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Seasonal and Spatial Variation of Pelagic Microbial Food Web Structure in a Semi-Enclosed Temperate Bay
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Microbial food web (MFW) in the seawater encompasses the smallest organisms: viruses, autotrophic prokaryotes and heterotrophic prokaryotes (HP), nanoflagellates, eukaryotic phytoplankton and ciliates. For many years, scientists investigated the MFW structure differences in distinct water masses. However, the MFW structure seasonal variation in coastal areas remains poorly documented. In this study, we report on the seasonal and spatial variations of the MFW structure in the temperate Sanggou Bay in four successive seasons, from spring to winter. With a temperature increase from 1.90 to 24.20°C, HP biomass increased from 3.77 to 135.77 μg C dm–3, almost covering the whole variation range for the global ocean. The autotrophic (AUTO) components, including Synechococcus, phototrophic picoeukaryotes (PEUK) and pigmented nanoflagellates (PNF), exhibited biomass variation ranges as large as previously reported. The MFW structure seasonal variation was driven by MFW relative biomasses (biomass ratios of MFW components to HP). With the increase of HP biomass, PNF and PEUK relative biomasses increased more rapidly than those of other groups while that of ciliates slightly decreased. The HETE:AUTO (biomass ratio of heterotroph to autotroph organisms) decreased with temperature, it was <1 in summer and >1 in other seasons. Cluster analyses distinguished Inside Bay and Outside Bay on the basis of hydrological characteristics. Consistently, the two subdivisions of Sanggou Bay exhibited different MFW structures as well as distinct tintinnid communities. The main MFW structure difference between Inside and Outside Bay was the biomass ratios of AUTO components to HP. Our results showed that the variations of autotrophic component biomass ratios relative to HP were the main factor responsible for the MFW structure seasonal variation. The spatial difference in MFW structure as well as in tintinnid taxonomic composition between Inside and Outside Bay was linked to the semienclosed nature of the Bay that does not favor efficient mixing with outside Yellow Sea waters.

Keywords: microbial food web, structure, seasonal, spatial, variation, Sanggou Bay


INTRODUCTION

The marine planktonic microbial food web (MFW) is a vital component of the pelagic ecosystem (Pomeroy, 1974; Azam et al., 1983). It encompasses the smallest marine organisms: viruses, autotrophic (Prochlorococcus and Synechococcus) prokaryotes and heterotrophic prokaryotes (HP), nanoflagellates, eukaryotic phytoplankton and ciliates (Sherr and Sherr, 1988; Kirchman, 2008). Abundances and biomasses of the MFW components may vary by 3 orders of magnitude in response to complex physiochemical and biological changes in different oceanic habitats. Very often they did not change in the same direction (increase or decrease) or with the same amplitude. Therefore, the spatial and temporal variations of MFW in different ocean areas are critical to our understanding of the pelagic ecosystem dynamics.

The biomass and abundance relationships among different MFW components (Microbial Structure) were compared in previous studies. According to the involved organisms, Microbial Structure was divided into several levels. Because picophytoplankton in one sample could be simultaneously analyzed by flow cytometry, the relative contribution of different picophytoplankton components (Synechococcus, Prochlorococcus and phototrophic picoeukaryotes) to total picophytoplankton was most frequently studied and was named as picophytoplankton community structure (e.g., Van Dongen-Vogels et al., 2012). When heterotrophic bacteria were included, it was called microbial community structure (Bock et al., 2018) or picoplankton community structure (e.g., Zubkov et al., 1998, 2000; Otero-Ferrer et al., 2018). The term MFW structure was used when ciliates and flagellates were incorporated into the microbial community (Garrison et al., 2000), which was scarcely studied.

The Microbial Structure temporal variation in a given study site is poorly documented. At two deep (>1000 m) Adriatic Sea stations, picoplankton community was dominated by SYN in December, while HP and PEUK were dominant in April (Šantić et al., 2019). Picoplankton community structure was investigated over 6 months at a station off Baja California (>100 m depth). Picoplankton biomass was positively and significantly correlated with Chl a (Linacre et al., 2010). In the Arabian Sea, HP biomass was higher than other MFW components in all seasons (Garrison et al., 2000). Temperate coastal waters exhibited the largest seasonal temperature differences in the world ocean (Mackas et al., 2012) which might generate MFW structure seasonal variations. However, the seasonal variation of MFW in temperate coastal waters has rarely been studied.

In contrast with the seasonal variation, the Microbial Structure spatial variation received more attention. At large scale level, different provinces exhibited different picoplankton community structures along the Atlantic Meridional Transect (Zubkov et al., 1998, 2000) and between coastal water and open sea in the central Adriatic Sea (Šantić et al., 2014). At mesoscale, microbial community structure was compared inside and outside of mesoscale eddies (Fernandez et al., 2008). At smaller scale, upwelling conditions influenced the picoplankton community structure in oceans south of Australia (Van Dongen-Vogels et al., 2012) and in coastal China Sea (Wu et al., 2014). Stratification (Bouman et al., 2011; Mena et al., 2019) and fronts (Pan et al., 2006) also separated water masses with different Microbial Structure. The coast geomorphology increases the diversity of habitat (Pierrot-Bults and Angel, 2012). The shoreline curvature forms bays in many places around the world ocean, which trap seawater inside and generate different environmental conditions with outside of the bay. As a result, the MFW inside and outside of the bay might be different, but this remains to be substantiated.

Sanggou Bay located in the east part of Shandong Peninsula, is a semi-enclosed (mouth of 11.5 km, area of 144 km2) Bay in the Yellow Sea (Figure 1). The maximum and average depths of the Bay are 21 and 7.5 m, respectively. The seasonal temperature variation of 2–26°C in Sanggou Bay (Kuang et al., 1996) is one of the largest in the world ocean (Mackas et al., 2012). In fact, only very limited regions of the ocean have annual temperature variation larger than 12°C (Mackas et al., 2012). Sanggou Bay is among the most heavily exploited bays in the world, with suspended aquaculture rafts covering nearly 2/3 of the area. Each raft holds up cultured plants (kelps, asparagus) or animals (oysters, scallops) over most of the year. The cultured organisms could influence the MFW through releasing dissolved organic matter and direct grazing on the MFW (Lu et al., 2015a, b; Zhao et al., 2016). As the Yellow Sea waters intrude into the Bay from the north and outflow from the south slowly, water masses should be different inside and outside of the Bay (Zeng et al., 2015).
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FIGURE 1. Location of the sampling stations superimposed on the aquaculture area [(A) scallop monoculture area, (B) oyster monoculture area, (C) fish monoculture area, (D) kelp and bivalve polyculture area, (E) kelp Saccharina japonica monoculture area].


In this study, we analyzed the biomass of different MFW components in the Sanggou Bay in four successive seasons (from spring to winter) in order to identify (1) the seasonal variation of the MFW structure; (2) the difference of MFW structure inside and outside the Bay. Our hypotheses are that (1) variation trends and amplitudes of MFW components in different seasons should be different, which will lead to the seasonal variation of MFW structure; (2) differences of water masses inside and outside of the Bay will induce MFW structure differences.



MATERIALS AND METHODS


Investigated Area and Sampling Strategy

The Sanggou Bay MFW was assessed in the area located in 37.02–37.15°N and 122.45–122.65°E (Figure 1). Four cruises were conducted on spring (April 23–24, 2011), summer (August 3–4, 2011), autumn (October 26–27, 2011), and winter (January 5–6, 2012), on board the R/V Lurongyuyang-65577. The same 19 stations were occupied and sampled at each cruise (Figure 1).

Surface seawater samples were collected by bucket at each station. Temperature and salinity of surface seawater were determined by a portable water quality analyzer YSI (Professional Plus made in United States) as soon as the seawaters were collected by dropping the probe into the bucket seawater. Different subsamples were collected for chlorophyll a (Chl a) concentration determination, abundances of picoplankton, nanoflagellates and ciliates counting. Picoplankton included HP, Synechococcus (SYN) and phototrophic picoeukaryotes (PEUK). Nanoflagellates (NF) were divided into pigmented NF (PNF) and heterotrophic NF (HNF). We defined SYN, PEUK and PNF as autotrophic organisms, while HP, HNF and ciliates were defined as heterotrophic organisms. ACLW-RS chlorophyll turbidity temperature sensor (ALEC Electronics Co., Ltd., Japan) with a precision of ±0.1 μg dm–3 was used to determine the Chl a concentration. Detailed description of nutrient concentration determination was shown in Zhao et al. (2016).



Picoplankton

Picoplankton subsamples (5 cm3) were fixed onboard with paraformaldehyde (final concentration 1%) immediately after collection and kept at room temperature for about 15 min, then freeze-trapped and stored in liquid nitrogen on the boat. Samples were stored at −80°C once in the laboratory where analyses were carried out within 3 months.

The seawater samples were thawed at room temperature before analysis. Picoplankton analyses were run with a FACS Vantage SE flow cytometer (Becton Dickinson) equipped with a water-cooled argon laser (488 nm, Coherent). To analyze autotrophic picoplankton, subsamples (1 cm3) were initially supplemented with 1 mm3 fluorescent beads suspension (2 μm, Polysciences) to be used as internal standard, and red fluorescence was set as the trigger signal to discard signals from HP and inorganic particles. SYN and PEUK were resolved on the basis of their side scatter and red fluorescence signals (Marie et al., 2000). For HP analysis, seawater subsamples (50 mm3) were diluted five fold with TE buffer (Tris-EDTA, 100 mM Tris-Cl, 10 mM EDTA, pH = 8.0, Sigma, United States), then stained with the nucleic acid dye SYBR Green I (Molecular Probes, United States) (final dilution 10–4, v/v) and let incubate 20 min in the dark before analysis. HP were resolved on the basis of their green fluorescence from staining and scatter properties (Marie et al., 2000). Data was collected and analyzed with CellQuest software (Version 3.3, Becton Dickinson). Biomass values of SYN, PEUK and HP were calculated by using the following conversion factors: 250 fg C cell–1 (Li et al., 1992), 1500 fg C cell–1 (Zubkov et al., 1998), 20 fg C cell–1 (Lee and Fuhrman, 1987), respectively.



Nanoflagellates

For the enumeration of NF cells, seawater samples were pre-filtered through a nylon mesh of 20 μm pore size by gravity, then fixed with cold glutaraldehyde (final concentration 0.5%, v/v). Subsamples (20 cm3) were filtered onto 0.2 μm pore size black polycarbonate membrane filters at <100 mm Hg pressure. When 1 cm3 of the sample remained in the funnel, turned off the vacuum pump and stained the sample with DAPI (final concentration 10 μg cm–3) for 5 min, then turned on the pump again to let the residual liquid pass through the membrane filter completely. Then mounted the filter on a microscope slide, dropped a few drips of paraffin on the filter center and placed a coverslip on the top. Finally, stored the sample slide in the dark at −20°C immediately. NF cells were counted using epifluorescence microscopy (Leica DM4500B) at 1000× magnification. PNF and HNF were distinguished by the presence of red-autofluorescence in the former with a blue excitation filter set (Tsai et al., 2005). At least 30 fields of view were examined. Flagellates abundances were calculated from the average of cell counts made on duplicate samples. The length and width of a NF cell were measured on photomicrographs using the Leica DM 4500 self-carried software. At least 60 cells (PNF and HNF) were measured per sample. Cell volumes of NF individuals were estimated by assuming their nearest geometrical figures. The mean cell volumes were estimated and converted to carbon biomass using a conversion factor of 0.22 pg C μm–3 (Børsheim and Bratbak, 1987).



Ciliates

For ciliate counts, 1 dm3 seawater samples were fixed with Lugol’s solution (final concentration 1%). After 48 h settling, the supernatant was gently siphoned out to concentrate each ciliate sample to about 100 cm3. A subsample of 20 or 25 cm3 was settled in an Utermöhl counting chamber for at least 24 h, then examined using an inverted microscope (Olympus IX 71) at magnification of 100× or 200×. Aloricate ciliates and tintinnids were counted and their abundances were calculated respectively. Species of tintinnids were identified based on their morphological characteristics according to references (Kofoid and Campbell, 1929, 1939; Zhang et al., 2012). About 5–10 individuals of each species (a total of 75–150 individuals) were picked out randomly for calculating the biovolume. Ciliate dimensions including body length, oral diameter, etc., were measured and average biovolume of each taxon was estimated from appropriate geometric shapes. Biomass values of aloricate ciliates were calculated from their biovolume multiplied by a conversion factor (0.19 pg C μm–3) (Putt and Stoecker, 1989). The tintinnid biomass was assumed to occupy 30% of the lorica volume (Gilron and Lynn, 1989).



Statistical Analysis

Correlation analysis was conducted using SPSS version 19. Spearman rank correlation analysis was used to estimate relationships between biological and environmental variables. Cluster analysis was performed using Primer 5.0 based on (i) environment variables (temperature, salinity), (ii) biomasses of six microbial groups, and (iii) abundances of different tintinnid species. Group-average linkage based on Bray-Curtis similarity matrix of fourth root transformed from original data was used.




RESULTS


Seasonal and Spatial Variation of Environmental Variables

Seasonally, temperature varied within a large range (Table 1) from 1.90°C in winter to 24.20°C in summer. Salinity fell in the range 26.17–31.57 over all four seasons, with the lowest salinity value observed in summer and the highest in winter. Over the four seasons, chlorophyll a (Chl a) concentration varied from 0.42 to 38.74 μg dm–3 (Figure 2 and Table 1). Both the lowest and the highest concentration of dissolved inorganic nitrogen (DIN) occurred in autumn, which were 0.96 and 32.15 μM, respectively. Average DIN concentration was the lowest in summer and highest in autumn. PO43– concentration fell in the range 0.00–0.23 μM over all four seasons, average concentration was the highest in spring and the lowest in winter (Table 1).


TABLE 1. Maximum, minimum, and average values of temperature (T), salinity (S), Chlorophyll a concentration (Chl a), nutrient concentrations, microbial food web component abundances and biomasses in Sanggou Bay at four consecutive seasons.
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FIGURE 2. Seasonal surface distribution of temperature (T, °C), salinity (S), Chlorophyll a concentration (Chl a, μg dm–3), and microbial food wed component biomasses (μg C dm–3) through four successive seasons, spring to winter. SYN, Synechococcus; PEUK, phototrophic picoeukaryotes; PNF, pigmented nanoflagellates; HP, heterotrophic prokaryotes; HNF, heterotrophic nanoflagellates.


Temperature and salinity had obvious changes from outer part to inner part of the bay. The outer part had higher temperature in autumn and winter and vice versa in spring and summer (Figure 2). The inner part had lower salinity in summer, autumn and winter. The spatial salinity difference was very narrow in spring, autumn and winter (0.53, 0.74, and 0.25, respectively). In summer, salinity varied in the range 26.17–31.41 (Table 1). Similarly, Chl a concentrations showed inner-outer Bay gradients. In spring, Chl a concentration was high in both outer and inner parts of the bay with a narrow band of low values in between. In summer and autumn, Chl a concentration was very high in the inner part of the bay and sharply decreased toward outer part. In winter, it was higher in the outer part than in the inner part (Figure 2).



Seasonal Variation of Microbial Food Web Components

The six MFW component abundances and biomasses varied with seasons. HP abundances and biomasses were in the ranges 1.88–67.89 × 105 cells cm–3 and 3.77–135.77 μg C dm–3, respectively (Table 1). Biomasses of all MFW components showed positive and significant correlations with temperature and Chl a (all P < 0.01; Supplementary Table S1). However, the amplitude of their increase was not proportional to that of temperature (Figure 3). Biomasses of most MFW components except SYN showed negative and significant correlations with salinity (P < 0.01; Supplementary Table S1).
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FIGURE 3. Variations of different microbial food web component biomasses (μg C dm–3) and biomass ratio of HETE to AUTO with respect to temperature increase. SYN, Synechococcus; PEUK, phototrophic picoeukaryotes; PNF, pigmented nanoflagellates; HP, heterotrophic prokaryotes; HNF, heterotrophic nanoflagellates; AUTO, autotrophic organisms; HETE, heterotrophic organisms.


The autotrophic (AUTO) and heterotrophic (HETE) biomasses were in the ranges 1.50–720.27 and 5.40–227.29 μg C dm–3, respectively. The AUTO and HETE biomasses showed significant positive correlations with temperature (all P < 0.01; Supplementary Table S1), but AUTO biomass increased faster than that of HETE (Figure 3). Consequently, the biomass ratio HETE:AUTO showed significant and negative correlations with temperature (P < 0.01; Supplementary Table S2).

Totally 26 tintinnid species belonging to 8 genera were identified with 4, 14, 13, and 8 species in spring, summer, autumn and winter, respectively. Among them, only Tintinnopsis beroidea was observed in all four seasons, T. acuminate occurred in 3 seasons, 7 species occurred in 2 seasons. Total tintinnid abundance was higher in summer and autumn than in winter and spring (Figure 4 and Table 1).
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FIGURE 4. Tintinnid and main species abundance (ind. dm–3) surface distribution in four successive seasons, spring to winter.


To assess the MFW structure, the biomass values of the MFW components [including Synechococcus (SYN), phototrophic picoeukaryotes (PEUK), pigmented nanoflagellates (PNF), heterotrophic nanoflagellates (HNF)] and ciliates were normalized by that of HP belonging to the same sample. Among them, PNF relative biomass had the largest variation range from 0.06 (St.7 in winter) to 4.20 (St. 18 in summer). SYN relative biomass had the narrowest variation range from 0.00 (St.3 in spring) to 0.64 (St.11 in autumn). Ciliate relative biomass was in the range 0.02 to 0.94, while PEUK relative biomass was in the range of 0.04–3.57 (Figures 5, 6). The relative biomasses of most MFW components showed significant positive correlations with temperature, Chl a and HP biomass except ciliates which was significantly and negatively correlated with those environmental variables (P < 0.01; Supplementary Table S2). All autotrophic (AUTO) components relative biomasses increased with HP biomass at a higher rate than HNF and ciliates. The only exception was that ciliate relative biomass decreased when HP biomass increased (Figure 5).
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FIGURE 5. Microbial food web component biomass variations relative to HP biomass (μg C dm–3) changes. HETE to AUTO biomass ratio variations as a function of HP biomass increase and AUTO biomass (μg C dm–3) in Sanggou Bay and Arabian Sea. The data of Arabian Sea were extracted from Garrison et al. (2000). HP, heterotrophic prokaryotes; SYN, Synechococcus; PEUK, phototrophic picoeukaryotes; PNF, pigmented nanoflagellates; HNF, heterotrophic nanoflagellates; AUTO, autotrophic organisms; HETE, heterotrophic organisms.
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FIGURE 6. Microbial food web structures in Sanggou Bay and Arabian Sea in four successive seasons and Monsoon stages, respectively. The data of Arabian Sea were extracted from Garrison et al. (2000). The relative biomasses of the MFW components were normalized by the HP biomass belonging to the same sample. SYN, Synechococcus; PEUK, phototrophic picoeukaryotes; PNF, pigmented nanoflagellates; HNF, heterotrophic nanoflagellates.


The annual averaged MFW structure was thus HP: SYN: PEUK: PNF: HNF: ciliates = 1: 0.18: 1.40: 1.35: 0.44: 0.13 (Figure 6). The average relative biomass (ARB) seasonal variation trends of different organisms were distinct. ARBs of SYN and PEUK increased from spring to autumn and decreased in winter. ARBs of PNF and HNF increased from spring to summer, then decreased from summer to winter. ARB of ciliates decreased slightly from spring to summer, then increased until winter (Figure 6).

ARBs of all MFW components were <1 in spring and winter. ARBs of PEUK and PNF were >1, while SYN, HNF and ciliates were <1 in summer. In autumn, only ARB of PEUK was >1 (Figure 6). SYN ARB was lower than that of PEUK and PNF at all seasons, and was lower than that of HNF in spring, summer and winter. PEUK ARB was lower than that of PNF in spring and summer, but higher in autumn and winter. In spring and summer, PEUK ARB was higher than that of other organisms, whereas in autumn and winter, PNF ARB was the highest. PEUK and PNF ARBs were >1 over a year, while SYN, HNF and ciliate ARBs were <1 (Figure 6).

The biomass ratio of HP:AUTO decreased with the increase of AUTO biomass. When the biomass ratio of HP:AUTO was about 1, the AUTO biomass was in the range of 6–35 μg C dm–3 (Figure 5). In winter and spring, the biomass ratio HETE:AUTO was >1, while it was <1 in summer. When the biomass ratio HETE:AUTO was about 1, the HP and AUTO biomasses were in the range 5–13 and 10–40 μg C dm–3, respectively (Figure 5).

Biomass ratios of HP, HNF and ciliates to HETE were in the ranges of 0.40–0.86, 0.05–0.58, and 0.01–0.37, respectively (Figure 7). The relationships between biomass ratios of different HETE components to HETE were different: HP and ciliates were significantly and negatively correlated with HETE, while HNF was significantly and positively correlated with HETE (all P < 0.01; Supplementary Table S2). With the increase of preys (HP, SYN, PEUK, PNF, and HNF) biomass, biomass ratio of Ciliates:Preys decreased (Figure 7).
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FIGURE 7. Biomass ratio variations of HP, HNF and ciliates to HETE with the increase of HETE biomass (μg C dm–3), and biomass ratio of ciliates to preys with the increase of prey biomass in Sanggou Bay and Arabian Sea. The data of Arabian Sea were extracted from Garrison et al. (2000). HP, heterotrophic prokaryotes; HNF, heterotrophic nanoflagellates; HETE, heterotrophic organisms.




Spatial Variation of MFW Structure

Biomasses of MFW component showed inner-outer Bay gradients (Figure 2). For AUTO components, higher SYN biomass was observed in the outer part in spring and winter, and vice versa in summer and autumn. PEUK and PNF biomasses always exhibited higher values in the inner part (Figure 2). For HETE components, HP biomass showed higher values in the inner part than in the outer part at all seasons. In summer, autumn and winter, HNF biomass was higher in the inner part than in the outer part. In spring, HNF biomass reached higher values in both inner and outer parts with a narrow low-value band in between. The ciliate biomass exhibited higher values in the inner part over all seasons (Figure 2).

Although some tintinnid species occurred all over the bay (e.g., T. rapa in spring, T. beroidea in summer and autumn), the most conspicuous characteristic was that the inner part and outer parts of the bay had different species in every season. In spring, T. acuminata and T. brasiliensis occurred in the outer and inner parts of the bay, respectively. T. beroidea occurred in 3 stations in the outer and 2 stations in the inner part of bay, respectively. In summer, T. kofoid only occurred in the inner part, Tintinnidium primitivum mainly occurred in the outer part. T. acuminate was restricted to several stations in the north part of the bay. In autumn, E. tubulosus appeared in the inner part. T. nana and T. primitivum occurred in the outer part. In winter, high abundance of T. nana occurred in the outer part. T. beroidea occurred in 3 stations in the outer part and T. acuminata only occurred once in the outer part (Figure 4).

In each season, three distinct cluster analyses were run on three data sets of (i) environmental conditions including temperature and salinity (Supplementary Figure S1), (ii) biomasses of the MFW components (Supplementary Figure S2) and (iii) abundances of the tintinnid species (Supplementary Figure S3). All cluster analyses could divide the stations into similar Inner Bay cluster and Outer Bay cluster. Though the shape and position of the division lines between clusters were different from one season to another, they were generally similar to the nearest isothermal (Figure 8).
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FIGURE 8. Cluster analysis of stations according to (A) environmental conditions; (B) microbial food web component biomasses; (C) tintinnid abundances. ∙: Outer Bay cluster stations; +: Inner Bay cluster stations; ∘: stations neither belonging to Inner Bay nor Outer Bay clusters. The solid lines show the dividing position between Inner Bay and Outer Bay in Figure 9 mainly according to (A) in the four seasons.


Differences of MFW structure between Inner Bay and Outer Bay were mainly caused by PEUK, PNF and HNF. In spring, relative biomass of PNF and PEUK were higher in Inner than Outer Bay. In summer, PEUK relative biomass was higher in Outer than Inner Bay. The HNF biomass was higher in Outer than Inner Bay in spring, but higher in Inner than Outer Bay in summer.

In autumn, the difference between Inner and Outer Bay was mainly due to SYN, PEUK and PNF. SYN and PEUK relative biomasses were higher in Inner than in Outer Bay, while PNF relative biomass was higher in Outer than Inner Bay. In winter, the difference between Inner and Outer Bay was mainly caused by PEUK and PNF, which also had higher relative biomasses in Inner than in Outer Bay (Figure 9).
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FIGURE 9. Microbial food web structures in Inner and Outer Sanggou Bay in four successive seasons, spring to winter. The Inner and Outer Bay boundary were shown as solid lines in Figure 8. Relative biomasses of MFW components were normalized by heterotrophic prokaryotes biomass belonging to the same sample. SYN, Synechococcus; PEUK, phototrophic picoeukaryotes; PNF, pigmented nanoflagellates; HNF, heterotrophic nanoflagellates.





DISCUSSION


Large Seasonal Variation Range of Environmental Variables and Microbial Food Web Components in the Sanggou Bay

Only data of surface waters were presented in this study. Most of the previous studies in the Sanggou Bay only sampled the surface layers because the bay is shallow and waters in the upper 10 m was well mixed in most seasons (Jihong Zhang, self-communication). The surface water temperature seasonal range of the Sanggou Bay was about 22°C, which was among the largest in the world ocean (Mackas et al., 2012). Salinity range was 26.17 and 31.57 in our study, this was a little larger than the range of 28.23–31.31 reported by Jiang et al. (2017) in the same Bay. The Sanggou Bay exhibited different trophic regimes, from oligotrophy to eutrophication with a large Chlorophyll a (Chl a) concentration-range from 0.42 to 38.74 μg dm–3 in present study and 0.10–20.46 μg dm–3 in Jiang et al. (2017). Phytoplankton with size fraction < 20 μm was the most important contributor to total Chl a in the Sanggou Bay, and contributed about 60.2, 83.0, 78.3, and 75.0% to total Chl a in spring, summer, autumn and winter, respectively (Jiang et al., 2017). The average concentration of DIN was highest in autumn in our study. This is consistent with Jiang et al. (2017) who observed the highest value of average DIN concentration in autumn. Seasonal variation of PO43– concentration also presented the same trend in our study as in Jiang et al. (2017): decreasing from spring to winter.

These large gradients corresponded to a large range of HP abundance (1.88–67.89 × 105 cells cm–3) similar to the HP abundance ranges 1–152 and 1–100 × 105 cells cm–3 in the world ocean, reported by Sanders et al. (1992) and Gasol (1994), respectively. The autotrophic (AUTO) organism biomass in our study, which was in the range of 1.50–720.27 μg C dm–3, almost covered the full range of phytoplankton biomass in Herndl (1991), from 6.9 to 415.5 μg C dm–3. These large ranges of biomass variations showed that the MFW components in Sanggou Bay experienced very large seasonal changes.



Relative Biomass Variation of Different MFW Components in Four Seasons

We found that relative biomass variations of different MFW components exhibited different trends with respect to HP biomass increase. The diverse variations of different groups relative to HP biomass express the seasonal variation of the MFW. To our knowledge, this finding was not reported previously.

The work of Garrison et al. (2000) was the only one trying to compare different MFW structures in four cruises in the Arabian Sea. The HP biomass in the Arabian Sea was in the range of 5.1–17.4 μg C dm–3 in the upper 100 m, which was very similar to that in spring and winter in Sanggou Bay (Table 1). The average relative biomasses (ARB) of each MFW component was <1 at all seasons in the Arabian Sea, which is equivalent to those in spring and winter in the Sanggou Bay (Figure 6). Therefore, the seasonal variation in Sanggou Bay is larger than that in the Arabian Sea. The MFW structure differences in Arabian Sea and Sanggou Bay may be caused by lower values and a smaller range of HP biomass in the Arabian Sea than in the Sanggou Bay.

ARB of PEUK was higher than ARB of SYN in all seasons in the Sanggou Bay, but it was the opposite in the Arabian Sea (Garrison et al., 2000) (Figure 6). This obvious difference between the MFW structure in Sanggou Bay and Arabian Sea may indicate different MFWs in coastal and open waters. Previous studies on picoplankton (picophytoplankton) community structure in coastal area were focused on spatial variation, but seasonal change was very seldom investigated. The dominance of PEUK in Sanggou Bay is consistent with previous studies in coastal areas (Pan et al., 2006; Linacre et al., 2010; Bock et al., 2018; Patten et al., 2018; Otero-Ferrer et al., 2018; Mena et al., 2019). In the deep waters of Adriatic Sea, SYN dominated in December while HP and PEUK dominated in April (Šantić et al., 2019).



Relationships Between MFW Components

In our study, both AUTO and HETE biomasses increased with temperature, but with the increase of AUTO biomass, the biomass ratio of HETE:AUTO decreased. This was consistent with the work of Gasol et al. (1997) reporting that unproductive waters were characterized by high relative HETE biomass, whereas productive waters were distinguished by a smaller contribution of HETE to community biomass.

As the biomass ratio of HP:AUTO decreased with the increase of AUTO biomass, the AUTO biomass ranges where the biomass ratio of HP:AUTO was about 1 were considered as boundary below which a system can be considered oligotrophic enough for bacteria to dominate phytoplankton (Li et al., 1993). In our study, when the AUTO biomass was ranged in 6–35 μg C dm–3, the biomass ratio of HP:AUTO was about 1. This was similar with phytoplankton biomass range of 10 and 20 μg C dm–3 in Li et al. (1993).

Although flagellates and ciliates were important components of MFW, their dynamics in relation to picoplankton were very rarely studied. We found that with the increase of the HETE biomass, biomass ratio of HP and ciliates to total HETE biomass decreased slightly, while HNF biomass ratio to total HETE increased slightly (Figure 7). In the absence of similar investigation in the literature, we could estimate the proportion of different HETE component biomasses in total HETE biomass from published figures. We thus found that the biomass ratio of HP:HETE in the present work (range 0.40–0.86) was similar to that in the northeastern Atlantic Ocean (range 0.70–0.87), as derived from the work of Maixandeau et al. (2005).

In our study, HP abundances and biomasses were in the ranges 1.88–67.89 × 105 cells cm–3 and 3.77–135.77 μg C dm–3, respectively (Table 1). Ciliate relative biomass was in the range 0.02–0.94, and its annual ARB was 0.16 (Figures 5, 6). This was similar to that in the Lower St. Lawrence Estuary where HP abundance and biomass were in the ranges 1.2–67.9 × 105 cells cm–3 and 0.55–146.70 μg C dm–3, respectively. Meanwhile, ciliate biomass represented about 22% of HP biomass (Sime-Ngando et al., 1995). The value in our study was a little higher than that in the Arabian Sea, where ciliate relative biomass was in the range 0.02–0.26 (average 0.10) (Figures 5, 6) (Garrison et al., 2000).

With the increase of prey biomass, the biomass ratio of Ciliates:Preys decreased in our study (Figure 7). This is inconsistent with that in the deep east part of East China Sea where the ratio of ciliate biomass was larger under higher prey candidate conditions (Suzuki and Miyabe, 2007). The biomass range of ciliates (0.44–33.09 μg C dm–3) in our study (Table 1) was similar to that in the deep east part of East China Sea (0.03–29.26 μg C dm–3) (Suzuki and Miyabe, 2007). The study in the East China Sea was based on the biovolumes of ciliates and prey candidates, while our study was based on the biomasses of ciliates and prey candidates. This difference may alter the comparison, but does not affect the variation trends of both studies. In addition, the present study was based on surface data, while Suzuki and Miyabe (2007) addressed the vertical variation of ciliates and their prey candidates. This may be the main reason why the biomass ratio variation trends of ciliates to prey candidates appear different in our study and that in East China Sea.



Inner Bay and Outer Bay Difference of MFW Structure

More and more studies have indicated that MFW component distribution may be significantly influenced by water masses (Hashihama et al., 2008; Samo et al., 2012; Zhao et al., 2013; Bachy et al., 2014; Sun et al., 2020; Yang et al., 2020). Among all the seawater variables, temperature and salinity are the conservation properties used to distinguish water masses (Emery, 2001). Tintinnids were also used as water mass indicators (Modigh et al., 2003; Kim et al., 2012). In the present study, we divided the Sanggou Bay into the Inner and Outer Bay mainly according to cluster analysis based on temperature and salinity, as well as MFW component biomasses and tintinnid abundance (Figure 8).

Our results showed that in every season, the Inner and Outer Bay had different tintinnid communities (Figure 8). Similar to the division of tintinnid community, MFW structure also exhibited spatial partitioning: MFW structure was different in Inner and Outer Bay in every season (Figure 8), although the cluster analysis results based on different variables were not exactly coinciding. These divisions are generally corresponding to hydrobiological divisions (Figure 8).

In the Sanggou Bay, water intruded into the Bay mainly through north opening, while water was flowing out of the Bay through the opening south part (Zeng et al., 2015). The division into Inner and Outer Bay water masses showed obvious “north in, south out” pattern in summer, autumn and winter (Figure 9). This division pattern might be caused by exchange pattern between Inner Bay and Outer Bay. In addition to the water exchange between Inner and Outer parts of the Bay, the aquaculture activity also had influence on MFW components (Lu et al., 2015a, b). In our study, the division line between the Inner and Outer parts of the MFW in the four seasons did not match the division of aquaculture area. Therefore, the water exchange process between Inner and Outer parts of the Sanggou Bay would be the main factor influencing the MFW structure.

Tintinnids was the only MFW component that could be identified at the species level which was instrumental in distinguishing Inner Bay from Outer Bay. In the coastal area, neritic tintinnid was centered in waters at 30–50 m depth (Chen et al., 2018). Neritic species intruded from the coastal center area to the Sanggou Bay. Temperature and salinity had obvious influence on tintinnid community structure in coastal and estuarine waters (Feng et al., 2018; Li et al., 2019). As one important contributor of planktonic ciliate, aloricate ciliate distribution also showed obvious seasonal variations and was significantly influenced by water masses (Jiang et al., 2011; Yu et al., 2014). In the Jiaozhou Bay, northern China, species numbers, abundances and biomasses of both tintinnids and aloricate ciliates exhibited unimodal variations with peaks occurring in August (Jiang et al., 2011). In the Yellow Sea, ciliate (including tintinnid and aloricate ciliate) abundances and biomasses showed a clear annual cycle (Yu et al., 2014). Seasonal and spatial variations of aloricate ciliate community were not mentioned in our study. However, we speculate that aloricate ciliates might have similar seasonal and spatial variations as tintinnids.




CONCLUSION

Our study showed that MFW structure in a temperate coastal bay had different modes in different seasons. The different amplitudes of autotrophic component variations were the main reason for the seasonal change of MFW structure. Spatially, tintinnid community and MFW structure were different in Inner and Outer parts of the Sanggou Bay in every season. Those spatial differences were generated by differences in water masses in Inner and Outer parts of the Sanggou Bay.
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