonadosomatic Index (GSI)
Box and Whisker plots of gonadosomatic index for each sex showed large variability
and strong asymmetry in any monthly samples (Figure 3.4 and 3.5). Each sample
covered wide ranges of GSI values suggesting continuous breeding activities.
However, the box plots show differences in the positions of the median of the data.
In general, in both sexes the medians increased from June 2001 and reached its
maximum in January 2002 before falling to low levels between the period February
and May. After this period, the medians rose again and reached high values for the
next three months (June to September 2002). These rises and falls in the medians
were interpreted as difference in spawning intensities. The results of this
exploratory data analysis were confirmed by ANCOVA, which showed that GSIs of
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Figure 3.3: A) Apperance of the gonad of a 90 mm-length female Polyinesoda
erosa showing two different colours; B) Histological section of the
gonad from a 90mm-length female Polymesoda erosa.
gl= gills; gd= gonad;ft= foot; FW= follicular wall; MO= mature ovum
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either males or females differed significantly among months (males: F11 ,107=6.6 119,
P<0.05; females: F11 ,107=6.0190, P<0.05). In males, post hoc comparisons among
means using Tukey's HSD showed significantly low values for male GSI in February
2002 and May 2002. Similarly, in females, significantly low GSIs occurred in the
period between February 2002 and May 2002. Two-way ANCOVA showed a non
significant interaction (F1 1,215=1.0773, P>0.05) between sex and sampling month,
indicating that males and females have similar patterns of gonad development.
However, both factors month and sex individually showed significant differences
(month: F11 ,215=11.2941, P<0.05; sex: F1 ,215=84.1799, P<0.05). Females had
significantly higher (P<0.05) GSIs than males.
3.3.4. Male Reproductive Cycle
The reproductive cycle of male P. erosa from Maningrida, Northern Australia is
presented in Figure 3.6. Most of sampling months were predominated by maturing
and ripe individuals. Contingency chi-square test showed that frequency of each
gonadal stage associated significantly with sampling month (x2 = 82.84, P<0.05).
In June 2001 about 50% of the individuals in population were in early stages
(primordial and developing), while maturing and ripe were 40% and 10%,
respectively. In July the frequency of ripe individuals increased to 40%, and the
frequency reached a maximum between July and September. Chi-square test
confirmed that there were significantly (P<0.05) more individuals of primordial and
developing stages than expected during June 2001. There was a minor and short
period of spawning during September 2001 but for the next few months until January
2002, only maturing and ripe animals were present in the population. There were
70% of individuals ripe in January 2002. Starting in February, the ripe clams
spawned and the number of the spent or partly spawned individuals in the population
increased from 20% to 50% in May 2002. During this period, the number of males
with spent gonads was significantly higher than the expected values (P<0.05, chisquare test). Apparently gonads developed rapidly after a long breeding period
because in June 2002, 70% of the male were already in maturing stage. Some of
these individuals became ripe and by August the sample was predominated by the
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ripe males (50%). In September 2002 another spawning was recorded in the
population by the evident of 30% of the males were spent.
Gonad index showed an increased trend from June 2001 onward and reached
maximum in January 2002 (Figure 3.8). There were steady decreases during the
period of February and May 2002 suggesting major spawning season. The index
rose again in June through August 2002 before falling in September 2002 due to
spawning events.
3.3.5. Female Reproductive Cycle
As was the case in males, frequency of gonadal stages was significantly associated
with sampling month (=115.98, P<0.05). Female reproductive cycle followed
the male's cycle closely. All gametogenic stages were found in most of sampling
month with maturing and ripe stages being in high proportion (Figure 3.7).
Developing gonads from primordial stage to mature occurred during the period of
June to July and, probably, through August 2001. Chi-square test showed that these
three stages had significantly higher values than expected (P<0.05) during this
period. The ripe females increased in proportion during the period and proceeded to
September when 50% of individuals were ripe. Some individuals spawned in
September 2001 as indicated by the presence of spent and primordial stages in the
population. The ripe individuals were dominant (at least 60%) during October 2001
until January 2002. Massive spawning occurred in February 2002 during which 70%
of the animals were spent and 10% were partial spawned. As was the case in males,
spawning activities lasted until May 2002 although the intensities decreased because
not many ripe animals were left. The mass spawning events between February and
May was confirmed by chi-square test, which showed a significantly high number
(P<0.05) of spent individuals during this period. There was no resting period for the
female cycle as supported by the fact of rapid maturation during June to August
2002. By September 2002 some of the ripe females were ready to spawn.
Gonad index in female clams increased during June to July 2001 (Figure 3.9)
Although there was a fall in September, the index continued to rise until January
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Figure 3.6: Reproductive cycle of male Polymesoda erosa from Maningrida,
Northern Australia. Relative frequency of gonadal stages between June
2001 and September 2002. * = no sampling during these months.
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Figure 3.7: Reproductive cycle of female Polymesoda erosa from Maningrida,
Northern Australia. Relative frequency of gonadal stages between June
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Figure 3.9: Seasonal change in Gonad Index of female Polymesoda erosa during
the period between June 2001 and September 2002. Broken line
indicates no sampling was done.
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2002. As in males, a sharp drop occurred in February and the index remained low
until May 2002. As there were more ripe individuals in the population, the index
increased during June until August 2002.
3.3.6. Relationship between Gonadal Indices
There were significant correlations between GSI and GI in both sexes. Spearman
rank correlation coefficients showed that correlation between the two indices were
strong in both sexes (male coefficient=0.817, n=11, P<O.05; female
coefficient=0.866, n=1 1, P<0.05).
There was a relationship between GSI and histological staging of both male and
female clams. The ANCOVA showed that there was a statistically significant
difference in GSI among the stages in both sexes (males: F4 ,114= 31.865, P<0.05;
females: F4 ,114= 66.1446, P<0.05). In both sexes, GSI was higher as the gonad
developed to maturity.
However, Tukey's HSD test showed that there was no clear separation in the GSI
values among the gametogenic stages. In males, the order was: ripe > maturing
developing = primordial = spent. In females, the order was: ripe > maturing>
developing = primordial = spent. Box and Whisker plots of GSI in each
gametogenic stages show overlaps among stages for both males (Figure 3.10) and
females (Figure 3.11).
3.3.7. Fecundity
Estimates fecundity of 10 individuals P. erosa of various shell lengths are presented
in Table 3.4. Within the range of 65

-

85 mm shell length, P. erosa contained at

least 800,000 eggs.
3.3.8. Environmental Variables
Water temperature was relatively stable throughout the year (Figure 3.12), although
during colder months (June to August) temperature was about five degrees lower
than other months. However, there were greatest differences between minimum and
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maximum daily temperature in the region from June to August, when the diurnal
temperature
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Figure 3.10: Box and Whisker plots of GSI for each garnetogenic stage in the
male Polymesoda erosa
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Figure 3.11: Box and Whisker plots of GSI for each gametogenic stage in the
female Polymesoda erosa
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Table 3.4. Estimated number of oocytes per gonad of Polymesoda erosa
Sample number

Shell length (mm)

Estimated number of
mature oocytes

1

65.8

0.92x 106

2

66.3

0.84 x 106

3

68.4

1.00x 106

4

68.6

0.81 x 106

5

72.3

1.65x106

6

73.5

0.92 x 106

7

75.1

1.03 x 106

8

77.8

1.28x106

9

80.3

2.16x106

10

83.4

1.34x 106

difference ranged from 10 to 14°C. In other months the daily temperature differed up
to 9°C. Considering that clams were exposed to frequent desiccation, they might
have experienced wide fluctuation of daily temperature.
Mangrove clams experienced a wide range of salinity as shown by the variability of
salinity of water entrapped in the shell cavity (Figure 3.13). Salinity in the shell
cavity was the lowest during January to March range from 5 to 10 ppt, then increased
sharply in May and for other months fluctuated between 25 to 45 ppt.
Total monthly rainfall was about 7.5 mm in October 2001 and then increased sharply
in next months to reach a maximum in February 2002 of 276 mm (Figure 3.14).
Rainfall then dropped gradually to 133 mm in April 2002. Out of this period, there
was almost no rain at all, except in September 2002 when rainfall of 11 mm was
recorded.
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Figure 3.13:

Salinity of the water entrapped in the shell cavity of Polymesoda
erosa sampled between June 2001 and September 2002. Broken
line indicates no sampling was done.
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Total monthly rainfall (mm) recorded at Maningrida between June
2001 and September 2002.
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3.4. Discussion
3.4.1. Sex Ratio
Polymesoda erosa is dioecious (gonochoristic) although it shows no other
morphological distinction between sexes except for the reproductive organ. This is
in agreement with reports by Morton (1985; 1988) that P. erosa has separate sexes.
Sexual differentiation in P. erosa is similar to other corbiculids such as P.
caroliniana which inhabit saline marshes (Walker and Heffeman, 1994), but is
different from freshwater P. solida which are monoecious (hermaphroditic) (Rueda
and Urban, 1998).
Although the number of individuals of each sex tends to be equal, one sex was more
predominant than the other in certain shell lengths. Within the range of 50 to 80 mm
shell length, the ratios between males and females were equal to 1:1. However, in
size classes <45 mm, there were significantly more males than females, whereas
females were more common in the size classes larger than 85 mm. Skewness in the
sex ratio within certain size-classes could be addressed to several possible factors
such as: age, growth, energetic expenditure and hermaphroditism.
Different longevity between sexes may produce a biased ratio in the population. In
Artica islandica, for example, greater longevity in females than males makes larger
females predominant (Ropes, 1984; Fritz, 1991; Thorarinsdóttir and SteingrImsson,
2000). Similarly, different age structure between sexes in Crassostrea virgin ica
resulted in more females in older individuals than males (Brousseau, 1995). In the
present study, no age determination was carried out so this longevity theory could
not be ascertained.
Other possibilities are different growth rates between sexes or differences in the
maximal lengths for males and females (Wells and Keesing, 1989; Marsden, 1999;
Ward and Davis, 2002; Baghurst and Mitchell. 2002). If one sex grows faster than
other, it will be predominant at certain size. Also if sexual dimorphism occurs, one
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sex may have longer or larger shell than other sex. The different growth rate could
not be applied to P. erosa because analysis of shell morphometry showed no
significant difference between sexes (Gimin, unpublished data). Also, no sexual
dimorphisms occurred in P. erosa and the two sexes had similar shell morphology.
Biased sampling or heavy fishing of large individuals in population may also affect
the sex ratio where one sex is predominant (Georgi and DeMartini, 1977; Shepherd
and Hearn, 1983; Beasley et al., 2000). During this study, all clams which could be
found in the mud were removed so biased sampling could not have taken place.
Difference in energy allocation for reproductive purposes may reflect in the ratio of
male and female at certain sizes (Fritz, 1991). The present study showed that the
gonadosomatic index in females was consistently higher than males in any month. If
gonad weights reflect energy expenditure (Grant and Tyler, 1983), then it can be
assumed that males spent less energy than females in building gonad. Also, study on
biochemical composition showed that females accumulate more energy in their body
tissue, particularly in the gonad, than males (Chapter 4). Sperm is energetically
cheaper to produce than egg (Hughes, 1986; Collin, 1995), and if size doesn't affect
the ability of males to fertilise the eggs, then it will be expected that male individuals
achieve maturity at lower size than its female counterparts. The occurrence of more
males than females at small sizes recorded during this study could be explained in
this way.
Hermaphroditism can also result in a deviated sex ratio, particularly beyond average
size-classes. If individuals in the population undergo sex reversal during the
animal's lifespan, old and large sized individuals will belong to one sex (Tranter,
1958; Littlewood and Gordon, 1988; Fritz, 1991; Thorarinsdóttir and SteingrImsson,
2000). In the present study no simultaneous hermaphroditism was observed, as in
the population of P. erosa in Hong Kong (Morton, 1985). However, sequential
hermaphroditism (e.g., male gametes are produced before female), which has been
reported in molluscan gastropods as well as bivalves (Heard, 1975; Hughes, 1986;
Lefort and Clavier, 1994; Cohn, 1995; Rueda and Urban, 1998), could happen in P.
erosa in Maningrida. The skewed sex ratio, in favour of males in small clams, while
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in large individuals females were predominant, could be due to a protandrous sex
reversal from male to female in P. erosa. However, with only 10 very large
specimens found during this study made this presumption is unconfirmed
statistically. Moreover, factors which are in favour of hermaphroditism, were
insufficient. Hermaphroditism could be due to factors such as: the need to gain the
reproductive success by changing sex, the need to correct an unbalanced sex ratio,
difficulty in finding the opposite sex due to low population density (Tranter, 1958;
Ghiselin, 1969 as cited by Heard, 1975; Bauer, 1987; Collin, 1995) or parasitism
(Kat, 1983). For the population in Maningrida, in most of the size classes observed,
sex ratios did not deviate significantly from 1:1 although there was a tendency for
males to outnumber females. Morton (1988) reported low population density of one
per square meter in Hong Kong where hermaphroditism occurred. During the
present study, density of five or more per square meter was quite common (Schultz,
unpublished data) and this probably would not be a factor influencing sex change.
Also, no parasitism was observed in all clams collected (Authors observation and
Department of Primary Industry, NT). Further studies on very large individuals will
ascertain the reason behind the skewed sex ratio.
3.4.2. Size at Reproductive Fertility
In the present study either male or female attained maturity at shell length at least 45
mm. Below this size, no individuals with mature gametes were recorded. This size
at maturity is larger than those reported by Morton (1985) who found that P. erosa in
Hong Kong is mature at 35 mm. This difference in size at maturity could be a result
of different growth rate between the two populations. As minimum size at sexual
maturity in marine invertebrate is a function of age (Plaut, 1993), it is possible that P.
erosa in Maningrida grows faster than clams in Hong Kong and matures at larger
size. This is contradictory to Sato (1999) who reported that in lower latitude bivalves
grow slower, thus reach maturity at lower size than in higher latitude. This is
because the warmer temperature in lower latitude cost the animals more in
metabolism resulting in low growth rate and small size at sexual maturation.
Although, P. erosa in Maningrida is likely to have a higher metabolic cost than those
in Hong Kong, this effect could be masked by the presence of more food in the
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former environment. Morton (1988) reported that the mangrove ecosystem in Hong
Kong is marginal which could be due to a more human disturbance (deforestation for
residential and industrial uses). In Maningrida, the habitat ofF. erosa is in mangrove
with dense vegetation and it was likely that this clam obtained part of its nutrition
from the particulate organic matter of mangrove origin. The degrading leaf and other
parts of the mangrove could contribute large amounts of high-protein material and
nutrients as important food source (Basak et al., 1998).
Different mortality rate between populations may affect the size at first maturation;
the higher the rate the smaller the size at maturity (Toro, et al., 2002). The
population in Hong Kong suffer a high mortality during winter (Morton, 1988).
Because temperature was less varied in Maningrida, winter mortality was probably
not take place. Lack of newly dead clams in the collecting site during this study
indicated that heavy mortality due to other sources presumably did not happen, but
this requires further study.
In heavily fished populations of molluscs, individuals are reported to mature at
smaller size than in unexploited population. Martel et al. (1986) observed this on
gastropod Buccinum undaturn. In the present study, clams were collected from
unfished population. Reduced population density due to exploitation could lead to
earlier maturity. In Maningrida, population density was about five individuals per
m2, which is higher than reported by Morton (1988) of one per m2 .
Clams of shell length 50 to 90 mm were easy to sex by examining the coloration of
the mature gonads. The creamy colour of male gonad in contrast to dark grey in the
female was a distinctive characteristic which could be used to differentiate each sex.
However, at shell length greater than 90 mm, gonads displayed both colours so that
sexual identification was only possible by examining gonad smear under the
microscope. In these large individuals gonads were as bulky as the ripe specimen,
but the gonadal follicles were small and each follicle contained only small number of
mature eggs surrounded by tissue mass. No gametes of early stages were observed,
suggesting limited or absence of production of these stages. Also, there were no
male gametes of any stages observed on these gonads, indicating they were not
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simultaneous hermaphrodites. These gonad characteristics could be an indication of
reproductive senility when the gonad stopped producing new germinal cells and
possibly changed in function as a storage organ. In other bivalves, such as Artica
islandica, the oldest individuals have small-sized follicles as a sign of senility
(Thorarinsdóttir and SteingrImsson, 2000). There is no report on senility of P. erosa
and this needs further study.
3.4.3. Gonadosomatic Index
Considerable overlaps in the GSIs among months indicate that P. erosa had
asynchronous gonad development in which both early developed and fully mature
individuals were present in the population in each sampling month. The pattern of
gonad development in P. erosa is typical for continuous breeder (Grant and Tyler,
1983). However, although the mangrove clam bred continuously, there were
differences in spawning intensities.
Analysis on GSI showed that females had larger gonads than males. This shows that
the pattern of material accumulation during development of gonads was different
between males and females (Grant and Tyler, 1983). Nevertheless, the present study
showed there was a synchronous pattern of gonad development and spawning
between the sexes.
3.4.4. Reproductive Cycle
In general, the Polymesoda erosa population from Maningrida was continuous
breeder as confirmed by both GSI and histological data. However, the population
showed some seasonality in spawning intensities. Continuous breeding with
different spawning intensities is typical for tropical bivalves (Lefort and Clavier,
1994; Pouvreau et al., 2000; Laureta and Marasigan, 2000; Urban, 2001). The
population had two major spawning periods i.e., short breeding season in September
and an extended season occurring between February and May. This gametogenic
pattern is different to the P. erosa population in Hong Kong, which is a seasonal
breeder with an extended single breeding period (Morton, 1985).
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Contrasting the two populations, there is a clear difference in speed of
gametogenesis, maturation and recovery time. In Hong Kong, P. erosa commenced
active gametogenesis between April and May with maturation during the period of
June and August. In the population in Hong Kong, spawning occurred intensely at
the end of summer, but those that had spawned did not recover soon, as from
September until the following February most individuals were still in spent
condition. Apparently this long recovery was affected by water temperature
(Morton, 1985). On the other hand, in Maningrida, active gametogenesis started in
June and by August most individuals reached maturity. Rapid gametogenesis for
population in Maningrida was proven by low percentages of early stages (primordial
and developing) in the population throughout the year (Cárdenas and Aranda, 2000).
In Maningrida, although a small proportion of the population spawned in September,
most of ripe individuals retained their gametes and remained in mature stage for a
long period until January. This condition is an indicator of accumulation of ripe
gametes (Cárdenas and Aranda, 2000). The period of "ripeness" in Maningrida was
extended by a second breeding season from February to May. In males, breeding
activities took place gradually to reach a maximum at the end of the season, whereas
in females massive spawning occurred at the beginning of the season followed by
spawning at reduced levels until the end of the season.
The resting period in P. erosa from Maningrida was very short, if not absent. The
absence of resting period is common in tropical bivalve species where gonads
recovered soon after spawning completed (Pouvreau et al., 2000; Laureta and
Marasigan, 2000; Urban, 2001). Rapid recovery rate and no observable resting
period in population could only happen when production of new cohort of germinal
cells took place continuously (Gonzalez et al., 2002). In the present study, even fully
mature animals contained germinal cells of various early stages. Also, during
resorption of unreleased gametes, the gonad continued to produce new germinal cells
as can be seen from the presence of oogonia and lytic ova in the same gonad. These
findings could explain the fast recovery rate of the gonad in P. erosa population.
The ability to recover enables individuals to have multiple spawning throughout the
year as long as specific cues for spawning are available (Marsden, 1999).
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Rapid redevelopment after spawning also happened when animals have partial
spawning (Joll and Caputi, 1995) or if spawning is incomplete (Rodriguez-Moscoso
and Arnaiz, 1998; Pouvreau et al., 2000). The partially spawned specimens were
recorded in P. erosa population in Hong Kong and Morton (1985) reported that, even
in the ripe individuals mature eggs never packed the follicles, suggesting there is
progressive release over a long period. This condition was also observed during this
study. This partial and incomplete spawning might contribute to the fast recovery of
P. erosa. The incomplete spawning could be another adaptation of P. erosa to
maintain recruitment in harsh environmental conditions. Newell et al., (1982) have
pointed out that by dribble spawning, heavy loss of potential recruits can be avoided
in the case that a catastrophic event happens and kills larvae.
As a tropical population, P. erosa in Mariingrida show asynchronous gamete
development. The presence of two or more stages confirms this asynchrony
(Fournier, 1992; Tirado and Salas, 1999). However, because ripe individuals did not
release their gametes, those individuals which developed later came to the same stage
as those which matured earlier. Consequently, some months (October to January)
were predominated by ripe individuals. In this case, individuals in the population
also show some synchrony, at least, at the final maturation.
Having permanently mature gonads, ready for spawning, is apparently a reproductive
strategy of P. erosa to survive in a harsh environment. As a broadcast spawner the
presence of water is essential for fertilisation and distribution of larvae. Because its
habitat is in the area that may experience long periods of dryness and emersion, the
animals have to be ready to spawn whenever a mass of water covers the area. This
could only happen when ripe animals are always present in the population. The
ability to maintain ripeness over long period and recover quickly after spawning
could be an adaptation to live in a frequently dry environment. This ability enables
P. erosa to spawn at an appropriate time, which is favourable for larval development.
Also, as the retention of mature gametes brings about more individuals at the same
final stage, there would be more animals involved during the spawning season
between February and June. The result of such spawning is a high gonadal output
that enhances fertilisation success (Drummond, 1995).
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The ability to retain mature gametes without resorption for long periods of time (up
to five months) in P. erosa is unique and, possibly, only happens in tropical bivalves.
In other bivalves, ripe gametes that are not released soon will be reabsorbed. In
Argopecten purpuratus, for example, mature oocytes undergo atresia (lysis) and are
later reabsorbed when retained too long within the gonad (Avendaflo and Le Pennec,
1997). Low temperature and lack of food are factors acting, independently or
together, that cause the atresia (Avendaño and Le Pennec, 1997). Long retention of
mature gametes is also observed in pearl oyster Pinctada margaritifera from tropical
regions (Pouvreau et al., 2000). According to these authors, this 'opportunistic
strategy' could only happen when any surplus energy is converted instantly to
gamete production. While low food availability may happen in the tropics, ability of
certain bivalves to adjust their food intake could compensate the effect of seasonal
low food concentration. The pearl oyster obtains a surplus energy in spite of low
food concentration, because it has high pumping capacity (Pouvreau et al., 2000).
Similar to the pearl oyster, P. erosa also has high filtration capacity under various
particle concentrations (Chapter 5); an ability that could allow this clam to conserve
enough energy for maintaining the gonad.
3.4.5. Relationship between Gonad Indices
GSI may be of little value in detecting the gametogenic stage in the mangrove clam.
Although there was strong correlation between the GSI and GI and significant
difference in GSI among the gametogenic stages, there were considerable overlaps in
GSIs among clams with spent and early stages gonads. Significantly high GSI
values occurred in stages maturing and ripe for females, whereas in males only in the
ripe stage. However, even at the ripe stage, some GSI values were still within the
range of other gametogenic stages.
3.4.6. Fecundity
P. erosa of shell length 65 to 85 mm produced large numbers of eggs (at least
800,000). However, larger animals did not always contain more eggs than smaller
individuals. The lack of consistency between shell length and egg count in the
present study could be due to different maturity stage between individuals.
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3.4.7. Environmental Factors
Water temperature has been reported as the major factor in controlling the
reproductive cycle in various bivalves (Giese, 1959; Seed, 1976; Mann, 1979;
Dredge, 1981; Vélez and Epifanio, 1981; Mackie, 1984; Hadfield and Anderson
1988; Sato, 1999; Cárdenas and Aranda, 2000). It also affects the reproductive
cycle of P. erosa in Hong Kong (Morton, 1985). However, in Maningrida region,
seasonal temperature did not fluctuate as much as in higher latitudes and the fact that
gametogenesis took place rapidly in any month of the year suggested that the
temperature does not play major role in directing gametogenesis in the region. It has
been suggested that daily temperature fluctuation might trigger spawning in the ripe
individuals (Baron, 1992). While diurnal temperature could vary considerably in
shallow intertidal area, such as habitat of P. erosa, where periods of immersion and
desiccation took place regularly, its effect on the gametogenesis could not be
ascertained.
Salinity can also regulate gametogenesis in marine bivalves (Giese, 1959; Urban,
2001), although how it affects the gonadal maturation is unclear (Fournier, 1992). In
the present study salinity measurements among samples recorded a range of 5 to 40
ppt inside the shell, suggesting that P. erosa in Maningrida was exposed to
considerable fluctuations of salinity. However, the study showed that gametogenesis
was not affected by the rise and fall in salinity, as shown by the presence of various
gamete developmental stages under salinity fluctuations.
Drastic change in salinity due to rain runoff affected spawning in Atactodea striata,
Gafradium tumidum and Anadara scapha (Baron, 1992) and in Polymesoda
caroliniana (Walker and Heffeman, 1994). In the present study, spawning activity
occurred more frequently during low salinity coinciding with the rainy season, but
this event was probably not under the influence of salinity. Spawning did not take
place immediately when salinity dropped drastically in January 2002 in spite of the
presence of large numbers of ripe individuals. Although spawning in February 2002
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corresponded to the lowest salinity, its continuation until May when salinity had
increased, indicated that low salinity was not a spawning cue.
Inundation of the habitat was a possible factor inducing spawning events although it
might not affect the gametogenesis. As a broadcast spawner the mangrove clam
requires water to distribute its fertilised eggs. The habitat of P. erosa was not
flooded with freshwater until February to March in the middle of the rainy season.
The area was then continuously inundated by freshwater and tidal seawater until mid
May. Out of this period, the area was only covered with seawater during high tide.
The continuous inundation from February to May and the occurrence of an extended
spawning activity during this period indicated a link between the two events.
On the other hand, some studies reported that bivalves avoid spawning during the
rainy season because low fertilisation rate may happen due to diluting the
concentration of sperm and eggs (Kat, 1983; Bauer, 1987; Haggerty et al., 1995).
Heavy rain also stop bivalve, such as the mangrove oysters Crassostrea rhyzophorae,
to release gametes (Littlewood and Gordon, 1988). Contrary to these reports, the
extended spawning of P. erosa during this period suggested that increased volume of
water did not impede the spawning, but that stimulated this activity.
Food availability is another important factor for gonad development. Lack of food
inhibits further development of gonad (Sastry and Blake, 1971; Sastry, 1979;
Mackie, 1984; Hadfield and Anderson, 1988). Apparently, food availability was not
a factor inhibiting the gametogenesis in P. erosa in Maningrida as evidenced by
rapid redevelopment in any month of the year with maturing and ripe individuals
predominated the population. Also, the shorter time for feeding due to less
immersion times, particularly during dry season, appeared not to impede the
gametogenesis. P. erosa has the ability to regulate its filtration rate (Chapter 5) and
to resume filter-feeding rapidly when inundated (Morton, 1976; 1985). This ability
could compensate the effect of low concentration of food particle in the water and
short feeding time during dry period. Even when the food was available seasonally,
if bivalves are able to store nutrients in their muscle for use during breeding season,
the food would not be an impeding factor for reproduction (Joll and Caputi, 1995).
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The reproduction is also under control of endogenous factors such as the
reproductive hormone levels and endocrine system (Clark, 1979; Hadfield and
Anderson, 1988). In the present study, the ability of the clam to maintain ripeness
without spawning even though specific cues from the external environment was
available, is probably under the endogenous (neuro-endocrine factor) control.
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CHAPTER 4
Biochemical Composition of Wild Polymesoda (Geloina) erosa
4.1. Introduction
For edible bivalves, study of the biochemical composition is of significant value.
This study will investigate how animals mobilise and use energy for somatic and
reproductive growth. Also, for bivalves which are harvested from the wild, this
study will provide information about the best time for collecting animals for their
meat. It is well known that in certain months of the year, particularly during the
spawning season, flesh of bivalves such as oysters Crassostrea gigas, is considered
unpalatable because of its watery nature and tastelessness (Allen and Downing,
1991). For the mangrove clam, Polymesoda erosa, there is anecdotal evidence that
the indigenous people stop collecting this clam during the wet season because its
flesh tastes 'gritty' like sand (Ray Hall, pers. Communication, 2004). The quality of
the flesh in bivalves is correlated with biochemical constituents in the flesh,
particularly carbohydrate (glycogen) content (Stephen, 1980; Fernandez Castro and
de Vido de Mattio, 1987; Mason and Nell, 1995) and lipid composition (Piveteau et
al., 1999).
There are many factors affecting the biochemical composition of the body parts of an
animal. Life stage, age and growth affect accumulation and utilization of energy of
the body and there are changes in the body composition of bivalves from embryonic
and larval stages, juvenile and adult (Gabbot, 1976, 1983; Sundet and Vahl, 1981;
Lucas et al., 1986; Whyte et al, 1990a, 1991b; Thompson and MacDonald, 1991;
Marty et al., 1992; MartInez et al., 1992). In young individuals where somatic
growth is active, the body composition differs to those of adults where the
reproductive growth is predominant (Browne and Russel-Hunter, 1978; Epp et al.,
1988; Martinez, 1991). Utilisation of protein, for example, is more active in
immature scallops than is in sexually mature ones (Sundet and Vahi, 1981). In
adults, gametogenesis is one of the most influential factors that affect the
composition of the meat (Taylor and Venn, 1979; Barber and Blake, 1981; Gabbot,
1983; Li et al., 2000; Berthelin et al., 2000; Park et al., 2001). Next, quality and
quantity of available food is also one of the most frequently mentioned factors
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influencing the body composition (Fernandez Castro and de Vido de Mattio, 1987;
MartInez et al., 1992; Robert et al., 1993; Sarkis, 1993; Kang et al., 2000). Living
under stress, particularly extreme temperature or starvation, also affects the body
composition (Gabbot and Bayne, 1973; Mann, 1979). The body composition is also
influenced by sex. Growth pattern and gamete development may differ between
sexes and this difference is reflected in the body composition. The effect of sex has
been shown on the studies on Nucula sulcata (Ansell, 1 974b), scallop Chlamys
islandica (Sundet, 1984), oysters Crassostrea madrasensis (Stephen, 1980) and
Crassostrea gigas (Baghurst and Mitchell, 2002). Other factor such as parasite
infestation also influences the flesh composition of bivalve. Heavy infestation of
parasite made the flesh of mussel Mytilus edulis watery (Kent, 1979) because
nutrients content of the flesh drop due to absorption by the parasite Factors such as
food, temperature and reproductive process are closely related to season of the year
and, as a consequence, change in the biochemical composition occurs seasonally.
In nature food quantity and quality vary from season to season, thus the body
composition changes seasonally. During the season when food supply is high,
bivalves accumulate and store excess energy in various body parts. This reserve
energy will be used to cover energy demands for metabolic maintenance and
reproduction during the season when food is scarce (Rodrlguez-Moscoso and Arnaiz,
1998). As a result, on the basis of food availability, the composition of the body
varied from season to season (Giese, 1969; Fernandez Castro and de Vido de Mattio,
1987; MartInez et al., 1992; Sarkis, 1993; Kang et al., 2000).
Seasonal variation in the body composition is also determined by the reproductive
cycle, particularly on seasonal breeding bivalves from higher latitudes. Numerous
studies of various bivalves have shown that seasonality of the body composition was
closely correlated with the reproductive cycle (Ansell, 1 974a, 1 974b; Taylor and
Venn, 1979; Stephen, 1980; Barber and Blake, 1981; Beninger and Lucas, 1984;
Fernandez Castro and de Vido de Mattio, 1987; Martinez, 1991; Frolov and Pankov,
1992; Sarkis, 1993; Mason and Nell, 1995; Berthelin et al., 2000; Kang et al., 2000;
Li et al, 2000; Strohmeier, 2000; Chung et al., 2001; Lodeiros et al., 2001; Park et
al., 2001; Baker and Hornbach, 2001).
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In adult bivalves, a complex relationship occurs between food availability, the
reproductive cycle and the body composition. Bivalves show different patterns of
energy mobilisation and utilisation for gamete development and these affect their
body composition. In some bivalves, particularly those that experience strong
seasonal food availability, energy required for gametogenesis is obtained by
transferring and converting reserves in various body parts to the gonad. This pattern
is shown in the scallop Chiamys opercularis (Taylor and Venn, 1979) and
Argopecten irradians concentricus (Barber and Blake, 1981). In others, the energy
for the gametogenesis is acquired from direct use of recently ingested food, as can be
seen inChlamys septemradiata (Ansel, 1974a). Combination of the two patterns is
reported to happen in Ostrea puelchana (Fernandez Castro and de Vido de Mattio,
1987) in which the reserve energy is used as supplement to the main energy derived
from ingested food. An alternating strategy is reported to occur in the mussel Arca
zebra (Sarkis, 1993). This mussel has two reproductive cycles in a year; the first
cycle relies on energy reserve, the second on ingested food for gametogenesis.
In the present study, the effect of month or season of the year and sex on the
biochemical composition of Polymesoda erosa was assessed. This clam is exposed
to long periods of desiccation during the dry season (June to October). During this
season food acquisition would be affected due to reduced time for feeding, and the
metabolic cost could be high as extreme salinity prevails and gas exchange is limited.
Also, although P. erosa is a continuous breeder, it shows variations in spawning
intensities throughout the year with the major spawning season from February to
May (see Chapter 3). This clam also retains mature gametes over long periods from
October to January (see Chapter 3). Active gametogenesis and maturation in time
when there is food limitation and extreme water quality could only happen when the
animal has enough reserved energy and is able to use it for developing gonad.
Because the required energy is taken from various body parts, it was hypothesised
that biochemical composition and energy content will fall during the dry season.
Another fact to consider is that female individuals have higher gonadosomatic index
than male clams in any month of the year (Chapter 3). If this condition reflects
energy cost for reproductive activity, then males and females might have different
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body composition. To what extent all of these external and internal factors may
affect the biochemical composition of P. erosa was clarified during this study.
This chapter deals with biochemical composition of flesh of P. erosa with the aim of
gaining better understanding in energy accumulation and utilisation. The specific
aims addressed were:
to investigate the effect of month (season) of the year on the body
composition i.e., carbohydrate, lipid and protein contents of the flesh,
to analyse the pattern of substrate change and locate which part of the body
acting as storage site of energy reserves for gametogenesis,
to examine differences in body composition in the different sexes of P. erosa.
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4.2. Materials and Methods
4.2.1. Sample Collection and Preparatioll for Analysis
AU specimens used for biochemical analysis had shell length between 70 to 85 mm.
Morphometric measurements were done for individual clams according to the
method described in Chapter 2.
From each clam, the meat was shucked and the foot, adductor muscles, mantle and
associate tissue (digestive gland, gills (ctenidia), labial paips, digestive diverticula
and crystalline sac), and gonad were separated and grouped into three groups of
tissue i.e., foot and adductor muscles, mantle and associated tissue and gonad. Due
to their small size and similarity in compactness to foot, the adductor muscles were
grouped with the foot and named collectively as pedal and adductor muscles. Gonad
included some parts of intestine and stomach (less than 5%) that could not be
separated totally. Each group of tissue was placed in pre-weighed and tarred plastic
vial, weighed and freeze-dried for 72 hours to a constant weight according to the
method described in Chapter 2.
Male and female tissues were processed separately. Analysis of carbohydrate, total
lipid and protein were conducted as in Chapter 2. Due to lack of correlation between
shell length and soft tissue weight (Gimin et al., 2004), no standardisation was made
for the analytical results. Biochemical measurements were expressed as mg
constituent per gram dry tissue weight (mg g' DTW) (Gabbot and Bayne, 1973;
Thompson and MacDonald, 1990).
4.2.2. Condition Index
Condition index was measured in order to ascertain the nutritive status of the
bivalves. For this purpose, volume related-condition index (Cl) was measured for
each specimen (Lawrence and Scott, 1982; Crosby and Gale, 1990) as follows:
CI

=

DTWx 1000
CV

where DTW = dry tissue weight (g), CV= cavity volume (ml).
Measurement of cavity volume was described in Chapter 2.
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4.2.3. Seasonal Variation in Body Component Index
Changes in somatic tissue mass and indices indicate sites of energy storage in
bivalves (Barber and Blake, 1991). To identify body parts acting as the storage sites
in P. erosa, three ratios describing the proportion of each of the body component
relative to the total soft tissue weight were calculated for each individual clam. They
were: gonad proportion, pedal muscle proportion and mantle proportion. All
calculation was based on dry weight and the results were expressed as percentage.
The gonad proportion in this section also describes changes in gonadal mass, which
was similar to gonadosomatic index (GSI) in Chapter 3. The difference is GSI
calculation was based on fresh weight.
4.2.4. Seasonal Variation in Biochemical Composition of the Soft Tissue
Each month, a minimum number of five males and five females were processed for
biochemical measurements. In order to protect the wild population from
oversampling, the permit conditions did not allow for a larger sample size. For
statistical analysis purposes the clams of each sex were divided into two groups with
at least two individuals in each. The dried samples of muscles, or mantle or gonad in
each group of clams were pooled and homogenised and stored in labelled vials at

-

70°C until analysed. This pooling procedure resulted in two replications of muscles,
mantle and gonad respectively for every month for each sex.
4.2.5. Statistical analysis
In terms of condition index (CI), both one-way and two-way ANCOVA with shell
length as covariate were used to test effect of month or effect of month and sex on
Cl. For biochemical data, one-way ANOVA was used to test for differences in body
composition among sampling months in males and females. To test whether the
biochemical constituent varied in the same way in males and females, two-way
ANOVA was used with month and sex as factors. Before testing with ANCOVA or
ANOVA, all data were subjected to Cochran test for homogeneity of variances. Data
in percentage were subjected to arcsin transformation, while others were transformed
by logarithm. Spearman's rank correlation (r) was used to test all possible
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correlations between biochemical constituents (carbohydrate, lipid and protein) and
energy content.
4.3. Results
4.3.1. Condition Index
Figure 4.1 shows that Cl in males and females fluctuated in similar trends during the
course of the study. Between June 2001 and January 2002, the CI in both sexes was
relatively stable, although there was a tendency for the CI to increase in November
and January when the population were predominated by individuals of maturing and
ripe gonadal stages (see Chapter 3). In February, the index dropped about 30% and
remained at low values until May coinciding with intense spawning activities. After
this period, the index recovered high values in the next two months as the maturing
and the ripe gonads were predominant.
The variations of the Cl was confirmed by ANCOVA, which revealed that in both
sexes, the condition index differed significantly among months (ANCOVA, male:
F11 ,55=4.750, P<0.05; female: F13= 2.747, P<0.05). The Tukey HSD test detected
significantly low index values between February and May indicating that spawning
activities had negative effect on the condition. Outside this spawning season no
significant differences (P>0.05) were found. The Cl in both sexes fluctuated in the
same way as confirmed by two-way ANCOVA, which revealed no significant
interaction between month and sex (F11 , 1091.225, P>0.05). Nevertheless, inspection
of the graph in Figure 4.1 and result from the Tukey test showed that females
(43.055) had significantly higher Cl (P<0.05) than males (36.002).
4.3.2. Seasonal Changes in the Proportion of Body Components
In both sexes, during the period of June to November, the proportion of gonad
relative to total soft tissue increased as the gonad grew to maturity (Figure 4.2 and
Figure 4.3). In contrast, during the same period, there was a tendency for the
proportion of the muscle and the mantle to decrease and reach the lowest level in
November. During the wet season, between January and May, the proportion of
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Figure 4.1: Condition Index of Polymesoda erosa between June 2001 and
September 2002. Each value represents a mean + SD (n= 5-8).
Broken line indicates no sampling was done.
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the total soft tissue weight of the male Polymesoda erosa. Each value
represents a mean ± SD (n=2 of pooled samples of 2 to 4 individuals).
Broken line indicates no sampling was done.
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Figure 4.3: Relative proportion (%) of the muscles, the mantle and the gonad to
the total soft tissue weight of the female Polymesoda erosa. Each
value represents a mean ± SD (n=2). Broken line indicates no sampling
was done.
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these two somatic tissues tended to increase suggesting accumulation of materials,
whereas the gonad, due to spawning activities, decreased. During the wet season the
proportion of the mantle and associate tissues increased to a greater extent than the
muscles did. Average mantle proportion increased from 33.76% on November 2001
to 53.055% on May 2002 for males, and 28.95% to 48.59% for females within the
same period. At the same time, the increase in the muscle proportion took place in
lower rate, i.e., from 22.02% to 27.14% for males and from 16.66% to 23.99% for
females. In contrast, within the same period the proportion of the testis dropped
from 44.64% to 19.80%, while the ovary decreased from 54.39% to 27.42%.
Changes in the proportion of body parts were confirmed by one-way ANCOVA.
The ANCOVA showed that the proportion of each body part in both sexes was
significantly different during the course of the study. In males, F values for each
body part wereas follows: the muscles: F11 ,55= 5.48, P<0.05; the mantle: F11 ,55= 3.91,
P<0.05 and the gonad: F11 ,55 6.96, P<0.05. In females, the muscles: F11 ,53= 3.56,
P<0.05; the mantle: F11 ,53= 5.68, P<0.05 and the gonad: F11 ,53= 4.39, P<0.05. The
Tukey tests failed to detect significant values for the muscles and the mantle between
June and November. Significant increase in the proportion of the muscle and the
mantle took place during the period February to May. At the same time the gonad
decreased significantly due to intense spawning.
Inverse correlation between the somatic tissue and the reproductive tissue in both
sexes was also confirmed by Spearman's rank correlation (ri ). In both sexes,
significant negative correlation occurred between the muscles and the gonad (males:
r=-0.809, P<0.05; females: r= -0.854, P<0.05) and between the mantle and the
gonad (males: r5=-0.864, P<0.05; females: r5= -0.935, P<0.05). On the other hand,
the muscles and the mantle showed significant positive correlation (males: r5 0.515,
P<0.05; females: r=0.715, P<0.05) suggesting both somatic tissue accumulate and
mobilise materials in the same way.
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4.3.3. Seasonal Variation in Biochemical Components
4.3.3.1. Pedal and Adductor Muscles
The muscle carbohydrate varied significantly among months in both sexes (ANOVA,
male: F11 ,12 =23.5 1, P<0.05; female F11 ,12=16.08, P<0.05). During the dry season,
between June and November 2001, carbohydrate content decreased gradually from
174.77 to 121.92 mg gDTW in males and from 200.09 to 134.94 mg g 1 DTW in

females (Figure 4.4). After these minima, carbohydrate content increased
significantly in January and remained stable over the wet season. There was in a
peak in June 2002 before showing a similar downward trend as the previous year.
A two-way ANOVA was performed to check whether carbohydrate storage and
utilisation took place in the same way in both males and females. There was
significant interaction (F11 ,24 6.42, P<0.05) between sampling date and sex
suggesting the magnitude of fluctuation of carbohydrate content was not the same in
males and females. Values in males fluctuated wider than in females. The Tukey
test showed that males contained significantly more (164.41 mg gDTW)
carbohydrate in their muscles than females (155.13 mg g DTW).
The muscles ofF. erosa certainly were not the storage sites for lipid. The lipid
content in the muscle remained low and showed no seasonal variation (Figure 4.4).
The constant lipid content in males was confirmed by the ANOVA (F1

1,120.595,

P>0.05). Similarly, although females showed significant difference (F11 ,12=2.922,
P<0.05) in lipid content, the Tukey HSD failed to reveal any significant values.
Inspection of the graph and result from the Tukey test showed that lipid in the
female's muscles was consistently higher in any month than was in the male's
muscles.
There was monthly variation in the muscle protein content in both sexes (Figure 4.4).
The protein content differed significantly among sampling months (males: F11 ,12=8.3,
P<0.05; females: F11 ,12=10.4, P<0.05). During the dry season, protein in the male
muscles decreased gradually from 650.58 mg g 1 DTW in June to the lowest point
626.66 mg gDTW in November, while in the female mantles the protein content
decreased from 638.88 mg g'DTW to 614.29 mg g'DTW. These decreases suggest
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Figure 4.4: Monthly variations in the biochemical components (mg g' dry tissue
weight) of the muscle of Polymesoda erosa. Each value represents a
mean ± SD (n=2 pooled samples). Broken line indicates no sampling
was done.
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that protein was also used to generate energy. In January 2002, the muscle protein
content in both sexes recovered significantly (P<0.05) and remained at high values
until June 2002, before showing a downward trend similar to the previous year.
This suggests that at this time P. erosa was able to grow its muscles.
4.3.3.2. Mantle
In contrast to the muscle, the variation in carbohydrate content was greater in the
mantle (Figure 4.5). Between the two sexes, males had a greater loss in the mantle
carbohydrate content than females during the dry season. In males, the carbohydrate
content decreased from 303.49 mg g 1 DTW in June to lowest of 147.13 mg g'DTW
in November, while in females it decreased from 299.79 mg g 1DTW to 150.52 mg g
1

DTW. The one-way ANOVA confirmed that there was significant change in the

carbohydrate content during the course of the study in both sexes (males:
F11 ,12=84.23, P<0.05; females F11 ,12=88.13, P<0.05). From January 2002, both sexes
showed an upward trend in carbohydrate content and reached another peak in June
2002. As in the muscles, there was significant interaction between month and sex
(F1 1,12=1 2.05, P<0.05) indicating that monthly variation was not independent of sex.
Significantly more carbohydrate in the female's mantle (248.26 mg g'DTW) than in
the male's mantle (237.07 mg g 1 DTW) was accounted for by the greater loss of this
constituent from the male mantle.
Although the mantle only contained small proportion of lipid (5 to 7%), there was
decrease in the lipid content during the dry season (Figure 4.5). In November the
lipid content for males was 45.351 mg g 1 DTW and females was 50.644mg g 1 DTW.
These values were 3 0.4% and 14.69% of those recorded in June for males and
females respectively. Lipid also was not deposited in the mantle. The ANOVA
confirmed significant change in the lipid content during the year (males:
F11 ,12=3.724, P<0.05; females F11 ,12=3.087, P<0.05). The Tukey test showed that the
value in November was significantly lower than that of June for males, but could not
detect significant value for females.
Protein in the mantle of both sexes fluctuated slightly during the study with a
tendency to decrease during the dry season (Figure 4.5). The fluctuation was
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Figure 4.5:. Monthly variations in the biochemical components (mg g 1 dry weight)
of the mantle of Polymesoda erosa. Each value represents a mean ± SD
(n=2 pooled samples). Broken line indicates no sampling was done.
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significant in both sexes as confirmed by the ANOVA (males: F11 ,12=3.34, P<0.05;
females F11 ,12=15.2, P<0.05). Between June and November the protein content
decreased from 503.43 to 486.09 mg gDTW in males, while in females it changed
from 491.44 to 478.78mg g 1DTW. In January males and females experienced
significant increase in the mantle protein suggesting that P. erosa grew its tissue
during this time. There was no significant interaction between month and sex
indicating that males and females had similar pattern of monthly fluctuations in the
mantle's protein (F1 1,24-2.0, P>0.05). As in the muscles, the mantle protein was not
significantly different (P>0.05) between sexes.
4.3.3.3. Gonad
Carbohydrate content in testes and ovaries showed a slightly different pattern, but
tended to remain constant during the course of this study (Figure 4.6). ANOVA
showed no significant monthly variation for the testes (F11 ,12=1.413, P>0.05).
However, in females (ovaries) this variation was significant (F11 ,12=4.960, P<0.05),
and there was a tendency to decrease in November, even though the decrease was not
significant (Tukey, P>0.05). Two-way ANOVA showed significant interaction
between month and sex (F1 1,24=3.266, P<0.05) with females showing wider
fluctuation of carbohydrate than males. ANOVA also showed that the testes had
significantly higher carbohydrate content (126.32 mg g'DTW) than the ovaries
(103.88 mg g DTW).
Of the three constituents, lipid in the gonad showed the largest variation (Figure 4.6).
This variation was confirmed by the one way-ANOVA (males: F11 ,12=3.472, P<0.05;
females: F11 ,12=7.07, P<0.05). The ovary accumulated large amount of lipid during
the dry season during which the content increased from 299.80 mg g'DTW in June
2001 to 369.27 mg g'DTW in November. This level continued to rise and reached a
peak in January of 372.84 mg g'DTW. In males, although the increase was less
pronounced than in females, high lipid content of about 135 mg g'DTW was
recorded during November and January when ripe individuals predominate the
population. The two sexes showed clear difference in lipid content. The overall
average for the year of lipid in the ovary was 2.5 times higher than in the testis.
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Figure 4.6: Monthly variations in the biochemical components (mg g 1 dry weight)
of the gonad of Polymesoda erosa. Each value represents a mean ± SD
(n=2 pooled samples).
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There was slight variation in protein content of the male gonad during the dry season
whereas in females no clear trend was observed (Figure 4.6). The protein content of
the male gonad increased slightly from June to November, during which it rose from
554.86 to 618.58 mg g'DTW. The gonadal protein reached a peak in January during
which a value of 624.54 mg g 1 DTW was recorded. The decline during February and
May corresponded with spawning activity. The ANOVA showed significant
difference in males (F11 ,12=2.89, P<0.05), but the Tukey test failed to detect the
significant values. In females, no clear trend of gonadal protein content was
observed. One-way ANOVA showed that no significant difference in the protein
content of the female ovaries (F11 ,12=2.43, P>0.05). Comparison of the two sexes
showed significant difference in the protein content. The overall average for the
year for testes was 604.85 mg gDTW, while the ovary had only 377.65 mg g
'DTW.
4.3.3.4. Energy Value
In both sexes, energy content in the muscles differed significantly (males:
F11 ,12=66.2, P<0.05; females: F11 ,12=40.8, P<0.05) among sampling months. Males
suffered slightly greater loss in energy content than females in the period between
June and November. In males the energy decreased gradually from 17.266 kJ g
DTW in June 2001 to the lowest point of 15.736 kJ g DTW in November, while in
females it dropped from 17.971 to 16.117 kJ g 1 DTW (Figure 4.7). After this
minimum, the energy content rose significantly in January 2002. Between February
and May 2002, which was the spawning season, the energy values dropped
significantly, but recovered soon in June 2002. From June 2002 onwards, trend of
energy was similar to those of post-June 2001. The pattern of fluctuation in energy
content of the muscle was different between males and females as evidenced by
significant interaction between month and sex (1711 ,24=6.0, P<0.05). On average, the
muscles in females contained significantly more energy (17.032 kJ g 1 DTW) than in
males (16.885 kJ g' DTW) which was attributable to higher lipid content in the
female muscle.
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Figure 4.7: Monthly variations in the energy content (kJ g 1 DTW) of the muscles,
the mantle and the gonad of Polymesoda erosa. Each value represents a
mean ± SD (n2 pooled samples). Broken line indicates no sampling
was done.
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Energy in the mantle exhibited the same pattern as those in the muscles. A
downward trend occurred during June to November 2001 during which energy in the
mantle of males decreased from 17.64 to 13.90 kJ g' DTW, while in females it
drooped from 17.13 to 14.0 kJ g' DTW. This period was followed by a significant
rise in January through June 2002 that was attributable to the general increase in
carbohydrate, lipid and protein during this period. Similar to the previous year, a
downward trend took place after June 2002. Variations in energy content of the
mantle among months were confirmed by ANOVA (males: F11 ,12=174.9, P<0.05;
females F 1 ,12=25.7, P<0.05). Both sexes experienced different pattern of energetic
fluctuations as evidenced by significant interaction between month and sex
(F11 ,24=10.6, P<0.05). Energy of the female mantle (16.15 kJ g DTW) was
significantly higher (P<0.05) than that of the male mantle (16.0 kJ g' DTW), which
was accounted for by the greater loss of carbohydrate and lipid in males.
Significant difference in monthly energy content also occurred in the gonad (males:
F11 ,12=6.7, P<0.05; females: F11 ,12=8.3, P<0.05). However, the gonad showed
slightly different pattern of energy variation to those exhibited by the muscles and
the mantle. A contrast feature was a steady increase in energy of the gonad during
the period of July to November 2001 while energy in the muscle and the mantle were
decreasing. This indicated that during this period there was transfer of energy from
the two body parts to the gonad. During spawning season in February to May,
energy in the gonad decreased but was not significant. Comparing the two sexes,
there was significant difference in accumulation of energy in the gonad. Figure 4.7
and the Tukey test showed that the ovaries had significantly higher energy content
(21.31 kJ g' DTW) than the testes (19.14 kJ g' DTW) due to accumulation of lipid
in the ovaries.
4.3.3.5. Association between Different Constituents in Various Body Parts
The Spearman's rank correlation coefficients between biochemical constituents for
the whole year are presented in Appendix Al, while Appendix A2 gives correlation
coefficients for the dry season. The results show that correlations among
constituents were more conspicuous for the data during the dry season than for the
whole year.
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In the muscles and the mantle the correlations among constituents occurred
positively, particularly during the dry season, where significant positive correlation
(P<0.05) was recorded between carbohydrate and protein in the muscles, while
carbohydrate correlated positively in significant way with lipid in the mantle. There
was no significant correlation recorded between lipid and protein in either the
muscles or the mantle of both sexes.
In contrast, correlation coefficients between constituents in the gonad were mostly
negative. In this tissue the lipid correlated negatively with both carbohydrate and
protein suggesting there was utilisation of the latter two constituents to form lipid. In
male gonad there was strong negative correlation between the lipid and the protein (s
=-0.648, P<0.05), while in female gonad lipid correlated significantly with
carbohydrate (s =-0.903, P<0.05).
The carbohydrate content determined the amount of energy in the muscles affected
its energy content in both sexes. There was significant positive correlation between
the carbohydrate and the energy content of the muscles. Lipid also contributed
significant energy for the
female muscle (s =0.8 18, P<0.05), but not in males (s =0.188, P>0.05). On the other
hand, in the mantle of both sexes almost all constituents showed significant positive
correlation with the mantle energy. This suggests that carbohydrate, lipid and
protein were used to generate energy in the mantle.
Accumulation and utilisation of energy in the somatic tissue (the muscles and the
mantle) also differed to that in the gonad. The energy in the muscles and the mantle
correlated positively suggesting that P. erosa used or accumulated reserves in the
same way. On the other hand, the energy content in either the muscles or the mantle
of both sexes showed significant negative correlation with gonadal energy. This
indicates that there was transfer of energy from the two body components to the
gonad.
The tendency for correlation coefficients to be more significant during the dry season
suggested that change of substrates and transfer of energy occurred primarily during
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the dry season when access to food was limited, while energy demands were
particularly high.
The correlation analysis confirmed that carbohydrate was the main respiratory
substrate in the muscles and the mantle for the formation of energy. Consistent
significant positive correlation between this constituent and energy was an evidence
for this claim. P. erosa might have used lipid or protein as a secondary energetic
source. This is because P. erosa used of these two constituents alternatively
depending on their availability on the storage sites. In the muscle where protein
content was significantly higher than that in the mantle, protein was used instead of
lipid to generate energy. There was positive correlation between the protein and
energy in this site. On the other hand, in the mantle where there was more lipid
content, but lower level of protein than the muscle, lipid was used to generate energy.
In this site the lipid correlated significantly with energy.
Energy in the muscles correlated positively with energy in the mantle indicating that
P. erosa stored energy in the muscles in the same way as in the mantle. During the
dry season when the energy in the muscles decreased, the mantle also suffered a
decline in energy content. In contrast, energy content in either the muscles or the
mantle correlated significantly in negative way with the energy in the gonad. These
facts confirm the previous claim that the muscles and the mantle were the storage
sites in P. erosa, which during the period of food shortage, the stored energy was
transferred to the gonad.
The transfer of energy from the somatic tissues to the gonad did not happened
throughout the year. The Spearman's test showed that, for the whole year data, there
were no significant negative correlations between muscle energy or the mantle
energy and that of the gonad. This situation could happen when all the energy for
gonad development was not derived from the two organs. An additional source
during the wet season, particularly recently ingested energy, might mask the inverse
energetic relationship between the somatic organs and reproductive organs. This
result confirmed the previous explanation that when food was more available P.
erosa stopped using its reserve and changed to the exogenous energy.
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4.3.4. Distribution of Biochemical Constituents in Soft Tissue
Proximate and energy content of different body parts is presented in Table 4.1 for
males and Table 4.2 for females. In either males or females, the three body parts had
significantly different (P<0.05) carbohydrate contents. The highest amount of
carbohydrate was found in the mantle, while the lowest value was recorded in the
gonad.
Compared to carbohydrate or protein, lipid was only a small part of organic matter in
the muscles and the mantle. However, in the gonad lipid exceeded carbohydrate and
contributed large proportion of the organic matter as well as energy. High lipid
content in the gonad was an indication of the importance of this organ as a storage
site for lipid. In males, this tissue contained at least 2.5 times greater than other
tissues, while in females the value reached as high as 6.5 times.
Protein is the largest contributor of the organic matter in any body part. The three
types of tissue had significantly different protein content (P<0.05). The muscles in
both sexes contained the highest level of protein. For males, the lowest amount of
protein was recorded in the mantle, while for females it occurred in the gonad. In
both sexes, most of energy was accumulated in the gonad. Both the ANOVA and the
Tukey test confirmed that the three groups of tissue differed significantly in the
energy content.
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Table 4.1: Mean valuestm + SDd of biochemical composition of different body parts
(dry tissue) in the male Polymesoda erosa. Letters in the same each row
indicates the Tukey HSD test results for different body parts. Values
within a row with different superscript are significantly different
(P<0.05).
Tissue
Constituent

Muscles

Mantle

Carbohydrate (mg g 1
DTW)
Lipid (mg gDTW)

164.41 ±26 .55a

237075390b

126.32+ 11.23c

30.96 ± 3.14a

5372 ± 6.76'

136.13 ± 15 .66c

Protein (mg g 1 DTW)

645.01 + 13.37a

498.99 ± 13•15b

604.85 + 25 .24c

Energy(kJgDTW)

16.88± 0.54a

16.00+ 1.14'

19.14± 0.38'

Gonad

'Means are of 24 measurements
dSD standard deviation

Table 4.2: Mean valuestm ± SDd of biochemical composition of different body parts
(dry tissue) in the female Polymesoda erosa. Letters in each row
indicates the Tukey HSD test results for different body parts. Values
within a row with different superscript are significantly different
(P<0.05).
Tissue
Constituent

Muscles

Carbohydrate (mg g'
DTW)
Lipid (mg g 1 DTW)

155.12±21.61a

248264200b

103.88± 18.69c

41.23± 437a

52.15± 7.69a

338362820b

Protein (mg g' DTW)

642.20 ± 15.44a

499.44 ± 1690b

377.32 ± 16.00c

Energy (kJ g'DTW)

17.03 ± 0.53a

16.15 ± 0.83k'

21.31 ± 0.74c

Mantle

Gonad

mMeans are of 24 measurements
dSD standa d deviation

EI
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4.4. Discussion
4.4.1. Condition Index
The present study showed that the Condition Index (CI) reflected more about the
maturity stages than the nutritive condition of P. erosa. In both sexes, the Cl
dropped during intense spawning activities in February and May, while in other
months it only fluctuated slightly. The Cl has been suggested to be a good reflection
of flesh content and nutritive status in bivalves, because there would be decrease in
the index during the period of food shortage (Lucas and Beninger, 1985; Crosby and
Gale, 1990; Rheault and Rice, 1996). The present study, however, showed that even
during the dry season, when access to food was limited, P. erosa was still able to
maintain its flesh condition. This is different to reports for Tapes decussatus and T
philippinarum (Beninger and Lucas, 1984) or Ostrea puelchana (Fernandez Castro
and de Vido de Mattio, 1987), in which condition decline during low food supply.
Also, during nutritional stress, bivalves such as Argopecten purpuratus underwent
gonad resorption (Martinez et al., 1992; Avendafio and Le Pennec, 1997). In P.
erosa, even during the dry season, the gonad continued to grow with no signs of
resorption (see Chapter 3). This gonadal growth maintained the whole weight of the
soft tissue and did not drop as in other bivalves.
The positive relationship between CI and the maturity of the gonad was expected for
P. erosa. The gonad in this clam is a large contributor to the total soft tissue weight.
Depending on maturity stages, it contributed up to 80% of the total tissue weight
(Chapter 3, section 3.3.3). Therefore, when the ripe gonads were predominant in the
population during the dry season, the Cl also increased. In contrast, when the clam
had spawned, the weight of gonad reduced, thus the total soft tissue weight. The
study showed that between February and May the Cl dropped because during this
time large proportions (between 20 to 80%) of individuals in the population were in
the spent stage.
The study also showed that females maintained higher Cl than males throughout the
year. Gabbot and Bayne (1973) observed such differences between sexes in Mytilus
edulis, where females have higher Cl than males. In Crassostrea gigas, the higher
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Cl in females than in males is attributed to more efficient food utilisation in females,
with a higher growth rate than males (Baghurst and Mitchell, 2002). There is no
information about the growth rate and food utilisation between sexes for P. erosa,
but females had larger gonads than males and, as a result, had high CI (Chapter 3,
section 3.3.3).
For edible bivalves, it is important to know the quantity of flesh of P. erosa.
Because the gonad is the largest fleshy part of this clam, it is also the most favoured
part for consumption. Because the proportion of gonad drops only during the months
of February to May, P. erosa can be harvested for meat almost all year round.
4.4.2. Seasonal Changes in the Mass of Body Components
The present study showed that the proportion of the somatic tissue (the muscles and
the mantle) in P. erosa has to be inversely related to the proportion of the gonad in
both sexes. This inverse relationship was observed during the dry season as well as
the rainy season (Figures 4.2 and 4.3). However, the inverse relationship in each
season was a result of different type of energy acquisition and utilisation.
The inverse relationship during the dry season occurred as a result of nutritive
transfer between body parts. During this season, when food supply was low, the
somatic tissue was the source of nutrients and energy for the gonad. This transfer
was evidenced by the fact that the gonad continued to grow, while the proportion of
the pedal and adductor muscles and the mantle (including digestive glands)
decreased suggesting the gonadal growth was fuelled by the expense from the two
other tissues. During this season, the pedal muscles shrunk while the mantle became
thinner and more transparent as the gonad grew to ripe stage. This condition
indicated that the muscles and the mantle of P. erosa were sites of energy storage for
the gametogenesis (Barber and Blake, 1991). The role of the muscles, the mantle
and digestive gland as storage sites, which supply energy and nourishments to the
gonad, has been reported for numerous bivalves. Although the use of reserves is not
always followed by decline in the storage tissue weight, particularly in animals
where energetic exchanges between somatic and reproductive tissues take place
continuously (Paon and Kenchington, 1995), some bivalves had a decrease in the
somatic tissue weight similar to P. erosa. Bivalves such as Chiamys septemradiata
92
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(Ansell, 1 974a), C. opercularis (Taylor and Venn, 1979), C. islandica (Sundet and
Vahi, 1981), all experienced decline in the somatic tissue weight during
reproduction. Similar inverse relationships between the somatic tissue and the gonad
was reported to happen in Argopecten irradians concentricus (Barber and Blake,
1981) and Placopecten magellanicus (Robinson et al., 1981; Kenchington et al.,
1994 cited in Paon and Kenchington, 1995). In these bivalves the weight of
digestive gland and the adductor muscle decreased as the gonad grew.
On the other hand the proportion of somatic tissues in P. erosa increased during the
wet season, while the gonad dropped. The increased weight of the muscles and the
mantle suggests accumulation of materials and growth that could take place when
there is a surplus of energy (Barber and Blake, 1991). This surplus was most likely
due to higher food intake as a result of longer inundation in the clam's habitat
compared to the dry season. The high food intake allowed the clam to allocate
energy for growing the somatic tissues. On the contrary, during this season the
proportion of the gonad decreased following the loss of materials during spawning.
These facts suggest that P. erosa deposits its reserves in the muscles and the mantle
when food supply is high and this material deposition is not much affected by the
release of gamete.
4.4.3. Distribution of Constituents in Organs of Wild Polymesoda erosa
The body components of the P. erosa consisted mainly of protein. About 60% of
organic matter in the muscles and 50% in mantle were proteins. These values are
comparable to those reported for other bivalves such as Crasostrea gigas (Berthelin
et al., 2000) and Lyropecten nodosus (Lodeiros et al., 2001).
The most apparent feature that distinguished the organs was the carbohydrate and
lipid contents. In P. erosa, pedal muscles and the mantle were the storage sites for
carbohydrate. There was more carbohydrate in these organs than in the gonad.
Considering the role of the muscles and the mantle play as providers of nourishments
and energy for the gonad, high content of carbohydrate in both organs was expected.
High carbohydrate contents in the somatic tissues have been reported for bivalves
such as scallops Chiamys septemradiata (Ansell, 1 974a) and Chiamys opercularis
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(Taylor and Verm, 1979), that use these tissues as storage sites. This is in contrast to
oyster Crassostrea madrasensis, which deposits the largest amount of carbohydrate
in the gonad (Stephen, 1980).
The muscles and the mantle in P. erosa are not the storage sites for lipid. This is
evidenced by very low lipid contents in these two organs. Nevertheless, lipid in
these somatic tissues might play a role of energetic source for the body maintenance.
The reduced level of lipid in the two groups of tissue supports this possibility. In
contrast, the gonad in both sexes stored the largest amount of lipid. Many bivalves
use their gonad as storage sites for lipid (see review Wenne and StyczyñskaJurewicz, 1987). This storage lipid is used as source of material and energy for the
formation of gamete. The lipid is a major constituent for cell's membrane for
developing gamete and embryo in bivalves (Helm et al., 1973; Gallagher et al.,
1986). Eggs and larvae of bivalves are known to contain large amount of lipid that
obtained from parent (Gallagher and Mann, 1986; Helm, 1973; Holland and Spencer,
1973; Helm et al., 1991; Frolov and Pankov, 1991; Pazos et al., 1996).

4.4.4 Seasonal Changes in Biochemical Content
All biochemical constituents measured differed significantly during the course of the
study. This indicated that season affected the accumulation and utilisation of
nutrients by this tropical clam. In many bivalves, particularly those from higher
latitudes, changes in the body composition reflected complex interactions between
environmental factors, i.e., water temperature as well as quality and quantity of food,
somatic growth and reproductive activity (Giese, 1969; Sastry and Blake, 1971;
Gabbot and Bayne, 1973; Ansell, 1974a, 1974b; Gabbot, 1976; Taylor and Venn,
1979; Deslous-Paoli and Héral, 1988; Sarkis, 1993; Kang et al., 2000). In many
cases, annual cycle in somatic and reproductive growths were results of seasonality
in temperature and food condition (Strohmeier et al., 2000). However, the tropical
species usually experienced constant temperatures and less varied food supply, and
thus had a more constant biochemical composition (Giese, 1969; Lasiak, 1986;
Sarkis, 1993). The present study showed that P. erosa also experienced large
variations in food availability and water quality throughout the year and this was
reflected in the changes of the body composition.
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During the dry season, there was steady decrease in all biochemical constituents,
particularly carbohydrate, in the muscles and the mantle. At the same period, the
gonad continued to accumulate lipid and protein as it grew to the ripe stage. This
suggests that materials in the muscles and the mantle were used to provide energy for
the gonad. There are numerous studies that show bivalves, particularly in higher
latitudes, use stored nutrients in various somatic tissues to fuel the reproductive
needs during poor trophic conditions (Ansell, 1974a, 1974b; Deslous-Paoli and
Héral, 1988; Williams and McMahon, 1989; Sarkis, 1993; Strohmeier et al., 2000;
Lodeiros et al., 2001). Tropical species such as Euvola zigzac (Lodeiros and
Himmelman, 2000) and Lyropecten nodosus (Lodeiros et al., 2001) also used their
reserves in the muscle during food shortage. Although P. erosa was able to resume
feeding as soon as its habitat was inundated, and was capable of ingesting large
amount of food when immersed, it is apparent that energy came from the assimilated
food during this time was not sufficient to fulfil energy requirement and the deficit
had to be derived from the storages in the muscles and the mantle. This showed that
during the dry season P. erosa did not reduce its physiological activities, and thus
continued to require high energetic demands. Gillmore (1982) discussed that
bivalves living in high-level intertidal areas generally applied various energyconserving adaptations to reduce physiological energy needs during exposure to air.
These adaptations enabled bivalves to conserve energy for growth process during
immersion. Although this conserving strategy is likely to occur in P. erosa, the
energy available during immersion did not match the energetic demands during this
time. The use of reserves indicated that P. erosa was in the state of 'out of energy
balance' during the dry season (Gabbot and Bayne, 1973).
As the dry season progressed, the carbohydrate content became lower, because this
substrate was used continuously to generate energy and was presumably used as a
respiratory substrate for the formation of other constituents in the gonad. By the end
of the dry season, carbohydrate in the storage sites in both sexes reached the lowest
point, while in the gonad the lipid and the protein were high. This condition has
been reported for Arca zebra in which carbohydrate reserve in the muscles was used
as substrate for lipid formation during food shortage (Sarkis, 1993). The present
study clearly shows that the utilisation of reserves occurred mainly during the dry
all
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season when energy demand for maintenance and gametogenesis was high, whereas
access to food was limited.
The break down of reserves in the somatic tissue during the dry season was
unavoidable for P. erosa. The energy requirements were high because active
gametogenesis and maturation took place between September and November. At the
same time, the environmental factors were unfavourable due to long periods of
desiccation bringing about extremely high salinity (up to 45 ppt) and anoxic
conditions. These adverse conditions are likely to cost bivalves, including P. erosa,
high energetic demands for metabolic maintenance (Gosling, 2003). In addition,
lack of inundation also meant reduced time for feeding (Gosling, 2003) and this
factor has been proposed as being responsible for affecting growth in intertidal
bivalves (Gillmor, 1982; Labarta et al., 1997). Owing to the insufficient amount of
energy from the assimilated food, P. erosa used its reserves to cover energy demands
for gonadal development. Similar gonad growth that take place when food resources
are limited have been reported for the tropical scallops Euvola ziczac (Lodeiros and
Himmelman, 2000) and Lyropecten nodosus (Lodeiros et al., 2001). This shows that
P. erosa also favours reproductive growth over somatic growth when food
availability is low; a strategy that is common in molluscs living in marginal
environment (Browne and Russel-Hunter, 1978).
In contrast to the dry season, during the wet season P. erosa was likely to experience
a surplus of energy. This was evidenced by the increase in proportion and nutrients
concentration of the somatic tissue. There was a significant increase of protein in the
muscles and the mantle in January after a minimum in November, together with an
increase in carbohydrate and lipid in the mantle. This increase was attributed to the
greater access to food at this time than during the dry season. When the rain was
intense in January onwards, the habitat of P. erosa was inundated longer than the dry
season, thus time for feeding extended and food intake increased. Also, the more
consistent water quality during this time, compared to the extremes of the dry season
probably resulted in lower metabolic demand for body maintenance (Gosling, 2003).
Moreover, at the onset of the rainy season most of the clams were already in ripe
gonadal stage, when energetic demand for reproduction should be less than those
clams undergoing gametogenesis (Barber and Blake, 1991). As a result, there was
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surplus of energy and the clam was able to deposit nutrients in the muscles and the
mantle.
In the present study, increase in the food supply from January onwards supported the
growth of somatic as well as reproductive tissue in P. erosa. The increase in
carbohydrate and lipid are regarded as energy storage, while the increase in protein
suggests the somatic growth (Strohmeier et al., 2000). The increase in all of these
constituents suggests that during this season P. erosa renewed its storage and grew
its somatic tissue. During this season, active gametogenesis was also recorded, as
can be seen from the presence of all gametogenic stages (see Chapter 3). Therefore,
a conclusion can be drawn that when access to food is no longer limited, P. erosa is
able to recover its somatic growth and simultaneously grow its reproductive tissue.
This finding is different to those reported for some bivalves such as scallops. In
scallops, Pecten maxim us, as the somatic growth and reproduction compete for
resources, the scallops give priority of energy allocation to either the reproductive or
the somatic growth one at the time (Strohmeier et al., 2000). Nevertheless, although
somatic growth and reproduction occurred at the same time, it is likely that in P.
erosa a proportion of energy was still allocated for the reproductive activity as in
other bivalves (Barber and Blake, 1991; Mathieu and Lubet, 1993; Sarkis, 1993).
This is supported by the fact that during this study the storage of carbohydrate, as the
main energy substrate in the muscles and the mantle, took place at low rate from
January onwards, and high levels were not observed until June 2002. In contrast,
gametogenesis during this time took place rapidly (Chapter 3). The rapid
gametogenesis, but slow growth of the somatic tissue occurred when a large amount
of energy derived from food was channelled directly to the gonad and deposited in
lesser amounts to the storage sites.
Apparently that energy required for the gonad development during the wet season
came from recently assimilated food. This is also supported by the fact that in P.
erosa resting period was very short, if not absent (see Chapter 3). The gonad of this
clam developed rapidly after spawning, which could only happen if part of the
energy from food was channelled directly to the gonad. Similar rapid gonad
development and maturation due to recently assimilated food was reported for Arca
zebra during high food supply in summer (Sarkis, 1993).
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P. erosa is also different to other tropical bivalve, Lycopecten nodosus, which
deposited reserves in the somatic tissue to growing the gonad during the period of
high food availability (Lodeiros et al., 2001). In L. nodosus the gonad developed
later using the reserved energy, while in P. erosa both tissues develop
simultaneously.
It is apparent that P. erosa managed to maintain a constant level of constituents in
the gonad at the expense of other organs. In contrast to this, when Mytilus edulis was
under nutritive stress, the germinal tissue suffered greater loss of carbohydrate and
protein than the somatic tissues (Gabbot and Bayrie, 1973). P. erosa is also different
to those bivalves such as Argopecten irradians concentricus (Barber and Blake,
1981), A. purpuratus (MartInez, 1991), Tapes decussatus (RodrIguez-Moscoso and
Arnaiz, 1998), and Crassostrea gigas (Li et al., 2000) in which carbohydrate or
glycogen content of the ovaries and the testes markedly decreased during maturation.
Maintaining a stable level of biochemical constituents in the gonad is for the purpose
of controlling the quality of the gamete being produced. According to Bayne (1976),
the ability of mobilising then transferring nutrient reserves from the storage sites to
the gonad enables bivalves to isolate the gametogenic processes from uncertain food
supply and provide some control over the variability of gamete growth. Utilising
more reserves from the somatic tissues than from the gonad is likely the reason why
P. erosa was able to maintain the gonad in ripe stage over long period of time when
food was limited without absorbing it (see Chapter 3). This is in contrast to bivalves
such as Argopecten purpuratus and Pecten maxim us, which during low food
availability, use their gonadal reserves to generate energy resulting atresia of the
oocyte (Le Pennec et al., 1991; Avendano and Le Pennec, 1997).
The present study suggests that carbohydrate was used primarily for gonad
development, because during the dry season gametogenesis took place actively and
the clam was able to reach ripeness at the end of the season. Carbohydrate has long
been considered to be the principal energy reserve of adult marine bivalves (Giese,
1966; 1969; De Zwaan and Zandee, 1972; Gabbot, 1975; Deslous-Paoli and Héral,
1988; Robinson, 1992b; Mathieu and Lubet, 1993). Many bivalves when suffering
from deficit of energy use carbohydrate (glycogen) to cover energetic demands for
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metabolic maintenance and gametogenesis. Among such bivalves are Mytilus edulis
(Gabbot and Bayne, 1973), Chiamys septemradiata (Ansell, 1 974a), Argopecten
irradians concentricus (Barber and Blake, 1981), Placopecten magellanicus
(Robinson et al., 1981), Tapes decussates and T. philippinarum (Beniger and Lucas,
1984), Chlamys islandica (Sundet and Lee, 1984), Ostrea puelchana (Fernandez
Castro and de Vido de Mattio, 1987), Crassostrea gigas (Ruiz et al., 1992; Kang et
al., 2000); and Arca zebra (Sarkis, 1993). This may be because carbohydrate is
easily metabolised when needed as energetic source or substrate for the formation of
other constituents (Barber and Blake, 1993). In contrast, during the period of high
food supply when animals experienced surplus of energy, the surplus was stored as
carbohydrate (glycogen) (Browne and Russel-Hunter, 1978; Strohmeier et al., 2000).
This was also observed in P. erosa which during the wet season, when the habitat
was inundated longer, with greater access to food, carbohydrate content in the
muscles and the mantle increased, even during the spawning season.
Carbohydrate is also required as the main substrate during anoxic conditions (de
Zwaan, 1983). This condition is frequently encountered by bivalves, including P.
erosa, living in habitat, which suffer periodic aerial exposure (review by Bricelj and
Shumway, 1991). During dryness, P. erosa closes its valves for long period of time
creating an anaerobic condition. Relying on the carbohydrate (glycogen) as an
energy substrate is likely an adaptive strategy of this clam to live in a frequently
anaerobic condition.
Lipid in the somatic tissue was also broken down to provide energy. Although this
constituent in the muscles and the mantle contributed only three to seven percent of
organic matter in these tissues, its utilisation particularly in the mantle had been
active as shown by large decrease during the dry season. From June to November,
the mantle lipid content in the mantle decreased about 30% in males and 15% in
females. A similar decrease in the lipid content of somatic tissues during low food
availability has been reported for Ostrea puelchana (Fernandez Castro and de Vido
de Mattio, 1987). On the contrary, in the gonad lipid continued to increase during
the dry season and coincided with large number of mature animals was present in the
population. This suggests that lipid in the gonad was deposited for reproductive
purposes and did not reflect nutritive condition in the nature as somatic tissue did.
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The increased lipid in the gonad was likely achieved by the transfer from other
tissues or the conversion of other substrates such as carbohydrate (Gabbot, 1975;
Sarkis, 1993).
Protein was also used as an energy source in P. erosa, even though in lesser amount.
During the dry season the protein content in the muscles and the mantle decreased
about three to four percent. Generally, bivalves rely on carbohydrate reserves for
energy (Giese, 1969; De Zwaan and Zandee, 1972; Barber and Blake, 1981, 1991;
Beninger and Lucas, 1984). However, under conditions of nutrient stress when
energy from carbohydrate is not sufficient, protein served as an energy reserve
(Gabbot and Bayne, 1973; Sundet and Vahl, 1981; Ruiz et al., 1992) or protein may
be used simultaneously with carbohydrate, or even contribute more than
carbohydrate to maintenance energy (Ansell and Sivadas, 1973; Whyte et al, 1990b).
Bivalves such as pectinids, Argopecten irradians con centricus (Barber and Blake,
1981) and A. i. irradians (Epp et al., 1988) favour protein in adductor muscle over
glycogen as the primary source of energy for gametogenesis.
This study revealed that the biochemical composition of P. erosa is different between
sexes. Males and females had significantly different biochemical compositions in
the three body components suggesting that patterns of energy use for metabolic
maintenance and reproduction were different between the two sexes. The most
interesting difference between the two sexes occurred in the gonad where both lipid
and protein contents differed considerably. In terms of lipid, the female ovaries, on
average contained 2.5 times higher than the testes in males suggesting that lipid was
the main reserve for females. Similar reports have been obtained for Chiamys
septemradiata (Ansell, 1974a), Placopecten magellanicus (Thompson, 1977),
Mytilus galloprovincialis (Lubet et al., 1986) and Argopecten purpuratus (MartInez,
1991) in which the ripe female gonad shows approximately twice as much lipid as
the male gonad. Higher accumulation of lipid in the female gonad than the male
gonad is attributed to high biochemical budget required for egg production (Stephen,
1980). This high accumulation is also required to supply energy for the metabolic
needs of future larvae, which mostly depend on parental lipid (Helm et al., 1973;
Ansell, 1974; MartInez, 1991; and review by Cragg and Crisp, 1991). Qi et al.
(2000) reported that lower lipid content in the testes compared to the ovaries is due to
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this substrate is being used as an energy source during spermatogenesis, in contrast
to the ovaries where lipid is mobilised in the form of yolk lipid. On the other hand,
males showed much higher (up to 1.6 times) protein content in their gonad than
females. This situation is also recorded for scallop Placopecten magellanicus
(Thompson, 1977; Robinson et al., 1981).
In terms of energy, males suffered slightly greater loss of energy from the somatic
tissue than females during the dry season. This high loss could be due to either
higher physiological cost during reproduction in males than females or higher
metabolic activity in males than females. Vahl and Sundet (1985) observed that the
metabolic rate in male Chlamys islandica was greater than females, and suggested
that sperm production, involving protein synthesis, costs more on males than females
on eggs. In the present study, however, the energy content of the female ovaries was
greater than the male testes, suggesting that females actually allocated more energy
for growing gametes. Presuming that the two sexes experienced the same
environmental conditions including food, thus obtained a similar amount of food
energy, and that both sexes attained maturity stage at the same time, the greater loss
of energy from the male somatic tissues suggests that males spent more energy for
metabolic requirements and maintenance, which could be the subj ect of further
study.

101

Chapter 5

Physiological Responses

CHAPTER 5:
Physiological Responses of Polymesoda (Geloina) erosa to Tropical
Australian Microalgae
5.1. Introduction
Bivalve hatcheries depend on microalgal diets in all life stages, from conditioning
broodstock to larval rearing (Brown et al., 1989; Brown, 2002;Esquivel and
Voltolina, 1996; Lora-Vilchis and Doktor, 2001; Ponis et al., 2003). There are many
kinds of microalgae are available for bivalves. For environmental reasons, it is
desirable to use microalgae species that are isolated from the surrounding
environment (Renaud et al., 1999). Some microalgal species isolated from tropical
waters of Australia have good biochemical composition (proximate and fatty acids)
and are considered to be potentially good food sources for marine organism (Renaud
et al., 1999; 2002).
Biochemical composition, however, is not the only factor affecting the food value of
diet. A study on bivalves feeding showed that there was poor correlation between
chemical composition of microalgae and bivalve growth (Epifanio et al., 1979).
Therefore, it still not possible to select a microalgal diet by biochemical composition
alone (Borowitzka, 1997; Volkman et al., 1989; O'Connor et al., 2000).
Biochemical composition gives information about the presence of essential nutrients,
but to serve as a good diet, alga must be filtered, ingested, digested, and assimilated
by bivalves (Romberger and Epifanio, 1981; Peirson, 1983; Borowitzka, 1997;
O'Connor et al., 2000; Lora-Vilchis and Doktor, 2001). Those algae, which are
ingested, digested and assimilated in large amounts are likely to be good diets
(Winter and Langdon, 1976; O'Connor et al., 2000; Lora-Vilchis and Doktor, 2001).
Physiological variables such as filtration, ingestion, assimilation, energy acquisition
and scope for growth have been used as criteria to predict growth performance on
bivalves (Peirson, 1983; Lora-Vilchis and Maeda-Martinez, 1997; Iglesias et al.,
1998; Navarro et al., 2000; Barillé et al., 2003).
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Size, morphology, cell wall structure, chemical properties and metabolites of
microalgae affect the uptake of microalgae by bivalves (All, 1970; Epifanio, 1979;
Romberger and Epifanio, 1981; Jørgensen, 1990; Matsuyama et al., 1997; O'Connor
et al., 2000; Navarro et al., 2000; Lora-Vilchis and Doktor, 2001). Given the
differences in size, proximate composition and energy of the tropical microalgae
tested in the present study, it was hypothesised that there would be differences in the
mangrove clam's response to these microalgae resulting in different energy
acquisition. On the other hand, bivalves are also reported to be able to regulate the
filtration mechanism physiologically according to nutritional needs (Winter, 1973;
Navarro and Winter, 1982; MacDonald and Ward, 1994; Navarro et al., 2000), and
can change this mechanism along with the production of pseudofaeces to maintain a
consistent ingestion rate (Foster-Smith, 1975; Bacon et al., 1998; MacDonald et al.,
1998). If material or energy uptake is regulated by the capacity of animal's digestive
system, those microalgae of smaller size will be ingested in higher number than the
bigger and heavier cells but total mass in digestive tube will be similar. This
hypothesis was be tested in the present study.
Since physiological rates of bivalves are affected by particles concentration and body
size (Winter, 1973; Foster-Smith, 1975; Navarro and Winter, 1982; Khalil, 1996;
Yukihira et al., 1998), before testing each diet I checked the effects of algal
concentration and body size on feeding processes using Tahitian Isochrysis aff
galbana strain T-ISO as a standard diet.
The aims of this study were:
to investigate the effect of algal concentration and body size on
filtration rate, ingestion rate, assimilation efficiency and energy
acquisition of P. erosa,
2.

to measure filtration rate, ingestion rate, assimilation efficiency and
energy acquisition of P. erosa fed various tropical microalgal diets.
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5.2. Materials and Methods
5.2.1. Production of Algal Cultures
Five recently isolated microalgae species from tropical Australian marine waters
were tested along with popular microalgae Takiitian Isochiysis (T-ISO) and
Tetraselmis suecica (Table 5.1). The microalgal species were cultured according to
the method described in Chapter 2. Cultures in the late exponential to early stationary
phase were used for the experiments.
5.2.2. Chemical Analysis on Microalgae
Cellular dry weight was determined by counting the cells in known volumes of algal
suspension and filtering through pre-ashed GF/C filters. The filters were rinsed with
2% (w:v) ammonium formate, dried at 60°C for 24 h and weighed to the nearest
0.0001 g on a Sartorius A200S electronic balance.
Proximate analyses (carbohydrate, lipid and protein) were carried out on freeze-dried
algae following the method described in Chapter 2. Total ash was determined
gravimetrically after igniting at 500°C for 20 h.
5.2.3. Mangrove Clams
Before the experiments clams were tagged, measured and weighed, and their gonads
were emptied by inducing them to spawn using 1 mM serotonin injection onto the
anterior adductor muscle (Chapter 2). They were then transferred to experimental
containers containing filtered seawater (1 tim) at 27±2°C. Because starved
individuals may give an overestimated filtration rate in short-term experiment (Lee
and Chung, 2001), the animals were fed before starting experiments. Each of the
seven microalgae being tested in the experiment was introduced to a different group
of clams and they were kept for two days to acclimate new environment and food.
During this acclimation seawater was changed every eight hours.
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Table 5.1: Characteristics and gross proximate composition (% dry weight, DW) of
recently isolated Australian tropical marine microalgal species fed to adult mangrove
clams. Volumes were estimated according to the method of O'Connor et al., 2000.
No. of
cells/mg
6
DW (x10)
28.18

CHO

Lipid

Protem

125

237

419

Organic
Matter
(mg g )
868

Proximate (mg g')

Tahitianlsochrysis

T-ISO

Volume
3
(.im)
65

Isochrysis sp

NT14

140

22.24

155

234

295

778

Chaetoceros sp

CS256

187

19.05

73

183

359

706

Rhodomonassp

NTiS

393

11.58

64

142

469

807

Cryptomonassp

CRFI01

118

29.56

84

166

405

782

Tetraselmis suecica

TETRA

424

5.30

128

93

379

708

Tetraselmis sp

NT18

234

9.56

82

126

299

727

Algal species

ID

.
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5.2.4. Measurements of Individual Physiological Responses
In all feeding experiments, each clam was placed individually in a 10 L round plastic
container filled up to about 6 L capacity. Each container was provided with gentle
aeration and stirring using an air stone hung about 5 cm off the bottom. Each
individual clam was positioned on a PVC stand (3 cm height) at the centre of the
bottom of the container.
Clams were allowed to acclimate and as soon as the valves gaped, microalgal cells
were then added from a stock suspension of known concentration, and the volume
made up to 6 L at the required experimental concentration. Water samples (5 mL)
were removed from individual container immediately after food addition and then at
every 30 min intervals. The samples were placed in plastic vials, immobilized and
preserved with few drops of 5% Lugol's solution to be examined later. Algal cell
density within each sample was determined by microscopic examination using an
improved Neubauer haemocytometer (n=12). When necessary, further additions of
algal cells were also made at 30 min intervals to bring the concentration up to the
initial level. Observation for filtration rate lasted for maximum two hours with the
exception of those clams fed with Isochrysis sp NT14 and Tetraselmis sp NT18,
where the experiments took place for four hours.
In all feeding experiments control tanks containing empty shells and microalgae were
used to assess changes in algal concentration due to reproduction, settlement or
attachment of the cells to the containers.
5.2.4.1. Filtration and Ingestion Rates Calculations
Filtration rate and ingestion rate in individual container were calculated from the
following formulas (Coughlan, 1969; All, 1970; Walne, 1972; Clausen and Riisgrd,
1996; Khalil, 1996; Albentosa et al., 1997 and Lora-Vilchis and Doktor, 2001;
Riisgrd et al., 2003):
FR = V [ln{C0 (C0 x C)} lnC]/nt
-

-

IR= V [{C0 (C0 x C)} C]/nt
-

-
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where FR is the filtration rate (ml h 1 clarrf'), IRc=ingestion rate (cells h 1 c1am'), Co
is initial cell concentration (cells mU') in the medium, C is concentration after time t
(h), V is volume of water (mL), and n is number of clam (=1) per container. The
term Cc is the variation rate calculated as

the C 1 and Cc, values are the

initial and after time t concentrations in the control containers (Albentosa, 1997;
Lora-Vilchis and Doktor, 2003).
All pseudofaeces in the form of loose mucous materials were collected from each
container after four hours and resuspended in a known volume of water. Numbers of
algal cells were determined with a haemocytometer. The true IRc value was
obtained after correction for the number of cells that were rejected as pseudofaeces.
Ingestion rate on cell basis (IRc) were then converted to equivalents dry weight (IRw,
mg) and ingested energy (IErg, J h) using the values in Table 5.1 for ig standard
animal. Ingested energy was calculated as a product of weight of food consumed and
the energy content of the food (Yukihira et al., 1998a).
5.2.4.2. Asimilation Efficiency and Absorbed Energy
Assimilation efficiency (AE) is the percentage of ingested food that was absorbed by
each individual's digestive system. This efficiency was estimated by the ratio
method of Conover (1966).
Faeces in the form of dark pellets were carefully pipetted from each container after
24 h. The faeces from each container was deposited under vacuum onto a pre-ashed
GF/C filter, rinsed with ammonium formate, dried at 60°C for 24 h, and then the
filter was ashed by igniting at 500°C for 4 h. Triplicate blank filters ofjust seawater
were used for correcting weight in the sample filters. Samples of food suspension
from the controls were treated in the same way. Organic contents of the faeces and
the diets were estimated by difference between dry weight and ash dry weight. The
percentage of AE was calculated by the following formula (Conover, 1966):
AE(%) = {(F-E)/(1-E)} x F x 100
where F = ash-free dry weight : dry weight ratio in the ingested food; and E = ashfree dry weight: dry weight ratio in the faeces.
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Absorbed energy (Abs.Erg, J h') of individual clam was calculated as a product of
ingested energy and assimilation efficiency.
5.2.4.3. Size Standardisation of FR, IRc, IRw and AE
FR, JiRc, 1IRw and AE were standardised tol g dry tissue weight of standard clam
according to the formula given by Bayne and Newell (1983):
Ys = (WstWe)b X Ye
where: Y=standardised variable, W=standard weight of the clam (ig), We=observed
weight of the animal, Ye=Unconected (measured) variable, b=weight exponent for
either filtration rate or ingestion rate function calculated from Experiment 2 (see
below).
5.2.5. Experiment 1: Effect of Microalgal Concentration
Experiment 1 was designed to compare filtration, ingestion and assimilation rates of
P. erosa under three different concentrations of T-ISO: 1 x 10, 2 x 105, and 4 x 105
cells mU1 . Each of these concentrations was tested on four individuals with dry
tissue weight (DTW) within the range of 0.885 to 1.276 g. The aim of this
experiment was to find the highest concentration of algae in the rearing container
without affecting physiological responses or producing pseudofaceces.
5.2.6. Experiment 2: Filtration Rate and Ingestion Rate of Clams of Different
Size
In experiment 2 filtration and ingestion rates of 25 individuals P. erosa of wide
ranges body weight (DTW: 1.258

-

4.399 g) were compared when fed with T-ISO.

Relationships between clam DTW and FR, JR or AE were described by the function
(Bayne et al., 1976); where W is DTW (g)
FR (or IRc or AE)=aWb
The aim of this experiment was to determine weight exponent (slope, b) of the
physiological response. Food concentration of 1xl05cells ml was applied because
at this level no pseudofaeces was observed in the experimental containers.
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5.2.7. Experiment 3: Effect of Different Microalgal Feed Species
Experiment 3 was designed to compare responses of P. erosa to different species of
tropical microalgae with the aim of selecting potential diets for adult mangrove clam.
Each of the seven microalgal species listed in Table 5.1 was tested at the rate of
lxi 05ce11s mF1 to a different group of five replicate containers each containing an
individual clam.
5.2.8. Clam's Dry Tissue Weight (DTW)
After the completion of each feeding experiment, the clam meat was shucked.
Gonad is a large contributor to tissue weight of the mangrove clam. Therefore, if the
gonad was not empty it was dissected and reproductive material was separated before
the gonad was included in final tissue weight. The wet tissue was blotted dry on
paper towelling and later dried in freeze dryer for 72 hours to constant weight. The
dry weight was measured to the nearest 0.001 g with a Sartorius B3 lOS electronic
balance.
5.2.5. Statistical Analysis
Physiological responses in experiment 1 were compared using ANCOVA with dry
tissue weights as covariate. In experiment 2, physiological rates were related to dry
tissue weight by linear regression analysis, after log-transformation all variables.
Standardised values in experiment 3 were examined using one-way ANOVA, and if
results were significant, followed by Tukey HSD test. Assimilation efficiency data
were arc-sine transformed before analysis.
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5.3. Results
5.3.1. Effect of Algal Concentration on Filtration Rate, Ingestion Rate,
Assimilation Efficiency and Energy Acquisition
The concentration of the algal feed species T-ISO had a significant effect on all
physiological variables of P. erosa tested in the present experiment (ANCOVA,
P<0.05 in each case). P. erosa was able to clear the water effectively up to 2x105
cells mi' (Table 5.2). However, when this concentration was doubled to 4x105 cells
m1 1, filtration dropped significantly (Tukey, P<0.05) to about one third the rate at
the two lower concentrations. Ingestion rates, expressed in terms of either cells (IRc)
or dry weight (IRw), increased significantly (P<0.05 in both cases) as the
concentration increased from lx i05 cells m1' to 2x103ce11s m11 although
pseudofaeces started to form. The IRc and IRw of clams dropped significantly only
after this concentration was increased to 4x lO5cells mF', as a result of low filtration
activity and rejection of some filtered particles as pseudofaeces. The IRc and IRw
were then at the same level as those clams fed with only 1x105ce11s mY1.
Assimilation efficiency (AE) decreased significantly (P<0.05) from 85% to about
77% as the concentration of the alga was doubled or quadrupled, indicating that high
concentration suppressed food absorption by the digestive system. The difference in
the AE values had an effect on the amount of energy absorbed (Abs.Erg) by clams.
The mangrove clam ingested significantly more energy (P<0.05) when fed at
2x105cells ml than at the lowest algal concentration. However, Abs.Erg of clams
fed at lx105cells ml was not significantly different (P>0.05) to those fed at
2x 105ce11s ml'. This is because AE was higher at the lower concentration, although
there were fewer cells and less mass of algae ingested than at the doubled
concentration. Table 5.2 also shows that giving more food at a concentration higher
than 2x105cells ml reduced IErg and Abs.Erg significantly. This suggests that the
higher the food concentration the less effective is the filter pump of the mangrove
clam. The optimum concentration, in terms of FR, IRc, IRw, AE(%) and lack of
pseudofaeces production, was lx105cells ml'. This concentration was used in all
subsequent experiments.
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Table 5.2: Mean valuestm ± SEJ'vf of filtration rate (FR), ingestion rate on cell basis
(IRe), ingestion rate on weight basis (IRw), assimilation efficiency
(AE), ingested energy (IErg.) and absorbed energy (Abs.Erg) of adult
Polymesoda erosa fed on different concentration of microalga T-ISO.
The Tukey HSD test results for the different diets concentrations are
indicated by letters in each row. Values on data within a row with a
common superscript were not significantly different (P>0.05).
Algal concentration (cells mrt)
2x105
4x105
I x 10,1
0.123a
±o
026a
FR/dtw (1 h' g')
3.831
.
3.549±
1.109 ± 0.283°
0119b
0.076a
IRc/dtw (xlO8cells h 1 g)
3.171 ±
1.927 ± 0.084a
2.135 ±
0951b
IRw/dtw (mg h 1 g)
9.112±
6.825 ± 0 .516a
7.576 ± 0.268a
0804b
0.588a
AE (%)
78.693 ±
77.066 ± 2359b
85.105 ±
IErg. (J h' g')
162.401 ± 5 .746a
195.316 ±20.379b
146.289 ±11.068a
5012ab
Abs.Erg. (J h' g')
154.004 ±17.151b
138.212 ±
113.181 ±11.114a
mMeans are of four replicates
eSEM standard error of mean
Variables
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5.3.2. Effect of body tissue weight on filtration rate, ingestion rate and
assimilation efficiency
The allometric relationships between filtration rate and dry tissue weight, and
between ingestion rate and dry tissue weight for the mangrove clam are described by
the functions:
FR = 2.254dtw0862
IRc = 4.405x108dtw° '95
]iR = 13.046dtw0208

(r2=O.908, n=25, p<O.00l)
(r2=O.670, n=25, p<O.00l)
(r2 =O.756, n=25, p<O.00l)

These relationships show that FR, IRc and IR w correlated significantly with body
size (dry tissue weight).
On the other hand, assimilation efficiency was independent of body size indicating
that small clam absorbed food material as efficient as the large clam. The
relationship between the two variables was expressed as follows:
AE = 79.196dtw°"25

(r2=O.014, n=18, p=0.6131)

5.3.3. Effect of Microalgal Feed Species on Filtration Rate, Ingestion Rate,
Assimilation Efficiency and Energy Acquisition
Figure 5.1 shows the filtration rates performed by P. erosa under diets of different
microalgae. The filtration rates were similar when the clams were fed with
Isochrysis T-ISO, Rhodomonas NTiS or Cryptomonas CRFI01. However, the rates
declined significantly (P<0.05 in each case) when the animals were fed with other
algae, which follow the following order: Chaetoceros CS256> Tetraselmis TETRA
TEQL01 > Jsochrysis NT14> Tetraselmis NT1 8.
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Figure 5.1: Filtration rate of Polymesoda erosa fed on seven microalgal diets. Data
from 1 g standard animal, n=5. Values are means± 95% confidence
intervals. Values within graphs with a common superscript do not
differ significantly (P>0.05).

Calculated ingestion rates are shown in Figure 5.2, in terms of cells h' g', (ii) mg
h 1 g' and (iii) J h g 1 . The ingestion rates of Isochiysis NT14 and Tetraselmis
NT1 8 were the lowest of all microalgae tested. The other algae showed mixed
results. This is summarised below:
In terms of ingestion rate in number of cells h'g' (Fig. 5.21) the order was:
Ciyptomonas CRFIO1 > Chaetoceros CS256 > Jsochrysis T-ISO = Rhodomonas
NT 15 > Tetraselmis TETRA TEQLO 1.
In terms of ingestion rate in mg h'g T (Fig. 211) the order was Ciyptomonas CRFI01
=

Chaetoceros CS256 =Isochrysis T-ISO

=

NT15 = Tetraselmis TETRA TEQL01.

In terms of ingested energy (Jh'g) (Fig. 2111) the order was: Isochiysis T-ISO =
Chaetoceros CS256 = NT15 ~Cryptomonas CRFI01 ~!Tetraselmis TETRA
TEQLO1.
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Figure 5.2: Mean ingestion rate of Polymesoda erosa for the seven microalgal diets

on a i) cell number, ii) dry weight and, iii) dietary energy basis. Data
from 1 g standard animal, n=5. Values are means± 95% confidence
intervals. Values within graphs with a common superscript do not
differ significantly (P>0.05).
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AE of clams fed on Jsochiysis NT14 (64.07%) was comparable with those groups
supplied with Chaetoceros CS256 (66.81%), Cryptomonas CRFI01 (66.69%) and
Tetraselmis TETRA TEQL01(70.40%) (Fig. 5.3) even though NT14 had low
filtration and ingestion rates and the lowest energy value (Fig. 5.4). Isochrysis TISO was assimilated in the highest percentage (73.66%). On the other hand,
Rhodomonas NT 15 one of the microalgae that was ingested in the highest rate, by
weight and by energy, was one of those assimilated in the lowest amount (53.12%).
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Figure 5.3: Assimilation efficiency of Polymesoda erosa for the seven microalgal
diets tested. Data from 1 g standard animal, n=5. Values are means±
95% confidence intervals. Values within graphs with a common
superscript do not differ significantly (P>0.05).

In terms of absorbed energy (J h 1 g 1 ), NT14 and NT18 again showed the lowest with
T-ISO the highest. The ranking is as follows:
IsochrysisT-ISO ~! Chaetoceros CS256 ~: Ciyptomonas CRFI01>
Rhodomonas NT15 = Teraselmis ETRA TEQL01(Fig. 5.4)
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Figure 5.4: Absorbed energy of Polymesoda erosa for the seven microalgal diets
tested. Data from 1 g standard animal, n=5. Values are means± 95%
confidence intervals. Values within graphs with a common superscript
do not differ significantly (P>0.05).

Although there were variations in microalgal cell morphology (volume and weight)
and proximate chemical content (carbohydrate, lipid and protein), organic matter and
energy content, most of these parameters had no significant correlations with either
the rate of filtration, ingestion or energy acquisition (Table 5.3). Only protein
content correlated significantly (P<0.05) with FR, TRW, IErg and Abs.Erg. There
were also no significant correlations between AE and proximate content, organic
matter or energy content.
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Table 5.3: Correlation coefficient (r) between microalgal parameters and
physiological variables of Polymesoda erosa of 1 g standard dry tissue
weight. n=7 for each pair.
Algal parameters (x)
Cells volume (im3)
Cells Weight(pg)
Carbohydrate (%dw)
Lipid (%dw)
Protein (%dw)
Organic matter(%dw)
Energy content (Jmg 1 )

FR
0.160
0.351
0.364
0.156
0.857*
0.349
0.537

IRc
0.368
0.543
0.450
0.204
0.513
0.351
0.360

Physiological variables (y)
Abs.Erg
IErg
IRw
AE
0.097
0.022
0.357
0.185
0.178
0.171
0.126
0.011
0.192
0.322
0.526
0.356
0.152
0.086
0.391
0.088
0.860* 0.767*
0.825*
0.170
0.470
0.177
0.153
0.197
0.491
0.521
0.535
0.321

FR=filtration rate, IRc and J1Rwingestion rate on a cell number and cell dry weight
basis respectively, AE= assimilation efficiency, IErg=ingested energy,
Abs.Erg=absorbed energy. *significt (P<0.05).
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5.4. Discussion
The results clearly show that both algal species and concentration affect the filtration
rate, ingestion rate, assimilation efficiency and absorbed energy of P. erosa.
Decrease in filtration rate and ingestion rate under high food concentrations is well
known in bivalves (Thompson and Bayne, 1974; Foster-Smith, 1975; Navarro and
Winter, 1982, Yukihira et al, 1998). Pre-ingestive response of bivalves to increased
food concentration is either by reduction of the filtration rate, rejection of particles as
pseudofaeces, or by a combination of the two mechanisms (Winter, 1973; FosterSmith, 1975; Mohlenberg and Kiorboe, 1981; Bricelj and Malouf, 1984; Shumway et
al.,1985; MacDonald and Ward, 1994; Bacon et al., 1998). In the present experiment
using T-ISO, it was observed that up to 2x105 cells mF' food concentration, P. erosa
did not reduce filtration significantly, but pseudofaeces were produced. Both
filtration reduction and pseudofaeces production took place at the same time only at
very high concentration. These results show that this clam is able to tolerate high
food particles and is less sensitive to particle concentration compared to other
bivalves. Bivalves like Mytilus edulis (Winter, 1978; Navarro and Winter, 1982;
Clausen and Riisgard, 1996), Placopecten magellanicus (MacDonald and Ward,
1994), Pinctada margaritfera and P. maxima (Yukihira et al., 1998a), Mya arenaria
(Bacon et al., 1998) and other corbiculids Corbiculajiuminea (Way et al., 1990) all
reduce their filtration and ingestion or produce pseudofaeces at much lower
concentration than those applied in the present experiment.
The present study also showed that increasing the concentration up to certain level
resulted in higher food intake, indicating that the mangrove clam can regulate its
uptake according to the level available in suspension. This result is in accord with
that found in a study on cockles Cerastoderma edule, fed at lower concentration than
the present study, which increased its ingestion as the ration increased (Ibarolla et al.,
2000). However, under very high food concentration, food intake dropped. I also
observed that, at concentration 4x105 cells mY1 P. erosa was less active in filtering
water and there was a reduction in valve gaping and retraction of the siphons. This
behaviour is similar to that of Ruditapes decussatus under turbid conditions (Sobral
and Widdows, 2000). It is likely that, at very high particle concentration, the filter
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pump capacity is exceeded (Jørgensen, 1996; Clausen and Riisgàrd, 1996) and the
mucociliary mechanisms produce excessive mucus to clean the gills and other mantle
cavity surfaces. It has been reported that excessive mucus production suppressed
filtration and ingestion (Sobral and Widdows, 2000). Also, when the pump clogged,
the energetic cost of rejection processes was high (Hildreth and Mallet, 1980). To
minimise the energetic cost the animal became less active and reduced food intake.
Decrease in retention efficiency of the gill under high particle concentration may also
be responsible for low ingestion (Barillé et al., 1993).
The nature of the habitat and the available organic material may influence the
feeding strategy of P. erosa to rely on high filtration rate. The habitat of the
mangrove clam in Maningrida is a turbid environment, where considerable
fluctuation of seston occurs diurnally or seasonally due to periodic emersion and
inundation. During inundation or the rainy season, P. erosa, as an infaunal clam, is
exposed to high particle concentrations of mixed organic and fine sediment. In order
to maximise energy gain under this turbid condition, P. erosa regulates ingestion by
producing pseudofaeces rather than reducing filtration. Species that maintain high
filtration and produce pseudofaeces to regulate ingestion will be more successful at
exploiting turbid environments than species that reduce filtration (Bricelj and
Malouf, 1984; Navarro et al., 1992; Bacon et al., 1998).
As with many other bivalves, such as scallops Placopecten magellanicus, mussels
Mytilus edulis and M. chilensis and pearl oysters Pinctadafucata martensii
(Thompson and Bayne, 1974; Winter, 1978; Navarro, and Winter, 1982; Bricelj and
Malouf, 1984; Tomaru et al., 2002), assimilation efficiency in P. erosa was inversely
related to the amount of food ingested. In the present study, P. erosa increased its
ingestion rate as the food suspension increased from IX105 cells ml to 2x 1 05 cells
mF1 , but assimilation dropped significantly indicating that absorption was limited if
the stomach was too full. Other studies showed that if bivalves continue to ingest
algal cells, but the rate of digestion was slow, the stomach would quickly reach
maximum capacity causing some portions of food material to by-pass the digestive
diverticula and go directly to the hindgut to be excreted (Widdows and Bayne, 1971;
Foster-Smith, 1975; Epifanio, 1979; Romberger and Epifanio, 1981; Peirson, 1983).
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It was found that the faecal materials contained poorly undigested and, even live
algal cells (Widdows and Bayne, 1971; Widdows et al., 1979; Bricelj and Malouf,
1984). Also, when ingestion increased, the digestive tube became saturated with
material and this reduced the food throughput time within the tube leading to low
absorption efficiency (Ibarolla et al., 2000). These interpretations, however, do not
apply to concentration 4x105 cells mY' in the present study. Although the ingested
materials dropped significantly, and logically there would be less food material in the
stomach than was at 2x105 cells mY', assimilation efficiency remained low. This
suggests that extremely high food concentration also impairs the digestive activity
(Palmer, 1980). At this concentration less active individuals may have reduced the
metabolic rate and deactivated digestion.
There was no difference in energy acquisition within the range of 1x105 to 2x103
cells mY1 , suggesting that an excessive feed concentration is a waste of food because
the clams caimot use all the available energy due to low absorption rate. Beyond
these concentrations, clams reduced their metabolism leading to drop in the absorbed
energy.
Both filtration and ingestion positively correlated with body size, in terms of dry
tissue weight. The weight exponent value 0.862 for filtration in P. erosa is within
the range (0.584-0.943) published for other bivalves (Bricelj and Shumway, 1983).
Large specimens have larger size of filter feeding area than small individuals
although the gill structure does not change with body size (Winter, 1973). This
suggests that, capacity of the digestive tube could be bigger in large specimens than
small ones. On the other hand, assimilation efficiency was independent of body size,
suggesting no change in digestive absorption as the animals grow. This result is
consistent with previous studies on other bivalves (Navarro and Winter, 1982;
Yukihira et al., 1998b).
As expected, different microalgae were cleared at significantly different rates by P.
erosa. However, ingestion by weight, despite being different by number of cells,
was similar for the five microalgae accepted by the mangrove clam (T-ISO, CS256,
NT 15, CRFIO1 and TETRA). This confirms our hypothesis that the total mass
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within the digestive tube will be similar. Similarity in the amount of algal mass
ingested indicates that ingestion in P. erosa is limited by the capacity of the digestive
system to accommodate food material. It is apparent that clams in the present study
fed to a satiation level or until their gut capacity became saturated with algal mass.
This is in agreement with the report that scallop Mimachiamys asperrima reduced
particle filtration as they approached satiation (O'Connor et al., 2000). This could
be an explanation for different rate of filtration and number of cells ingested by P.
erosa. As each species has different cells characteristics, there will be different
numbers of cells to be taken before this satiation reached. Different filtration but
similar ingestion in the present study indicates that bivalves have the capability of
regulating their physiological processes to maintain a consistent ingestion rate. This
is in agreement with Winter (1973), Foster-Smith (1975), Navarro and Winter
(1982), Navarro et al. (1992) and Bayne et al. (1993).
Among microalgae tested, NT14 and NT1 8 were filtered and digested with the
lowest amount suggesting these microalgae are of the least preference and, thus, are
unsuitable for P. erosa. Since these algae have all characteristics within the range of
other species, refusal of these microalgae is probably due to other factors. Some
Isochiysis species contain large ketone molecules (Thinh et al., 1999). Other algae
are known to produce metabolites like dopamine (Gainey and Shumway, 1991),
ectocrine (Ward and Target, 1989), phenolics (Charles et al., 1996) or certain protein
compounds on cells surface (Matsuyama et al., 1997) that inhibit filtration and
ingestion.
All the accepted microalgae except NT1 5 had high assimilation efficiency. Local
isolates such as C5256, CRFI01 and popular TETRA all showed similar assimilation
efficiency as that of reference diet T-ISO. NT14, one of the least preferred diets,
were assimilated as much as CS256, CRFI01 and TETRA. This may be due to low
ingestion of this alga leading to good absorption by digestive system (Ibarolla et al.,
2000). On the other hand, NTiS one of those highly ingested microalgae, showed
the lowest assimilation efficiency. This suggests that the type of cells covering of
this alga may inhibit digestion of this species.
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The present study confirms our hypothesis that different microalgae provide different
energy acquisition for the mangrove clam. As they were ingested and assimilated in
high amount, T-ISO and CS256 provided the highest amount of energy for P. erosa.
CRFIO1 also contribute high energetic value for clams. The low assimilation of
NT 15 was compensated by its high energy-content making it a modest energy
source. NT14 and NT18 are obviously not suitable diets, as clams fed on these two
species had the lowest energetic acquisition.
The present study found that only one algal characteristic, protein content,
significantly affected the physiological responses of P. erosa. These results are
inconsistent with some previous studies. Cells size is an important factor influencing
filtration and ingesting in bivalves such as Placopecten magellanicus (Bricelj and
Shumway, 1991), Crassostrea gigas (Ropert and Goulletquer, 2000), and Ruditapes
decussatus (Sobral and Widdows, 2000). In the present study, the mangrove clam
was capable of ingesting different size of particles and this ability could be related to
the absence of mechanisms for sorting particles on the basis of size by the gills as
suggested by Beninger et al. (1988) in a study of Placopecten magellanicus. Other
factors such as organic matter, proximate content and energetic content are also
reported to affect algal uptake and absorption in some bivalves (Navarro et al., 1991;
MacDonald and Ward, 1994; Navarro et al.,2000; Ibarolla et al., 2000). The lack of
relationship between these factors and physiological responses in the present study
suggests that P. erosa is a non-selective feeder similar to the bivalves Cerastoderma
edule, Mya arenaria, Mytilus edulis, Macoma baithica and Scrobicularia plana
(Kamermans, 1994).
On the other hand, protein content positively correlated to filtration, ingestion and
energy absorption in the mangrove clam. Navarro et al. (2000) claimed the presence
of chemical receptors on the gills and labial palps that can detect specific nutritive
compounds present in the diet. They reported that essential compounds like lipid and
carbohydrate stimulate filtration, ingestion and assimilation in the scallop
Argopecten purpuratus. In the present study, although protein is an essential
component for bivalves, protein content is unlikely to be the sole factor involved in
regulation of ingestion (Charles et al., 1996). Interaction of all physical and
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chemical properties in microalgae is likely more important factor that affects feeding
in the mangrove clam.
There was also no significant correlation between assimilation rate and either organic
content or proximate composition of the microalgae in P. erosa. However, this is
inconsistent with previous studies. Assimilation efficiency in mussels Mytilus
galloprovincialis increased exponentially as the organic content of food suspension
increased (Navarro et al., 1991). Also, high lipid content stimulated absorption in
Argopecten purpuratus (Navarro et al., 2000). The lack of correlation in the present
study could be because most of microalgae were absorbed in similar rate. Ibarolla et
al. (2000) reported no significant effect of organic matter on absorption rates in
cockles Cerastoderma edule acclimated to high quality diets. In this study, the high
organic content (70-87%) of the pure microalgal feed could explain this relationship.
This preliminary study shows that three tropical Australian microalgae, i.e.
Chaetoceros sp (CS256), Rhodomonas sp (NT15) and Cryptomonas sp (CRFI01),
are potential diets for the mangrove clam. Subsequent study (Chapter 6) will
investigate the long-term effects of these microalgae on the chemical composition of
the mangrove clam to obtain greater understanding of the relationship between
energy acquisition and utilization in P. erosa and to confirm whether the approach in
selecting potential diet based on short-term physiological response is useful tool to
predict long-term effects of diet.
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CHAPTER 6
Reproductive Conditioning of Polymesoda (Geloina) erosa
6.1. Introduction
Diet is one of the most frequently mentioned key factors which influences the
physiological condition of bivalves during larval, juvenile and adult stages (Gosling,
2003). Lack of food, either in quantity or quality, affects physiological condition
and changes the way bivalves maintain their body metabolism (Bayne and
Thompson, 1970; Bayne, 1973). Under dietary stress, bivalves catabolise some of
their nutrient reserves to compensate those absent or present in low quantity (Sarkis,
1993; Naimo et al., 2000). This situation may lead to low growth rate in all stages
of development and, in the long term, to low survival rates.
The essential role of diet during the reproductive conditioning of bivalves has been
reported in numerous studies (MartInez et al., 1992; Robinson, 1992a,1992b; Frolov
and Pankov, 1992; Laing and Lopez-Alvarado, 1994; Millican and Helm, 1994;
Heasman et al., 1996; Sara and Mazzola, 1997; Trotta and Cordisco, 1998; Caers et
al., 1999; Baghurst and Mitchell, 2002; Parma-Fleming et al., 2002; Uriarte et al.,
2004). All of these studies show that under sufficient and good quality diet, bivalves
reserve adequate nutrients and energy to fuel their gamete production. The proper
diet enables bivalves to undergo rapid gonad maturation and produces high quality
larvae. Conversely, low reserve and supply of nutrients and energy under poor diet
hinders the bivalve broodstock from undergoing gonad maturation. If they are able
to spawn, undernourished broodstock produce smaller number of eggs and,
sometimes, low quality larvae (Gallager et al., 1986; Utting and Millican, 1997).
Study of the reproductive cycle of Polymesoda erosa in the wild showed that this
clam was able to develop gonad soon after spawning (Chapter 3). The study showed
that access to food could be the most influential factor determining the way the
animal stored energy in various organs and used these reserves to fuel
gametogenesis. Therefore, there is a possibility that this clam can be conditioned to
maturity in the controlled environment as long as it is provided with proper food.
Until this study, there was no documentation on dietary requirement of P. erosa.
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Therefore, the present study is a necessary step in order to develop hatchery
protocols for this clam.
P. erosa is able to ingest various microalgae and is likely able to grow solely on
microalgal diet. Chapter 5 discussed the short-term physiological effects of various
recently isolated tropical microalgae and possibility of using these microalgae as
potential diets in the hatchery. Microalgae such as Chaetoceros CS256,
Rhodomonas NT15 and Cryptomonas CRFIOl were among those which were
assimilated and absorbed efficiently, but the long term effect of these microalgae
have not been tested on P. erosa. Because there were differences in assimilation and
absorption of these microalgae, it was hypothesised that there will be differences in
condition and gonad development as well as biochemical composition of P. erosa,
when clams are fed on each of these algae. This hypothesis will be tested in the
present study. Considering the importance of dietary lipids for marine species,
special attention will be given to fatty acid composition of these diets and the effects
on the body composition of P. erosa.
It is well known that dietary lipids, as sources of energy and fatty acids, play a key
role in the reproduction of bivalves (Martinez et al., 1992, 2000; De Zwaan and
Mathieu, 1992; Frolov and Pankov, 1992; Albentosa et al., 1996; Caers et al., 1999).
There is also a close relationship between dietary lipids, broodstock body
composition, egg quality and viability of larvae produced (Helm et al., 1973; Holland
and Spencer, 1973; Waldock and Nascimento, 1979; Langdon and Waldock, 1981;
Soudant et al., 1996a, 1996b; Berntsson et al., 1997; review by Utting and Millican,
1998; Caers et al., 2003). Therefore, reproductive performance can be assessed
through seasonal studies on the nutritional requirement of fatty acids for broodstock
conditioning (Palma-Fleming et al., 2002). Many studies reported that some
polyunsaturated fatty acids (PUFA) such as 18:2(n-6), 18:3(n-3), 20:5(n-3) and
22:6(n-3) (Chu and Greaves, 1991; Soudant et al., 1996a, 1996b; Caers et al., 1999b;
Piveteau et al., 1999; Palma-Fleming et al., 2002; Pazos et al., 2003; Cerpa et al.,
2003) are essential and have to be present in the diet because they cannot be
syuthesised de novo by bivalves. For P. erosa the study of the effect of dietary lipids
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will also provide basic information about specific fatty acid requirement, which is
essential for gamete production.
In the present study, the four microalgae tested, i.e., Isochrysis T-ISO, Chaetoceros
CS256, Rhodomonas NT15 and Cryptomonas CRFI01, had different percentages of
lipids and different composition of fatty acids (Thinh et al., 1999; Renaud et al.,
2002; and this study). It would be expected to observe a change in fatty acid
distribution over time in the non-gonadal tissue and the gonad of the male and the
female P. erosa, when clams are fed on these microalgae.
This chapter discusses the body condition and biochemical composition of the flesh
of P. erosa afler being conditioned with tropical microalgae with the aim of better
understanding the way this clam utilized microalgae of different chemical
composition and of developing maturation protocols for broodstock required for
hatchery operation. The specific aims addressed were:
to investigate the possibility of maturing P. erosa broodstock under
controlled environment,
to examine the effects of unialgal diets of tropical microalgae on the
condition and gonad development of P. erosa,
to study the relative variation of the percentages of carbohydrate, lipid and
protein in the non-gonadal tissues and in the gonad of P. erosa of different
sexes,
to study the relative variation of the percentages of the major fatty acids in the
non-gonadal tissues and in the gonad of different sexes.
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6.2. Materials and Methods
6.2.1. Selecting Broodstock for Conditioning Experiment
Clams used in this experiment had been kept in 5-tonne fiberglass tanks for at least
one month during which they were sustained with endogenously derived algae. Prior
to dietary treatment, the shells were brushed to remove algae and the animals were
induced to spawn to empty their gonads by injecting serotonin according to the
method described in Chapter 2. Applying this method, clams at an almost similar
spent stage were obtained, although it was difficult to empty the gonad content
entirely. The sex of each individual was identified during spawning and the clams
were tagged by writing an identification number on their shells using permanent
silver ink. The tagged individuals were measured for shell dimensions and total
volume (for methods see Chapter 2) and kept without food in newly prepared 5-torme
tanks until used. For this experiment, only individuals of shell length of 60 to 75 mm
with internal volume of 50 to 70 mL were used, because they were the predominant
size left after bigger specimens were processed for the previous histological and
biochemical studies (Chapter 3 and 4).
6.2.2. Experimental Containers
Eight rectangular glass aquaria (80 cm x 55.5 cm x 47 cm) with individual supplying
and draining pipes were used in the present experiment. During the experiment the
aquaria were supplied with sand-filtered seawater of 20 ppt salinity and was aerated
constantly with two air-stones. The whole unit was placed under sheltered area of
the hatchery. The water temperature during the experiment ranged from 26 to 30°C.
6.2.3. Culture of Microalgae
Microalgae were cultured in f72-medium (Guillard and Ryther, 1962) according to
the method described in Chapter 2. For feeding experiment cells were harvested
towards the end of log phase as determined by cell counts using haemocytometer
(about five days for Isochrysis T-ISO and Chaetoceros CS256 and seven days for
Rhodomonas NTiS and Cryptomonas CRFI01).
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Although the biochemical composition of the microalgae used in this experiment has
been reported previously (Thinh et al., 1999; Renaud et al., 2002 and Chapter 5),
chemical analysis was included to determine the composition under the experimental
conditions. Sample of each microalgae were taken several times during week-4,
week-8 and week-lO for biochemical analyses. Microalgal samples were prepared
and analysed according to the method described in Chapter 2.
6.2.4. Conditioning Procedure
A total of 192 individual P. erosa were used in the experiment, with 12 males and 12
females randomly selected and placed in each aquarium. Facility at the CDU
hatchery did not allow to stock more animals than 24 per aquarium. Apart from
those in the aquaria, an initial sample of four males and seven females was rapidly
processed for data at time 0. No substrate was used in this experiment, so each clam
lay on one side of its valve on the bottom of the aquarium.
During the first four weeks, each aquarium was filled to 192 L of 20 ppt salinity
sand-filtered seawater. This volume gave a rate of 8.0 L water per individual, which
was maintained during the experiment. For the following weeks, the volume of the
water was reduced accordingly as the number of individuals in the aquarium
decreased due to sampling. The volume of water was changed 100 % every six
hours every day.
The eight aquaria were divided into four groups with 2 replicate per food regime.
Clams were maintained under the following food regimes:
Group 1. Isochiysis aff galbana strain T-ISO (Isochiysis T-ISO);
Group 2. Chaetoceros C5256;
Group 3. Rhodomonas NTiS;
Group 4. Ciyptomonas CRFI01.
Each microalgae was harvested from the culture along with its culture medium and
added into the appropriate aquaria immediately after changing the water.
Clams were fed for 12 weeks at the daily ration of approximately 1.5% of the dry
soft tissue weight. The volume required to provide the 1.5% ration was calculated
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from the individual algal cell dry weight according to the method of Laing and
Alvarado (1994).
Samples of three males and three females were taken from each aquarium after 4
weeks, 8 weeks and 12 weeks of conditioning. The clams were placed in clean
containers and were starved for 24 hours to remove algae from their guts. The
samples were processed for measurements of condition index, gonad index and
biochemical composition. For each individual, the soft tissue was shucked and
separated into two parts, i.e., non-gonadal tissue and the gonad, then frozen, freezedried and weighed for the determination of condition index and gonad index. The
freeze-dried samples later were grounded into powder using an automatic grinder and
kept in a —70°C freezer until biochemical analysis.
6.2.5. Induce Spawning and Sampling of Eggs and Larvae
At the end of the experiment (week-12), in addition to routine measurements, three
males and three females from each aquarium were placed in separate spawning
containers and induced to spawn by injecting 1 mM serotonin onto the anterior
adductor muscle (Chapter 2). Males were usually easier to spawn and responded
sooner than females. After a female spawned, eggs were collected using Nytex
screen, then washed with seawater, re-suspended in a known volume of 20 pptseawater and counted. The number of eggs was estimated using a counting chamber
(Sedgwick-Rafter slide) under light microscope (50x magnification). About 30 mL
of eggs suspension from each female was fixed with few drops of FAA (40%
formaldehyde, 70% ethanol and glacial acetic acid in a proportion of 0.2:1:0.1)
fixative until further diameter measurement. The diameter of 100 eggs was
measured using a calibrated eyepiece micrometer. Eggs from each female were then
mixed with sperm from corresponding male and left to fertilise for about 20 minutes.
The eggs were then washed from excess sperm, re-suspended in seawater and
allowed to develop in aerated egg incubators at 15 ppt and at the density of 10
eggs/mL.
Sampling of eggs and larvae was carried out after 2 hours and 48 hours postfertilisation, respectively. To determine fertilization rate, a sample of 100 eggs was
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taken after 2 hours and examined under microscope for cell division (gastrulation).
After 48 hours, D-larvae from each incubator were collected using the Nytex screen,
resuspended in a beaker containing known volume of seawater. The total number of
larvae was estimated by multiplying the average number of eggs per ml of five 1mLsamples with the volume of the seawater in the beaker. Percentage of D-larvae was
calculated as ratio of the total number of D-larvae to total number of eggs (10,000
eggs/L) in percent.
6.2.6. Data collected
6.2.6.1. Condition Index and Gonadosomatic Index
Both condition index and gonadosomatic index by dry weight were measured for
each individual following the formula described in Chapter 3 and 4. The
measurements in each aquarium were averaged to obtain one value for each replicate.
6.2.6.2. Reproductive Output of Conditioning Experiment
Numbers of males and females spawned, numbers of eggs released, egg size,
fertilization rate and percentage of 48-hour D-larvae were recorded from each
treatment.
6.2.6.3. Biochemical Composition
For biochemical analysis, non-gonadal tissue from each replicate was pooled and
analysed for carbohydrate, lipid and protein according to the method described in
Chapter 2. Similar procedure was applied to the gonad. The male and the female
body parts were analysed separately.
6.2.6.4. Fatty Acid Composition
Preparation of lipid extract followed the method by Bligh and Dyer (1959) as
described in Chapter 2. Transesterification of the lipid extracts was carried out
following the method described in Chapter 2. All FAME samples were then
analysed using a Varian Vista 3300 gas chromatograph (see details in Chapter 2).
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6.2.7. Statistical Analysis
Repeated measures three-factor ANOVA, which included factors: diet, sex, and
sampling week was applied to compare statistical variations of condition index,
gonad index and the gross biochemical composition. For percentage FAME data, a
two-factor ANOVA with diet and sex as factors was applied. Prior to the ANOVAs,
the homogeneity of variances of means was checked by Cochran test. The
percentage data were transformed to arc-sin values before statistical analysis. Tukey
HSD test was used when there was significant factor. All statistical analyses were
conducted using the software program STATISTICA (Microsoft, StatSoft, Inc.).
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6.3. Results
6.3.1. Condition Index
Figure 6.1A and B shows that P. erosa was able to grow its soft tissue under each of
the unialgal diets. After 12 weeks of experimental period, the condition index
increased from 16 to at least 30 at the end. Significant increases in the condition
index occurred after week IV onwards. In both sexes clams fed Isochrysis T-ISO
showed the highest condition index in any week, followed by clams fed on
Chaetoceros CS256 and Ciyptomonas CRFI01. The lowest index was recorded on
clams provided with Rhodomonas NT15. Repeated measures 3-factor ANOVA
confirmed that treatment of algal diets differed significantly in the condition index
(F3 ,16=6.38, P<0.05). However, the Tukey test showed that only clams fed on
Rhodomonas NT15 gained significantly lower condition index than those clams
supplied with Isochrysis T-ISO, Chaetoceros CS256 or Ciyptomonas CRFI01. The
ANOVA also showed that condition index differed significantly (Fi ,16=6.64, P<0.05)
between sex with the average of the male index (27.127) was higher than the female
index (26.013).
6.3.2. Gonadosomatic Index
All microalgal treatments gave an increase of gonadosomatic index (GSI) over the
12-week conditioning period (Fig. 6.2A and B). In each case, the gonad index rose
significantly after week IV and at the end of experiment the index increased at least
two and half times compared with the initial value. Although there was a tendency
for clams fed on Isochrysis T-ISO to gain higher gonad index than those fed other
algal diets, the repeated measures 3-factor ANOVA showed that there was no
significant difference in the index between algal diets (F3 ,16=0.232, P>0.05). The
ANOVA also showed that the two sexes also showed similar trend in the pattern of
gonad index as confirmed by a not significant difference (F1 ,16=0.853, P>0.05).
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Figure 6.1 : Condition index (CI) of broodstock Polymesoda erosa after 12-week
conditioning with four tropical microalgae.
males: i-UT-ISO, +-+CS256A-ANT15, 9-•CRFIO1.

females: 0-0 T-ISO,

CS256,

NT15,O-O CRFIO1.

Each point represents mean of 3 replicates. Vertical bars = standard
deviation. For clarity of presentation, the point of each treatment have
been plotted beside each other.
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Figure 6.2 : Gonadosomatic Index (GSI) of broodstock Polymesoda erosa after
12-week conditioning with four tropical microalgae.
males: s-UT-ISO, •-•CS256A-ANT15, •-•CRFIO1.
females: 0-0 T-ISO,
CS256,
NT15,0-0 CRFIO1.
Each point represents mean of 3 replicates. Vertical bars = standard
deviation. For clarity of presentation, the point of each treatment have
been plotted beside each other.
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6.3.3. Output of Reproductive Conditioning
6.3.3.1. Spawnilig Rate
The numbers of individuals spawned after conditioning under different diets are
shown in Table 6.1. After conditioning for 12 weeks clams in all diets were able to
spawn successfully. Both Isochrysis T-ISO and Chaetoceros CS256 showed higher
number of animals that spawned. However, in all diets the number of eggs released
was much lower than the potential fecundity of this species (see Chapter 3). The low
number of egg spawned indicates that conditioning of P. erosa broodstock under
single species diets did not produce fully mature broodstock, even after conditioning
for 12 weeks. The mass of eggs produced was insufficient to do further biochemical
analysis so comparison between treatments could not be made on the biochemical
basis.
6.3.3.2. Egg size, Fertilisation Rate and Percentage of D-larvae
Egg size, fertilisation rate (%) and percentage of 48-hour D-larvae are presented in
Table 6.1. Egg size was relatively similar and ranged from 75.7 to 77.6 p.m
indicating that the released eggs were already mature eggs. Percentage of
fertilization in each treatment was at least 84%. However, percentage of D-larvae
was less than 60% in all treatments.
6.3.4. Gross Biochemical Composition
6.3.4.1. Microalgal Diets
The biochemical composition and energy content of algal diets used for the
conditioning experiment is shown in Figure 6.3(i-iv). There were significant
differences (P<0.05) in the chemical constituents of the diets with significantly
higher content of carbohydrate and lipid in Isochrysis T-ISO than any other algae
(124.8 mg g' and 236.6 mg g 1 respectively), while Rhodomonas NTiS showed the
highest protein content (461.3 mg g5. In terms of energy content, all tropical
Australian microalgae did not differ significantly each other (range 17 to 17.6 kJ g 1 )
(P>0.05), but their energetic values were significantly lower (P<0.05) than that of
Isochrysis T-ISO (21.4 kJ g').
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Table 6.1. Number of spawned Polyrnesoda erosa broodstock, number of eggs released, egg size, fertilization rate and percentage of D-larvae
after conditioning for 12 weeks under different diets at 25-27°C.
Spawnedlinduced animals*
Diet

Female

Male

Range of number
of spawned eggs ind'
(mm-max)

Egg size
(pm)
(n=20)

Fertilisation
Rate**)

Percentage
D-larvae
development**

Isochrysis, T-ISO

2/3

2/3

1/3

2/3

136,000 448,000

77.1 ± 0.7

87.3 ± 2.6

54.3 ± 5.0

Chaetoceros sp, CS256

3/3

2/3

1/3

1/3

160,000- 360,000

75.7 ± 0.5

84.0 ± 4.2

51.5 ± 10.6

Rhodomonas sp, NT15

2/3

1/3

0/3

1/3

208,000

76.2 ± 0.7

89

52.0

Cryptornonas sp, CRFI01

1/3

2/3

1/3

1/3

184,000- 328,000

77.6 + 0.7

88.5 + 5.0

56.0±11.3

-

*) Results of two replicates are shown
Values are means ± SD (T-ISO: n=3 individuals; CS256: n=2; NTiS: n=1; CRFI01: n=2)

**)
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Figure 6.3: Biochemical composition and energy content of pooled samples of four
microalgae used in conditioning broodstock Polymesoda erosa. T-ISO
Isochrysis aff galbana; CS256 = Chaetoceros sp.; NT15 =
Rhodomonas sp.; CRFIO1 = Cryptomonas sp. Vertical bars are standard
deviation (n=3). In each graph, values having the same letter is not
statistically different at p=0.05.
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6.3.4.2. Non-gonad Tissues
Carbohydrate content in non-gonad tissues of both males and females showed an
upward trend over the 12-week experimental period (Figures 6.41 and 6.51)
suggesting the accumulation of carbohydrate as the body tissue grew. Marked
increases in carbohydrate in the non-gonad occurred mainly between week-4 and
week-8. After week-8, carbohydrate contents in both sexes changed slightly with
some decreases observed showing that the carbohydrate reserves were used to
generate energy. Diet had a significant effect on the concentration of carbohydrate in
the animal tissue (3-way ANOVA, F3 ,16 16.24, P<0.05) suggesting that
carbohydrate in the diet affected the way the clam accumulates or uses carbohydrate.
Clams fed Isochrysis T.ISO contained the highest concentration of carbohydrate in
their tissue as a result of high carbohydrate content in the Isochrysis T-ISO.
However, the Tukey test showed that this concentration did not differ significantly
(P>0.05) to clams fed Chaetoceros CS256 or Ciyptomonas CRFIO1. There was a
significant lower value (P<0.05) was recorded on clams fed Rhodomonas NT15.
The ANOVA also showed that there was a significant difference between males and
females in the carbohydrate content of the non-gonad (F1 ,16=6.38, P<0.05). The
carbohydrate content in males was significantly higher than in females.
Lipid content in the non-gonad tissues in all treatments was relatively stable
throughout the 12 weeks (Figure 6.41i and 6.5ii). The lipid content at the end of
experiment was only slightly greater than week-0 indicating the accumulation of
lipid was not as active as carbohydrate. In males, significant increase was observed
only after week-8, while in females the increase was less marked. There was
significant difference in the non-gonadal lipid between diets as confirmed by
ANOVA (F3 ,16= 6.620, P<0.05). Although the lipid contents in the body tissue
followed closely the lipid content of the microalgae, the Tukey test showed that
significantly low value (P<0.05) occurred only on clams fed Rhodomonas NT15
compared to clams fed Isochrysis T-ISO. Both Chaetoceros CS256 and
Cryptomonas CRFIO1 did not differ significantly than that of Isochrysis T-ISO
(P>0.05). Comparison between sexes showed no significant difference between
males and females in terms of non-gonadal lipid content (F1 ,16 0.785, P>0.05).
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Figure 6.4: Biochemical composition and energy content of pooled samples of the
non-gonad of male Polymesoda erosa after 12-week conditioning with
four tropical microalgae. • iT-ISO, 4-•CS256A ANT 15, •—•
CRFI01. Each point is the mean value of 2 replicates. Vertical bars =
standard deviation.
-

-

140

Reproductive Condition in

207

120

I? 160
140
•0

iot 126

or
C

2

107

eo
40

I

LV

VIII

XLI

'.']LL

OIL

VIII

XII

WEEK

70

ii .

65
C?

ro
56
50

CX
CX

E

45

40
35

I

I'.'

WEEK

CX
C?
C?

OX
OX

E
C

CS

0
1

IV

WEEK
27
27
CX
C?
C?

iv

21
20
19

•0
CX 18
16
CX 15
C-

CS

C

141

IV

VLLI

XLI

WEEK

140

Chapter 6

Reproductive Conditioning

Figure 6.5: Biochemical composition and energy content of pooled samples of the
non-gonad tissue of female Polymesoda erosa after 12-week
conditioning with four tropical microalgae. fl-fl T-ISO,

CS256,

- A NT15,O-O CRFIO1. Each point is the mean value of2
replicates. Vertical bars = standard deviation.
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In terms of protein in the non-gonad tissues, there were lower values in the protein at
week-4 in males and females. After this, the protein tended to increase until the end
of study (Figure 6.4111 and 6.5iii). Although there was tendency for clams fed
different microalgae to have different concentration of protein in their non-gonad
tissues, the 3-factor ANOVA showed that this difference was not significant (F3 ,16=
0.4, P>0.05).
As a result of increases in carbohydrate and lipid, energy content in the non-gonad
tissues rose slightly in all treatments by the end of the study (Figure 6.41v and 6.51v).
The ANOVA detected significant difference in energy between diets (F3 ,16= 16.1,
P<0.05). Clams fed Rhodomonas NT15 or Cryptomonas CRFIO1 had significantly
lower (P<0.05) energy content in their tissues than those fed Isochrysis T-ISO or
Chaetoceros CS256. No significant difference occurred between sexes (F1 ,16= 1.9,
P>0.05) suggesting that males and females had similar pattern of accumulation and
utilization of energy in their non-gonad tissues.
6.3.4.3. Gonad
As in the non-gonad tissues, the carbohydrate content in the gonad of males and
females in all treatments increased in the later parts of the conditioning period
compared with the initial value (Figures 6.61 and 6.71). There were steady increases
in the carbohydrate contents of the male gonad in all treatments until the end of
experiment. While in the female gonad, significant increases occurred mainly
between week-4 and week-8, followed by less marked increases after this period.
The 3-factor ANOVA showed that diet affected the gonadal carbohydrate content
(F3 ,16= 5.18, P<0.05). In both sexes, a diet of Isochrysis T-ISO gave a higher
carbohydrate content in the gonad than other diets. However, the Tukey test revealed
that this value was differed significantly only with those clams fed Rhodomonas
NT15. There was no significant difference in carbohydrate content of animals fed
Isochrysis T-ISO, Chaetoceros CS256 or Ciyptomonas CRFIO1. The ANOVA also
showed that males and females had different carbohydrate content in their gonads
(F1 ,16= 15.167, P<0.05); with significantly more carbohydrate in the gonads of males
than females.
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Figure 6.6: Biochemical composition and energy content of pooled samples of the
gonad of male Polymesoda erosa after 12-week conditioning with four
tropical microalgae. •-IT-ISO, .-4CS256, A-ANT15, S-•
CRFIO1. Each point is the mean value of 2 replicates. Vertical bars =
standard deviation.
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Figure 6.7: Biochemical composition and energy content of pooled samples of the
gonad of female Polymesoda erosa after 12-week conditioning with
four tropical microalgae. 0-0 T-ISO, -c CS256,
NT15, 0—c
CRFIO1. Each point is the mean value of 2 replicates. Vertical bars =
standard deviation.
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Lipid in the gonad of males and females increased over 12 weeks of conditioning
suggesting accumulation of this constituent as the gonad grew (Figure 6.611 and
6.7.11). There was significant difference in the lipid contents in the gonad of clams
fed different diets (F3 ,16= 5.190, P<0.05). Contrasting between sexes showed a clear
difference in the accumulation of lipid in the gonad. Significant increases in all
treatments took place after week-4 in both sexes, but in females this increase was
more prominent than in males. The ANOVA confirmed that males and females had
different lipid concentration in their gonads (F1 ,16= 74.293, P<0.05). The female
gonad contained significantly more lipid (204.97 mg g 1 dry tissue weight) than the
male gonad (151.44 mg g' dry tissue weight).
Protein content in the gonad of males or females was not affected by the diets as
confirmed by non significant difference among treatments (F3 ,16= 0.54, P>0.05).
This suggests that variation in dietary protein of the microalgae used was not a
critical factor that affects P. erosa in accumulating protein. Although diets did not
affect the protein content, the effect of sex was significant (F1 ,16= 1425.54, P<0.05).
The two sexes showed different patterns of protein accumulation in the gonad
(Figure 6.6111 and 6.7111). Protein content in the male gonad increased gradually after
12 weeks of conditioning, while in the female gonad the protein content decreased
between week-4 and week-8, but tended to recover at the end of the experiment.
Males contained higher amount of protein in their gonads (533.65 mg g 1 dry tissue
weight) than females (419.36 mg g 1 dry tissue weight).
Energy in the gonad increased as the gonad grew (Figure 6.61v and 6.71v). There
was a significant difference in calculated energy content of the gonad of clams fed on
each of the different diets (F3 ,16= 12.59, P<0.05). The Tukey test showed that clams
provided with Isochysis T-ISO or Chaetoceros CS256 had higher energy contents in
their gonad than those fed with Rhodomonas NTiS or Cryptomonas CRFI01.
Energy content also differed significantly between sexes as confirmed by the
ANOVA (F3 ,16= 14.79, P<0.05). In contrast to results in the wild populations, males
in the conditioned experiment showed significantly higher gonadal energy (17.876 kJ
91) than that of females (17.250 kJ g 1).
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6.3.5. Fatty Acid Composition
6.3.5.1. Fatty Acid Composition of Algal Diets
The fatty acid composition of four algal diets is shown in Table 6.2. All the
microalgae were rich in saturated fatty acid (SFA), which contributed at least 30% of
the total fatty acids. All algae particularly contained high percentage of 14:0
(myristic acid) and 16:0 (palmitic acid). Isochrysis T-ISO contained the highest
percentage of 14:0 (24%), while Cryptomonas CRFI01 showed the lowest percentage
of this fatty acid (5.3%). In contrast, the highest percentage of 16:0 was recorded in
Cryptomonas CRFI01 (24.9%), while the lowest amount was in Isochrysis T-ISO
(12%). Both Chaetoceros CS256 and Rhodomonas NT15 contained each of these
two acids at the percentages of 13.5 and 15.1%, respectively. Another fatty acid
detected was stearic acid (18:0), with highest percentage of 3.5% recorded in
Rhodomonas NTIS. Lignoceric acid (24:0) was a minor constituent, as it comprised
less than 1% of the total fatty acids in all the algae.
All microalgae, with the exception of Chaetoceros CS256, contained low
percentages (less than 18%) of monounsaturated fatty acids (MIJFA). The main fatty
acids found were palmitoleic acid (16:1(n-7)) and oleic acid (18:1(n-9)). The 16:1(n7) percentage in Chaetoceros CS256 was exceptionally high (43.8%) making this
fatty acid as the single major contributor of the total fatty acids in this alga. In other
algae this fatty acid comprised between 1 and 5% of the total fatty acids. The
18:1(n-9) was found mainly in Isochrysis T-ISO (9.7%) and Cryptomonas CRFI01
(6.0%). Other minor fatty acids were 14:1 and 18:1n-7 (vaccinic acid), with
concentrations of less than 3% in Cryptomonas CRFI01.
Polyunsaturated fatty acids (PUFA) constituted the highest percentage of fatty acids
in all microalgae tested, with the exception of Chaetoceros CS256. This group of
fatty acids made up between 44 and 60% of the total fatty acid found in Isochrysis TISO, Rhodomonas NTiS and Cryptomonas CRFIO1. NT15 had the highest
percentage of PUFA followed by Cryptomonas CRFI01 and Isochrysis T-ISO.
Chaetoceros CS256 was not a good source of PUFA, as it contained only half to onethird of those concentrations recorded in other algae. The three former algae were
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Table 6.2: Fatty acid composition (% of total fatty acids) of microalgal diets used
for broodstock conditioning of Polymesoda erosa held in hatchery.
Data as mean; N=3; average coefficient of variation: ±5.2% for fatty
acids ~!1% total fatty acids; ±9% for fatty acids <1%.

Microalgae
Fatty acid

Isochiysis
T-ISO

Chaetoceros sp
CS256

Rhodomonas sp
NTiS

Saturated fatty acids (SFA)
12:0
14:0

24. 0a

18:0

12.0'
0.8a

20:0

-

16:0

24:0

Total SFA

0.5
37.3

-

18. 1a
135ab
l.la
-

Total MUFA

0.5
35.2

13ab

27b

3.1ac

1 .3c

47.2

16:3

1.4

16:4

-

62b
2.4
0.9
07b

18:2(n-6)

7.6a

18:3(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:4(n-6)
20:5(n-3)
22:4(n *)
22:5(n *)
22:6(n-3)

0.5
7.oa
17.8a

1.1
5 .6a

04b

Total PUFA

44.0

18.2

1.6
-

0.6a
-

-

0.8

17.1

0.8a

-

29.6

-

16:2

35b

5.3'

249b
23b

0.2

-

Polyunsaturated fatty acids (PUFA)

lab
15.

2.2

32.9

Mono unsaturated fatty acids (MUFA)
0.7a
0.5a
14:1
438
b
5
la
16:1(n-7)
.
94a
14b
18:1(n-9)
18:1(n-7)
1.9'
1.5
20:1

-

102b

Cryptomonas sp
CRFI01

-

03b
04b
-

1.5
54b
-

-

2.2'

1.9k'
-

6.0a
-

8.5

12.6

1 .2a

0.9a

-

-

2.8
-

19.9c
18.7a
-

0.6
10.1c
-

-

47ac

58.0
(-) Indicates that fatty acid was less than 0.1% of the total fatty acids
*) Double-bond position was not confirmed.

-

0.1

59a
-

21.4c
10.8c
-

0.7
71bc
-

1.1
2.9c
50.9

147

Chapter 6

Reproductive Conditioning

abundant in n-3 PUFA, particularly 18:3(n-3), 18:4(n-3), and 22:6(n-3). Either
18:3(n-3) or 18:4(n-3) comprised between 7 and 21% of the total fatty acids found
the algae, while the percentage composition of 22:6(n-3) ranged from 2.9 to 5.6% of
the total fatty acids.
In addition to these acids, Rhodomonas NT15 and Cryptomonas CRFI01 were also
rich in 20:5(n-3), which made up 7 to 10% of the total fatty acids. For n-6 PUFA,
18:2(12-6), was recorded in moderate percentage of at least 6% in Isochrysis T-ISO
and Ciyptomonas CRFI01. Conversely to the three other algae, Chaetoceros CS256
contained the lowest amount of 18:3(n-3), 18:4(n-3), or 22:6(n-3). Each of these
fatty acids comprised less than 1% of the total fatty acids found in this alga.
However, Chaetoceros CS256 had the highest percentage of 16:2 of 6.2% and
moderate percentage of 20:5(n-3).
6.3.5.2. Fatty Acid Composition ofF. erosa Fed the Microalgae
6.3.5.2.1. Non-gonad Tissue
The fatty acid composition of the non-gonad tissue of P. erosa after 12-week
conditioning with microalgae is shown in Table 6.3. The most abundant saturated
fatty acid was palmitic acid (16:0). Clams in all treatments contained at least 16%
and those fed Chaetoceros CS256 showed the highest value of more than 22%. The
percentage of this fatty acid increased after conditioning. The percentage of 18:0 in
the animal tissues decreased after 12-week of conditioning period with clams fed
diets low in 18:0, such as Isochrysis T-ISO and Chaetoceros CS256 suffered more
losses from their tissue than clams fed Rhodomonas NT15 or Chryptomonas
CRFI01. Fatty acid 14:0 was a major fatty acid (more than 10%) inlsochrysis TISO, Chaetoceros CS256 and Rhodomonas NT15. It was also found in moderate
amount (5.3%) in Ciyptomonas CRFI01. However, this fatty acid occurred in minor
amounts in the non-gonad (<5%). In general, this fatty acid was mostly supplied by
the diet, because it was absent at the beginning, but was present after conditioning.
Percentages of 20:0 in the non-gonad and the gonad dropped from Day 0 (11-16%
and 7-13% respectively) to 5.3-8.8% in the non-gonad and to 3.9-6.6% in the gonad.
Clams fed Isochrysis T-ISO had lower 20:0 content in their tissues than clams fed

ME

Table 6.3. Fatty acid composition (% of total fatty acids) of the non-gonadal tissues of Polymesoda erosa fed on four microalgal diets for 12
weeks. Data as mean; N=2 of pooled samples; average coefficient of variation: +6% for fatty acids ~2% total fatty acids; +8% for
fatty acids <2%.
Microalgal Diet
Fatty Acid

Day-0
female
male

Isochrysis T-ISO
female
male

Chaetoceros CS256
female
male

Rhodoinoizas NT15
female
male

Cryptomonas C'RFIOJ
female
male

Saturated fatty acids (SFA)
12:0
14:0
16:0
18:0
20:0
24:0
Total SFA

-

-

10.3
7.7
11.1
-

29.1

-

8.2
6.3
15.9
-

30.4

-

[4.7
[20.2
[4.9
[5.3
-

35.1

39] a2

19.2] a
5.0] a
5.8] a
-

[ 3.1

[22.5
[ 55
[ 7.4
-

38.5

33.9

4. 0]a
22.7]

a
a

4.8]
6.8] ab
-

-

[ 1.5
[15.9

[ 6.6
[ 8.6
-

32.6

38.3

131 b

16.0] b
6.0] b
b
8.8]
-

-

[ 0.5

[16.1
[ 6.8
[ 7.6

-

15.8] b
5.3] b
8.3] b

-

31.0

32.1

30.5

Monounsaturated fatty acids (MUFA)
14:1

-

18: 1(ii-9)
18:1(ii-7)
20:1

2.3
19.9
3.2
1.3

2.4
16.5
2.0
1.7

Total MUFA

26.7

22.6

16:1(n-7)

[ 1.4

[3.5
[21.8
[3.6
-

30.3

1.3]
37] a
a

22.3]
a
3.5]

[ 1.4

[18.7
[11.3
[ 2.6

-

30.8

34.0

1.4]

19•2]

b
b

11.3]
2.9] b

[ 1.8
[ 2.3

[17.2
[ 3.1

-

-

34.8

24.4

1.8]

3. 1]a

14.8]
a
3.3]
C

23.0

[ 1.8
[ 2.0

[19.2

3.5

2.0]
33] a
18.2] ac
a
3.5]

-

-

26.5

27.0

'(-) Indicates that fatty acid was less than 0.1% of the total fatty acids.
2
Different superscripts (a, b, or c) outside the square brackets across a row indicate significant difference between means of dietary treatments (2-way ANOVA, Tukey's test;
P<0.05)
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Table 6.3. (Continued)
Microalgal Diet
Fatty Acid

Day-0
male
female

Chaetoceros CS256

Isochrysis T-ISO
male

female

male

female

[3.0

3.11

[3.7

3.61

Rizodornoizas NT15
male
female

Cryptoinoizas CRFIOI
male
female

Polyunsaturated fatty acids (PUFA)
2.8
2.4

16:2
16:3
16:4
18:2(n-6)
18:3(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:4(n-6)
20:5(n-3)
22:4(n *)
22: 5( n *)
22:6(n-3)

12.9
2.3
4.7
1.4
2.7

Total PUFA

35.1

-

2.6
0.9
2.4

-

-

3.2
2.2

-

-I

-

-

-

a2

[1.8

-

-

-

-

1.9] b

[6.7

6.5]

[3.9
[3.4

3.1]
2.9]

12.9
2.3
6.0
1.5
3.0

[ 5.5
[1.2
[1.4
[3.3
[4.1

6.3]
a
1.3]
a
1.6]
a
3.5]
4.5] a

[9.7
[4.0
[1.4
[1.3
[1.6

9.8] b
b
4.2]
b
1.4]
1.3] b

36.0

32.5

32.8

23.5

24.0

2.1
1.1
1.7

-

-

-

-

-

(-) Indicates that fatty acid was less than 0.1% of the total fatty acids.

2

-

[3.2

-

-

a

-

-

b

[3.9

-

-

2.9]
-

-

-

c

2.9] C

[44

44]

[6.4
[3.4

6.8]
4.8]

[5.6
[1.4

5.1]
1.6]

[ 8.7
[4.8
[2.4
[2.4
[47

7.5] ab
b
6.0]
ab
2.0]
2.21 ab
5.0] a

[9.5
[45
[2.8
[39
[ 3.1

8.9] b
4.5] b
b
2.6]
4.3] b
4.4] a

38.9

40.6

39.1

38.7

[2.9
-

-

1.8]

3.4]

-

-

-

-

Different superscripts (a, b, or c) outside the square brackets across a row indicate significant difference between means of dietary treatments (2-way ANOVA, Tukey's test;
P<0.05).
*) Double-bond position was not confirmed.
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Rhodomonas NT 15, because Isochrysis T-ISO had lower percentage of 20:0 than
Rhodomonas NTiS.
The percentages of the respective SFA in different treatments showed significant
difference (two-way ANOVA, P<0.05) suggesting that algal diets affected the
composition of fatty acids in the non-gonad of P. erosa. However, the ANOVA did
not detect any significant difference (P>0.05) between sexes.
For the monounsaturated fatty acids (MUFA), the fatty acid found in the highest
percentage was 18:1(n-9). This was also the major fatty acid in the clam tissue at
Day 0 (16.5% and 19.9% for female and male respectively). The highest percentage
of this fatty acid occurred in Isochrysis T-ISO (9.4%), while its concentration in
other microalgae varied from 1.4 to 6% with Chaetoceros CS256 had the lowest
percentage. As a result, the highest concentration of 18:1(n-9) was recorded in clams
fed Isochrysis T-ISO, while the lowest occurred in clams fed Chaetoceros CS256.
On the other hand, Chaetoceros CS256 was the richest source of 16:1(n-7) (43.8%)
and clams fed on this alga had at least fivefold concentration of this fatty acid in their
tissues compared with clams fed other diets. Another fatty acid found in the nongonad was 18:1(n-7), but its percentage in the tissue did not change significantly
after conditioning.
The ANOVA showed that differences in the percentages of the respective MUFA in
the animal tissues in the different algal diets were significant (P<0.05). As in the
SFA, no significant difference (P>0.05) was observed between sexes
In terms of polyunsaturated fatty acids (PUFA), the most predominant fatty acid was
arachidonic acid (20:4(n-6), AA). It was only a minor fatty acid in most of the alga
(0.6-1.5%) and was absent in Isochrysis T-ISO. The percentages in the clam tissue
dropped from 12.9% on Day 0 to a range 5.5-9.8%. Clams fed on Chaetoceros
CS256, Cryptomonas CRFI01 and Rhodomonas NTiS had similar percentage of this
acid in their tissues and only those fed Isochrysis T-ISO showed significantly lower
percentage (P<0.05). On the other hand, despite the high abundance of 18:3(n-3)
and 18:4(n-3) in the Isochrysis T-ISO, Rhodomonas NTiS and Cryptomonas CRFI01
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(ranged 7% to 2 1%), each of these C 18 acids contributed less than 7% of the total
fatty acids in the animal tissues. The percentages of both of these C 18 acids in the
tissue of clams fed on the three algae increased at the end compared to the initial
percentage. These C 18 acids could not be detected in clams fed Chaetoceros
CS256, which was a poor source, containing less than 0.5% each of these fatty acids.
The percentages of linoleic acid (18:2(n-6)) in the animal tissues were similar to
those found in the algae, i.e., between 1 and 7% (Isochrysis T-ISO followed in
decreasing order by clams fed Cryptomonas CRFIO 1, Rhodomonas NT 15 and
Chaetoceros CS256). Eicosapentanoic acid (20:5(n-3), EPA) constituted a moderate
percentage in clams fed Rhodomonas NT 15, Cryptomonas CRFI01 and Chaetoceros
CS256. Despite large variation in the content of these three algae (4 to 10%), no
significant difference was found in the tissues of clams fed Chaetoceros CS256,
Rhodomonas NTiS and Cryptomonas CRFI01 (ranged 4 and 6% of the total fatty
acids). Clams fed Isochrysis T-ISO contained significantly lower percentage of EPA
in their tissues than those fed other algae. The most predominant C 22 fatty acid was
docosahexanoic acid 22:6(n-3), DHA), which was found at concentration of 3 to 5%
in clams fed Isochrysis T-ISO, Rhodomonas NT 15 and Cryptomonas CRFIO 1.
Clams fed Chaetoceros CS256, which was low in DHA-content, contained
significantly lower percentage of DHA than those fed other algae. Amongst the C 16
fatty acids, only 16:2 was found in the clam's tissues. Despite large variation in the
content of 16:2 in the algae, its concentration in the clam's tissues was quite stable,
ranged from 2.9 to 3.9%.
6.3.5.2.2. Gonad
In general, the fatty acid composition of the gonad was similar to that of the nongonad (Table 6.4.). There was a trend that the percentage of fatty acids in the gonad
varied according to the content of the microalgae.
In terms of SFA, as in the non-gonad, 16:0 was also the most predominant in the
gonad at the end of the experiment. The difference between the two groups of
tissues was that total of SFA in the gonad were higher than in the non-gonad. There
were also differences between sexes. The percentage of 16:0 in females was
constantly higher than that in males in any algal diets, while the concentration of
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TabLe 6.4. Fatty acid composition (% of total fatty acids) of the gonad of Polymesoda erosa fed on four microalgal diets for 12 weeks. Data as
mean; N=2 of pooled samples; average coefficient of variation: +5% for fatty acids ~2% total fatty acids; +8% for fatty acids <2%.
Microalgal Diet
Fatty Acid

Day-0
male
female

Isoclirysis T-ISO
male

female

Chaetoceros CS256
male

female

Rijodoinonas NT15
male

female

Cryptoiizonas CRFIO1
female
male

--

Saturated fatty acids (SFA)
12:0

14:0
16:0
18:0
20:0
24:0

Total SFA

-

3.1
19.1
10.0
7.5
-

39.7

-

2.6
15.5
9.1
12.9
-

40.1

-I

[ 4.8'

[24.8
[ 6.0"
[ 39
-

y1091a2
-

28 .9]a

Y 43] a
39] a
-

39.5

48.0

[ 0.6
[ 4.3

1 .5]a
5 .6]
14.0]a
47] a

-

[

30

[27.0
[ 6.2x
[ 4.2

991 a
-

Y

29.6]a

Y 4.0] a
4•7]ab

-

[ 1.3-

[22.2

[ 9.5[ 4.8

-

41.0

-

48.2

37.8

Monounsaturated fatty acids (MUFA)
14:1
16:1(n-7)

3.4

3.3

18:1(n-9)

14.2

12.1

-

-

18:1(n-7)
20:1

54
0.6

54
1.4

Total MUFA

23.6

22.2

[17.1
[ 47
-

26.7

-

25.8

[ 1.6

[21.4

[ 6.1
[ 6.4
-

35.5

0. 9]a

21•41 b
53] b

59] b
-

33.5

[
[
[
[

2.8

4.1
75
4.8
-

19.2

Y

-

701 b

26•7] b

6.1]

b

66] b

-

1 5x
[ .
[22.5

97X

[
[ 5.1

-

46.4
17] ab

4.6]a

76] b

49] a
-

18.8

38.8
[
[
[
[

6.1
5.3
9.5
44
-

25.3

y 741 b
-

25,5] b

6.2] b

45.3
2,6] b

57] a
-

25.7

'(-) Indicates that fatty acid was less than 0.1% of the total fatty acids.
2
Different superscripts (a, b, or c) outside the square brackets across a row indicate significant difference between means of dietary treatments (2-way ANOVA, Tukey's test;
P<0.05).
Different superscripts (x or y) inside the square brackets across a row indicate significant difference between means of different sex (2-way ANOVA, Tukey's test; P<0.05).
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Table 6.4. (Continued)
Microalgal Diet
Fatty Acid

Day-O
female
male

Isoclirysis T-ISO
male
female

C'haetoceros CS256
female
male

Polyunsaturated fatty acids (PUFA)
16:2
16:3
16:4
18:2(n-6)
18:3(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:4(n-6)
20:5(n-3)
22:4(n *)
22: 5( n *)
22:6(n-3)
Total PUFA

8.0
4.0
3.0

-

2.4
-

-

6.0
3.2

-

2.2

-

2.0
-

-

[2.6

-

[7.3
[0.5

3•7 (

[
[ 3.7
-

6.6
1.7
1.4
0.5
0.7

8.1
2.4
3.6
1.0
2.3

[3.6'
[1.4
[0.6
[2.2
[3.4

28.3

30.8

29.0

1 . 7]a

-

5.9]
0.6]
y291a
3. 1]a
-

y211a
0.9]a
0.4]a
a
1.7 ]
ac
2.8]
22.1

[4.6
[0.4

-

[1.6
[0.5
[0.5
[0.4

-

[45

[45X

261bc
0.31

0.6]
0•81b
061b
-

271b
y331b

[0.7
[0.6
[1.6

0. 51
0.5J'

19.9

14.5

Rizodomonas NTIS
male
female
[5.7

3. 6]c

[2.2
[0.4
[ 6.9

2•41b

-

-

[45
[6.0'<
[0.9
[1.1
[4.9
36.5

-

0.4]
6.4]c
4O]

-

30]b

Gryptomoizas CRFI01
male
female
[35

-

-

[4.0
[0.3
[ 5.8
[1.3

-

0. 9]a
3. 2]c

[4.8
[4.0<
[1.5
[2.2
[2.0

28.2

29.4

Y36]C
0.71'

27]b

-

3. 0]c

0.7]
4. 1]c
17]b

-

4•4]b
y26]bc

l . l]l

24.1

'(-) Indicates that fatty acid was less than 0.1% of the total fatty acids.
2

Different superscripts (a, b, or c) outside the square brackets across a row indicate significant difference between means of dietary treatments (2-way ANOVA, Tukey's test;

P<0.05).

Different superscripts (x or y) inside the square brackets across a row indicate significant difference between means of different sex (2-way ANOVA, Tukey's test;
*) Double-bond position was not confirmed.
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14:0 in females reached at least two times the concentration in males. The
concentration of these fatty acids increased at the end of the experiment indicating
the positive influence of the diets. Conversely, the percentage of 18:0 in males was
higher than those in females in any diet tested. In all diets, the concentration of 18:0
decreased at the end of the experiment. The two-way ANOVA confirmed that the
percentages of the respective SFA in different treatments were significant (P<0.05)
so did the difference between sexes. The percentages recorded in clams fed
Rhodomonas NT15 and Ciyptomonas CRFJO1 were significantly higher than those
fed Isochrysis T-ISO or Chaetoceros CS256. For fatty acid 20:0, its percentage had
similar pattern with that in the non-gonad, but the percentage was lower than that of
the non-gonad. Compared to the initial percentage, there was significant decrease of
this fatty acid after conditioning. Males and females had similar concentration with
no significant difference (P>0.05) recorded between sexes.
In general, the total MUFA in the gonad was lower than those in the non-gonad
tissue which was influenced by lower concentrations of 18:1(n-9) in the gonad (20 to
60% lower than concentrations found in the non-gonad). On the other hand,
concentrations of 16:1(n-7) and 18:1(n-7) were higher in the gonad than those in the
non-gonad. Concentration of these MUFA in the animal gonad followed similar
trend with those in the non-gonad. In all diets the concentration of 16:1(n-7)
increased after 12 weeks of conditioning. For the fatty acid 18:1(n-9), only clams
fed Isochrysis T-ISO showed an increase of this fatty acid at the end of conditioning.
The two-way ANOVA showed that the percentage of the respective MUFA in the
gonad in the different treatments was significantly different (P<0.05). However, no
significant difference between sexes was recorded in any of these fatty acids.
The gonad PUFA profile was quite different to that of the non-gonad. The
percentage of PUFA found in the gonad was affected significantly by both diets and
sex. The effect of sex was particularly noticeable in long-chain PUFA (C 20 and C
22) and the C16 fatty acid (16:2). For these fatty acids, the concentration in the male
gonad was constantly higher than that of in the female gonad. Arachidonic acid
(20:4(n-6), AA) occurred in the highest percentage (2-5% of the total fatty acids).
The concentration of this acid in the gonad of was lower that of in the non-gonad.
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As in the non-gonad, concentration of 20:4(n-6) in the gonad of clams fed Isochrysis
T-ISO was lower than in clams fed other algae. EPA (20:5(n-3)) constituted between
1 and 6% of the total fatty acid in the gonad. Its concentrations were similar in those
clams fed Cryptomonas CRFIO1, Rhodomonas NT15 and Chaetoceros CS256, but
significantly higher (P<0.05) than clams fed Isochrysis T-ISO. The percentage of
DHA (22:6(n-3)) in the gonad was generally lower than that in the non-gonad, but
maintained similar trend as in the non-gonad, where clams fed Isochrysis T-ISO or
Rhodomonas NT15 contained significantly higher DHA than those fed Chaetoceros
CS256 or Cryptomonas CRFIO1. The fatty acids 18:3(n-3) and 18:4(n-3)
percentages in the gonad were similar to those in the non-gonad. Although
Isochrysis T-ISO, Rhodomonas NT15 and Cryptomonas CRFIO1 were rich in 18:3(n3) and 18:4(n-3), their percentages in the gonad was less than 7%. In the gonad, the
percentage of 18:2(n-6) resembled that in the non-gonad and reflected the
concentration found in the algae. Clams fed Isochrysis T-ISO showed the highest
percentage of this fatty acid in their gonad followed in descending order by clams fed
Cryptomonas CRFIO1and Rhodomonas NTiS and Chaetoceros CS256.
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6.4. Discussion
6.4.1. Condition Index
This part of the study showed that condition index of Polymesoda erosa increased
under various different diets suggesting that this clam was able to utilize each diet to
grow its body tissue. This result showed that P. erosa could be fattened in the
hatchery under various single species diets.
However, there was difference in the condition index as a result of feeding on
different algae. The condition index of P. erosa fed tropical microalgae such as
Chaetoceros CS256 and Cryptomonas CRFI01 increased over the 12-week
conditioning period at a rate similar to that for clams fed Isochrysis T-ISO, while
clam fed Rhodomonas NT 15 showed a significantly lower index. The differences
can be explained by differences in physiological parameters as well as the
biochemical composition of the microalgae. The efficiency of absorption of diet is
of great importance in determining the nutritional quality of the diet (Albentosa et al.,
1996; 1997). Isochrysis T-ISO, Chaetoceros CS256 and Cryptomonas CRFI01 were
assimilated in similar way by P. erosa and provided comparable amounts of energy
for this clam (see Chapter 5). On the other hand, the assimilation efficiency and the
amount of energy acquired from ingesting Rhodomonas NT15 was lower, resulting
in lower condition index compared with results from ingesting other algae. The
latter algae also had the lowest carbohydrate and lipid content and it was likely that
lower concentration of these two constituents affected the growth of P. erosa (see
next sections). Several studies reported that Isochrysis T-ISO and various species of
Chaetoceros are good diets that have been used successfully for conditioning various
bivalves such as Pecten maximus (Soudant et al., 1996), Cerastoderma glaucum
(Trotta and Cordisco, 1998), Argopectenpurpuratus (Caers et al., 1999a; PalmaFleming, 2002; Cerpa et al., 2003), and Mimachiamys asperrima (O'Connor et al.,
2000). The present study confirms that Isochrysis T-ISO and Chaetoceros CS256
are also better diets than other species for conditioning P. erosa.
The condition index also differed between sexes, as males had significantly higher
index than females. This suggests that males in the present study were more tolerant
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to the conditioning treatments resulting in a better tissue growth than their female
counterparts. This is in contrast to clams in natural habitat where, during the
spawning season, females had higher condition index than males (see Chapter 3) due
to bigger size of gonad. At the end of the 12 week conditioning, the female gonad
was not fuiiy developed and did not affect the whole body condition as in the natural
population.
6.4.2. Gonadosomatic Index
The gonadosomatic index (GSI) of mangrove clam increased after 12-week of
conditioning indicating that P. erosa used nutrients provided by the diets to grow its
gonad. However, despite variations in the nutrient content of the four diets, there
was no significant difference recorded in the gonad index suggesting that the quality
of the diet did not affect the way this clam regenerated its gonad.
The similar effects of different diets on the GSI can be ascribed to different factors.
Firstly, for bivalve species with high tolerance in adapting various diets, the variation
in quantity and quality of microalgae may not affect the gonad development and
fecundity. This has been reported in the oyster C. gigas (Bayne, 2002; Uriarte et al.,
2004). Oysters have high filtration rate and metabolic efficiency, which enable them
to tolerate diets of poor quality (Uriarte et al., 2004). The tolerant species can
compensate for a poor diet by spending more time feeding or processing more food
to obtain the required quantity of nutrients (Dunbar, 1991). P. erosa also had a high
filtration rate and assimilation efficiency (Chapter 5) and this could explain
flexibility of this species. Secondly, during the 12-week conditioning development
of gonad was not the only priority and the clam was also in the stage of developing
its non-gonad tissues. It was likely that under a constant food supply and constant
immersion, P. erosa allocated the absorbed energy more evenly to various body
tissues rather than just the gonad. This resulted in a less marked growth in the gonad
compared with the situation when most of the energy is directed to the gonad. The
ability of the mangrove clam to develop its gonad during times of food scarcity in the
dry season, and to grow mantle and muscles during the time when food was more
available was discussed in Chapter 3. Thirdly, in the present study individuals used
were young adult of not more than 70 mm in shell length, which is sub-maximal size.
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It is likely that individuals of this size were still in growing stage, which allocated
their acquired energy evenly to various body parts, soft tissue and shell. In this state,
the energy allocate for gonad development would be lower than those individuals
approaching maximum of adult size. Another possibility is that P. erosa fed poor
diets during this study simply used more of its body reserves to compensate lack of
certain nutrients in the diets. Working on 0. edulis, Bemtsson et al. (1997) also
recorded lack of effect of algal diet on the gonad, because the broodstock rely on
their energy reserves to fuel gametogenesis.
6.4.3. Spawning Rate
Clams were able to spawn after 12 weeks of conditioning under different diets.
However, the numbers of eggs released were very low compared with the potential
number of this species, which was at least 800,000 for animal of size similar to those
used in the present experiment (see Chapter 3). P. erosa is able to release some ripe
ova gradually from its gonad (Morton, 1984; see also Chapter 3). Presuming that
only the ripe ova, which lay free in the gonadal lumen, can be released, the low
number indicates that only a small portion of the ova was mature after 12 weeks of
conditioning. The present suggests that it might take longer than 12 weeks when fed
unialgal diet.
The apparent long time required for P. erosa to complete gametogenesis was
different to those reported for other bivalves, which within shorter period of
conditioning using unialgal diets were able to develop their gonads to the ripe stage.
Tapes philippinarum was reported to become fully mature after only 7 weeks of
conditioning under live and dry microalgae (Laing and Lopez-Alvarado, 1994),
while Mimachiamys asperrima underwent maturation in only one month after being
conditioned with various unialgal diets (O'Connor et al., 2000). Similarly
Argopecten purpuratus matured within 72 days under microalgal-based diets
(Navarro et al., 2000; Palma-Fleming et al., 2002). No study has been done to
determine how long P. erosa requires from spawning to full ripe stage. However,
study in the wild population showed that this clam underwent a rapid recovery from
spawning (see Chapter 3).
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Failure to undergo complete maturation for bivalves conditioned in the hatchery is
mostly related to the quantity and the quality of food used for conditioning (MartInez
et al., 1992; O'Connor et al., 2000; Palma-Fleming et al., 2002). MartInez et al.
(1992) reported that broodstocks Argopecten purpuratus conditioned in the hatchery
under a mixture diet of Chaetoceros and Isochrysis T-ISO failed to become filly ripe
and reabsorbed their gonads, while those that had been held in the ocean were able to
ripen and spawn successfully. These authors suggested that the food used in the
hatchery was not sufficient in quantity and quality to supply all the nutrients required
for the regeneration of the gonads compared with the naturally occurring
phytoplankton. The natural diet could supply n-3 PUFA and other unknown
components that may be deficient in those diets used in the hatchery (Langdon and
Waldock, 1981). In the present study, fishery permit did not allow the transfer of
hatchery-reared individuals to natural environment. For this reason, no spawned
individuals were held in the natural environment, so there was no valid reference
whether those spawned clams living in the mangrove habitat or supplied with natural
phytoplankton underwent more rapid gonad regeneration compared with those in the
hatchery. Also, the CDU hatchery has no facility to carry out this type of trial.
Although in this study, malnutrition could be a factor that hindered P. erosa from
becoming fuily mature, the fact that the clam was able to grow and accumulated
nutrients in the body tissue suggests that it can tolerate or compensate the deficiency,
even though under such conditions, the clam takes a long time to mature. Further
studies are, therefore, required to determine what dietary or water quality parameters
are responsible for the long maturation period in the hatchery.
The present study showed that clams fed Isochrysis T-ISO or Chaetoceros CS256
had higher spawning rates compared with those fed Rhodomonas NT15 or
Cryptomonas CRFIO 1. Higher assimilation and absorption efficiency leading to
higher acquisition of energy for clams fed on the two former microaigae was the
most likely cause for this difference.
Males were more ready to spawn than females in the present study. There were
higher total numbers of males spawned (14 out of 24 induced individuals) than
females (8 out of 24), particularly those fed Isochrysis T-ISO and Chaetoceros
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CS256. If spawning reflected maturity, then it is possible to infer that, within the
conditioning period, males were able to mature faster than females. In some
molluscs sperm is energetically cheaper to produce than egg (Hughes, 1986; Collin,
1995). Results in Chapter 4 suggested that males probably spent less energy than
females in building gonad. These could be the reasons for the more rapid maturation
in the male individuals.

6.4.4. Egg Size, Fertilization Rate and Percentage of D-larvae
Diets had no effect on the egg size and fertilisation rate. Egg size and the
fertilisation rate of the broodstock fell within a narrow range in all treatments.
Similarity in egg size indicated that the released eggs from each treatment were
already mature eggs. Histological analysis showed that the ripe ova lay free within
the follicular lumen, while developing oocytes attached to the follicular wall
(Chapter 3). When the animal was induced to spawn, only the unattached eggs, i.e.,
the ripe ova, were released. Because these eggs were mature, they were also
fertilisable as confirmed by the high fertilization rate. Morton (1984) suggested that
P. erosa could be a dribble spawner. The present experiment confirmed this
presumption by demonstrating that even when the entire gonad of a female was not
fully mature, some eggs were fertilisable. This is probably the reason why there was
no difference between treatments.

6.4.5. Effects of Microalgal Diets on the Gross Biochemical Composition of
P. erosa
This study demonstrated direct relationships between biochemistry of the diets and
biochemistry of the clam. Carbohydrate content of the algae was reflected in the
clam's tissues. When the clams were fed on Isochrysis T-ISO, which had the highest
content of carbohydrate, they also accumulated more carbohydrate in their somatic
tissues as well as the gonad than clams fed other diets. This agrees with other studies
that have shown that diets with a greater concentration of carbohydrate give higher
carbohydrate content in the broodstock clams than diets with low carbohydrate
content (Trider and Castell, 1980; Laing and Lopez-Alvarado, 1994; Piveteau et al.,
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1999). Carbohydrate in the form of glycogen is the main energy reserve in many
bivalves (Giese, 1966; Gabbot and Bayne, 1973; Gabbot, 1975; Taylor and Venn,
1979; Stephen, 1980; Barber and Blake, 1981; Fernandez Castro and De Vido de
Mattio, 1987; Martinez, 1991; De Zwaan and Mathieu, 1992; Ruiz et al., 1992;
Mathieu and Lubet, 1993; Rodriguez-Moscoso and Arnaiz, 1998; Kang et al., 2000;
Li et al., 2000). Similarly, examination of P. erosa from the wild (Chapter 4)
showed that carbohydrate was used as energy source for gametogenesis during food
scarcity, while during the period of food abundance it was accumulated in the muscle
and the mantle. This suggested that, for bivalves that rely on carbohydrate as energy
reserve, such as P. erosa, diets of high carbohydrate content are required to achieve
maturation. In this section of the study, diets with high carbohydrate content such as
Isochrysis T-ISO and Chaetoceros CS256 gave a better condition index, gonad index
and spawning rate compared with Rhodomonas NTiS, which had the lowest
carbohydrate content. Diets with high concentrations of carbohydrate have been
reported to produce the best growth for oyster 0. edulis (Enright et al., 1986) and
scallop Patinopecten yessoensis (Whyte et al., 1989).
There was a notable pattern of carbohydrate content in the body tissues over 12
weeks of conditioning. In all treatments, there was rapid increase of carbohydrate
content in the non-gonad tissues between week-4 and week-8, then after this period
the carbohydrate leveled off. This showed that after week-8, as a result of high
energy-demand, there was only small portion of the dietary carbohydrate
incorporated into the somatic tissue. This was probably because most of the
carbohydrate obtained from immediately ingested food was metabolized for energy
for the growing gonad. Laing and Lopez-Alvarado (1994) reported a similar result
on conditioned T philippinarum where carbohydrate in the body tissues decreased
as the animal approached the final stage of maturation. The decrease of carbohydrate
from the body tissues can also be related to de novo synthesis of lipid (Gallagher and
Mann, 1984; 1986). The carbohydrate is converted into lipid reserves (fatty acids or
triacylglycerides), which later are incorporated into the developing eggs (Gabbot,
1975; Bayne, 1976; Barber and Blake, 1985; RodrIguez-Moscoso and Arnaiz, 1998;
Li et al., 2000). There is evidence that the synthesis of lipid, using the carbohydrate
as substrate, occurred in the present study because the lipid content in the gonad
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increased steadily until the end of the 12 weeks, while carbohydrate in non-gonad
decreased.
In the gonad, the pattern of carbohydrate was quite different between males and
females. The carbohydrate content in males fed all diets showed a steady increase
until the end of the study suggesting that accumulation of this constituent took place
constantly. This is different to that of cultured C. gigas where during testis
maturation, carbohydrate in the testis decreased (Li et al., 2000). It is likely, that in
P. erosa the carbohydrate supply from recently ingested food as well as from
reserves in the non-gonad tissues was still sufficient to meet the energy demand of
the growing testis and the animal did not need to break down the carbohydrate from
the gonad. On the other hand, accumulation of carbohydrate in the female gonad
reduced after week-8 indicating that the incorporation of this constituent into the
gonad was not as active as the previous weeks. According to Gabbot and Bayne
(1973) when the energy demand is particularly high during gonad development,
while this demand can not be met from immediately absorbed food, then a part of the
energy must be met from body reserves. In the present study, apparently females
suffered deficit of energy greater than males, because females had to use the
carbohydrate in the somatic tissues and reduced its allocation in the gonad, while
males only used the non-gonadal sources. The higher energy demand in females
could be related to the synthesis of lipid in the gonad. The lipid content in the female
gonad was almost double that of in the male gonad. This means that to synthesise
this amount of lipid in the female gonad, more carbohydrate was required and this
came from both non-gonad and gonad. This study confirms the previously suggested
argument that females required more energy than males during gametogenesis
(Chapter 4).
The lipid content of the microalgae affected significantly the lipid content in all body
tissues. Isochrysis T-ISO contained the highest amount of lipid followed by
Chaetoceros CS256 and Cryptomonas CRFI01 and the lowest in Rhodomonas NT15,
and the lipid content of the body of P. erosa reflected this pattern closely. Clams fed
Isochrysis T-ISO contained the highest lipid content in their somatic tissues and
gonads, followed by those fed Chaetoceros CS256 and Cryptomonas CRFI01, while
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those fed Rhodomonas NT15 had the lowest content. Frolov and Pankov (1992)
found a high correlation between the lipid content of food and its concentration in the
gonad of 0. edulis. Other studies also reported that bivalves such as Tapes
philippinarum (Laing and Lopez-Alvarado, 1994) and A. purpuratus (Caers et al.,
1999a; Palma-Fleming et al., 2002) accumulate more lipids in their tissues when fed
diets with high lipid-content and their gonads grow faster than when fed on diets
with low lipid-content. Lipid is a source of energy for initiation of oocyte growth in
many bivalves (Barber and Blake, 1981). Study on P. erosa in the wild showed that
this constituent was accumulated in large amounts during reproductive season
(Chapter 4) suggesting its essential role in gametes development. Thus, it is
reasonable that clams fed diets with higher lipid content, such as Isochrysis T-ISO
and Chaetoceros C5256, gained higher condition index and gonad index compared
with those fed Rhodomonas NTiS.
Contrasting between the non-gonad and the gonad, there was difference in the pattern
of lipid accumulation. In all treatments, the lipid content in the non-gonad were
relatively stable, while those in the gonad increased considerably over time. Little
change in the non-gonadal lipids has been ascribed to factors such as rapid
metabolism of the lipid in the non-gonad to provide energy (Kluytmans et al., 1985)
or direct transfer to the gonad (Thompson et al., 1974; Barber and Blake, 1981).
Conversely, the lipid content in the gonad increased considerably in the latter parts of
the experiment. The accumulation of lipid as the gonad undergoing maturation is
common among bivalves (Ansel, 1974a, 1974b; Taylor and Venn, 1979; Barber and
Blake, 1981; 1985; Gabbot, 1983; Laing and Lopez-Alvarado, 1984; Pazos et al.,
1996; Berthelin et al., 2000; Li et al., 2000; Le Pennec et al., 2001). The increased
lipid content is resulted from recently ingested food, direct transfer of lipid from
different body parts as well as from the conversion of other metabolic substrates
(particularly carbohydrate) from different organs (Ansel, 1974; Barber and Blake,
1981; 1985). This accumulation is required to provide nutrients and energy reserves
for embryonic and larval development (Helm et al., 1973; Gallagher and Mann,
1985; Wilson et al., 1996; Pazos et al., 1996; Li et al., 2000).
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This part of the study once again evidenced that females deposited more lipids in
their gonad than males did. Likewise, other studies on A. purpuratus showed a
similar trend (Martinez, 1991; Caers et al., 2003).
In contrast to carbohydrate and lipid, the protein content of the microalgae was not
reflected in the body of the clam. There was no significant difference in the protein
content, either in the non-gonad or the gonad. The significantly high protein content
in Rhodomonas NT 15 did not result in a higher protein concentration in the clam
tissue compared with other diets. Hawkins and Bayne (1991) described a "proteinsparing" effect of dietary energy in which high protein content in the diet, but low in
energy content led to the loss of protein. In this condition, bivalves failed to increase
the protein content in their tissue. This may have occurred in the present study
where, as a result of lower CHO and lipid, Rhodomonas NT 15 had lower energy
content compared with other microalgae. Clams fed this alga could not accumulate
more protein in their tissue despite high concentration in the diet.
The protein content of the microalgae was not a limiting factor in the growth of
P.erosa. Chaetoceros CS256, for example, which was the algae with the lowest
protein content, was one of the best diets in the present study. Clams fed this algae
gained higher condition index and gonad index as well as had higher spawning rate
compared with Cryptomonas CRFI01 or Rhodomonas NT 15, which had higher
protein contents. This showed that protein content of the microalgae, unlike the
carbohydrate and lipid content, was not a limiting factor for the growth and gonad
development of?. erosa. This is different to bivalves such as scallop A. purpuratus,
where high concentrations of protein in the broodstock diet decreased the time to
reach maturity, improved the energy balance and increased GSI and fecundity (Farias
et al.,1997; Farias and Uriarte, 2001; Uriarte et al., 2003). The difference may be
due to different reliance on the energetic source for gametogenesis. Scallops rely on
adductor muscle protein as source of energy for gametogenesis (Barber and Blake,
1985; Epp et al., 1988; Villalaz, 1994), while?. erosa depends more on carbohydrate
than on protein (Chapter 4). Perhaps, in P. erosa protein performs other essential
function but not available to be catabolised for energy. This situation is similar to
that of C. gigas (Knuckey et al., 2002).
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Clams fed on Isochrysis T-ISO and Chaetoceros CS256 gained higher energy
content in their body tissues than those fed with Rhodomonas NT1 5 or Cryptomonas
CRFIO1. Isochrysis T-ISO had the highest energy content and clams fed on this diet
also showed the highest energy content in their tissues. However, the energy content
of the algae was not the only factor determining the clam's energy content. The fact
that clams fed Chaetoceros CS256 gained significantly higher energy content in their
tissue, even though this alga had a similar energy content to Rhodomonas NT15 or
Cryptomonas CRFIO 1, showed that other factors were involved. The most likely
explanation is that Chaetoceros CS256 was assimilated better than the two other
algae (Chapter 5), which confirms the argument that assimilation and absorption
efficiency are of great importance in determining the nutritional quality of the diets
(Albentosa et al., 1997).
From the evaluation of the biochemical content of the diets used in the present study,
it can be concluded that P. erosa requires diets with high carbohydrate and lipid
contents during the reproductive conditioning. This study was not able to decide
conclusively whether diets with high carbohydrate or high lipid content give better
reproductive performance. The next section of this subchapter shows that deficiency
of some fatty acids in the microalgae could affect the nutritional value of the
microalgae as diet for P. erosa. Nevertheless, further study with carbohydrate- and
lipid-enriched diets is also required to clarify the nutritive requirement of this species
during the reproductive conditioning.
6.4.6. Effects of Microalgal Diets on the Fatty Acid Composition of P.erosa
The distribution pattern of the saturated fatty acids in the non-gonad and gonad of
P.erosa show some interesting features, which could tell the possible origin of the
fatty acid in the clam's tissues. There were two possible source of the saturated fatty
acid found in the clam's tissues. Firstly, when a fatty acid was required by the clam
but was not available in sufficient amounts in the diet, the clam might use its reserve.
For instance, fatty acid 20:0, which was absent in all microalgae, was possibly
derived from the body reserve. As a result, there was a decrease in this fatty acid
concentration in the animal tissue at the end of the l2-week conditioning. Similarly,
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the fatty acid 18:0 might also came from Day 0 body reserves because its
concentration in the clam tissue decreased at the end of the experiment. All
microalgae contained small percentages of 18:0 which might not be sufficient for the
clam's need. This could force the clams to use their body reserves (McCausland et
al. (1999). Secondly, the clam might obtain certain saturated fatty acids from
bioconversion or elongation of saturated fatty acids of lower carbon chain. This
could happen for both 18:0 and 20:0 which might be elongated from 14:0 or 16:0.
All microalgae in the present study contained significant percentages of 14:0 and
16:0. The latter fatty acids might be used as precursors for 20:0 (Frolov and Pankov,
1992).
The fatty acid 16:0 was one of the main constituents in the SFA found in the algae
with concentration recorded at least 12% and was also the most predominant SFA in
the clam's tissues, where it comprised at least 22% of the total fatty acids. Its
concentration in the animal tissues increased after conditioning is an evidence of its
dietary origin. The 16:0 is mainly used for energy, particularly in warm-adapted
bivalves (Chu and Greaves, 1991), and this may explain its large deposition in the
clam's tissues in the present study. A number of bivalves also documented to have
16:0 as the main SFA in their tissues (Pollero et al., 1979; Napolitano et al., 1992;
Frolov and Pankov, 1992; Pazos et al., 1997; Soudant et al., 1999; Piveteau et al.,
1999; Caers et al., 1999a, 1999b, 1999c; 2003).
In general, MUFA content in the non-gonad and the gonad correlated positively with
the concentration in the microalgae. In both tissues 14: 1 and 16:1(n-7) content
increased after conditioning suggesting the positive effect of the diet. On the other
hand, 20:1 that was present at the beginning of the experiment was absent after
conditioning the clam with microalgae lacking of this fatty acid. All the microalgae
had less than 3% of 18:1(n-7) with the lowest value in Chaetoceros C5256 of 1.5%.
Interestingly, those clams fed on Chaetoceros CS256 had the highest percentage of
18:1(n-7) in their gonads. It is likely that the high concentration of 18:1(n-7) in these
clams was a result of elongation of this acid from 16:1(n-7), which was the most
abundant fatty acid in Chaetoceros C5256. This is consistent with those of Piveteau
et al. (1999) who reported that C. gigas synthesized 18:1(n-7) when their diet
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contains significant concentration of 16:1(n-7). Caers et al. (2003) also reported that
such elongation occurs in A. purpuratus. The most predominant MUFA in the
clam's tissues was 18:1(n-9). The clams probably acquired this acid from diet
because its concentration in the animal tissues reflected the concentration in the
microalgae, with lower percentages in the tissues of clams fed algae low in 18:1(n-9)
such as Chaetoceros CS256 and Rhodomonas NT 15.
In terms of PUFA, there are many interesting features of fatty acid profile in the nongonad and the gonad of P. erosa. Despite low concentration of arachidonic acid
(20:4(n-6)) in the microalgae, it was found in the non-gonad and the gonad in notable
amounts. Some studies have shown that 20:4(n-6) could play a specific role in
cellular membranes of oyster 0. edulis (Napolitano et al., 1988) and play important
role in regulation of blood cation during osmoregulation (Stanley-Samuelson, 1987).
Laing and Child (1996) observed that Tapes decussatus and T. philippinarum
increased 20:4(n-6) when subjected to stressful conditions. In the wild, P. erosa is
frequently exposed to extreme salinity variations and 20:4(n-6) may be important for
this clam during osmoregulation. Other study showed that the presence of this fatty
acid in the tissue related to gametogenic requirements (Soudant et al., 1996).
Arachidonic acid is a precursor for biosynthesis of prostaglandins, which is
important in directing reproduction and spawning of molluscs (Morse et al., 1977;
Osada et al., 1989). It is likely in the present study 20:4(n-6) reserves in the gonad
were actively used because all algae only contained low percentage of this fatty acid.
If 20:4(n-6) is essential, then the low concentration of 20:4(n-6) in the microalgae
used in the present study could be one of factors that influenced negatively the
nutritive value of the microalgae for conditioning of P. erosa. This will be a subject
for further study.
Fatty acid 20:5(n-3) and 22:6(n-3) are considered essential for many bivalves
(Pollero et al., 1979; Trider and Castell., 1980; Waldock and Holland, 1984; Chu and
Greaves, 1991; Frolov and Pankov, 1992; Berntsson et al., 1997; Caers et al., 1999a;
Piveteau et al., 1999; Palma-Fleming, 2002; Pazos et al., 1996; 2003). These fatty
acids in bivalves are mainly of dietary origin (Chu and Greaves, 1991; Frolov and
Pankov, 1992; Pazos et al., 1997; Piveteau et al., 1999; Caers et al., 1999a; 2003),
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but it is also well known that in some species both 20:5(n-3) and 22:6(n-3) are
synthesised de novo through elongation from precursor linolenic acid, 18:3(n-3)
(Langdon and Waldock, 1981). In the present study, diet was the only source of
20:5(n-3) and 22:6(n-3), because there was resemblance between their concentrations
in the diet and in the body tissues. The increase of their concentrations after
conditioning also confirms that they were acquired from dietary source. The
concentration of 18:3(n-3) did not affect the concentration of 20:5(n-3) as supposed
to be when the elongation took place. Clams fed Isochrysis T-ISO, which had the
lowest concentration of 20:5(n-3), retained the lowest percentage of 20:5(n-3) in
their tissues even though Isochrysis T-ISO was a good source of 18:3(n-3). On the
other hand, despite a very low content of 18:3(n-3) in Chaetoceros CS256, clams fed
on this alga contained higher percentage of 20:5(n-3) because Chaetoceros CS256
was rich in 20:5(n-3). This shows that the main source of 20:5(n-3) was diet and not
conversion from 18:3(n-3). Similarly, 22:6(n-3) was also resulted from dietary
origin. Clams fed 22:6(n-3) rich-algae, such as Isochrysis T-ISO and Rhodomonas
NT15, had higher concentrations of 22:6(n-3) in their body tissues than 18:3(n-3)
rich-Ciyptomonas CRFIO1. The present study is consistent with those reported on
bivalves such as Chiamys tehuelcha (Pollero et al., 1979), C. virginica (Chu and
Greaves, 1991), and A. purpuratus (Caers et al., 2003), which rely on recently
ingested 20:5(n-3) and 22:6(n-3) but not on biosynthesis from 18:3(n-3). Despite 510% variation in 20:5(n-3) content of Chaetoceros CS256, Rhodomonas NT15 and
Cryptomonas CRFI01, clams fed on these three algae showed similar percentage of
20:5(n-3) in their tissues. This suggests that P. erosa only needs a certain
concentration of this fatty acid in its diet. If the dietary supply is greater than this
concentration, the clam rejects the excess and no further accumulation in the body
tissues or effect on the body growth. It is possible that there is a mechanism
preventing the accumulation of 20:5(n-3) when supply from the diet is greater than
the clam's need (Caers et al., 2003). The higher 20:5(n-3) and 22:6(n-3) percentages
in Rhodomonas NT15 and Cryptomonas CRFI01 did not make them better diets than
Isochrysis T-ISO or Chaetoceros CS256 for P. erosa.
Males and females had different fatty acid composition. This was evidenced by
significant differences in the male and female gonads in composition of fatty acid.
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Males had higher concentration of PUIFA, particularly in 16:2 and C 20 acids, than
females in their gonads. On the other hand, females had higher percentage of SFA,
such as 14:0, 16:0 and 20:0, in their gonads than males. SFA are used mainly for
energy, while PUFA are required as components of membrane structure and
metabolic processes (Pazos et al., 1997). It is likely that due to their high energetic
requirement, females accumulate more SFA than males. On the other hand,
spermatogenesis in males involves the synthesis of a large number of new cells, and
this requires an intensive synthesis of membrane-associated polyunsaturated fatty
acids (Caers et al., 2003). At the moment, there is no satisfactory explanation of this
difference and further studies are required.
The present study also showed that there was a difference in the fatty acid profile
between the non-gonad and the gonad. The percentages of SFA in the gonad of
clams fed any diet were constantly higher than in the non-gonad. On the other hand,
the non-gonad had higher concentration of both MUFA and PUFA than the gonad.
This is contrast to those reported by Pazos et al. (2003) on Pecten mwcimus where the
non-gonad (digestive gland) had higher SFA, but lower PUFA than the gonad. This
difference could be a result of species-specific metabolism.
The present study showed that the fatty acid profile of P. erosa was similar to other
bivalves. The more abundant fatty acids (14:0, 16:0, 18:0; 16:1(n-7), 18:1(n-9),
18:4n-3), 20:5(n-3) and 22:6(n-3) were the same as those reported for other bivalves
such as Placopecten magellanicus (Napolitano and Ackman, 1993), 0. edulis
(Berntsson et al., 1997; A. purpuratus (Caers et al., 1999b; 2003), C. gigas (Piveteau
et al., 1999) and P. maximus (Pazos et al., 2003).
Based on the fatty acid composition, particularly in PUFA, Isochrysis T-ISO and
Chaetoceros CS256 are of lower quality compared to Rhodomonas NTl5 or
Cryptomonas CRFIO1. Both the former algae were deficient in either 20:5(n-3) or
22:6(n-3), which are considered to be essential in bivalves. Chaetoceros CS256 was
even worse as it contained only small amounts of 18:3(n-3), which is the precursor
for 20:5(n-3) and 22:6(n-3). On the other hand, Rhodomonas NT15 and
Cryptomonas CRFI01 were good sources of 20:5(n-3) and 22:6(n-3) as well as
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abundant in 18:3(n-3). However, results of the present study showed that the
condition index, gonad index or the reproductive output of P. erosa fed Chaetoceros
CS256 was similar to those fed Cryptomonas CRFIO1 and, even higher than those
fed Rhodomonas NT15. This present study agrees with that of Frolov and Pankov
(1992) who found that diets with a high content of 20:5(n-3) (19.75%) and 22:6(n-3)
(13.13%) is not always a good diet. According to these authors, the involvement of
other nutritive factors, such as the balance of nutrients, their digestion and
assimilation, and the availability of minerals, could have greater effect than the fatty
acid composition. Chapter 5 and previous section of this chapter discussed that
ingestion and assimilation as well as lower content of carbohydrate occurred in
Rhodomonas NT15 and this could hinder P. erosa in exploiting all the benefit from
this alga.
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CHAPTER 7
Summary and Recommendations
The aims of this study were to collect information on the major issues such as the
reproductive cycle, seasonal changes in biochemical composition of the body
throughout the year, the physiological responses of the mangrove clams as well as
their body composition when fed some tropical Australian microalgae during
reproductive conditioning in the laboratory. Based on these findings, some
recommendations for the management of Polymesoda erosa fishery in the
Maningrida region and broodstock conditioning in the hatchery are given.
7.1. Summary of the Findings
The study on the reproductive cycle of P. erosa in Maningrida showed interesting
features (Chapter 3). Firstly, in terms of sex ratio there were skewed ratios in
animals of shell length outside of the range 50 to 80 mm, while within this range the
sex ratio was 1:1. Outside this range, males were common in small animals, while
females were predominant in large specimens. Differences in energy allocation
between sexes and hermaphroditism were likely to affect the skewed ratio.
Secondly, the clams attained the mature stage at the shell length of 45 mm and
probably stopped producing gametes at shell length higher than 90 mm. Thirdly, P.
erosa is a continuous breeder with males and females showing synchrony in the
reproductive cycle. Low levels of spawning may occur throughout the year, but the
main spawning seasons were confined to certain months of the year, i.e., within the
period between February and May. It appears that the spawning activity was
determined by length of inundation, because the spawning activity was more
pronounced during the rainy season.
The composition of carbohydrate, lipid and protein in clam's tissues changed
throughout the year and followed closely the reproductive cycle (Chapter 4). During
the dry season, despite low access to food due to brief inundation periods, clams
were able to grow their gonads. During this time P. erosa depended on its body
reserve in the non-gonadal tissues for fueling the gametogenesis. P. erosa
particularly used carbohydrate and lipid reserves in the muscles and the mantle for
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generating energy. On the other hand, the wet season was the time for spawning as
well as for renewing the body reserves because during this season there was increase
in the carbohydrate and lipids content in the somatic tissues. Males and females had
different body composition, suggesting that the pattern of energy use for metabolic
maintenance and reproduction in both sexes was different. Females accumulated
larger amounts of lipids in their gonads than males (more than twofold). This
indicated that females require more energy than males during the reproduction. This
high maternal lipid is stored in the eggs and is likely to be directed for larvae
production.
In chapter 5 it was shown that filtration rate, ingestion rate, assimilation efficiency
and absorbed energy of P. erosa were affected by food concentration, clams size and
algal species. In terms of food concentration, P. erosa was tolerant to high food
concentration and did not reduce its filtration rate at particle concentration up to
2x105 cells ml'1 of Isochrysis T-ISO. Only at extremely high particle concentration
(4x105 cells mF' of Isochrysis T-ISO) this clam became inactive, resulting in reduced
food intake. However, although the filtration activity was not affected by a normal
high concentration, an excessive food concentration was a waste because at this
concentration, clams would not be able to absorb all dietary energy due to low
assimilation rate. In terms of body size, large sized clams filtered and ingested more
food than the small individuals, due to bigger capacity of their digestive system, but
the assimilation efficiency was not affected by the body size. Algal species affected
the filtration rate, but the total biomass of algae ingested was maintained, suggesting
an active feeding mechanism in which clams reduced filtration as their gut
approached its maximum capacity. The five species Isochrysis T-ISO, Chaetoceros
CS256, Rhodomonas NTiS, Ciyptomonas CRFIO1 and Tetraselmis NT18 were
cleared at different rates, but had similar ingestion rates by mass. However, although
these algae were ingested in similar amounts, clams assimilated them differently,
suggesting that algal properties affect their digestibility and utilization by P. erosa.
As a result, clams acquired different amounts of energy when fed different algal
species. Among the microalgae tested, Isochrysis T-ISO and Chaetoceros CS256
were assimilated in higher amounts than other algae, thus provided more energy to P.
erosa. Microalgae from Northern Territory i.e., Isochrysis NT14 and Tetraselmis
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NTl 8, were not good diets because they were filtered and ingested in very small
amounts, and thus provided very low amounts of energy.
All clams fed microalgae unialgal diets of Isochrysis T-ISO, Chaetoceros CS256,
Rhodomonas NT15 and Cryptomonas CRFI01 were able to grow their somatic
tissues and gonads. Minor differences occurred between diets in terms of condition
index and gonad index. The condition index was similar in clams fed Isochrysis TISO, Chaetoceros CS256 and Cryptomonas CRFIO1 and their values were higher
than clams fed Rhodomonas NT15. In terms of gonad index, however, no significant
difference was recorded between diets. All diets produced mature males and females
which could be induced to spawn successfully at the end of the conditioning period.
The gametes produced were viable and the fertilized eggs were able to develop to Dlarval stage. However, the reproductive output in females was much lower than their
potential fecundity. This suggests that unialgal diets may not supply sufficient
nutrients required for conditioning P. erosa.
The clear difference between diets was observed in the biochemical composition of
both the non-gonad and the gonad of the clam. In both tissue groups, carbohydrate
and lipid content in clams fed Isochrysis T-ISO, Chaetoceros CS256 and
Cryptomonas CRFIO1 were higher that those clams fed Rhodomonas NT15. The
lower values of both constituents in the non-gonad of clams fed Rhodomonas NT15
was related to this diet which contained the smallest amounts of carbohydrate and
lipid. On the other hand, protein level in the diet did not affect the protein level in
the animal tissues, as evidenced by the fact that clams fed Rhodomonas NT 15, which
contained the highest level of protein, did not accumulate more protein in their
tissues than clams fed other algae. The results show that clams fed Isochrysis T-ISO
and Chaetoceros CS256 accumulated more energy in their body than clams fed
Rhodomonas NT15 or Ciyptomonas CRFIO1. Comparison between sexes showed
that females accumulated more lipids in their gonads than males. The pattern of
carbohydrate levels in the somatic tissues and the gonad suggest that this constituent
was used primarily as an energy source as well as substrate for the formation of lipid.
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The study on the fatty acid composition of the mangrove clam body tissues revealed
that the fatty acid came either from the diets or from the body reserves. When the
required fatty acids were not supplied by the diet, clams used their reserve to cover
their needs. For instance, saturated fatty acid such as 18:0 and 20:0, which was
either deficient or absent in the diet, was retrieved from the body reserves. However,
when they were available in significant amounts in the diet, clams accumulated them
in their tissues which resulted in an increased value at the end of conditioning period.
It is apparent that fatty acids such as 20:4(n-6), 20:(5n-3) and 22:6(11-3) were
required by clams, because their absence from the diets forced the clams to use their
reserves. All the four diets i.e., Isochrysis T-ISO, Chaetoceros CS256, Rhodomonas
NTiS and Ciyptomonas CRFIOl were deficient of 20:4(n-6) with concentration in
the diets was not more than 1.5%. This made the animals rely on their reserve as
evidence by a significant drop at the end compared to at the beginning of the
experiment. T-ISO was deficient in 20:5(n-3) and clams fed on this alga suffered
from a decline of this acid from their body tissue. Similarly, clams fed CS256,
which only contain negligible amount of 22:6(n-3), experienced a reduction of this
fatty acid at the end of the conditioning trial.
The fact that several important fatty acids were unavailable in the diets, which forced
the clams to use their reserves, the low reproductive capacity can be expected. This
is possibly the reason why clams in the present study failed to achieve the full
reproductive capacity and only produced small numbers of gametes.

7.2. Implications of the Findings and Recommendations
Management recommendations that can be made based on information from the
reproductive cycle of P. erosa in Maningrida are season closure and legal size limit.
The application of these two management measures are likely to succeed because of
some supporting factors that already present in the community. Therefore,
information derived from the present study only suggests a slight modification of the
present clam gathering practice to gain greater benefit from these management
measures.
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In terms of season closure, higher intensities of spawning during the wet season
means that collection of clams should be discouraged during this season. It is
fortunate in the mangrove clam harvesting, that Aboriginals usually do not gather
this clam during the rainy season. There was anecdotal evidence that Aboriginals
stop collecting the mangrove clams during the wet season, because the meat tastes
'gritty like sand' or 'watery', thus is not good to eat (Ray Hall,personal
communication). Contrast to this evidence, Meehan (1982) reported that other
shellfish collection is more intensive during the rainy season than the dry season. It
is likely, during this season Aboriginals shift to other bivalves as their staple food.
This would be one of the supporting conditions for the closed season measure
recommended for P. erosa from this study. Another supporting factor for the success
of the closed season management was inaccessibility of clam beds. Some clam beds
adjacent to the main rivers were flooded, thus inaccessible during the wet season.
This situation could protect the population in the area during the spawning season.
On the other hand, the closed season management alone may not be sufficient in
protecting the reproductive stock in the long-term. The conditions of some clam
beds with very low clam density supports this statement. This conditions could be
explained using the results from the present study. Although people stop gathering
clams during the wet season, intensive collection at the end of the dry season or prior
to spawning season could be one of the factors responsible for reducing the clam
population in some fished beds. This is because there was a higher proportion of ripe
animals at the end of dry season or just before the wet season. If large numbers of
the ripe animals were harvested during this time, then there would be not many
reproductive stock available for spawning during the wet season. Therefore, even
though people stop collecting clams during the wet season, recruitment to the fishery
may be low because not many ripe adults are left for a successful spawning. This
shows that for harvesting P. erosa in sustainable way, other management measures
such as collecting rate have to be applied. However, this is beyond the scope of this
study.
In terms of legal size limit, it is desirable that a proportion of mature individuals be
left in the population to allow breeding to take place (Beasley, 2000). Minimum size
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regulations are common in invertebrate fisheries (Knuckey, 1999). The present study
showed that the minimum size at sexual maturity for P. erosa in Maningrida was at
the shell length of 45 mm. It is not known, however, whether animals of this size
had spawned or contributed new recruits for the population. In the hatchery, the
smallest individual that can be induced to spawn was 50.2 and 54.3 mm for male and
female respectively (Gimin, unpublished data). Therefore, the minimum size at first
spawning is probably higher than 45 mm. Currently, clams gatherers do not
normally take clams of size lower than 50 mm, and this practice could protect some
reproductive stock of lower size. Under the current practice, clams probably have
spawned before they were fished. The downside of the present collecting practice is
that the size is too close to the minimum reproductive size.
Apart from lower size limit, a maximum size limit can also be applied to protect the
reproductive individuals (Nash, 1985). This upper limit is particularly important
when small individuals only produce low numbers of eggs, thus contribute small
recruitment to the population (Heslinga, 1981). The present study showed that body
size affected the fecundity. Therefore, protecting some reproductive stocks of larger
shell size would be useful. However, in contrast to other molluscs, such as Trochus
niloticus or other gastropods, where old individuals are more productive than the
young ones, and can spawn indefinitely (Heslinga, 1981; Hughes, 1986), P. erosa
has an upper limit in reproductive size. Although mangrove clams may reach a shell
length of 120 mm, individuals at the shell length of larger than 90 mm may not be as
productive as the smaller clams, because they are entering the senility state. For this
reason, if the upper size limitation is applied, a useful size should be less than 90
mm. However, to recommend an upper size limit would be unacceptable to the
Aboriginal communities because it will be more complicated than ifjust one size
limit is applied. Therefore, combining the information of minimum and maximum
size, it is recommended that minimum size limit to of 60 mm would be sufficient in
protecting the reproductive stock.
The study of biochemical composition of the wild clam gave two basic findings.
Firstly, from hatchery point of view, that P. erosa requires diets rich in carbohydrate
and lipid. Low amounts of both constituents in the diet is likely to affect clams
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negatively during the gamete development. Secondly, this study gives information
about the best time of collecting clams in the wild and helps to explain why
Aboriginals stop gathering clams in the wet season. The latter could be explained by
the fact that during the spawning season, carbohydrates and lipids in the flesh drop as
the gametes released, and the meat become tasteless or watery. The taste of bivalve
meat is correlated with the carbohydrate (glycogen) content (Stephen, 1980;
Fernandez Castro and de Vido de Mattio, 1987; Mason and Nell, 1995) and the lipids
(Piveteau et al., 1999). As the gonad in P. erosa is the main edible part of the meat,
large size of the gonad and oily nature during this time explains why people prefer
collecting clams during the dry season. Meehan (1982) recorded that the mangrove
clam was a main staple food during the late of dry season.
In terms of algal diet for conditioning broodstock P. erosa, two main conclusions
emerge from the present study. Firstly, that none of the unialgal diet used in the
present study gave satisfactory result by the low reproductive output in females.
Secondly, the nutritional value of algae for P. erosa is not only dependant on fatty
acid composition, but also on other major nutrients, particularly carbohydrate and
total lipids. The drawback of Isochiysis T-ISO and Chaetoceros CS256 as diets was
they were deficient in one of the two essential fatty acids, i.e., either 20:5(n-3) or
22:6(n-3). On the other hand, Rhodomonas NTiS had good n-3 PUFA profile, but
the clam could not use this benefit maximally due to low the carbohydrate content in
this species.
In designing a feeding regime for conditioning broodstock P.erosa, it is important to
pay attention on the total carbohydrate and total lipids content of a diet as well as the
fatty acid composition of the diet. Many studies emphasised the importance of
mixed diets for bivalve because supplementary effect between nutrients likely to
fulfill the animal requirement (Romberger and Epifanio, 1981; Frolov and Pankov,
1992; Berntsson et al., 1997; McCausland et al., 1999; Madrones-Ladja, 2002;
Knuckey et al., 2002). However, culturing various species of microalgae in the
hatchery as food for bivalve is labor intensive and costly (Robinson, 1992b;
McCausland et al., 1999). Mixed diet could only be cost-effective if the use of such
diet significantly reduced the land-based nursery phase for juveniles (McCausland et
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al., 1999), or in case of broodstock, reduced the conditioning period. If mixed algae
were to be used as diet for brodstock P. erosa, the potential candidates would be
Chaetoceros CS256 and Rhodomonas NT15, because Chaetoceros CS256 was a
good source of carbohydrate and energy, while NT15 was good source for n-3
PUFA. The drawback of this combination is that both microalgae were low in
20:4(n-6) and this could affect the nutritive value of this combined diet. Renaud et
al. (2002) presented data that 20:4(n-6) in Chaetoceros CS256, showing
concentration from 34% of this fatty acid. Therefore, if this fatty acid content in
Chaetoceros CS256 can be improved, then the combination of Chaetoceros CS256
and Rhodomonas NT1 5 could be a good diet for conditioning P. erosa.
In conclusion, there is still long way to go before hatchery reared larvae can be used
for restoring the depleted clam beds. Currently, it is essential to collect more data
from the wild population to gain a better understanding of this clam. Stock
assessment has to be carried out in order to determine the limit of harvesting rate in
each clam bed. For hatchery purposes, the conditioning period needs to be shortened
and this needs further research. Unialgal diets would not be sufficient for P. erosa
broodstock, but as discussed before, culturing many algal at the same time is costly
and labor-intensive. The present study suggested the use of combination of
Chaetoceros sp and Rhodomonas sp for future feeding trials. Similarly, the addition
of inert materials, such as corn starch, as energy source for unialgal diet Rhodomonas
sp should also be considered. Another aspect is larval rearing, which was barely
covered during this study. However, part of the present study established the method
for inducing spawning and for rearing certain stage of the larvae. The next studies
should focus on the diet for larval stage.
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Appendix Al: Matrix of Spearman's raiik correlation (s) between the biochemical constituents and energy content in the muscles, the mantle
and the gonad of Polymesoda erosa. Analysis of correlation covered the whole data.

C-Muscle
C-Muscle
L-Muscle
L-Muscle
P-Muscle
P-Muscle
E-Muscle
E-Muscle
C-Mantle
C-Mantle
L-Mantle
L-Mantle
P-Mantle
P-Mantle
E-Mantle
E-Mantle
C-Gonad
C-Gonad
L-Gonad
L-Gonad
P-Gonad
P-Gonad

SEX L-Muscle P-Muscle E-Muscle C-Mantle L-Mantle P-Mantle E-Mantle C-Gonad L-Gonad P-Gonad E-Gonad
-0.161
M
0.085
0.767
0.845
0.113
0.325
-0.286
0.596
0.828
-0.003
-0.232
-0.186
0.204
F
0.741
0.636
-0.303
0.201
0.537
0.421
0.539
-0.603
-0.543
0.447
0.249
0.184
0.028
0.198
-0.121
M
0.300
0.163
-0.156
0.031
-0.091
F
0.658
0.383
0.330
-0.288
0.362
0.361
-0.277
0.237
-0.136
M
0.390
0.003
0.168
0.152
-0.327
0.529
0.180
-0.048
-0.041
0.383
-0.005
0.130
F
0.852
0.466
0.216
0.237
-0.31
0.295
0.376
M
0.783
0.617
0.853
0.082
0.148
-0.382
-0.261
F
0.370
0.177
0.570
0.700
-0.386
0.069
-0.274
0.569
0.154
0.625
0.244
0.170
M
0.955
-0.448
-0.307
-0.078
-0.180
F
0.725
0.243
0.795
-0.680
-0.462
M
-0.078
0.672
0.441
0.063
-0.562
-0.436
0.184
F
-0.081
-0.025
0.413
-0.055
-0.206
M
0.314
-0.500
0.439
0.123
0.455
F
0.376
0.010
0.278
-0.290
0.300
0.165
M
0.269
-0.249
-0.479
F
0.043
0.689
-0.383
-0.233
M
-0.293
-0.514
-0.507
-0.002
F
-0.571
-0.326
-0.466
M
0.530
F
-0.398
0.870
0.396
M
F
-0.133

C-, L-, P- and E- stand for carbohydrate, lipid, protein and energy respectively
M and F stand for male and female.
Bold character is significant correlation (P<0.05)
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Appendix A2: Matrix of Spearman's rank correlation (s) between the biochemical constituents and energy content in the muscles, the mantle
and the gonad of Polymesoda erosa. Analysis of correlation covered data of the dry season only.
C-Muscle
C-Muscle
L-Muscle
L-Muscle
P-Muscle
P-Muscle
E-Muscle
E-Muscle
C-Mantle
C-Mantle
L-Mantle
L-Mantle
P-Mantle
P-Mantle
E-Mantle
E-Mantle
C-Gonad
C-Gonad
L-Gonad
L-Gonad
P-Gonad
P-Gonad

SEX L-Muscle P-Muscle E-Muscle C-Mantle L-Mantle P-Mantle E-Mantle C-Gonad L-Gonad P-Gonad E-Gonad
0.467
-0.406
M
0.300
0.927
0.830
0.003
-0.309
0.576
0.685
0.830
-0.867
F
0.600
0.164
0.782
0.818
0.988
0.964
0.661
0.964
0.855
-0.806
-0.709
M
0.042
0.188
0.212
0.115
0.527
0.115
0.261
0.152
-0.406
0.091
0.491
0.430
F
0.588
0.818
0.842
0.867
0.818
0.879
-0.806
-0.685
0.430
M
0.709
0.806
0.867
0.503
0.091
0.854
-0.370
0.879
0.527
F
0.830
0.818
0.684
-0.794
0.103
0.903
0.818
-0.733
M
0.284
0.491
-0.139
0.903
0.758
0.903
-0.575
-0.830
F
0.612
0.188
0.987
0.684
0.976
0.891
-0.842
-0.733
0.200
0.054
M
0.188
-0.648
0.830
0.976
-0.673
F
0.261
0.670
0.576
0.964
0.915
-0.891
-0.770
M
0.370
0.018
0.297
-0.394
0.891
-0.733
F
0.358
-0.539
0.588
0.758
0.782
-0.685
0.273
M
0.236
0.358
0.006
-0.624
F
0.467
-0.309
-0.236
-0.188
0.588
0.152
0.139
M
-0.670
-0.648
F
0.273
0.915
-0.891
-0.806
-0.284
-0.261
-0.479
M
0.273
F
-0.903
-0.806
M
-0.648
0.612
F
-0.564
0.952
0.079
M
F
-0.564

C-, L-, P- and F- stand for carbohydrate, lipid, protein and energy respectively.
M and F stand for male and female.
Bold character is significant correlation (P<0.05)
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