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Estimation of the sediment flux from the cultured

Japanese oyster in Ofunato Estuary and its annual variation

- Calculation by incorporating the
monthly mean environmental data for ten years -

Mizuo Izawa* and Masato KOBAYASHI™

Abstract : As the first step of obtaining an optimal culture-density of oysters in a farm, the
magnitude of sediment flux from Japanese oyster Crassostrea gigas was examined in Ofunato
Estuary. By applying monthly averages of observed environmental data such as water
temperature, salinity and chlorophyll-a concentration from 1985 to 1994 to a population
dynamics model, the fluxes of sediments discharged by oysters were calculated, and the
calculated values of sediment fluxes were compared with observed ones. The results of our
simulation qualitatively reflect the patterns of seasonal variation of the fluxes. Also, in
quantity, our results are not contradictory to observed values when the dispersion by the flow
in the bay is taken into account. In conclusion, the population dynamics model we adopted is
applicable to estimate the fluxes of sediments discharged by oysters in Ofunato Estuary.
Moreover, by using the environmental data obtained from respective years instead of the
averaged values, it is suggested that environmental characteristics of each year are reflected in
the sediment fluxes.
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1. Introduction

The Japanese oyster Crassostrea gigas is a
typical bivalve cultured commercially. In
Japan, the cultivation of this species is done
mostly by the suspended culture using rafts. In
2003 the oyster harvest in Japan yielded
224,861 t in live weight (JAPANESE MINISTRY of
ACGRICULTURE, FORESTRY and FISHERIES, 2005),
corresponding to 46% of the total cultivated
shellfish production in the nation. Since
oysters take in a large amount of seawater in
respiration and ingestion, they purify seawater
by filtering suspended materials. For example,
filtration rate of an oyster is estimated about
2.5 L h!in 80 mm shell length (KOBAYASHI et
al., 1997). However, oyster excretions also
increase organic material in the bottom
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sediment. Therefore, the bottom environmental
conditions in oyster farming areas were
pointed out as the important factor of
sustaining the high productivity of oyster
(KUSUKI, 1977a, b). Especially, in France where
oysters are cultivated in the bottom culture
system, the bottom condition is one of the most
important factors for oyster culture. Effects of
the oyster cultivation on the ecosystem of an
intertidal mudflat were investigated and
estimated by the model (LEGUERRIER et al.,
2004). Kusukr (1977a) estimated that the
amount of faecal materials was about 19.3 t per
a raft during the period from dJune to next
April using experimental data. He directly
measured faecal materials of oysters only four
times in the farming areas of Hiroshima Bay,
western  Japan. However, the direct
measurements of oyster’s faecal materials in
the farming areas of northern Japan were not
carried out although the environmental
conditions of seawater were investigated and
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compared between western and northern Japan
(KaMIYAMA et al., 2005). How many organic
materials do oysters remove from seawater and
how many suspended materials do they add to
seawater as excrements in northern oyster
farming area? What is the optimal value of
culture-density of oysters in a farm? In the
present paper, as the first step to solve these
problems, we calculate the fluxes of sediments
excreted by oysters in Ofunato Estuary, by
applying observed environmental properties to
a population dynamics model.

By comparing the calculated values of
sediment flux with observed ones, we examine
whether the model is applicable to C. gigas in
Ofunato Estuary and how much oyster
excretion is observed as sediment in the farm.
The population dynamics model we adopt was
developed by one of the authors (MK) and his
co-workers and successfully applied to C. gigas
in mariculture fields in Hinase waters of the
Okayama Prefecture, Japan (KOBAYASHI et al.,
1997). The significant feature of this model is
in that it includes the effects of time-
evolutional size variance of oysters.

In addition, by using the environmental data
obtained from respective years instead of the
averaged ones, we examine annual fluctuations
in the sediment flux due to the differences in
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the environmental condition.

2. Methods
2.1 Description of the study site

Ofunato Estuary is located on the
northeastern Pacific coast of Japan (Fig.1).
It is a typical semi-closed bay where Sakari
River flows in with an average flow rate of 2.80
m3s L. The size of this Estuary is 6km in length
and 1.5km in width with a maximum depth of
38m. It has 7.89km? in area and 1.24 X108 km?
in volume. In Ofunato Estuary, the Japanese
oyster is commercially cultured and its annual
landing is about 300 t in wet weight in the
1980s (Mrvyazawa and HAYAKAWA, 1994).

2.2 Simulation model

To examine the growth of C. gigas, we use a
population dynamics model composed by
KoBayasHI et al. (1997) which is based on a
series of papers (POWELL et al., 1992; HOFMANN
et al., 1992; HOFMANN et al., 1994; POWELL et
al., 1994; POWELL et al., 1995). This model was
applied to C. gigas in Hinase waters, Okayama
Japan. Fundamental equations, coefficients
and biological factors used in the model are
shown in Table 1. In the present paper, this
model is used without modification except the
forms of reproductive efficiency, Rert (Eq.17).
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Fig. 1. A map of study site, Ofunato Estuary. The surfaces occupied by oyster rafts are indicated by gray.
Black-painted regions in the Estuary indicate small islands. Environmental data are observed at Station

OF06.
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Table 1 Fundamental equations, coefficients and biological factors used in our population dynamics model

Fundamental equations

Time-evolution equation
(1) dOj/dt=Pg + Prj + (gain of O; from 0j-1) — (loss of Oj to Oj+)
+ (gain of O;j from Oj+1) — (loss of Ojto 0j-1)

The constitution of net production

(Q* NP; = Pgj + Py = Aj — Rj

Reproductive efficiency Rest j

(3) Prj = Retij NPj

Formulations of production rates (by (2) and (3))
W* Pgj = (1—Rett)) (Aj—R))

(5)* Prj = Rettj (Aj—Rj)

Jj (=1,2,-10) : suffix indicating each size class
Oj : oyster standing stock in each size class
t: time

Pg; . somatic production rate

Prj : reproductive tissue production rate

NP;j : net production

Aj : assimilation rate

Rj : respiration rate

Concrete forms of the rates
Respiration rate (per mass)

6)* Rj /Waj = rs (69.7+12.6T) Wy;~02
Modification factor by salinity

(M rs =1 at 20 £ S
rs =1+ (=1 (20—-S)/5 atlh < S < 20
rs = 1t at S = 15

Temperature-dependent factor

®**r: = 0.0915 T + 1.324 at 200C = T
re = 0.007 T + 2.099 at T < 20°C

Assimilation rate

(9 Aj = aetl

Ingestion rate

(10) I = FR; X Food

Assimilation efficiency

(A1) aett = 0.75

Filtration rate
(A2)**FR; = fsfFRuwj T05/4.47
Size-dependent factor

(13) FRu; = 2.51Wg;0278 at 2.0 g < Wy
FRu;j = 0.11TWg3 — 1.05Wgj2 + 3.09Wg; + 0.133 at Waj < 2.0 g
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Modification factor by salinity

4 =1 at 20 = S
£ = (S—10) /10 at 10 < S < 20
fi=0 at S = 10

Modification factor by the concentration of suspended material
(15) fr = 1—0.01 Uogiwo 7 +3.38) /0.0418

Ambient food concentration

(16) Food = 0.088 Chl-a + 0.520

Reproductive efficiency (for size classes j=4 to 10)

(17) Retr = 0.8 at21°C = T
Rett = 0.0737 — 0.73 at 10°C < T < 21°C
Rett = 0 at T = 10°C
(between May and August )
Rett = 0.8 at 21C = T
Rt = 0.277 — 4.86 at 18°C < T < 21°C
Resr = 0 at T < 18°C

(between September and April )
(18) Rett = 0 (for size classes j = 1to 3)

aeff : assimilation efficiency

Rj : respiration rate (uL Oz consumed h 1)

Wgj : dry meat weight (g)

T : water temperature (°C)

S : salinity

FRj (FRw)) : filtration rates (L filtered per individual h=1)
7: total particulate content (g L 1)

Food : ambient food concentration (mg dry wt L)

Chl-a : chlorophyll-a concentration (ug L1)

Caloric conversions
Oysters : 5210 cal g dry wt1 (= 21809 J g dry wt1)
Food : 5168 cal g dry wt™! (= 21634 J g dry wt™)
Energy consumption of oysters by respiration : 4.83 cal mL~! Oz (= 452928 J mol! Oz)

Spawning
Trigger condition : when the gonadal fraction reaches 50% of total meat weight

Result : all of the reproductive tissue is lost

* In the previous papers such as KoBayasHI et al. (1997) and PowEtLL et al. (1992), both respiration rate used in
(2), (4) and (5), R; and respiration rate per mass used in (6), R; /Wa; were written as Rj.

** The values of r¢ at 20°C derived from two equations in (8) are not corresponding to each of them. However,
we used these equations, which are based on the experimental data of SHUMWAY and Koeun (1982), in the same
manner as POWELL et al. (1992) did.

*** The effect of temperature on relative filtration rate of C. gigas was examined experimentally by WALNE
(1972) and found to be of the form:

FR (at 20°C) =2 FR (at 5°C),
where FR is the filtration rate (L filtered per individual h™). Thus, the influence of temperature on filtration

rate can be obtained as Eq. 12.
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Model size class

Table 2 Biomass and length dimensions of the oyster size classes used in this model.

Biomass (g dry wt)

"~ Length (mm)

1 0.507x10-8-0.202x 10 ? 0.3-25
2 0.202%1071-0.642 <1071 25-35
3 0.642x10-1-0.219 35-50
4 0.219-0.409 50-60
5 0.409-0.695 60-70
6 0.695-1.10 70-80
7 1.10-1.65 80-90
8 1.65-2.37 90-100
9 2.37-3.83 100-115
10 3.83-5.84 115-130

We summarize the model used in this study as
below.

Oysters are divided into 10 size classes
(j=1,2,-10) according to the shell length. To
examine the biomass of oysters, we need to
convert the size class into biomass. The
biomass and length dimensions of the oyster
size classes are shown in Table 2. Owing to this
classification of mass, the effect of time-
evolutional size variance of oysters in the
process of growth is included through time-
evolution, which is explained as follows: After
a time-step, total energy (biomass) of oysters
belonging to a class is changed by biological
processes. This increase/decrease of energy
transfers a part of the oysters to the next
upper/lower class because the energies
(biomasses) are fixed in each class. As a result,
non-single mass distribution is obtained
through time-evolution from single initial
mass, which is very unique character of this
model.

The time-evolution equation of oyster
standing stock Eq.1 represents that net
production changes biomass of individual
oysters in quantity and that individuals which
evolve from the former size classification after
a time step are classed into a new size class
thereafter. Moreover, the net production is
determined by the environmental parameters
such as temperature, salinity and chlorophyll-a
concentration through two rates A; (Eq.4) and
R; (Eq.5), whose concrete forms are
represented by Egs.6-18. Table 1 also mentions
the conditions of spawning. Equation 18
represents that oysters with size classes j = 1

to 3 are too young to spawn. One of the
important points in our calculation is that the
assimilation rate is obtained from the ingestion
rate using an assimilation efficiency of 0.75
(Egs.9-11), an average value obtained from
GERDEs (1983) (0.724-0.760). In reality, all
calculations are done in terms of energy, which
is not explicitly shown in the equations
described above. Caloric conversions are also
mentioned in Table 1.

As above-mentioned, we do not use the
reproductive efficiency, Rett of KOBAYASHI et
al. (1997). The function of Re used in Hinase
waters by KOBAYASHI et al. (1997) represents
that reproductive tissue is not produced for
T < 23°C. If we apply the function used in
Hinase waters to Ofunato Estuary, oysters
cannot spawn since water temperature of
Ofunato Estuary is lower than that of Hinase
waters. Therefore, at first, we had used the
following function:

(172) Retr = 0.8 at 21°C = T;
Rett = 0.0737—0.73 at 10°C<T<21°C;
Rert = 0 at 7 = 10°C;

(in all seasons).
This function is different from that in Hinase
waters, only in numerical values. However, our
simulation using Eq.17a showed an unnatural
result that spawning lasts from June to
December, which was dependent on depth. In
fact, the decline of water temperature in
autumn induces that energy share to
reproductive tissues sharply decreases, which is
really observed for the dJapanese oysters
(Kusaka et al., 1991). Thus, we use Eq.17,
which represents that for 77 < 18°C, Rett = 0
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between September and April. By the use of
Eq.17, the end of spawning came earlier,
namely in October. Therefore, the natural
conditions are reflected.

2.3 Calculation of sediment fluxes

In Ofunato Estuary, starting from May,
individual oysters are cultivated over 2 years.
In the present work, the growth of oysters
from May 15 is simulated. Namely, all oysters
are put into size class 2 on May 15. Then, the
development of oysters for a 2-year period is
simulated by the methods described in the
previous subsection. We take 1 day as a time-
step in our numerical simulation. In the farm,
oysters are bound to ropes. In our simulation,
oysters are bound at six depths of 0, 5, 10, 15,
20 and 25m, and the surface density of oysters
at each depth is set to 100 ind.m~% for the
convenience of calculation. In other words,
oysters at depths between 0 and 2.5m are
represented by those at Om, and oysters
between 2.5 and 7.5m are represented by those
at dm and so on. Environmental properties at
each depth which are necessary for our
simulation, water temperature, salinity and
chlorophyll-a concentration, were observed in
Ofunato Estuary between 1985 and 1994
(HAYAKAWA et al., 2001; HAYAKAWA et al.,
2002).

We run two types of simulations. At first, we
calculate the growth of oysters by using the
monthly averaged values of the environmental
properties to examine whether the population
dynamics model we adopted is applicable to
oysters in Ofunato Estuary. Next, by
simulations using the monthly values obtained
from respective years, we investigate the
effects of the environmental characteristics on
the growth of oysters. Especially, we use two 2-
year data, namely, the data between May 1986
and April 1988 and those between May 1990 and
April 1992. In the period between May 1987 and
April 1988, lower chlorophyll-a concentration
was observed, while it was higher between May
1991 and April 1992. Thus, we can obtain the
fluxes of sediments excreted by oysters in the
two typical periods. Note that calculation from
one year before is necessary to see the effects of
the environmental characteristics of a year

because individual oysters are cultivated over 2
yvears and both first-year oysters and second-
year ones are simultaneously cultivated.

The fluxes of the oyster excretion are
calculated as follows. The materials ingested
but not assimilated are excreted. Assuming an
assimilation efficiency of 0.75, 0.25 is the
excretion rate of oyster. In Ofunato Estuary,
the depth of the cultivation is shallower than
12m. At three depths of 5, 10 and 15m, the
fluxes of sediments are calculated as the sum of
excretions of oysters at upper levels. Namely,
50 indm~2 at Om and 50 ind.m~% at 5m
contribute to the flux of sediments at 5m. And,
50 ind.m % at Om, 100 indm~2 at 5m and 50
indm~% at 10m contribute to the flux of
sediments at 10m. Moreover, 50 ind.m 2 at Om,
100 ind.m~? at 5m and 100 ind.m~2 at 10m
contribute to the fluxes of sediments at 15m
and deeper levels.

3. Environmental data

In our simulation, we use the environmental
properties at the middle of Ofunato Estuary,
named as Station OF06. This station is located
near a raft (the culture facilities of oysters).
Our simulation needs observations of water
temperature, salinity and chlorophyll-a
concentration at each depth. Moreover,
observed values of sediment fluxes are also
necessary to compare them with the results of
our simulation. These environmental data were
obtained from 1985 to 1994 and were reported
in HAYARAWA et al. (2001) and HAYAKAWA et
al. (2002). We summarize the characteristics of
their average data as below.

Chlorophyll-a concentrations are high in
early spring (February-March; 4 g L1 at 5m
and 10m). For the surface layer (0m), higher
chlorophyll-a concentrations are observed
between May and October (3-9ug L"), showing
a maximum (Yug L1 in September.

The sea surface temperature is highest
(23°C) in August. At deeper depths, it reaches
a maximum later (17°C; in October at 25m).

Salinity of sea surface fluctuates between 20
and 33, which do not affect the growth of
oysters, because of the higher optimal salinity
of C. gigas (MANN et al., 1991).

Between May 1987 and April 1988, lower
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chlorophyll-a concentration was observed.
Especially, the maximum value at surface layer
was 2u¢g L7 and that at 5m was 3ug L7L.
Meanwhile, in the period between May 1991
and  April 1992, higher chlorophyli-a
concentration was observed. At Om, it exceeded
10pug L1 between July and September 1991,
especially 20u g L~1! in September 1991.
Extremely low salinities had occasionally been
observed (6.6 at July 1986 and 12.3 at October
1991).

4. Results of simulations and comparison
with observational data
4.1 Simulation using 10 years’ averaged data
At first, we describe the results of the
simulation using monthly averaged
environmental data from 1985 to 1994.
Individual oysters are cultivated over 2
years. We show the simulated growth of
oysters at the depth of Om as an example (Fig.
2), showing that oyster size increases with
time. As in Fig. 3, sediment fluxes at three
depths of 5, 10 and 15m over 2 years show
monotonic increases until September of the
first year and thereafter remain nearly stable
until January of the second year. The fluxes
then nearly monotonically increase again until
September and thereafter nearly monotonically
decrease until landing, May of the third year.
However, the fluxes have small peaks at each
March. The peaks of September are probably
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Fig. 2. The growth of oysters at the depth of Om
from May 15, when the initial condition that
all oysters are put into size class 2 is set, to
May 10 of the next year

ascribed to the growth of oysters in summer
season. That 1is because the highest
chlorophyll-a concentration at surface layer
appears from June to September. The
secondary peaks of March are also probably
ascribed to higher chlorophyll-a concentration.
Our simulation shows that, at deeper levels,
oysters grow later and the spawning is weaker
because of lower temperature.

The oysters are cultivated over 2 years from
May, but, in each farm, oysters are planted
every spring. Namely, oysters of first-year and
oysters of second-year are of the same number
in each raft. Then, the oysters of age-1 and age
-2 equally contribute to the sediment fluxes.
The seasonal variation of the sediment fluxes is
obtained by averaging the contributions by
oysters of age-1 and age—2. As shown in Fig.4,
the sediment fluxes have a maximum in
September and a secondary peak in March.
Figure 5 shows contour lines of the calculated
sediment fluxes, which must be compared with
the average values of observational results. The
observation shows that the sediment (total
carbon) fluxes reach a maximum in September
(22 g m2day ! at deeper levels than 15m) and
March (16 g m2day ) and a minimum in
January (12 g m—2day ) (Havakawa et al.,
2001; Havyakawa et al, 2002). Both the
calculated values and the observed ones have
similar properties of having a maximum at
September and a secondary peak in March and
a minimum in January.

Next, quantitatively sediment fluxes are
considered. To this end, the surface density of
oysters in our calculation, 250 ind.m~% (50
ind.m2 at Om, 100 ind.m~2 at 5m and 100 ind.
m~2 at 10m), must be converted to real density
in Ofunato Estuary. The production of oysters
in Ofunato Estuary is about 100 kg year~! per
lkm rope (wet weight) (Mivazawa and
Havakawa, 1994). An oyster is estimated
about 1-2.5g dry meat weight. This is
converted to 5.3-12.0g wet meat weight
(KOBAYASHI et al., 1997). So, the density of
oyster in Ofunato Estuary is about 0.8 X104-1.9
X 104 ind.km ™ yeart. A raft of oyster
cultivation has 112 ropes of 12m long. Thus, the
surface density of oysters immediately below
the raft is estimated as 600-1300 ind.m . Then,
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Fig. 3. The time-evolution of sediment fluxes over 2 years at three depths of 5, 10 and 15m. The values at each
depth are indicated by symbols; @: 5m, [J: 10m and A: 15m. (a) for first one-year period (upper); (b)
for second one-year period (lower).

Table 3 The sediment fluxes under an oyster-cultivation raft (in unit of g m2day 1)

. Season Simulated values Observed values
September (maximum) 170-430 22
March (secondary peak) 140-350 16

January (local minimum) 110-270 12

The respective supposed surface densities of oysters are different. (See Text.)
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attached to curves represent the values of fluxes (g m=2 day ).

the calculated sediment fluxes multiplied by 2

5 must be compared with observed ones. In
Table 3, both values of the sediment fluxes are
shown. The calculated values are 10-20 times
larger than observed ones. However, this does
not defeat our model but only indicates that
the assumption that sediments discharged by
oysters remain just under a cultivation raft is
oversimplified. In practice, the tidal flow
disperses sediments and reduces the fluxes. The

area occupied by rafts is 8 X 10*m2, and its
fraction to the total area of Ofunato Estuary
(8106 m?) is 0.01. If the sediments spread over
the bay, the fluxes are rarefied to the level of
1/100. The results of our simulation suggest
the rate of rarefaction with1/10-1/20. They are
comparable to observational data.

4.2 The case using two 2-year data
In this subsection, we describe the results of
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Fig. 6. Temporal changes in the sediment fluxes by using the monthly values obtained from respective years.
Symbols are same as in Fig. 3. (a), the period between May 1987 and April 1988 (upper); (b), between

May 1991 and April 1992 (lower).

our simulations for the case of two periods,
when extremal chlorophyll-a concentrations
were observed. In the period between May 1987
and April 1988, lower chlorophyll-a concentra-
tion was observed, while between May 1991 and
April 1992 higher one was observed. The tem-
poral changes of the sediment fluxes between
May 1987 and April 1988 shown in Fig. 6 (a)
were obtained by calculation using environ-

mental data between May 1986 and April 1988.
Likewise, those between May 1991 and April
1992 shown in Fig. 6 (b) were obtained by the
data between May 1990 and April 1992. Figures
6 and 4 show that for 250 ind.m 2, the maximal
values of the sediment fluxes in each
calculation are 110 g m 2day 7 for 1991-1992,
86 g m~2 day ! for the averaged data and 75 g
m~2day ! for 1987-1988, which suggests that
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the sediment fluxes have a positive correlation
with chlorophyll-a concentration. Both for the
averaged data and in the period between 1987
and 1988, maximal values are reached in
October, while in the period between 1991 and
1992, the maximum is in August and the value
in October was a minimum, which is ascribed
to the extremely low salinity at surface layer in
October. Without this low salinity, the growth
of oysters would not be hindered and the fluxes
after October 1991 would be larger. But, in
reality, the values of fluxes are not larger than
those for the averaged data. This can be
because such high chlorophyll-a concentration
causes a rapid growth and strong spawning,
making the oysters lighter in their weight
(KUSARA et al., 1991). Finally, the fluxes in the
period between 1987 and 1988 are larger than
those for the averaged data but the difference
is not large. This may suggest importance of
other foods than phytoplankton.

5. Concluding remarks

We have used a population dynamics model
by KOBAYASHT et al. (1997) and environmental
data in Ofunato Estuary obtained between 1985
and 1994 (HAVAKAWA et al., 2001; HAYAKAWA
et al., 2002), and simulated sediment fluxes by
oysters. Our simulation of using the monthly
averaged values obtained from this observation
has been able to qualitatively reflect the
patterns of seasonal variation of the fluxes.
Quantitatively, our results are not
contradictory to observational data when we
take into account the dispersion over the bay.
Thus, we conclude that the population
dynamics model we have adopted is applicable
to oysters in Ofunato Estuary and that the
sediments observed in the farm originate from
oysters. As to the environmental data, by
using the values obtained from respective years
instead of the averaged values, we have
understood how the environmental char-
acteristics of each year are reflected in the
sediment fluxes. Namely, the fluxes have a
positive  correlation  with  chlorophyll-a
concentration. But, it is also suggested that
food of oysters is not only phytoplankton
(SONIAT et al., 1984: SoniaT and Roy, 1985),
which has been considered in our model, in the

second term of the right-hand side of 0.520 in
Eq.16. It has been noted that the fluxes
decrease rapidly probably because the C. gigas
growth is hindered when the salinity is low
(12.3). The composition of foods of oysters is a
next subject in our study.

Acknowledgements

We express our thanks to Prof Y.
HAavakAwA for providing the environmental
data and to Dr G. ONITSUKA for helping us to
electronize of the figures. We also thank Mr. G.
HoLrLanDp for correcting English of the
manuscript. The flow rate of Sakari River was
offered by Department of Land Development,
River Division, Iwate Prefecture. We extend
our thanks to an anonymous referee for many
precious comments.

References

GERDES, D. (1983) : The Pacific oyster Crassostrea
gigas: Part I.. Feeding behavior of larvae and
adults. Aquaculture, 31, 195-219.

Havakawa, Y., M. Koavasur and M. Izawa (2001):
Sedimentation flux from mariculture of oyster
(Crassostrea gigas) in Ofunato estuary, Japan.
ICES J. Mar. Sci., 58, 4135-444.

Havakawa, Y., M. KoBavasHl and K. HAYASHIZAKI
(2002) : Environmental monitoring and data
utilization for estimation of sedimentation flux
from oyster mariculture in Ofunato estuary,
Japan. Fish. Sci., 68 Suppl. 1, 550-553.

Hormann E.E., E.N. PoweLL, J.M. KLINCK, S. BoYLES
and E.A. Wison (1992) Modeling oyster
population II. Critical feeding periods, growth
and reproduction. J. Shellfish Res., 11, 399-416.

Horvany E.E., J.M. Krinck, E.N. PowgLL, S. BoYLEs
and M.S. Eruis (1994) Modeling oyster
population II. Adult size and reproductive effort.
J. Shellfish Res., 13, 165-182.

JAPANESE MINISTRY of AGRICULTURE, FORESTRY and
FisueriEs (2005) : Annual report of statistics of
fisheries and aquaculture production 2003,
Association of Agriculture and Forestry
Statistics, Tokyo, pp 272 (in Japanese).

Kamryama, T., H. YamavucHr, T. Iwag, S. Hanawa, Y.
MaTsuYAMA, S. Arva and Y. Korant (2005) :
Comparison of environmental conditions in two
representative oyster farming areas: Hiroshima
Bay, western Japan and Oginohama Bay (a
branch of Ishinomaki Bay), northern Japan.
Fish. Sci., 71, 1295-1303.

KoBayasui, M., E.E. HormanN, E.N. PoweLL, J.M.
Krinck and K. Kusaka (1997) : A population
dynamics model for the Japanese oyster,



128 La mer 43, 2006

Crassostrea gigas. Aquaculture, 149, 285-321.

Kusaka, K., K. Fussawa and H. Havasnr (1991 :
Oyster culture in Hinase Waters: Differences in
growth and mortality following various
transplantation techniques. Bull. Okayama Pref.
Inst. Fish., 6, 76-83 (in Japanese).

Kusukr, Y. (1977a) : Fundamental studies on the
deterioration of oyster growing grounds - I
Production of faecal materials by the Japanese
oyster. Bull. Jap. Soc. Sci. Fish. 43, 163-166 (in
Japanese).

Kusukr, Y. (1977b) : Fundamental studies on the
deterioration of oyster growing grounds - II
Organic content of faecal materials. Bull. Jap.
Soc. Sci. Fish. 43, 167-171 (in Japanese).

LEGUERRIER, D., N. N1QuiL, A. PETIAU and A. Bopoy
(2004) : Modeling the impact of oyster culture on
a mudflat food web in Marennes-Oléron Bay
(France). Mar. Ecol. Prog. Ser., 273, 147-162.

Mann, R., E. M. BurrEsoN and P. K. Bakgr (1991) :
The decline of the virginia oyster fishery in
Chesapeake Bay: considerations for introduction
of a non-endemic species, Crassostrea gigas
(THUNBERG, 1793). J. Shellfish Res., 10, 379-388.

Mivazawa, K. and Y. Havagawa (1994) : A large-
scale structure and the environmental capacity
for aquaculture - effects of an artificial structure
(breakwater at the entrance of the Ofunato
estuary) on aquaculture and water qualities in
estuary. Bull. Coast. Oceanogr., 32, 29-38 (in
Japanese).

PowrLL, E.N., E.E. Hormany, J.M. KLINCK and S.M.

Ray (1992) : Modeling oyster population I. A
commentary on filtration rate. Is faster always
better? J. Shellfish Res., 11, 387-398.

PoweLL, E.N., J.M. KLiNck, E.E. HoFMANN and S.M.
Ray (1994) : Modeling oyster population IV.
Rates of mortality, population crashes, and
management. Fish. Bull., 92, 347-373.

Powerr, E.N., JM. Kuinck, E.E. Hormann, E.A.
WiLsoN-OrRMOND and M.S. Ers  (1995)
Modeling oyster population V. Declining phyto-
plankton stocks and the population dynamics of
American oyster Crassostrea virginica
populations. Fish. Res., 24, 199-222.

SHumMwAYy, S.E. and R.K. Koegun (1982) : Oxygen
consumption in the American oyster Crassostrea
virginica. Mar. Ecol. Prog. Ser., 9, 59-68.

Soniat, T.M. and S.M. Roy (1985) : Relationships
between possible available food and the
composition, condition, and reproductive state of
oysters from Galveston Bay, Texas. Contrib.
Mar. Sci., 28, 109-121.

Soniat, T.M., and S.M. Roy and L.M. JEFFREY
(1984) : Components of the seston and possible
available food for oysters in Galveston Bay,
Texas. Contrib. Mar. Sci., 27, 127-141.

WaLNE, P. R. (1972) : The influence of current speed,
body size and water temperature on the
filtration rate of five species of bivalves. J. Mar.
Biol. Assoc. U.K., 52, 345-374.

Recetved December 17, 2004
Accepted March 29, 2006



La mer 43: 129, 2005

Societe franco-japonaise d’oceanographie, Tokyo

Py
=N

11N}

=

=h
=2

1. 200511 5 8 (30 () HILSE®REIC L2 81 L7 0T N e A Qe SV

ey VR YUY LR BLEEE R~ VI TR R A T R R X 1 IRF T 1-3-3
R E MR N—N=5 2 K& & —EIISF
- Hubert j CECCALDI+: (75 v 2 GBS ER4
BHE RLEBHRE 75 0ARETAHTI-) 5. B (BEEES)
FAREE 0 [gEE - KESTFICE Y 5 HIARKROE BN BB NERESE  RERT IBEER
BLHBOBE ] YHE . ZERGLRE
* Bernard SALVATHE L (7 5 v A GEHERLE
HERELEIR) FHHE
I BRI R Y B HAALEDFE O BR
YU THRER KO0 S

+ Jean Pierre FERALE - (C.N.R.S.WF &M TE
77 v AEmE R
W THMARFICB Y AInRERTHEORAE., #
RSB LU ko
<IN L CRERFETI S
W [EEEREL OB
< MBS CRIER BT I B EER)
i [ EALPFREAH. IR ORE LEE A
Bl Tl
cRE (ERND ET-EL GILRFEREEER
H AR B AR BD

Wi 75 ABEAOIML
2. BARE
HCE) LSRR
_B& 2 KK 2 RAE
WG RGBEAE EBFH
i PERLE
HE PRI L
T108-8477
HOSR S 45T
EBNET MLAE Bk 8
(BREGR)  BEHIAR
T700-8610

W LT A 3-1-1
3. fEF - PHEeEH
/MBEEZ  T166-0003  HUREZIE X S MH<FRI3-17-16

4. BEIZBAEREE
7otk a RSO K B4-1-13-402



La mer (Bulletin de la

Société franco-japonaise

d'océanographie)
Tome 43 (2005)

Sommaire

Numéro 1-2

Notes originals
Short-term, seasonal, and tidal varia-
tions in the Yellow River plume
........................ Tetsuo YANAGI and
Taka-aki HiNno
Feeding habits of two sillaginid fishes,
Sillago sihama and S. aeolus, at Sikao
Bay, Trang Province, Thailand
Prasert---ToneNunul, Mitsuhiko SaNO
and Hisashi KUROKURA
Associations Tintinnides (Ciliophora,
Tintinnina)-Dinoflagellés (Dino-
phyceae) autotrophes potentiellement
nuisibles au niveau de la Baie de Tunis
et de deux lagunes associées : Ghar El
Melh et Tunis Sud (Méditerranée Sud
Occidentale)
------------ Mohamed Njib DALY YAHIA,
Ons DALy YAHIA-KEFI,
Sami Souisst, Fadhila MAAMOURI
and Patricia AISsa
Sedimentation rate of dioxins from the
mid-1980s to 2002 in a sediment core
collected off Ishinomaki in Sendai Bay,
Japan .................. Yutaka OKUMURA,
Hiromitsu NAGASAKA,
Youichi Kouno, Takashi KaMIvama,
Toshiyuki Suzuki, and Yoh YAMASHITA
Assessment of fine-scale parameteriza-
tion of deep ocean mixing using a new
microstructure profiler
~~~~~~~~ KanakoYoxora,Toshiyuki H,
Maki Nagasawa,andShogoTAKAGI
The Deep Western Boundary Current
along the eastern slope of the
Kerguelen Plateau in the Southern
Ocean: observed by the Lowered
Acoustic Doppler Current Profiler
(LADCDP) weeeveeeeees Yoshihiro NaARUMI,
Yuji KAwaMURA, Tomoko Kusaka,
Yujiro Kitapr and Hideki NAGASHIMA
Faites divers
Procés-verbaux

1-8

9-18

19-32

33-42

43-48

49-60
61
63

(D

2 & (HALBHEFEREE)
F43% (20054F)

,l\‘ MY E ‘(j(

[

F£1-2%
B #F
B IK 7 v— & DEENC B 5 5H -
ZHi - FIYREIAE) (30
.............................. HIHTHE, AR
SATEN S v By A ABIAERTZE b
F2 LR v FROAEME (FEX)

------ Prasert Tongnunui * ZEF1E -
FazABBIUOEETES 77— (F—
Voe T ANVHRUEF 2 = A1)

(P Hl %) 1 &1} % Tintinnids
(Ciliophora, Tintinnina) & &FHIL® A
O D ZMLKERMEER
(Dinophyceae) DBA% (A0
~~~~~~~~~~~ Mohamed Njib DALY YaHIA,
Ons DaLy Yauia-Kgr1, Sami SOUISSI,
Fadhila MAAMOURI and Patricia Alssa
MEELERTHERL KBRS 1 4+ v
VEOHERBHE—1980FERLIEIC > VW T

........................ B % - EWRESE

B — - LR

FARE - T

AEH O R ELRET 2 W Bl Y5 2
) ¥ —va Y OBFSHORIEE (330

EHELST - HLBREZ - REER -

EAEE

FRAREA Y KBRS §—ITBT BT VT L

v # Hf © Deep Western Boundary

Currentiz >\ T : LADCP&E#HAI» 518

SNIAER (FEI) oo B SE -

NNBEZ - BT « b ZRR -

BB

1-8

19-32

33-42

43-48

49-60
61
63



Numéro 3

Notes originals
Effects of Testosterone on the Calanoid
Copepod, Acartia omorii Bradford
-------- Khaled Hossam, Takuo OMURA,
Seiichi TAKEDA and
Takashi ISHIMARU
Dioxin concentrations in marbled sole
collected from Sendai Bay, Japan
~Yutaka OKUMURA, Youichi KoHNo,
Takashi Kamrvama, Toshiyuki Suzuki
and Yoh YAMASHITA
A westward propagation signal in the
sea ice concentration in the Indian sec-
tor of the Southern Ocean
--------- Xuhui Xig, Hideki NAGASHIMA,
and Masao NEMOTO
Larval and juvenile fish assemblages in
surface waters at the mouth of Tokyo
Bay (In Japanese)
------ Riou Nagarwa, Masato MOTEKI,
Hiroshi Koano and Kiyoshi Fugita
Inter-annual variation of heat budget
through the sea surface in Otsuchi
Bay (In Japanese) -+ Ayako ANBO,
Hideki NacasaiMa, Masao NEMOTO,
Kunio Kutsuwapa and
Hirotaka OTOBE
Faites divers
Procés-verbaux

Numéro 4

Notes originals
Estimation of the sediment flux from the
cultured Japanese oyster in Ofunato
Estuary and its annual variation - Cal-
culation by incorporating the monthly
mean environmental data for ten
YOALS- +oreserreeenneesns Mizuo Izawa and
Masato KOBAYASHI

Faites divers
Procés-verbaux

69-74

7588

89-96

97-104

105-112
113
114

117-128
129
131

(2)

B35

E =

#17XRREHA T VER Acartia omorii 12

WIFEFR ATy OEE (FEX)
............ AVUEF wHA v e K& -
HKH#E— - G B
EBTHEHankcca N LvIFD 51+

F U UEHBE GO

""""" B 5 . IEFEE— - MRS .
gAREE - T E

FAKEA v FER 7 4 —DEBKBEEICRS
NAWEAEEY 7+ (FE
------ Xuhui XIE « EEFHH « BAMHA

SRR 5 5 5 REBO FHERE
--------- EETER - RAEA - 5 18 -
I

KI5 IBHEACE ORELE)
-------- LRET - RESH - WAL -
WK - ZHRahbE

g
S

F45
B ¥

KEBIT B BT~ 7+ 5 UL
F735 v 7 20 R ) —10FERB D A BIF-
HRE T — v 2 fV o FEL & RES
F—EFO
........................... BRERFS « /NRHEA

69-74

75-88

89-96

97-104

105-112
113
114

117-128
129
131



La mer 44 : 1-16, 2006
Société franco-japonaise d'océanographie, Tokyo

Reproductive biology of two sillaginid fishes, Sillago sihama and
S. aeolus, in tropical coastal waters of Thailand

Prasert ToNGNUNUL"” Mitsuhiko SANO" and Hisashi KUROKURAY

Abstract: Reproduction in two co-occurring sillaginid fishes, Sillago sthama and Sillago aeolus,
was investigated on the basis of 1,140 and 836 specimens, respectively, collected from Sikao Bay,
Trang Province, Thailand, between May 2003 and April 2004. Histological examinations of go-
nads showed that the smallest mature females and males in S. sthama were 117 and 106 mm in
standard length (SL), respectively, and 113 and 109 mm SL, respectively, in S. aeolus. The body
size at which 50% of individuals attained maturity was estimated to be 130 mm SL for both
sexes in both species. The lowest spawnable gonadosomatic indices for female and male
S. sthama were 0.53 and 0.04, respectively, and 0.47 and 0.03, respectively, in S. aeolus. Spawn-
ing occurred continuously throughout the year in both species, with peaks in activity between
August and November (S. sihama) and July and December (S. aeolus). Oocytes at various de-
velopmental stages, together with post-ovulatory follicles, were found in the mature ovaries of
both species during their spawning periods, suggesting that they are multiple spawners.

Keywords: reproduction, Sillago sihama, Sillago aeolus, Thailand

1. Introduction

Sillaginidae has traditionally been an impor-
tant fish family as a food resource in many
Indo-West Pacific countries. Three genera
(Sillago, Sillaginodes, and Sillaginopsis) are
currently recognized, including thirty-one spe-
cies. Sillago sthama and Sillago aeolus, widely
distributed throughout tropical and subtropi-
cal waters in the west-central Pacific and In-
dian oceans (McKAY, 1999), inhabit sandy
and/or muddy substrates in inshore areas
(SATAPOOMIN, 2005), feeding mainly on benthic
invertebrates, including polychaetes, shrimps,
and crabs (TONGNUNUI et al., 2005).

" Department of Global Agricultural Sciences,
Graduate School of Agricultural and Life Sciences,
The University of Tokyo, 1-1-1 Yayoi, Bunkyo-
ku, Tokyo 113-8657, Japan

? Present address: Department of Marine Science,
Faculty of Science and Fisheries Technology,
Rajamangala University of Technology Srivijaya,
179 Moo 3 Tumboon Maifad, Sikao District, Trang
Province 92150, Thailand

In Thailand, these two species are the most
abundant and commercially important
sillaginids, although three other congeneric
species are distributed around the coast
(SIRIMONTAPORN and CHOONHAPRAN, 1995). In
Sikao Bay, Trang Province, S. sthama and S.
aeolus are both common, coexisting in shallow
sandy areas where they are gill-netted year-
round by local fishermen.

In spite of their abundance and popularity as
food, there is a paucity of information on the
reproduction of S. sthama and S. aeolus, the
only previous study of the latter species having
been conducted in the subtropical waters of
Okinawa Island, southern Japan (RAHMAN and
TACHIHARA, 2005). Reproductive information
on a commercially exploited species is crucial
for an understanding of its population dynam-
ics, such being fundamental for developing an
effective management model.

The objective of the present study was to pro-
vide reproductive information on S. sihama
and S. aeolus in Thailand, including the gonad
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development, spawning season, and size at ma-
turity.

2. Materials and Methods

The study was carried out at Sikao Bay (7°
30'N, 99°13' E) in Trang Province on the south-
west coast of Thailand. The bay, approxi-
mately 40 km long with a mouth width of 30
km opening broadly to the Andaman Sea, has a
relatively flat sandy substrate with several
small rocky reefs along the coast. The maxi-
mum water depth was about 20 m.

Sikao Bay is subjected to relatively short dry
(January to April) and long rainy (May to De-
cember) seasons, the latter being accompanied

by strong winds associated with the southwest

monsoon, and the former by light winds from
the northeast monsoon. Water in the sampling
area had an essentially marine salinity. Water
temperatures (taken at Rajamangala Beach)
ranged from 27.0 to 30.9°C (annual average
29.4°C), but no seasonal trends were apparent.
Environmental deterioration resulting from
human activities little occurred in and adjacent
to the bay.

A total of 1,140 (66224 mm in standard
length, SL) and 836 (60-200 mm SL) specimens
of Sillago sihama and S. aeolus, respectively,
were sampled monthly from gill net fishery
landings operated within Sikao Bay between
May 2003 and April 2004. Gill nets (500 m wide,
1 m deep, and 25 mm X 25 mm square mesh)
were set primarily on the sandy bottom in the
central area of the bay (water depth about 15
m) between 05:00 and 07:00 hours, and re-
trieved between 09:00 and 10:00 hours. Both
species were collected during the same gill net
operation.

In the laboratory, SL and body weight (BW)
were measured for each specimen (to the near-
est 1 mm and 0.1 g, respectively) within four
hours of collection. The gonads were removed,
sexed macroscopically, weighed to the nearest
0.01 g, and preserved in 10% buffered formalin.
The gonadosomatic index (GSI) was calculated
for each fish as follows: GSI = gonad weight
X 100 / BW.

For histological examinations, middle por-
tions of the right gonad were dehydrated in
ethanol and embedded in paraffin wax. The

embedded gonads were serially sectioned at 6-
pum  thickness and stained with Mayer’'s
hematoxylin and eosin. Developmental stages
of oocytes were categorized according to
WALLACE and SELMAN (1981) and MUNEHARA
et al. (1987). The ovarian stage was defined by
the developmental stage of the most advanced
oocytes within an ovary. The stage of testicu-
lar development, on the other hand, was deter-
mined by the percentage of the area (> 50%) of
a particular spermatogenic cell type relative to
the total area of all spermatogenic cells in the
entire section (RAHMAN and TACHIHARA, 2005).
The terminology of spermatogenic cells mainly
followed that used by GriEr (1981).

To clarify size at maturity, the stage of go-
nad development was recorded [or each speci-
men. Length at first maturity was estimated
by plotting GSI values with different gonadal
maturity stages against SL. The size at which
50% of individuals had reached maturity was
obtained by examining the proportion of fish
with gonads at different maturity stages in
each10-mm SL size class.

Specimens larger than the size at 50% ma-
turity were used to examine seasonal changes
in GSI and gonad maturation. The GSIs and
proportions of the various gonad developmen-
tal stages of females and males were plotted
monthly to determine the seasonality of
spawning. In this analysis, the proportions of
spent females were used to cstimate spawning
frequency.

3. Results
3.1 Gonad development

The histological observations revealed that
gonad developmental patterns and maturity
stages in each sex were essentially similar be-
tween Sillago sthama and S. aeolus. Accord-
ingly, the maturity stages of both species are
described as follows:

Ovaries were assighed into four maturity
stages: 1) The immature stage was categorized
by ovaries which contained oocytes at the early
perinucleolus or late perinucleolus stage (Figs.
1A, 2A). 2) The maturing stage refers to juve-
nile fish about to begin maturing. Their ova-
ries possessed early perinucleolus, late
perinucleolus, and sometimes yolk vesicle stage
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0.01 mm

Fig. 1. Histological sections of ovaries in Sillago sthama. (A) Immature stage (114 mm SL). (B) Maturing
stage (129 mm SL). (C) Mature active stage (156 mm SL). (D) Mature active stage (149 mm SL). (E)
Mature active stage (143 mm SL). (F) Spent stage (154 mm SL). eps, early perinucleclus stage oocyte;
Ips, late perinucleolus stage oocyte; yvs, yolk vesicle stage oocyte; ygs, yolk globule stage oocyte; mns,
migratory nucleus stage oocyte; hy, hydrated oocyte; pof, post-ovulatory follicle.

oocytes, but were dominated by late peri-
nucleolus stage cocytes (Figs. 1B, 2B). 3) The
mature active stage was defined by gonads
with oocytes from the early perinucleolus to
hydrated stages, but was dominated by yolk

globule, migratory nucleus, and hydrated
stage oocytes (Figs. 1C-E, 2C-E). 4) The spent
stage was characterized by ovaries in which all
stages of oocytes, including migratory nucleus
and hydrated stage oocytes, occurred along
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0.01 mm

0.01 mm

Fig. 2. Histological sections of ovaries in Sillago aeolus. (A) Immature stage (129 mm SL). (B) Maturing stage
(130 mm SL). (C) Mature active stage (184 mm SL). (D) Mature active stage (140 mm SL). (E) Mature
active stage (150 mm SL). (F) Spent stage (162 mm SL). Abbreviations as in Fig. 1.

with post-ovulatory follicles (Figs. 1F, 2F).
Testes were categorized into five maturity
stages: 1) The immature stage was represented
by testes with spermatogonia and primary
spermatocytes (Figs. 3A, 4A). 2) The matur-
ing stage was characterized by testes in which
crypts containing secondary spermatocytes

predominated, but a few spermatogonia and
primary spermatocytes were also found (Figs.
3B, 4B). 3) The mature stage was defined by
testes in  which primary and secondary
spermatocytes were present, but spermatids
were dominant in crypts. In addition, some
crypts of spermatozoa coalesced into newly-
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Fig. 3. Histological sections of testes in Sillago sthama. (A) Immature stage (119 mm SL). (B) Maturing stage
(131 mm SL). (C) Mature stage (125 mm SL). (D) Ripe stage (151 mm SL). (E) Spent stage (152 mm
SL). sg, spermatogonia; psc, primary spermatocyte; ssc, secondary spermatocyte; lu, lumen; sz, sper-

matozoa; std, spermatid.

formed sperm sinuses (Figs. 3C, 4C). 4) The
ripe stage was characterized by testes domi-
nated by spermatids and spermatozoa. Sperm
sinuses were filled with spermatozoa (Figs. 3D,
4D). 5) The spent stage was categorized by tes-
tes possessing new crypts of spermatogonia

and primary spermatocytes. Moreover, testes
also had empty crypts with residual spermato-
zoa (Figs. 3E, 4E).

Each ovary and testis could be allocated to
one of the above four and five maturity stages,
respectively, in both species. In this study,
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Fig. 4. Histological sections of testes in Sillago aeolus. (A) Immature stage (105 mm SL). (B) Maturing stage
(119 mm SL). (C) Mature stage (145 mm SL). (D) Ripe stage (142 mm SL). (E) Spent stage (140 mm

SL). Abbreviations as in Fig. 3.

sexually mature individuals were defined as fe-
males with ovaries at the mature active and
spent stages, and males with testes at the ma-
ture, ripe, and spent stages.

3.2 Length at maturity
The relationship between SL and GSI at

different maturity stages showed that the pro-
portions of mature females and males of the
two species increased with size (Figs. 5, 6). In
S. sthama, the smallest mature female was 117
mm SL with a GSI value of 0.80 and the largest
immature female, 175 mm SL with a GSI value
of 0.62. The GSI values for mature females
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sampled given above each column. nd, no data.

ranged from 0.53 to 5.41 (Fig. 5A). The small-
est mature male was 106 mm SL with a GSI
value of 0.28 and the largest immature male,
150 mm SL with a GSI value of 0.47. The GSI
values for mature males ranged from 0.04 to

1.90 (Fig. 5B).

In S. aeolus, the smallest mature female was
113 mm SL with a GSI value of 1.66 and the
largest immature female, 159 mm SL with a
GSI value of 0.97. The GSI values for mature
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Fig. 8. Percentage frequencies of occurrence of various gonadal maturity stages in different size classes for fe-
male and male Sillago aeolus collected at Sikao Bay from May 2003 to April 2004. Number of specimens
sampled given above each column. nd, no data.

Spent stage

females ranged from 0.47 to 8.69 (Fig. 6A). For from 0.03 to 1.87 (Fig. 6B).

males, the smallest mature specimen was 109 The relationship between SL and the propor-
mm SL with a GSI value of 0.04 and the largest tions of various gonadal maturity stages indi-
immature male, 160 mm SL with a GSI value of cated that body size at 509 maturity occurred

0.47. The GSI values for mature males ranged in the 121-130 mm SL size class for both sexes
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of both species (Figs. 7, 8). Therefore, the size
at 509 maturity was determined as 130 mm SL
for both species and sexes. Virtually all females
and males larger than 150 mm SL possessed
mature gonads in both species (Figs. 7, 8).

3.3 Spawning season

The monthly mean GSIs varied little from
month to month for females and males of 130
mm SL or more in both species (Figs. 9, 10).
The mean GSIs in S. sthama fluctuated between
0.80 in May to 2.77 in January for females, and
between 0.39 in May and 0.70 in October for
males (Fig. 9). Those for S. aeolus ranged from
1.41 in September to 3.47 in May for females,
and from 0.21 in May to 0.96 in January for
males (Fig. 10).

The monthly percentages of gonadal matur-
ity stages indicated that in both species, fe-
males with ovaries at the mature active and

spent stages, and males with testes at the ripe
and/or spent stages occurred every month
(Figs. 11, 12). However, these histological ob-
servations showed that there was a seasonal
change in the proportion of spawning females
in each species, although such a change was not
found in males. The proportions of spent fe-
males were relatively high between August and
November in S. sthama (Fig. 11A), and be-
tween July and December in S. aeolus (Fig.
12A).

4. Discussion

The lowest possible spawning GSI values of
females of Sillago sihama and S. aeolus at
Sikao Bay were determined as 0.53 and 0.47, re-
spectively, because their ovaries contained yolk
globule stage oocytes with post-ovulatory folli-
cles. In males, the lowest spawnable GSI values
were defined as 0.04 for S. sthama and 0.03 for
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Fig. 9. Monthly mean gonadosomatic indices for adult females and males (> 130 mm in standard length) of
Stllago sthama collected at Sikao Bay from May 2003 to April 2004. Bars indicate standard deviation.
Number of specimens examined given above each bar.
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57 8 Females

Gonadosomatic index

Gonadosomatic index

May Jun Jul

Aug Sep Oct
Month

Nov Dec

Jan Feb Mar Apr

Fig. 10. Monthly mean gonadosomatic indices for adult females and males (> 130 mm in standard length) of
Sillago aeolus collected at Sikao Bay from May 2003 to April 2004. Bars indicate standard deviation.
Number of specimens examined given above each bar.

S. aeolus, because most crypts in their testes
contained numerous spermatids and/or resid-
ual sperms. These findings indicated that possi-
ble spawning GSI values in each sex are very
similar between the two species at Sikao Bay.
However, such GSI values of S. aeolus at the
study site were lower than those (1 for females
and 0.05 for males) of conspecifics at Okinawa
Island (RAHMAN and TACHIHARA, 2005). Fur-
thermore, the minimum GSI values of mature
individuals for each sex of the two species were
lower than those described for other temperate
Sillago species, such as S. robusta and S.
bassensis (HYNDES and POTTER, 1996).

At Sikao Bay, the lengths (130 mm SL) at
50% maturity for S. sihama females and males
were the same as in S. aeolus. According to
their age and growth information (TONGNUNUI,
2006), most females and males of both species
in the bay attain this length at the end of their

first year of life. Such a small size at 50% ma-
turity has been recognized in some congeneric
species, including S. burrus (130 mm SL in both
sexes) and S. robusta (123 and 120 mm SL in fe-
males and males, respectively), in temperate,
shallow inshore waters (HYNDES and POTTER,
1996; HYNDES et al., 1996). In addition, the
smallest mature fish were reported to be 120
and 113 mm SL for female and male S. aeolus,
respectively, from subtropical, nearshore wa-
ters of Okinawa Island (RAHMAN and
TACHIHARA, 2005). Several studies have indi-
cated that such rapid attainment of small-sized
maturity in inshore species may be due partly
to benefits derived from feeding in highly pro-
ductive shallow waters (HYNDES et al., 1996;
HynDES and POTTER, 1997, RAHMAN and
TACHIHARA, 2005).

In the present study, mature individuals of S.
sthama and S. aeolus were observed to have
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Fig. 11. Monthly percentage frequencies of occurrence of gonadal maturity stages for adult females and males
(= 130 mm in standard length) of Sillago sihama collected at Sikao Bay from May 2003 to April 2004.
Number of specimens examined given above each column.

spawnable GSI values throughout the year, occurred continuously throughout the year, al-
histological examinations showing also that though histological observations revealed that
their ovaries and testes were functional for spawning activity peaks occurred between
spawning each month. These results demon- August and November in S. sithama, and be-

strate that in the two species, spawning tween July and December in S. aeolus.
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However, such spawning patterns of the two 1996, 1997; HYNDES et al., 1996) and Japan

species at Sikao Bay contrasted with a (SunisTioNO et al, 1999; RAHMAN and
conspecific (S. aeolus) and other sillaginids TACHIHARA, 2005), the latter fishes spawning
studied in temperate and subtropical coastal during a short period in spring or summer.

waters of Australia (HYNDES and POTTER, CoULSON et al. (2005) reported that the
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spawning period of Sillago schomburgkii in
subtropical environments commenced earlier
and continued for longer than in temperate wa-
ters, suggesting that water temperature plays
a crucial role in stimulating spawning activity
in sillaginids. The year-round spawning of S.
sthama and S. aeolus at Sikao Bay may, there-
fore, be a reflection of the higher water tem-
peratures at that locality.

Histological examinations revealed that
oocytes at various developmental stages, in ad-
dition to post-ovulatory follicles, were found in
the mature ovaries of S. sthama and S. aeolus
during their spawning periods (Figs. 1F, 2F).
These facts provide strong circumstantial evi-
dence that the two species are multiple
spawners, 1.e. spawning on several occasions
during the breeding period (CAILLIET et al.,
1986). Since similar phenomena have been
documented in several other species of Sillago,
as well as in Sillaginodes (HYNDES and POTTER,
1996, 1997; HYNDES et al., 1996; FOWLER et al.,
1999; CouLsoN et al., 2005 RanMAN and
TACHIHARA, 2005), multiple spawning may be a
common life-history trait of sillaginids in
tropical and temperate waters.
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Salinity tolerance of larvae in the Penicillate crab
Hemigrapsus takanoi (DECAPODA: BRACHYURA: GRAPSIDAE)

Winda Mercedes MINGKID*,**, Masashi YokoTA* and Seiichi WATANABE*

Abstract : The penicillate crab, Hemigrapsus takanot was established recently in Japan. Larval
tolerance of this species to salinity is unknown. In laboratory experiments, we examined the
salinity tolerance of larvae from hatching to the first juvenile stage. Successful development
through metamorphosis occurred only in salinity of 25, 30 and 35 and average water tempera-
ture of 23.83 = 0.91°C. Larvae in 10, 15 and 20 %o could not pass the megalopal stage, while in
salinity 5 only 4 larvae successfully metamorphosed to the second zoeal stage but deceased two
days later. Results of the salinity tolerance suggest that the zoea and megalopa of H. takanoi
develop in higher salinity conditions and recruit to the wider salinity range when they reached

juvenile and adult stage.

Keywords : Hemigrapsus takanot, salinity tolerance, survival, development days

1. Introduction

Genus of Hemigrapsus presently consists of 9
species, with five of them inhabiting Japanese
waters: Hemigrapsus sanguineus de Haan 1835,
H. penicillatus de Haan 1835, H. longitarsis
Miers 1879 (Dar and Yang, 1991), H. sinensis
Rathbun 1929 (Sakar, 1976) and H. takanoi
(AsaxUrA and WATANABE, 2005). Hemigrapsus
species occur from the high to low intertidal
zones of bays and estuaries (OKAMOTO and
KURIHARA, 1987). Hemigrapsus penicillatus and
H. takanol occur where salinity ranges from o
to > 35 %o (pers.obs.). Hemigrapsus takanoi is
found under a variety of substrates, such as
oyster shells and stones and sometimes co-
locates with its sibling species H. penicillatus
(pers.obs).

Estuarine environments are characterized by
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abrupt and pronounced salinity fluctuations
(ATTRILL, 2002). Therefore, organisms surviv-
ing in this demanding condition have evolved
adaptations to cope with such extreme variabil-
ity (JonEs, 1981). The ability to withstand
wide salinity fluctuations may be conditioned
by other environmental factors such as tem-
perature, oxygen level, nutrient availability,
pollutant, light, presence of predators and sub-
strate mobility (CAMERON and MANGUM, 1983;
ELLIsON, 1994). According to TAYLOR and
SENEVIRATNA (2005) animals may survive sa-
linity variations by: 1) avoidance behavior; 2)
tolerance of internal change; or 3) physiologi-
cal cooperation. Although some species are spe-
cifically adapted to live in estuarine conditions,
others show evidence of not favouring this en-
vironment while still being able to cope within
it.

Hemigrapsus penicillatus (the sibling species
of H. takanoi) is recognized for its wide toler-
ance and adaptability to rapid environmental
changing conditions (GoLLascH, 1999;;
NWLAND, 2003), however information on larval
tolerance of H. takanot is not available. An un-
derstanding of the effects of salinity on the
survival and development of early life stage of
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H. takanot is essential for interpreting the in-
fluence of this environmental factor on the set-
tlement and distribution pattern of this
species. This study addressed this need by con-
ducting laboratory experiments with the objec-
tive of examining the range of tolerance of
larva of H. takanoi to salinity from zoeal to
first crab stage.

2. Materials and Methods
Collection and maintenance of adult crabs
Adult females of H. takanoi were collected
from Kasai Rinkai Park, Tokyo Bay, Japan in
September 2004. They were then brought to the
laboratory in Banda Marine Field Station of
Tokyo University of Marine Science and Tech-
nology and kept in plastic tanks with a salinity
of 10. Shelters were placed, mussels
(Xenostrobus secures) and green algae (Ulva
sp.) was provided as food for the adult females.
These conditions were similar to the natural
environment from which the crabs were col-
lected.

Rearing condition and observation

Freshly hatched larvae were transferred
from 1.5-litre Pyrex glass containers to the
test conditions (5, 10, 15, 20, 25, 30 and 35
salinities; 75 individuals per treatment). The
desired salinities were obtained by diluting
natural seawater with filtered tap water. Salin-
ity measurements were done using Atago hand
refractometer (%o). The salinity tolerance used
in this study was survival rate and the dura-
tion of development of individual
postembryonic stage (ANGER, 1996). First lar-
val metamorphosis to the next stage was
counted as the first day of developments in the
stage.

The containers were placed in a temperature-
controlled shallow baths without control of il-
lumination and aeration. Water temperature
was recorded every day during the experiment.
Food was supplied every morning after the
transference of the zoeas to the new containers
with a cylindrical pipette. Larvae from the first
to the third zoeal stage were fed with fresh ro-
tifers reared on Chlorella and progressively
larger sizes of Chlorella-fed Artemia and roti-
fers from fourth to megalopal stage. The

number of survivors and developmental
durations were recorded everyday. Dead larvae
were preserved in 5 % formalin for later re-
identification of stages (ISLAM et al., 2003).
Different stages of zoea were easily distin-
guished by their body size and characteristics
such as the increment of setae in telson, the
growth of pleopod cover and the appearance of
periopod.

Statistical analyses

Survival analyses (SwINScOW and CAMPBELL,
1997) were applied to detect the effect of salin-
ity on the survival of larva. The log rank test
(VENABLES and RIPLEY, 1999) was employed
using individual development days in all
salinities.

3. Results

Survival days among seven salinity condi-
tions were significantly different (P=0). The
highest survival rate (5.3 %) was observed in
water salinity at 25 %o. During the experiment,
the average of water temperature was 23.83 *=
0.91 °C.

Changes in the number of surviving larvae
with days after hatching are shown in Fig. 1.
Larval survival gradually decreased during
zoeal stage and abruptly when reached
megalopal stage. The mortality of the larvae
was increased rapidly at 5 %o of salinity. Only
four larvae successfully metamorphosed to the
second zoeal stage but they only survived for
two days. All larvae in salinity 5 died after six
days from hatching.

Above 50 % survival of larvae reared at 20
%0, 30 % at 15 % and 1.4 % at 10 %o reached
megalopal stage. However, none of this larva
had successfully metamorphosis to the juvenile
stage. Six individuals in salinity of 25 (n=3),
30 (n=2) and 35 (n=1) %o had completed to the
first juvenile stage.

The first megalopa metamorphosis to juve-
nile stage was observed on the 25" day after
hatched at 25-35 salinities. The larval stages
were completed only by larvae reared in 25-35
%o on the 29" day with the highest SR (4 %)
found at 25 %o.

Development period to each larval stage are
summarized in Table 1. Larva completed each
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Fig. 1. The survival of larvae at varying salinities.
Table 1. Development period (days) from hatching to reach first juvenile stage of
Hemigrapsus takanol reared at seven salinities.
Salinity Days to each stage
G Z1 N 72 N 73 N 74 N 75 N M N
10 3(116) 29 4(299 32 314D 11 4019 1 4029 1 - 0
15 3 (0.36) 9 4233 25 3Q8 21 3(5.03) 29 6(456) 18 - 0
20 3 (0.16) 4 6 (0.96) 8 6 (3) 15 40659 26 4368 12 - 0
25 4 (0.32) 6 60533 40 4(0.56) 3 4140 6 2@ 14 4064 2
30 4080 15 6 (1.73) 13 3(2.08) 12 3363 17 4 W 15 40032 1
35 3068 17 3(0.8 10 3@0H 17 376 11 4235 11 7245 8

a) Only four larvae survived to the second zoeal stage (Z2) at 5 %o, but all died after 2 days.

b) Mean (coefficient of variation). N denotes the number of larvae, which successfully molted from previous

stage.

zoeal stage (Z2-Z5) at around 3-6 days and 4-7
days for megalopal stage.

4. Discussion

As is true of temperature, young organisms
in general have a narrow range of salinity tol-
erance than adults (MOORE, 1958; LUPPI et al.,
2003). Salinity also affects the growth rates,
survival and development of marine inverte-
brates (CADMAN and WEINSTEIN, 1988; Younc
and HazLeTT IIT, 1978). Changes in the salinity
of seawater may affect the organisms in the
water through the specific gravity in the con-
trol and variations in osmotic pressure (GILLES
and PEQUEUX, 1983).

Even though adult of estuarine crabs were
thought to have a wide range of salinity adap-
tation (N1jLaND, 2000; 2003), larval stages
commonly have a narrow tolerance to salinity
and temperature ranges (CHARMANTIER, 1998;
SASTRY, 1983). In this study, seven different
salinities were used to investigate salinity tol-
erance of H. takanoi larva showing that the
penicillate larva (H. takanoi) could only sur-
vive to the juvenile stage at 25 to 35 %o.

According to  Kinng, (1964, 1971);
ROSENBERG and CostLow (1979), acclimatiza-
tion on salinity during earlier stages should en-
hance the tolerance in the later stages, however
none of larva was survived at 10 %, which was
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the acclimatization salinity after hatching.
These studies showed that the acclimatization
of salinity after hatching would not completely
enhance their survival. Physical environmental
factors, such as, temperature, season, stage of
life cycle (BROWN et al., 1992) and essential die-
tary nutrients (Mc. CONAUGHA, 1985) may
have significant effects on the duration of lar-
val period, growth and development.
Furthermore, megalopa in this study had
failed to metamorphosis to juvenile stage in
salinities 10, 15 and 20 %o. First zoea metamor-
phosis to megalopa stage was found in salinity
of 10 %o. However, this individual died during
metamorphosis. Larva in 15 and 20 % also
metamorphosis at 19" and 23" days but all died
before completing metamorphosis. During ex-
periment water temperature was fairly stable
but fluctuated drastically within day 17" to
21, During this period, megalopa started to
metamorphose to the juvenile stage, which may
relate to the massive death of megalopa. Fur-
ther studies are required to investigate the re-
lationship between water temperature and
salinity to the survival of H. takanot larva.
This study revealed that one larva survived
to juvenile stage in seawater (35 %o). This find-
ing may support the assumption by GOLLASCH
(1999) that the invasion of Hemigrapsus
takanoi  (formerly  recognized as H.
penicillatus) to Western Europe was a result of
fouling of ships or ballast water. However, this
assumption still requires further investiga-
tions. A comprehensive study is planned with
H. takanot and H. pencillatus it’s sibling to elu-
cidate the biological attributes, life history,
and environmental tolerance of both species.
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Reproductive biology of blacktip grouper,
Epinephelus fasciatus, in Sulu Sea, Philippines

Hiroaki MisHINA", Benjamin GONZARES®, Honorio PAGALIAWAN®, Masato MOTEKI'*

and Hiroshi Kouno?

Abstract : The maturation size, spawning season, sex ratio and hermaphroditism were studied
in blacktip grouper, Epinephelus fasciatus, caught from Sulu Sea and landed at the Puerto
Princesa City Market, Palawan, Philippines. Histological observations on gonads extracted
from 1,119 individuals (105-330 mm in total length, TL) showed 542 individuals (125-280 mm
TL) to be females, with 347 (153-330 mm TL) males, 139 (148-310 mm TL) hermaphrodites and
91 indeterminable individuals. Spawning occurred year round, although the gonadosomatic in-
dices of females declined at the ends of both the dry (May) and rainy (October) seasons. The
minimum size at maturity was determined to be 138 and 175 mm TL for females and males, re-
spectively. Hermaphrodites were judged to function as males, because 127 out of 139 hermaph-
roditic individuals possessed mature testes. The sex ratio was 0.640 or 0.897 (hermaphrodites
included as functioning males).

Keywords : Epinephelus fasciatus, Spawning season, Sex ratio, Hermaphrodite, Gonad develop-

ment

1. Introduction

Groupers belonging to the subfamily
Epinephelinae are commercially important
tropical /subtropical fishes in the Indo-Pacific
Ocean, especially in southeast Asian countries.
The reproductive biology of the group has been
frequently investigated, including studies by
SHAPIRO (1987: review of grouper reproduc-
tion), ABU-HAKIMA (1987: reproductive biology
of Epinephelus tauvina), Kuo et al. (1988: arti-
ficial sex reversal in E. fario), MISHINA and
GonNzaRES  (1994: reproductive bioclogy of
Cromileptes altivelis), TAN-FERMIN et al. [1994:
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artificial sex reversal in E. suillus (=
coioides)], ADAMS et al. (2000: sex ratio of
Plectropomus leopardus) and LEE et al. (2002:
reproductive biology of E. merra). The blacktip
grouper, E. fasciatus, is one of the most com-
mon and the most widespread Epinephelus spe-
cies, ranging from the coast of East Africa to
the southeastern Pacific Ocean (HEEMSTRA and
RANDALL, 1993). The species’ reproductive biol-
ogy of the species, including the spawning sea-
son, spawning behavior, sex ratio and seasonal
changes of gonadosomatic index has been well
studied, especially in Japan (MURAI et al., 1984;
OKaMURA, 1991, 1992; Hazama, 1993,
KAWABE et al., 2000). However, the study area
has been limited to temperate/subtropical wa-
ters on the distributional margin of the fish.
Moreover, no histological studies of the gonads
have been carried out. Although the tropical
waters around the Philippines are central to
the species’ distribution, blacktip grouper be-
ing locally abundant and commercially impor-
tant (INGLES and PauLy, 1984; Konno, 1987),
little information 1is available on their
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reproductive biology in that area. Therefore,
this study investigated the maturation size,
spawning season, sex ratio and
hermaphroditism of E. fasciatus from the Phil-
ippines, based mainly on histological observa-
tions of the gonads.

2. Materials and Methods

Specimens used in the present study totaled
1,119 individuals (105-330 mm in total length,
TL), having been caught by fishermen, using
hook and lines, in Puerto Princesa Bay, depth
of ca. 30m, and landed at Puerto Princesa City
Market, Palawan Island, Philippines, in the pe-
riod from 1995 to 2000. Sampling was con-
ducted irregularly from 1995 to 1998 and
essentially monthly from 1999 to 2000. The TL
and the body and gonad weights (BW, GW),
measured nearest to 1 mm and 0.01 g, respec-
tively, of each specimen were measured while
fresh. Gonadosomatic index (GSI) was calcu-
lated as GSI = [GW / (BW—GW) ] x1,000.

For sex determination and histological ob-
servation, extracted gonads were fixed in 10%
buffered formaldehyde seawater solution
formalin immediately after the samplings, and
the middle portions were dehydrated by etha-
nol and embedded in meta-acrylic resin
(Technovit 7100), sectioned at 6um, and stained
with basic fuchsin and methylene blue. Gonad
phases were defined by the most developed
germ cells. Nomenclature for description of the
stages of oogenesis and spermatogenesis was
taken from YAMAMOTO et al. (1965) and
Qora et al. (1965), respectively. The criteria
outlined by SADOVY and SHAPIRO (1987) were
used in the diagnosis of protogynous
hermaphroditism.

3. Results
3.1. Fish size and gonad development

Out of 1,119 individuals examined, 91 (8.1%)
were not sexually determined even based on
histological observations. The residual 1,028
were classified into three sexual categories: fe-
males, males and transitions.

The mean TL of females was 190 mm (n =
542, 52.7% of sex-determined specimens), rang-
ing from 125-280 mm (Fig. 1) and the mean
BW 115 g ranging from 30.4-366 g. Their

ovaries were classified into the following five
phases (Fig. 2), based on the most developed
egg-cells in each ovary: phase l-until peri-
nucleolus stage (Fig. 2A); phase 2-until yolk
vesicle stage (Fig. 2B); phase 3-until yolk glob-
ule stage (Fig. 2C); phase 4-until ripe-cell
stage (Fig. 2D); phase 5-until atretic oocyte
stage (Fig. 2B).

The mean of males were 230 mm (n = 347,
33.8%, range 153-330 mm TL) (Fig. 1) and 202
g (62.0-580 g BW), respectively. Their testes
were divided into the following five phases,
based on the most developed germ-cells in each
testis (Fig. 3) : phase 1-until spermatogonium
stage; phase 2-until spermatocyte stage; phase
3-until spermatid stage; phase 4-until mature
spermatozoa stage; phase 5—empty crypts with
residual spermatozoa. In many males (344 out
of 347 specimens), ovigerous lamella and an
ovarian cavity were clearly apparent. Atretic
oocytes were observed in the gonads of 109
males, and gonads of large males were covered
with thick tunica.

Transitions numbered 139 (13.5%) with a
mean TL and BW of 208 mm (range 148-310
mm) (Fig. 1) and 154 g (53.0-535 g), respec-
tively. Transitional individuals possessed both
the spermatozoa and oocytes as follows (Fig.
4) :in a 180 mm TL specimen, peri-nucleolus
stage oocytes and crypts filled with mature
spermatozoa were observed, and ovarian lumen
and sperm sinuses were also present (Fig. 4A) ;
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Fig. 1. Size-frequency distributions for female, tran-
sitional individuals, and male blacktip grou-
per Epinephelus fasciatus caught at Palawan
Island, Philippines, between 1995 and 2000.
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Fig. 2. Histological sections of female blacktip grouper, Epinephelus fasciatus, gonads at different developmen-
tal stages. A, peri-nucleclus stage oocyte (arrow) ; B, yolk vesicle stage oocyte (arrow) ; C, yolk globule
stage oocytes (arrows) ; D, ripe cell stage oocyte (arrow); E, atretic oocyte (at).

and the yolk globule stage oocytes with crypts
filled with spermatids were recognized in a 235
mm SL specimen (Fig. 4B). In most of the
transitions (138 of 139), ovigerous lamella and
an ovarian cavity were clearly apparent.
Atretic oocytes were observed in the gonads of
39 transitions.

3.2. Sex ratio

Females comprised more than 80% of speci-
mens of 100-150 mm TL, their ratio decreasing
with growth to 15.7% of 250-300 mm TL speci-
mens (Fig. 5). On the other hand, males were
not identified among specimens <150 mm TL,
but comprised 12.9% of 150-200 mm TL
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Fig. 3. Histological sections of male blacktip grou-
per, KEpinephelus fasciatus, gonads. spc,
spermatocytes; spt, spermatids; spz, sper-
matozoa. Arrows indicate spermatogonia.

Fig. 4. Histological sections of transitional gonads
of blacktip grouper, Epinephelus fasciatus
(A, 180 mm TL ; B, 235 mm TL). at, atretic
oocyte; ol, ovarian lumen; po, peri-nucleolus
oocytes; spt, spermatids; spz, spermatozoa;
vgo, yolk globule oocytes.
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Fig. 5. Sex frequencies 1in blacktip grouper,

Epinephelus fasciatus, caught at Palawan Is-
land, Philippines, shown by 50-mm-TL-
interval size classes. Open area, sex
unidentified; shaded area, females; oblique-
lines, males; horizontal-lines, hermaphro-
dites.

specimens, the ratio increasing with growth
and reaching 80% of specimens of 300-350 mm
TL. Transitions occupied about 10% of each
size class greater than 150 mm TL.

3.3. GSI development with growth

The GSI values of females increased in speci-
mens from ca. 140 mm TL, reaching the highest
value (ca. 100) in specimens of ca. 200 mm TL
and decreasing suddenly in specimens > 270
mm TL (Fig. 6). Ovarian developmental phase
1 appeared in specimens from 125-270mm TL,
phase2 from 128-240 mm TL, phase 3 from 138
280 mm TL, phase 4 from 142-275 mm TL and
phase 5 from 145-255 mm TL. Specimens deter-
mined as mature (developmental phases >3)
showed GSI values from 2.0 to 100.0.

On the other hand, male GSI values were low,
ranging from 0.1 to 16.0 (Fig. 7). Testicular de-
velopmental phase 1 appeared in specimens
from 160-290 mm, phase 2 from 160-240 mm,
phase 3 from 175-280 mm, phase 4 from 160-330
mm and phase 5 from 153-305 mm.

GSI values of transitions ranged from 0.1 to
14.7 (Fig. 8). Ovarian development in 127 speci-
mens was recognized as phase 1, in 7 specimens
as phase 2, in 5 specimens as phase 3 and 1
specimen as phase 5. Testicular development in
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Fig. 6. Relationship between gonadosomatic index (GSI) and total length in female blacktip grouper, Epi-
nephelus fasciatus, caught at Palawan Island, Philippines, with gonad developmental phases (see text).
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Fig. 7. Relationship between gonadosomatic index (GST) and total length in male blacktip grouper, Epinephelus
fasciatus, caught at Palawan Island, Philippines, with gonad developmental phases (see text).



28 La mer 44, 2006

15 r Female .
10
9]
o
5 ¢ A .
A L 4
) 2 A ; & g a
0 = 'én éx 8| A] él él § T gl % gl gl_
15 N P o B
Male | A Phase 1
| ¢ Phase 2
10 F O Phase 3 |
rons ‘ ® Phase 4 l
] | ©Phase5 |
5 v e Y
5 ¢ . ¢
o o N e
@ 8 Y a E: & ®
& ke ¢ 3 ¢ e
O "“ [lg ‘IV |é> |v }§ QO AI.§> €|§ J‘T‘é £|§> I:%} {l%
J F MA M J J A S O N D

Fig. 8. Monthly changes of gonadosomatic index (GSI) in “female” (upper) and “male” (lower) hermaphro-
ditic blacktip grouper, Epinephelus fasciatus, with gonad developmental phases (see text).

28 specimens was phase 3, being phases 4 and 5
in 72 and 27 specimens, respectively.

3.4. Seasonal changes of GSI and gonad devel-
opmental phase

The mean GSI values fluctuated from month
to month, those in females varying from 2.3 in
May to 19.9 in December and from 0.7 in March
to 2.0 in August in males (Fig. 9). The mean
GSI values were relatively low at the ends of
both the dry (May) and rainy (October) sea-
sons in both sexes.

Both female and male specimens with gonad
developmental phases >3 were found all year
round (Fig. 10). In females, individuals pos-
sessing the gonad developmental phases >3 oc-
cupled more than 70% in February, July and
December, while in males those with the gonad
developmental phases <2 appeared only in

January, May, June, August and October.

4. Discussion

The present study confirmed that the
blacktip grouper, Epinephelus fasciatus, is a
protogynous hermaphrodite. This is provided
by the fact that transitional atretic oocytes
were present within the testes and that sperm
sinuses were found in the gonadal wall, all of
which being features strongly indicative of
protogeny (SADOVY and SHAPIRO, 1987). Fur-
thermore, the gonadal and population struc-
tures of the species were characteristic of a
monandric species (SADOVY and SHAPIRO, 1987;
NAKAT and SaNO, 2002) ; many males had go-
nads retaining the ovigerous lamella and an
ovarian cavity, and bi-modal size frequency dis-
tributions were observed, in which modal size
of females being less than that of males.
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Fig. 9. Monthly changes of the mean gonadosomatic
index (GSI) with standard error (bars) in fe-
male (upper) and male (lower) blacktip grou-
per, Epinephelus fasciatus, caught at
Palawan Island, Philippines, between 1995
and 2000.
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Fig. 10. Monthly changes of percentage frequency
distribution of gonad developmental phases
in female (upper) and male (lower) blacktip
grouper, Epinephelus fasciatus, caught at
Palawan Island, Philippines, between 1995
and 2000.

The spawning of blacktip grouper occurs
year round in Palawan waters, Philippines,
specimens of both sexes with gonad develop-
mental phases >3 appearing throughout the
year. High GSI were maintained in both sexes
year round with much higher values in females
than in males. Spawning activities would de-
crease, however, at the ends of both the dry and
rainy seasons (May and October) when female
GSI values were lower.

In captivity in Japan, the spawning season of
this species was reported as June-November in
Kochi Prefecture (OKAMURA, 1992), June and
July in Wakayama Prefecture (HazaMa, 1993)
and throughout the year at the Ogasawara
(Bonin) Islands (KAWABE et al., 2000), the for-
mer two sites being temperate and the latter,
subtropical. However, wild specimens caught
by hook and line in Ogasawara indicated that
the spawning season would be limited to April
to June (MURAI et al., 1984). According to
SHAPIRO (1987), spawning occurs from Septem-
ber to February in New Caledonia, tropical
southern hemisphere waters. These findings in-
dicate that the spawning season of the species
depends mainly on water temperature, higher
temperatures having a prolonging effect; thus
the spawning season is longer in lower latitude
(tropical) waters. However, especially in cap-
tivity, the nutritional condition of the fish, as
well as water temperature, would affect the
spawning period, as pointed out by KAWABE et
al. (2000).

Although sex was determined in specimens
as small as 125 and 153 mm TL (females and
males, respectively) in the present study, the
smallest specimens with the mature gonads
(developmental phases >3) were 138 and 175
mm TL for the respective sexes. Therefore, the
former sizes are recognized as the biological
minimum size for each sex in blacktip grouper.
Hermaphrodites, the smallest recorded being
148 mm TL, are believed to function mainly as
males, because only a few (6 out of 139 speci-
mens) possessed ovaries at developmental
phases >3, in contrast to those having testes of
phase 3 or greater (127 out of 139 specimens).

Grouper sex ratios are known to be less than
1.0, males being fewer than females, because of
protogynous hermaphroditism (TAN and TAN,
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1974; Sapovy and SHAPIRO, 1987; SHAPIRO,
1987; TANAKA et al., 1990). In the present
study, out of 1,028 sex-determined specimens,
female, male and hermaphrodite numbers were
542, 347 and 139, occupying 52.7%, 33.8% and
13.5%, respectively, resulting in a sex ratio of
0.640. Including the hermaphrodites as func-
tioning male results in the sex ratio increasing
to 0.897. The reported sex ratio of wild blacktip
grouper at the Ogasawara Islands is 0.743
(MURAI et al., 1984), compared with 1.238 in
captivity in Kochi (OKAMURA, 1991, 1992).

In other grouper species, reported sex ratios
are: 0.075 for Cromileptes altivelis (MISHINA
and GONZARES, 1994), 0.075 for Epinephelus
tauvina (ABU-HakIMA, 1987), 0.18-0.35 for E.
guttatus and 0.53-1.0 for E. striatus (COLIN et
al., 1987), and 0.193 for E. morio (BRULE et al.,
1999). According to HEEMSTRA and RANDALL
(1993), the maximum sizes of the aforemen-
tioned species range between 700 and 1,000 mm
TL. Although the sex ratio of these larger
grouper species (maximum TL >700 mm) is
usually much lower than 1.0, it is generally
higher (0.640-0.897) in blacktip grouper
[maximum TL 400 mm, according to
HEEMSTRA and RANDALL (1993)]. Such differ-
ences in sex ratios between large and small
grouper species may reflect different reproduc-
tive strategies. Further studies are necessary
for confirmation of this.
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The Influence of the Andaman Sea and the South China Sea

on Water Mass in the Malacca Strait

Zelina Z. IBRAHIM" and Tetsuo YANAGI™”

Abstract : The Malacca Strait is an important waterway link between the Indian Ocean and the
South China Sea. It is also an important fisheries area for the neighbouring states. Improved
understanding of the water mass variations over the monsoon seasons can lead to better man-
agement of this water body. The purpose of this paper is to present the seasonal variations in
the water mass properties in the Strait. Data from the World Ocean Database for the Strait
was utilised to assess the seasonal variation in temperature, salinity and dissolved oxygen. The
data indicated the introduction of cool, deep, saline water from the Andaman Sea during the
Southwest Monsoon. During the Northeast Monsoon the situation reversed and there was in-
gress of lower salinity water mass from the south. This may be attributed to the larger river
discharge experienced during the Northeast Monsoon and the introduction of lower salinity
water from the South China Sea. The influence of the Andaman Sea and the South China Sea
is supported by the variation in the T-S plots for the Malacca Strait. This indicates that al-
though very saline water characteristics are fairly consistent over the year, identifiable as the
Andaman Sea water, the lower salinity water characteristics separate into two distinct masses,
one representing the South China Sea water and the other representing freshwater influence
from river inflows. This is especially discernible in the Northeast Monsoon and in the subse-
quent Inter-monsoon period. Such results have implications for the movement and exchange of
materials between the Andaman Sea and the South China Sea via the Malacca Strait.

Keywords : Strait of Malacca, water mass, Andaman Sea, South China Sea, monsoon, salinity,

temperature, dissolved oxygen

1. Introduction

The Malacca Strait represents an important
link between the Indian Ocean, the Andaman
Sea, the South China Sea as well as the Java
Sea. Thus it can be an important conduit for
interaction and transfer of water properties be-
tween the various seas. The Malacca Strait is
also important for the fisheries resource of its
neighbouring states. As the Southeast Asian
region is affected by Monsoon winds, wind-
driven water movements can occur in the
Strait. From previous observations, it is known
that during the Northeast Monsoon, water
from the South China Sea penetrates at least
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University, 6-1 Kasuga-kouen, Kasuga, Fukuoka
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into the southern sector of the Malacca Strait
(CHia et al. 1988; PANG and TKALICH, 2003) and
that there is incursion of the Andaman Sea
from the north (LioNG, 1974; FAIRBRIDGE, 1996;
Tomczack and GODFREY, 2003). The movement
of these water masses may be found from in-
vestigation of the physical properties of
seawater, such as salinity, water temperature
and dissolved oxygen. The first two parameters
are regarded to behave conservatively in mix-
ing processes, while dissolved oxygen can be re-
garded as quasi-conservative. A vast amount of
ocean data for the area is available from Ocean
Data bases such as the World Ocean Data Cen-
ter (WODC), National Oceanographic and At-
mospheric Agency (NOAA), National Ocean
Data Center (NODC) of the United States. An
understanding of the physical-chemical varia-
tions over the monsoon seasons can lead to bet-
ter management of this waterway resource. A
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Fig. 1. Location of the Malacca Strait study area and location of stations from the World Ocean Data Base
2001. The centre axis of the Strait used for vertical section plots is also indicated.

previous analysis of the seasonal variations (I
BRAHIM et al., 2003) had indicated the impor-
tance of the Andaman Sea to the Malacca
Strait circulation. The purpose of this paper is
to present the seasonal variations in the water
mass properties in the Strait. A mechanism for
the variations is also proposed.

2. Methods

Water temperature, salinity and dissolved
oxygen data for the Malacca Strait were ob-
tained from the World Ocean Data Base
(NOAA, 2001). Stations whose coordinates
placed on land, as delineated by the ODV
(Ocean Data View) high-resolution global
coastline and topography file “odvmpOP_coast
GlobHR_w32” based on ETOPO5 (0.2x0.2 de-
gree grid), were omitted. Stations indicating
sampling at deep depths (greater than 150 m
depth) in the shallow southern sector of the

Strait were also omitted. The final dataset,
comprising 4,476 stations (Fig. 1), were sup-
plied by 558 cruises carried out between 1889
and 2001. This resulted in a total of 95,063 sam-
ples of the Malacca Strait waters. The data
availability by month and for different years is
shown in Fig. 2.

ODV (mp) 1.4 software (SCHLITZER, 2003)
was used to process the data and to create con-
tour plot visualizations. The visualizations are
presented in two forms: seasonal surface varia-
tions and axial section (Fig. 1) variations of
water temperature, salinity and dissolved oxy-
gen along the Malacca Strait. The data were
separated into four seasonal groups (Table 1)
to represent the different monsoonal periods.
The monsoonal periods defined here are de-
layed by one month from the traditional cli-
matic divisions for Malaysia, as the response of
the sea is expected to lag behind that of the
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Fig. 2. Temporal distribution of station data in the

Malacca Strait. (a) The number of stations
data available by month. (b) The number of
stations data available year by year.

atmosphere. In addition, coincidentally, divi-
sion into the four monsoonal periods defined in
Table 1 also resulted in some uniformity in the
amount of data available for each season (Ta-
ble 2). As the number of variables (water tem-
perature, salinity and dissolved oxygen)
increase, the number of stations and samples
reduces.

3. Results and Discussion

Three formats are used to present the results
of visualisation of the water temperature, sa-
linity and dissolved oxygen data separated into
the four seasons: a surface contour plot, a con-
tour plot in the vertical section through a de-
fined centre axis, and temperature-salinity

plots. The data were also grouped into the four
seasons. These data visualisations indicated
the sequential change in water movement
through the Strait during the different sea-
sons.

The contour plots in Fig. 3 show the horizon-
tal variation in surface water temperature, sa-
linity and dissolved oxygen in the Strait. These
figures indicate the importance of freshwater
inflow in the central section of the Malacca
Strait. The central portion of Peninsular Ma-
laysia has several large river systems (Perak,
Bernam, Selangor, and Klang-Langat Rivers)
(Fig. 1) which drain a substantial part of the
peninsula. The Rokan estuary in Sumatra
(Fig. 1) also drains into the centre of the
Strait. During the Northeast Monsoon (Fig.
3a), the large low salinity plume may be ex-
plained by the higher rainfall and subsequent
river discharge. The isohalines in the central
portion of the Strait veer northward with the
coast on the right hand indicating the net flow
direction from the South China Sea entering
through the southern end. This situation is re-
versed in the Southeast Monsoon season (Fig.
3c) when there is a clear indication of the intru-
sion of high salinity Andaman Sea water from
the north. The Southwest Monsoon period is
drier than the Northeast one and the influence
of river discharge is reduced. However, in the
second Inter Monsoon during September to No-
vember (Fig. 3d) there is also an area with low-
ered surface salinity in the southern portion of
the Strait. The reasons for this are unclear and
need to be investigated further. The data here
are primarily from samples taken during a sin-
gle cruise in November 1957. A clearer picture
may be obtained by considering the vertical
variation in water temperature, salinity and
dissolved oxygen. This may be obtained by con-
sidering contour plots in the vertical along a
centre axis of the Strait, as indicated in Fig.1.

Figure 4 shows the vertical variation in wa-
ter temperature, salinity, density (o) and dis-
solved oxygen in the Strait along a 30 km wide
centre axis. The interlacing of lower salinity
water at the surface with higher salinity water
at the bottom can be discerned by the sigma-
shaped salinity contour lines in the figures for
all four seasons. Fig. 4a indicates the pervasive
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Table 1 Monsoon periods used for sea data separation.

Season

Period (months)

Northeast Monsoon
Inter-Monsoon
Southwest Monsoon
Inter-Monsoon

December, January, February (DJF)
March, April, May (MAM)
June, July, August (JJA)

September, October, November (SON)

Table 2 Data distribution among the four Monsoon periods.

Northeast Monsoon

(DJF) (MAM)

Inter-Monsoon

Inter-Monsoon
(SON)

Southwest
Monsoon (JJA)

Variable T TS TSO T TS

Cruises 157 21 10 157 16
Stations 1105 339 296 1131 213
Samples 18092 2035 1803 26821 1365

TSO T TS TSO T TS TSO

9 153 12 3 157 12 )

141 1052 73 51 1188 71 95
791 25206 538 330

24944 615 469

influence of the less saline South China Sea wa-
ter through the whole Strait during the North-
east Monsoon. The dissolved oxygen values
indicate the fairly uniform nature of the upper
layer of the Strait despite the much fresher wa-
ters observed in the central portion of the
Strait. With the start of the Inter Monsoon
(Fig.4b), however, the Andaman Sea water
starts to intrude into the Strait. Salinity in-
creases, reaching maximum values during the
Southwest Monsoon (Fig. 4c). During the fol-
lowing Inter Monsoon (Fig. 4d) salinity in the
southern sector decreases and the salinity con-
tours move northward in the Strait. This in-
crease in freshwater may be partially
attributed to the intrusion of lower salinity
South China Sea water (HUSAIN et al., 1986;
LIEW et al., 1987). The area of interlacing be-
tween the two water masses starts from the
north entrance of the Malacca Strait and ex-
tends down to the constriction of the funnel-
shaped Malacca Strait. This latter area also
coincides with the rise of the topographic sill in
the Strait.

The intrusion of the South China Sea water
into the Strait is generally regarded to be a re-
sult of onshore Northeast Monsoon winds re-
sulting in increased throughflow into the
Malacca Strait (YANAGI et al., 1997). We may
invoke a similar mechanism for the intrusion
of the Andaman Sea water into the Strait. We
may hypothesise that during the Southwest
Monsoon, the Indian Ocean water is moved

onshore into the Andaman Sea and into the
Malacca Strait due to the sea level difference
between the Indian Ocean and the South China
Sea (YANAGI et al., 1997). The normally cold,
deep, saline water of the Andaman Sea is
moved into the shallower Malacca Strait and is
mixed upward into the water column. This is
indicated by the deeper layer of oxygenated
water during the Southwest Monsoon season
(Fig. 4c) compared to the very stratified condi-
tion during the Northeast Monsoon season
(Fig. 4a).

The influence of the South China Sea and the
Andaman Sea on the water mass characteris-
tics of the Malacca Strait is also supported by
an analysis of the temperature-salinity plots
for the whole Strait when they are separated
into the four seasons. Three different origins of
water masses may be distinguished based on lo-
cation and salinity values: the salty Andaman
Sea (AS) water from the northwest, low salin-
ity surface water from river fresh water (FW),
the South China Sea (SCS) water entering
from the southeast. They are presented in Fig.
9. In particular, in Fig 5a, during the North-
east Monsoon, the three bodies of water in the
Strait are distinctly separated. The trend of
relative dominance of the water mass, depend-
ent on the number of samples available in each
water mass, may also be noted. This is particu-
larly true for the FW water mass which almost
disappears during the Southwest Monsoon
(Fig. 5¢) and the second Inter Monsoon (Fig.
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Seasonal horizontal variations in surface water temperature and salinity in the Malacca Strait. (a)

(d) Inter Mon-
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Monsoon season.

5d) of September-October-November. The
South China Sea (SCS) water mass is also in
retreat. During the Southwest Monsoon, then,
the water mass in the Strait is primarily af-
fected by the Andaman Sea (AS) characteris-
tics, while during the Northeast Monsoon the
South China Sea (SCS) and the fresh water
(FW) input from rivers dominate in the sur-
face waters.

The pattern of variation in water mass in the

(¢) Southwest Monsoon season.

(d) Inter Monsoon season.

Strait may be compared to the movement of sa-
line and fresh water in the estuary. At the
start of high tide, the sea water will flow into
an estuary and push the fresh water further
upstream. At the end of high tide, the sea wa-
ter retreats, flowed by the riverine fresh water
flows. In an estuary, the driving force is the
tidal elevation which changes the water
presuure gradient force along the river chan-
nel. In the Malacca Strait the change in the
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pressure gradient force needs to be coupled to
seasonal change. We postulate that the sea-
sonal change is the Monsoon wind and resul-
tant sea surface slope.

We may postulate a wind-driven oscillating
pump (Fig. 6) as a mechanism to explain the
variation in the movement of the Andaman Sea
and the South China Sea in and out of the
Malacca Strait. The movement may be gener-
ated by the altering pattern of Monsoon winds
over the region. Similar mechanism has been
proposed to explain the flow of the South China
Sea Warm Current (CHAO et al.,1995) and the
reversal of flows in the Singapore Strait (PANG
and TrkaLicH, 2003). During the Northeast
Monsoon the prolonged blowing of strong
Northeasterly winds over the South China Sea
results in elevated sea levels off the East Coast
of Peninsular Malaysia due to wind stress over
the South China Sea (YANAGI et al., 1997).
Such difference in sea level intensifies the
throughflow into the south of the Strait and
pushes the Andaman Sea water out of the
Strait (Fig 6a) and can contribute to the flow
of the North Equatorial Current (TOMCZAK et
al., 2003) across the Indian Ocean. Higher rain-
fall and the resultant higher surface runoff re-
sult in low salinity at the water surface in the
Malacca Strait. During the Southwest Mon-
soon, the southwesterly winds blow along the
Indian Ocean and across the Andaman Sea.
This may result in elevated sea level around the
northern end of the Malacca Strait and the
Andaman Sea water flows into the Strait. In
addition, sea levels along the east coast of Pen-
insular Malaysia are depressed compared to sea
levels along the west coast (YANAGI et al.,
1997). These factors would result in the
Andaman Sea water intruding further south
into the Malacea Strait, causing the Strait wa-
ter to become more saline. The extreme relative
movement of the three water masses after each
Monsoon is followed by a period of relaxation
in each of the Inter Monsoons. This relative
movement over the seasons is illustrated by
Fig. 6. Information on the pattern of water
mass variations in the Strait can assist in map-
ping movement of water masses and indicate
the movement or transport of materials. This
study indicates that in the Northeast Monsoon

period the Malacca Strait is strongly influ-
enced by waters from the South China Sea.
Thus we may postulate that materials from the
South China Sea flow into the Strait during the
Northeast Monsoon. During the Southwest
Monsoon, the Andaman Sea water enters at
least midway into the Strait before retreating
during the Northeast Monsoon. Mixing of the
Andaman Sea water mass with the South
China Sea water mass in the Strait may pro-
vide a means of transport of materials from the
South China Sea into the Indian Ocean via the
Andaman Sea. The fresh water input from riv-
ers into the Malacca Strait may also be trans-
ported in this manner. The variation in water
mass movement may have implications in
terms of transport of pollutants and nutrients
through the Strait. This in turn may affect the
ecological health of the Strait and have impact
on its aquatic resources. A better understand-
ing of the movement of water masses through
the Strait can assist in identifying potential re-
sources of pollutants and prioritising which
sources need to be managed or controlled first.

4. Conclusion and Summary

Comparison of seasonal variations of water
temperature, salinity, and dissolved oxygen in
the Malacca Strait indicates the importance of
not only the South China Sea but also the
Andaman Sea in influencing the movement and
characteristics of the Strait water. River flow
due to rainfall also appears to introduce sig-
nificant amounts of freshwater input into the
Strait. A wind generated mechanism for the in-
trusion of the Andaman Sea water in the Strait
is proposed. This needs to be investigated fur-
ther. The possibility of similar effects on other
parameters, especially nutrients (LIONG, 1974),
could have consequences for the behaviour in
fisheries resources in the Strait.
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