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The impacts of human-induced changes in coastal environments on shellfish farming need 

to be mitigated. Suspended farming species, such as oysters, greatly impact planktonic com-

munities and benthic environments via filter feeding and bio-deposition. To more effectively 

manage coastal environments and achieve ecologically sustainable shellfish farming, inter-

actions between coastal marine environments and aquaculture activities need to be properly 

assessed. We examined interactions between coastal biogeochemical environments and sus-

pended oyster farming in Shizugawa Bay of northeastern Japan. We found that particulate 

organic matter (POM) produced at the oyster farm (e.g., exfoliated periphyton and/or oyster 

feces) locally increased the concentrations of chlorophyll a and daytime dissolved oxygen in 

the bottom layer. Based on the estimated budget of POM at the bay scale, the oyster feeding 

rate was a couple of orders of magnitude lower than the net primary production and POM 

inputs at the bay boundaries (e.g., offshore and in rivers). The relatively high exposure of the 

bay and high seawater mixing rate may explain the lack of macroscale environmental im-

pacts of oyster cultures at the bay scale. We also found that despite the oligotrophic environ-

ment, the oyster growth rate was higher in the bay, compared with previous estimates in 

other coastal areas. To understand the mechanisms sustaining the production of phytoplank-

ton and oysters, further examinations from the perspective of nutrient cycling in the bay are 

required. 
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I. INTRODUCTION 

Aquaculture has developed rapidly worldwide over the past 50 years in order to meet the 

increasing global demand for aquatic products owing to human population growth [1]. In Shi-

zugawa Bay, which is located in the Tohoku Region on the northeast side of the main Japanese 

island, Honshu, people have made enormous efforts to recover the aquaculture industry from dam-

age sustained by the devastating March 2011 earthquake and tsunami. Before the tsunami, aqua-

culture facilities were distributed throughout the bay at a high density, but they had various nega-

tive impacts such as deterioration of the benthic environment and slow growth of cultivated oysters 

as in [2] and personal communications with local fishermen. However, for aquaculture recovery 

in the bay after the tsunami, local fishery committees and fishermen have made great efforts to 

develop a new sustainable design. In particular, they have reduced the density of aquaculture fa-

cilities to mitigate their environmental impacts and enhance oyster production, which has recently 

led to the Aquaculture Stewardship Council standard certification by the World Wildlife Founda-

tion in 2016. 

In general, shellfish aquaculture does not require artificial food supplements for cultured 

organisms and accordingly is generally considered environmentally friendly and sustainable. In 

addition, phytoplankton is consumed by shellfish via filter feeding, and substantial nutrients are 

removed from marine systems during harvests [3]. These processes are thought to mitigate eu-

trophication in coastal marine systems. However, the opposite effect also has been recognized; 

shellfish farms increase organic matter and nutrient transport to sediment via the deposition of 

feces and pseudo-feces. For instance, at a mussel farm in the Northwestern Adriatic Sea (Italy), 

the depositional fluxes of nitrogen and phosphorus are almost two and five times higher due to 

oyster feces compared with those in the areas after harvest [4]. Furthermore, introducing high-

density shellfish to aquaculture farms alters planktonic community compositions and biomass [1].  

The effects of mussels (e.g., Mytilus edulis) and oysters (e.g., Crassostrea gigas), which 

are important aquacultured shellfish in many regions of the world, on planktonic communities 

have been extensively investigated at various scales. For instance, a microcosm experiment [5], 

in-situ mesocosm experiments [6, 7], and field investigations [8-10] in different regions have 

demonstrated that mussels and oysters significantly reduce phytoplankton biomass. However, op-

posite results have also been reported; that is, mussel farming did not significantly reduce phyto-

plankton concentrations [11, 14]. For those cases, mussels may have increased nutrient regenera-

tion and enhanced phytoplankton production. Overall, shellfish aquaculture likely shows either 

positive or negative effects on surrounding ecosystems depending on the spatial scale and envi-

ronment (e.g., water exchange rate and primary production). However, ecological impacts of sus-

pended oyster farming at different scales have not been compared or comprehensively analyzed. 



To achieve environmentally sustainable shellfish aquaculture, it is essential to understand interac-

tions between coastal marine environments and farming activities at multiple scales. 

The goal of our study was to examine the interactions between suspended oyster farming 

and surrounding biogeochemical environments in Shizugawa Bay at two spatial scales, the farming 

area and bay scales, and further characterize the current status of the bay in terms of oyster pro-

duction and environmental sustainability. First, we tested the effects of oyster farming on the bio-

geochemical properties of the surrounding biogeochemical environment, such as sediment and 

water chemistry, at a relatively small spatial scale, ca. 10-2 km2, by comparing the inside and out-

side of an oyster farming area. Second, we evaluated interactions between oyster farming and the 

macro-scale POM concentrations in the bay. Specifically, we estimated an approximate budget of 

particulate organic carbon (POC) based on measurements of POC fluxes, such as primary produc-

tion and respiration of planktonic community, and POC exchange across bay boundaries. Based 

on these examinations, we discuss the environmental impacts of oyster aquaculture and sustaina-

bility of oyster production in the bay. 

 

II. MATERIALS AND METHODS 

Study site 

This study was conducted in an inner part of Shizugawa Bay, located in the northeast of 

Japan (Fig. 1a). The studied area of bay has a surface area of 16 km2 and a mean depth of 20 m. 

The annual range of seawater temperatures in 2-m depth is approximately 5 to 21 °C. 

 

Environmental measurement in the oyster farm 

Sampling ̶ The oyster-farming site, OY2, has an average depth of ca. 22 m (Fig. 1b & 1c). 

In the farm, oyster clusters growing on scallop shells are tied to ropes at ca. 0.5-m intervals and 

suspended at a depth ranging from approximately 1 to 10 m. The influence of the suspended oys-

ters on surrounding biogeochemical environments was examined by comparing the inside, edge, 

and outside of the oyster farm in the afternoon of August 4, 2014. In the oyster farm, 2-year-old 

Pacific oysters (C. gigas) were cultured, but no oysters were suspended at the edge points of the  



Fig. 1. a) Location of all sites studied in Shizugawa Bay. b) Sampling sites inside, edge, and out-

side of the studied longlines (showed by grey solid lines) in station OY2 are indicated by×, △ 

and ○ symbols respectively. c) Image of sampling sites in station OY2. 

 

farm. The subsurface seawater (ca. 50 cm) for Chl.a measurements was collected at 9 of 18 loca-

tions at the inside, edge, and outside of the oyster farm using a bucket. To measure the organic 

carbon content of the sediment, the 5-mm subsurface sediment was also collected at the 18 loca-

tions using an Ekman-Birge bottom sampler. Furthermore, the concentrations of dissolved oxygen 

(DO) and Chl.a were measured at a 0.3 m above the bottom at the 18 locations using a CTD sensor 

(AAQ1183, JFE Advantech CO., LTD, Nishinomiya, Hyogo, Japan). 

Chemical analyses ̶ For the analysis of Chl.a in subsurface seawater, 2 L of seawater from 



each sample was filtered through a glass fiber filter (GF/F, Whatman). Filtered samples were 

ground and extracted in approximately 10 mL of 90% acetone, and the concentration of Chl.a was 

spectrophotometrically determined [12] (UV-1800, SHIMADZU CO., LTD, Kyoto, Japan). To es-

timate the organic carbon content of sediment, the sediment samples were sifted through a 250-

μm sieve, acidified with 10% HCl to remove carbonate, and then dried at 60°C. The carbon content 

of sediment samples was estimated using an elemental analyzer (FLASH 2000, Thermo Scientific, 

Waltham, MA, USA). 

Statistical analyses ̶ To assess the differences in the chemical indicators between the inside, 

edge, and outside locations, one-way analyses of variance were performed. A p-value of <0.05 was 

considered significant. 

 

Oyster growth experiment 

To determine the oyster growth rate, Pacific oysters (C. gigas) were grown at four stations 

in the bay: Stns OY1, OY2, OY3, and OY4 (Fig. 1a). At each station, in each of three nylon net 

cages, approximately 50 juvenile oysters with an initial soft tissue biomass of 0.50 ± 0.38 g-wet 

ind-1 were introduced, and the cages were suspended at a depth of approximately 2 m using a rope. 

The cages and oyster shell surfaces were cleaned using a brush every 1 to 2 months to remove 

sessile organisms. At each station, ten individual oysters were randomly sampled from the cages 

one year after the experiment began. The shell length and soft tissue biomass of the oysters were 

measured. The juvenile oysters were collected by placing plastic plates in the bay from August to 

September of 2014, and the growth experiment was started at all stations in October 2014. 

To calculate oyster biomass at carbon base, the conversion factors [dry weight]/[wet 

weight] and [carbon weight]/[dry weight] of 0.19 ± 0.02 (mean ± sd) and 0.51 ± 0.07, respectively, 

were used; these were determined in our preliminary analyses in August 2014. 

 

POC budget estimation 

To evaluate the effects of oyster aquaculture on POC dynamics and the carrying capacity 

for oyster production in Shizugawa Bay, a daily POC budget during the summer in calm weather 

conditions was estimated. The fluxes of POC-related processes were estimated under some as-

sumptions, described below. 

POC fluxes across boundaries of the bay ̶ To determine POC fluxes from adjacent water-

sheds via the rivers, monthly water sampling was conducted from June 2014 to June 2015 at the 

lowest freshwater reaches of the three rivers—the Hachiman, Mizushiri, and Oritate Rivers (Fig. 

1a)—flowing into the inner part of the bay. The largest river flowing into the bay, Hachiman River, 

has a discharge rate of approximately 4 m3 s-1 at summer base flow [13]. For convenience, the total 



base flow discharges from all rivers flowing into the bay was assumed to be 10 m3. Since the POC 

concentration did not significantly differ between the three samples rivers, a pooled average of the 

monthly sampling data for the three rivers was used.  

Likewise, for POC analysis, monthly water sampling was conducted from June 2014 to 

June 2015 at the three stations in the inner (WT3), middle (WT2), and outer (WT1) parts of the 

bay (Fig. 1a). Since the POC concentration did not differ significantly between the three stations, 

a pooled average of the monthly sampling data was used for the stations. We assumed that POC is 

exchanged only by the tidal exchange of seawater associated with a 1-m difference between high 

and low tides, and that the POC concentration at the boundary between the bay and the offshore 

area does not change between ebb and flood tides. 

To determine the flux of POC deposition in the bay, three sediment traps were deployed 

inside and outside of the oyster farm, OY2, on August 5 and 6, 2014. The trapped materials were 

analyzed for POC. 

The particulate materials were collected on glass fiber filters from the water and sediment 

trap samples by filtration, acidified and analyzed for POC by the elemental analyzer mentioned 

above. 

Primary productivity and respiration by the plankton community ̶ The rates of primary pro-

duction and respiration by plankton communities were determined using the light-dark bottle 

method on September 15, 2015 at three stations (PR1, PR2, and PR3) in the bay (Fig. 1a). The 

water depths of the three stations ranged from 10 to 22 m. The seawater was collected from three 

to four layers at each station using a Bandon water sampler, and 100 mL of seawater was sealed in 

two glass bottles, one of which was further enclosed in an opaque plastic bag. The DO concentra-

tion in the bottles was measured using a DO sensor (Microx 4, PreSens, Regensburg, Germany). 

Those bottles were tied to a rope, suspended at each sampling depth, and incubated in situ for 3 to 

4 hours. The incubation was conducted in calm, sunny conditions, and the water temperature of 

the seawater ranged from 19.5 to 21.6 °C during the incubation period. The rates of primary pro-

duction and respiration differed between depths, but generally did not differ between sampling 

stations. Thus, for the sake of convenience, to estimate the POC budget, we assumed rate homo-

geneity in the bay, and averaged the data from all stations and the depth layers to obtain repre-

sentative rates in the bay. 

Oyster feeding ̶ The feeding rates of oysters were determined in a mesocosm experiment in 

November 2014. Each of three 100-L mesocosms was supplied with 1.5 kg of wet-weight 16-

month-old oysters, and they were tied to a fishing boat mooring in a harbor of the bay. The seawater 

of the harbor was pumped to a head tank placed on the boat and continuously added to each mes-

ocosm at a residence time of 1 hour. The experiment was conducted for 22 hours and seawater 



samples were collected at the beginning and end of the experiment from the head tank and all 

mesocosms. Based on the difference in POC concentration between the head tank and mesocosms, 

the filtration rate of POC by the oysters was estimated. The seawater temperature during the mes-

ocosm experiment was 12.8 °C. 

To estimate the total oyster feeding in the entire bay, quantitative information regarding the 

oyster culture conditions was obtained (e.g., the numbers of aquaculture facilities, suspension 

ropes, and clusters, and oyster density within clusters) based on our preliminary sampling in Au-

gust 2014 and interviews of the local fishery committee. 

 

III. RESULTS 

Biogeochemical environment around the oyster farm 

The concentration of Chl.a in the seawater was higher in the bottom layer than the surface 

lay for all horizontal locations: inside, edge, and outside of the oyster farm (Fig. 2a & 2b). Fur-

thermore, there were no significant differences in Chl.a concentrations among the horizontal loca-

tions in the surface or bottom water (p = 0.86 & 0.21, respectively). 

The concentration of DO in the bottom-layer seawater differed significantly among the 

inside, edge, and outside of oyster farm (p = 0.008). Specifically, the DO concentration was lower 

at the edge sampling points than the other points (Fig. 2c). Furthermore, the DO concentration was 

positively related to Chl.a concentration in the bottom-layer seawater (R2 = 0.46, p = 0.002). The 

organic carbon content was higher, on average, at the edge sampling locations of the oyster farm 

than the other locations (Fig. 2 d), but it did not exhibit a significant relationship with the DO 

concentration (R2 = 0.009, p = 0.72). 

Oyster growth rate 

The oyster growth rate was approximately 5.0 ± 1.0 g-DW ind-1 yr-1 and 2.5 ± 0.5 g-C ind-

1 yr-1. The number of oyster individuals in each cluster was estimated at 23.1 ± 13.3. Thus, the 

total number of aquacultured oysters and the production rate of oysters in the entire bay were ca. 

26.3 million individuals and ca. 65.8 ton-C yr-1, respectively. 

Marco-scale POC budget of the bay  

The rates of primary production and respiration in the seawater were generally 10 times  



Fig. 2. Chemical environment surrounding the suspended oyster farming longlines in 2014. a) 

Chl. a concentration in surface (μg/L), b) Chl. a concentration in bottom water (μg/L), c) DO 

concentration on bottom (mg/L), d) Organic carbon content of sediment (%). 

 

greater than the other fluxes, indicating that the two processes have the greatest effect on POC 

dynamics in the bay (Fig. 3). The flux due to filter feeding by oysters was one to two orders of 

magnitude less than those of POC input from offshore systems and net primary production in the 

seawater. 

 

IV. DISCUSSION 

Our POC budget estimates at the macro, bay scale demonstrated two important points. First, 

the primary production and respiration in the seawater probably had the greatest effects on the 

POC budget in the bay, overwhelming other processes in organic matter dynamics. Second, the 

feeding rate of entire aquacultured oysters in the bay was much lower than the fluxes of net primary 

production and input of offshore POC. The fluxes of POC dynamics were all temporally and spa-

tially variable, but the oyster feeding rate was two orders of magnitude less than the net primary 

production rate. In addition, the flux of offshore POC input was probably a conservative estimate, 

since we only accounted for the tidal input of POC for convenience, and neglected advective POC 

inputs across the bay-offshore boundary due to coastal currents. Thus, based on our POC budget 



estimates, POC is probably sufficient for oyster production, at least during warm and relatively 

biologically productive seasons in Shizugawa Bay. Furthermore, current oyster farming is less 

likely to affect the entire POC budget at the bay scale. However, our estimates did not consider 

temporal variability in POC fluxes. To conclusively understand the interactions among POC dy-

namics and oyster aquaculture in the bay, further investigations of temporal variation in POC 

fluxes and annual base estimates of the POC budget are needed.  

Fig. 3. Macro-scale POC budget in Shizugawa Bay. 

 

At a local scale, we detected some significant effects of oyster farming on local biogeo-

chemical parameters. The Chl.a concentration of seawater was low in the surface layer than the 

bottom layer. This lower concentration of Chl.a may be due to filter feeding by oysters, since 

oysters are suspended at depths of <10 m. In addition, the deposition of algal materials originating 

from phytoplankton and periphyton at aquaculture facilities may contribute to the relatively higher 

Chl.a concentration in the bottom layer. Unexpectedly, we also found relatively lower Chl.a and 

DO concentrations in the bottom layer at the edge sampling points of the oyster farm than at the 

other sampling points. This may be due to a lack of periphyton deposition from oyster shells and 

farming facilities. Meanwhile, since the DO concentration near the bottom was greater than 6.0 

mg/L and was positively related to the Chl.a concentration, the photosynthetic activity of algal 

materials deposited at the bottom may have minimized the depletion of DO near the bottom. It 

should be noted that our field investigation was conducted during the daytime. During the night, 

the respiration of algal materials may increase DO depletion, and possibly result in a negative 



relationship between Chl.a and DO concentrations in the bottom layer. Our results suggest that the 

deposition of exfoliated materials from oyster farm facilities significantly affects local biogeo-

chemical environments surrounding oyster farms. The cumulative effects of oyster farming on the 

surrounding environment need to be carefully monitored in the bay. To mechanistically understand 

and properly assess the environmental impacts of oyster farming, additional studies with sampling 

at a higher spatial resolution and the determination of fluxes (e.g., periphyton exfoliation and the 

deposition and dispersion of organic particles) are needed. 

Whereas there was likely a negligible effect of oyster aquaculture on POM dynamics at the 

macro, bay scale, we found significant influences of oyster farming on biogeochemical environ-

ments at the local, oyster farm scale. Similarly, refs. [7] and [14] examined the effects of mussel 

feeding on the Chl. a concentration of seawater at two different scales by a field survey and mes-

ocosm experiment, and reported contrasting results; Chl. a decreased due to filter feeding in the 

mesocosm, and increased via increased nutrient regeneration in the field (Table 1). These results 

indicate that the impacts of bivalve aquaculture depend on the spatial scale. The current oyster  



Table 1. Comparison among studies of the impacts of bivalves on phytoplankton biomass at vari-

ous scales, including microcosms, and mesocosms, and field studies 

Sp: Spring, Su: Summer, Au: Autumn, Wi: Winter, WW: Wet Weight, DW: Dry Weight, DIN: Dissolved Inorganic 

Nitrogen; DIP: Dissolved Inorganic Phosphorus; PP: Phytoplankton Production, NA: Not Available 

 

density in the bay, which was approximately one order of magnitude lower than the density at the 

local, oyster farm scale, may not be high enough to impact the entire bay. 

Based on a review of previous studies, shellfish aquaculture is likely to substantially affect 

environmental parameters (e.g., the Chl. a concentration of seawater) at both small and large spa-

tial scales. In particular, cultivated bivalves tend to be related to significant decreases in POM in 

seawater based on previous studies, and this general result is likely explained by filter feeding. 

However, phytoplankton production could also increase, while mussels seem to supply nutrients 

to local environment with low nutrient level. These previous studies generally examined relatively 

enclosed bays or small experimental systems. Compared with the previous study sites in examina-

tions of the impacts of bivalve aquaculture, Shizugawa Bay is more exposed to the offshore ocean 

Reference
Location
Latitude

Longtitude

Surface
(km2)

Water
(°C)

Enclosed
degree

Cultivated
species

Bivalve
density
(kg/m3)

Nutrient
 (μg/L)

Impact on
plankton

(↑, −, ↓)

Riemann et
al. 1988

Roskilde Fjord
55°48'N
12°03'E

100
Annual

0-22 Mesocosm
Mytilus
edulis

Sp: 56
Su: 56
Au: 38
(WW)

DIN: 112
DIP: 17

Chl.a :
0-4.5 °C: −
6-22 °C: ↓

Trottet et al.
2008a

Grande-Entrée
47°31' N
61°63'  E

25 Su: 11.5-20
Semi-

enclosed
lagoon

Mytilus
edulis

0.024
(WW)

DIN: 18.6
DIP: 28.5

Chl.a : −
PP: ↑ in Su

Trottet et al.
2008b

Havre-aux-Maisons
47°27' N
45°27' W

25
Sp: 11-12

Su: 20
Au: 9

Mesocosm
Mytilus
edulis

Sp: 22.9
Su: 25.4
Au: 24.2

(DW)

DIN: 27.4
DIP: 53 Chl.a : ↓

Ogilvie et al.
2000

Beatrix Bay
41°01' S
174°01' E

25 NA
Enclosed

Bay
Perna

canaliculus
0.023
(DW)

DIN: 29.6
DIP: 12.4

Chl.a : ↓
PP: ↑ in Sp

Dupuy et al.
2000a

Thau Lagoon
43°24' N
3°36' E

75 Su: 25 Microcosm
Crassostrea

gigas
1.43

 (DW) NA Chl.a : ↓

Dupuy et al.
2000b

La Rochelle
46°09' N
1°09' W

800 NA
Semi-

enclosed
ponds

Crassostrea
gigas

23
(DW)

NA

Diversity: ↓
in Sp

Chl.a : ↓
in Au, Wi

Huang et al.
2008

Tapong Bay
22°27' N
120°26' E

4
Annual
22-32

Enclosed
lagoon

Crassostrea
gigas NA

DIN: 32.9
DIP: 10.5 Chl.a : ↓

Macro
16

0.00050
(DW)

POC: -

Local
0.01

0.0076
(DW)

Chl.a :
Surface: -

Bottom: ↑

Present
study

Shizugawa Bay
38°39' N
141°28' E

Su: 17-19
Exposed

bay
Crassostrea

gigas
DIN: 30.4
DIP: 1.1



system. In exposed bays, materials in the seawater such as plankton and nutrients tend to be spa-

tially homogenized by wind and coastal currents [15], and are exchanged at high rates across the 

boundary between the bay and offshore system. This may promote the maintenance of a consistent 

nutrient supply and primary production in the bay, although the concentrations of nutrients, par-

ticularly inorganic phosphorous, as well as Chl.a were relatively lower (Fig. 4). These also may 

explain the reduced impact of oyster farming at a macroscale on the POC budget in the bay. 

Fig. 4. Correlation between Chl. a concentration and the growth rate of bivalves (○ symbols for 

oysters: Crassostrea gigas and □ symbols for mussels: Mytilus edulis) a) dry weight b) length. 

 

Compared with previous studies, in Shizugawa Bay, the oyster growth rate is relatively 

higher, despite the relatively lower Chl. a concentration. As mentioned above, the relatively high 

exposure of the bay may also contribute to consistent nutrient input and enhanced primary produc-

tion in the bay. In addition, nutrient cycling is an important process in the maintenance of biolog-

ical production. Oysters have been reported to increase biodeposition, nutrient excretion, and phy-

toplankton productivity inside farming areas [21]. To identify processes supporting the increased 

production of oysters in the oligotrophic bay, further studies should examine the precise origins of 

nutrients that sustain primary production in the bay. 
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