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Abstract
We examined phytoplankton productivity in Shido Bay, an active oyster farming area in the eastern Seto Inland Sea, Japan, 
by an in situ 13C method from March 2016 to January 2017. The depth-integrated daily phytoplankton production ranged 
from 0.13 to 1.61 g C m−2 day−1, and the estimated annual production was 218 g C m−2 year−1. The daily production peaked 
in the rainy season and autumn, when phytoplankton blooms were observed, and production during the bloom events largely 
contributed to the annual production. There was a strong correlation between daily production and phytoplankton biomass 
(chlorophyll a) throughout the study period. In the study area, due to the shallow depth (6 m) and moderate light attenua-
tion coefficient of the water column (0.38 ± 0.07 m−1), the mean light intensity in the water column was maintained at high 
levels (36 ± 5% of incident photosynthetically active radiation) throughout the study period. In contrast, the dissolved inor-
ganic nitrogen concentration of the water was persistently low (< 1.5 µM) from late winter to summer. As a consequence, 
an  increase in nitrogen supply seemed to be the key factor causing the increases in daily production and directly triggering 
the phytoplankton blooms in the bay.
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Introduction

Shido Bay, which covers an area of about 20 km2 (Suenaga 
et al. 2002), is a cove on the Japanese coast of the eastern 
Seto Inland Sea (Fig. 1). This small cove is an important site 
for aquaculture (Srithongouthai and Tada 2017), especially 
suspended oyster culture (Inui 2013), because it provides 

shelter from strong winds and wave action. The annual 
yield of cultured oysters in Shido Bay represents a large 
proportion of the total annual oyster yield of Kagawa Pre-
fecture (ca. 200 tons year−1) (Inui 2013), which has the 11th 
highest oyster yield of all 47 Japanese prefectures (e-Stat 
2019). Oyster farming is carried out without the addition of 
food as the suspended oysters feed directly on phytoplank-
ton in the ambient seawater (Emmery et al. 2016). There-
fore, the growth of oysters in Shido Bay is expected to be 
strongly influenced by local phytoplankton production, as 
was reported for other areas (Hirata and Akashige 2004; 
Cassis et al. 2011). Regarding the maintenance of sustain-
able fisheries in Shido Bay, it is thus important to quantify 
phytoplankton production (i.e., the integral phytoplankton 
productivity in the euphotic zone) and identify the factors 
that influence its variation. However, in contrast to some 
Japanese coastal areas with well-studied phytoplankton pro-
duction [e.g., see Table 3 in Ara et al. (2011)], there is no 
published information on the productivity of Shido Bay.

Phytoplankton production is conceptually quantified as 
the growth rate of phytoplankton multiplied by its biomass 
[see Fig. 6 in Cloern et al. (2014)]. Phytoplankton growth 
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is a physiological process that is generally affected by tem-
perature, light availability, and/or nutrient concentrations 
(Örnólfsdóttir et al. 2004; Cloern et al. 2014). Changes in 
biomass result from an imbalance between biomass accu-
mulation and loss, and are potentially affected by changes 
in growth rate and other factors. These factors include pho-
toperiod, nutrient supply rate, feeding pressure from graz-
ers, and physical transportation (Cloern et al. 2014). There 
is currently no information available on the growth-related 
parameters of phytoplankton in Shido Bay. Thus, it is inter-
esting to explore which critical factors (i.e., temperature, 
light, and/or nutrients) regulate the growth rate of phyto-
plankton in this system, and how this growth contributes to 
variations in phytoplankton production. While there is some 
information available on the annual variation in the phyto-
plankton biomass in Shido Bay, it was based on water col-
umn chlorophyll a (Chl a) concentration (Tada and Morish-
ita 1997; Kaeriyama et al. 2011; Yamaguchi et al. 2017). 
Kaeriyama et al. (2011) summarized monthly Chl a records 
obtained during the 2000s for Shido Bay. They  indicated 
that the Chl-a level in this system usually does not peak in 
spring, which is the period when phytoplankton blooms usu-
ally occur in temperate areas, and instead reaches its high-
est values around late summer to early autumn. An autumn 

bloom of phytoplankton in Shido Bay was observed by Tada 
and Morishita (1997) in the mid-1990s and by Yamaguchi 
et al. (2017) in the early 2010s; hence, an autumn bloom 
seems to be a routine event in this system. The monthly data 
on Chl a presented by Yamaguchi et al. (2017) showed that 
high levels of Chl a were typically found on two successive 
sampling dates from late August to October. Therefore, to 
understand the dynamics of phytoplankton production in 
Shido Bay, it is considered informative to determine what 
triggers the autumn bloom, and to what extent the variation 
in phytoplankton production relies on such bloom events.

In this study, we investigated seasonal variations in phy-
toplankton biomass, phytoplankton productivity, and Chl a 
specific productivity, i.e., assimilation number, an index of 
the phytoplankton growth rate (e.g., Eppley 1972; Shiomoto 
2011), at a site in Shido Bay for approximately 1 year. The 
objectives of the study were (1) to evaluate the absolute 
annual phytoplankton production in Shido Bay by compar-
ing it with that of other subareas of the Seto Inland Sea, (2) 
to clarify how the magnitude of phytoplankton production 
is maintained in the bay, and (3) to identify the main factors 
that regulate the seasonal variation in phytoplankton produc-
tion in the bay.

Materials and methods

Sampling site

Shido Bay has a mean depth of 8 m (Suenaga et al. 2002); 
the water in the bay is mostly shallow with a depth of less 
than 10 m (Fig. 1). The bay opens into the Bisan Strait, 
where strong tidal currents occur, and the water exchange 
between the bay and the strait is a key determinant of the 
water quality in the bay (Miyagawa and Fujiwara 2011). The 
main freshwater input into the bay is from the Kabe River 
(Srithougthai et al. 2003). The annual freshwater discharge 
from the Kabe River into the bay in 2002 was estimated to be 
about 2 × 107 m3 year−1 (Dr. M. Ishizuka, personal commu-
nication). Due to the shallowness and moderate light attenu-
ation of the seawater in the bay, the entire water column is 
often considered an euphotic layer (Yamaguchi et al. 2017). 
In the present study, all the sampling was conducted at a site 
[station (Stn) S] where phytoplankton biomass and related 
parameters have been investigated in previous studies (Tada 
and Morishita 1997; Kaeriyama et al. 2011; Yamaguchi et al. 
2017). This site has a mean depth of 6 m and is located in 
the inner part of western Shido Bay, which is the main area 
used for oyster farming.
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Fig. 1   Geographic location of Shido Bay, eastern Seto Inland Sea, 
Japan. The black circle denotes the sampling site, station S. Dotted 
lines indicate isobaths. Pref. Prefecture, Riv. river, Is. island
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Field sampling and data collection

We conducted field sampling on 16 occasions at Stn S 
from March 2016 to February 2017 aboard the research 
vessel (R/V) Calanus III. We generated vertical profiles of 
the water column temperature, salinity, and downwelling 
photosynthetically active radiation (PAR) during each 
cruise using a conductivity-temperature-depth (CTD) 
sensor equipped with an underwater quantum sensor 
(AAQ-1183; JFE Advantech, Japan). The CTD sensor was 
deployed on the sunny side of the vessel to avoid shading 
effects. The vertical profile of the downwelling PAR from 
0.5 m below the surface to 0.5 m above the bottom was 
used to calculate the attenuation coefficient of PAR in the 
water column (Kd). The calculation of Kd was based on the 
Lambert–Beer law, as described in Foden et al. (2008). On 
14 of the 16 sampling dates, when phytoplankton produc-
tivity was examined (see below), the mean PAR intensity 
in the water column (Im) was also calculated based on the 
following equation (Riley 1957; Ho et al. 2010):

where I0 (mol m−2 day−1) is the intensity of PAR just below 
the sea surface, and z denotes the mean water depth at Stn 
S (6 m). We measured the PAR in the surface air (incident 
PAR) at the Aji Marine Station, Kagawa University, located 
about 5 km from Stn S, using a LI-190 Quantum Sensor 
(LI-COR, USA). The loss rate of solar energy at the sea 
surface varies owing to the conditions at the sea surface as 
well as the angle of the sun, but a mean value of 15% is often 
used as an approximation for field studies of phytoplankton 
(Parsons et al. 1984). Here, taking into consideration the 
sheltered location of Shido Bay, an I0 was calculated from 
the incident PAR with an assumed mean of 10% for the total 
surface losses.

After measurements were taken using the CTD sen-
sor, we collected seawater from four layers (0-, 2-, 4-, and 
5-m depth) using a plastic bucket and a Van Dorn water 
sampler. These samples were used to analyze the water 
nutrient and Chl a concentrations, and to measure phyto-
plankton productivity.

In addition to our own sampling, we obtained daily 
records of global solar radiation and precipitation for the 
period from March 2016 to February 2017, which were 
measured about 10 km from Stn S by the Japan Mete-
orological Agency (JMA) (https​://www.jma.go.jp/jma/
index​e.html). Daily global solar radiation data were used 
to estimate the daily incident PAR based on the empirical 
relationship reported by Koga (1990). Daily precipitation 
was summed to calculate the total precipitation of each 
half-month period.

(1)Im = I0{1 − exp (−Kdz)} (Kdz)
−1

Nutrient and Chl a analysis

For the nutrient analysis, seawater samples were filtered 
through a 0.45-µm DISMIC cellulose acetate filter (Advan-
tec, Japan). The filtrates were transferred to polypropylene 
tubes and stored at − 20 °C until analyses were performed. 
The dissolved silicic acid (DSi), dissolved inorganic phos-
phorus (DIP), NO2 + NO3-N, and NH4-N concentrations in 
the filtrates were determined simultaneously by colorimetry 
using an Auto Analyzer III (BL Tec, Japan), as described in 
the manuals supplied by the instrument supplier. Hereinaf-
ter, we refer to the sum of the NO2 + NO3-N and NH4-N as 
dissolved inorganic nitrogen (DIN).

For the Chl a analysis, a known volume of seawater was 
filtered through a Whatman GF/F filter. The retained phy-
toplankton were soaked in 90% acetone, stored in cool and 
dark conditions, and then sonicated. The solvent was subse-
quently filtered through a 0.45-µm polytetrafluoroethylene 
Ekicrodisk (Nihon Pall, Japan) to remove suspended solids. 
The concentration of the extracted Chl a was determined by 
the fluorometric acidification method (Holm-Hansen et al. 
1965) using a 10-AU fluorometer (Turner Designs, USA). 
The fluorometer was calibrated for pure Chl a based on the 
molar absorption coefficient reported by Jeffrey and Hum-
phrey (1975).

We calculated the mean concentration of each nutrient 
and the depth-integrated Chl a (i.e., phytoplankton biomass) 
in the water column by assuming that the water depth was 
always 6 m, and that the concentration of each respective 
parameter at 6-m depth was equal to that at 5-m depth.

Measurement of phytoplankton productivity

On 14 of the 16 sampling dates, from March 2016 to Janu-
ary 2017, we measured phytoplankton productivity using 
the in situ 13C method. On each sampling date, the seawater 
taken from each depth (i.e., 0, 2, 4, and 5 m) was subsam-
pled to determine the total inorganic carbon concentration 
by the method of Strickland and Parsons (1972). The rest of 
the seawater sampled from each depth was passed through a 
220-µm mesh to remove large zooplankton. Then, 500 ml of 
the mesh-filtered seawater was subsequently transferred into 
acid-washed light and dark Nalgene polycarbonate bottles, 
and each bottle was inoculated with 100 µmol NaH13CO3.

In situ incubation was initiated around noon, and per-
formed for 2–3 h (Rysgaard et al. 1999; Timothy and Soon 
2001; Tada et al. 2001). During incubation, the bottles 
were suspended at each sampled depth by a rope from 
the ship, which was positioned away from the vessel. The 
incubated seawater and zero-time blank samples were 
each filtered immediately onboard the ship with a pre-
combusted Whatman GF/F filter. The filters were treated 
with acid to remove carbonates and then desiccated. The 
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particulate organic carbon concentration and the atomic 
percentage (atom%) of 12C and 13C on each filter were then 
analyzed by SI Science, Japan, using a mass spectrometer 
(Flash2000-DELTAplus Advantage ConFlo III System; 
Thermo Fisher Scientific, USA). Phytoplankton produc-
tivity during the incubation period at each depth (µg C 
l−1 h−1) was calculated based on the method of Hama et al. 
(1983). Then, the dark uptake was subtracted from the 
light uptake. We also calculated Chl a specific productivity 
(mg C mg−1 Chl a h−1) by dividing the hourly productivity 
by the Chl a concentration. To calculate phytoplankton 
production during the incubation period (mg C m−2 h−1), 
the trapezoidal depth integration of phytoplankton pro-
ductivity was applied. We assumed that the water depth 
was always 6 m and that the productivity at 6-m depth 
was equal to that at 5-m depth. Daily phytoplankton pro-
duction (g C m−2 day−1) was obtained by multiplying the 
phytoplankton production measured during the incubation 
period by a PAR factor, i.e., the ratio of the PAR available 
during a short-term incubation to that available over a 24-h 
period (e.g., Rysgaard et al. 1999; Tada et al. 2001; Timo-
thy and Soon 2001; Adachi and Nakayama 2009; Grundle 
et al. 2009; Ho et al. 2010). This calculation assumes that 
carbon assimilation by the phytoplankton assemblages at 
each time point within a day is proportional to the PAR.

We calculated the phytoplankton production for each 
month (g C m−2 month−1) using the data from two suc-
cessive sampling dates on the basis of the trapezoidal 
integration. Note that the production in March 2016 and 
January 2017 (the first and final month) was based on a 
single day measurement. Furthermore, we estimated the 
production in February 2017 by applying a linear interpo-
lation using the data for January 2017 and March 2016. 
We finally obtained the annual phytoplankton production 
(g C m−2 year−1) by summing the production of 12 months 
from March 2016 to February 2017.

Statistics

To assess the relationship between two variables, a simple 
linear regression analysis was performed. We conducted 
multiple linear regression analysis to evaluate which 
factor(s) was related to the variability of the mean Chl a 
specific productivity in the water column, based on the 
stepwise forward selection method using multivariate 
analysis statistical software for Macintosh (Esumi, Japan). 
Then, Fin = 2.0 and Fout = 2.0 were used as the criteria. 
Because phytoplankton growth is directly regulated by 
light intensity, temperature, and/or nutrient concentra-
tions (e.g., Cloern et al. 2014), we considered Im, mean 
temperature, and mean nutrients in the water column as 
explanatory variables.

Results

Temperature and salinity

The mean water temperature in the water column (Fig. 2a) 
increased from March (11.9 °C) to August (28.5 °C), and 
thereafter decreased over time until February (8.4 °C). 
Thermal stratification, defined herein as occurring when 
there were vertical temperature differences larger than 
0.5 °C, was observed from March to August. This stratifi-
cation disappeared in September, when sea surface cooling 
was initiated. Salinity was almost always homogeneous in 
the vertical plane, and the mean value in the water column 
ranged between 30.5 and 32.0 (Fig. 2b). Minimum salin-
ity values were recorded from June to early July and in 
September, during periods of high precipitation (Fig. 2c).

Light‑related parameters

The measured attenuation coefficient of PAR in the water 
column (Kd) ranged between 0.26 and 0.55 m−1, with a 
mean of 0.38 m−1, and the entire water column was always 
penetrable to > 1% of the surface PAR (data not shown). 
As a result, the mean PAR available in the water column 
ranged between 26 and 45% of the incident PAR, with a 
mean of 36% (Fig. 2d). Temporal variation in the daily 
Im (Fig.  2d), which is a function of Kd (i.e., the PAR 
attenuation rate) and the intensity of incident PAR, was 
affected strongly by the incident PAR (Fig. 2e), but not 
by the Kd. The daily Im varied seasonally, with maximum 
values in May and August (24.8 and 23.9 mol m−2 day−1, 
respectively) and minimum values in late October 
(6.1 mol m−2 day−1).

Nutrients

The mean DSi concentration in the water column (Fig. 3a) 
increased from March onward, peaked in June–July 
(21.9–24.8 µM) and in late October (30.1 µM), and there-
after decreased until February (4.1 µM). The mean DIN 
concentration in the water column (Fig. 3b) remained at 
low levels (0.6–1.2 µM) until August, and then increased 
thereafter, and the highest level was recorded in December. 
Seasonal variations in the mean DIP concentration in the 
water column (Fig. 3c) were more similar to those of DIN 
than those of DSi, but unlike DIN, DIP levels gradually 
increased from March to August. Differences in nutrient 
concentrations in the vertical plane were usually small 
(Fig. 3d–f), with a few exceptions. The molar ratio of 
DIN:DIP at each sampling date and depth was consistently 



1071Fisheries Science (2020) 86:1067–1078	

1 3

less than 16, whereas the DSi:DIN and DSi:DIP ratios 
were almost always higher than 1 and 16, respectively 
(Fig. 4).

Phytoplankton biomass and productivity

Seasonal variations in the depth-integrated Chl a (i.e., phy-
toplankton biomass) in the water column (Fig. 5a) showed 
a bimodal pattern, with peaks in June (27 mg m−2) and 
September–October (26–53 mg m−2). In these periods, the 
Chl a concentration was elevated throughout the water col-
umn (Fig. 5d), and the highest value measured in the water 
column at each sampling date was over 5 µg l−1. Except 
for the two peak periods, the Chl a concentration was typi-
cally around 1–2 µg l−1 in the entire water column, and the 
biomass was consequently less than 15 mg m−2. The linear 
regression analysis indicated that the phytoplankton biomass 
was moderately correlated with the water column mean DSi 
concentration (r = 0.54, n = 16, p < 0.05), whereas there were 
no significant (p > 0.05) relationships between the biomass 
and water column mean DIN or DIP concentrations.

Phytoplankton productivity ranged between 18 and 
488 µg C l−1 day−1, and varied vertically as well as tempo-
rally (Fig. 5f). The maximum rate at each sampling date was 
usually recorded in the surface layer (0–2 m) and typically 
decreased with depth, with the minimum rate at each date 
often observed at the bottom (5 m). The maximum rate was 
not more than twice the minimum rate for most (ten of 14) 
sampling dates, but was six times higher than the minimum 
in September.

Chl a specific productivity was higher than 2 µg C µg−1 
Chl a h−1 in the entire water column for 11 of the 14 sam-
pling dates (Fig. 5e). In July–August, the Chl a specific 
productivity often exceeded 10 µg C µg−1 Chl a h−1 at the 
surface (0–2 m), and was higher than 5 µg C µg−1 Chl a h−1 
even in the deeper 4- to 5-m layer. The mean productivity in 
the water column (Fig. 5b) consequently ranged from 2.1 to 
9.1 µg C µg−1 Chl a h−1, with an overall mean of 4.8 µg C 
µg−1 Chl a h−1. The results of the stepwise multiple regres-
sion analysis using temperature, Im, and different nutrients 
as explanatory variables indicated that the mean Chl a spe-
cific productivity in the water column was significantly and 
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positively related to Im and mean temperature; the equation 
is expressed as follows:

Both of the two explanatory variables were significant 
(p < 0.05), and the standardized partial regression coeffi-
cients of temperature and Im were 0.49 and 0.67, respectively.

The depth-integrated daily phytoplankton production 
(Fig. 5c) ranged from 0.13 to 1.61 g C m−2 day−1, with 
peaks in June (1.37 g C m−2 day−1) and September–Octo-
ber (1.08–1.61 g C m−2 day−1). The seasonal variation in 
this variable was strongly and positively correlated with 
phytoplankton biomass (Fig. 6). On the contrary, no sig-
nificant relationship was observed between phytoplankton 

(2)
Mean Chl a specific product. = 0.18 × Temp. + 0.24

× Im − 1.95
(

R2 = 0.70, n = 14, p < 0.01
)

production and the water column mean Chl a specific pro-
ductivity (r = − 0.03, n = 14, p > 0.05). The annual phyto-
plankton production was estimated to be 218 g C m−2 year−1.

Discussion

Phytoplankton production methodology

An incubation of 12- to 24-h duration is the standard when 
estimating daily phytoplankton production by carbon tracer 
and oxygen methods. However, daily phytoplankton produc-
tion estimated by long-term incubation is considered prob-
lematic as this method is time-consuming and increases 
the risk of artifacts as a result of the longer confinement 
of samples in bottles (Lohrenz 1993; Cloern 2014). Thus, 
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similarly to Tada et al. (2001), we chose to use a short-term 
(2–3 h) incubation in the present study to minimize bottle 
effects and save time.

It is generally assumed that the phytoplankton produc-
tion estimates obtained by 12- to 24-h incubations based on 
carbon tracer methods represent net production (e.g., Hashi-
moto and Saino 2004). On the other hand, measurements 
obtained during incubations of only a few hours seem to 
represent gross production (e.g., Dring and Jewson 1982), 
although this is still debated. As discussed in the section 
below, most studies, including the present one, that use car-
bon tracer methods to assess phytoplankton production in 
subareas of the Seto Inland Sea employ 2- to 6-h incubation 
periods. This suggests that the reported rates for the Seto 
Inland Sea discussed below represent either gross production 
rather than net production or rates somewhere between these    
two, depending on the incubation time.

Annual phytoplankton production

We examined phytoplankton productivity on 14 occasions 
during approximately 1 year in Shido Bay. Phytoplankton 
production in different subareas of the Seto Inland Sea has 
been previously reported (e.g., Endo 1970; Yamaguchi and 
Anraku 1984; Joh 1986; Uye et al. 1987; Yamaguchi et al. 
1995; Yamaguchi and Imai 1996; Tada et al. 1998; Gen-
kai-Kato et al. 2008). However, only a few studies reported 
depth-integrated annual phytoplankton production that was 
based on measurements taken at least monthly (Endo 1964; 
Tada et al. 2001; Yamashita et al. 2011; Yamaguchi et al. 
2015; Ohara et al. 2020). When compared to the estimates 
obtained in these studies, which employed high-frequency 
sampling, the annual phytoplankton production in Shido Bay 
is similar to that in Shitaba Bay, located in the Uwa Sea in 

the Bungo Channel [168–226 g C m−2 year−1 (Yamashita 
et al. 2011)] and in Dokai Bay in the Hibiki-nada Sea [180 g 
C m−2 year−1 (Tada et al. 2001)]. On the other hand, the 
calculated rate is somewhat higher than that reported for the 
adjacent area, the Bisan Strait [163 g C m−2 year−1 (Yama-
guchi et al. 2015)].

Tada et al. (1998) measured phytoplankton production 
four times a year for the whole Seto Inland Sea and estimated 
the annual rate to be 218 g C m−2 year−1. This is the latest 
published figure on phytoplankton production for the entire 
Seto Inland Sea. If we assume that this rate is representa-
tive of the area and has not changed markedly between that 
study and the present (Nakai et al. 2018), then the annual 
production in Shido Bay is comparable to the overall mean 
production of the Seto Inland Sea. The mean depth of the 
euphotic layer is 22 m for the entire Seto Inland Sea (Tada 
et al. 1998), whereas in Shido Bay it is 6 m (i.e., the water 
depth). This indicates that the annual phytoplankton pro-
duction in Shido Bay is relatively high, when we take into 
account its shallow euphotic layer. In the entire Seto Inland 
Sea, the phytoplankton biomass and mean Chl a specific 
productivity in the euphotic layer were reported to be 45 mg 
Chl a m−2 and 2.3 µg C µg−1 Chl a h−1 on average, respec-
tively (Tada et al. 1998). The mean biomass (17 ± 15 mg 
Chl a m−2; Fig. 5a) in Shido Bay is lower, but the Chl a 
specific productivity (4.8 ± 2.1 µg C µg−1 Chl a h −1; Fig. 5b) 
is higher than that for the entire Seto Inland Sea, based on 
data reported by Tada et al. (1998). Therefore, the relatively 
high annual production of the shallow Shido Bay seems to 
be at least partly related to its relatively high rate of Chl a 
specific productivity.

Yamaguchi et al. (1995) examined Chl a specific pro-
ductivity during a 1.5-year period in Hiroshima Bay at 2-m 
depth, and reported that the mean productivity (based on 
the net photosynthetic rate) was 6.1 µg C µg−1 Chl a h−1. In 
Shitaba Bay, the Chl a specific productivity at < 6-m depth 
was rarely < 2 µg C µg−1 Chl a h−1 throughout the year, and 
was frequently > 10 µg C µg−1 Chl a h−1 during the summer 
(Fig. 4c in Yamashita et al. 2011). The results from these 
previous reports suggest that the observed Chl a specific 
productivity in water shallower than 6-m depth in Shido 
Bay (Fig. 5b) is typical for the upper euphotic zone in the 
Seto Inland Sea. In Shido Bay, the mean PAR levels in the 
water column remained high at 36 ± 5% of the incident PAR 
throughout the year (Fig. 2d). Furthermore, the observed 
Im (13.3 ± 6.1 mol m−2 day−1) was always higher than the 
irradiance of the half-saturation constant for coastal phyto-
plankton growth (2.4 mol m−2 day−1) suggested by Cloern 
(1999), as well as the compensation irradiance for natural 
phytoplankton assemblages (Marra 2004). Therefore, it is 
reasonable to conclude that the high average PAR seen in 
Shido Bay is able to support higher mean values of Chl a 
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specific productivity in the euphotic layer compared to the 
overall average productivity in the Seto Inland Sea.

Seasonal variation in phytoplankton production

Variations in phytoplankton production are caused by 
changes in both the biomass and physiological state of 
phytoplankton, but the relative importance of these fac-
tors depends on situation. Marañón et al. (2003) reported 
that independent variations in phytoplankton production 
and biomass are often observed in oligotrophic open-ocean 
areas. Hence, they emphasized the necessity for an accurate 
description of physiological variability when estimating pro-
ductivity. On the other hand, significant coupling between 
production and biomass has been reported for several areas, 
such as in coastal upwelling areas in Chile (Montecino and 
Quiroz 2000; Daneri et al. 2000), Saanich Inlet in Canada 
(Grundle et al. 2009), and Sagami Bay in Japan (Ara et al. 
2019).

In Shido Bay, there was a high correlation between the 
daily production and phytoplankton biomass throughout the 
study period (Fig. 6), whereas phytoplankton production 
did not exhibit a significant relationship with Chl a spe-
cific productivity. Even when the mean water column Chl a 
specific productivity reached its second and third highest 
levels in the year, both phytoplankton production and bio-
mass remained low (Fig. 5a–c). These results suggest that 
variations in phytoplankton production in Shido Bay depend 
on its biomass, rather than on its physiological state (i.e., 
growth rate).

In terms of the temporal variation in phytoplankton pro-
duction measured in Shido Bay, there were two considerable 
peaks of phytoplankton biomass (i.e., periods of phytoplank-
ton blooms). One bloom occurred in June and the other in 
the autumn, the latter persisting for approximately 1 month 
(September–October) (Fig. 5a,c). When the measurements 
of phytoplankton production on the bloom dates were not 
taken into account and the annual production was recalcu-
lated from data for the other dates by trapezoidal integration, 
the recalculated production was 31% less than the actual 
annual rate (149 vs. 218 g C m−2 year−1). This estimate sug-
gests that phytoplankton production during the bloom events 
contributed largely to the annual phytoplankton production.

The occurrence of the two bloom events in this system 
may be closely related to the nitrogen dynamics therein. 
Nitrogen was considered the most deficient nutrient from 
the stoichiometric nutrient balance, irrespective of sam-
pling date and depth. This was based on the results shown 
in Fig. 4, with the assumption that the representative atomic 
ratio of DIN:DIP:DSi consumed by phytoplankton commu-
nities (planktonic diatoms) is 16:1:16 (Fisher et al. 1992; 
Justić et al. 1995).

June, when the first bloom occurred, falls within the rainy 
season in Japan. The monthly precipitation in June 2016 
(349 mm month−1) was three times higher than the average 
monthly precipitation over the 12 months of the study period 
(105 mm month−1), and the highest recorded precipitation 
value of the study period (Fig. 2c). Tada (1998) examined the 
DIN concentration of rainwater in Kagawa Prefecture over a 
3-year period and reported an annual mean concentration of 
58 µM. Thus, the nitrogen input from rainfall was expected 
to be highest in June, and an estimated additional supply 
of 14 mmol N m−2 month−1 (i.e., 58 µM N × 349–105 mm) 
would have been provided then relative to that supplied in 
a normal month. High precipitation also tends to increase 
the freshwater and nitrogen inputs from rivers. As Japanese 
rivers generally have dams and barrages, an abrupt increase 
of freshwater and nitrogen discharge is reported for some 
rivers soon after a high precipitation event (e.g., Tanaka 
et al. 2009). The Kabe River, the main river flowing into 
Shido Bay, has a dam in its upper stream and an estuary 
barrage. There is little information on river water discharge 
around Shido Bay, including from the Kabe River, but it is 
possible that the nitrogen input from rivers into Shido Bay 
increased in June. In addition, Kaeriyama et al. (2011) sug-
gested that salinity in Shido Bay might be affected by fresh-
water discharges that occur 1 month earlier from large rivers 
along the northern coast of Harima-Nada, tens of kilometers 
from Shido Bay. Although nutrients are non-conservative 
substances and may be consumed during transportation, 
riverine nutrient supply from the outer bay might not be 
negligible. Despite the increased nitrogen supply in June, 
the DIN concentration did not increase then (Fig. 3b). How-
ever, for DSi, the most abundant and sufficient nutrient of 
the three nutrients measured based on the stoichiometric 
balance (Fig. 4), a considerable peak was observed in June 
(Fig. 3a). This suggests that any additional nitrogen, sup-
plied either directly or indirectly derived from precipitation, 
was completely consumed in this period, which may explain 
why a low DIN concentration accompanied by high phyto-
plankton biomass was recorded in June. The half-saturation 
constants for phytoplankton growth with respect to nitro-
gen and for the nitrogen uptake of phytoplankton are highly 
variable, yet 1.5 µM (Cloern 1999) and similar levels, e.g., 
1–2 µM (Fisher et al. 1992; Justić et al. 1995), are tradition-
ally assumed in field studies. If we employ such “threshold” 
values, the DIN level is considered to be low in June with 
respect to the absolute nitrogen concentration, in addition to 
the stoichiometric nutrient balance. Therefore, the complete 
consumption of the additional DIN supply is a possibility 
owing to its extremely low level in June.

In September, when the autumn bloom began, a rapid 
decrease in the mean salinity in the water column owing 
to high precipitation was also observed (Fig. 2b,c). This 
suggests that an additional supply of nitrogen derived 
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from rainfall and riverine discharges occurred in that 
month as well as in June. The DIN concentration in August 
(0.5–0.6 µM), immediately before the occurrence of the 
autumn bloom, was one of the lowest observed in the year 
(Fig. 3b). Hence, additional nitrogen inputs would have also 
impacted phytoplankton dynamics in September. Moreover, 
September was the month in which the vertical mixing of 
the water column began (Fig. 2a). In the Seto Inland Sea, 
the collapse of seasonal stratification followed by vertical 
mixing is usually observed in early autumn (Kobayashi et al. 
2007). As was the case in the present study (Fig. 3b), this 
event in the Seto Inland Sea elevated the DIN concentra-
tion in the euphotic layer of the water column (Kobayashi 
et al. 2007). This generally occurs because the regenerative 
DIN stored in the aphotic layer is upwelled and supplied 
to the surface layer during the mixing period (Kobayashi 
et al. 2007). However, there is no aphotic layer in the water 
column in Shido Bay. Thus, the elevated DIN concentra-
tion during autumn in the bay (Fig. 3b) was possibly due to 
increased DIN concentrations in the outer area of the bay 
and its surroundings, caused by the initiation of vertical mix-
ing outside the bay (i.e., there was an increase in the external 
DIN supply to the bay). Indeed, increased DIN concentra-
tions from late summer to autumn have been observed in 
the Bisan Strait, the area adjacent to Shido Bay (Yamaguchi 
et al. 2015).

Taking all of the above into consideration, it is probable 
that an increased nitrogen supply in June and early autumn 
(i.e., September–October) triggered the phytoplankton 
blooms and the elevated phytoplankton production observed 
in these periods. The results of the present study emphasize 
the fact that DIN concentration is not always a good predic-
tor of DIN supply, and that the latter is likely to be much 
more important than the former in elucidating the dynamics 
of phytoplankton production in Shido Bay.

The observed low phytoplankton production during 
winter (i.e., November–early January) was caused by low 
phytoplankton biomass with low Chl a specific productivity 
(Fig. 5). However, it is unclear why the latter two parameters 
remained low during winter despite high nutrient concentra-
tions (Fig. 3). Our results indicate that mean Chl a specific 
productivity was positively correlated with temperature and 
light (see the “Phytoplankton biomass and production” sec-
tion). Therefore, the lower temperature and Im in winter may 
have decreased Chl a specific productivity and prevented 
efficient nutrient utilization. However, if this is correct, the 
reason for the relative importance of temperature and Im 
compared to nutrients is unclear. As regards phytoplank-
ton biomass, the low biomass in winter can be explained 
as follows: the observed low Chl a specific productivity 
reduced biomass accumulation, and the rapid increase in 
salinity after September (Fig. 2b) due to the enhancement 
of water exchange resulted in the promotion of biomass loss. 

To validate the above explanations, it is necessary to analyze 
seasonal changes in the water exchange rate between inner 
and outer Shido Bay in future studies.

Furthermore, in the present study, we did not analyze 
the representativeness of the estimated annual production 
and its variation. The annual mean phytoplankton biomass 
determined in this study (17 ± 15 mg Chl a m−2) is typical 
of that calculated for Shido Bay during the 2010s [16–27 mg 
Chl a m−2 (Yamaguchi et al. 2017)], but the dependence of 
production on biomass may be variable. Therefore, further 
study is necessary to clarify the above points.
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