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Abstract

:

Diatoms of the genus Pseudo-nitzschia are producers of the neurotoxin domoic acid that causes serious damage to marine fauna and aquaculture farms. These microalgae are known as the most abundant group of toxic phytoplankton in Peter the Great Bay, Northwestern Sea of Japan, during the bloom season, which, as was previously reported for members of this group in the study region, lasts in the autumn months. Autumnal blooms of toxic diatoms Pseudo-nitzschia spp. were studied in the period from 2017 to 2022 in Ussuri Bay, the largest body of water in Peter the Great Bay, which harbors numerous recreational area and aquaculture farms. As a result, the following changes in the composition of bloom-forming species were recorded: blooms were caused by the Pseudo-nitzschia delicatissima group in the period from 2017 to 2020 and by P. multistriata in 2021–2022. An assumption has been made that one of the factors responsible for blooms of P. multistriata, known as one of the most widespread species in Asian warm-water areas, is an abnormally high water temperature in the autumn of 2021 in the study area.
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1. Introduction


Several marine diatom species of the genus Pseudo-nitzschia H. Peragallo (1900) can pose serious environmental and economic/health problems due to their ability to produce the neurotoxin domoic acid (DA). This toxin belongs to the class of excitatory amino acids and is known as an agonist of ionotropic glutamate receptors in the mammalian central nervous system [1,2]. As a result of the transfer of DA up the food chain from diatoms to edible mollusks [3,4,5,6], it may have negative health effects, in particular Amnesic Shellfish Poisoning (ASP), on humans consuming edible mollusks contaminated by DA. It has also been reported as a causative agent of numerous poisoning events and mortalities of birds and marine mammals [3,4,5,6]. In addition to the mass poisoning of wild marine animals, DA can cause significant economic damage to aquaculture farms [5,6]. Studies of the temporal dynamics of the Pseudo-nitzschia species associated with environmental or biotic factors or climate change events are carried out in highly productive waters or areas adjacent to aquaculture farms and recreational zones worldwide [7,8,9,10,11]. Such studies are crucial not only for interpreting the temporal patterns of the population dynamics of Pseudo-nitzschia but also for understanding the toxic events and their economic and social effects.



Peter the Great Bay, including Ussuri Bay, is considered one of Russia’s regions with the highest productive waters, where the greatest species diversity and richness have been recorded [12]. The locally high species diversity is explained by the combined influence of the branches of the warm Tsushima and cold Liman currents and by the co-occurrence of arctic–boreal and tropical phytoplankton species [13]. Diatoms of the genus Pseudo-nitzschia are known as the most abundant group of toxic phytoplankton in Peter the Great Bay, reaching 75–98% of the total phytoplankton density in the bloom season, which, as was established earlier, lasts in the autumn months [14]. Although bloom events caused by Pseudo-nitzschia spp. have regularly been reported for the Northwestern Sea of Japan since 1992 until the present time [14,15,16,17,18], data on temporal variations in Pseudo-nitzschia abundance during bloom events in the region are available only for Amur Bay and cover the period from 1992 to 2015 [18]. According to them, the highly toxic species Pseudo-nitzschia multiseries was found in Peter the Great Bay at extremely high concentrations in the 1990s, but after 2002 its concentration decreased sharply, and in 2005–2015, the toxic Pseudo-nitzschia calliantha and P. multistriata dominated the plankton [18]. However, there is a lack of information about the population dynamics of the bloom-forming Pseudo-nitzschia spp. in the Northwestern Sea of Japan after 2015 in the scientific literature. To date, no studies on temporal variations in the composition of the bloom-forming Pseudo-nitzschia species have been carried out in Ussuri Bay, the largest body of water in Peter the Great Bay, Sea of Japan, which has commercial and recreational significance.



The objectives of this study were as follows: (1) assess interannual variations in the composition and density of the bloom-forming Pseudo-nitzschia groups in the surface waters of Ussuri Bay off the city of Vladivostok, Northwestern Sea of Japan, during the period from 2017 to 2022; (2) attempt to identify relationships between temporal variations in species composition of the bloom-forming Pseudo-nitzschia and environmental changes in the region.




2. Materials and Methods


2.1. Study Area, Sampling, and Processing


Peter the Great Bay is the largest embayment (42°17′–42°40′ N, 130°41′–133°02′ E) in the Northwestern Sea of Japan (Figure 1). It is bounded from the open sea by an imaginary line from the Tumen River estuary to Cape Povorotny and includes two large secondary bays, Amur and Ussuri. Ussuri Bay is the largest body of water in Peter the Great Bay, located in its northeastern part and bounded by the Muravyov-Amursky Peninsula and the islands of the Empress Eugenie Archipelago (Russky, Popov, Reyneke, etc.) on the west and by Askold Island on the east. Various facilities of ship repair, building, fuel, and agriculture industries are operated on the shores of Ussuri Bay. These waters are used for coastal fishing and aquaculture activities. In the northern, upper part of the bay, there is also a large recreation zone [19].



The oceanographic regime of the Peter the Great Bay waters is determined by the following major factors: monsoon climate, daily and annual fluctuations in water temperature associated with the general climatic conditions of the region, free water exchange with the open part of the Sea of Japan; effect of river discharge; wind-induced inflowing and outflowing currents that raise or lower the water level in the bay, which affects the pattern and intensity of horizontal movement of waters; coast orography; and the degree of isolation of secondary coves and bays [20]. The trend towards an increase in temperature in the surface layer of the Sea of Japan and in the upper layer of intermediate waters has been recorded over the past few decades [21,22,23]. Furthermore, the weakening of monsoon winds has been indicated as a direct factor determining the present-day scale of climate changes off the Northwestern Sea of Japan coast [21]. Detailed oceanographic characteristics of the sampling area and an analysis of long-term climatic changes in the region are provided in some publications elsewhere [20,22,24,25].



The study used materials collected at three stations in the southwestern near-shore part of Ussuri Bay off Vladivostok during plankton surveys carried out in the autumn seasons from 2017 to 2022. An earlier study of the dynamics of the Pseudo-nitzschia spp. density in the Northwestern Sea of Japan showed high cell densities in autumn, which can be considered as the typical season of Pseudo-nitzschia bloom events [14]. For this reason, we conducted long-term observations of phytoplankton in the autumn season. Thus, phytoplankton samples were collected from the surface horizon, as a rule, from September to December twice a month in order to estimate the cell density during and after the Pseudo-nitzschia bloom events (Table 1). Samples were collected with a 4-L Niskin bottle. A sample volume of 1 L was concentrated by precipitation [26] and fixed with Utermöhl’s solution [27], an aqueous solution containing iodine, potassium iodine, and sodium acetate.



Species were identified under an Olympus BX-41 LM (Tokyo, Japan) with bright-field optics and a Sigma 300 VP transmission electron microscope (TEM) (Carl Zeiss, Cambridge, UK).



The density of Pseudo-nitzschia cells was estimated using light microscopy (LM) by counting in a 1-mL Sedgewick–Rafter chamber. A minimum of 100 cells of Pseudo-nitzschia were counted to estimate species density with an accuracy of ±20% [28]. Based on the previously conducted monitoring of phytoplankton in coastal waters of the Northwestern Sea of Japan, we assumed a concentration >1 × 105 cells L−1 to be a provisional limit (a limit level), above which any increase in the density of Pseudo-nitzschia species would be considered as a fact of bloom [14].



For TEM observations specimens from the samples with abundant Pseudo-nitzschia species were prepared to examine the valve and gridle-bands structure by acidifying with a 40% H2SO4 solution, followed by rinsing by centrifugation several times in deionized water. A drop of the rinsed specimen was then placed on a Formvar-coated grid and air-dried before examination under TEM. Thus, the 42 samples with a high density of Pseudo-nitzschia spp. (>1 × 104 cells L−1) were examined using TEM. In LM, Pseudo-nitzschia cells were examined for the shape of cells and cell length (Table 2). In TEM, Pseudo-nitzschia cells were examined for cell width, density of valve poroids, valve striae and fibulae, and density of valvocopula striae (Table 2). The TEM studies were carried out at the Far Eastern Center of Electron Microscopy, A.V. Zhirmunsky National Scientific Center of Marine Biology, Far Eastern Branch, Russian Academy of Sciences.




2.2. Data Analysis


To identify statistically significant differences in the density of Pseudo-nitzschia between different years, we used the nonparametric Kruskal–Wallis test (non-normal data distribution, Shapiro–Wilk test; p < 0.05). In addition, relationships between the Pseudo-nitzschia density in 2017–2022 and sea surface temperature (SST) were assessed using Spearman’s rank correlation analysis of the whole data set. Statistical data processing was performed using the Statistica 7 software (StatSoft Inc., Tulsa, OK, USA).



The similarity of species compositions and densities among samples collected during 2017–2022 was analyzed using the Bray–Curtis similarity coefficient (similarity matrix) based on abundance data for different Pseudo-nitzschia groups [29]. Nonmetric multidimensional scaling (NMDS) ordination was performed for a graphical representation of the complete data set from the sampling period of 2017–2022. As a result of NMDS, three groups (clusters) were distinguished that differed in Pseudo-nitzschia composition and density. Abnormal warming of surface waters has been recorded from Peter the Great Bay in the autumn of 2021. Therefore, we performed a one-way ANOSIM to compare their density between two periods: before the abnormal warming of surface waters (2017–2020) and after the warming (2021–2022). A square-root transformation of the data for ANOSIM was performed. The NMDS and ANOSIM analyses were carried out using the PRIMER 6.1.18 software (Primer-E Ltd., Plymouth, UK) [30,31].





3. Results


3.1. Composition of Pseudo-nitzschia spp. Bloom Events


Based on TEM examination of the samples with a high density of Pseudo-nitzschia spp. (>1 × 104 cells L−1), a total of four species that caused bloom events in the area of our study were identified: P. calliantha Lundholm, Moestrup et Hasle, P. multistriata (Takano) Takano, P. pungens (Grunow ex Cleve) Hasle, and P. hasleana Lundholm. Their identification was confirmed based on electron microscopy and morphometric measurements (Table 2, Figure 2).



Based on LM data, the abundance of three Pseudo-nitzschia groups was estimated: (1) Pseudo-nitzschia multistriata (sigmoid cells with a cell width > 3 μm); (2) Pseudo-nitzschia delicatissima group including P. calliantha and P. hasleana (linear-lanceolate cells with a cell width < 2.5 μm); (3) Pseudo-nitzschia seriata group including P. pungens (lanceolate cells with a cell width > 3 μm).



During the five years of the study, seven bloom events caused by diatoms of the genus Pseudo-nitzschia (exceeding a cell concentration level of 105 cells L−1) were registered (Table 3).



During the study period, bloom events caused by the P. delicatissima group were recorded twice. The most intense bloom of the P. delicatissima group (2.3 × 105 cells L−1, or 97% of the total phytoplankton density), was observed in November 2019 at stn. 3 at an SST of 10 °C (Table 3, Figure 3). The highest density of P. multistriata in the autumn of 2019 reached 1.3 × 103 cells L−1. In early October 2020, the P. delicatissima group (1.6 × 105 cells L−1) caused a bloom event at stn. 2 again at an SST of 16 °C. Along with this group, the P. multistriata (3.1 × 104 cells L−1) and P. seriata group (1 × 103 cells L−1) also reached relatively high densities in the phytoplankton. During this period, the total density of Pseudo-nitzschia spp. constituted 71% of the total phytoplankton density. All bloom events in 2021–2022 were caused by P. multistriata. The most intense bloom event caused by this species (2 × 105 cells L−1, or 77% of the total phytoplankton density) was observed in the first ten days of November 2021 at stn. 2 at an SST of 11 °C. Along with this bloom event, the density of P. multistriata exceeded the limit level of 1 × 105 cells L−1 in four more cases: 1.7 × 105 cells L−1 in the third ten days of October 2021 at stn. 2; 1.1 × 105 cells L−1 in the second ten days of November 2021 at stn. 2; 1.2 × 105 cells L−1 in mid-September 2022 at stn. 1; and 1.7 × 105 cells L−1 in mid-September 2022 at stn. 2 (Table 3).



Thus, the highest densities of Pseudo-nitzschia in Ussuri Bay in 2019–2020 and 2021–2022 were determined by blooms of the P. delicatissima group and P. multistriata, respectively (Figure 3). On the other hand, in the autumn seasons of 2017, 2019, and 2020, the P. seriata group was almost permanently present in the phytoplankton at low densities (up to 3.6 × 103 cells L−1).



Cell concentrations of P. multistriata increased in the autumns of 2021 and 2022 compared to the respective data in the previous years, while the highest density values of the P. delicatissima group were recorded in the autumn of 2019, and in 2021–2022, they decreased significantly (Kruskal–Wallis test; p < 0.05) (Figure 4). No statistically significant interannual differences in P. seriata-group density were found (Kruskal–Wallis test; p > 0.05).



As the data obtained show, in the autumn seasons of 2021 and 2022, there was a shift in the composition of the dominant groups: blooms of the P. delicatissima group were not observed, and P. multistriata became the causative organism of Pseudo-nitzschia bloom events.



A correlation analysis was performed to test the relationship between the density of the bloom-causing Pseudo-nitzschia groups and SST (Table 4).



Thus, a moderate positive correlation was recorded between the P. multistriata density and SST (r = 0.43, p < 0.05). No relationship was found between SST and the densities of the P. delicatissima group and P. seriata group (Table 4).




3.2. Interannual Changes in Composition of the Bloom-Forming Pseudo-nitzschia


Phytoplankton samples were analyzed to assess interannual variations in the composition of the bloom-forming Pseudo-nitzschia groups. The NMDS ordination plot graphically represents the changes in the composition of Pseudo-nitzschia groups during their bloom events in 2017–2022 (Figure 5a,b). Three clusters (A–C) based on dominant Pseudo-nitzschia-group density were identified (Figure 5a). The overlay of the NMDS plot with the cluster dendrogram similarity lines indicated the respective maximum boundary values for the discrimination of clusters. The maximum similarity between cluster A and cluster B was 12% (Bray–Curtis similarity). Cluster C most distinctly differed from clusters A and B: the relative similarity between cluster C and the group of clusters A and B was 3%. The obtained clusters are determined by densities of P. multistriata, P. delicatissima group, and P. seriata group. Cluster C, formed mainly by P. multistriata-dominated collections of 2021–2022, differed from cluster A, formed predominantly by the P. delicatissima group-dominated collections of 2019, as well as from cluster B, formed predominantly by the 2017 and 2020 collections, where both the P. delicatissima group and the P. seriata group were found (Figure 5a,b). The relatively low density of the P. delicatissima group (5–6 × 104 cells L−1) was found in the 2020 collections included in Cluster C, and the relatively low density of P. multistriata (3.1 × 104 cells L−1) was found in October 2020, when blooms caused by the P. delicatissima group occurred (Cluster A). Five bloom events of P. multistriata with maximum densities (2 × 105 cells L−1) were recorded in 2021–2022, while the densities of the P. delicatissima group and the P. seriata group in the collections of 2017 that formed Cluster B were lower than 2.5 × 104 cells (Figure 5a,b).



A one-way ANOSIM was performed to compare the density of Pseudo-nitzschia species between two periods: before the abnormal warming of surface waters (2017–2020) and after the warming (2021–2022). There was a significant difference between the samples collected before and after the warming (Global R: 0.713, significance level: 0.1%). Our analyses supported the conclusion about the interannual changes in the composition of the bloom-forming Pseudo-nitzschia groups: P. delicatissima group, dominated in 2019–2020 (before abnormal warming of surface waters); in 2021–2022 (after the warming), P. multistriata became the dominant species.





4. Discussion


We identified four Pseudo-nitzschia species based on TEM investigation. Their morphological and morphometric characteristics matched those previously reported [32,33,34,35] and were consistent with the data of a morphological study of Pseudo-nitzschia performed recently in Russian waters of the Sea of Japan [36].



Gradual shifts in the composition of dominant species, both on a long-term and short-term scale, where one of the Pseudo-nitzschia species almost completely vanishes and another appears in abundance, are characteristic of phytoplankton communities [37,38,39]. Some authors, in their reviews [4,40], summarize information on the effects of various environmental factors on the bloom formation, growth rate, and domoic acid (DA) production of various Pseudo-nitzschia species and put a significant focus on water temperature and note that the effect of temperature increase on these physiological parameters is species specific [41]. It has been experimentally proven that a water temperature increase only can stimulate the growth and production of DA and affect the competitive dominance of different Pseudo-nitzschia species regardless of other possible triggering environmental factors [41].



In the Sea of Japan, as the monsoon circulation weakened, a pronounced positive trend of average integral water-temperature values and multidirectional trends of decreasing or increasing water salinity in the surface layer of various parts of the area have been revealed in recent decades [21,22]. On the other hand, an abnormal warming of surface waters was recorded from Peter the Great Bay in the summer and autumn of 2021 [42]. In particular, the coastal waters of the Northwestern Sea of Japan were found to be significantly warmed in the second half of the summer and autumn. Thus, the SST in June was, on average, already above the long-term average by 0.5–2.0 °C. In July, SST anomalies in the Sea of Japan reached a record-breaking value of +6.5 °C. Such substantial positive anomalies in these waters were documented for the first time in the 21st century [43]. Furthermore, the surfaces of these water bodies remained very warm, both in August (temperature anomalies reached +4.0 °C) and in the autumn months. In October and November, deviations from the norm remained within a range of +1 to +3 °C [42]. In 2021, P. multistriata bloom events were recorded from Ussuri Bay in the third ten days of October and in the first and the second ten days of November (Table 3, Figure 3). They coincided in time with positive anomalies of water temperature. Thus, in the third ten days of October 2021, the SST water temperatures in Ussuri Bay were in a region of positive anomalies of about 1–2 °C (Figure 6a–c). In November 2021, the SST in this area was still characterized by an abnormal distribution: the surface layer of water was warmer than usual by 1–3 °C throughout the month (Figure 6d–f).



Along with positive temperature anomalies, the oceanographic conditions in Peter the Great Bay in the summer of 2021 were characterized by other distinctive features: the high salinity values in the upper layer to a depth of 45 m as an indicator of waters of subtropical origin and the lack of signs of the cold Liman Current which is a characteristic feature of all known current patterns in this region [25].



A positive correlation between the density of P. multistriata and the water temperature has been confirmed in the present study (Table 4). Although a statistically reliable positive correlation is not direct proof of a causal relationship, the correlation we found suggests that increasing water temperature may be one of the environmental factors responsible for the formation of P. multistriata blooms in the autumn seasons of 2021 in Ussuri Bay.



P. multistriata is found in tropical and temperate waters [46]. This species has been mentioned among the most widespread species in Asian warm-water areas, including the South China Sea [47]. It has also been recorded from the southern waters of the Pacific Ocean, including Tokyo Bay in Japan [48], off southern China [49], and in New Zealand [50].



Abnormal warming of the waters of Peter the Great Bay in the summer and autumn of 2021 is considered to be the result of the simultaneous influence of several factors contributing to the increase in SST, such as a long period of cloudless weather, the absence of storms stirring the water column, and increased advection of warm and salty subtropical waters into the northern part of the Northwestern Sea of Japan, including Peter the Great Bay. The common reason for the influence of all these factors was the unusual arrangement of the main centers of atmospheric action in the Asia–Pacific region, primarily the increased activity of the Hawaiian anticyclone, whose western spur reached the marginal seas of East Asia, and the weakness of the Okhotsk anticyclone. As a result, there was an early transition from the first phase of the summer monsoon to the second and a powerful removal of tropical air masses to the north, which contributed to the penetration of subtropical waters to the shores of Primorye. This situation is consistent with the current warming trend in global climate change [51]. The increase in SST was accompanied by an increase in salinity and an increase in the number of tropical fish and invertebrate species in the coastal waters of Primorye as indicators of waters of subtropical origin, and a decrease in dissolved-oxygen concentrations and concentrations of nutrients due to the weakening of the vertical mixing of waters [51]. All these data are consistent with our assumption that an abnormally high water temperature in the autumn of 2021 in the surface waters off the coast of Vladivostok may be one of the environmental factors responsible for blooms of P. multistriata, known as a diatom with warm-temperature-water affinity.



Thus, the results of our present study indicate that warming could be one of the factors potentially responsible for the increase in the density of P. multistriata, which is known as a diatom with warm-temperature-water affinity in Ussuri Bay. This event is consistent with the data of other studies that report a relationship between positive water-temperature anomalies and this diatom genus [7,41,52,53]. In particular, the abnormal warming of water induced the change of the dominant Pseudo-nitzschia species and favored the increase in the densities of P. australis and P. delicatissima off the California coast, USA [7,41]. In addition, the effects of other environmental factors and biotic interactions (between diatom species and bacteria and zooplankton) should be addressed. For example, water salinity variations, eutrophication, and silicate and phosphate limitation are often considered as the factors that significantly affect Pseudo-nitzschia growth, competitive ability, and intracellular DA concentration [4,52].



An earlier long-term study of phytoplankton in Peter the Great Bay revealed that the autumn period can be considered the typical season of Pseudo-nitzschia bloom events in this area [14]. Furthermore, it was earlier found that the concentration of chlorophyll a is maximal in the near-surface layer and decreases with depth in the northern part of Peter the Great Bay off the coast of Vladivostok, occupied by estuarine waters [54]. Therefore, our study has been conducted in autumn on the surface horizon. Since this study was limited in time (autumn) and space (surface waters), it allowed us to identify only the short-period (interannual) changes in the composition of the bloom-forming Pseudo-nitzschia on the surface water horizon. Unfortunately, these limitations of our study do not allow us to assess the features of the seasonal and spatial dynamics of Pseudo-nitzschia in the water column and to reveal the mechanisms of the formation of bloom events caused by toxic diatoms. In order to address these objectives, in the future, year-round comprehensive studies of phytoplankton and hydrological and hydrochemical factors in the whole water column are needed.



Thus, a gradual interannual shift in specific dominance occurred after 2020: the density of the P. delicatissima group decreased, and the density of the moderately warm-water P. multistriata increased. The abnormal water warming in the area of our study could contribute to the short-period (interannual) changes in the composition of the bloom-forming Pseudo-nitzschia that we observed. Further studies of the effects of short-term warming phenomena on phytoplankton communities in the Northwestern Sea of Japan are required to predict toxic microalgae blooms.



P. multistriata was previously indicated as a source of DA accumulation in bivalves from the Northwestern Sea of Japan [14]. As the data shows, the potential risk of accumulation of DA, an amnesic neurotoxin associated with numerous blooms of the toxic diatom P. multistriata, by mollusks in Ussuri Bay in the autumn seasons of 2017–2022 remained high. Therefore, these data should be considered when organizing the toxic phytoplankton monitoring and controlling the level of phycotoxins in mollusks from waters near aquaculture farms operated in the Northwestern Sea of Japan.




5. Conclusions


As a result of a five-year study of phytoplankton in 2017–2022, we have recorded the interannual changes in the composition of the toxic bloom-forming Pseudo-nitzschia groups. After 2020, the density of the P. delicatissima group decreased, and the density of P. multistriata, known as one of the most widespread species in Asian warm-water areas, increased. Therefore, we assume that the abnormal water-temperature increase in Peter the Great Bay in the autumn of 2021 could be one of the factors responsible for the change of the dominant Pseudo-nitzschia. Furthermore, due to the relatively high intracellular DA level, as was reported earlier for cultures of P. multistriata from our study area, there is a risk of accumulation of amnesic shellfish toxin in bivalves from Ussuri Bay.
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Figure 1. Location of the study area in the Northwestern Sea of Japan and position of the sampling stations (1–3) in Ussuri Bay. 
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Figure 2. Transmission electron microscopy images of bloom-forming Pseudo-nitzschia species from Ussuri Bay. Pseudo-nitzschia calliantha: (a)—whole valve; (b)—fragment of the valve showing striae and fibulae. Pseudo-nitzschia hasleana: (c)—valve view; (d)—a part of the valve showing apex. Pseudo-nitzschia multistriata: (e)—a whole valve; (f)—part of the valve. Pseudo-nitzschia pungens: (g)—one cell in a colony; (h)—a part of the valve showing striae and fibulae. Scale bars = 10 μm (a,c,e,g); 1 μm (b,d,f,h). 
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Figure 3. The dominant Pseudo-nitzschia groups during their bloom events in Ussuri Bay in 2017–2022. The bold line indicates a provisional limit level of cell density above which values are considered as a fact of bloom. 
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Figure 4. Interannual variations in P. delicatissima group (a) and P. multistriata (b) densities during 2017–2022. 
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Figure 5. Nonmetric multidimensional scaling (NMDS) ordination analysis of cell density data of bloom-forming Pseudo-nitzschia groups during 2017–2022 (a) showing three clusters (A–C), and densities of P. multistriata ((b), red circles), P. delicatissima group ((b), green circles), and P. seriata group ((b), blue circles) are identified for clusters. 
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Figure 6. Average ten-day water temperatures (isolines) and its anomalies (isofields) in Ussuri Bay (indicated by arrow), the Northwestern Sea of Japan, ten-day periods of October 2021: 1—(a), 2—(b), 3—(c) [44], and ten-day periods of November 2021: 1—(d), 2—(e), 3—(f) [45]. Reproduced with permission from the Far Eastern Regional Hydrometeorological Research Institute (FERHRI) from the FERHRI official website (Perunova, T.A. Thermal conditions of the Far Eastern Seas. The Sea of Japan. October 2021. Monthly Hydrometeorological Bulletin of FERHRI 2021. Mezentseva, L.I., Ed. Available online: http://www.ferhri.ru/images/stories/FERHRI/Bulletins/Bul_2021/10/2021.10_ch2_hydroterm.pdf (accessed on 17 February 2023) and Perunova, T.A. Thermal conditions of the Far Eastern Seas. The Sea of Japan. November 2021. Monthly Hydrometeorological Bulletin of FERHRI. 2021. Mezentseva, L.I., Ed. Available online: http://www.ferhri.ru/images/stories/FERHRI/Bulletins/Bul_2021/11/2021.11_ch2_hydroterm.pdf (accessed on 17 February 2023). 
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Table 1. Dates, locations, and number of samples of the sampling stations 1–3 in Ussuri Bay, Northwestern Sea of Japan. See Figure 1 for the positions of stations.
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	Station
	Dates
	Number of

Samples
	Latitude N
	Longitude E





	1
	27 September 2017–5 December 2017
	6
	43°04′
	131°57′



	1
	23 October 2019–10 December 2019
	5
	43°04′
	131°57′



	1
	8 September 2020–24 December 2020
	8
	43°04′
	131°57′



	1
	6 September 2021–28 November 2021
	6
	43°04′
	131°57′



	1
	14 September 2022–26 November 2022
	6
	43°04′
	131°57′



	2
	13 September 2017–5 December 2017
	7
	43°05′
	131°58′



	2
	23 October 2019–10 December 2019
	5
	43°05′
	131°58′



	2
	8 September 2020–17 December 2020
	7
	43°05′
	131°58′



	2
	6 September 2021–28 November 2021
	6
	43°05′
	131°58′



	2
	14 September 2022–26 November 2022
	6
	43°05′
	131°58′



	3
	13 September 2017–5 December 2017
	7
	43°11′
	132°07′



	3
	23 October 2019–28 November 2019
	5
	43°11′
	132°07′



	3
	8 September 2020–18 December 2020
	5
	43°11′
	132°07′



	3
	6 September 2021–28 November 2021
	6
	43°11′
	132°07′



	3
	14 September 2021–26 November 2021
	6
	43°11′
	132°07′
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Table 2. Morphometric and morphological data and identification of Pseudo-nitzschia in Ussuri Bay, Northwestern Sea of Japan.
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	Species
	Cell Shape
	Cell Length (μm)
	Cell Width (μm)
	Fibulae (Number in 10 μm)
	Valve Striae (Number in 10 μm)
	Valve Poroids (Number in 10 μm)
	Valvocopulae Striae (Number in 10 μm)
	Number of Cells Measured





	P. calliantha
	Linear
	55–83
	1.4–1.8
	18–24
	42–45
	4–5
	42–48
	15



	P. hasleana
	Linear-Lanceolate
	56–72
	2–2.5
	18–20
	38–43
	5–7
	42–46
	13



	P. multistriata

P. pungens
	Sigmoid

Lanceolate
	55–62

82–105
	3–3.9

3–3.6
	24–28

11–15
	39–42

11–15
	8–12

3–4
	45–50

15–19
	20

15
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Table 3. Pseudo-nitzschia bloom events and sea surface temperature (SST) in Ussuri Bay the Northwestern Sea of Japan during 2017–2022.






Table 3. Pseudo-nitzschia bloom events and sea surface temperature (SST) in Ussuri Bay the Northwestern Sea of Japan during 2017–2022.





	Species
	Station
	Date
	Maximum

Concentration

(Cells L−1)
	SST





	P. delicatissima group
	3
	6 November 2019
	2.3 × 105
	10 °C



	P. delicatissima group

P. multistriata

P. seriata group
	2
	8 October 2020
	1.6 × 105

3.1 × 104

1 × 103
	16 °C



	P. multistriata
	2
	21 October 2021
	1.7 × 105
	14 °C



	P. multistriata
	2
	10 November 2021
	2 × 105
	11 °C



	P. multistriata
	2
	18 November 2021
	1.1 × 105
	9.3 °C



	P. multistriata
	1
	14 September 2022
	1.2 × 105
	18.5 °C



	P. multistriata
	2
	14 September 2022
	1.7 × 105
	20 °C
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Table 4. Spearman’s coefficient of correlation (r) between the cell density of the bloom-forming Pseudo-nitzschia groups and SST based on data of phytoplankton sampling (n = 91) in Ussuri Bay in the autumn seasons of 2017–2022. The statistically significant result (p < 0.05) is highlighted in bold.
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	Species
	r





	Pseudo-nitzschia delicatissima group
	−0.034



	Pseudo-nitzschia multistriata
	0.43



	Pseudo-nitzschia seriata group
	−0.14
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