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A B S T R A C T   

Southwestern Hokkaido faces intricate physiological and chemical changes. Subsequently, changes in lower 
trophic levels are of concern, but fully understanding the relationship between microplankton and hydrography 
in this region is required. To examine the relationship between the microplankton community (diatoms, di
noflagellates, ciliates, and euglenoids) and environmental factors in Suttsu, Hokkaido, water samples were 
collected at 4–15-day intervals from August 2020 to August 2022 at Yokoma Port. Diatoms were dominant in the 
study area, with an apparent seasonal change in species composition. Lower phytoplankton cell density was 
observed in the second year than in the first year during autumn and winter because of low temperatures and 
light intensity in the second year. A significant decrease in the number of attached diatoms (Navicula spp.) was 
observed during the winter of the second year, possibly due to calm conditions (low tide and wind speed), which 
prevent the detachment of weakly attached species. Large blooms of euglenoids (Eutreptiella gymnastica and 
E. marina) in April and May were caused by the exclusive use of nutrients from the inflow of river water during 
the snowmelt season. Warm-water species sporadically occurred, suggesting their transportation by the Tsushima 
Warm Current. Temperature, nutrients, and light intensity primarily control microplankton communities, which 
vary seasonally. These findings led to the prediction of lower trophic levels due to the impact of warm water 
inflow.   

1. Introduction 

Phytoplanktons are crucial organisms responsible for primary pro
duction in the ocean. Microsized phytoplanktons are mainly composed 
of diatoms, dinoflagellates, and euglenoids. Diatoms are classified as 
planktonic diatoms and benthic diatoms based on habitat differences. 
Planktonic diatoms are microalgae that are observed prominently in 
inner bays, coastal and offshore areas, and some species have chain- 
forming during spring bloom (Itakura, 2001). Benthic diatoms are a 
general term for diatoms that grow by attaching to various substrates in 
the water. Solitary cell is well observed with the ability of moving on the 
substrates. There is no clear boundary between planktonic diatoms and 
benthic diatoms, and some species have both floating and attached lives 
(Kawamura, 1994). In addition, diatoms are divided into two taxonomic 
groups: centric and pennate. Most planktonic diatoms are centric, and 

most benthic diatoms are pennate (Kawamura, 1994). Diatoms have a 
rapid growth rate, with a maximum growth rate of µmax = 1.5 d− 1 when 
light conditions and nutrient concentrations are favorable (Sarthou 
et al., 2005). In addition, many diatoms form resting spores and can 
survive in environments that are unfavorable for growth (Itakura et al., 
1992; Ishii et al., 2011; Matsubara, 2017). Euglenoids are widely 
distributed from freshwater to the ocean due to their high salinity 
tolerance, such as marine euglenoids Eutreptiella gymnastica (Lee and 
Lim, 2006; Xu et al., 2012). They can also grow in various temperatures 
(Xu et al., 2012). In Mexico, several hundred fish died from anoxia 
caused by Eutreptiella marina blooms (Cortés-Lara et al., 2010). In 
southern Hokkaido, a red tide occurrence of Eutreptiella sp. has been 
reported at Matsumae port (Shimada, 2021). 

The Japan Sea of western Hokkaido is known to be a fishery for 
herring, Japanese flying squid, and walleye pollock (Nakata and Tanaka, 
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2002). Suttsu is located in the southwestern Hokkaido, facing the Sea of 
Japan, and the surrounding ocean area is characterized by low nutrients 
and productivity (Adachi and Osawa, 2005). In addition to the above 
species, scallops and oysters are caught in the waters surrounding 
Suttsu. (Hokkaido Research Organization: http://www.fishexp.hro.or. 
jp/marinedb/internetdb/fishdb/fish_all.asp). This area is influenced 
by the Subpolar Front Current (SFC), which diverges from the Tsushima 
Warm Current. Seasonal variation in current speed of the Tsushima 
Warm Current, which flows around this western Hokkaido, is smaller 
(0.25 Sv) than the Tsugaru Warm Current (0.30 Sv) (Nakata and Tanaka, 
2002; Nishida et al., 2003; Yabe et al., 2021). However, the Tsushima 
Warm Current in the Tsushima Strait has recently been increasing (Kida 
et al., 2021), followed by an increase in the SFC, which could change the 
oceanic environment around Hokkaido. In addition, in recent years, it is 
reported that sea surface temperatures in the waters surrounding Japan 
Sea have been rising. (e.g. https://www.jma.go.jp/jma/en/Activities/ 
cc.html). As one example, ocean warming, acidification, and deoxy
genation due to global change-driven may cause serious damage to 
calcifiers in Oshoro Bay, which also facing Japan Sea of the western 
Hokkaido (Fujii et al., 2021). In contrast, Suttsu is seasonally affected by 
freshwater inflow from rivers (the Shiribetsu and Shubuto rivers). For 
example, a rapid decrease in salinity and nutrient supply in the 

neighboring Ishikari Bay occurs with increased river water inflow in 
April during the snowmelt season (Adachi and Osawa, 2005). In addi
tion, in Funka Bay, on the Pacific side of Hokkaido, nutrients in the river 
water support new phytoplankton production (Yoshimura and Kudo, 
2003). Therefore, river water inflow is also an essential factor affecting 
phytoplankton composition and cell density. 

Information on phytoplankton in the western side (Sea of Japan) of 
Hokkaido includes long-term monthly observations in Oshoro Bay that 
concluded that centric diatoms are dominant and that a little relation
ship exists between regime shifts and phytoplankton cell density (Fukui 
et al., 2010). The appearance of the harmful dinoflagellate Karenia 
mikimotoi (Shimada et al., 2016; Kakumu et al., 2018) and the north
ward expansion of the distribution area of Heterocapsa circularisquama 
(Kondo et al., 2012) have been reported in Hakodate Bay, potentially 
owing to an increase in the Tsushima Warm Current. However, the 
comprehensive dynamics of micro-sized phytoplankton communities 
are still unknown because of methodological issues (100 µm mesh net 
collection, monthly frequency) and the investigation of only specific 
species (in many cases, harmful species). A detailed analysis of the 
relationship between phytoplankton and hydrography is required to 
accurately evaluate the effects of changing environmental conditions 
(increased SFC) on marine ecosystems including fisheries production. 

Fig. 1. Location of the sampling station at the Yokoma Port in southern Hokkaido. The red circle indicates a fixed station for water sampling, and the yellow star 
indicates a station for monitoring atmospheric conditions (temperature, rainfall, and wind). Light blue stars indicate the observatory of each river. 
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This study aimed to clarify seasonal changes in micro-sized phyto
plankton and environmental factors by conducting high-frequency 
fixed-point observations over 2 years at Yokoma Port in Suttsu, Hok
kaido. Furthermore, we examined the relationship between micro-sized 
phytoplankton and environmental factors and discussed annual changes 
in phytoplankton, the mechanism of spring bloom formation, and the 
occurrence of warm-water species. 

2. Materials and methods 

2.1. Field sampling 

A total of 80 samples were collected at the Yokoma Port of Suttsu, 
Hokkaido (48.85◦ N, 140.33◦ E) at 4–15-day intervals from August 25, 
2020, to August 15, 2022 (Fig. 1). Water samples were collected from 
the sea surface using plastic buckets. For salinity and nutrients (nitrate, 
nitrite, ammonium, phosphate, and silicate), water samples were stored 
in brown glass bottles and polyethylene bottles at 4 and − 20 ◦C until 
analyzed, respectively. For the phytoplankton samples, 500 mL of 
seawater was placed in a plastic bottle, and a fixative was added 
immediately. Note that we used two fixatives because of the availability 
of instruments: Lugol acid (final concentration 1%) from August 25, 
2020, to January 11, 2022, and glutaraldehyde (final concentration 1%) 
from January 25, 2022, to August 15, 2022. Sea surface temperature 
(SST) was measured during water sampling. The study was conducted 
over a two-year period, with the first year defined as August 
2020–August 2021 and the second year as September 2021–August 
2022. 

The average daily air temperature, total daily precipitation, average 
daily wind speed, maximum wind direction, tide level, and daylight 
hours were obtained from the Japan Meteorological Agency website at 
the Suttsu Meteorological Station (https://www.jma.go.jp/jma/index. 
html). Data on the flow rate of the Shiribetsu River were obtained 
from the Ministry of Land, Infrastructure, Transport, and Tourism’s 
Hydrologic and Hydrochemical Quality Database at the Nakoma Ob
servatory, which is located in the middle reaches of the Shiribetsu River 
(http://www1.river.go.jp). Data on the flow rate of the Shubuto River 
was obtained from Hokkaido website at the Nakoma Observatory, which 
is located in the downstream area of the Shubuto River (https://www. 
constr-dept-hokkaido.jp/ks/ikb/iji/ryuuryou/). 

2.2. Sample analysis 

Salinity and nutrients were measured using a salinometer (Model 
8400B AUTOSAL, Guildline Instruments Ltd.) and a continuous flow 
analyzer (QuAAtro, BL TEC K.K.), respectively (Wakita et al., 2021). 

In the laboratory, fixed samples (500 mL) were stored on a stone 
table for more than 1 day to allow the phytoplankton cells to settle at the 
bottom of the bottle. Subsequently, the samples were concentrated to 
20 mL using a siphon. Subsamples (500 μL) of the concentrated sample 
were mounted on a glass slide using a micropipette. Microsized phyto
plankton cells were identified and enumerated using an inverted mi
croscope (ECLIPSE Ts2R, Nikon) at 40–600 × magnification. According 
to Fukuyo et al. (1997), Hasle and Syvertsen (1997), and Steidinger, 
Targen (1997), diatoms, dinoflagellates, and silicoflagellates were 
identified to the lowest possible levels (species or genus). Tinnid and 
oligotrich ciliates were counted separately. In addition to species and 
genus identification, the diatoms were classified as planktonic, benthic, 
and warm-water species. Cells were counted with a maximum of 300 
cells per sample. After counting, we calculated the cell density (cells 
mL− 1). 

2.3. Data analysis 

The relationships between the cell density of planktonic, benthic, 
and warm-water diatom species and environmental factors (SST, 

salinity, DIN [=nitrate+nitrite+ammonium], silicate, phosphate, air 
temperature, total daily precipitation, mean daily wind speed, tide level, 
and daylight hours) were analyzed using decision trees. Because cell 
densities were low for warm-water species, they were converted to 
presence/absence data and used in the analyses. These analyses were 
performed using the packages "rpart" and "partykit" in R (version 4.1.2, 
R Development Core Team, 2021). 

Based on seasonal changes in the phytoplankton community based 
on cluster analysis and hydrography, this study defined August to 
October 2020 and September to October 2021 as autumn, November 
2020 to March 2021 and November 2021 to March 2022 as winter, April 
to May 2021 and 2022 as spring, and June to August 2021 and 2022 as 
summer (Supplementary Fig. 1, Supplementary Tables 1 and 2). The 
Wilcoxon rank-sum test was used to identify annual changes in envi
ronmental factors during each season using StatView (SAS Institute 
Inc.). 

3. Results 

3.1. Environmental factors 

SST ranged from 1.2 to 25.5◦C and was high in August and low in 
February (Fig. 2). Salinity ranged from 22.1 to 34.0 and decreased 
rapidly from March to April in 2021 and 2022 and slightly decreased in 
winter and early summer (Fig. 2). DIN ranged from 0.56 to 12.2 µM, 
which tended to decrease during summer and increase during autumn 
and spring. Phosphate ranged from 0.061 to 1.18 µM, increased in 
March 2021 and 2022, and decreased during the summers (Fig. 2). Sil
icate ranged from 1.9 to 94.0 µM, and increased in March–April and 
May–June 2021, then decreased at 10–20 µM during the summer 
(Fig. 2). The DIN:P ratio exhibited fluctuations but no evident seasonal 
trend, with a distinct increase in November 2020 and January 2021. The 
Si:P ratio increased sharply in June in both years. Air temperatures were 
generally high in summer and low in winter, with a temporary decrease 
in August 2021 (Fig. 3a). The precipitation was high from summer to 
autumn (Fig. 3a). The wind speed showed high variability, and the di
rection was evidently northwest in winter and southeast in summer 
(Fig. 3b, c). The flow rate of the Shiribetsu River increased annually 
from March to April, and the flow rate of the Shubuto River increased 
annually in April (Fig. 3d, e). 

3.2. Micro-sized plankton communities 

Regarding cell density, diatoms (1.30–152 cells mL− 1), di
noflagellates (0–231 cells mL− 1), ciliates (0–156 cells mL− 1), and eu
glenoids (0–4921 cells mL− 1) were observed (Fig. 4a). Diatoms were the 
most dominant taxon among the four taxonomic groups, accounting for 
an average of 62.4% of the total microplankton cell density during the 
study period. Dinoflagellate and ciliate cell densities showed apparent 
seasonal variations, with high densities in spring and summer. Eugle
noid cell densities were low in winter and high in spring, particularly 
from April to May, when a large euglenoid bloom was observed (Fig. 4a). 

Seasonal changes in the species composition were observed. Navicula 
spp. were dominant in winter (from November 2020 to the end of March 
2021), and euglenoids were dominant in April 2021 (Fig. 4b). During 
summer, dinoflagellates were dominant. Centric diatoms dominated in 
autumn, and euglenoids dominated in spring (Fig. 4b). 

Planktonic, benthic, and warm-water diatom species increased in the 
summer and decreased in the winter (Fig. 5). Sporadic increases in 
planktonic diatoms Chaetoceros spp. were observed in the area in August 
to October 2020, June to July 2021, September to October 2021, March 
2022, and July to August 2022 (Fig. 4b). The warm-water species 
Chaetoceros didymus was observed from August to September 2020. 
Bacteriastrum delicatulum increased rapidly from April to June 2021. 
Decision tree analysis showed that planktonic species had higher cell 
densities at ≥ 17.6 ◦C and < 0.207 µM in phosphate (Fig. 6a). Benthic 
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species had higher cell densities at < 0.8 h in daylight hours and 
< 6.68 µM DIN (Fig. 6b). Warm-water species occurred at SST ≥ 4.5 ◦C 
and ≥ 17.3 µM in silicate or at SST ≥ 4.5 ◦C, < 17.3 µM in silicate and 
< 0.146 µM in phosphate (Fig. 6c). 

Annual changes in phytoplankton cell density and environmental 
factors were compared for each season (Supplementary Fig. 1 and 
Supplementary Tables 1 and 2). In autumn, significantly lower cell 
densities were observed in planktonic diatoms (p < 0.01), warm diatoms 
(p < 0.05), and dinoflagellates (p < 0.01) in the second year (2021) than 
in the first year (2020), associated with lower SST (p < 0.01), higher 
nitrate (p < 0.05), higher DIN (p < 0.05), higher phosphate (p < 0.05), 
higher silicate (p < 0.05), lower air temperature (p < 0.01), and lower 
wind speed (p < 0.05) (Table 1). In winter, the cell densities of benthic 
diatoms (p < 0.01) and ciliates (p < 0.05) were significantly lower than 
those in the second year, with lower SST (p < 0.05), higher nitrate 
(p < 0.01), higher nitrite (p < 0.05), higher ammonium (p < 0.05), 
higher phosphate (p < 0.01), and lower tide levels (p < 0.05). No sig
nificant differences in the environmental factors were found during 
spring. In summer, benthic diatoms and dinoflagellates had significantly 

lower cell densities (p < 0.01) and higher air temperatures (p < 0.05) in 
the first year than in the second year (Table 1). 

4. Discussion 

4.1. Environmental features at the sampling site 

The Tsushima Warm Current can be classified into four main types: 
the Subpolar Front Current (SFC), Offshore North Current (ONC), 
Offshore South Current (OSC), and Coastal Current (CC) (Yabe et al., 
2021). The SFC flows along the Japan Sea coast of Hokkaido (Yabe et al., 
2021). The SFC has minimal seasonal variation, with the majority (83%) 
flowing northward along Hokkaido and the remaining 16% flowing into 
the Tsugaru Strait (Yabe et al., 2021). Yokoma Port, the site of this study, 
is located on the Japan Sea coast of Hokkaido and is expected to receive 
SFC inflow throughout the year. 

Nutrient concentrations in the sea around southern Hokkaido 
showed a maximum (6 µM nitrate and nitrite, 0.4 µM phosphate, and 
8 µM silicate) in March, and after the phytoplankton bloom in April, 

Fig. 2. Seasonal changes in environmental parameters surface temperature, salinity, nutrients (DIN, PO₄3⁻, and Si(OH)4), DIN/P ratio, and Si/P ratio at the Yokoma 
Port from August 2020 to August 2022. 
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Fig. 3. Seasonal changes in atmospheric condition (air temperature, daily amount of rainfall, daily average wind speed, and direction) (a-c) were refereed at the 
Suttsu Station from August 2020 to August 2022. Seasonal changes on the discharge of Shubuto River (d) at the Shubuto River Flow Observatory and Shiribetsu River 
(e) at the Nakoma Observatory in the last 5 years. Note the X-axis was different between atmospheric data and river discharge. 
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nitrate and nitrite concentrations were 1–2 μM, phosphate was 
< 0.1 μM, and silicate was as low as 4 μM (Adachi and Osawa, 2005). In 
the offshore southern Hokkaido, seasonal variation from winter to 
summer in DIN and DIP are 0–6.6 µM and 0–0.64 µM, respectively 
(Kuribayashi et al., 2014). In the Oshoro Bay, DIN, DIP and silicate range 
0.02–29.84 µM, 0.04–0.49 µM and 1.00–22.12 µM (Agboola et al., 
2010). In this study, the maximum values of nitrate and nitrite (11.5 µM 
in 2021 and 9.68 µM in 2022) and phosphate (1.18 µM in 2021 and 
0.83 µM in 2022) levels were observed during March in each year, and 
the minimum values of nitrate and nitrite (0.44 µM in 2021 and 0.32 µM 
in 2022) and phosphate (0.061 µM in 2021 and 0.11 µM in 2022) levels 
were observed during the spring and summer seasons. The silicate 
content in the present study remained in the range of 10–20 µM during 
spring and summer, which was higher than that in the offshore region 
around southern Hokkaido. Compared the variation ranges in nutrients 
with previous results, the present results showed a similar trend to 
coastal region rather than offshore region. This regional difference may 
be attributed to the nutrient inflow from the river (Yoshimura and Kudo, 
2003). 

The DIN:P ratio was generally below 16 as compared to the Redfield 
ratio, with the lowest values occurring from the end of April to early May 
(Adachi and Osawa, 2005). This suggests that DIN may be a limiting 
factor for phytoplankton growth in the waters around the Yokoma Port. 
The eastern area of Ishikari Bay is affected by water supplied by the 
Ishikari River, and salinity was below 20 at the surface in April, when 
discharge water increased due to snowmelt (Adachi and Osawa, 2005). 
In our case, the Shiribetsu River and Shubuto River flow increased 
around April, which was observed in Suttsu Bay, and was associated 

with a decrease in salinity in April 2021 and 2022. During the same 
period, an increase in air temperature and low precipitation suggested 
snowmelt water inflow decreased salinity in Yokoma Port during April. 
Adachi and Osawa (2005) reported that rivers supply DIN, and vertical 
mixing in Ishikari Bay supplies phosphate during winter. DIN and 
phosphate concentrations at Yokoma Port showed maximum values 
from the end of March to early April when the river water increased. 
This suggests that the nutrients were supplied by rivers near the sam
pling site. Specifically, the environmental conditions around Yokoma 
Port were strongly influenced by river water. 

The Tsushima Warm Current is a water mass with a salinity ≥ 33.7 
(Higaki et al., 2008), which is higher than that around Yokoma Port. 
Salinity exceeding 33.7 was observed from the end of July to 
mid-September 2021 and at the end of June 2022. Nutrient concentra
tions in the coastal surface layer during July and September in the 
Tsushima Warm Current were reported to be 1–5 µM for DIN, 0.1 µM for 
phosphate, and 3–7 µM for silicate (Ikeuchi et al., 1998). Nutrient con
centrations (DIN 0.97–4.77 µM, phosphate 0.06–0.37 µM, silicate 
10.3–17.9 µM) in the Yokoma Port from July-September 2021 were at 
the same level, excluding silicate, as the previously reported Tsushima 
Warm Current water. This suggests that the temporal inflow of the 
Tsushima Warm Current occurred from July to September 2021. 

4.2. Annual changes in phytoplankton and their factors 

Diatoms are classified based on their ecological characteristics into 
planktonic diatoms, which live a planktonic life, and benthic diatoms, 
which adhere to the substrate. Comparing the results of decision trees 
between planktonic and benthic diatoms, SST was the most important 
factor to increase cell density for planktonic diatoms, but daylight hour 
was chosen as the factor for benthic diatoms. This difference could 
indicate their physiological differences, however the detail difference 
should be discussed individually based on incubation experiment 
because the boundary between the categories (planktonic vs benthic) is 
not clear (Kawamura, 1994). 

Interannual changes in phytoplankton and environmental factors 
during autumn and winter, including lower phytoplankton cell density, 
lower SST, and higher nutrient levels, were observed in the second year. 
Decision tree analysis indicated that planktonic diatoms had the lowest 
cell densities when the temperature was below 17.6 ◦C and the number 
of daylight hours was below 9.35 h. In the second autumn (Septem
ber–October 2021), as the average SST (17.1 ◦C) and daylight hours 
(6.37 h) were consistent with the conditions, phytoplankton growth was 
limited by low SST and light conditions (Bissinger et al., 2008; Shikata 
et al., 2010), and the resulting planktonic diatoms decreased. Nutrients 
were higher in the second year, possibly due to reduced phytoplankton 
growth and suppressed nutrient absorption. On the other hand, sporadic 
increases in planktonic diatoms Chaetoceros spp. were observed from 
spring to fall during the study period. Most of these periods, with the 
exception of March 2022, had phosphate concentrations of about 0.2 µM 
and water temperatures of about 18 ◦C or higher. Based on the results of 
the decision tree analysis, cell densities were highest when phosphate 
was < 0.207 µM and water temperature was > 17.55 ◦C, suggesting that 
the period of increased Chaetoceros spp. was a favorable environment for 
this species. 

In winter, benthic diatoms decreased significantly in the second year. 
Decision tree analysis indicated that benthic diatoms decreased when 
daylight hours were between 0.8 and 6.95 h and SST was above 4.4 ◦C. 
However, both of these environmental factors in the winter of the first 
and second years were within the conditions (0.8–6.95 daylight hours 
and ≥ 4.4 ◦C SST). The tide level should be discussed as an alternative 
factor because it was significantly lower in the second year than in the 
first year. The wind speed was also lower in the second year (but the 
difference was not significant). These results suggest that the physio
logical disturbances driven by wind and waves may weaken during the 
second year. Note that this is the tide level at the sampling time and not 

Fig. 4. Seasonal changes in microphytoplankton cell density and composition 
(a) and species composition (b) at the Yokoma Port from August 2020 to August 
2022. * : Centric diatoms, * *: Pennate diatoms. 
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the wave height. Among benthic diatoms, Navicula spp. were signifi
cantly reduced in the second year. This species has a weaker attachment 
to the substrate than other benthic diatoms (i.e., Cocconeis spp.) 
(Kawamura, 1998). Therefore, it is possible that this species detached 
from the substrate and was suspended in the water under normal con
ditions. However, in the second year, detachment was difficult under 
low-tide and low-wind-intensity conditions, resulting in low cell density. 

4.3. Euglenoid blooms in spring 

Large euglenoid blooms (mean cell density: 2.0 × 103 cells mL− 1) 
were identified in four samples during April 2021 and April–May 2022. 
There are two species of marine euglenoids: Eutreptiella gymnastica and 
E. marina. E. marina also occurred from spring to summer in previous 
studies conducted in the Sea of Marmara, an inland sea connecting the 
Black Sea and the Mediterranean Sea, where blooms with cell densities 
reaching 30.2 × 103 cells mL− 1 were observed in spring (Taş, 2019). The 
DIN:P ratio decreased from April to May when euglenoid blooms were 
found at Yokoma Port, and there was a negative correlation between the 
DIN:P ratio and E. marina cell density (r = − 0.21) (Taş, 2019). 
E. gymnastica has salinity tolerance and can survive at salinities ranging 

from 10 to 30 (Xu et al., 2012) and 15–40 (Lee and Lim, 2006). 
Therefore, this species can proliferate in environments in which the 
inflow of river water reduces salinity. A harmful bloom of E. marina 
(2.21 × 103 cells mL− 1) was reported in the southern part of Banderas 
Bay, Jalisco, Mexico, where hundreds of dead fish were found (Corté
s-Lara et al., 2010). It is considered that this is due to oxygen depletion in 
the water and that blooms of this species do not directly affect human 
health (Cortés-Lara et al., 2010). The euglenoid bloom in Suttsu (2.0 ×

103 cells mL− 1) was comparable to the reported bloom in the southern 
part of Banderas Bay. The red tide of Euglenoids has been reported in 
southern Hokkaido (Shimada, 2021), so fish harm and death may be 
caused in the waters in southern Hokkaido, including Yokoma port. 

Regarding dominant species during spring bloom, majority studies 
reports diatoms around Hokkaido. In Oshoro Bay, Chaetoceros spp., 
Coscinodiscus spp. and Thalassionema spp. are composed (Kanomata and 
Kotori, 2000; Fukui et al., 2010). In Funka Bay, Thalassionema spp., 
Thalassiosira spp. and Chaetoceros spp. are dominant (Nakata, 1982; 
Shinada et al., 1999). These previous studies were based on once- or 
twice-monthly observations and may have missed short-term changes in 
Eutreptiella spp. In Funka Bay, salinity at the center and mouth of the bay 
was about 32.0 at low salinity, which was higher than in spring Suttsu 

Fig. 5. Seasonal changes in cell density of planktonic and benthic species (a) and warm-water species (b) at the Yokoma Port from August 2020 to August 2022.  
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(Nakata, 1982). Therefore, it is possible that phytoplankton other than 
Eutreptiella spp. did not dominate because they were not limited by low 
salinity and were able to proliferate. 

4.4. Appearance trends of warm-water species 

As for the occurrence of warm-water species, Chaetoceros didymus 
appeared in August-September and October 2020 but was not observed 
until the spring of the following year. Since the optimal temperature for 
the growth of warm-water species is 16–27 ◦C (Creswell, 2010), SST 
< 16 ◦C during mid-October 2020 restricted the growth of the 
warm-water species C. didymus. As an important life strategy, many 
species in the genus Chaetoceros form resting stage cells and germinate 
even after 12 months at 4 ◦C (Matsubara, 2017). Among the warm-water 
species, C. didymus, C. coarctatus, and C. eibenii have been identified, and 
C. didymus forms resting spores (Ishii et al., 2011). Therefore, C. didymus 
may have overwintered as a resting-stage cell in the study area. How
ever, germination experiments of resting stages of Chaetoceros species 
suggest that it takes 10–13 days to germinate at 15 ◦C and 11 h of light, 
and more time is needed at lower temperatures (Matsubara, 2017). This 
study observed > 15 ◦C SST after May–June, with average daylight 
hours ranging from 6.6 to 10.4 h in spring and summer. Since phyto
plankton cell density also increases around May–June, the growth of 
other phytoplankton (cold-water species) begins earlier than the 
germination of this species, even if the resting-stage cells of C. didymus 
survive until the following year. 

Bacteriastrum delicatulum increased rapidly from April to June 2021. 
In the northern Adriatic Sea, a higher cell density of B. delicatulum (119 
cells mL− 1) was observed from June to August (Godrijan et al., 2012), 
consistent with our Yokoma Port results. In addition, the cell density of 
B. furcatum, which is classified in the same genus as B. delicatulum, was 
positively correlated with PO4 concentration (Bosak et al., 2016). 
Phosphate was at its maximum level in April at Yokoma Port, suggesting 
that B. delicatulum could grow by taking advantage of the abundant 
phosphate present in this study. However, no warm-water species were 
observed in July–August 2021. This may be due to a decrease in nutri
ents caused by dinoflagellate blooms during the same period, which may 
have prevented the growth of warm-water species. 

In the study area, warm-water species occurred sporadically, with 
significant seasonal variations in their species composition. The decision 
tree indicated that ≥ 4.5 ◦C SST was the most critical factor within the 
condition in all seasons except winter. Furthermore, as mentioned 
above, the seasonal variation in the Tsushima Warm Current is minimal 
(Yabe et al., 2021). Considering these facts, the warm-water species 
possibly had not been established in the area, but rather that a cell was 
transported by the Tsushima Warm Current. The establishment of 
warm-water species in the area is considered to be difficult because of 
the short period (4 months from June to September) at optimal tem
perature (16–27 ◦C) and the challenging competitive situation for 
acquiring daylight and nutrients with other phytoplankton (cold-water 
diatoms, dinoflagellates, and euglenoids) during the nutrient-rich spring 
season. 

5. Conclusion 

Diatoms were mainly dominant at Yokoma Port in Suttsu, Hokkaido, 
and their species composition showed evident seasonal changes. As an 
annual change, phytoplankton cell densities in the autumn and winter of 
the second year were significantly lower than those of the same period in 
the first year. This may be due to the low SST and daylight hours, which 
prevent phytoplankton growth. A significant decrease in the number of 
benthic diatoms was also observed during the winter of the second year, 
suggesting that calm sea conditions (low tide levels and wind speed) 
decreased the detachment of benthic diatoms (Navicula spp.). Large 
euglenoid blooms were observed yearly from April to May. This may be 
because of their high salinity tolerance and ability to exclusively utilize 

Fig. 6. Decision trees of planktonic (a), benthic (b), and warm-water species (c) 
in diatoms at the Yokoma Port from August 2020 to August 2022. Warm-water 
species were analyzed as presence /absence data. 
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nutrients from the inflow of river water during the snowmelt season. 
Some euglenoids caused fish death at cell densities similar in scale to 
those of the blooms observed in this study, which is of concern in the 
vicinity of Suttsu Bay. Although several warm-water species were 
observed, they occurred sporadically in the area, suggesting that they 
were transported by the Tsushima Warm Current rather than by estab
lished or resting-stage cells. This study clarified the relationship be
tween seasonal and annual changes in the phytoplankton community 
and environmental conditions in Suttsu. These findings will help predict 
the impact of climate change on warm water inflow areas. Suitable 
conditions can be established for warm-water species if sea surface 
temperatures increase due to global warming and the optimal water 
temperatures are prolonged. Monitoring the environment (temperature 
and nutrients) and phytoplankton communities should continue to 
evaluate the ecosystem in the Anthropocene climate. 
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Table 1 
Comparison of environmental factors between the years in each season at the Yokoma Port from August 2020 to August 2022. Differences between the groups were 
tested by Wilcoxon signed rank test. Values are mean ( ± S.D.). Wilco.: Wilcoxon test. * : p < 0.05, * *: p < 0.01, * * * : p < 0.001.  

Parameters Autumn  Winter  Spring  Summer 

1st year 
(2020) 

2nd year 
(2021) 

Wilco.  1st year 
(2020) 

2nd year 
(2021) 

Wilco.  1st year 
(2021) 

2nd year 
(2022) 

Wilco.  1st year 
(2021) 

2nd year 
(2022) 

Wilco. 

Benthic diatoms 
(cells mL− 1) 

6.78 
± 6.59 

7.93 
± 7.58   

36.5 
± 28.3 

4.21 
± 3.03 

* *  37.3 
± 42.1 

14.4 
± 8.39   

18.5 
± 8.20 

3.68 
± 2.11 

* 

Planktonic 
diatoms 
(cells mL− 1) 

68.4 
± 33.7 

11.1 
± 13.2 

* *  1.20 
± 1.33 

9.52 
± 17.9   

24.5 
± 24.5 

5.97 
± 5.21   

17.9 
± 23.0 

50.2 
± 55.1  

Warm-water 
diatoms 
(cells mL− 1) 

4.56 
± 5.12 

0.22 
± 0.61 

*  3.77 
± 9.91 

0.78 
± 1.12   

0.07 
± 0.07 

0.00 
± 0.00   

0.68 
± 1.30 

0.20 
± 0.38  

Dinoflagellates 
(cells mL− 1) 

53.2 
± 66.2 

4.15 
± 2.81 

* *  8.81 
± 26.0 

0.29 
± 0.17   

20.3 
± 21.8 

0.55 
± 0.15   

62.2 
± 34.9 

10.4 
± 11.9 

* 

Euglenoids 
(cells mL− 1) 

3.87 
± 5.50 

2.80 
± 2.64   

1.77 
± 3.31 

2.09 
± 4.87   

1028 
± 1947 

985 
± 858   

5.43 
± 7.81 

2.24 
± 3.28  

Ciliates (cells 
mL− 1) 

18.4 
± 26.6 

1.83 
± 2.69   

14.8 
± 32.6 

8.51 
± 8.87 

*  0.97 
± 0.99 

0.28 
± 0.19   

0.63 
± 0.86 

8.73 
± 10.5  

SST (◦C) 20.6 
± 2.75 

17.1 
± 4.15 

* *  6.09 
± 3.48 

4.64 
± 1.53 

*  9.90 
± 1.94 

10.5 
± 0.52   

19.9 
± 3.19 

21.0 
± 1.93  

SSS 33.2 
± 0.44 

32.9 
± 0.62   

32.0 
± 2.47 

32.0 
± 1.65   

30.9 
± 0.75 

31.2 
± 2.45   

32.2 
± 2.14 

32.4 
± 1.00  

NO3- (µM) 1.37 
± 0.72 

3.21 
± 1.42 

*  4.66 
± 2.60 

6.04 
± 1.44 

* *  1.46 
± 0.68 

0.75 
± 0.64   

1.59 
± 1.14 

1.65 
± 0.97  

NO2
- (µM) 0.18 

± 0.05 
0.22 
± 0.10   

0.31 
± 0.16 

0.23 
± 0.05 

*  0.26 
± 0.27 

0.09 
± 0.03   

0.13 
± 0.05 

0.11 
± 0.04  

NH4 (µM) 1.41 
± 0.65 

1.31 
± 0.54   

1.47 
± 0.86 

0.89 
± 0.32 

*  1.00 
± 0.98 

0.25 
± 0.06   

0.86 
± 0.56 

0.74 
± 0.33  

DIN (µM) 2.96 
± 1.25 

4.73 
± 1.54 

*  6.45 
± 2.76 

7.15 
± 1.57   

2.72 
± 1.54 

1.09 
± 0.62   

2.58 
± 1.44 

2.50 
± 1.19  

PO4
3- (µM) 0.12 

± 0.03 
0.30 
± 0.09 

*  0.36 
± 0.22 

0.42 
± 0.15 

* *  0.26 
± 0.13 

0.30 
± 0.16   

0.19 
± 0.10 

0.22 
± 0.11  

Si(OH)4 (µM) 14.8 
± 4.85 

21.9 
± 4.51 

*  21.6 
± 18.5 

27.7 
± 12.7   

23.5 
± 6.20 

25.0 
± 19.6   

25.5 
± 18.1 

23.6 
± 12.1  

DIN/P 23.8 
± 7.14 

16.4 
± 5.49   

20.7 
± 10.6 

17.8 
± 4.15   

11.0 
± 3.92 

3.66 
± 0.68   

14.4 
± 4.55 

12.3 
± 5.44  

Si/P 129 
± 54.0 

79.2 
± 25.7   

65.7 
± 44.4 

69.4 
± 36.1   

119 
± 66.2 

73.0 
± 22.9   

171 
± 106 

121 
± 83.0  

Air temperate 
(◦C) 

18.0 
± 4.50 

13.7 
± 3.97 

* *  0.74 
± 4.63 

-0.32 
± 2.82   

7.96 
± 2.63 

11.2 
± 1.93   

17.9 
± 3.27 

20.8 
± 3.64 

* 

Wind speed (m 
s− 1) 

5.24 
± 1.97 

2.85 
± 0.99 

*  4.37 
± 1.43 

3.72 
± 1.40   

3.88 
± 2.33 

3.23 
± 0.87   

4.73 
± 1.58 

3.45 
± 0.94  

Rainfall (mm) 2.17 
± 5.15 

0.05 
± 0.15   

2.18 
± 2.10 

2.46 
± 3.30   

0.90 
± 1.80 

0.17 
± 0.24   

0.05 
± 0.15 

4.25 
± 9.25  

Tide level (cm) 28.9 
± 6.74 

24.9 
± 4.85   

11.9 
± 8.12 

7.54 
± 5.83 

*  13.8 
± 5.15 

14.7 
± 3.68   

25.5 
± 2.69 

25.4 
± 6.56  

Daylight hours 
(h) 

4.77 
± 3.53 

6.37 
± 2.56   

1.75 
± 2.85 

2.05 
± 2.90   

8.04 
± 4.12 

10.4 
± 3.08   

8.05 
± 2.76 

6.60 
± 4.26   
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