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Abstract
With a decrease in the domestic catches of Ruditapes philippinarum, suspended culture is a potential approach to increase 
its production. We investigated the establishment of suspended clam culture in Suttsu fishing port, Hokkaido. Cages accom-
modating 100 clams (mean shell length 28 mm) were suspended in the “stocking area” at the back of the port and the 
“fairway area” at the center of the port. Rearing periods were November 2017–October 2018 in the former and November 
2018–October 2019 in the latter. Shell length was measured every month; water temperature, chlorophyll-a concentration, 
and flow velocity around cages were measured regularly. The mean shell length at the end of the experiments was 34 mm 
in the stocking area and 41 mm in the fairway. Although the water temperature, chlorophyll-a concentration, and advective 
components of flow velocity did not differ between the sites, the fluctuating component of flow velocity was higher in the 
fairway than in the stocking area. This suggests the former is more suitable for clam growth than the latter in terms of food 
supply. Therefore, the introduction of suspended culture in the fairway area of Suttsu fishing port is expected to improve the 
production efficiency of clam fishery.
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Introduction

The Japanese littleneck clam Ruditapes philippinarum is a 
commercially important bivalve in the family Veneridae and 
is widely distributed on sandy bottoms between the inter-
tidal and subtidal zones off the coast of Japan. Although 
the domestic catch of R. philippinarum was between 1 × 105 
and 1.5 × 105 tons/year until the middle of 1980, it dropped 
to 3 × 104 to 4 × 104 tons/year after 2000 and was 7 × 103 
tons/year in 2017. Thus, the recovery of clam resources to 
increase their catches is an important issue in Japan (Higano 
and Asao 2017). The causes for the decrease in clam catches 
include the following: occurrence of anoxic and hypoxic 
waters (Kakino 1984; Higano and Shinagawa 2009), preda-
tion by the eagle ray Aetobatus narutobiei (Ito and Hirakawa 

2009) and the moon snail Euspira fortunei (Okoshi 2012), 
parasitism by the sea spider Nymphonella tapetis (Kob-
ayashi and Toba 2014), infection by the protozoan Perkin-
sus (Hamaguchi et al. 2002), lack of food owing to nutrient 
decrease (Mizuno et al. 2009), overfishing owing to the dis-
appearance of fishing grounds due to landfills (Matsukawa 
et al. 2008; Toba 2017), and reduced reproduction due to 
the collapse of the larval supply network (Hamaguchi et al. 
2004; Toba 2017). However, it is difficult to identify a single 
solution to catch decline in the regions, because the effects 
of each factor vary in magnitude by region. Moreover, there 
are regional differences in the period of catch decline. Thus, 
there is a need to resolve the problems region-wise (Higano 
and Asao 2017).

To effectively increase the production of R. philippi-
narum, suspended culture has been attempted in Kyoto 
(Fujiwara et  al. 2008; Tanimoto et  al. 2011), Hyogo 
(Yasunobu et al. 2017), and Mie Prefectures (Hata et al. 
2017). In the suspended culture, clams are placed in net 
cages or containers laid with substrates such as sand, 
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pumice stone, anthracite, and oyster shell solids called 
“Careshell®” (Careshell, Mie, Japan). They are then hung 
on rafts floating on the sea or on longlines stretched under-
water. Hasegawa et al. (2015) reported that the condition 
factor of cultivated clam calculated as soft body weight/
(shell length × shell height × shell width) × 105 was higher 
than that of naturally grown individuals. Yasunobu (2014) 
noted that cultivated clams have a good reputation in the 
market and that they are traded at high prices. Thus, the 
suspended culture has the potential to increase the produc-
tion of R. philippinarum in different regions.

On the coast of the Sea of Japan in southwestern Hok-
kaido, the decline in large algal communities, such as large 
brown algae, has resulted in the reduction of populations 
of herbivores, such as abalone. This loss of vegetation is 
known as “isoyake” and the associated decline in fisheries 
productivity is a serious concern (Kuwahara et al. 2001; 
Nakata et al. 2006). In Suttsu, a coastal area of the Sea 
of Japan in southwestern Hokkaido, the fisheries, a key 
industry in the region, have suffered due to the poor catch 
of arabesque greenling Pleurogrammus azonus and mass 
mortality of cultivated scallop Mizuhopecten yessoensis, 
besides isoyake. Thus, there is an urgent need to develop 
new marine products in the town. In this milieu, an area 
for temporary cultivation of the sea urchin Mesocentrotus 
nudus and sea cucumber Apostichopus japonicus for ship-
ment adjustment (hereinafter referred to as the stocking 
area) was assigned in Suttsu fishing port in 2016. Further-
more, a longline facility was assigned to hang net cages for 
rearing sea urchins and sea cucumbers. A similar longline 
facility was installed in the central part of the fishing port, 
where there is a fairway (hereinafter referred to as the fair-
way area) for temporarily rearing cultured oysters.

On the contrary, although R. philippinarum inhabits 
depressions in the rocky shores where sand is deposited 
around Suttsu fishing port, the annual catch for 2002–2009 
was only 5 × 103–12 × 104 yen for less than 1 ton (statistics 
are available only for 2002–2009). Therefore, local fisher-
men desire to increase the clam resources. In Hokkaido, 
1007–1645 tons of R. philippinarum are caught annually 
and are generally shipped at a shell length of more than 
40 mm based on consumer needs. It is estimated that in 
the tidal flat fishing grounds in Hokkaido, clams must be 
4–6 years old before they attain a shell length of ≥ 40 mm 
(Yamamoto and Iwata 1956; Tomita 1983; Takaya 1988; 
Goshima et al. 1996). Therefore, if the number of years 
required for clams to reach the shipment size can be short-
ened, the efficiency of clam production can be increased. 
Thus, we examined the possibility of establishing a sus-
pended culture of R. philippinarum in Suttsu fishing port 
to develop a new aquaculture business and improve the 
efficiency of clam production.

Materials and methods

Study site and experiment settings

Suttsu fishing port is a third-class fishing port (Takezawa 
et al. 2004) opening southeast and is located on the west-
ern shore of the opening of Suttsu Bay facing the Sea of 
Japan (Fig. 1). There is a stocking area for the shipping of 
sea urchin and sea cucumber in the back of the port and a 
longline facility for temporarily rearing oysters in the fair-
way area in the center of the port. The water depth of the 
stocking and fairway areas is 8–10 and 6 m, respectively, and 
longlines for hanging net cages are stretched on the water 
surface in both areas.

In this study, we conducted a rearing experiment from 
November 2017 to October 2018 to examine the possibility 
of suspended culture of R. philippinarum in the stocking 
area (hereinafter referred to as experiment I). In addition, a 
similar rearing experiment was conducted in the fairway area 
from November 2018 to October 2019 to examine suitable 
places for suspended culture in the fishing port (hereinafter 
referred to as experiment II). In experiments I and II, we 
used 2-year-old R. philippinarum. The clams were artifi-
cially produced at Hokkaido Research Organization Maricul-
ture Fisheries Research Institute in 2016 and 2017, and then 
raised in cages suspended in Kaminokuni fishing port, off 
the coast of Hokkaido, by members of Hokkaido Research 
Organization Central Fisheries Research Institute. The mean 
shell length ± standard deviation (mean total weight ± stand-
ard deviation) of R. philippinarum at the start of experiments 
I and II was 28.0 ± 3.2 mm (4.1 ± 1.5 g) and 27.7 ± 2.7 mm 
(3.6 ± 1.0 g), respectively, and the number of individuals 
in each experiment was 460. In the two experiments, four 
net cages of diameter 40 cm, height 10 cm, and mesh size 

a

b

Fig. 1  Study area around Suttsu fishing port on the coast of Suttsu 
Bay in Southwest Hokkaido, Japan (a). Enlarged view of the shaded 
area in the panel of the fishing port including the stocking and fair-
way areas (b)
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1 mm were used (Fig. 2);  Careshell® was laid as a substrate 
to a depth of 10 cm (substrate volume: 12.6 l). One of the 
cages accommodated 100 clams (hereinafter referred to as 
the cage no. 1). The remaining three cages were divided into 
four equal sections by crossing two partition plates (40 cm 
long and 11 cm high, SP-56; AS ONE, Osaka, Japan) in the 
center, and then 30 clams were accommodated in each of the 
12 sections (hereinafter referred to as cage nos. 2–4). The 
four cages were suspended on the longlines in the stocking 
and fairway areas in October 2017 (experiment I) and Octo-
ber 2018 (experiment II), respectively, and then the experi-
ments commenced. The cages were suspended at a depth of 
1 m below the water surface in both experiments.

Measurement of environmental conditions

The water temperature was recorded hourly from November 
10, 2017, to October 10, 2019, using a thermometer (StowA-
way TidbiT; Onset Computer, Bourne, MA, USA) attached 
to the side of cage no. 1. The measurement interval was 
60 min. Chlorophyll-a, which is an indicator of the amount 
of phytoplankton available as clam feed (Nishizawa et al. 
1992), was recorded hourly using a chlorophyll and turbid-
ity sensor (ACLW2-USB; JFE Advantech, Nishinomiya, 
Japan) suspended at a position 1 m beside cage no. 1. To 
calibrate the chlorophyll and turbidity sensor, phytoplank-
ton culture medium (Chaetoceros gracilis; Yanmar, Osaka, 
Japan) was diluted with filtered seawater to prepare diluted 
culture media of different concentrations. The chlorophyll-a 
concentration was measured in the culture solution using the 
chlorophyll and turbidity sensor and the 90% acetone extrac-
tion method (Sato et al. 1981), and the correlation equation 
was obtained. Thereafter, this correlation equation was cor-
rected from the observation value as the calibration value of 
the turbidity meter. In addition, flow velocity was measured 
hourly using an electro-magnetic current meter (Infinity-EM; 
JFE Advantech) moored at a position of 0.5 m lateral to the 

chlorophyll and turbidity sensor. The chlorophyll-a and flow 
velocity were measured during four periods from August 3 
to August 24, 2018, October 4 to October 25, 2018, Febru-
ary 19 to March 16, 2019, and September 20 to October 
16, 2019. The chlorophyll-a concentration was measured in 
bursts at 60-min intervals with a measurement interval and 
sample size of 1 s and 10 samples, respectively. The flow 
velocity was measured in bursts at 60-min intervals with 
a measurement interval and sample size of 0.5 s and 600 
samples, respectively.

The absolute flow velocity was separated into its advec-
tive and fluctuating components using the harmonic analysis 
with TS-Master version 6.6 software (Sakurai et al. 2012; 
Hasegawa et al. 2012) by Dr. Kawamata (Japan Fisheries 
Research and Education Agency). The advective component 
was the flow velocity mainly due to tidal, coastal, and wind-
driven currents, and the fluctuating component was mainly 
due to waves. In addition, to examine the periodicity of the 
advective and fluctuating components of flow velocity from 
February 19 to March 16 and from September 20 to October 
16, 2019, a power spectrum analysis was performed using 
fast Fourier transform (FFT) with TS-Master version 6.6. 
Statistical analyses were performed to test the significance 
of mean flow velocity and chlorophyll-a concentration using 
Excel Toukei 2012 for Windows (SSRI, Tokyo). A three-
way analysis of variance with component, area, and observa-
tion period as explanatory variables was performed for flow 
velocity, and a two-way analysis of variance with area and 
observation period as explanatory variables was performed 
for chlorophyll-a concentration. Tukey’s multiple compari-
son test was used in both analyses.

Analysis of growth and gonadal developmental 
process

All the clams were collected from cage no. 1 once a month 
from November to October of the following year in both 
experiments. The shell length (L) was measured to a preci-
sion of 0.01 mm using a digital Vernier caliper (CD-20AX; 
Mitutoyo, Kawasaki, Japan), and the total weight (W) of the 
clams was measured to a precision of 0.01 g using an elec-
tronic balance (GH252; A & D, Tokyo). The specific shell 
growth rate (SGR; %/day) and specific weight gain (SWG; 
%/day) based on L and W were calculated as follows:

 where, Ln and Wn are the mean shell length and total weight 
of clams at the nth survey, respectively, and t is the number 
of days between observations. After the measurement, all 
clams were returned to their cages. In addition, all clams 

SGR
n
= 100 ×

(

ln L
n
− ln L

n−1

)

∕t,

SWG
n
= 100 ×

(

ln W
n
− ln W

n−1

)

∕t,

Fig. 2  Photograph of the rearing cages within the  Careshell®
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in one section extracted randomly from cage nos. 2–4 (i.e., 
30 individuals) were collected once a month from Novem-
ber to October of the following year in both experiments 
and were transferred to the laboratory as specimens. In both 
experiments, the sessile organisms attached on the cages 
were removed using a brush before the cages were returned 
to the fishing port.

The shell length, shell height (H), shell width (B), total 
weight, and soft body wet weight (SW) with a precision of 
0.01 mm or 0.01 g of all specimens were obtained using 
a caliper and an electronic balance on the day of collec-
tion. The condition factor (= SW/(L × H × B) × 105; Toba 
and Miyama 1991) was then calculated. The soft bodies of 
clams after weight measurement were immersed in David-
son’s fixative solution (ethanol:formalin:acetic acid:distilled 
water = 33:22:11.5:33.5) for 1 day, and then preserved in 
70% ethanol. A 5-mm cube was cut off the central part of 
the preserved gonad and dehydrated. After normal paraffin 
embedding, serial sections of thickness 5 µm were prepared 
and stained with Mayer’s hematoxylin and eosin. The sec-
tions were then subjected to histological observation of the 
gonadal development process under a biological microscope 
(× 400; CH30; Olympus, Tokyo). Based on the gametogenic 
process outlined by Matsumoto et al. (2014), the gonadal 
developmental process was divided into the following game-
togenetic stages: undifferentiated, early developing, late 
developing, ripe, spawning, and spent.

Results

Environmental conditions

Figure 3 shows the time-series changes in the daily mean 
water temperature in the stocking and fairway areas in Suttsu 
fishing port. The water temperature ranged from 3.4 to 
23.9 °C from November 2017 to October 2018 in experiment 

I, and 2.4 to 24.5 °C from November 2018 to October 2019 
in experiment II. In both periods, the monthly changes were 
similar, where the temperature decreased from November, 
reaching the lowest level in February before increasing to 
the highest temperature in August, and then decreasing again 
in September.

Figure 4 shows the time-series changes in the chloro-
phyll-a concentration in the stocking and fairway areas. 
The chlorophyll-a concentration in both areas fluctuated 
below 5 µg/l throughout the observation period. Although 
the chlorophyll-a concentration in experiment I was higher 
in August than in October (P < 0.01) and that in experiment 
II was higher in September to October than in February to 
March in both areas (P < 0.01), there was no significant dif-
ference between the values in the two areas in each observa-
tion period (both P > 0.05; Table 1).

Figure 5 shows the time-series changes of the advec-
tive and fluctuating components of the flow velocity in 
the stocking and fairway areas. The mean, maximum, and 
minimum values of both components during each observa-
tion period were calculated as the absolute value of each 
component without considering the flow direction (Table 2). 
The advective and fluctuating components of flow veloc-
ity in the stocking area in experiment I were 0–4.2 cm/s 
(mean ± standard deviation; 1.0 ± 0.7 cm/s) and 0–5.3 cm/s 
(1.0 ± 1.0 cm/s) in August, respectively, and 0–3.1 cm/s 
(1.1 ± 0.7 cm/s) and 0–3.3 cm/s (1.1 ± 0.6 cm/s) in October, 
respectively. There was no significant difference between the 
two observation periods in both components (P > 0.05), and 
no significant difference was found between the two compo-
nents in both observation periods (P > 0.05). In experiment 
II, the advective and fluctuating components of flow velocity 
in the stocking area were 0.2–3.5 cm/s (1.1 ± 0.4 cm/s) and 
0.2–2.6 cm/s (0.9 ± 0.4 cm/s) in February–March, respec-
tively, and 0.1–4.2 cm/s (1.0 ± 0.4 cm/s) and 0.2–3.8 cm/s 
(1.2 ± 0.8 cm/s) in September–October, respectively. As in 
experiment I, in experiment II, there was no significant dif-
ference between the two observation periods in both com-
ponents (P > 0.05) and between the two components in both 
periods (P > 0.05).

On the contrary, the advective and fluctuating compo-
nents of flow velocity in the fairway area were 0–5.3 cm/s 
(0.8 ± 0.8 cm/s) and 0.6–5.6 cm/s (2.3 ± 1.0 cm/s) in Febru-
ary to March, respectively, and 0.1–3.0 cm/s (1.1 ± 0.3 cm/s) 
and 0.4–6.4 cm/s (2.0 ± 1.0 cm/s) in September to October, 
respectively. As in the stocking area, no significant differ-
ence was observed between the two observation periods in 
both components in the fairway area (P > 0.05). In contrast, 
the velocity of the fluctuating component was higher than 
that of the advective component in February to March and 
September to October, respectively (both P < 0.01). The val-
ues of the former were 2.8 times (February–March) and 1.9 
times (September–October) higher than those of the latter. 

Fig. 3  Time-series changes in the daily mean water temperature in 
the stocking area from November 2017 to October 2018 in experi-
ment I and the fairway area from November 2018 to October 2019 in 
experiment II
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Furthermore, a comparison of the mean flow velocities at the 
same time between the fairway and stocking areas revealed 
no significant difference between the two advective com-
ponents in both observation periods (P > 0.05). However, 
the velocities of the fluctuating component in the fairway 
area were higher than those in the stocking area in Septem-
ber to October and February to March, respectively (both 
P < 0.01). The former presented 1.8 times (September–Octo-
ber) and 2.6 times (February–March) higher values than the 
latter.

Figure 6 shows the power spectra of the advective and 
fluctuating components of flow velocity in experiment II. 
In both areas, the fluctuating components showed large 
peaks with 38.7- and 64.6-h periods in February to March 
and 38.3- and 87.4-h periods in September to October. In 
the fairway area, peaks with 23.5- (September–October) 
and 25.3-h (February–March) periods were also detected, 

and they were not found in the stocking area. In contrast, 
a few large peaks with different periods were detected in 
the advective components. However, peaks with a 38.3-h 
period were commonly observed in both areas in September 
to October.

Survival and growth

The survival rate of R. philippinarum in both no. 1 cages at 
the end of experiments I and II was 94% and 95%, respec-
tively. The survival rate of clams collected from each sec-
tion of cage nos. 2–4 was also in the range of 93–100%, and 
mortality during rearing was limited.

Figure 7 shows the monthly changes in shell length 
and total weight of R. philippinarum in cage no. 1 of 
experiments I and II. In addition, the SGR and SWG 
between consecutive measurement days are shown in 

Fig. 4  Time-series changes in the chlorophyll-a concentration in the stocking area from August 3 to 24 and October 4 to 25, 2018 in experiment 
I, and the stocking and fairway areas from February 19 to March 16 and September 20 to October 16, 2019 in experiment II

Table 1  Mean, maximum, 
and minimum values of 
chlorophyll-a concentration in 
the stocking and fairway areas 
in Suttsu fishing port

a SD indicates standard deviation

Year (experiment) Period Area Mean ± SDa (µg/l) Maximum (µg/l) Minimum (µg/l)

2018 (Experiment I) Aug 3–24 Stocking 2.34 ± 0.93 4.87 0.57
Oct 4–25 1.58 ± 0.64 4.98 0.43

2019 (Experiment II) Feb 19–Mar 16 Stocking 0.70 ± 0.62 4.84 0.12
Fairway 0.80 ± 0.81 4.99 0.10

Sep 20–Oct 16 Stocking 2.07 ± 1.12 4.92 0.50
Fairway 2.03 ± 1.02 5.00 0.50
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Fig.  8. In experiment I, R. philippinarum showed no 
apparent changes in the shell length and total weight 
between November and July and remained in the range of 
26.7–28.5 mm and 3.8–4.7 g, respectively, but from August 
to October, the length and weight increased from 30.5 to 
33.5 mm and 5.7 to 7.4 g, respectively. In addition, the 
SGR and SWG during the period remained below 0.07 and 
0.25%/day from November to July but increased from 0.15 

to 0.21 and 0.51 to 0.53%/day from August to October, 
respectively. On the contrary, the clams in experiment II 
showed no obvious change in shell length and total weight 
between November and March and remained in the range 
of 27.3–27.7 mm and 3.5–3.6 g, but from April to Octo-
ber, the length and weight increased from 28.4 to 41.4 mm 
and 4.0 g to 12.8 g, respectively. Furthermore, the SGR 
and SWG during this period were 0 and 0.06%/day or less 

Fig. 5  Time-series changes in advective and fluctuating components 
of flow velocity in the stocking area from August 3 to 24 and Octo-
ber 4 to 25, 2018, in experiment I, and the stocking and fairway areas 

from February 19 to March 16 and September 20 to October 16, 
2019, in experiment II

Table 2  Mean, maximum, and minimum values of advective and fluctuating components of flow velocity in the stocking and fairway areas in 
Suttsu fishing port

a SD indicates standard deviation

Component used Year (experiment) Period Area Mean ± SDa (cm/s) Maximum 
(cm/s)

Mini-
mum 
(cm/s)

Advective 2018 (Experiment I) Aug 3–24 Stocking 1.01 ± 0.68 4.16 0.00
Oct 4–25 1.11 ± 0.69 3.11 0.00

2019 (Experiment II) Feb 19–Mar 16 Stocking 1.07 ± 0.35 3.52 0.22
Fairway 0.84 ± 0.75 5.26 0.00

Sep 20–Oct 16 Stocking 0.97 ± 0.39 4.16 0.10
Fairway 1.05 ± 0.26 2.96 0.11

Fluctuating 2018 (Experiment I) Aug 3–24 Stocking 0.98 ± 0.98 5.33 0.00
Oct 4–25 1.14 ± 0.58 3.29 0.00

2019 (Experiment II) Feb 19–Mar 16 Stocking 0.89 ± 0.42 2.61 0.20
Fairway 2.33 ± 0.99 5.64 0.55

Sep 20–Oct 16 Stocking 1.15 ± 0.75 3.81 0.22
Fairway 2.01 ± 1.04 6.44 0.42
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from November to March, but from April to October, they 
increased to 0.12–0.26 and 0.38–0.84%/day, respectively.

Condition factor and reproductive cycle

Figure 9 shows the monthly changes in the condition factor 
of R. philippinarum in the cage nos. 2–4 of experiments I 

and II. The condition factor in experiment I remained in 
the range of 9.4–10.5 with no obvious change from Novem-
ber to March but began to increase in April and peaked in 
May (= 16.4). Thereafter, the condition factor temporar-
ily decreased in June but remained at 15.4–15.8 from July 
to September, and then decreased to 14.0 in October. The 
condition factor in experiment II remained in the range 
of 10.6–11.8 with no obvious change from November to 
February but began to increase in March and then peaked 

Fig. 6  Power spectra obtained via the FFT analysis in the advective 
and fluctuating components of flow velocity in the stocking and fair-
way areas from February 19 to March 16 and September 20 to Octo-
ber 16, 2019, in experiment II

Fig. 7  Mean shell length and total weight of Ruditapes philippinarum 
reared in the stocking area in experiment I and the fairway area in 
experiment II. The vertical lines indicate standard deviations. Num-
bers above bars indicate the number of specimens

Fig. 8  Specific growth rate (SGR) and specific weight gain (SWG) of 
Ruditapes philippinarum reared in the stocking area in experiment I 
and the fairway area in experiment II

Fig. 9  Monthly changes in the mean condition factor of Ruditapes 
philippinarum reared in the stocking area in experiment I and the 
fairway area in experiment II. The vertical lines indicate standard 
deviations. Numbers above bars indicate the number of specimens 
(top: experiment I, bottom: experiment II)
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(= 19.2) in June. The subsequent condition factor decreased 
to 13.6 in August and remained in the range of 13.5–14.0 
until October.

The monthly changes in the composition of the game-
togenetic stages of R. philippinarum in experiments I and II 
are shown in Fig. 10. In experiment I, all individuals were 
in the undifferentiated stage from November to March, and 
a few individuals began to enter the early developing stage 
in April, with all individuals in the early developing stage 
in May. In June, more than 80% of the individuals remained 
in the early developing stage, whereas 20% of the females 
and 13% of the males entered the late developing stage. All 
individuals entered the late developing stage in July, and 
more than 60% of the individuals were in the ripe stage in 
August. In September, all individuals were in the spawning 
stage, and 73% of the females and 67% of the males entered 
the spent stage in October.

In experiment II, all individuals were in the undiffer-
entiated stage in November. From December to February, 
7–18% of the females and 13–15% of the males entered the 
early developing stage, with 62–67% of the females and 
53–73% of the males in this stage in March–April. In May, 
more than 50% of the individuals were in the late developing 
stage, with 44% of the females and 43% of the males in the 
ripe stage. All individuals entered the ripe stage in June and 
shifted to the spawning stage between July and August. In 
September, 60% of the females and 73% of the males entered 
the spent stage, with all individuals in this stage in October.

Discussion

Environmental conditions

In this study, the two experiments in the stocking and fair-
way areas were conducted in different years. Therefore, here, 

we discuss the difference in the growth of R. philippinarum 
in both areas based on the difference in environmental 
conditions.

The environmental factors affecting growth of R. philip-
pinarum are water temperature (Sakurai et al. 1996; Isono 
et al. 1998), food (Nishizawa et al. 1992; Koike et al. 1992; 
Onuma et al. 2002; Taga and Wanishi 2006), and flow veloc-
ity (Nishizawa et al. 1992; Kakino 1996; Ito et al. 2017). In 
the present study, the water temperature was in the range 
of 3.4–23.9 °C in the stocking area in experiment I and 
2.4–24.5 °C in the fairway area in experiment II. The daily 
mean water temperature changes in both areas showed a sim-
ilar trend, increasing from March to August and decreasing 
from September to February. Therefore, we speculate that 
water temperature was not responsible for the difference in 
the growth and gonadal developmental process of R. philip-
pinarum between the two experiments, although the experi-
ments were conducted in different years.

The measurement periods of chlorophyll-a concentration 
were limited during February–March and September–Octo-
ber, but there was still no apparent difference in the chlo-
rophyll-a concentration between the stocking and fairway 
areas. Thus, we presume that the concentration of food was 
also not involved in the difference in the growth and gonadal 
developmental process of R. philippinarum.

Contrarily, the mean flow velocity of the fluctuating com-
ponent in the fairway area was approximately 2.0–2.3 cm/s, 
which was 1.8–2.6 times higher than that in the stocking 
area, but the mean flow velocity of advective components 
was similar in both areas. These results suggest that the 
flows due to tidal, coastal, and wind-driven currents are 
similar in the two areas, but the flow due to waves is higher 
in the latter than in the former. Furthermore, according to 
the results of the power spectrum analysis, the fluctuat-
ing components showed large peaks with 38.7- and 64.6-h 
periods in February to March and 38.3- and 87.4-h periods 
in September to October in both areas. This suggests the 

Fig. 10  Monthly changes in the 
relative proportion of Ruditapes 
philippinarum at each game-
togenetic stage from November 
2017 to October 2018 in the 
stocking area in experiment I 
and from November 2019 to 
October 2019 in the fairway 
area in experiment II. Numbers 
above bars indicate the number 
of specimens
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occurrence of long-period waves with different periods in 
the port in both areas. In the fairway area, peaks with 23.5- 
(September–October) and 25.3-h (February–March) periods 
were also detected, which were not found in the stocking 
area. This can be attributed to the effects of wake waves 
associated with the navigation of fishing boats, where depar-
ture and arrival times are concentrated. It is presumed that 
the flow caused by wake waves will be more pronounced 
in the fairway area than in the stocking area. In contrast, 
a few large peaks with different periods were detected in 
the advective components, except that peaks with a 38.3-h 
period were commonly observed in both areas in Septem-
ber to October. In the future, it is necessary to examine the 
external forces that cause these flows.

Suspended organic particles, including phytoplankton, 
are transported by water flow, and the flow is also important 
for feeding R. philippinarum (Nishizawa et al. 1992). As 
mentioned above, there was no apparent difference in the 
chlorophyll-a concentration between the stocking and fair-
way areas, indicating that the main factor determining the 
amount of food supply to R. philippinarum in Suttsu fishing 
port is the flow velocity.

Growth and reproductive cycle

In this study, R. philippinarum cultivated in the fairway 
area in Suttsu fishing port showed rapid growth after April, 
whereas the clams reared in the stocking area showed slow 
growth until July. Goshima et al. (1996) reported rapid shell 
growth of R. philippinarum in Saroma-ko Lagoon in Hok-
kaido when the water temperature increased to above 7 °C. 

In this study, the water temperature exceeded 7 °C in April 
in both experiments I and II. Notably, the month when the 
shell growth of R. philippinarum commenced coincided with 
the month when the water temperature exceeded 7 °C in 
experiment II, whereas the month when the shell growth 
of the clams started was significantly delayed from April in 
experiment I. This suggests that the fluctuating component 
of flow velocity is lower in the stocking area than in the 
fairway area, and the food supply required for shell growth 
is insufficient even if the water temperature conditions for 
shell growth are satisfied.

Taga and Wanishi (2006) noted that the total amount of 
pigment passing through the sea bottom (µg/cm2/s), deter-
mined by multiplying the amount of total pigment suspended 
on the sea bottom (µg/ml) and the bottom flow velocity 
(cm/s), is effective for evaluating the feeding environment 
of R. philippinarum. Chow et al. also investigated the rela-
tionship between the growth of R. philippinarum and the 
chlorophyll flux (µg/l cm/s), determined as the product of 
chlorophyll-a concentration (µg/l) and flow velocity (cm/s), 
in several clam fishing grounds. They indicated that fluxes 
more than 10 µg/l cm/s are required for good growth of 
clams (https ://www.mf21.or.jp/suisa nkiba n_hokok u/data/
pdf/z0000 913.pdf “Accessed 10 Jun 2020”). The mean 
chlorophyll flux in Suttsu fishing port calculated using the 
advective and fluctuating components of the flow velocities 
(Table 3) was 0.7–2.3 and 0.6–2.3 µg/l cm/s in the stock-
ing area, and 0.7–2.1 and 1.6–4.5 µg/l cm/s in the fairway 
area, respectively. Therefore, the flux in the fairway area 
was higher than that in the stocking area, although the mean 
flux was less than 10 µg/l cm/s in both areas. In addition, 

Table 3  Mean values of chlorophyll flux calculated using advective and fluctuating components of flow velocity in the stocking and fairway 
areas in Suttsu fishing port

a SD indicates standard deviation
b The numerator and denominator indicate the number of observations in which the chlorophyll flux exceeds 10 µg/l cm/s and the total number of 
observations, respectively

Component Year (experiment) Period Area Mean ± SDa 
(µg/l cm/s)

Number of observations with chlo-
rophyll flux exceeding 10 µg/l cm/
sb

Advective 2018 (Experiment I) Aug 3–24 Stocking 2.29 ± 1.90 0/504
Oct 4–25 1.72 ± 1.31 1/622

2019 (Experiment II) Feb 19–Mar 16 Stocking 0.74 ± 0.71 0/597
Fairway 0.70 ± 1.35 5/597

Sep 20–Oct 16 Stocking 2.26 ± 1.45 0/672
Fairway 2.09 ± 1.34 7/672

Fluctuating 2018 (Experiment I) Aug 3–24 Stocking 2.33 ± 2.27 1/504
Oct 4–25 1.68 ± 1.13 1/622

2019 (Experiment II) Feb 19–Mar 16 Stocking 0.58 ± 0.56 0/597
Fairway 1.63 ± 1.80 13/597

Sep 20–Oct 16 Stocking 2.26 ± 1.57 2/672
Fairway 4.47 ± 2.42 13/672

https://www.mf21.or.jp/suisankiban_hokoku/data/pdf/z0000913.pdf
https://www.mf21.or.jp/suisankiban_hokoku/data/pdf/z0000913.pdf
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the number of observations in which the flux exceeded 
10 µg/l cm/s during 504–672 observations was 5–13 in the 
fairway area, whereas it was less than 2 in the stocking area. 
There are several unclear aspects regarding the relationship 
between chlorophyll flux and R. philippinarum growth, and 
it is difficult to evaluate the growth of clams using the flux. 
However, the fact that the order of changes in the chlorophyll 
flux in the fairway and stocking areas coincided with the 
shell growth suggests that the former is more suitable for 
clam growth than the latter in terms of food supply.

In the stocking area, the condition factor of R. philippi-
narum showed an apparent increase from April and peaked 
in May before hardly changing until September, although 
it decreased in October and plateaued from November to 
March. Simultaneously, the gonadal development process 
of R. philippinarum in the stocking area presented an annual 
cycle that shifted to the early developing stage in April–May, 
late developing stage in July, ripe stage in August, spawning 
stage in September, spent stage in October, and undifferenti-
ated stage in November–March. Therefore, the increase in 
the condition factor in April–May can be attributed to the 
development of germ cells, and the decrease in the condi-
tion factor in September–October might be due to spawning. 
On the contrary, in the fairway area, although the condition 
factor of R. philippinarum increased in March and peaked 
in June, it decreased in August before hardly changing until 
October and decreased from November to February. In addi-
tion, the gonadal development process of R. philippinarum 
in the fairway area presented an annual cycle that shifted 
to the early developing stage in March–April, late devel-
oping stage in May, ripe stage in June, spawning stage in 
July–August, spent stage in September–October, and undif-
ferentiated stage in November–February. In this way, the 
changes in the condition factor and gonadal developmental 
process coincided in both areas, as supported by the qualita-
tive and quantitative aspects, that is, the spawning season of 
R. philippinarum was September–October in the stocking 
area and July–August in the fairway area. In addition, the 
increase in the condition factor in both areas may involve 
the growth of the soft bodies of clams due to the increase in 
food intake owing to the rise in water temperature.

Furthermore, in the stocking area, the condition factor 
of R. philippinarum increased from April to June, the late 
developing stage was reached in July, and shell growth was 
observed from July. In the fairway area, the condition factor 
began to increase in February, the late developing stage was 
reached in May, and shell growth was observed from April. 
Thus, a possible mechanism is that most of the energy of R. 
philippinarum is directed toward reproductive growth until 
maturation. Shell growth is also initiated via the allocation 
of energy to somatic growth from the late developing stage 
when energy storage in germ cells seems to cease.

It is well known that the maturity and spawning of R. 
philippinarum are mainly affected by water temperature 
(Toba and Miyama 1995) and food (Toba 1989). Regarding 
the water temperature, previous studies have reported that 
the temperature range for spawning of R. philippinarum is 
15–20 °C (Kinoshita and Shibuya 1939; Ohba 1959; Hol-
land and Chew 1974). In this study, the water temperature 
reached 15–20 °C in July–August in both experiments. Thus, 
in the fairway area, the spawning season and spawnable tem-
perature condition of R. philippinarum coincided, whereas in 
the stocking area, the clams began to spawn 3 months after 
the condition was reached. Ikematsu (1957) suggested poor 
nutritional conditions could delay spawning in R. philippi-
narum. As the chlorophyll-a concentration in the stocking 
and fairway areas during the entire gonadal development 
process was not observed in this study, the difference in the 
spawning period in both areas cannot be explained by food 
conditions. However, although the observation period was 
limited, the food supply in the fairway area was found to be 
better than that in the stocking area, and the peak value of 
the condition factor in the former (= 19.2) was higher than 
that in the latter (= 16.4). From these findings, we deduced 
that one reason the spawning season of R. philippinarum 
was delayed in the stocking area is that the development 
of germ cells was delayed due to insufficient food supply 
until July.

Possibility of suspended culture in Suttsu fishing 
port

To meet consumer requirements, the shell length of R. 
philippinarum caught in Hokkaido is generally over 40 mm. 
In Hokkaido, the age at which R. philippinarum grows to a 
shell length of 40 mm in tidal flat fishing grounds is esti-
mated to be more than 4 years (Yamamoto and Iwata 1956; 
Tomita 1983; Takaya 1988; Goshima et al. 1996). If the 
number of years required to reach the catch size can be 
shortened, the clam production would become more effi-
cient. Here, 2-year-old clams with a shell length of 28 mm 
were able to grow to a shell length of 34 and 41 mm in 1 year 
(8 months if the growth stagnation period from November to 
February was excluded) by suspended culture in the stocking 
and fairway areas, respectively. In addition, the difference in 
the shell length at the start and end of the experiments was 
5.5 mm in the stocking area and 13.7 mm in the fairway area, 
indicating that clams grow at a rate of 2.5 times higher than 
that in the former. Therefore, in Suttsu fishing port, it is pos-
sible to grow 2-year-old clams with a shell length of 28 mm 
to the shipping size in just 1 year by suspended culture in 
the fairway area where a high feed supply is expected due to 
the fluctuating component of flow velocity.

Fujiwara et al. (2008) reported that R. philippinarum 
with a mean shell length of 20 mm suspended from April 
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in Kurita and Maizuru Bays, Kyoto Prefecture, grew to 
48 and 51  mm after 14  months, respectively. Higano 
(2014) also reported that R. philippinarum with a mean 
shell length of 22 mm suspended from April in Ohnoura 
Bay, Mie Prefecture, grew to 33–35 mm after 5 months. 
Therefore, these values are considerably higher than the 
shell growth in Suttsu fishing port. One of the reasons may 
be that the water temperatures of 9.9–28.7 °C in Kurita 
Bay (year-round; Fujiwara et al. 2008) and 13–28 °C in 
Ohnoura Bay (May–December; Hasegawa et al. 2015) are 
higher than 4–22 °C in Suttsu fishing port. Thus, the clam 
suspended culture in Suttsu fishing port is disadvantageous 
in terms of shell growth compared with that in regions 
outside Hokkaido. In addition, in both Kyoto and Mie Pre-
fectures, the shell length of R. philippinarum at the start of 
the experiment was shorted than that in this study. There-
fore, it is considered that the size-dependent difference in 
growth rate also affected the shell growth.

Contrarily, there are few examples of suspended cul-
ture of R. philippinarum in Hokkaido, and only a case of 
juvenile clams with a fast growth rate has been reported 
(Kanamori et al. 2017; Maruyama et al. 2018). According 
to these results, juvenile clams, collected 9 months after 
artificial seeding, with the mean shell length of 10–15 mm 
were suspended in Hakodate and Era fishing ports from 
June, and they grew to 25–45 mm after 1 year. Therefore, 
assuming that the juvenile clams grow to a shell length 
of over 25 mm in 1 year in the fairway area of Suttsu 
fishing port as well as in Hakodate and Era fishing ports, 
it will be possible to cultivate juvenile clams established 
9 months after artificial seeding to a shipping size of over 
40 mm in 2 years. In addition, the growth of R. philip-
pinarum in the tidal flat fishing grounds in Hokkaido has 
been reported to be as follows: the mean shell lengths of 
2-year-old clams increased from 21.3, 28.1, and 26.4 mm 
to 34.4, 35.4, and 31.9 mm after 1 year in Akkeshi-ko 
Estuary (Yamamoto and Iwata 1956), Saroma-ko Lagoon 
(Goshima et al. 1996), and Hakodate Bay (Tamura et al. 
2014), respectively; and mean shell lengths of 3-year-
old clams increased from 25.9 and 30.2 mm to 33.0 and 
39.4 mm after 1 year in Mochirippu-numa Lagoon (Tomita 
1983) and Furen-ko Lagoon (Takaya 1988), respectively. 
Based on these growth rates (Fig. 11), the annual growth 
rate (slope of each straight line) of clams decreased in 
the following order: Akkeshi-ko Estuary > Furen-ko 
Lagoon > Lake Saroma-ko Lagoon > Mochirippu-numa 
Lagoon > Hakodate Bay. The slope in the fairway area 
of Suttsu fishing port exceeded that in Akkeshi-ko Estu-
ary with the greatest slope, but the slope in the stocking 
area of Suttsu fishing port was similar to that in Hakodate 
Bay with the smallest slope. This indicates that the sus-
pended culture of R. philippinarum in the fairway area of 
Suttsu fishing port is more advantageous than that in the 

tidal flat fishing grounds in Hokkaido from the perspec-
tive of growth rate. The introduction of suspended culture 
in Suttsu is expected to improve the efficiency of clam 
production.
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