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Abstract 19 

We investigated how the nutrient status of Matsushima Bay was affected when a 20 

wastewater plant was destroyed by a tsunami in March 2011. The nutrient concentrations 21 

in the seawater and the treated water from the wastewater plant increased just after the 22 

tsunami, but decreased again to pre-tsunami levels after 2013. The amount of untreated 23 

water that passed through the wastewater plant decreased just after the tsunami. It was 24 

estimated that approximately 40.7 × 103m3/d of the treated water from the wastewater 25 

plant was discharged to Matsushima Bay; therefore, the quantity of effluent from the 26 

wastewater plant was less than one percent of the water inflow from Takagi River and 27 

Sendai Bay (which are outside Matsushima Bay) to Matsushima Bay. The nutrient 28 

concentrations of seawater in Sendai Bay were lower than those in Matsushima Bay. The 29 

results suggest that nutrient concentrations in Matsushima Bay after the tsunami did not 30 

increase because any untreated or poorly treated effluent was easily diluted by the river 31 

flow and the inflow of seawater. Many people were concerned about eutrophication, 32 

therefore, because of the decreased functioning of the wastewater plant in Matsushima 33 

Bay. Marked eutrophication in the bay was not observed after August 2011. 34 

 35 

Keywords: tsunami effect, wastewater plant, coastal environment, time trend, nutrients 36 

 37 

 38 

  39 
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Introduction 40 

The 2011 tsunami caused by the Great East Japan Earthquake (Goto et al. 2012), which 41 

was the most powerful earthquake ever to hit Japan and had a recurrence interval of 42 

between 800 and 1,100 years, caused widespread destruction in coastal areas around 43 

Tohoku. Many researchers have studied the effects of this tsunami on coastal 44 

environments and marine organisms in the coastal area around Tohoku, Japan (Kogure et 45 

al. 2017, Miyazawa et al. 2017, Oozeki et al. 2017, Ito et al. 2018). Some researchers 46 

have also studied how the tsunami affected Matsushima Bay, where there are oyster and 47 

seaweed farms and famous tourist spots. Although the tsunami measured in Matsushima 48 

Bay, which is a closed bay, was lower than in other more exposed coastal areas, it still 49 

disrupted the sediment on the sea floor through erosion (Okumura and Masuda 2019) and 50 

redeposition (Irizuki et al. 2019), which considerably changed the seafloor environment 51 

in the bay (Oota et al. 2017), and caused decreases in the mollusc diversity (Sato and 52 

Chiba 2016) and eelgrass beds (Sakamaki et al. 2016). The earthquake also caused land 53 

subsidence (Imakiire and Koarai 2012), with the result that the intensity of light reaching 54 

the seafloor has decreased, and the eelgrass beds have struggled to recover in some places 55 

(Sakamaki et al. 2016).  56 

The tsunami destroyed many facilities on land, including wastewater plants. In the 57 

aftermath of the tsunami, the function of more than 20 wastewater plants in the Tohoku 58 

area either temporarily stopped or had decreased function (Matsuhashi et al. 2014, Satoh 59 

2017). Of these wastewater plants, one near Matsushima Bay suffered severe damage 60 

(Miyagi Prefectural Government 2011). Other researchers have reported that microbial 61 

communities in a river that received discharges of sewage effluent changed temporarily 62 

in the period immediately after the earthquake (Wells et al. 2013). Other researchers 63 

reported that the concentrations and composition of nutrients in coastal areas changed 64 

after the 2011 tsunami (Fukuda et al. 2016). There was concern that the trophic state of 65 
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Matsushima Bay would increase because of discharges of either untreated or poorly 66 

treated wastewater to the bay. While we know that the chemical oxygen demand (COD) 67 

and most probable number (MPN) did not change considerably in the months after the 68 

tsunami (Sakamaki et al. 2016), there is no information about whether the nitrogen (N) 69 

and phosphorus (P) concentrations in wastewater discharges emitted to Matsushima Bay 70 

changed in that period. N and P serve as indicators of different aspects of water than COD 71 

and the MPN (which indicates bacteria sources such as E.coli), and increases in the N and 72 

P concentrations might trigger increases in phytoplankton blooms (USEPA 2004). If the 73 

N/P ratio changes, the composition of the phytoplankton assemblages might also change 74 

(Liu et al. 2013, Xiao et al. 2018) as the demand for nutrients varies with the 75 

phytoplankton species. Changes in the phytoplankton species might pose risks for 76 

aquaculture; for example, plankton that cause shellfish poisoning would have adverse 77 

effects on shellfish aquaculture operations (Officer and Ryther 1980); any pause or 78 

decrease in the function of a wastewater plant might be harmful for shellfish aquacultures. 79 

In this study, we investigated the nutrient concentrations in Matsushima Bay before and 80 

after the tsunami. We compared information in data reports about the emissions of N and 81 

P and quantities of treated water discharged from a wastewater plant in the bay. We also 82 

explored how changes in the function of the wastewater plant (from normal to low) 83 

affected the nutrient concentrations in the Matsushima Bay, by calculating the water 84 

quantities, and the N and P concentrations, in the river and in Sendai Bay, into which 85 

water from Matsushima Bay flows. 86 

 87 

Materials and Methods 88 

Investigations 89 

We took samples from 16 stations in Matsushima Bay from August 2011 to December 90 

2015 (Fig. 1). The salinity and water temperature were measured by a Conductivity, 91 
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Temperature, and Depth (CTD) profiler (RINKO-Profiler, JFE-Advantech, Hyogo, 92 

Japan). Changes in the seabed topography at each station were measured in meters using 93 

the depth sensor feature of the CTD profiler, and this provided information about the 94 

erosive action of the tsunami and the subsidence caused by the earthquake (Online 95 

Resource 1). Samples of seawater to be analyzed for their nutrient concentrations were 96 

collected from two depths close to the surface and from 50 cm above the seabed. To 97 

calculate how much seawater flowed from the outer area into Matsushima Bay, we also 98 

collected samples from three stations in Sendai Bay, outside of Matsushima Bay, from 99 

April to November (Figs. 1 and 2). These samples were collected from two depths close 100 

to the surface and at a depth of 10 m, because the bed at the mouth of Matsushima Bay is 101 

at about 10 m. A water sample was also collected from the Takagi River, which flows into 102 

Matsushima Bay, on seven occasions from 2009 to 2013. The surface water and river 103 

water samples were collected in a bucket, and seawater from 50 cm above the seabed was 104 

collected with a Van Dorn water sampler (RIGOSHA Co. Ltd., Tokyo, Japan). 105 

 106 

Nutrients analysis 107 

The samples were stored in a freezer in the laboratory for approximately 1 month before 108 

analysis. The concentrations of NO3-N+NO2-N, NO2-N, NH4-N, and PO4-P in seawater 109 

and river water were determined using an Auto Analyzer (BL-TEC, Osaka, Japan), as 110 

outlined in the instrument’s manual. After following the instructions in the instrument’s 111 

manual, we found the analytical standards of NO3-N, NO2-N, PO4-P, and NH4-N to be 112 

KNO3, NaNO2, KH2PO4, and (NH4)2SO4 (Fujifilm Wako Pure Chemical Co., Osaka, 113 

Japan), respectively. After weighing each standard chemical, we adjusted the 114 

concentrations with distilled water. The calibration curve of standards and the 115 

concentrations of samples were calculated by use of the AACE software (version 6.03) 116 

supplied with the Auto Analyzer. The detection limit of each item was less than 0.01 117 
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µmol/L and is shown as zero in our figures. 118 

 119 

Collecting data from reports 120 

Datasets related to the wastewater plant, such as the concentrations of total N (TN), total 121 

P (TP), and various forms of dissolved inorganic nitrogen (DIN; NO3-N, NO2-N, and 122 

NH4-N), in untreated and treated water, and the quantities of wastewater discharged, were 123 

obtained from the annual reports of the Miyagi Prefectural Government (2010, 2011, 2012, 124 

2013, and annual reports from 2014 to 2016 https://www.pref.miyagi.jp/site/sab/list1796-125 

5263.html). In this study, we used data from April 2009 until December 2015. We 126 

calculated the quantity (Q) of river water using the HQ equation from hourly 127 

measurements of the river height (H) collected at the Shinainuma Station (Fig. 1) in the 128 

Takagi River, obtained from the Miyagi Prefectural Government (unpublished). We 129 

obtained data collected before the tsunami about, for example, nutrients and salinities 130 

from the Miyagi Prefectural Government (https://www.pref.miyagi.jp/site/kankyo/ in 131 

Japanese).  132 

 133 

Calculating the seawater inflow from Sendai Bay to Matsushima Bay 134 

The amount of water that flowed into Matsushima Bay from outside of the bay was 135 

calculated on the basis of the box model concept (Unoki 1998). The salinity of the 136 

seawater flowing into Matsushima Bay generally decreases when it mixes with freshwater 137 

discharged from the river and wastewater plant, but increases when seawater from a 138 

deeper layer outside of the bay with high salinity flows into the bay. Therefore, the 139 

amounts of inflow to, and outflow from, Matsushima Bay can be calculated from the 140 

salinities and quantities of water from each source, such as the volume in Matsushima 141 

Bay, wastewater, river water, and inflow from Sendai Bay (Fig. 2). To calculate the inflow 142 

from Sendai Bay, the volume of Matsushima Bay was calculated, as follows. The bottom 143 
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depths measured at the 16 stations were converted to the bottom depth for the average 144 

tide level by substituting into the observation time to tide table (because the bottom depth 145 

changes with the time to the tide). The bottom depth at each station after the tsunami, 146 

from August 2011 to February 2013, was averaged. We then created a bathymetric map 147 

of isobath lines of 1 m from the average depths of each station using Ocean Data View 148 

(https://odv.awi.de/). The areas of each 1-m depth in Matsushima Bay were calculated 149 

from a bathymetric map from image J (Rasband 2018). Then, the volume in Matsushima 150 

Bay was roughly estimated by integrating the area of each 1-m depth. 151 

Inflows from the Takagi River to Matsushima Bay were calculated by substituting the 152 

hourly water heights into the HQ equation. The daily and monthly inflows were calculated 153 

from the hourly inflows.  154 

To understand the quantities of nutrients that were discharged from the wastewater 155 

plant, we investigated temporal trends in the quantities of wastewater and nutrient 156 

concentrations using monthly data published in the online annual reports from 2009 to 157 

2015 (Miyagi Prefectural government 2010-2013, 158 

https://www.pref.miyagi.jp/site/sab/list1796-5263.html). The information for TN, TP, 159 

NO3-N, NO2-N, and NH4-N was aggregated. We had information about TP but not 160 

dissolved inorganic phosphate (DIP; PO4-P). Researchers have reported that the DIP/TP 161 

ratio for each wastewater plant is different (Tanaka and Shimamura 2005, Yamashita et 162 

al. 2006, Kamohara et al. 2019). After referring to an earlier study (Yamashita et al. 2006), 163 

we assumed that the DIP/TP ratio was 70%. Treated water from a wastewater plant was 164 

discharged to both Sendai Bay and Matsushima Bay through the Sunaoshi-Teizan Canal 165 

in front of a wastewater plant (Figure 1). In 1982 its (Sendai Bay / Matsushima Bay) ratio 166 

was reported to be 6:4 (Miyagi Prefectural government 1982). The inflow from the 167 

wastewater plant to Matsushima Bay was calculated as 40% of the total emissions from 168 

a wastewater plant.  169 
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Bi-monthly data for the salinity at the surface and at 50 cm above the seabed were 170 

averaged. We averaged the salinities measured at the surface and at a depth of 10 m for 171 

each sampling time at the three stations outside of Matsushima Bay (Fig. 1). 172 

 173 

Calculation of DIN and DIP flux from each component 174 

The flux of DIN from Takagi River to Matsushima Bay was calculated by multiplying 175 

the river water discharge by DIN concentration in that water. The flux of DIN from the 176 

wastewater plant to Matsushima Bay was calculated by multiplying the volume of treated 177 

water by DIN concentration in that water; this was further multiplied by 40%. This was 178 

because the inflow from the wastewater plant to Matsushima Bay was approximately 40% 179 

of the total emissions from that wastewater plant, and 60% outflowed to Sendai Bay 180 

(Miyagi Prefectural government 1982). 181 

DIP was calculated in the same way as DIN. 182 

 183 

Statistical analyses 184 

 Statistical analyses were conducted for the highest or lowest month of nutrient 185 

concentrations. Significant differences in DIN and DIP concentrations were first 186 

compared by the Friedman test. Next, nutrient concentrations each year were compared 187 

by pairwise comparisons using the Wilcoxon signed-rank test. We used the Bonferroni 188 

method for P value adjustment. All tests were conducted with EZR (ver. 1.54) software 189 

(https://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmedEN.html), which is based on 190 

R software (https://www.r-project.org/). Pairwise comparisons were not carried out on 191 

samples from Sendai Bay because the sample size was small. 192 

 193 

Results 194 

Temporal trends in the nutrient concentrations 195 
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Matsushima Bay 196 

The mean DIN concentrations tended to vary seasonally through the year, and to be high 197 

in autumn (Fig. 3a). The annual maximum value of the monthly means during our survey 198 

period was the highest in 2012, and decreased afterwards (Online Resource 2). The annual 199 

maximum value of the monthly means ranged from 7.2 to 16.6 µmol/L before 2011, was 200 

20.4 µmol/L in 2012, and ranged from 10.2 to 14.2 µmol/L after 2013. The annual 201 

maximum value in each year was significantly different (p value < 0.05) by the Friedman 202 

test (Online Resource 3). The mean surface maximum in 2012 was statistically significant 203 

in 2009, 2011, 2013, and 2014 at the 0.05 probability level (Online Resource 4a). The 204 

mean maximum of 50 cm above the seabed in 2012 was statistically significant in all 205 

years except in 2010, at the 0.05 probability level (Online Resource 4b). 206 

 The mean DIN minimum in each month in both layers was at its peak in 2011 and 207 

decreased after 2012 (Fig. 3a). The annual minimum value of the monthly means ranged 208 

from 1.9 to 2.7 µmol/L before 2010, from 5.6 to 5.9 µmol/L in 2011, and from 0.14 to 209 

0.91 µmol/L after 2012 (Online Resource 2). The annual minimum value in each year 210 

was significantly different (p value < 0.05) by the Friedman test (Online Resource 3). The 211 

mean surface minimum in 2011 was statistically significant after 2012 at the 0.05 212 

probability level (Online Resource 4c). The mean minimum of 50 cm above the seabed 213 

in 2011 was statistically significant in all years at the 0.05 probability level (Online 214 

Resource 4d). DIN concentrations in Matsushima Bay increased after the tsunami, and 215 

tended to be high from 2011 to 2012 and to decrease after 2013. 216 

DIP concentrations also tended to fluctuate in cycles in the same way as DIN 217 

concentrations (Fig. 3b). Mean DIP concentrations tended to be high in autumn (Online 218 

Resource 2). Over the period of the study, the mean DIP maximums in each month in both 219 

layers were at their peaks in 2012, and decreased after 2013. The annual maximum value 220 

of the monthly means ranged from ranged from 0.77 to 0.9 µmol/L before 2011, from 221 
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1.38 µmol/L to 1.40 µmol/L in 2012, and from 0.97 to 1.27 µmol/L after 2013. The annual 222 

maximum value in each year was significantly different (p value < 0.05) by the Friedman 223 

test (Online Resource 3). The mean surface maximum in 2012 was statistically significant 224 

in 2009, 2010, 2014, and 2015 at the 0.05 probability level (Online Resource 5a). The 225 

mean maximum of 50 cm above the seabed in 2012 was statistically significant in all 226 

years at the 0.05 probability level (Online Resource 5b).  227 

The mean DIP minimums in each month in both layers were at their peaks in 2011 and 228 

decreased after 2012 (Fig. 3b, Online Resource 2). The annual minimum value of the 229 

monthly means ranged from 0.23 to 2.3 µmol/L before 2010, from 0.74 to 5.6 µmol/L in 230 

2011, and from 0.04 to 0.91 µmol/L after 2012. The annual minimum value in each year 231 

was significantly different (p value < 0.05) by the Friedman test (Online Resource 3). The 232 

mean minimums of the surface and 50 cm above the seabed in 2011 were statistically 233 

significant in all years at the 0.05 probability level (Online Resources 5c and 5d). DIP 234 

concentrations in Matsushima Bay increased after the tsunami, tended to be high from 235 

2011 to 2012, and to decrease after 2013. 236 

The N/P ratio calculated from the average DIN and DIP in each year was 8.7 in 2009, 237 

12.4 in 2010, 8.9 in 2011, 11.3 in 2012, 8.3 in 2013, 5.6 in 2014, and 9.5 in 2015. 238 

 239 

Sendai Bay 240 

The DIN concentrations in Sendai Bay also fluctuated throughout the 7 years (Fig. 4a). 241 

In contrast to Matsushima Bay, the concentration levels in Sendai Bay varied by year and 242 

the month of mean maximum concentrations ranged from April to November; the month 243 

of mean minimum concentrations ranged from May to September (Online Resource 6). 244 

Time courses of monthly mean maximums were similar to those of Matsushima Bay. 245 

The mean DIN maximums in each month in both layers were at their peaks in 2012 and 246 

decreased after 2013. The annual maximum value of the monthly means ranged from 1.19 247 
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to 3.74 µmol/L before 2012, from 4.88 to 5 µmol/L in 2012, and from 0.55 to 2.95 µmol/L 248 

after 2013. The annual maximum value at a depth of 10 m in each year was significantly 249 

different (p value < 0.05) by the Friedman test (Online Resource 3), but that of the surface 250 

was not significantly different (p value > 0.05).  251 

The mean DIN minimums in each month in both layers were at their peaks in 2010, and 252 

tended to decrease gradually over time. The annual minimum value of the monthly means 253 

ranged from 0.62 to 0.64 µmol/L in 2009, from 1.05 to 0.88 µmol/L in 2010, and from 0 254 

to 0.55 µmol/L after 2011. The annual minimum value in each year was significantly 255 

different (p value < 0.05) by the Friedman test (Online Resource 3). 256 

The monthly mean DIP maximums and minimums resembled those of DIN (Fig. 4). The 257 

mean DIP maximums in each month in both layers were at their peaks in 2012, and 258 

decreased after 2013 (Online Resource 6). The annual maximum value of the monthly 259 

means ranged from 0.13 to 0.42 µmol/L before 2012, from 0.45 to 0.49 µmol/L in 2012, 260 

and from 0.02 to 0.42 µmol/L after 2013. The annual maximum value at the two depths 261 

were significantly different (p value < 0.05) by the Friedman test (Online Resource 3).  262 

The mean DIP minimums in each month in both layers were at their peaks in 2010, and 263 

tended to decrease gradually with time (Fig. 4b, Online Resource 6). The annual 264 

minimum value of the monthly means were 0 µmol/L in 2009, and ranged from 0.02 to 265 

0.08 µmol/L in 2010, and from 0 to 0.03 µmol/L after 2011. The periods below the 266 

detection limits were 3 months in 2013, 5 months in 2014, and 3–4 months in 2015. The 267 

annual maximum value of surface was significantly different (p value < 0.05) by the 268 

Friedman test, but that at a depth of 10 m was not significantly different (Online Resource 269 

3).  270 

The N/P ratio calculated from the average DIN and DIP in each year was 11.3 in 2009, 271 

12.2 in 2010, 11.1 in 2011, 9.4 in 2012, 8.6 in 2013, 17.4 in 2014, and 4.2 in 2015. 272 

 273 
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Temporal trends in N and P in treated water from the wastewater plant 274 

The TN concentrations doubled just after the tsunami, and then gradually decreased with 275 

time and returned to the pre-quake concentrations (Fig. 5a). The annual average 276 

concentrations were 1,087 ± 98 µmol/L in 2009 and 1,062 ± 62 µmol/L in 2010; they 277 

increased to 1,875 ± 540 µmol/L in 2011 and to 2,019 ± 273 µmol/L in 2012; decreased 278 

to 1,042 ± 340 µmol/L in 2013 and to 987 ± 66 µmol/L in 2014; and increased to 1061 ± 279 

99 µmol/L in 2015. 280 

The pattern of DIN concentrations changed in a similar way to that of time trends in TN. 281 

The annual average DIN concentrations were 1,003 ± 95 µmol/L in 2009 and 977 ± 52 282 

µmol/L in 2010; they increased to 1,344 ± 271 µmol/L in 2011 and to 1,529 ± 150 µmol/L 283 

in 2012; they decreased to 951 ± 317 µmol/L in 2013 and to 914 ± 69 µmol/L in 2014; 284 

and increased to 980 ± 92 µmol/L in 2015. The proportions of NH4-N, NO2-N, and NO3-285 

N varied over time. NH4-N was approximately 55% of total DIN from April 2009 to 286 

February 2011, approximately 100% from April 2011 to December 2012, and 287 

approximately 55% from January 2013 to February 2015. NH4-N, therefore, dominated 288 

the total DIN in the 2 years after the disaster. NO3-N was approximately 42% of total DIN 289 

from April 2009 to February 2011, approximately 0% from April 2011 to December 2012, 290 

and approximately 41% from January 2013 to February 2015. NO3-N was, therefore, 291 

almost undetected in the 2 years after the tsunami, in contrast to NH4-N. Levels of NO2-292 

N were always low during these periods, at approximately 3% of total DIN.  293 

The DIN/TN ratio also varied over time. The ratio was approximately 92% from April 294 

2009 to February 2011, 73% from April 2011 until December 2012, and 92% from 295 

January 2013 until December 2015. The DIN/TN ratio was low in the 2 years following 296 

the tsunami. The average DIN concentrations in the treated water emitted from the 297 

wastewater plant were higher than those in seawater of Matsushima Bay (Figs. 3a and 5a). 298 

The concentrations in the treated water were 170, 257, and 270 times higher than those 299 
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in seawater from Matsushima Bay from April 2009 to December 2010, August 2011 to 300 

December 2012, and from February 2013 to December 2015, respectively.  301 

The TP concentration was high just after the tsunami and the changes in TP over time 302 

were similar to those of TN (Fig. 5b). The annual average TP concentrations were 52 ± 303 

18 µmol/L in 2009 and 68 ± 19 µmol/L in 2010; they increased to 87 ± 35 µmol/L in 2011 304 

and to 71 ± 29 µmol/L in 2012; decreased to 48 ± 17 µmol/L in 2013; and increased to 65 305 

± 21 µmol/L in 2014 and to 65 ± 19 µmol/L in 2015. The DIP concentrations were 306 

calculated from the TP concentration at 36.4 (52 × 0.7) µmol/L in 2009, 47.6 (68 × 0.7) 307 

µmol/L in 2010, 60.9 (87 × 0.7) µmol/L in 2011, 49.7 (71 × 0.7) µmol/L in 2012, 33.6 308 

(48 × 0.7) µmol/L in 2013, and 45.5 (65 × 0.7) µmol/L in 2014 and 2015. The DIP 309 

concentrations calculated in the treated water were also higher than those in the seawater 310 

of Matsushima Bay. The concentrations in the treated water were 87, 98, and 95 times 311 

higher than those in Matsushima Bay seawater from April 2009 to December 2010, from 312 

August 2011 to December 2012, and from February 2013 to December 2015, respectively. 313 

Although TN, TP, and NH4-N were higher and NO3-N was lower immediately after the 314 

earthquake, the levels always fluctuated, and the seasonal changes were unclear. 315 

The N/P ratio calculated from the average DIN and DIP in each year was 27.5 in 2009, 316 

20.7 in 2010, 22 in 2011, 30.8 in 2012, 28.3 in 2013, 20 in 2014, and 21.6 in 2015. 317 

 318 

Raw water inflows to the wastewater plant 319 

The trends in the TN, TP, and NH4-N concentrations in the raw water inflows to the 320 

wastewater plant differed from those in the treated water (Fig. 5c). The annual average 321 

concentrations of TN were 3,275 ± 257 µmol/L in 2009, 3,289 ± 282 µmol/L in 2010, 322 

2,836 ± 600 µmol/L in 2011, 3,039 ± 286 µmol/L in 2012, 3,135 ± 277 µmol/L in 2013, 323 

3,212 ± 262 µmol/L in 2014, and 3,087 ± 289 µmol/L in 2015.The TN concentrations in 324 

the raw water were greater than those in the treated water, and were 3.1 times greater from 325 
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April 2009 to February 2011, 1.4 times greater from April 2011 to December 2012, and 326 

3.1 times greater from February 2013 to December 2015.  327 

NH4-N was the main component of the DIN in the raw water, and the concentrations of 328 

NO2-N and NO3-N were frequently lower than the detection limits of 0.64 and 2.1 µmol/L, 329 

respectively. The trends in the NH4-N and TN concentrations were similar. The average 330 

concentration of NH4-N was 2,152 µmol/L from April 2009 to February 2011, 1,765 331 

µmol/L from April 2011 to December 2012, and then 2,077 µmol/L. DIN in raw water 332 

accounted for approximately 60% of TN through all these periods, but was the main part 333 

of TN in the treated water throughout, apart from the period immediately after the tsunami. 334 

 335 

Nutrient concentrations in the Takagi River 336 

The average concentrations of DIN and DIP in the Takagi River were 19.1 + 15.1 µmol/L 337 

and 1.8 + 0.6 µmol/L, respectively (Table 1). The nutrient concentrations in the Takagi 338 

River were lower than those in the treated water from the wastewater plant and were 339 

higher than those in seawater. The average DIN/DIP ratio was 10.5. 340 

 341 

Salinity of water in Matsushima Bay 342 

The salinity tended to vary seasonally (Fig. 6a). The average salinities from May to 343 

October ranged from 28.3 to 30.2 PSU at the surface and from 29.1 to 30.9 PSU at 50 cm 344 

above the bottom. The average salinities ranged from 30.9 to 32.1 PSU at the surface, and 345 

from 31.6 to 32.3 PSU at 50 cm above the bottom from December to April. The salinities 346 

in both layers tended to be lower between May and October than between December and 347 

April. The surface salinities generally decreased from June to August and, over this time, 348 

the difference between the salinity in the surface and 50 cm above the seabed tended to 349 

be greater than in other months.  350 

The salinities of 50 cm above the seabed tended to be slightly higher after the tsunami 351 
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than before the tsunami (Fig. 6a). The salinities from April 2009 to February 2011 ranged 352 

from 26.6 to 32.1 PSU at the surface and from 28.3 to 32.3 PSU of 50 cm above the 353 

seabed. The salinities at the surface and 50 cm above the seabed from August 2011 to 354 

December 2012 ranged from 29.3 to 32.7 PSU and from 29.6 to 32.8 PSU, respectively. 355 

The salinities at the surface and 50 cm above the seabed from February 2013 to December 356 

2015 were between 21.5 and 32.9 PSU and 27.9 and 33 PSU, respectively. Although the 357 

salinity was very low around August 2013, the highest salinity observed between 358 

February 2013 and December 2015 was higher than the pre-tsunami maximum. 359 

 360 

Salinity at the stations in Sendai Bay outside Matsushima Bay 361 

The salinities at the surface generally decreased from June to September (Fig. 6b). The 362 

average salinities at the surface ranged from 26.5 to 33 PSU from April 2009 to November 363 

2010, from 26.1 to 33.3 PSU from September 2011 to November 2012, and from 29.6 to 364 

33.3 PSU from April 2012 to November 2015. The average salinities at a depth of 10 m 365 

ranged from 32.4 to 33.4 PSU from April 2009 to November 2010, from 32 to 33.4 PSU 366 

from September 2011 to November 2012, and from 31.8 to 33.4 PSU from April 2012 to 367 

November 2015. There was little seasonal change in the salinity at a depth of 10 m, which 368 

contrasted with the patterns in the surface salinities in Sendai (Fig. 6a) and at both depths 369 

measured in Matsushima Bay (Fig. 6b). 370 

 371 

Quantity of water discharged from the wastewater plant 372 

The quantities of treated water discharged from the wastewater plant decreased 373 

immediately after the tsunami (Fig. 7a). The average water discharges were 110 × 103 374 

m3/d from April 2009 to February 2011, 56.5 × 103 m3/d in April 2011, which was 375 

approximately half of the average value before the tsunami, 83.6 × 103 m3/d from April 376 

2011 to December 2012, and then 110 × 103 m3/d, the same as the pre-tsunami level, from 377 
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January 2013 to February 2015. It took 2 years for the wastewater quantity to recover to 378 

pre-tsunami levels. 379 

When the inflow to Matsushima Bay was assumed to be 40% of the total (Miyagi 380 

Prefectural Government 1982), the inflow of treated water to Matsushima Bay averaged 381 

44 × 103 m3/d from April 2009 to February 2011 and from January 2013 to February 2015. 382 

 383 

Discharge from the Takagi River to Matsushima Bay 384 

Although there were occasional spikes, the discharge from the river showed a clear 385 

seasonal pattern (Fig. 7b). The discharge averaged 1.3 × 106 m3/d from April to September 386 

and 0.5 × 106 m3/d for the other periods, from January to March and again from October 387 

to December. Although the discharge showed annual variation, the average discharge 388 

from April to September was between 1.8 and 3.2 times higher than that from October to 389 

the following March. The river water discharge to Matsushima Bay was between 114 390 

(5,000/44) to 295 (13,000/44) times greater than the discharge of treated water from the 391 

wastewater plant. 392 

 393 

Calculating the inflow from Sendai Bay to Matsushima Bay 394 

The inflow from Sendai Bay to Matsushima Bay calculated by the box model varied 395 

seasonally. The inflow ranged from 3,200 to 115,000 × 103 m3/d, and the average was 396 

17,600 × 103 m3/d (Fig. 7c). The average water quantity calculated was 13.5 times higher 397 

than that from the Takagi River from April to September and was equivalent to 398 

approximately 10% of the capacity of Matsushima Bay. The inflow from Sendai Bay to 399 

Matsushima Bay tended to increase after the tsunami, although the values varied in 400 

different periods. The average inflow was 10,925 × 103 m3/day ± 7,200 × 103 from 2009 401 

to 2010, and 19,493 × 103 m3/day ± 21,164 × 103 after 2011. 402 

 403 
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Calculating the flow of DIN and DIP in Matsushima Bay 404 

 The inflow of DIN to Matsushima Bay was in the order: wastewater plant > Takagi River 405 

> Sendai Bay (Figure 8a). The average inflow of DIN was 0.62 ± 0.11 ton/day from the 406 

wastewater plant, 0.2 ± 0.1 from Takagi River, and 0.15 ± 0.28 from Sendai Bay. The 407 

inflow from the wastewater plant was 3× and 4× higher than that from Takagi River and 408 

Sendai Bay, respectively.  409 

 The inflow of DIP to Matsushima Bay was in the order: wastewater plant > Takagi River 410 

> Sendai Bay (Figure 8b). The average inflow of DIP was 0.06 ± 0.02 ton/day from the 411 

wastewater plant, 0.05 ± 0.03 from Takagi River, and 0.04 ± 0.11 from Sendai Bay. 412 

However, smaller differences in DIP were found between the inflow from the wastewater 413 

plant, Takagi River, and Sendai Bay than were found for DIN. 414 

 415 

Discussion 416 

Nutrient sources in Matsushima Bay 417 

The inflow of DIN into Matsushima Bay, ranked from high to low, was highest from the 418 

wastewater plant, followed by Takagi River, and the lowest was from Sendai Bay (Fig. 419 

8a). DIN concentrations, ranked from high to low, were highest in the wastewater plant, 420 

followed by the Takagi River and Matsushima Bay, and were lowest in Sendai Bay (Figs. 421 

3, 4, and 5; Table 1). As the nutrient concentrations were higher at the wastewater plant 422 

and in the Takagi River than in Matsushima Bay, we considered that the river and the 423 

wastewater plant were the main sources of DIN to Matsushima Bay. We also thought that 424 

the DIN in Matsushima Bay was mainly diluted by seawater from Sendai Bay, because 425 

the DIN concentrations in Sendai Bay were lower than those in Matsushima Bay. The 426 

results suggest that treated water from the wastewater plant, river water, and seawater 427 

were mixed in Matsushima Bay, and then seawater from near to the surface in the bay 428 

flowed to the outer area of Sendai Bay (Fig. 2). We already know that the nutrient 429 
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concentrations are influenced by the concentrations outside of the bay through mixing by 430 

estuarine circulation (Yamamoto et al. 2000). If the concentrations outside the bay are 431 

lower than those in the inner areas, such as Matsushima Bay, the concentrations in the 432 

bay are diluted. 433 

The quantities of water flowing into Matsushima Bay were ranked in order, from high 434 

to low, with most water flowing in from Sendai Bay, followed by the Takagi River, with 435 

the lowest inflow from the wastewater plant (Fig. 7). These results suggest that the 436 

nutrients and surface salinity in the Matsushima Bay mainly reflect the complex 437 

fluctuations and seasonal changes in the seawater inflows from Sendai Bay and the spikes 438 

in river water, driven by the weather. The low salinities in the surface seawater during 439 

summer reflect the increases in the river water, and thermoclines that develop in the water 440 

column. 441 

Various researchers have reported that the seafloor changed because of the tsunamis 442 

(Murakami et al. 2013, Nishi et al. 2013, Kamiyama et al. 2014, Naiki et al. 2015, Seike 443 

et al. 2017, Matsuoka et al. 2018, Okumura et al. 2020), and that the earthquake caused 444 

land subsidence (Imakiire and Koarai 2012, Matsumoto et al. 2018) along the Tohoku 445 

Coast. We thought that the inflows from Sendai Bay increased after the earthquake as the 446 

bay mouth became deeper and water exchange was easier because of the erosion of the 447 

bed of Matsushima Bay close to the bay mouth by the tsunami (Okumura and Masuda 448 

2019) and land subsidence by the earthquake (Sakamaki et al. 2016).  449 

 The inflow of DIP into Matsushima Bay tended to be similar to that of DIN, but the 450 

influence of DIP from the wastewater plant water was not as high as that of DIN (Fig. 8b). 451 

Because the N/P ratio in the treated water was lower than that of seawater and river water, 452 

the levels of DIP from the wastewater plant were lower than those of DIN (Figs 3, 4, 5a, 453 

and Table 1). We considered, therefore, that the contribution of DIP from the wastewater 454 

plant was low. 455 
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 456 

How the damage to the wastewater plant by the tsunami affected the eutrophication 457 

in Matsushima Bay 458 

There was concern that the trophic status in the bay would deteriorate because of the 459 

damage to the wastewater plant. Although the TN and TP concentrations in the treated 460 

water from the wastewater plant increased (Fig. 5a, and b), the average DIN and DIP 461 

concentrations in the bay only increased slightly (Fig. 3). We considered that (1) the 462 

quantities of wastewater decreased because the houses near the coast were destroyed by 463 

the tsunami; (2) the inflows of treated water to Matsushima Bay were limited to 464 

approximately 40% in all water and the remaining 60% was outflow to Sendai Bay (which 465 

is not directly connected to Matsushima Bay) via the canal (Miyagi Prefectural 466 

Government 1982, Fig. 7a); (3) the inflow from Sendai Bay was much greater than the 467 

inputs of treated water from the wastewater plant or from the river, and the high nutrient 468 

concentrations in the treated water were diluted by the seawater from Sendai Bay. While 469 

the nutrients in the treated water increased after the tsunami, we consider that, because of 470 

the combination of these factors, the concentrations in Matsushima Bay increased only 471 

slightly.  472 

The nutrient concentrations in treatment water from the wastewater plant doubled just 473 

after the tsunami, and then gradually decreased with time and returned to the pre-quake 474 

concentrations in 2013 (Fig. 5a and b). With regard to the functioning of sewage treatment 475 

plants, the destroyed wastewater plant was restored progressively between March 2011 476 

and April 2013 (Miyagi Prefectural government 2013b). Sedimentation and sterilization 477 

of wastewater was started in a temporary sedimentation basin from 21 March 2011, about 478 

10 days after the tsunami. Simple aeration processing was started by use of a temporary 479 

fan machine from 28 June 2011, about 3 months after the tsunami. Microorganism 480 

processing was partially started from 4 January 2012. All facilities were restored by 29 481 
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March 2013. Nutrient concentrations decreased with the restoration of the wastewater 482 

plant. 483 

The TN/DIN and NH4-N/DIN ratios in the treated water increased just after the tsunami 484 

(Fig. 5a). The high NH4-N/DIN ratio resembled the DIN composition of raw water (Fig. 485 

5c). These changes may reflect changes in the nitrifying bacteria that convert ammonia 486 

to nitrate by nitrification in the wastewater plant (USEPA 2004). Bacteria can convert 487 

from nitrate to nitrogen gas by denitrification in a wastewater plant (USEPA 2004). 488 

Therefore, we considered that the TN/DIN and NH4-N/DIN ratios changed because of a 489 

decrease in the treated capacity of the wastewater plant caused by the decline in the 490 

nitrifying bacteria and other bacteria. 491 

 492 

The influence of the tsunami on the bottom environment 493 

The seabed near the mouth of Matsushima Bay was scoured by the tsunami (Irizuki et 494 

al. 2019, Okumura and Masuda 2019). After the tsunami, there was less silt in the bottom 495 

sediments and the particles were larger than before, so there were fewer chemicals and 496 

less oxygen in sediments (Oota et al. 2017). Researchers have reported changes in various 497 

sediment properties in Tohoku area, such as the mud contents, COD, acid volatile sulfides 498 

(Naiki et al. 2015), and organic matter (Nishi et al. 2013), after earthquakes. Sediments 499 

in the Matsushima Bay environment also improved as a result of outward flow to bottom 500 

sediments further offshore through the erosion and resuspension of sediments during the 501 

tsunami.  502 

When oysters are farmed continuously over a long period, the seabed environment 503 

deteriorates because of fecal deposits and other materials (Kimura 1999, Mori 1999, 504 

Kawaguchi et al. 2004, Yamamoto et al. 2009). Because of this deterioration, the seabed 505 

at the oyster farm was reworked regularly before the earthquake. According to a 506 

fisherman, this was no longer necessary after the earthquake. Although N and P are known 507 
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to leach from the seabed (Kamiyama et al. 1997, Yamamoto et al. 1998), it is possible that 508 

the amount of N and P released from the seabed also decreased. These results infer that 509 

there were limited increases in the N and P concentrations because of the changes or 510 

improvements in the seabed environment. 511 

 512 

Prior to this study, various researchers had reported how the 2011 tsunami influenced 513 

organisms and environments, but few had studied how the marine environment changed 514 

when the wastewater plants were destroyed. There was great concern that the trophic 515 

status would deteriorate rapidly; however, analysis of the nutrient data showed that the 516 

nutrients in Matsushima Bay did not increase sharply.  517 

The TN and DIN concentrations and the TN/DIN and NH4-N/DIN ratios in the treated 518 

water changed just after the tsunami because of a decline in the function that caused a 519 

decrease in the nitrifying bacteria. However, the inflows of treated water to Matsushima 520 

Bay were very small compared to those of river water and seawater from outside of the 521 

bay. Inflows of water with low nutrient concentrations from Sendai Bay increased after 522 

the tsunami because of increases in the water exchange, which helps explain why the 523 

nutrient concentrations did not increase sharply immediately after the tsunami. Before 524 

this study, we predicted that eutrophication would progress when a wastewater plant was 525 

destroyed because of the limited water exchange in closed bays, such as Matsushima Bay. 526 

However, we found that eutrophication was prevented after the tsunami by increases in 527 

the inflows to Matsushima Bay from outside. About 20 wastewater plants were destroyed 528 

by the tsunami. Each wastewater treatment plant has different sources and also different 529 

capacities for treating water. Bays along the coastline, to which treated wastewater from 530 

wastewater plants is discharged, may be closed, semi-closed, or open. This study 531 

highlights the need for continuous monitoring of coastal environments close to 532 

wastewater plants. 533 
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Figure captions 681 

Fig. 1 Sampling sites (◆: Stations in Matsushima Bay, □: Stations in Sendai Bay, ■: 682 

wastewater plant, △: station in Takagi River, ●: Shinainuma Station in Takagi River). 683 

The Takagi River near Shinainuma Station passes under the Naruse River by the siphon.  684 

Treated water emitted from a wastewater plant (■) is discharged to the Sunaoshi-Teizan 685 

Canal, which extends in a north–south orientation. The northern end of the canal is 686 

connected to Sendai Bay and its southern part is connected to Matsushima Bay. As the 687 

inflow ratio of treated water from a wastewater plant to Sendai Bay and Matsushima Bay 688 

was reported to be 6:4 in 1982 (Miyagi Prefectural Government 1982), the volume of 689 

treated water inflow to Matsushima Bay is thought to be approximately 40% to all treated 690 

water 691 

Fig. 2 Outline of the box model (Unogi 1998). The seawater inflow from Sendai Bay to 692 

Matsushima Bay (Q; results are shown in Fig. 7c) can be calculated by using the 693 

freshwater quantities (R) from the wastewater treatment plant (results are shown Fig. 7a) 694 

and Takagi River (results are shown in Fig. 7b), surface salinity in Matsushima Bay (S1, 695 

the result is in Fig. 6a), and salinity at a depth of 10 m in Sendai Bay (S4, the result is in 696 

Fig. 6b). The seawater outflow from Matsushima Bay to Sendai Bay (Q'; results are 697 

shown in Fig. 7c) can also be calculated by using the freshwater quantities (R) from the 698 

wastewater treatment plant and Takagi River, the salinity of surface in Matsushima Bay 699 

(S1), and the salinity at a depth of 10 m in Sendai Bay (S4). S1 is the average surface 700 

salinity at 16 stations in Matsushima Bay (Fig. 1). S2 is the average salinity of 50 cm 701 

above the seabed at 16 stations in Matsushima Bay. S3 is the average salinity of the surface 702 

at three stations in Sendai Bay. S4 is the average salinity at a depth of 10 m at three stations 703 

in Sendai Bay 704 

Fig. 3 Temporal trends in the DIN and DIP concentrations at two depths in Matsushima 705 

Bay. (a) “Surface” plots are the DIN surface concentrations at 16 stations. “50 cm above 706 
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the seabed” plots are the DIN concentrations from 50 cm above the seabed at 16 stations. 707 

Avg. of 50 cm above the seabed is the average DIN from 50 cm above the seabed at 16 708 

stations. Surface Avg. is the average surface DIN at 16 stations. (b) Surface Avg. is the 709 

average surface DIP at 16 stations. Avg. of 50 cm above the seabed is the average DIP 710 

from 50 cm above the seabed at 16 stations. “Surface” plots are the DIP surface 711 

concentrations at 16 stations. “50 cm above the seabed” plots are the DIP concentrations 712 

from 50 cm above the seabed at 16 stations. Arrow indicates March 2011, when the 713 

tsunami occurred 714 

Fig. 4 Temporal trends in the dissolved inorganic nitrogen (DIN) and dissolved inorganic 715 

phosphate (DIP) concentrations at two depths in Sendai Bay. (a) “Surface Avg.” is the 716 

average surface DIN at three stations. “Avg. at 10 m depth” is the average DIN from a 717 

depth of 10 m depth at three stations. “Surface” plots are the surface DIN concentrations 718 

at three stations. “10m depth” plots are the DIN concentrations from a depth of 10 m 719 

depth at three stations. (b) “Surface” plots are the surface DIP concentrations at three 720 

stations. “10 m depth” plots are the DIP concentrations from a depth of 10 m depth at 721 

three stations. Surface Avg. is the average surface DIP at three stations. “Avg. at 10 m 722 

depth” is the average DIP from a depth of 10 m at three stations  723 

Fig. 5 Temporal trends in N in treated water discharged from the wastewater plant (a); 724 

temporal trends in P in treated water discharged from the wastewater plant (b); and 725 

temporal trends in N and P in the inflow to the wastewater plant (c)  726 

Fig. 6 Temporal trends in the salinity concentrations at two depths in Matsushima Bay (a) 727 

and Sendai Bay (b). (a) Surface Avg. is the average surface salinity at 16 stations. Avg. of 728 

50 cm above the seabed is the average salinity from 50 cm above the seabed at 16 stations. 729 

“Surface” plots are the surface salinities at 16 stations. “50 cm above the seabed” plots 730 

are the salinities from 50 cm above the seabed at 16 stations. (b) Surface Avg. is the 731 

average surface salinity at three stations. “Avg. at 10 m depth” is the average salinity from 732 
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a depth of 10 m at three stations. “Surface” plots are the surface salinities at three stations. 733 

“10 m depth” plots are the salinities from a depth of 10 m depth at three stations 734 

Fig. 7 (a) Quantities of water discharged from the wastewater plant. A ratio of 6:4 was 735 

reported in 1982 for treated water from a wastewater plant that was discharged to Sendai 736 

Bay and Matsushima Bay (Miyagi Prefectural Government 1982). Inflow to Matsushima 737 

Bay was calculated for 40% of total emissions from the wastewater plant. (b) River water 738 

discharged from the Takagi River. The water quantities were calculated by substituting 739 

river height into the HQ equation in Shinainuma Station. (c) Water quantities from each 740 

parameter in Matsushima Bay. Outflow is from the upper layer of Matsushima Bay to 741 

Sendai Bay. Inflow is the lower layer from Sendai Bay to Matsushima Bay. Takagi River 742 

is the inflow from Takagi River to Matsushima Bay. Wastewater is the inflow from the 743 

wastewater plant to Matsushima Bay. Total volume is the seawater volume in Matsushima 744 

Bay (unit is × 103 m3) 745 

Fig. 8 (a) Time courses of total quantities of DIN calculated. “Takagi River” is the inflow 746 

of DIN per day (ton/day) from Takagi River to Matsushima Bay. “Wastewater plant” is 747 

the inflow of DIN per day in treated water from wastewater plant (ton/day) to Matsushima 748 

Bay via the Sunaoshi-Teizan Canal.“Sendai Bay” is the inflow of DIN per day (ton/day) 749 

from Sendai Bay to Matsushima Bay. (b) Time courses of total quantities of DIP 750 

calculated 751 

 752 

Table 1 Nutrient concentrations in the Takagi River 753 

 754 

Online Resource 1 Water depth in Matsushima Bay (a) before the tsunami; and (b) after 755 

the tsunami 756 

 757 

 758 


