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1.  INTRODUCTION 

Almost all commercially important bivalves have a 
planktonic larval stage in their early life cycle. Given 

the weak swimming ability of larvae compared with 
horizontal current velocities, the spatio-temporal 
dyna mics of larvae are strongly affected by back-
ground ocean currents. In coastal areas, which are 
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their main habitat, complex flow fields are induced by 
topography and various external forces such as tides, 
winds, and freshwater inputs from rivers. When con-
ditions are stratified, in particular, vertical differ-
ences in flow structures have a large impact on hori-
zontal larval transport through species specific and/
or ontogenetic vertical distributions of larvae, which 
are key to dispersal and recruitment (North et al. 
2008, Puckett et al. 2014, Peteiro & Shanks 2015, 
McVeigh et al. 2017). 

The Pacific oyster Crassostrea gigas (Thunberg, 
1793), one of the most important cultured bivalve spe-
cies, is farmed in many coastal areas around the world 
(https://www.fao.org/fishery/docs/DOCUMENT/
aquaculture/CulturedSpecies/file/en/en_pacific
cuppedoyster.htm). Japan, C. gigas’ native habitat, is 
one of the world’s leading oyster-producing coun-
tries, and Hiroshima Bay is the largest C. gigas farm-
ing area in Japan. In Hiroshima Bay, almost all spat 
required for oyster farming are obtained by natural 
seedling collection, which is achieved by installing 
spat collectors made of scallop Mizuhopecten yesso -
ensis shells during the C. gigas spawning season (Ara-
kawa 1990, Matsubara et al. 2023). Although natural 
seedling collection is an important process indispens-
able for sustainable aquaculture of Pacific oyster, fai-
lure of seedling collection often occurs in the bay. 
Several studies have reported possible causes for fai-
lure of seedling collection from physical and biolog-
ical aspects such as larval outflow from farming areas 
by horizontal advection (Kimura et al. 1975), harmful 
algae (Mizuno et al. 2015), the effects of chemicals 
such as antifouling biocides (Onduka et al. 2022), and 
feeding conditions (Wahyudin & Yamamoto 2020, 
Matsubara et al. 2023).  

The planktonic larval period of C. gigas, from 
spawned eggs to settlement in substrate, lasts approx-
imately 2 wk (Fujiya 1970, Koganezawa 1978, Araka -
wa 1990, Vogeler et al. 2016). In Hiroshima Bay, 
C. gigas spawning mainly occurs in summer, from 
July to August (Arakawa 1990). The first half of the 
main spawning period coincides with the rainy and 
post rainy season in western Japan. The rainy season 
associated with the East Asian summer monsoon is a 
typical meteorological event that supplies high pre-
cipitation in early summer (Ding & Chan 2005). In 
coastal areas, the rainy season causes drastic changes 
in water quality and hydrodynamic conditions in the 
surface layer within a daily time scale because of 
intermittent heavy discharge from rivers. Thus, the 
vertical distribution of C. gigas larvae is likely to 
largely affect their spatial distribution especially in 
this season; for a better understanding of the spatio-

temporal dynamics of larvae and optimal seedling 
collection location, knowing the vertical distribution 
of larvae and the factors controlling their vertical 
position is critical. 

Several studies have investigated the vertical distri-
bution of C. gigas larvae (Kikuchi 1960, Arakawa 1990, 
Sugawara et al. 2000). In field observations, Kikuchi 
(1960) and Sugawara et al. (2000) reported the verti-
cal distribution of C. gigas larvae according to size 
classes. Their results showed that most larvae were 
distributed from the surface to 2–6 m depth. Kikuchi 
(1960) also suggested the effect of ontogenetic and 
 environmental changes on the vertical distribution of 
larvae. However, the relationship be tween vertical 
distribution and environmental conditions remains 
unclear. In addition, this lack of biological characteri-
sation of vertical motion makes it difficult to conduct 
numerical modeling studies on larval transport of C. 
gigas (Kakehi 2022). The application of numerical 
models to this species is limited to either experiments 
with various assumptions of vertical behavior (Robins 
et al. 2017) or calculations that incorporate the biolog-
ical characteristics of other oyster species (Kakehi et 
al. 2020). As for other oyster species, there are numeri-
cal studies on vertical swimming behavior and hori-
zontal larval transport based on experimental and ob-
servational results (e.g. Dekshenieks et al. 1996, North 
et al. 2008). North et al. (2008) developed a larval 
transport model incorporating the vertical motions of 
2 species, those of C. virginica and C. ariakensis. Their 
results reproduced differences in dispersion distance 
dependent on species-specific swimming behavior. 

In the present study, we first conducted field obser-
vations in Hiroshima Bay during and after the rainy 
season to elucidate the vertical distribution of C. 
gigas larvae and the relationship with environmental 
conditions. Second, we conducted larval transport 
simulations using a particle-tracking model incorpo-
rating the vertical motions of larvae to examine the 
spatio-temporal dynamics of larvae before and after 
high river discharge. Finally, based on both observa-
tions and simulations, we discuss the role of vertical 
distribution of C. gigas larvae for recruitment, and the 
prospect of sustainability in oyster aquaculture with 
respect to seedling collection. 

2.  MATERIALS AND METHODS 

2.1.  Study area 

Hiroshima Bay is a semi-enclosed embayment lo -
cated in the western part of the Seto Inland Sea, Japan 
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(Fig. 1). The bay is sheltered by several 
islands and the mean depth is approx-
imately 26 m (Kamiyama et al. 2005, 
Umehara et al. 2018). The bay is one of 
the most intensive oyster farming areas 
in Japan. The main farming area is 
northern Hiroshima Bay, including Eta-
jima Bay, which connects with an off-
shore area through the Ohno, Nasabi, 
and Kure Straits. Water properties are 
mostly affected by the discharge of 
freshwater and nutrients, mainly from 
the Ohta River (Kamiyama et al. 2005, 
Umehara et al. 2018, Abo & Onitsuka 
2019, Yamamoto et al. 2021). In fact, 
estuary circulation is driven by the 
fresh water discharged from the Ohta 
River in summer (Lee et al. 2001, Yama-
moto et al. 2011, Abo & Onitsuka 2019). 

2.2.  Cross-sectional observations 

To examine vertical distributions of 
C. gigas larvae and the relationship 
with environmental conditions, cross-
sectional observations were conducted 
using the RV Shirafuji-maru along a 
transect line running from north to 
south of Hiroshima Bay at Stations 
(Stns) 1–6 during about 3 h around 
noon on 7, 16, 21, and 28 July 2020, re-
spectively (Fig. 1). Water samples were 
pumped using a submersible pumping 
gear at tached with a weighted flexible 
hose at depths of 1, 2, 3, 5, 7, and 10 m. 
C. gigas larvae were collected by filter-
ing 250 l of seawater through a 50 μm 
mesh net. These samples were con -
centrated and immediately frozen at 
−20°C. In the laboratory, C. gigas lar-
vae were identified using specific fluo-
rescent-labeled monoclonal antibodies, 
and a light microscope was used to 
count them and measure their shell 
heights (Kakehi et al. 2020). To deter-
mine if there were ontogenetic changes 
in larval behavior, we divided them into 
3 size classes: small (≤150 μm, D-shaped larvae and 
small umbo), medium (150–210 μm, medium umbo), 
and large (>210 μm, large umbo and pediveliger). The 
proportion of each size class of larvae found at each 
depth was calculated using all larval profiles. 

Vertical profiles of water temperature, salinity, and 
chlorophyll fluorescence were measured at 0.1 m 
intervals at each station using a multi-parameter 
water quality sensor (AAQ-RINKO, JFE Advantech). 
Water samples pumped from depths of 1 or 3 m were 
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used for analyzing chlorophyll a (chl a) concentra-
tions. One liter of seawater was filtered through 
Whatman GF/F filters, and the pigments were 
extracted by N,N-dimethylformamide. The in vivo 
chlorophyll fluorescence observed by AAQ-RINKO 
was calibrated using the chl a values determined by a 
fluorometer (10-AU, Turner Designs) in the labo-
ratory. Coefficients of determination R2 for linear re -
gressions ranged from 0.975 to 0.997 in 4 cross-
sectional observations. To examine the relationship 
be tween larval density and environmental factors, 
Spearman’s rank correlations were calculated be -
tween logarithmic larval density collected at depths 
of 1, 2, 3, 5, 7, and 10 m and water temperature, salin-
ity and chl a concentration observed at the same 
depths from the vertical profiles measured at 0.1 
intervals. In addition, the relationship between log-
arithmic larval density and salinity was approximated 
by using a quadratic function. 

2.3.  24 h stationary fixed-point observation 

To examine the diurnal changes in larval vertical 
distributions, stationary fixed-point observation was 
conducted every 3 h for 24 h beginning at 08:00 Japan 
Standard Time (JST) on 3 August 2017 at Stn 3 (Fig. 1; 
ca. 23 m depth), which is located at the center of north-
ern Hiroshima Bay. The RV Shirafuji-maru provided a 
platform to deploy the instruments. The methods of 
sampling, identifying, and counting C. gigas larvae 
were the same as for cross-sectional ob servations. 
Water samples were pumped using submersible pump-
ing gear attached with a weighted flexible hose at 7–
10 layers with 1–5 m intervals from 1 m depth to 1 m 
above the bottom. Water samples at the sea surface 
were collected using a plastic bucket. Considering 
that the abundances of medium- and large-sized larvae 
were 2 or 3 orders of magnitude smaller than small-
sized larvae, the sum of medium- and large-sized larvae 
(i.e. medium–large size) was used for visualization 
and analysis. Vertical profiles of water temperature, 
salinity, and chlorophyll fluorescence were measured 
by AAQ-RINKO at 0.1 m intervals. 

To visualize vertical distributions of C. gigas larvae, 
the weighted mean depth (Depthmean) and weighted 
mean seawater density σt (σtmean) were calculated at 
each sampling time as follows (Peteiro & Shanks 2015): 

                                           (1) 

                                     (2) 

where Ai, zi, and σti are the larval density, depth, and 
seawater density at the i th sampling depth, respectively. 

2.4.  Monitoring of planktonic and settled larvae 
in Hiroshima Bay 

To promote successful natural seedling collection 
in Hiroshima Bay, Hiroshima City Fisheries Promotion 
Center conducts frequent monitoring of planktonic 
and settled larvae in the morning (from 09:00 JST to 
11:00 JST) mainly during July to August every year. 
In the present study, we used the data ob tained in 
July 2020 to establish the initial condition of larval 
transport simulations as described in Section 2.7, and 
to validate the simulation results. At 10 monitoring 
stations in the northern area (Fig. 1), a plankton net 
(Kitahara’s quantitative plankton net; mesh size 72 μm 
and 0.225 m diameter, Rigo) was towed vertically 
from a depth of 5 m to the surface; the obtained sam-
ples were immediately fixed with 37% (w/v) form alde -
hyde (the final formaldehyde concentration was 0.2%, 
w/v). To track abundance of each larval development 
stage, planktonic C. gigas larvae classified into 9 size 
classes, every 30 μm from ≤90 to 300–330 μm, were 
directly counted under a microscope (BX43, Olym-
pus). Information of larval abundance with each size 
class in each station has been provided to fishermen 
in quasi real-time to schedule seedling collection. As 
with Sections 2.2 and 2.3, the small size-class of larvae 
(≤150 μm), estimated to be ≤5 d post-fertilization, 
was used in this study. To monitor the abundance of 
settled larvae, spat collectors for seedling collection 
were placed at 0.3, 0.7, and 1.1 m depths at 10 stations 
in the northern area (northern Hiroshima Bay, Fig. 1) 
and at 5 others in the offshore area (near Ohkurokami 
Island; Fig. 1). The spat collectors were collected from 
the field the next day, transported to the laboratory, 
air dried, and the larvae that settled at the 3 depth 
layers were counted using a head loupe (Binocular 
magnifier, Vixen); then, we determined the average 
number of larvae that settled on spat collectors at the 
3 depths. 

2.5.  Other environmental data and data analysis 

Wind and solar radiation data recorded at the Hiro-
shima Meteorological Observatory (Fig. 1) were ob -
tained from the Japan Meteorological Agency (www.
jma.go.jp/jma/index.html). The sea level relative to 
Tokyo Peil (mean sea level at Tokyo Bay) at the Hiro-
shima port (Fig. 1) was provided by the Japan Ocean-
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ographic Data Center (https://www.jodc.go.jp/jodc
web/index_j.html). The discharge from the Ohta 
River was obtained from the Ministry of Land, Infras-
tructure, Transport and Tourism, Japan (http://www
1.river.go.jp/). These data were used to characterize 
the environmental conditions during cross-sectional 
and stationary ob servations. All statistical analyses, 
in cluding Spearman’s rank correlation, Welch’s t-
test, and regression (linear and quadratic functions), 
were performed using R version 4.0.4 (R Core Team 
2021). 

2.6.  Hydrodynamic simulation 

The hydrodynamic model is based on the Princeton 
Ocean Model; its configuration is described in detail 
by Abo & Onitsuka (2019). The model domain was 
40 km east–west and 52 km north–south including 
Hiroshima Bay, with a horizontal resolution of 300 m 
and 21 sigma levels. Boundary conditions were pro-
vided by open boundaries with the water tempera-
ture, salinity, and sea level calculated by the Regional 
Ocean Modeling System around Japan (Kuroda et al. 
2017). With respect to meteorological conditions, 
wind direction, wind speed, temperature, and relative 
humidity were given by the reanalysis data of GPV-
MSM from the Japan Meteorological Agency. Precip-
itation data observed by the Japan Meteorological 
Agency were given at the surface layer as freshwater 
input to the hydrodynamic model. Major and minor 
rivers, including the Ohta River, were considered 
freshwater inflows into Hiroshima Bay. The model 
was integrated for 4 mo from 1 May to 31 August 
2020. We evaluated the model performance that re -
produced salinity and velocity fields (tidal and resid-
ual currents) during the rainy season when the heavy 
rainfall event occurred in July 2018 (Abo & Onitsuka 
2019). The output every 0.5 h was used for particle-
tracking experiments. 

2.7.  Lagrangian particle-tracking simulations 

Lagrangian particle-tracking simulations were con-
ducted using the velocity fields of the hydrodynamic 
model. The governing equations for the horizontal 
and vertical movements of particles simulating oyster 
larvae are as follows: 

                                           (3) 

                                           (4) 

                                           (5) 

where x, y, and z are the 3-dimensional positions of 
particles. U, V, and W denote the 3-dimensional 
velocities simulated by the hydrodynamic model, 
which were linearly interpolated in time and space to 
provide values at any particle location. Δt is the time 
interval (2 s). The advection of particles was calcu-
lated using the Euler-forward scheme. Random dis-
placement was included in the particle-tracking 
model to simulate sub-grid scale turbulence (Visser 
1997, North et al. 2006). Rx, Ry, and Rz are normal ran-
dom numbers with standard deviation 1. Kh is the 
horizontal diffusivity coefficient at the particle loca-
tion. Kv is the vertical diffusivity evaluated at (zt + 
0.5K’vΔt). K’v equals ∂Kv/∂z evaluated at zt. Kh and Kv 
were obtained from the hydrodynamic model. Based 
on the observations in the present study and previous 
studies on other oyster species (e.g. Dekshenieks et 
al. 1996, North et al. 2008), larval behavior in the ver-
tical direction was considered (Eq. 5). Wswim and Wsink 
are the velocities of upward swimming and downward 
sinking, respectively. α is the fraction of time larvae 
swim, which is given as an input parameter for 
 particle-tracking simulations. In the simulations, 
when the particles flowed out from the open bound-
ary, such particles were removed. Landing of par-
ticles was avoided by moving the particles back to 
previous locations. Particles that moved outside the 
surface (or bottom) were put back the same distance 
vertically. 

The swimming velocity of oyster larvae ranged from 
0 mm s−1 to 2–6.5 mm s−1 as larvae develop from fer-
tilized eggs to pediveligers (Hidu & Haskin 1978, 
Mann & Rainer 1990, Troost et al. 2008, Suquet et al. 
2013, Gamain et al. 2020). According to the laboratory 
experiments in C. gigas larvae, swimming speeds 
were 0.146 mm s−1 for trochophores (Suquet et al. 
2013) and 0.144–0.297 mm s−1 for D-larvae (Gamain 
et al. 2020). Troost et al. (2008) reported horizontal 
and vertical swimming speeds of 0.7–6.5 mm s−1 (size: 
68–279 μm) and 0.9 mm s−1 (size: 173 μm), respec-
tively. In the present study, we set the upward maxi-
mum swimming speed to increase linearly from 
0.5 mm s−1 to 2.5 mm s−1 during the simulation period, 
based on the above laboratory studies and previous 
simulation studies with swimming speeds of 0–
2.28 mm s−1 for C. virginica (Dekshenieks et al. 1996) 
and 0.5–3.0 mm s−1 for C. virginica and C. aria kensis 
(North et al. 2008). The maximum swimming speed 
was multiplied by a number drawn from a uniform ran-
dom distribution between 0 and 1 to simulate random 
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variation in the movement of individual oyster larvae 
(North et al. 2008). The sinking velocity of oyster lar-
vae increases approximately from 1 mm s−1 for small 
larvae up to 5 mm s−1 near settlement size (Hidu & Ha-
skin 1978, Dekshenieks et al. 1996). Thus, we in-
creased the downward sinking velocity from 1.0 mm 
s−1 to 5.0 mm s−1 during the simulation period. Pre-
vious studies adopted vertical larval be havior depen-
dent on salinity (Dekshenieks et al. 1996, North et al. 
2008). Dekshenieks et al. (1996) adopted an α of 0.64–
0.83 (mean = 0.735) for C. virginica in response to sa-
linity change. Based on field observations (Section 
3.1), larval density peaked at approximately salinity 
20 and decreased with decreasing salinity. We added 
vertical larval behavior that avoids low salinity. In the 
case of the control (Control), α was assigned a constant 
value of 0.81, except for salinity <20 at the position of 
the particle, resulting in a weak upward velocity of 
larvae on average. α linearly decreased from 0.81 to 0 
at salinities ranging from 20 to 0; thus, all larvae sank 
at salinity of 0. The 3-dimensional salinity field from 
the hydrodynamic model was used to calculate verti-
cal movements of particles simulating oyster larvae. 
The simulated salinity pattern reproduced 4 cross-
sectional observations well, but the simulated salinity 
was higher than that observed as the salinity de -
creased. The bias between simulated and observed sa-
linities was 3.7 at simulated salinity of 20. Therefore, 
the salinity field obtained from the hydro dynamic 
model was modified using the relationship between 
simulated and observed salinities (n = 266, Sobs = 
1.282 Ssim − 9.38, R2 = 0.773, p < 0.001). 

In addition to the abovementioned case of Control, 
3 other case studies were conducted in particle-track-
ing simulations. Case 1 had no avoidance of low salin-
ity (constant α value of 0.81). The other 2 cases con-
sidered diel swimming (Case 2) and tidal swimming 
(Case 3) following the results of 24 h stationary obser-
vation (see Section 3.2). In Case 2, vertical movement 
by a diel swimming speed of 0.05 mm s−1 (i.e. 2.16 m 
per 12 h) in a diurnal cycle (upward: 05:00–17:00 h 
JST, downward: 17:00–05:00 h JST) was added to 
Eq. (5). In Case 3, larvae swam upward during rising 
tides and downward during falling tides with a speed 
of 0.1 mm s–1, which was added to Eq (5), correspond-
ing with vertical migration (~2 m) in a semi-diurnal 
cycle. Considering avoidance from low salinity, 
upward swimming speeds were set to zero when salin-
ity was below 20 in both Cases 2 & 3. 

The initial particle positions were set in northern 
Hiroshima Bay (area NH, Fig. 1), which is the main 
spawning area in the bay. Ten particles were equally 
placed from 0 to 3 m depth at each horizontal grid cell 

(total number of particles: 17410). Particles simulat-
ing larvae had larval density information based on the 
monitoring data of small-sized larvae at 10 stations in 
northern Hiroshima Bay on 13 July 2020, as de scribed 
in Section 2.4. The larval density in each horizontal 
grid cell was interpolated and extrapolated to area 
NH using a Gaussian filter with a radius of in fluence 
of 3 km. Thus, 10 particles vertically placed in each 
horizontal grid cell had the same larval density. The 
larval density of each particle did not change through-
out simulations. The particle-tracking simulations 
were conducted for 9 d from 10:00 JST on 13 July 
when small-sized larvae rapidly increased in northern 
Hiroshima Bay to 10:00 JST on 22 July when settled 
larvae simultaneously increased in both northern 
Hiroshima Bay and the offshore area (the Ohkuro-
kami Island area) (see Section 3.3). In the present sim-
ulations, we assumed that the larvae ob served in the 
northern area on 13 July were transported and settled 
in both the northern and  offshore areas on 22 July. 
The main larval size on 13 July was 90–120 μm (see 
Section 3.3), which was estimated at approximately 
3–4 d post-fertilization (Arakawa 1990, Kusuki 2009). 
Thus, on 22 July, it took about 12–13 d post-fertiliza-
tion, corresponding to a planktonic larval period of 
ap proximately 2 wk. The daily average distribution of 
particles simulating planktonic larvae was compared 
with the settled larval abundance obtained on 22 July 
(see Section 3.4). 

3.  RESULTS 

3.1.  Vertical distributions of C. gigas larvae and 
the relationship with environmental conditions 

Although there were horizontal differences dependent 
on larval size, most larvae of all sizes were distributed 
in the surface layer throughout 4-time cross-sectional 
observations (Fig. 2). On 7 July 2020, the density of 
small and medium larval sizes was relatively high in 
the upper 3 m layer, except for the vertical profiles 
from Stns 1 to 3, where larvae were distributed through-
out the water column, particularly for the small-sized 
larvae. The maximum densities were 4835 ind. 10 l−1 in 
small-sized larvae at Stn 2 on 21 July (Fig. 2C), 2414 
ind. 10 l−1 in medium-sized larvae at Stn 2 on 16 July 
(Fig. 2F), and 691 ind. 10 l−1 in large-sized larvae at 
Stn 5 on 21 July (Fig. 2K). For small-sized larvae, the 
stations with maximum densities were distributed in 
northern Hiroshima Bay (Stns 1–4) in all sections 
(Fig. 2A–D). The abundance of medium and large-
sized larvae was relatively high in the offshore area 
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(Stns 5 & 6) during the second half of the observation 
period on 21 and 28 July (Fig. 2G,H,K,L). The propor-
tion of each size class of larvae found at each depth is 
shown in Fig. 3. More than 70% of the larvae for all size 
classes were distributed at 3 m or above. The maximum 
proportion of small-sized larvae was 0.36 at 2 m depth, 
and that of medium-sized larvae was 0.41 at 2 m depth 
and large-sized larvae was 0.32 at 1 m depth. Dif -
ferences in proportions of larvae between salinities 
above and below 20 at 1 m depth were found at depths 
of 1 and 2 m for small and medium sizes and at depths 
of 1 and 3 m for large size. Differences were not signifi-
cant at 1 m depth because of the large standard devi-
ations (Welch’s t-test, small size: t = 1.955, df = 17.62, 
p = 0.067, medium size: t = 1.435, df = 17.06, p = 0.169, 
large size: t = 1.017, df = 13.33, p = 0.327), but signifi-
cant at 2 m depth for small and medium sizes (Welch’s 
t-test, small size: t = 2.483, df = 21.72, p = 0.021, 

medium size: t = 2.283, df = 21.34, p = 0.033). The pro-
portions of larvae with salinity >20 at 1 m depth in-
creased monotonically as it became  shallower. 

During the observation period in July 2020, water 
temperature, salinity, and chl a concentration changed, 
especially in the upper 4 m layer (Fig. 4). The lowest 
and highest water temperature, salinity and chl a con-
centration across all cruises varied in the range of 
19.9–28.3°C, 2.5–31.7, and 0.8–30.5 μg l−1, respec-
tively. Thermoclines and/or haloclines were distrib-
uted around 2–3 m depth. Additionally, the distribu-
tion patterns of water temperature and salinity barely 
changed deeper than 4 m depth among cross-sections. 
After the high river discharge on 14 July (Fig. S1 in 
the Supplement at www.int-res.com/articles/suppl/
m740p043_supp.pdf), low salinity ≤20 expanded to 
the offshore area on 16 July. Afterward, the water 
temperature increased in the surface low-salinity 
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water due to surface heating caused by air tempera-
ture and solar radiation. In addition, high chl a con-
centration >20 μg l−1 was observed in the surface 
layer at Stns 1 and 2 near the river mouth on 21 and 
28 July. 

The relationship between logarithmic larval density 
and environmental conditions observed in the cross-
sectional observations is shown in Fig. 5. Larval den-
sity increased with increasing temperature. There 
were significantly positive correlations be tween tem-
perature and all size classes (Spearman’s rank corre-
lation, small size: n = 144, ρ = 0.522, p < 0.001, 
medium size: n =144, ρ = 0.699, p < 0.001, large size: 
n = 144, ρ = 0.465, p < 0.001). Significantly positive 
correlations were found between logarithmic larval 
density and chl a concentration, except for large-
sized larvae (Spearman’s rank correlation, small size: 
n = 144, ρ = 0.533, p < 0.001, medium size: n =144, ρ = 
0.410, p < 0.001, large size: n = 144, ρ = 0.119, p = 
0.156). On the other hand, despite the significantly 
negative correlations be tween logarithmic larval den-

sity and salinity (Spearman’s rank correlation, small 
size: n = 144, ρ = −0.584, p < 0.001, medium size: 
n =144, ρ = −0.653, p < 0.001, large size: n = 144, ρ = 
−0.451, p < 0.001), larval densities drastically 
decreased at salinity <15 in all size classes. The rela-
tionship between logarithmic larval density and 
salinity was approximated by a quadratic function 
(Fig. 5D–F). Based on the quadratic function in each 
size class, larval densities in small, medium, and large 
sizes peaked at salinities of 20.0, 19.8, and 19.4, 
respectively. 

3.2.  Diurnal/semi-diurnal changes in vertical 
distribution 

Although larval density varied at an hourly time 
scale, most larvae were distributed in the surface 
layer as observed during the cross-sectional observa-
tions (Fig. 6A,B). The maximum density was 3240 ind. 
10 l−1 for small size and 10.2 ind. 10 l−1 for medium–
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large size larvae over 24 h. Water temperature and 
salinity in the upper 5 m depth showed cyclic changes 
corresponding with semi-diurnal tides, resulting 
in semi-diurnal vertical pycnocline displacement 
(Fig. 6C–E; Fig. S2 in the Supplement). Chlorophyll 
fluorescence remained low at <10.5 throughout the 
observation (Fig. 6F). 

The depths of the maximum and mean larval distri-
butions were ≤3 m for both small and medium–
large sizes, with diurnal changes (Fig. 7A,B). The 
depths were shallower in the afternoon and deeper 
from midnight to the early hours in the morning. On 
the other hand, the seawater density σt with maxi-
mum and mean larval densities showed a semi-diur-
nal cycle, particularly for medium–large sized larvae 
(Fig. 7C,D). Low σt roughly corresponded with the 
flood tide (Fig. 6E; Fig. S2). 

3.3.  Temporal dynamics of planktonic and  
settled larvae in July 2020 

In northern Hiroshima Bay (Fig. 1), small-sized 
planktonic larvae re mained at low densities, <10 ind. 
10 l−1 in early July 2020, but rapidly increased from 
38  ind. 10 l−1 on 9 July to 413 ind. 10 l−1 on 13 July 
(Fig. 8). According to the Hiroshima City Fisheries 
Promotion Center, the main larval size was 90–120 μm 
on 13 July. Settled larval abundances in the northern 
area and the offshore area (the Ohkurokami Island 
area; Fig. 1) continued to be low, <5 ind. plate–1 d−1 
until 20 July, but rapidly increased at the same time 
from July 21. The settled larvae averaged over both 
areas were 91 ind. plate−1 d−1 in the northern area and 
113 ind. plate−1 d−1 in the offshore area on 22 July. 
The settled larval abundances at the stations in the 
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northern area had a positive correlation with pedive-
liger larvae (>270 μm) observed by the Hiroshima 
City Fisheries Promotion Center at the same stations 
on 22 July (Spearman’s rank correlation, n = 10, ρ = 
0.636, p = 0.054). 

3.4.  Numerical simulations of hydrodynamic 
conditions and larvae-simulating particles 

Low-salinity water extended to a broad area in the 
surface layer of northern Hiroshima Bay on 16 July 
2020 (Fig. 9B), when simulation elapsed 3 d after the 
start on 13 July due to high discharge of the Ohta 
River on 14 July (Fig. S1). Low-salinity water moved 
southward along the coastal area in Hiroshima Bay. 
Then, southward currents appeared in the surface 
layer throughout the simulation (Fig. 9A–D). In par-
ticular, high velocity occurred from the river mouth of 
the Ohta River to the southern coast of the Miyajima 
Island. Despite discrepancies between the simulated 
and observed values, the simulated vertical distribu-
tions of water temperature and salinity captured the 
distribution patterns observed in 4-time cross-sectional 
observations (Figs. 4A–H; Fig. S3 in the Supplement). 

Most particles simulating planktonic larvae outflowed 
from the northern area through the Ohno, Nasabi, and 
Kure Straits during the simulation period (Fig. 9E–H). 
About 60% of particles in area NH were lost on 16 July, 
3 d after the start of particle-tracking simulation. The 
horizontal distribution of particles outside the straits 
corresponded with the extent of low salinity on 16 July. 
Some particles through the straits had large dispersion 
of >10 km d−1. On 19 July, >80% of particles outflowed 
from area NH. However, such particles reached the area 
around Ohkurokami Island, which was consistent with 
the extent of low salinity. At the end of the simulation 
on 22 July, 4.3% of particles remained in area NH. The 
proportion of simulated particles in each depth layer is 
shown in Fig. 10. The maximum number of particles 
was observed in the subsurface layer (1–3 m depth) on 
16 July when the surface salinity <20 extended to a 
broad area of northern Hiroshima Bay (Fig. 9B). The ver-
tical profile was qualitatively consistent with that ob -
served for small- and medium-sized larvae (Fig. 3A,B). 
In contrast, there was a surface maximum of particles 
simulating larvae on 22 July when salinity became 
saltier in the surface layer, corresponding to the 
profile for large-sized larvae in Fig. 3C. 

The daily average distribution of particles simulat-
ing planktonic larvae and the settled larval abundance 
obtained on 22 July are shown in Fig. 11. Except for 
the semi-enclosed inlets in the northwestern NH, high 

densities of simulated larvae were distributed in the 
southern part of NH and in offshore areas, especially 
around Ohkurokami Island, where oyster farmers tra-
ditionally conduct seedling collection. The spatial 
pattern of settled larvae on 22 July was consistent 
with the simulated larval density. There was a signifi-
cant correlation between settled larvae and simulated 
larval density (Spearman’s rank correlation: n = 15, 
ρ = 0.538, p = 0.041). According to independent mon-
itoring of oyster farmers, there was a high density of 
larval settlement (100 ind. plate–1 d–1) in the south-
western area of Miyajima Island (Hiroshima Fishery 
Cooperative unpubl.), corresponding to the high den-
sity of simulated planktonic larvae. 

We also evaluated the differences in the cases with 
different swimming behaviors (Fig. 12). In the case 
without avoidance from low salinity ≤20 (Case 1), the 
proportion of particles remaining in area NH de -
creased faster than that with low-salinity avoidance 
(Control) just after the high river discharge on 14 July. 
The particles remaining in area NH in Case 1 were 
about half of the Control case on 17 July. The propor-
tion in cases with diurnal or semi-diurnal changes 
(Cases 2 & 3) over time was higher than the case of 
Control. At the end of the simulations at 10:00 h JST 
on 22 July, the proportions were 3.1% for Case 1, 5.4% 
for Case 2, and 4.9% for Case 3. The daily average dis-
tributions of particles with larval density in Cases 1–3 
on 22 July showed similar patterns to the Control 
case shown in Fig. 11. Spearman’s rank correlations 
between the cases of Control and Case 1, Control and 
Case 2, and Control and Case 3 were 0.925 (n = 15, 
p < 0.001), 0.954 (n = 15, p < 0.001), and 0.904 (n = 15, 
p < 0.001), respectively. 

4.  DISCUSSION 

4.1.  Vertical distribution characteristics of  
C. gigas larvae 

Field observations in July 2020 showed the vertical 
distributions of C. gigas larvae and the relationship 
with environmental conditions. This period was suit-
able for the observation of various larval sizes due to 
the presence of early-stage and settled larvae. Despite 
horizontal differences depending on larval size, most 
larvae were distributed in the upper 3 m layer. Surface 
distribution through a planktonic stage seems to be a 
fundamental trait of C. gigas larvae, as the mean depth 
was distinctively shallow compared with other oyster 
species (Kennedy 1996, Peteiro & Shanks 2015). In 
northern Hiroshima Bay, nutrients from the Ohta River 
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provide good feeding conditions for larvae (Wahy udin 
& Yama moto 2020, Matsubara et al. 2023). Chl a con-
centration increased to >20 μg l–1 in the latter half of 
July, which significantly correlated with the larval 
density of small and medium sizes. Matsubara et al. 
(2023) identified high water temperature (>26.9°C) 
and high density of <10 μm size phytoplankton (chl a 
concentration >5 μg l–1) as factors for successful larval 
settlement. Our results suggest that the vertical distri-

bution characteristics of C. gigas larvae are suitable for 
survival in an estuarine area, where environmental 
conditions are potentially favorable. 

However, larval distribution in the surface layer has 
a disadvantage that larvae cannot sufficiently remain 
in favorable environmental conditions due to outflow 
from the northern area in the rainy season. In Matsu-
shima Bay, one of the major oyster farming areas in 
Japan along with Hiroshima Bay, freshwater input 
accelerated the outflow of oyster larvae in 2013, 
resulting in significant de cline of seedling collection 
(Kakehi et al. 2016). In our simulations, many par-
ticles were transported from northern Hiroshima Bay 
by southward density-driven currents after high river 
discharge. However, the relationship be tween larval 
density and salinity suggest that this might reduce 
larval outflow. The density peaked at a salinity of 
approximately 20 for all larval sizes, with fewer larvae 
being found at low salinity (<15). The peak salinity 
found here was somewhat lower than the optimum 
salinity range (23–28) described in a previous study 
(Fujiya 1970). Small- and medium-sized larvae, which 
were abundant in the northern area, occupied a rel-
atively small proportion at 1 m depth compared with 
the maximum proportion at 2 m. Differences in the 
proportion of larvae be tween salinities above and 
below 20 in the upper 2 m layer suggest consequential 
low-salinity avoidance of C. gigas larvae. Although 
the surface de crease in large-sized larvae was not dis-
tinct, which is possibly because the horizontal distri-
bution shifted to offshore, the proportion with salinity 
below 20 was lower than that with salinity above 20 at 
1 m depth. In fact, the larval abundance proportion at 
1 m depth in the normalized vertical profile had a pos-
itive correlation with salinity observed at 1 m depth 
for all larval sizes collected by the cross-sectional 
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observations after the high river discharge on 14 July 
2020 (Spearman’s rank correlations, small size: n = 18, 
ρ = 0.748, p < 0.001, medium size: n = 18, ρ = 0.653, p = 
0.004, large size: n = 18, ρ = 0.529, p = 0.029). Con-
sequently, avoidance of low salinity is likely to have 
reduced the larval outflow induced by the high veloc-
ity of density-driven currents in the surface layer. 

Avoiding low salinity below 20 seems to be one of 
the important survival strategies of C. gigas larvae to 
remain in the area where feeding condition is poten-
tially favorable as previously described. We eval-
uated this process through simulations with and with-
out avoidance from low salinity. In the case without 
avoidance from low salinity (Case 1), the proportion 
of particles remaining in area NH decreased faster 
than in that with low-salinity avoidance (Control), 
indicating the retention of C. gigas larvae in the 
northern area due to avoidance of low salinity. The 
proportion of retention in the northern area is likely 
dependent on the magnitude of river discharge. In 
July 2018, when heavy rainfall occurred and then low 
salinity <20 continued for >2 wk in the northern area, 
larval settlements re mained at a high level after late 
July (Abo & Onitsuka 2019, Matsubara et al. 2023). In 
addition, considering the relatively large impact of 
feeding conditions on small-sized larvae such as D-
shaped larvae (His & Seaman 1992, Matsubara et al. 
2023), the effect of low-salinity avoidance may 
depend on the timing be tween salinity decrease and 
fertilization. Further, Kimura et al. (1975) suggested 
that southward wind can accelerate larval outflow. In 
the present study, the simulation period was fixed, 
13–22 July 2020, when northward wind dominated. 
Additional simulation studies with sensitivities of 
hydrodynamic conditions during other periods are 
necessary to evaluate the impact of retention. Never-
theless, the present study implies that the vertical dis-
tribution characteristics of C. gigas larvae enables a 
large dispersion of >10 km day–1, but larvae occa-
sionally have the ability to remain in a particular area. 

Although it should be noted that 24 h sampling was 
not replicated, diurnal changes in vertical larvae dis-
tribution were detected over the 24 h observation 
period. The maximum and mean depths were shallow 
in the afternoon and deep from midnight to the early 
hours in the morning in both small and medium–
large sizes, indicating diel vertical migration, but a 
different vertical rhythm compared with the normal 
nocturnal ascent and daytime descent (Garland et al. 
2002, Kunze et al. 2013). The pattern observed in the 
present study may be reverse diel vertical migration 
(Poulin et al. 2002). Medium–large sized larvae also 
showed a semi-diurnal cycle with respect to seawater 

density, with a rhythm synchronized to the semi-diur-
nal tide. Previous studies suggested the relationship 
with rising and falling tides (Kennedy 1996, Peteiro & 
Shanks 2015). Another possible cause for diurnal/
semi-diurnal changes is the advection of water 
masses reflecting the different larval profiles. Con -
sidering the horizontal difference in larval distribu-
tion, apparent temporal change may be due to the 
advection at the fixed point. As mentioned above, as 
the 24 h sampling was not replicated in the present 
study, additional research is needed to elucidate 
 diurnal/semi-diurnal variation. As for particle-track-
ing simulations, diurnal/semi-diurnal changes did 
not markedly affect the results, probably due to the 
small vertical movement. 

4.2.  Spatio-temporal dynamics of C. gigas larvae 
in Hiroshima Bay 

The vertical distribution characteristics of C. gigas 
larvae observed in the present study were used for nu-
merical modeling of this species. The high density of 
particles from northern Hiroshima Bay to the southern 
area of the Miyajima Island on 16 July 2020 were con-
sistent with larval density observed after high river 
discharge (Kusuki et al. 1992). The larval profiles on 
16 and 22 July roughly corresponded to those ob-
tained in the cross-sectional observations and the spa-
tial pattern of daily averaged particles reproduced the 
horizontal pattern of larval settlements. These results 
suggest the diagnostic validity with regards to setting 
of model parameters for larval vertical motions and 
the simulation period. Modeling for other oyster spe-
cies such as C. virginica adopted a larval behavior 
which includes movement to deep layers in the latter 
half of their planktonic larval stage (Dekshenieks et 
al. 1996, North et al. 2008), implying that the behavior 
is species-specific and the behavior of other species 
cannot reproduce the spatio-temporal dynamics of C. 
gigas larvae, especially in offshore areas of Hiroshima 
Bay. 

The correspondence between larvae-simulating 
particles and settled larval abundance indicates that 
larval population spawning in oyster farms discretely 
located in the northern area contribute to seedling 
collection in the offshore area around Ohkurokami Is-
land set up by oyster farmers. The areas for seedling 
collection have empirically added the Ohkurokami Is-
land area since the 1990s (Hirata et al. 2006). The pre-
sent simulation indicates that this empirical counter -
measure for failure of seedling collection is efficient, 
based on the dispersion strategy of C. gigas  larvae. 
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In northern Hiroshima Bay, Matsubara et al. (2023) 
evaluated the ratio of settled larvae after 8–12 d to D-
shaped larvae (<4 d old) as a settlement index. They 
identified a positive correlation with water tempera-
ture and chl a concentration for <10 μm size phyto-
plankton, suggesting that these factors are necessary 
for larval survival. As the index includes not only bio-
logical loss but also larval dispersion, quantification of 
larval dispersion enables a more accurate estimation 
of biological loss (i.e. mortality rate) of larvae. From 
field monitoring data, the ratio of pre-attached larvae 
(>270 μm) on 22 July to small-sized larvae (≤150 μm) 
on 13 July was 0.3% in the northern area (mean of 10 
stations), which was within the range of the recent sea-
sonal average ratio of 0.1–1.0% (Kusuki 2009). The 
rate of larval de crease over 9 d was 0.65 d−1. On 
the other hand, the rate of decrease by dispersion was 
0.35 d−1 based on the simulation results (Control case) 
in the northern area on 13 and 22 July. Consequently, 
the mortality rate of larvae was estimated as 0.30 d−1, 
lower than 0.43 d–1 ob tained by Kakehi (2022) but 
higher than 0.1–0.172 d−1 in most simulation studies 
(Dekshenieks et al. 1997, Hofmann et al. 2004, Kakehi 
et al. 2020, Wahyudin & Yamamoto 2020). According 
to Matsubara et al. (2023), the settlement index was 
low in the middle of July 2020, possibly due to the 
bloom of the harmful raphidophyte Heterosigma aka-
shiwo. Our simulation results suggest that larval dis-
persion was comparable to the biological loss in this 
period. A combination of field monitoring and numeri-
cal simulations could serve to reveal the main causes 
for failure of seedling collection from biological and 
physical aspects. 

As mentioned in Section 1, the application of numer-
ical models to C. gigas is limited to either ex periments 
with various assumptions of vertical behavior (Robins 
et al. 2017) or calculations that incorporate the biolog-
ical characteristics of other oyster species (Kakehi et 
al. 2020). The biological characteristics of C. gigas lar-
vae obtained in the present study can be utilized to 
evaluate larval recruitment of this species worldwide. 
The present simulation is a first attempt to incorporate 
the vertical distribution characteristics of C. gigas lar-
vae; therefore, the attempt provides broader implica-
tions for our findings beyond Hiroshima Bay. 

4.3.  Prospects for sustainability in oyster 
 aquaculture with respect to seedling collection 

According to the Sixth Assessment Report (AR6) 
of  the Intergovernmental Panel on Climate Change 
(IPCC), heavy rainfall has become more frequent and 

intense across parts of the world including East Asia; 
an event which will tend to increase with global 
warming (Clarke et al. 2022). As mentioned above, 
C. gigas larvae avoid low salinity, but there is a con-
cern about negative impact of heavy rainfall on seed-
ling collection. Fig. 13 illustrates the relationship be -
tween precipitation in July and the proportion of 
seedling collection in Hiroshima Bay. Failure of seed-
ling collection, i.e. proportion of seedling collection 
<80%, did not occur in years of high precipitation 
>300 mm in July, indicating that outflow caused by 
high river discharge is not a likely threat for seedling 
collection in Hiroshima Bay. In the case of high river 
discharge, although most larvae quickly outflow from 
the northern area, countermeasures by oyster farmers 
and local governments, such as setting offshore seed-
ling collection areas and the northward movement of 
rafts for adult oysters, contribute to sustainability in 
oyster aquaculture in Hiroshima Bay. In fact, seedling 
collection was successful in July 2018, when heavy 
rainfall occurred around the area (Abo & Onitsuka 
2019). Nevertheless, attention is required to the indi-
rect impact of heavy rainfall on seedling collection. The 
increase in heavy rainfall may enhance stratification 
and result in oxygen deficiency in summer (T. Yama-
moto et al. 2011, H. Yamamoto et al. 2021). High pre-
cipitation de creases not only salinity but also pH and 
aragonite saturation state in the coastal area of the 
Seto Inland Sea (Fujii et al. 2023, Ono et al. 2024). 

As Sustainable Development Goal 14 (SDG14) calls 
for sustainable management of marine and coastal 
ecosystems, oyster farming with no feed inputs has 
also been reported to contribute to the maintenance 
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Fig. 13. Relationship between monthly precipitation in July 
and the proportions of seedling collection in Hiroshima Bay 
from 1980 to 2021. Proportions of seedling collection were 
recorded by the Hiroshima Prefecture, and are calculated by 
comparing the spat collections obtained each year against the 
predicted needs of fishermen. Collections occasionally exceed 
the predicted needs; thus, the proportion could be >100%
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and improvement of coastal environments (Ray & Ful-
weiler 2021). The aquaculture of Pacific oyster is ex -
pected to become an important source of food secu-
rity, because the species is farmed in many coastal 
areas around the world. The larval ecology, simula-
tion results and methodologies described in the pre-
sent study provide important insights that contribute 
to sustainable aquaculture. In the Seto Inland Sea, in -
cluding Hiroshima Bay, the most intensive oyster 
farming area in Japan, cultural oligotrophication due 
to nutrient reduction has recently become problem-
atic (Yamamoto 2003, Abo & Yamamoto 2019). The 
relationship between decreasing nutrients and de -
creased fisheries production has been highlighted by 
Abo & Yamamoto (2019). In Hiroshima Bay, the rela-
tionship among nutrients, phytoplankton as larval 
food, and C. gigas larvae was analyzed using field 
data (Matsubara et al. 2023) and a prey–predator 
model (Wahyudin & Yamamoto 2020, Yamamoto et al. 
2023). These studies commonly emphasized the im -
portance of larval food conditions. In a Mediterran-
ean lagoon where oligotrophication has also oc -
curred, Lagarde et al. (2017) also identified high 
abundances of nanophytoplankton and the diatom 
Chaetoceros spp. as favorable conditions for recruit-
ment. Lagarde et al. (2019) evaluated the processes 
that drive spatial patterns in oyster recruitment by 
comparing spat collection data, simulated hydrody-
namic connectivity, and ecological variables. Com-
parisons of hydrodynamic connectivity and feeding 
conditions among oyster farms using numerical 
models will aid in the efficient collection of seedlings, 
such as through the careful location of oyster rafts. 
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