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From late November 2021, a large-scale Phaeocystis globosa bloom occurred for the first time in the southern Yellow Sea, covering an area of over 630 km2 and lasting for nearly 40 days. Two investigations, combined with satellite remote sensing, were successively conducted on December 11 and 23, 2021 to study the bloom dynamics and impacts. During the bloom, the average temperature decreased from 11.8°C to 10.0°C and salinity increased slightly from 30.9 to 31.3. The pH remained consistently at 8.22, while dissolved oxygen and chlorophyll-a content decreased dramatically from 7.23 mg L-1 to 5.82 mg L-1, 8.72 μg L-1 to 2.35 μg L-1, respectively. The concentration of nitrate and silicate decreased moderately, whereas nitrite, ammonium and phosphate increased obviously, especially the ammonium content, elevated from 0.90 μmol L-1 to 1.39 μmol L-1 during two investigations. Meanwhile, the P. globosa colony densities varied between 10 colonies L-1 and 185 colonies L-1, with a mean of 70.0 colonies L-1 on Dec. 11, and decreased dramatically to an average of 1.46 colonies L-1 on Dec. 23. Similarly, single cells decreased from 3.6×106 cells L-1 to 1.05×106 cells L-1 accordingly. Moreover, diameter of the colonies varied from 0.5 cm to 2.0 cm, with an average diameter of 1.0 cm, and no colonies smaller than 0.5 cm was observed in the bloom. Correlation analysis indicated temperature and salinity related with the colony abundance positively (P<0.001) and negatively (P<0.05), respectively, and silicate and nitrite concentration showed significant positive effects on solitary cell density (P<0.05). No mortality of marine organisms was observed and the haemolytic activity of Phaeocystis samples was low, varying between 13.07 Hu L-1 and 19.22 Hu L-1. Based on phylogenetic analysis, this P. globosa strain may represent a possible different ecotype which prefers low temperature and is less or nontoxicity.
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Introduction

Haptophyte Phaeocystis globosa Scherffel is a cosmopolitan bloom-forming species, which can form nearly monospecific dense blooms in the world’s oceans, including the north temperate, tropical and subtropical waters (Schoemann et al., 2005; Shen and Qi, 2021). Massive blooms of P. globosa have been reported in many systems, particularly those nutrient-rich areas (e.g., North Sea, English Channel, Arabian Sea, and South China Sea) (Lancelot et al., 1998; Shen et al., 2018). Its blooms are considered harmful algal blooms (HABs) which are associated with dramatic ecosystem changes and negative impacts on fisheries and fish farming (Lancelot et al., 1987; Chen et al., 1999; Verity et al., 2007). They have also been responsible for causing large-scale fish kill, net-clogging and subsequent consequence (Rousseau et al., 2013; Yu et al., 2017). All these impacts are primarily due to a heteromorphic life cycle event that transforms between solitary cell and gelatinous colonial stages where hundreds of or thousands of cells are embedded in a polysaccharide matrix (Rousseau et al., 2007; Verity et al., 2007). Although numerous studies have focused on the ecology and physiology of Phaeocystis blooms worldwide during the past several decades, it is still difficult to generalize the physical-biological interactions in the coastal system (Smith et al., 2021).

Since the first large-scale bloom outbreak in the southeast coast of China in late 1997, P. globosa has expanded rapidly in the coastal areas of China and often cause substantial economic losses in aquaculture fisheries (Shen et al., 2018; Yu et al., 2020). By 2020, totally 97 Phaeocystis bloom events have been recorded, covering an area of nearly 20,000 km2, which is mostly distributed in the northern South China Sea (SCS), and the Bohai Sea (BS) is the next (Wang et al., 2021). However, despite the high frequency of blooms along the eutrophic coasts of China, no P. globosa bloom was recorded in the southern Yellow Sea and the northern East China Sea near the Yangtze River Estuary in the past 30 years. It is a rather unique phenomenon since these coastal areas are located just between the SCS and BS, where Phaeocystis blooms occurred frequently (Shen et al., 2018).

In late November 2021, a large-scale Phaeocystis bloom dominated by giant colonies broke out in the southern Yellow Sea for the first time, covering an area up to 1543 km2 (estimated by North Sea Forecast Center of State Oceanic Administration, China). According to morphological and molecular characteristics, the causative species was identified as Phaeocystis globosa. This bloom event has a distinguishing feature as it occurred in winter in Yellow Sea and the temperature was much lower than that of tropical and subtropical areas (Shen et al., 2004; Xu et al., 2017; Wang et al., 2021). To better understand the bloom dynamics and its influencing factors, in situ investigations on phytoplankton succession, colony numbers and size, nutrient concentrations as well as other environmental factors were conducted during the bloom. Given its large coverage area, satellite remote sensing technology was combined to track and analyse the development of the bloom, hoping to reveal the dynamic characteristics and influencing factors of the first occurrence of P. globosa bloom in the southern Yellow Sea.



Materials and Methods


Study Area, Field Sampling and Processing

The bloom area is within the southern Yellow Sea (SYS) and closes to Qingdao’s west coasts. The water depth is less than 20 m in most part of the bloom area and there are no major rivers discharged and it is profoundly influenced by two water regimes: the Yellow Sea Warm Current (YSWC) and the southward coastal current (Xiong et al., 2019). The YSWC is distinctly warmer and saltier than the ambient water, which affects the hydrography and biogeochemistry of the shallow water dramatically (Su, 2005). Our sampling sites are near Dongjiakou Harbor, one of the busiest harbors in the world, with an average water depth of about 15 m. During the past 30 years, this region is usually characterized by largely eutrophic conditions, i.e. high concentration of inorganic nutrients. Consequently, the dynamical variation and biogeochemical processes of nutrients and physical features in the region are very complicated (Xing et al., 2015).

Due to the large scale of the bloom, field samples were successively collected from 9 selected stations to cover different areas during the bloom on December 11 and 23, 2021, respectively. Stations A1-A2 were close to Dongjiakou Harbor, A3-A5 were near the mariculture area and A6-A9 were offshore stations, respectively (Figure 1).




Figure 1 | Map of the southern Yellow Sea (a) and the sampling stations (b).



At each station, water samples were collected from the surface and the 10 m depth using a 5-L Niskin bottle and in situ environmental factors (temperature, salinity, Dissolved Oxygen (DO) and pH) were measured by a YSI 6600 multi-parameter water quality monitor (Yellow Springs Instrument Co., USA). After collection, water samples for dissolved nutrients and chlorophyll a (Chl a) determination were filtered through 0.45 μm cellulose filters and both the water and filters were preserved at -20°C in darkness before further laboratory processing. The nutrient (nitrate, nitrite, ammonia, phosphate and silicate) concentrations were analyzed by a nutrient-analyzer (SEAL AA500, Germany) according to the standard method. Chlorophyll a concentration was measured according to Parsons et al. (1984) on a Turner Design 10-AU fluorometer.



Phytoplankton Analysis

Water samples for phytoplankton analysis (500 ml) were fixed with formaldehyde in 2% final concentration, and then concentrated to 20 ml using the Utermöhl method. Cells were counted at 100×~1000× magnification on an Olympus microscope (BX53). For Phaeocystis colony, three subsamples (volume was determined after colony measurements) was taken gently using a petri dish (120mm in diameter) before fixation to measure the colony number and diameters. The diameters of individual colonies were measured by a ruler which was placed under the Petri dish (resolution 0.2 mm).



Molecular Identification

Colonies were collected during the first investigation and washed by sterilized seawater several times. The cells were then centrifuged at 10,000 rpm and used for DNA extraction. HP Plant DNA Kit (OMEGA Bio-Tek, Inc., US) was used to extract the total DNA according to the manufacture’s instructions and the SSU rDNA gene was amplified using the primers 18S comF1: (5′-GCTTGT CTCAAAGATTAAGCCATGC-3′) and 18S comR1: (5′-CACCTACGGAAACCTTGTTACGAC-3′) as described in Qin et al., 2016). The PCR products were then purified and sequenced by Shanghai Sangon Biological Engineering Co., Ltd. The 18S rDNA sequence was compared to Phaeocystis spp. sequences in GenBank (Table 1). Maximum-likelihood (ML) method was used for phylogenetic analyses and Prymnesium Parvum K081 (Prymnesiophyceae) was used as the outgroup. Sequences were aligned using CLUSTALW and MEGAX was used to construct the phylogenetic tree with a bootstrap value of 1000.


Table 1 | Geographic origins and SSU rDNA sequence GenBank Acc. No. of algal strains used in the phylogenetic analysis.





Remote Sensing

The GF-1 and Sentinel-2 data was downloaded from the China Center for Resources Satellite Date and Application, and the European space agency, respectively. The watercolor information discriminant method is used to interpret the bloom and the true color image is synthesized by the red, green, and blue wavebands. The macroscopic observation is carried out first to master the overall characteristics of the image. Based on established interpretation symbols, classification samples database and related dataset, the algal bloom and its distribution was identified and calculated according to the bloom color characteristics (appearing in brown or black) and its surrounding water body using the human-computer interaction method in the ENVI software.



Data Analysis

The distribution of the environmental factors and Phaeocystis globosa abundance were determined using Surfer 13.0 (Golden Software, Inc.). Correlation analysis between these parameters was performed with Pearson coefficient analysis (Statistics 26, SPSS), and results were presented as significant with the symbol P* (<0.05) and P** (<0.01), respectively. To understand which environmental parameter has the greatest influence on Phaeocystis assemblage, principal components analysis (PCA) was employed to analyze a matrix of the environmental variables including temperature, salinity, pH, DO, and nutrients (SiO3, PO4, NH4, NO3 and NO2). All concentration data were transformed and normalized, and multivariate analyses was carried out using Origin software.



Haemolytic Activity Analysis

Haemolytic activity was analyzed on filtered P. globosa colony samples which were collected through a plankton net (77 μm meshed net) during the first investigaion according to the erythrocyte lysis assay method (van Rijssel et al., 2007).




Results


Bloom Description (Location, Timing, and Coverage)

The onset of the Phaeocystis globosa bloom in the SYS was around November 20, 2021, when high-density colonies were suddenly observed by naked eyes near the sampling area (fisherman, per. comm.). The remote sensing imagery showed the development of the bloom in coverage and spatial information from November 27 to December 27, 2021 (Figure 2). The bloom broke out near the southern coastal line with a coverage area of 6 km2 on November 23, 2021 (Table 2), then it developed dramatically to a maximum coverage of 630 km2 on December 2, 2021 (Figure 2). After that, the bloom lasted for nearly 40 days and disappeared due to a severe cold wave on December 27, 2021 (Figure 2).




Figure 2 | Remote sensing imagery of the Phaeocystis globosa bloom showing the coverage area (red patch) development from November 27 to December 27, 2021.




Table 2 | Estimated coverage of the Phaeocystis globosa bloom based on remote sensing imagery along the southern Yellow Sea from November 23 to December 27, 2021.



In general, the water temperature of the SYS in the winter of 2021 fluctuated greatly (Figure 3). Before the bloom, the water temperature in 2021 was lower than those of 2019 and 2020 due to a severe cold wave in middle November (Figure 3). Then a large-scale Phaeocystis bloom occurred around Nov. 20, 2021 and lasted for over 30 days. During the bloom, the temperature kept relatively consistent and higher than those of previous years until December 26, when the water temperature decreased sharply from 12.0°C to 8.0°C due to a severe cold wave (Figure 3). Consequently, the algal bloom decayed ultimately.




Figure 3 | Sea surface temperature of the southern Yellow Sea in winter (from November to January) of 2019-2021 (data from Qingdao Marine forecast and marine early warning information release platform http://www.qdmf.org.cn/).





In Situ Measurement of the Environmental Factors

Two investigations were successively conducted during the middle and late phases of the Phaeocystis bloom on December 11 and 23, 2021, respectively. During the development of the bloom, the average temperature of the water column in sampling stations was 11.8°C on Dec. 11, and decreased to 10.0 °C on Dec. 23, 2021 (Table 3). The salinity increased slightly from 30.9 to 31.3 and the pH remained consistently at 8.22, while the DO decreased dramatically from 7.23 mg L-1 to 5.82 mg L-1. Meanwhile, the Chla content dropped sharply from 8.72 μg L-1 to 2.35 μg L-1 during two investigations (Table 3).


Table 3 | Environmental parameters (Average ± SD) of in situ investigations during the Phaeocystis globosa bloom in the coastal water of southern Yellow Sea in December 2021.



As the bloom progressed, the average concentrations of nitrate and silicate in the water column decreased moderately throughout the survey area (Table 2), whereas nitrite, ammonium, and phosphate contents increased obviously after the peak of the bloom, in particular the concentration of ammonium which elevated from 0.90 μmol L-1 to 1.39 μmol L-1 in the decline period (Table 3). In vertical distribution, the nutrient concentrations were generally higher in the surface water than in the 10 m layer at most stations except stations A1 and A8 (Figure 4). Horizontal distributions of the nutrients showed spatial variation with the highest concentrations mostly occurring in the north-western part of the survey area, especially during the second investigation (Figure 4).




Figure 4 | Horizontal and vertical distribution of nutrient concentrations in the surface and the 10m layer in the sampling stations (Ammonium: a-d; Nitrite: c-h; Nitrate: i-l; Phosphate: m-p; Silicate; q-t).





Dynamics of the Phaeocystis globosa Bloom

Phaeocystis globosa completely dominated the community as large colonies both in abundance and biomass during the bloom. The size of the colonies varied from 0.5 cm to 2.0 cm, with an average diameter of 1.0 cm, and no colonies smaller than 0.5 cm were observed in the bloom. During the first investigation, the colony numbers varied between 10 colonies L-1 to 185 colonies L-1, with a mean of 70.0 ± 55.7 colonies L-1 through the water column (Table 2 and Figure 5). In surface water, the colony density ranged from 20 colonies L-1 to 121 colonies L-1, with an average of 61.1 ± 47.6 colonies L-1, while at the 10 m water depth, the colony numbers shifted between 10 colonies L-1 and 185 colonies L-1 (mean 78.9 ± 65.5 colonies L-1), which was much higher than those of the surface (Table 3 and Figure 5). Besides the colony, single-cell density was recorded between 0.24×106 cells L-1 and 17.1×106 cells L-1, with a mean of 3.6×106 cells L-1. Similarly, the single-cell density in surface water (1.54×106 cells L-1) was also lower than that of the 10 m layer (5.73×106 cells L-1) (Table 3).




Figure 5 | Phaeocystis globosa colony distribution in the surface and the 10m layer (A): surface, Dec. 11; (B): 10m layer, Dec. 11; (C): surface, Dec. 23; (D): 10m layer, Dec. 23.



The second investigation was conducted during the decline of the bloom, when the colony density decreased dramatically to an average of 1.48 colonies L-1 and 1.44 colonies L-1 in the surface nd the 10 m water depth, respectively. Meanwhile, the density of  single cell in the water column was around 1.05×106 cells L-1 (Table 3).



Species Identification

Base on phylogenetic analysis, our strain (SYS-01) is confirmed as Phaeocystis globosa and shows the highest similarity (99.7%) with P. globosa strains isolated from the Chinese coasts, including the South China Sea and the Bohai Sea, belong to the same sub-group within the P. globosa clade but with a minor sequence divergence (0.3%) (Figure 6).




Figure 6 | Phylogeny of Phaeocystis based on 18S rDNA partial sequence sequences (1478 characters after data processing). The phylogenetic tree was inferred by the maximum likelihood (ML) method, using a Tamura-Nei model of DNA substitution. Bootstrap values are indicated above internodes and were estimated from 1000 replicates. The scale bar indicates 0.01% sequence divergence. The symbol * indicates the SYS strain isolated from the southern Yellow Sea.





Statistical Analysis

Temperature and salinity were found to be positively (P<0.001, n=36) and negatively (P<0.05, n=36) related with the P. globosa colony abundance, respectively, whereas silicate (P<0.001, n=36) and nitrite concentration (P<0.05, n=36) showed significant positive effects on solitary cell density during the investigations.

Multivariate analysis (PCA) showed that the first two components combined accounted for approximately 72% of the total variance. The first principle component (PC1, explaining 39.4% of the total variance) was positive for phosphate, inorganic nitrogen (ammonia, nitrite, and nitrate), but negative for temperature and DO content. The second principle component (PC2, explaining 32.4% of the total variance) was mainly due to variations in silicate level, salinity, and temperature (Figure 7). Samples from the middle bloom were featured with high temperature, DO and high silicate concentration, while in the late bloom, samples were characterized by high salinity, high concentrations of ammonium and phosphate, but low temperature and low silicate content on the contrary (Figure 7).




Figure 7 | Principal component analysis of the environmental factors (A: green circles indicate samples from the middle bloom on December 11, 2021; B: orange circles indicate samples from the late bloom on December 23, 2021).





Bloom Impacts and Haemolytic Activity of Phaeocystis globosa

No mortality of marine organisms during the bloom was observed both in free-living fishes and caged bivalves and molluscs, but the structure and function of the ecosystem have changed substantially. The haemolytic activity measured on the filtered colony samples collected during the first investigation was very low, which varied between 13.07 HuL-1 and 19.22 Hu L-1.




Discussion


Environmental Regulation

This is the first record of Phaeocystis globosa bloom in the SYS and also the first occurrence of algal bloom in winter (November to December) along the Shandong coast since 1952 (Zhou et al., 2020). This bloom broke out in late November 2021 suddenly and an estimated coverage area 1543 km2 along Qingdao west coast was ever reported on December 4-5, 2021 (estimated by North Sea Forecast Center of State Oceanic Administration, China). Several distinguishing features, such as large coverage, long duration, extremely high biomass, huge colony, and in particular the low temperature have differentiated this bloom from other Phaeocystis bloom events. During the investigations, the water temperature ranged from 9.1°C to 12.2°C, which was much lower than those of P. globosa blooms in the South China Sea (15°C to 27°C) (Wang et al., 2021), and also lower than the recorded temperature for the Bohai Sea P. globosa blooms (~15°C to 20.8°C; Tu et al., 2011). For high-latitude North Sea, P. globosa blooms usually occurred between early April to early June and the optimal temperature for the blooms was 15°C to 20°C (Schoemann et al., 2005), sometimes lower than 15°C (Seuront et al., 2006)., P. globosa is a warm-water species with the growth temperature range in culture was 2-30°C and its bloom is usually concentrated in an area with high water temperature and high nutrients in temperate and tropical seas (Schoemann et al., 2005; Medlin and Zingone, 2007; Shen and Qi, 2021). However, the first occurrence of P. globosa bloom in the SYS from late November to December 2021, expanded the temperature ranges of P. globosa blooms significantly.

A suitable temperature is an important factor affecting the occurrence and extinction of Phaeocystis globosa bloom. Studies have shown that appropriate temperature can accelerate the cell division of P. globosa, leading to the rapid formation of colonies from solitary cells, and then transform into new colonies (Rousseau et al., 1994; Tian, 2010; Rousseau et al., 2013), while temperature increase is not conducive to the formation of colonies (Wang et al., 2010), indicating that stable temperature was more important for the occurrence and maintenance of P. globosa bloom. In this study, compared with previous years, the temperature remained relatively higher and consistent throughout the bloom period, providing a suitable environmental condition for the bloom. The ability of P. globosa to grow at a wide range of temperature allows its bloom development in the winter season and this should be one main reason for the occurrence of P. globosa bloom in the winter Yellow Sea, and our correlation results also confirmed the significant effect of temperature.

Besides stable temperature, the development of Phaeocystis bloom can be generally controlled by nutrient levels (He et al., 2019; Xu et al., 2019). For example, early spring massive blooms in Antarctic waters are terminated once nutrients become depleted (Schoemann et al., 2005). In the present study, the only temperature was found to be positively related to the colony abundance, whereas silicate and nitrite showed significant positive effects on solitary-cell density during the investigations. As the bloom progressed, the concentrations of nitrate and silicate decreased moderately, whereas nitrite, ammonium and phosphate contents increased obviously, in particular the ammonium concentration which elevated from 0.90 μmol L-1 to 1.39 μmol L-1, suggesting sufficient nutrient supply in these coastal areas. In fact, the Yellow Sea is usually characterized by high eutrophication in the past few decades, especially during the summer when massive green tides occurs (Xing et al., 2015; Tian et al., 2020), indicating that nutrients are not limiting factors in the SYS. Similarly, the abundance and length of Phaeocystis bloom in the North Sea were not correlated with the increasing eutrophication (Schoemann et al., 2005). Therefore, other mechanisms rather than nutrient driving should be taken into account in the future studies.



Biological Factors

In addition to environmental factors, biological factors are essential in the occurrence of algal bloom, including the bloom-forming organism and its specific features (Lin et al., 2019; Glibert, 2020; Yu et al., 2020). For Phaeocystis globosa, of particular importance is polymorphic life cycle alternating between solitary cells of 3-9 μm in diameter and gelatinous colonies usually of several mm up to 3cm (Peperzak et al., 2000; Chen et al., 2003). The occurrence of P. globosa bloom is primarily a life cycle event that transforms from single cells to colonies under eutrophication conditions in a short time and forms a nearly monospecific bloom in the marine ecosystem (Verity et al., 2007). Therefore, the transition mechanisms and influencing factors are important to understand the bloom development of this species (Reigstad and Wassmann, 2007).

P. globosa occurred exclusively in the community as large colonies both in abundance and biomass during the bloom. The maximum colony concentration of 185 colonies L-1 and 30.3 μg L-1 Chl a concentration were observed during the first investigation, which was similar to a maximum record in the North Sea Dutch coastal area (20×107 cells L-1, 35 μg L-1 Chl a, respectively, Schoemann et al., 2005). A maximum colony density was recorded as 496 colonies L-1 near the Fenghe estuary during the first investigation and the Chl a content was 24.3 μg L-1 (data not included in the above statistical analysis). Although the solitary cell abundance of P. globosa was up to 1.7×107 cells L-1 in the present study, the in situ seawater was almost colorless and transparent, indicating the single-cell density was very low in natural condition and the relatively high cell density was most likely due to the disruption of the colony during sample manipulation. In addition, considering the fact that no colonies smaller than 0.5 cm existed during the bloom, it was speculated that the proliferation of Phaeocystis mainly depended on the division of colony directly, rather than the formation from solitary cells (Rousseau et al., 2007).

Besides life-history strategy, it has been demonstrated that P. globosa is a species complex composed of at least three subspecies (Medlin and Zingone, 2007; Smith et al., 2014). Although this SYS strain shows the highest similarity with the P. globosa strains isolated from the South China Sea and the Bohai Sea, a minor sequence divergence (0.3%) was detected based on 18S rDNA sequence. Moreover, high genetic diversity of the strains along the China coasts were revealed based on high-resolution molecular markers (See Song et al., 2021 and references therein). Therefore, the P. globosa SYS strain may represent a possible different ecotype that prefers low growth temperature or has other physiological features. Although no P. globosa record has ever been reported in previous surveys in the SYS (Wang, 2003; Qu et al., 2009), it can’t be ruled out the suspicion of the local origin of this organism at present. Therefore, further regional research needed to be done to elucidate its characteristics, bloom dynamics and mechanism if as a new ecotype despite its origin.



Bloom Impacts

Phaeocystis blooms are considered harmful algal blooms as high concentration colonies have been associated with a variety of ecosystem changes and negative effects on fisheries and fish farming (Lancelot et al., 1987; Schoemann et al., 2005; Veldhuis and Wassmann, 2005; Nejstgaard et al., 2007). The first occurrence of P. globosa bloom in the South China Sea has ever resulted in massive fish kill in 1997 (Chen et al., 1999) and that strain has been reported to produce certain toxic substances, including hemolytic glycolipids and other ichthyotoxins (He et al., 1999; Peng et al., 2005; van Rijssel et al., 2007; Yang et al., 2009). Fortunately, no mortality of marine organisms throughout the bloom was observed both in free-living fishes and caged bivalves and molluscs in the SYS area. Most importantly, the hemolytic activity measured on the P. globosa colony collected during the bloom was very low, indicating less toxicity or nontoxicity of the SYS strain. Similarly, the P. globosa blooms that occurred in the temperate Bohai Sea also caused no damage to marine life before (Qu et al., 2008; Tu et al., 2011). It has been demonstrated that temperature was the most prominent factor in toxin production and the P. globosa toxic strain isolated from the South China Sea accumulated less toxin during rapid growth under low temperature (Guo et al., 2007). Moreover, synthesis of the toxins mainly occurred in the stationary and senescent phase, and rarely in the logarithmic phase of the bloom (Peng et al., 2005).

Since Phaeocystis-dominated ecosystems are generally associated with commercially important stocks of crustaceans, molluscs, fishes and mammals, dense blooms have been responsible for causing net-clogging and alteration of fish taste (Levasseur et al., 1994). Due to its large-scale and high density, the structure and function of the ecosystem have changed substantially, and no fish was caught during this period and some coastal trawl instruments and nets were blocked seriously and damaged in the SYS (fishermen, per. comm.). Therefore, future work should be focused on its ecological impacts in particular the extremely high biomass and related biogeochemistry contributions to the local ecosystem.




Conclusion

This is the first report of large-scale Phaeocystis globosa bloom in the SYS which occurred from late November to December 2021, covering an area of over 630 km2 and lasting for nearly 40 days. Several distinguishing features, including huge colony, extremely high biomass, and especially the low temperature have differentiated it from other bloom events. This bloom occurred in winter and the temperature (9.1-12.2°C) was much lower than that of tropical and subtropical areas (15-27°C). It was dominated completely by giant colonies, with the sizes varying from 0.5 cm to 2.0 cm and the maximum Chl a concentration was up to 30 µg L−1 during the bloom. Temperature showed a significant positive effects on the colony abundance, while no significant correlations were detected between levels of nutrients and colonies. Therefore, other mechanisms rather than nutrient driving should be taken into account in the future studies. Moreover, based on phylogenetic analysis, the P. globosa SYS strain may represent a possible different ecotype that prefers low growth temperature or has other physiological features (i.e. less toxicity or nontoxicity under low temperature). Therefore, further long-term investigation needed to be done to better understand the bloom dynamics and mechanism of this possibly new ecotype P. globosa in the southern Yellow Sea.
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