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The northeastern coast of Japan suffered a massive tsunami in 2011, a natural disaster which ‘reset’ the coastal ecosystem when it destroyed much of the original sealife and scoured the seabed. This has presented an opportunity to learn more about the load on coastal ecosystems exerted by human exploitation such as aquaculture rafts and areas of anchored and float-suspended ropes. We surveyed the coastal environment in Matsushima Bay for approximately four years following the year after the occurrence of the 2011 tsunami. Phytoplankton abundance increased with increasing water temperature. Nutrient concentrations were high at the exit of a small branch of the Ofuna-iri Canal (entering the southwestern inner part of the bay at Shiogama) but no significant differences in nutrient concentrations were observed at other stations, so it is considered that the aquaculture installations in Matsushima Bay currently have no significant effect on observed nutrient concentrations. The composition of eukaryotes in the surface seawater varied with the year and the season, but there were no clear differences between sampling stations. The lack of any differences in nutrient concentrations or eukaryote assemblages between areas with or without aquaculture installations is considered to be a result of efficient seawater exchange, despite the presence of many small islets separating Matsushima Bay from the open ocean. In addition, the aquaculture installations at present number less than half of the maximum number before the tsunami, so the bay is by no means overexploited by aquaculture. It is concluded that the current aquaculture installations have no major negative impact on the environment in Matsushima Bay.
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1 Introduction

Matsushima Bay is a small sheltered region of Sendai Bay, just northwest of Sendai in northeastern Honshu, Japan (Figure 1). The area ranges from 35 km2 to about 50 km2 with a maximum depth of 4 to 5 m (Watanabe 1977, Ota et al., 2019). It is the site of many rafts for oyster (Crassostrea gigas) cultivation (Ito and Oshino, 2018), and rope-based installations for cultivation of seaweeds such as wakame (Undaria pinnatifida) and konbu (Saccharina japonica) (Nagaki et al., 2015). These installations comprise natural- or non-feeding aquaculture. Oysters feed themselves by filtering seawater to remove phytoplankton (Akashige et al., 2005), and seaweeds compete with phytoplankton to use nutrients in seawater as they grow (Nagaki et al., 2015; Yoshida et al., 2011). The periphyton attached to the surfaces of oyster shells, ropes, and aquaculture installations also filters seawater and removes phytoplankton (Ciavatta et al., 2020). In addition, larvae derived from shellfish and the periphyton are periodically present in the seawater (Kakehi et al., 2016; Ciavatta et al., 2020).




Figure 1 | Sampling stations in Matsushima Bay (enlarged map, with the position of Matsushima Bay indicated on a smaller-scale map of Japan at left). Large numerals in black are longitude and latitude coordinates. Alphanumerics in red indicate the position of individual sampling stations. Matsushima Bay is roughly divided into areas of seaweed cultivation (Stn. 2 to Stn. 4), areas free of cultivation (Stn. 1, Stn. 15 to Stn. 2 and Stn. 6), and oyster cultivation (other stations). Stn. 1 (at Shiogama, at the southwestern edge of Matsushima Bay) is at the entrance to the bay from a small branch of Ofuna-iri Canal (the southern portion of the Teizan Canal system, which runs parallel to the coast of Sendai Bay a few hundred metres inland). Stations 13 and B9 are the closest to the entrance to Tona Canal (the northeastern continuation of the canal system which connects with the Naruse River before continuing as the Kitakami Canal to Ishinomaki). Investigations for 2004 to 2005 were conducted at stations B1 to B12.



Aquaculture installations may affect the abundance and the composition of the eukaryote assemblages in seawater, and sheltered bays can be affected easily by anthropogenic sources such as the inflow of water from sewage treatment plants (Okumura et al., 2021a), as well as inflows from rivers during heavy rainfall (Kakehi et al., 2020). Major nutrients include dissolved inorganic nitrogen (DIN) and dissolve inorganic phosphate (DIP) in river water (Officer and Ryther, 1980), and DIN contained in the effluent from wastewater plants (Okumura et al., 2021a). Silica is supplied to the coast by rivers (Officer and Ryther, 1980; Taniuchi et al., 2017).

Both anthropogenic and natural nutrient input can affect phytoplankton growth, since phytoplankton organisms absorb nitrogen (N) and phosphorus (P) for growth, and in addition diatoms require silicate (Si) for frustule formation (Treguer et al., 1995). If nutrient loading is excessive, eutrophication results (Breitburg et al., 2018), and if the balance between N, P and Si is disrupted, phytoplankton composition changes (Officer and Ryther, 1980). Also, eutrophication causes anoxia (Breitburg et al., 2018), and an imbalance of nutrient concentrations leads to an increase in the presence of phytoplankton communities unsuitable for aquaculture (Officer and Ryther, 1980). To ensure that natural- and non-feeding aquaculture are sustainable, it is necessary to avoid overexploitation by overcrowding, which leads to poor growth due to a reduction in available feed and nutrients, extended time for successful cultivation, and culture products of poor quality. Therefore, if the number of aquaculture facilities is properly managed, the effects of eutrophication or problems with the reduced availability of natural feed organisms can be minimized. In this study, we investigated whether the oyster and seaweed culture facilities have an impact on the marine environment and eukaryote assemblages in Matsushima Bay, and the significance of the impact of culture facilities compared with other anthropogenic influences and the natural environment.

Matsushima Bay is located within a region severely affected by the 2011 Great East Japan Earthquake and tsunami. Since it is a sheltered bay protected from the open sea by numerous small islets, the tsunami height in Matsushima Bay was lower than outside the bay (Nagashima et al., 2016; Ota et al., 2019). Even so, the tsunami destroyed almost all of the aquaculture installations in the bay and the environment related to natural- and non-feeding aquaculture was ‘reset’. Outside Matsushima Bay, the broader effects of the tsunami on phytoplankton have been investigated in Sendai Bay: there were apparently no tsunami effects on phytoplankton phenology (Taniuchi et al., 2017) or diatom assemblages (Watanabe et al., 2017) but toxic dinoflagellate species increased after the disaster (Kamiyama et al., 2014; Masuda et al., 2014; Ishikawa et al., 2015), because of easy cyst germination after redeposition of cysts to the seafloor surface following seafloor disturbance by the tsunami. It has been reported that the environment of the seafloor in Matsushima Bay has improved after the tsunami (Oota et al., 2017; Ota et al., 2019), and that deterioration of the functioning of a sewage treatment plant had an unexpectedly small impact (Okumura et al., 2021a). However, there have been few reports concerning phytoplankton other than diatoms and dinoflagellates, microbial assemblages other than phytoplankton, and or the minor phyla.

In Matsushima Bay, a mass mortality of oysters occurred in 2013, which apparently was caused by the oysters being covered with periphyton to which suspended matter was attached, reducing oxygen availability and resulting in death of the oysters (Ito and Oshino, 2018). It is important to understand whether the amount of periphyton increased dramatically due to post-tsunami effects, or was at the same level as before the tsunami, but unfortunately there were no data available on this prior to 2011. In recent years, the development of next-generation sequencing (NGS) has enabled study of a wide range of organisms, from bacteria and other microorganisms to fish (De Vargas et al., 2015; Miya et al., 2015; Nimnoi and Pongsilp, 2020). If appropriate samples have been preserved over the study period required, it is possible to use NGS retrospectively to investigate fluctuations in periphyton organisms.

The present study makes use of samples preserved from environmental and eukaryotes surveys that were conducted in Matsushima Bay over a two-year period a few years before the tsunami. These samples enable comparison with samples taken after the tsunami, from which it is possible to investigate the effects of the presence versus absence of aquaculture installations on the environment and on the eukaryote composition.



2 Materials and methods


2.1 Measurements

The samples used in this study were obtained from Matsushima Bay from 2004 to 2005 (12 stations, B1 to B12), and from 2012 to 2016 (18 stations, non-prefixed numbers; Figure 1). Surface seawater samples were collected with a bucket and analyzed for nutrient concentrations as reported previously (Okumura et al., 2021a). Seawater was also filtered to obtain DNA samples for sequencing and pigment analysis (although no pigment analysis was possible for the 2004 to 2005 samples). Since 2012, salinity, water temperature, dissolved oxygen (DO), and pH have been measured routinely using a Conductivity, Temperature, and Depth (CTD) profiler (RINKO-Profiler, JFE-Advantech, Hyogo, Japan). Water clarity was measured routinely using Secchi Disk depth. The data on salinity and water temperature for the 16 post-tsunami stations have been published already (Okumura et al., 2021a).



2.2 Pigment analyses

The variations in phytoplankton abundance per taxon were approximated by determining seawater pigment composition. Samples (150 ml) of seawater were filtered through Whatman GF/F glass microfiber filters (GE Healthcare UK Ltd., Buckinghamshire, England). Phytoplankton pigments were extracted from the filter with 1 ml methanol at -18°C for at least one day. The methanol-soluble fraction was centrifuged at 17,000 × g for 10 min, and the supernatant was subjected to pigment analysis by high performance liquid chromatography (HPLC; Shimadzu, Kyoto, Japan) using the method of Zapata et al. (Zapata et al., 2000), with the additional insertion of an HPLC guard column before the analytical column. The HPLC system included the following components: auto injector (SIL-10ADvp), degasser (DGU-14A), low pressure gradient unit (FCV-10ALvp), pump (LC-20AD), column oven (CTO-20AC), diode array detector (SPD-M10Avp), fluorescence detector (RF-10AXL), and a communication bus module (CBM-20A). It was controlled by Class-vp software (Shimadzu, Kyoto, Japan).



2.3 DNA sequencing of 18S rDNA by Miseq DNA sequencer and data analysis

To understand the composition of eukaryotic organisms in the seawater in Matsushima Bay and compare them before and after the earthquake, DNA sequencing was conducted on 18SrRNA genes isolated from seawater. Samples (500 ml) of seawater were filtered through a 0.45µm PVDF Durapore membrane filter (Merck, Darmstadt, Germany) and DNA was extracted using 1mL SNET-Cl buffer (20mM Tris•HCl(pH 8.0), 5 mM EDTA, 0.3% SDS; Shimadzu Corporation, (2019)) containing 200 μg/mL proteinase K (final concentration), vortexed and then incubated at 55°C for 2 h and then at 90°C for 10 min. After the filter was removed from the lysis buffer, the liquid phase containing nucleic acids was separated by centrifugation at 17,000 × g for 10 min. The supernatant from each sample was used as a PCR template. The PCR enzyme was KOD FX of DNA polymerase (Toyobo, Osaka, Japan) (TOYOBO, 2019). The primer pair was TAReuk454FWD1 and TAReukREV3 (Stoeck et al., 2010), with an adapter attached outside of the primer for analysis by Miseq (Illumina, California, U.S.A.). All procedures, such as the PCR reaction, treatment of amplicons, DNA sequencing, and data analysis, were performed as reported previously (Okumura et al., 2021b).



2.4 Changes in aquaculture production and the number of aquaculture facilities

To estimate the number of aquaculture facilities in Matsushima Bay, we examined the amounts of oyster, wakame seaweed, and kelp cultivated in each survey year and the number of aquaculture facilities after the earthquake. Cultivation volumes for each organism were aggregated from statistical data (https://www.maff.go.jp/j/tokei/kouhyou/kaimen_gyosei/index.html). The production volume of wakame in Shiogama (near Matsushima Bay) after the earthquake was not available from data provided by the Ministry of Agriculture, Forestry and Fisheries, Japan (MAFF), so we used data provided by the fishery cooperatives.

The number of aquaculture installations for oyster, wakame and konbu was counted based on information provided by the fishing cooperatives of Matsushima Bay.

Annual statistical data in Japan are often published for the financial year period from April to March of the following year, rather than as a complete calendar year from January to December. The data reported here therefore range from April of year ‘n’ to March of year ‘n+1’. The members of some fishing cooperatives used aquaculture rope lengths of 3.9 m up to 2012, but increased the length to 4.5 m after 2013. The rope length was longer, and as a result, the number of aquaculture installations decreased after 2013. In order to make valid comparisons of the amount of aquaculture conducted across the years 2011 to 2017, the number of installations before 2012 was converted to the equivalent of the number of installations for 2012 by multiplying by 3.9/4.5. Data from 2004 to 2005 is not available because records had already been discarded by the fishery cooperatives.



2.5 Statistical analyses

To understand the influence of sampling sites on environmental factors, multiple comparisons were performed using EZR ver. 1.54 (a GUI-based addition to the ‘R’ package; (Kanda, 2013) to test for differences of environment among sampling stations. All data for dissolved inorganic nitrogen (NH4-N, NO3+NO2-N), dissolved inorganic phosphate (DIP), DO, and chlorophyll a (Chl a) concentration were aggregated by station. Multiple comparisons by the nonparametric Kruskal-Wallis test of Steel-Dwass were then performed to make comparisons among three or more groups.

To understand the influence of environmental factors on phytoplankton abundance, the major pigment concentrations and environmental parameters (nutrients NH4-N, NO3+NO2-N, DIP, DO and pH) were subjected to Redundancy Analysis (RDA) using Canoco 5 (ter Braak and Šmilauer, 2018). The pigment concentrations used were Chl a, Chl b, Fucoxanthin (Fuco) and Peridinin (Perid). The concentrations of the four pigments in each sample were entered into Canoco 5 as “samples” items, and the environmental data (NH4-N, NO3+NO2-N, DIP, DO and pH) in each sample were entered as “environment” items.

To assess the yearly, monthly and station variation in diversity of eukaryotes in the seawater samples, non-metric multi-dimensional scaling (MDS) was performed using Primer 6 (Quest Research Ltd., Massey University, Auckland, New Zealand) according to the provider’s manual. MDS proceeded in the following order: data transformation to fourth roots; Bray-Curtis matrix similarity; cluster of group average; and finally MDS. To compare the composition of eukaryotes by year, the ratio of all data obtained by NGS were analyzed by MDS. As the eukaryote composition from 2004 to 2005 was largely different from those after 2012, only data after 2012 were used in the MDS comparison by month and station.




3 Results


3.1 Changes in aquaculture volumes and number of aquaculture facilities

After the earthquake, production figures for oyster and konbu were less than half of pre-earthquake levels, while wakame production increased (Table 1). Oyster production exceeded 1,000 t in 2005, but was halved to approximately 350 t in 2016. Konbu production exceeded 400 t before the earthquake, but was only approximately 100 t at most after the earthquake, although accurate data for 2012 and 2013 are not available due to the post-disaster confusion. Wakame production increased after the earthquake compared to pre-disaster values. In particular, production in 2012 exceeded 600 t, and was more than seven times the pre-disaster level of approximately 80 t. Wakame production declined to around 100 t after 2013.


Table 1 | Harvest in Matsushima Bay.



The numbers of aquaculture facilities from April 2012 to March 2016 are displayed in Table 2. The mean number of each type of installation was 744 oyster rafts, 1724 wakame ropes, and 100 konbu ropes. There were more konbu installations in 2012: approximately 150 (more than 40 more than in any other year).


Table 2 | The number of aquaculture installations in Matsushima Bay.





3.2 Seasonal changes of water temperature, salinity, phytoplankton pigment content, nutrients, and water clarity

To understand the effect of the environment on phytoplankton communities in Matsushima Bay, mean monthly values (± S.D.) of environmental parameters in surface seawater were compared (Figure 2). The monthly mean water temperature in Matsushima Bay ranged from 3.2°C to 29.9°C, with annual fluctuations of more than 20°C (Figure 2A). The temperature exceeded 20°C from June to October in 2012-2014 and from June to September in 2015. The monthly mean of salinity ranged from 20.2 PSU to 32.5 PSU: salinity declined during the summer to below 30 PSU from June to August 2012, July to October 2013, April to September 2014, May 2015, and July to September 2015. Water temperatures 0.5 m above the seabed tended to be higher than those at the surface during winter, and lower during summer (Supplemental Figure 1A). Salinity 0.5 m above the seabed tended to be higher than at the surface (Supplemental Figure 1A).




Figure 2 | Monthly fluctuations in environmental parameters and pigment concentrations from April, 2012 to Feb., 2016. (A) Sea surface temperature and salinity. (B) Inorganic nitrogen-containing compounds and phosphate. (C) Pigment concentrations (see text for key to abbreviations). (D) Secchi Disk depth.



The monthly mean of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) ranged from 0.56 to 22.68 µM, and 0.06 to 1.55 μM, respectively (Figure 2B). DIN and DIP tended to be high in the autumn.

Concerning pigment concentrations, the monthly mean for Chl a tended to be lower from autumn to winter, when water temperatures were lower, and ranged from 0.83 to 6.9 µg/L (Figure 2C). For the periods in October 2012, from November 2013 to February 2014, from November 2014 to February 2015, and from November 2015 to February 2016, mean monthly Chl a was below 2 µg/L. The trend of variation in Chl a was similar to that of other pigments. In particular, there was higher correlation between Fuco and Chl a (correlation r2 = 0.81), than the other pigments measured (for Peridinin, Alloxanthin, and Chl b; r2 = 0.44, 0.57, and 0.67, respectively; Supplemental Figure 2). The monthly mean of water clarity (as measured by Secchi disc) ranged from 1.4 to 4 m, and tended to be clearer during autumn and winter, when Chl a levels were low (Figure 2D).

Although pigment concentrations changed with environmental parameters, and were particularly influenced by water temperature in Matsushima Bay, RDA (Figure 3) reveals that changes of pigment concentrations (measures of total photosynthetic tissue present) were positively related to temperature and negatively related to salinity, nutrient concentrations, Secchi disk reading (indicator of seawater turbidity), DO and pH. The magnitude of the water-temperature vector was the largest among the environmental parameters.




Figure 3 | Biplot. Redundancy Analysis loading plot of the influence of environmental factors on phytoplankton abundance. Sal, salinity); DO, dissolved oxygen. Nutrients are represented by measurements of PO4-P, NH4-N, NO2-N and NO3-N. Secchi Disk, Secchi disk depth measure of water clarity.





3.3 The composition of eukaryotes as indicated by 18S rRNA genes

The occurrence of eukaryotes classified according to the Silva database showed the following order of abundance (expressed as mean frequency of occurrence for all periods measured): SAR supergroup (0.63) > Archaeplastida (0.14) > Opisthokonta (0.13) > Cryptophyceae (0.08), and these four taxa accounted for 98% of the total (Figure 4). The SAR monthly means of all stations fluctuated between 0.3 and 0.89, tending to decrease in winter, such as in December 2013, December 2014, and December 2015, except for June 2013. In these periods, Chl a and Fuco concentrations also decreased (Figure 2B). In 2005 (before the earthquake), the mean SAR was 0.64 and the pigment compositions resembled those after the earthquake (Figure 4). However, in 2004, SAR (0.44) and Opisthokonta (0.40) were present in similar amounts, while the occurrence of eukaryotes differed compared to other years.




Figure 4 | 18S rRNA gene composition in surface seawater analyzed by NGS. Classification follows the Silva Database.



The monthly mean frequency of Archaeplastida fluctuated between 0.03 and 0.41, tending to increase during periods when SAR organisms were relatively scarce. The monthly means for Opisthokonta varied between 0.02 and 0.51, with particularly high occurrence (mean 0.40) in 2004. The occurrence of Cryptophyceae varied from almost zero to 0.36, and increased when SAR organisms were relatively scarce, as also with Archaeplastida.

The taxa detected were mostly phytoplankton, ciliates and zooplankton. Among the SAR taxa, Alveolata and Straminopila accounted for a large proportion (with fewer Rhizaria), with means for the entire period of 48% and 42%, respectively (Figure 5A). Within the Alveolata, Dinoflagellata formed the largest proportion, followed by Ciliophora (= ciliates)(Supplemental Figure 3). Within the Straminopila, the commonest were the Bacillariophyceae (= diatoms). Among the Archaeplastida (Rhodophyceae and Chlorophyceae), Chlorophyceae were dominant at more than 90% (Figure 5B, Supplemental Figure 4). Except for the ciliates, almost all the four major taxa were phytoplankton. Among the Opisthokonta, the bryozoan Alcyonidium (Metazoa) was associated with aquaculture rafts and was dominant in 2004; and members of the crustacean group Maxillopoda were the dominant metazoans throughout the period (Figure 5C, Supplemental Figure 5).




Figure 5 | Periodic mean relative composition of the three components of (A) the SAR supergroup for Sept. 2004 to Nov. 2005, and for Aug. 2012 to Feb. 2016; (B) the Chloroplastida and Rhodophyceae; and (C) the Fungi, Holozoa, and Metazoa. The original data is the same as in Figure 5. All classification follows the Silva Database.





3.4 Horizontal distribution of environmental parameters

Chl a and nutrient concentrations at some stations showed significant differences from those at others, while DO was fairly consistent across all stations (Figure 6). The medians of Chl a ranged from 1.1 to 3.9 µg/L, and the concentration showed a three-fold difference among stations (Figure 6A). Chl a at Stn. 19, at the eastern end of the bay (Figure 1), was significantly lower than at the other stations. Chl a in Stns. 2 and 15 (at the western and eastern inner parts of the bay, respectively) appear to be at higher concentrations than the other stations, but the differences were not significant. The median of monthly values of DO ranged from 7.9 to 9.6 mg/L (Figure 6B). DO at Stn. 1, at the mouth of a small branch off the Ofuna-iri Canal, appears to be lower than at the other stations, but there were no significant differences among the stations. The medians of PO4-P (Figure 6C), NH4-N (Figure 6D), and NO2+NO3 (Figure 6E) ranged from 0.19 to 2.16 µM, 0.21 to 10.28 µM, and 0.07 to 14.63 µM, respectively. The median concentrations of PO4-P, NH4-N, and NO2+NO3 differed across stations by about 10, 50, and 200 times, respectively. Both DIP and DIN were significantly higher at Stn. 1 near the mouth of the canal branch (Figures 6C–E). Except for Stn.1, there were no significant differences among the other stations.




Figure 6 | Box plots comparing sampling stations 1-19 (see Figure 1) for each environmental parameter from Oct. 2012 to Feb. 2016, analyzed by EZR. Dark horizontal lines are medians, within boxes indicating lower and upper quartiles. Dotted lines indicate 95 percentile minima and maxima. Circles indicate outliers.





3.5 Non-metric multi-dimensional scaling (MSD) analysis

The degree of biodiversity detected in the seawater of Matsushima Bay tended to vary with the year (Figure 7). Eukaryote assemblages in 2004 differed greatly from other years (Figure 7A). Biodiversity also tended to show monthly variation (Figure 7B). The data after 2012 tended to aggregate as monthly clusters, and the data for July, August, and September each year clustered differently than for the other months (Figure 7B). Composition beyond 2012 showed no clear differences among the stations (Figure 7C). Rather than differences by location, composition tended to vary by month and year (Figures 7A–C).




Figure 7 | Diversity of eukaryote communities (A) comparing different years; (B) comparing different months of the year after 2012; and (C) sampling stations 1-19 after 2012 by MDS.






4 Discussion

The growth characteristics of phytoplankton in Matsushima Bay differed from the general mechanism of the spring bloom. Normally, vertical mixing in winter raises nutrients from lower layers to the surface layer, where increased solar radiation and water temperature cause a spring bloom; then in summer the nutrient supply is interrupted by establishment of the thermocline, and the bloom ends when phytoplankton have consumed all the dissolved nutrients available. In the rest of Sendai Bay outside Matsushima Bay (see Figure 1), Chl a concentration peaks from winter to spring, while nutrients increase from fall to winter and decrease from spring to summer (Watanabe et al., 2017). From July (after the end of the spring bloom) to January, Chl a concentrations was lower, sometimes less than 1 μg/L (Taniuchi et al., 2017). However Chl a concentrations in Matsushima Bay were often remained above 2 µg/L, and was high almost continuously from spring to fall or even extending into winter (Figure 2C).

RDA analysis showed a negative relationship for salinity, nutrients, turbidity, DO, and pH; and a strong positive relationship between water temperature and pigment concentrations (Figure 3). Therefore, phytoplankton growth in Matsushima Bay was not limited by nutrient concentrations, and changed in line with increasing or decreasing water temperature. Regarding the relationship between nutrients and major pigment concentrations, nutrient levels were low during periods of high Chl a and Fuco concentrations during the spring and autumn in 2014 (Figures 2B, C). The reason for this is considered to be consumption and decrease of nutrients by phytoplankton growth.

Salinity was continuously below 30 during the same period (Figure 2A). The salinity in Sendai Bay, excluding Matsushima Bay, has been reported to decrease in summer in the range of 26.9 to 34.2 (Watanabe et al., 2017), while the salinity in Matsushima Bay was found to be generally lower, in the range of 20.2 to 32.5 (Figure 2A). The lower salinity in Matsushima Bay is attributed to the constant inflow of river water, which is also higher in nutrient concentrations than the seawater nearby (Okumura et al., 2021a). Although lower in quantity than river water, there was also treated-water inflow from wastewater plant via the canal mouth near Stn. 1 (Okumura et al., 2021a). Indeed, the highest concentrations of nutrients in Matsushima Bay were higher than those in the surrounding seawater of Sendai Bay. Even excluding Stn. 1 at the canal mouth (where nutrient concentrations are extremely high due to anthropogenic influences), the highest concentrations of NO2-N+NO3-N and DIP was 29.62 µM and 1.77 µM, respectively, in Matsushima Bay (Figures 6C–E). In Oginohama, further up the coast in the northern part of Sendai Bay, NO2-N+NO3-N and DIP were 18.1 µM and 0.96 µM, respectively (Kamiyama et al., 2005), and 3.07 µM and 0.36 µM in Sendai Bay (Taniuchi et al., 2017). Also, diatoms can store nutrients in vacuoles (Raven, 1987; Falkowski et al., 1998; Falkowski and Oliver, 2007) and may be able to withstand starvation for a short period of time. Since nutrients were maintained at levels that did not cause starvation (because they were constantly being supplied from rivers and anthropogenic sources), it seems that phytoplankton growth was maintained during low nutrient concentrations. As a result, Chl a and Fuco were high even during conditions of low nutrient concentrations.

The NGS results showed that most of the microorganisms detected in the seawater were phytoplankton, with a high proportion of diatoms and dinoflagellates (Figures 4, 5A). High proportions of diatoms and dinoflagellates were also detected in other offshore areas by the sequences of the 18SrRNA genes (De Vargas et al., 2015), and the main phytoplankton composition in Matsushima Bay was similar. Diatoms were the dominantly abundant phytoplankton, since Chl a and Fuco (the latter being a major pigment of diatoms) showed similar fluctuations, and a correlation was also observed (Figure 2, Supplemental Figure 2). A lower correlation than Fuco was observed between Chl a and Peridinin, which is a major pigment of dinoflagellates. It is therefore considered that most of the Chl a obtained was associated with diatoms, although the NGS data showed that diatoms and dinoflagellates in the SAR group were in roughly equal proportions (Supplemental Figure 3). Diatoms are thought to account for about 20% of all phytoplankton on Earth (Malviya et al., 2016), and are generally considered to be dominant in temperate coastal areas (Armbrust, 2009) due to a supply of silicate from rivers (Officer and Ryther, 1980; Treguer et al., 1995; Falkowski et al., 1998; Taniuchi et al., 2017). Diatoms have also been reported to be dominant in Sendai Bay, outside Matsushima Bay (Taniuchi et al., 2017; Watanabe et al., 2017). Resting cells of various diatoms have been recorded from the sediments of Matsushima Bay in the past (Ichinomiya and Taniguchi, 2003), and if they germinate from the sediment, they may be the dominant species. The reason why diatoms appear to be dominant in abundance, while diatoms and dinoflagellates are recorded in almost equal numbers from DNA sequencing, is due to the difference in the copy number of 18SrRNA genes, which is thought to depend on cell volume, so dinoflagellates have more copies of 18SrRNA genes per cell than diatoms (Godhe et al., 2008). In Sendai Bay, dinoflagellates have been reported to be present at an abundance approximately 1/10 that of diatoms (Taniuchi et al., 2017), and in Matsushima Bay, too, dinoflagellate abundance was not dominant.

It is considered that there is no problem with the fact that the preservation period of the DNA samples from 2004-2005 was more than 10 years, because DNA has been sequenced successfully from sediment core samples following tens of thousands of years earlier (Lejzerowicz et al., 2013). Similarly, we have also confirmed that DNA sequencing is possible from samples several hundred years old (Okumura et al., 2021b), so decomposition of DNA samples over several decades preserved in a freezer is expected to be minimal.

If the aquaculture of oyster and seaweeds using rafts and rope installations were too intensive, it may affect the environment, the abundance and composition of phytoplankton and other microorganisms in Matsushima Bay. The total filtration rate by oysters cultured on rafts in Matsushima Bay is calculated to be enormous: the total number of oysters is calculated to be more than 40,000 per culture raft because oyster rafts in Matsushima Bay are installed as a 2 m x 27 m bamboo grid, from which hang 270 ropes with 10 to 20 scallop shells fixed within the twists of each rope (Miyagi Prefectural government, 1994). If oysters were cultured from 15 to 20 per scallop shell, the total number of suspended oysters per raft is 40,500 to 108,000. If one oyster filters 400 L of water per day (Fisheries Agency), the total filtration capacity per raft would be at least 16,200 tonnes per raft. Although the actual filtration rate varies greatly depending on oyster size and water temperature (Akashige et al., 2005), in the presence of more than 100 rafts the overall filtration volume is expected to be enormous. Filtration by oysters will therefore have a large effect on cleaning the marine environment, as well as the amount and composition of the microorganism population.

In addition, seaweed cultivation competes with phytoplankton for nutrients, which in seaweed are assimilated at a rate of about 5.7 mgN/gDW/h, depending on the type of seaweed (Yoshida et al., 2011). However, it is considered that the current number of aquaculture installations in Matsushima Bay probably does not affect the phytoplankton community in surface waters because nutrients, Chl a concentrations, and eukaryote assemblages did not clearly differ between cultured and non-cultured areas (Figures 6A, 7C; refer to Figure 1). The nutrient concentrations at Stn.1 (the canal mouth) appear different, presumably due to a higher anthropogenic effect, but otherwise there were no clear differences in nutrient concentrations among cultivated and non-cultivated areas (Figures 6C–E). Chl a concentration, too, showed no clear differences, except for a lower concentration at the Ofuna-iri Canal mouth (Figure 6A).

Eukaryote assemblages in seawater tended to show similar composition during the same year (Figure 7A), and during the same month each year (Figure 7B), while there were no clear differences among stations (Figure 7C). One reason may be that the biomass of diatoms was strongly dependent on water temperature, a natural environmental change unrelated to the presence or absence of aquaculture facilities (Figures 2A, C). The month-by-month population composition may be related to phenology. The dominant phytoplankton in Matsushima Bay were the diatoms, growth of which is temperature-dependent, so they are more abundant in the summer, declining in winter.

The timing of maturation of shellfish, such as oysters, is known to depend on the accumulated empirical water temperature, and oysters in Matsushima Bay spawn in the summer (Miyagi Prefectural government, 1994; Kakehi et al., 2016). The periphyton, including organisms such as hydrozoans, also demonstrate life cycle turnover (Ciavatta et al., 2020). One of the reasons why composition tended to vary by month (Figure 7B) is the fact that the entire biological community tended to change depending on the season.

In particular, the distribution of eukaryotes in 2004 was different from other years (Figure 7A), and we infer that this was due to the high proportion of Opisthokonta, which is not phytoplankton (Figure 5C). We consider the difference in the distribution of eukaryotes in 2004 to be an annual variation rather than a difference before and after the earthquake because the taxon composition in 2005 was similar to that after the earthquake. Even if there are similar annual seasonal changes, related to phenology, environmental factors fluctuated only slightly (Figure 2). Consequently, it is inferred that the distribution of eukaryotic communities also changed slightly from year to year (Figure 7C).

The shallow depth of Matsushima Bay (5 m maximum; Okumura et al., 2021a), and the associated frequency of seawater exchange (including a tidal range occasionally exceeding 1 m (Japan Meteorological Agency), probably exerts a stronger effect on changes to the phytoplankton assemblages in Matsushima Bay than the amount of cultured oysters and seaweed present. When the tidal range is large, it is estimated that this results in a daily replacement of approximately 1/5 of the seawater in Matsushima Bay. Indeed, seawater exchanges have been shown to be accelerated by the presence of a persistent rain front (Kakehi et al., 2016), flooding from rain over the nearby land (Kakehi et al., 2017), or by marine environmental changes of other kinds (Okumura et al., 2021a). Therefore, although there are more than 600 oyster rafts and 1,300 seaweed rope installations in Matsushima Bay, it is considered that the extent of seawater replacement exceeds the impact of aquaculture facilities on the bay’s environment and phytoplankton assemblages.

Periphyton is also considered to affect aquaculture in Matsushima Bay, contributing as one factor in the occurrence of mass mortality of oysters, such as that which occurred in 2013 (Ito and Oshino, 2018). However, it is considered that the scouring of aquaculture facilities by the 2011 tsunami probably had little effect on oyster mass mortality phenomena. The occurrence of periphyton Metazoa such as Alcyonidium was found to show irregular fluctuations, and although it was much higher in 2004 than in 2013 (Figure 5C), it is considered that periphyton outbreaks were not affected by environmental changes following the tsunami.

It is considered also that the current number of aquaculture installations in Matsushima Bay has little impact on the environment and eukaryote assemblages. The number of fishermen in Miyagi Prefecture, including Matsushima Bay, has been decreasing year by year, as a direct result of the effects of the tsunami (Okumura et al., 2019). As a result, the number of oysters being cultured is less than half what it was in 1960 (Miyagi Prefectural government, 1994). Similarly, current seaweed cultivation is about half of that recorded for 1989 (Nagaki et al., 2015). Oyster and seaweed cultivation in Matsushima Bay are therefore not over-intensive and are within an appropriate range, with little effect on the marine environment and eukaryote assemblages.



5 Conclusion

According to results from NGS analysis of samples, phytoplankton comprised a high proportion of the eukaryote assemblages in Matsushima Bay. Diatoms were the dominant phytoplankton. The growth of diatoms in Matsushima Bay was seen to be dependent on water temperature, and was independent of anthropogenic influences, so aquaculture installations in Matsushima Bay apparently have little effect on the natural microorganisms. Because of the high rate of filtration of phytoplankton in oyster culture, and the competition for nutrients in seaweed cultivation, differences were expected in the phytoplankton and eukaryote assemblages present in comparison with non-cultured areas. However, no such differences were observed, perhaps because of the shallow water depth in Matsushima Bay, the high turnover of seawater replacement, and culture installations probably well below exploitation capacity. However, feces from shellfish, dead shellfish and the periphyton in culture areas generally sink to the seafloor, so it is possible that the bottom environment differs from the environment of the seawater column. Since analysis in this study was conducted using only surface seawater, further investigation of the near-bottom layer and bottom sediment will be necessary to provide a more detailed and comprehensive understanding of the effects of culture facilities in Matsushima Bay.
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