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Abstract—We present a growth analy-
sis model that combines large amounts
of environmental data with limited
amounts of biological data and apply it
to Corbicula japonica. The model uses
the maximume-likelihood method with
the Akaike information criterion, which
provides an objective criterion for model
selection. An adequate distribution for
describing a single cohort is selected
from available probability density func-
tions, which are expressed by location
and scale parameters. Daily relative
increase rates of the location parameter
are expressed by a multivariate logistic
function with environmental factors
for each day and categorical variables
indicating animal ages as independent
variables. Daily relative increase rates
of the scale parameter are expressed by
an equation describing the relationship
with the daily relative increase rate of
the location parameter. Corbicula
japonica grows to a modal shell length
of 0.7 mm during the first year in Lake
Abashiri. Compared with the attain-
able maximum size of about 30 mm,
the growth of juveniles is extremely
slow because their growth is less sus-
ceptible to environmental factors until
the second winter. The extremely slow
growth in Lake Abashiri could be a
geographical genetic variation within
C. japonica.
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Extreme fluctuations, both short-term
and seasonal, in food availability (e.g.
phytoplankton density) make it difficult
to determine relationships between
the growth of filter-feeding bivalves
and environmental factors (Bayne,
1993). However, it is becoming easier
to acquire large amounts of environ-
mental data through the use of data
loggers, submersible fluorometers, or
remote-sensing satellites, which enable
environmental monitoring at daily or
subdaily intervals. The development
of these devices could solve difficulties
in data collection. However, analytical
methods that combine large amounts
of environmental data with limited
amounts of biological data (e.g. shell
length) are not yet well developed.
We present an environmentally based
growth model that combines such
unbalanced data sets. This model is
useful in elucidating relationships

between environmental factors and
growth of filter feeders from field data.

Complex box models, such as eco-
physiological models, can derive the
relationships between environmental
factors and the growth of filter-feeding
bivalves (Campbell and Newell, 1998;
Grant and Bacher, 1998; Scholten and
Smaal, 1998). These models are useful
for estimating impacts of cultivated
species on an ecosystem or the carrying
capacity of a species (or both) (Dame,
1993; Héral, 1993; Grant et al., 1993).
They are suitable for animals that have
been widely studied, such as Mytilus
edulis, because they are derived by
integrating a huge amount of ecophysi-
ological knowledge acquired mainly
from laboratory experiments. However,
extrapolation of such knowledge to
natural conditions is still controver-
sial (Jgrgensen, 1996; Bayne, 1998).
Our model treats complicated eco-
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physiological processes as a black box; we constructed the
model directly from fluctuations in environmental factors
and growth rates. Our approach is reasonable for animals
for which ecophysiological knowledge is limited, especially
when the main purpose of investigation is to derive the
relationships between environment and growth.

We applied the model to a single cohort of Corbicula
japonica juveniles spawned in August 1997. We did not
consider any bias caused by adjacent cohorts because C.
japonica failed to spawn in 1995, 1996, and 1998 in Lake
Abashiri owing to low water temperatures during the
spawning season (Baba et al., 1999). Such investigations
provide important basic information, such as the shape of
the distribution of a single cohort, and the relationship
between growth rate and expansion rate of size variation
in a single cohort.

Corbicula spp. are harvested commercially in Japan. The
annual catch ranged from 19,000 to 27,000 metric tons in
1996 to 2000 (Ministry of Agriculture, Forestry and Fisher-
ies1), of which C. japonica was the main species. Corbicula
japonica is distributed in brackish lakes and tidal flats of
rivers from the south of Japan to the south of Sakhalin
(Kafanov, 1991), is a dominant macrozoobenthos in these
lakes, and has important roles in bioturbation and energy
flow (Nakamura et al., 1988; Yamamuro and Koike, 1993).
Juvenile C. japonica growth is fast in southern habitats.
Their spats collected in Lake Shinji, which lies in the south-
ern part of its range, grow to a mean shell length of around
6.7 mm in natural conditions by the first winter (Yamane et
al.2). In northern habitats, growth is also believed to be fast;
Utoh (1981) reported that mean shell length at the first an-
nual mark was around 5.7 mm in Lake Abashiri. In Utoh's
study differences between the shell lengths at the first an-
nual marks and the shell lengths of individuals aged to be
one year were also reported. The purposes of the present
study are to elucidate juvenile growth and its relationship
to environmental factors in Lake Abashiri.

Materials and methods

Overview of the model

Our model expresses relative growth rate for C. japonica by
a sigmoid function with environmental factors and animal
ages as independent variables. Modeling processes in gen-
eral follow five steps: 1) Shell lengths of a single cohort are
summarized by an adequate probability density function,
which is expressed by a location parameter and a scale
parameter; 2) Daily relative increase rate of the location

1 Ministry of Agriculture, Forestry and Fisheries. 1996—
2002. Statistics on fisheries and water culture production.
Association of Agriculture and Forestry, 1-2-1 Kasumigaseki,
Chiyoda, Tokyo 100-0013, Japan.

2 Yamane, K., M. Nakamura, T. Kiyokawa, H. Fukui, and E.
Shigemoto. 1999. Experiment on the artificial spat collec-
tion. Bull. Shimane Pref. Fish. Exp. Stn., p. 232-234. Unpubl.
rep. Shimane Prefectural Fisheries Experimental Station,
25-1 Setogashima, Hamada, Shimane 697-0051, Japan. [In
Japanese.]

parameter (dRIRL) is approximated by a sigmoid function
with environmental factors and animal ages as indepen-
dent variables; 3) Daily relative increase rate of the scale
parameter is approximated by a simple function with the
dRIRL as an independent variable; 4) The model is opti-
mized by a maximum likelihood method; and 5) The best
model is selected by Akaike information criterion (AIC).
The AIC is an information-theoretic criterion extended
from Fisher’s likelihood theory and is useful for simulta-
neous comparison of models (Akaike, 1973; Burnham and
Anderson, 1998).

Study site and sampling method

To collect juveniles of C. japonica spawned in August 1997,
sediments were sampled with a 0.05-m?2 Smith-Mclntyre
grab once or twice a month from September 1997 to July
1999 at a depth of 3.5-4.0 m in Lake Abashiri (Fig. 1). The
habitat of C. japonica is restricted to areas shallower than
6-m depth because the deeper area, the lower stratum of
the lake, is covered by anoxic polyhaline water. We assumed
that the selectivity of the sampling gear on C. japonica
juveniles was negligible because the gear grabs the juve-
niles with the sediment. Because the magnitude of spawn-
ing in 1997 was relatively small (Baba et al., 1999), we
selected a sampling site where we found abundant settled
juveniles in our preliminary investigations. Samples could
not be obtained during winter because of ice cover. Sedi-
ments were washed with tap water on 2- mm and 0.125-
mm mesh sieves from September 1997 to October 1998,
and on 4.75-mm and 0.125-mm mesh sieves from April
to July 1999. To separate the juveniles from the retained
sediments, we treated the sediments with zinc chloride
solution as described by Sellmer (1956). Then we sorted
the juveniles under a binocular microscope. Identification
of the cohort spawned in 1997 was quite easy because C.
japonica failed to spawn in 1995, 1996, and 1998 owing to
low water temperatures during the spawning season (Baba
et al.,, 1999). We considered all the individuals that passed
through the larger-mesh sieves and that were retained on
the smaller-mesh sieve as the 1997 cohort. Shell lengths
were measured under a profile projector (V-12, Nikon Ltd.,
Chiyoda, Tokyo) at 50x magnification with a digital caliper
(Digimatic caliper, Mitsutoyo Ltd., Kawasaki, Kanagawa),
which has a 0.02-mm precision.

Environmental factors

Values for water temperature (°C), water fluorescence
(fluorescence equivalent to uranin density, ug/L), salinity
(psu, practical salinity unit), and turbidity (equivalent to
kaolin density, ppm) were obtained for 0.1-m intervals
from unpublished data at the Abashiri Local Office of
the Hokkaido Development Bureau.3 The variables were
measured by a submersible fluorometer (Memory Chloro-
tec, ACL-1180-OK, Alec Electronics Ltd., Kobe, Hyogo) at
four sites in Lake Abashiri at intervals of about one week
(Fig. 1). The average values of each variable between the
depths of 1 m and 6 m were used for later analyses. Values
between the measured dates were interpolated linearly
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measured at four sites, designated by ©.

Figure 1

Location of sampling site for Corbicula japonica juveniles in Lake Abashiri, Japan (@®). Envi-
ronmental factors—water temperature, water fluorescence, salinity, and turbidity—were
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for subsequent analysis with the environmentally based
growth model. The water fluorescence reflects the density
of phytoplankton.

Model structure

Modeling the distribution of a single sample Normal
distribution is usually used to describe a single cohort in
fishes and aquatic invertebrates (e.g. Pauly, 1987; Founier
and Sibert, 1990; Yamakawa and Matsumiya, 1997). How-
ever, an adequate function to describe a single cohort of
each animal should be selected to avoid biases caused
by any inadequacies of the function. Probability density
functions of many distributions are applicable for that
purpose, and the appropriate can be selected among easily
calculable functions to ensure convergence of the model.
Characteristics of many distributions are well described
by Evans et al. (1993). We used two distributions: normal
distribution and largest extreme value distribution. The
normal distribution is symmetric. The largest extreme
value distribution is asymmetric with a longer tail toward
the larger side. These are expressed by a location param-
eter and a scale parameter.

To use all the information inherent in data, parameters
of the distribution functions are estimated from raw data
(e.g. lengths), not from summarized data such as length fre-
guency. This estimation method is described by Sakamoto
et al. (1983). The most adequate distribution is selected by
AIC. Log-likelihood functions of the distributions take the
following forms:

3 Abashiri Local Office of the Hokkaido Development Bureau,
2-6-1 Shinmachi, Abashiri, Hokkaido 093-0046, Japan.

Normal distribution

Ier I-normal (ab)= i log e{ﬁ exp[_(li - a)2 /sz]}l (1)

Largest extreme value distribution
10g, Lygges (@) = D log,{(1/b)exp[~(} - a) / b]
i=1

2
X exp{— exp[-(l, —a)/ b]}} @

where n = number of data;
I, = length of ith individual;
a = location parameter; and
b = scale parameter.

The location parameter is a mean in the normal distri-
bution. The location parameter is a mode in the largest
extreme distributions. The scale parameter is a standard
deviation in the normal distribution.

The AIC is calculated by

AIC = -2 log, (maximum likelihood) + 2m, ?3)
where m = number of parameters to be estimated.

The model with the minimum AIC is the best model. A
difference of more than 1 or 2 is regarded as significant in
terms of AIC (Sakamoto et al., 1983).

Modeling the change in the location Values of the location
and scale parameters usually increase with the growth of
an animal. The relative increase rate in a certain time step
is defined as
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h=(P-P.)/ P, @

where r; = relative increase rate of a parameter in the ith
time step; and

P; = parameter value after the ith time step.

Relationships between the parameter value and the rela-
tive increase rate of the parameter can be expressed by

P = P0(1+ rl)
P,=P(1+n)=PR+r)d+r)
P, =PR,(1+ 1) =R (l+n)(1+n)1+r) (5)

n
P.=R @+
i=1

where P, = parameter value at the first sampling;

P. = parameter value after the ith time step; and

r. = relative increase rate of the parameter in the
ith time step.

We used one day as the time step in this study. In our envi-
ronmentally based growth model, we assumed that the
daily relative increase rate of location parameter (dRIRL)
depends on the age of the animal and on environmental
factors for each day. Sigmoid functions that take values
between 0 and a certain maximum are empirically appro-
priate for expressing the relationships between the dRIRL
and independent variables, especially for measures such as
shell length that do not show negative growth. Therefore,
using categorical variables indicating animal ages and envi-
ronmental factors for each day as independent variables, we
express the dRIRL by the multivariate logistic function

S; = Spmax / 41+ exp{—[ZajAj + Z’BKEKi ﬂ , (6)
j=1 k=1

s. = dRIRL on the ith day from the first sampling;

1

Smax = Potential maximum dRIRL of the animal;

o, B = coefficients of each independent variable;
A. = categorical variable (a dummy variable indi-
cating animal ages) that takes the value 1
or O;

E, = thekth environmental factor on the ith day

from the first sampling;
n, = number of age categories; and
ng = number of environmental factors.

where

The categorical variable takes the value of 1 when the
animal is the category, otherwise it takes 0. The multivari-
ate logistic function with s, =1 is used for logistic regres-
sions (Sokal and Rohlf, 1995). A method of giving a value to
the categorical variable is described by Zar (1999).

Modeling the change in scale The daily relative increase
rate of scale parameter (dRIRS) and dRIRL must be cor-

related because the dRIRS is larger when the dRIRL is
larger. Therefore, we estimated the dRIRS from an equa-
tion expressing the relationship to the dRIRL. We tested
two functions,

- {7’1 +7,8 (Y1 +7.5>0) @
0 (r1+7.5<0)
and
t = (si—7)" (s-7.>0) , ®)
0 (s;—7.<0)
where t; = dRIRS on the ith day from the first sampling;
Y1 Y, = coefficients of the equations; and

s; = dRIRL on the ith day from the first sampling.

Model estimation

Likelihood function The location and scale parameters
at the first sampling (a, and b,), the coefficients of Equa-
tion 6 (s, &5 and ), and the coefficients of Equations 7
and 8 (y, and y,) are estimated as values that maximize
total log-likelihood. The total log-likelihood is evaluated
by the adequate probability density function selected in
the first step. The log-likelihood functions take the follow-
ing forms:
Normal distribution

Ioge Lnormal (a01 bO’ Smax7aj7ﬁk7 7/117/2)

w . ) ©
= log, i ———=exp|~(ly = &) / 2b7 | ;
quzf 2 [ !
Largest extreme value distribution
IOge Llargest (ao’ b(J' Smax ’ aj ’ ﬁk' 7/11 7/2)
N N A ~
-y Ioge{(ll b,)exp| (I, — &,)/ b
q=1 i=1 (20)

X exp{— exp [—(Iqi -a,)/ Bq ]}}

where a,, b, = values of the location and scale param-
eters, respectively, at the first sampling;
Smax: & B¢ = coefficients of Equation 6;
T, %, = coefficients of Equations 7 and 8;
N = number of samplings;
ng = number of data at the gth sampling;
éq = location parameter at the gqth sampling
estimated by Equation 5 (r;=s;);
b, = scale parameter at the qth sampling esti-
mated by Equation 5 (r;=t;); and
I, = length of the ith individual at the gth
sampling.

AIC is used to select significant environmental factors,
the age categorization, and the equation to express the
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relationship between dRIRL and dRIRS, i.e. Equation 7
or 8.

Confidence intervals To evaluate uncertainties of coef-
ficient values and model selection, we estimated the 95%
confidence intervals of all coefficients—i.e. ay, by, Spau
By 11, and y,—based on profile likelihood. For example, the
95% confidence interval of a;—a, os—Wwas estimated as an
interval that suffices in the following equation:

Z{max Ioge L(éO’ bO’ §max1&j1ﬁk1’};1! 5}2)
_maXIOge L(éOIbovémax'&j'ﬁk"};ll/j}z (11)
la, = 0‘0,96)} < 15(0.05),

where x,2(0.05) = value of a chi-squared distribution at an
upper probability of 0.05 with one degree
of freedom, i.e. 3.84.

The characteristics of the interval are explained by
Burnham and Anderson (1998).

We used Microsoft Excel (Microsoft Corp., Redmond, WA)
as the analysis platform, and Solver (Microsoft Corp., Red-
mond, WA) as the nonlinear optimization tool.

Model selection

We used three procedures for model selection to achieve
the best model. First, we constructed an a priori set of base
models based on biological variables; then we selected the
best base model. Fixation of the base model drastically
decreases possible candidate models to be tested. To test all
possible combinations of independent variables and model
forms is quite impractical. Second, we excluded insignificant
factors from the best base model. Third, we checked the sig-
nificance of environmental factors that were not included in
the base models. If one was significant, we included it in the
best base model. All of these procedures were performed by
AIC. The construction of the a priori set of candidate models
is partially subjective, but it is an important part of the
model construction (Burnham and Anderson, 1998).
Seasonal growth in bivalves is influenced by water
temperature and food supply (Bayne and Newell, 1983).
The growth rate of Corbicula fluminea changes with age
(McMahon, 1983). Therefore, we constructed base models
combining water temperature, water fluorescence, and
categorical variables indicating age for the independent
variables of Equation 6. We tested two types of categoriza-
tion of age. The first segregates ages based on real age, i.e.
two categories: 0+ or 1+. The second segregates ages in rela-
tion to winter, i.e. three categories: before the first winter,
from the first to the second winter, and after the second
winter. For the real-age categorization, age was segregated
based on 1 September, because the spawning season was
in August 1997. For the winter-base age categorization, we
segregated ages based on 1 January. No biases should have
occurred because of the segregation date of the winter base
categorization and because the growth of C. japonica is neg-
ligible during winter. Four base models were constructed

IR ) + +
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Figure 2
Two distributions fitted by the maximum-
likelihood method to the shell lengths of Cor-
bicula japonica juveniles spawned in 1997 and
sampled on 22 April 1999. Raw data are shown
by +. The shell length composition is shown by
the histogram.

combining the two types of age categorization and two types
of equations expressing the relationship between the dRIRL
and the dRIRS, i.e. Equations 7 or 8. We selected the best
base model by AIC.

To check the significance of each environmental factor
and age categorization, we removed the independent vari-
ables one by one from the best base model and re-optimized
the model. When the model was significantly improved by
the removal in terms of AIC, the effect of the variable was
insignificant on the model; therefore we excluded it.

To check the significance of salinity and turbidity, which
were not included in the base models, we included them
one at a time into the best base model and re-optimized the
model. When the model was improved by the inclusion, the
effect of the variable was significant on the model; therefore
we included it.

Results

Modeling the distribution of a single sample

The largest extreme value distribution was the best in
terms of AIC except for data sampled on 13 May 1998
(results are not shown). The exception is due probably
to the small sample size (n=38) on that date. The largest
extreme value distribution was therefore used to evaluate
likelihood in later analyses: we selected Equation 10 from
Equations 9 and 10. The result of fitting the two distri-
butions to the shell lengths sampled on 22 April 1999 is
shown in Figure 2 as a representative example. The largest
extreme value distribution is apparently better than the
normal distribution for describing the single cohort of C.
japonica spawned in 1997.
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Table 1
Values of location and scale parameters at the first sampling, coefficients, log-likelihood, and AIC of models constructed based on
the largest extreme value distribution. The best AIC among four base models (models 1-4) is enclosed by a single line. The best AIC
of all models is enclosed by a double line. dRIRL = daily relative increase rate of location parameter, dRIRS = daily relative increase
rate of scale parameter, Temp. = water temperature, WF = water fluorescence, Sal. = salinity, Turb. = turbidity, C1 = before the first
winter, C2 = from the first to the second winter, C3 = after the second winter.
Parameters Expressing relationship
at 1st Max. Age categorization Environmental factors between dRIRS
sampling dRIRL and dRIRL
Model A A, A; Temp. WF  Sal. Turb.
no. a, b, Simax oy o, oy By B, Bs B, T %, Eq.no Log-L  AIC
0+ 1+
1 0.299 0.040 0.012 -62.6 -23.7 0.16 2.61 0.0000 1.686 7 850.4 -1682.9
0.297 0.040 0.011 -56.1 -22.1 0.20 2.44 0.0001 0.887 8 852.3 -1686.5
C1 c2 C3

3 0.299 0.042 0.011 -16.8 -16.7 -9.1 061 041 -0.0076 2902 7 950.4 -1880.9

4 0.299 0.042 0.011 -175 -176 -96 065 042 0.0034 0.760 8 952.2 |-1884.4
41 0.299 0.042 0.011 -18.31 -10.0 0.68 0.44 0.0034 0.760 8 952.2 |[-1886.3]
4.2 0.297 0.038 0.005 127.9 -26.81 0.34 4.15 0.0000 0.895 8 735.0 -1451.9
43 0.295 0.037 0.008 -47.3 -16.3 -8.8 1.47 0.0033 0.766 8 848.9 -1679.9
4.4 0.299 0.041 0.013 -4.9 -8.9 -49 0.40 0.0020 0.806 8 909.6 -1801.1
45 0.299 0.042 0.011 -16.71 -9.1 062 042 -0.25 0.0033 0.762 8 952.4 -1884.8
4.6 0.299 0.042 0.011 -18.51 -10.2 0.68 0.44 0.007 0.0034 0.760 8 952.2 -1884.4
1 One common coefficient was used for the two categorical variables.

Model selection and application

Model 4 was the best in terms of AIC among four base
models (Table 1, models 1-4); ages were categorized in
relation to winter; and the relationship between dRIRL
and dRIRS was expressed by Equation 8.

Four models were made by removing each independent
variable from model 4 (Table 1, models 4.1 to 4.4). The effect
of one age categorization—segregation of ages between the
first and second winters—was insignificant on the model,
because the model was significantly improved by its re-
moval in terms of AIC. The effects of the other independent
variables were significant on the model, because the model
was significantly worse by their removal in terms of AIC.
The effects of salinity and turbidity were insignificant on
the model, because adding each variable made the model
significantly worse in terms of AIC (Table 1, models 4.5 and
4.6). Consequently, model 4.1 was the best model to describe
the relationships among environmental factors, ages, and
growth of C. japonica juveniles spawned in 1997.

The coefficient value for age categorization of before the
second winter (—18.3) is much smaller than that of after the
second winter (-10.0) (Table 1). This difference suggests
that the growth response of C. japonica juveniles is much
less susceptible to environmental factors before the second
winter than after.

Peaks of the dRIRL corresponded with peaks of water
fluorescence, when the water temperature was warmer
than about 10°C, especially before the second winter (Fig. 3,

B and C). Therefore, food supply is the most influential fac-
tor when the water temperature is above about 10°C. The
slow growth or no growth during winter is due to the low
water temperatures. The dRIRL reached a plateau after 30
May 1999. This was due to two factors: water fluorescence
was relatively intense after 30 May 1999 (Fig. 3B); and the
growth response of C. japonica to the environmental factors
was more susceptible after the second winter than before.

The confidence limits of all the coefficients seem to be
reasonably estimated by the profile likelihood method
(Table 2). These results also guarantee the convergence of
the model because the model was frequently optimized to
seek each confidence limit with different starting values.
We repeated the optimization at least 20 times to seek each
confidence limit. On other models, we also confirmed the
convergences as well.

The largest extreme value distributions estimated by
model 4.1 fitted the shell lengths of C. japonica juveniles
very well (Fig. 4).

Discussion

Model formulation and application

Largest extreme value distribution is apparently better
than normal distribution to describe the single cohort of
C. japonica that spawned in 1997. This distribution has a
mode and a longer tail toward the larger side. If the shell
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Figure 3

Environmental fluctuations and prediction of the growth of Corbicula japon-
ica juveniles spawned in 1997 in Lake Abashiri by the best model (Model 4.1
in Tablel). (A) Insignificant environmental factors (factors excluded in the
model selection), turbidity (equivalent to kaolin density, ppm) and salinity
(psu, practical salinity unit). (B) Significant environmental factors (factors
included in the model selection), temperature (°C) and water fluorescence
(equivalent to uranin density, ug/L). (C) Daily relative increase rate of loca-
tion parameter (dRIRL) and daily relative increase rate of scale parameter
(dRIRS) estimated by the model. (D) Growth of Corbicula japonica; verti-
cal bars represent 90% confidence intervals for the shell lengths of the

length distribution becomes asymmetric during growth,
skewness of the distribution would increase according
to growth. However, there is no correlation between the
skewness and the means of the shell lengths. Therefore, we
thought that the shell length distribution of the cohort was
already asymmetric just after settlement. Such a distribu-

tion might be influenced by fluctuations in larval settle-
ment during the spawning season; and larval settlement
would be influenced by fluctuations in larval supply from
the water column. During the spawning season of 1997,
the average planktonic larval density gradually increased
from 26 ind/m3 on 25 July to a maximum of 603 ind/m?3 on
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water fluorescence, Sal. = salinity, Turb. = turbidity.

Table 2
95% confidence limits of location and scale parameters at the first sampling and coefficients of the best model constructed based
on the largest extreme value distribution (models 4.1 in Table 1) estimated by profile likelihood method. dRIRL = daily relative
increase rate of location parameter, dRIRS = daily relative increase rate of scale parameter, Temp. = water temperature, WF =

Expressing
Parameters relationship
at 1st Max. Age categorization Environmental factors between dRIRS
sampling dRIRL and dRIRL
A, A, A, Temp. WF Sal.  Turb.
% by Smax oy o, 0 By B, Bs Ba n %
Lower 95 % 0.294 0.039 0.010 —26.61 -14.6 0.41 0.27 0.0027 0.734
Upper 95 % 0.304 0.045 0.013 -11.5 —6.4 1.00 0.64 0.0039 0.793

1 One common coefficient for the two categorical variables.

13 August. Then it sharply decreased to 3 ind/m3 on 19
August (Baba et al., 1999). Such a pattern of larval-density
fluctuation might have caused the asymmetric distribution
of shell lengths of the settled juveniles. Another possible
factor that influenced the shapes of the shell length distri-
butions and the relationship between dRIRL and dRIRS
is size-dependent mortality, e.g. predations and fisheries.
Size-dependent mortality has been reported in several
marine bivalves (e.g. Nakaoka, 1996). Potential predators
of C. japonica are fishes, such as Japanese dace (Tribolo-
don hakonensis) (also known as big-scaled Pacific redfin,
FAO), Pacific redfin (Tribolodon brandtii), common carp
(Cyprinus carpio), and the So-iny mullet (Liza haemato-
cheila) (Kawasaki?). In our study, the size-dependent mor-
tality was negligible because the range of the shell lengths
observed in this study was very narrow.

The shape of the distribution to describe a single cohort
should be determined from the data. In contrast, single
cohorts are usually separated from multicohort data by as-
suming a normal distribution of lengths in a single cohort
(e.g. Fournier and Sibert, 1990). Therefore, it is possible
that multicohort analysis done without selection of an
adequate distribution to describe a single cohort causes
substantial bias in estimations of various stock features
of animal populations, such as age composition, growth,
mortality, and recruitment. In our preliminary analyses,
we also tested smallest extreme value distribution, inverse
Gaussian distribution, and lognormal distribution. The in-
verse Gaussian distribution was the best for two samples;
the lognormal distribution, was the best for two samples;
the largest extreme value distribution was the best for ten
samples. Therefore, it is reasonable to select the largest ex-
treme value distribution. We selected a single distribution

4 Kawasaki, K. 1997. Lagoon structure and fish produc-
tion in Ogawara-ko Lagoon. In Final reports on fisheries in
Ogawara-ko Lagoon (Tohoku Construction Corporation ed.),
p. 4-33. Unpubl. rep. Construction Office for Takasegawa
General Development of Tohoku Regional Construction Bureau,
3 Ishido, Hachinohe, Aomori 039-1165, Japan.

for our analyses, otherwise a discontinuous point would
have appeared in the growth curve.

Relatively large confidence intervals were obtained in
the coefficients of the linear component of Equation 6, i.e.
o, and B, (Table 2). The relatively large confidence inter-
vals may indicate that the number of estimated coefficients
is somewhat larger than the number of samplings. There-
fore, to estimate these coefficients more precisely, we may
need to investigate more cohorts spawned in other years
in future investigations.

Growth of C. japonica

We identified extremely slow growth in C. japonica juve-
niles, which grew to a modal shell length of 0.7 mm during
the first year in Lake Abashiri, which lies at 43.7°N. Spats
of C. japonica collected from 1992 to 1997 in Lake Shinji,
which lies at 35.5°N, grew to a mean shell length of 6.7
mm in natural conditions by the first winter (Yamane et
al.2). Using environmental factors measured in Lake Shinji
from 1990 to 1998 at monthly intervals (Seike®), we simu-
lated the growth of C. japonica with model 4.1. Corbicula
japonica grew to a mean shell length of 1.4 mm (standard
error, 0.37) by the first winter in the simulations. Therefore,
the large difference in juvenile growth between the two
habitats cannot be explained by environmental differences
because the results of the simulation were apparently an
underestimate. We think that the extremely slow growth
of the juveniles (prolonged phase of meiobenthic develop-
ment) in Lake Abashiri is probably a geographical varia-
tion, which is genetically determined, within C. japonica.
However, there remains a possibility that the juvenile
growth differences depend on other environmental factors
not measured in this study. Therefore, the geographical

5 Seike, Y. 1990-98. Gobiusu: monthly report of water quality
in Lake Shinji and Lake Nakaumi. Unpubl. rep. Faculty of
Science and Engineering, Shimane University, 1060 Nishi-
kawatsu, Matsue, Shimane 690-0823, Japan.



22

Fishery Bulletin 102(1)

- -+ ++
0.6 T 10 Sep 1997; mode: 0.30mm, 0o+ R 22 Apr 1999; mode: 0.74mm,
0.4+ scale: 0.04, n=341 : scale: 0.15, n=265
0.2 T 0.1
0.0 t t t t t i 0.0 t t t t t |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
0.6 T - + +
’ 13 May 1998; mode: 0.41mm, 0.2+ 13 May 1999; mode: 0.81mm,
0.4 T scale: 0.06, n=38 scale: 0.20, n=241
0.2 T 017
0.0 t t t t t {
0 1 2 3 4 5 6 0 1 2 3 4 5 6
0.4 | T 02+ S ++
' 11 Jun 1998; mode: 0.51mm, ’ 28 May 1999; mode: 0.90mm,
0.2 T scale: 0.12, n=292 01+ scale: 0.22,n=168
0.0 t 1 t t t i 0.0 1 t t t t {
0 1 2 3 4 5 6 0 1 2 3 4 5 6
0.4 + - “HHEHH - +
£ 10 Jul 1998; mode: 0.57mm, 041 e 15Jun1999;mode: 1.06mm,
E 0.2 T scale: 0.10,n=610 : scale: 0.31, n=219
23 j
& o0 . ! : : : I 0.0 S : : |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
-+
0.3 T 13 Aug 1998; mode: 0.64mm,
0.2 + scale: 0.12, n=456 0.1 T
0.1 T
0.0 t + t t t i 0.0 i
0 1 2 3 4 5 6 0 6
- + - +
02+ 11 Sep 1998; mode: 0.70mm, ' 14 Jul 1999; mode: 1.44mm,
' scale: 0.17, n=202 0.1 + B scale: 0.61,n=157
0.1 T )
0.0 T t t + ! 1 0.0 | | ; _,_!—| = :
0 1 2 3 4 5 6 0 1 2 3 4 5 6
HE—H + 02T + W H
02 14 Oct 1998: mode: 0.76mm 28 Jul 1999; mode: 2.14mm,
' scale: 0.17,n=162 01+ scale: 1.06, n=63
0.1+
0.0 += t t t i 0.0 -
0 2 3 4 5 6 0
Shell length (mm)
Figure 4
Shell-length compositions of a single cohort of Corbicula japonica spawned in 1997. The raw data
(shell lengths) are shown by +. The largest extreme value distribution estimated by the best model
(model 4.1 in Table 1) is shown by a solid line. The largest extreme value distribution independently
fitted by the maximum likelihood method is shown by a dashed line. The sampling date and values
of location parameter (mode) and scale parameter independently fitted by the maximum likelihood
method are shown in each panel.

variation should be validated by reciprocal transplanta-
tions or laboratory experiments (or both) in future inves-
tigations. Prolonged phases of meiobenthic development
have been reported in some marine bivalves (Nakaoka,
1992; Harvey and Gage, 1995). However, a prolonged phase
of meiobenthic development as a geographical variation is
rarely reported.

In many species of bivalve, populations from higher lati-
tudes have a slower initial growth rate; but longevity and ul-
timate size in these populations are frequently greater than
at lower latitudes (Newell, 1964; Seed, 1980). The extremely
slow growth of C. japonica juveniles in Lake Abashiri may be
an extreme example of this phenomenon. In Lake Abashiri,
C. japonica failed to spawn in ten out of 21 years for which
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data were available because of low water temperatures dur-
ing the summer spawning season (Baba et al., 1999). This
means that a long life span is essential to sustain popula-
tions of C. japonica in northern habitats. We think that a
long life span is the ultimate factor for the extremely slow
growth rate of C. japonica juveniles in Lake Abashiri.

The growth response of C. japonica juveniles is much less
susceptible to environmental factors before the second win-
ter than after and is the proximate factor for an extremely
slow growth rate. Nuculoma tenuis, a detritus feeder, de-
velops its palp proboscides, its feeding apparatus, during
the prolonged phase of meiobenthic development (Harvey
and Gage, 1995). The change of growth susceptibility to en-
vironmental factors in young ages may suggest that some
functional morphological changes occur in C. japonica, also
a filter feeder. In our preliminary analyses, we could not
find a better model when we used different values of s,
in Equation 6 between ages instead of categorical variables
indicating ages. Therefore, we conclude that the difference
in growth rates between ages is not due to a difference in
potential maximum growth rate, at least in the range of the
shell length observed in our study. When our model is ap-
plied to a wider range of the shell lengths or other species,
it is best to examine the age dependence of s .
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