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Abstract: Coastal shellfish aquaculture can influence benthic—pelagic-coupled systems because cul-
tured species consume phytoplankton in the water column and return the captured organic matter
and nutrients to the environment as biodeposits, which fall to the seafloor, affecting local sediment
characteristics and the benthic community. In 2023, we conducted monthly field surveys to character-
ize the relationships between shellfish aquaculture and the surrounding environment by examining a
range of physical and biological variables along the benthic—pelagic gradient at multiple sampling
locations in relation to their distances from the aquaculture facilities in Onagawa Bay, Japan. The
abundances of benthic macrofauna were dominated by polychaetes (86.3%), followed by gastropods
(4.7%), malacostracans (2.7%), ophiuroids (2.1%), and bivalves (1.5%). Both benthic biomass and
biodiversity were markedly higher, but the chlorophyll-a concentration of the water column and the
sediment organic matter content were significantly lower at the closest proximity to the aquaculture
facilities. Although the physical presence of shellfish aquaculture may effectively enhance pelagic—
benthic energy fluxes, such processes may also pose a new challenge under the influence of recent
global warming, causing widespread hypoxic conditions due to increased stratification in the water
column accompanied by excess organic inputs from the aquaculture.

Keywords: shellfish aquaculture; benthic—pelagic coupling; benthic macrofauna; phytoplankton;
bio-deposit; global warming; hypoxia; socioecological system

1. Introduction

Aquaculture will continue to play a crucial role in meeting the increased demand
for essential protein and nutrients for food globally, and while the global production of
aquatic animals from both capture fisheries and aquaculture reached the highest record of
185 million tonnes in 2022, the production of animal species from aquaculture exceeded
that from capture fisheries for the first time, with aquaculture accounting for 51 percent of
the total production [1]. The outlook suggests that aquaculture production will increase
greatly in the future [1], and the expected increase in aquaculture operations has raised
concerns regarding the impacts of the associated activities on local environments [2—6].
Initially, attention was directed to the influence of finfish aquaculture on the environment
because chemicals and excess nutrients from food and feces associated with finfish farming
may disturb the surrounding area if the operations are intense [2,7,8]. Studies have also
shown that aquaculture has a negative impact, to a varying degree, on the environment
through changes in the physical, chemical, and biological attributes of the sediments below
and the water column around aquaculture installations [2,9-11]. The culture of shellfish
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and other suspended filter-feeders, such as ascidians, is generally considered to have a
smaller environmental impact than finfish aquaculture because shellfish are grown at
comparatively lower intensities and no external feed is added [6,12-14]. However, shellfish
farms typically cover a much greater area than finfish farms and may affect the surrounding
environment in different ways [14-16].

Many towns and villages located along the northern Pacific coast of Japan are renowned
for their commercial fishing and aquaculture industries. This region is known as the San-
riku Coast (Figure 1a), and major warm and cold ocean currents converge offshore of the
region, providing some of the most productive fishing grounds on earth. Onagawa Bay
accommodates one of the major fishing ports in this region, producing a variety of wild-
caught and farmed seafood, including flatfish, Pacific cod, salmon, shellfish, and cultured
ascidians. In Onagawa Bay alone, there are over 700 long-line systems for culturing scallops,
oysters, and edible ascidians, as well as around 80 fish cages for farming salmon, which
account for 84.5 and 15.5% of the total area occupied by the respective aquaculture facilities
(Figure 1b). The long-line method is widely used to culture filter feeders (e.g., mussels,
oysters, scallops, and ascidians), and this method may readily influence the sea bottom
below and the surrounding water column through benthic—pelagic processes. This is be-
cause cultured shellfish and ascidians feed entirely on naturally occurring phytoplankton
with other suspended particles in the water column, and the food and nutrients captured
by them can be returned to the environment as undigested waste or feces in the form of
biodeposits, which fall to the seafloor and can become important food sources for benthic-
deposit feeders [12,13,15]. The suspended filter-feeder aquaculture may therefore enhance
the organic material flux to the sediment layer, and populations of benthic invertebrates
and microorganisms in turn decompose the biodeposits and thereby control the number of
nutrients released to the sediment-water interface [15,17]. Further, an enhanced organic
matter flux together with the increased remineralization processes on the bottom layer may
lead to increased sediment oxygen uptake by the benthic community and thereby cause
hypoxic conditions on the surrounding seafloor [16-18].
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Figure 1. (a) Location of Onagawa Bay on the Sanriku Coast, Japan; (b) distribution of aquaculture
facilities in Onagawa Bay (the red lines represent long-line aquaculture facilities); (c) locations of
sampling stations in relation to the position of aquaculture facilities (the blue filled circles indicate
the sampling stations).
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Shellfish aquaculture facilities provide unique marine habitats in that they not only
vertically stretch throughout the water column from the sea surface to the bottom but also
occupy substantial areas horizontally in coastal shallow water environments, attracting
various marine species ranging from benthic and demersal to pelagic organisms within
the system [19,20]. The physical presence of shellfish aquaculture may therefore effectively
mediate benthic—pelagic coupling processes through the enhanced biogeochemical cycle
of organic matter from the surface to the bottom. However, such processes may also pose
a challenge under the influence of recent global warming, causing widespread hypoxic
conditions due to increased stratification of the water column accompanied by enhanced
sediment oxygen uptake at the sea bottom triggered by the excess organic inputs generated
from the pelagic aquaculture operations. The aim of this study was to characterize the
relationships between shellfish aquaculture and the surrounding environment by exam-
ining a range of physical and biological variables along the benthic—pelagic gradient at
multiple sampling locations in relation to their distances from the aquaculture facilities in
Onagawa Bay, Japan. This was accomplished by investigating (1) the temporal variation
in the community structures of benthic macrofauna observed in the sediment samples
across the stations; (2) the temporal variation in the sediment properties observed in the
sediment samples across the stations; (3) the temporal variation in the relative abundances
of epibenthic megafauna observed in the underwater video data across stations; and (4) the
temporal variation in the physical conditions of the water column observed in the CTD
monitoring across stations. Based on the quantification of these variables, we discuss the im-
plications of seasonal variability in the influence of coastal aquaculture operations on both
benthic—pelagic coupling processes and subsequent shallow aquatic ecosystem dynamics.

2. Materials and Methods
2.1. Data Collection

Onagawa Bay is located on the Sanriku Coast of northern Japan (Figure 1a). The
bay is characterized by a naturally sheltered deep-water harbor that is suitable for coastal
aquaculture. Regarding farming methods, hanging culture using a long-line system is
widely employed to farm organisms such as shellfish (oysters and scallops) and ascidians
on vertical ropes, typically down to around 10 to 15 m water depths (Figure 1b). Three
sampling stations, namely St. Far, St. Mid, and St. Close, were established in relation
to their distances from the nearest aquaculture facilities to monitor a range of physical
and biological variables along the benthic—pelagic gradient (Figure 1c, Table 1). At each
station, we conducted field observations on board RV Kaisei (1) on a monthly basis between
December 2022 and May 2023 (6 months) for sediment (benthic) sampling and (2) on a
bi-weekly basis between December 2022 and December 2023 (13 months) for water column
(pelagic) and underwater camera monitoring. We conducted sediment sampling for only
the first 6 months in this study to monitor the benthic—pelagic coupling processes with
particular reference to the influence of the springtime phytoplankton bloom on the benthic
zone. We then continued to conduct water column and underwater camera observations
to monitor the subsequent benthic—pelagic processes taking place over the rest of the
study period.

Table 1. The geographic location of each sample station along with their mean water depth and
relative distance to the nearest aquaculture facility.

Position Depth Distance
Station
Lat Lon (m) (m)
St.Far 38.4388 141.4606 24.0 165.7
St.Mid 38.4381 141.4602 19.8 79.8

St.Close 38.4376 141.4595 12.6 0.0
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2.2. Sediment Sampling for Benthic Macrofauna and Sediment Properties (6 Months)

We sampled a total of 6 sediment samples at each station using the Ekman grab
(sampling area of 0.02 m?). For benthic macrofauna, we merged 3 of the full-grab samples
and sieved them through a 1.0 mm mesh with filtered seawater on board. All organisms
retained were preserved in 70% ethanol for subsequent sorting, species identification,
enumeration, and biomass measurements. Species were identified to the lowest possible
taxonomic levels, which was mostly the family level, using a stereomicroscope and a
compound microscope where necessary, expressing abundance and biomass (wet weight)
as ind./m? and g/m?, respectively [19]. We also used separate sediment subsamples
of the top 5 cm to determine both organic matter content and particle size composition,
respectively. Organic matter content was measured as a loss on ignition over 8 h at 450 °C
after drying the samples at 55 °C until constant weights were reached [21]. Particle size
composition was determined using standard laser diffraction analysis (SALD-2300 Laser
Diffraction Particle Size Analyzer, SHIMADZU, Kyoto, Japan) and categorized into 6 size
classes defined here as “coarse sand” (<2 mm, >0.5 mm), “medium sand” (<0.5 mm,
>0.25 mm), “fine sand” (<0.25 mm, >125 um), “very fine sand” (<125 pum, >62.5 pm), “silt”
(<62.5 pm, >3.9 pm), and “clay” (<3.9 pum).

2.3. Water Column and Underwater Camera Monitoring (13 Months)

At each sampling station, we recorded vertical profiles of the water temperature (°C),
salinity, chlorophyll-a concentration (nug/L), dissolved oxygen (mg/L), sigma-t (water
density: ot), and turbidity (FTU), using a CTD RINKO-Profiler (JFE Advantech Co., Ltd.,
Nishinomiya, Japan) at 0.5 m intervals from the surface to the bottom [19]. We also used
an underwater video camera (FDR-X3000 4K Action Cam, SONY, Tokyo, Japan) with an
underwater light to monitor the state of the seafloor by counting the number of epibenthic
fauna or associated biological features encountered at each sampling station. During the
observation, the video-capturing apparatus was lowered to the seafloor from the boat and
kept approximately 60 cm above the bottom for 1 min to obtain continuous video data to
count epibenthic fauna with any notable aquatic features or markings.

2.4. Data Analysis

We examined the biological metrics for the observed benthic macrofaunal communi-
ties obtained from the sediment samples across the seasons and stations (i.e., abundance,
biomass, species richness, Shannon index H’, and evenness index J'). We then conducted a
multivariate community analysis in PRIMER v6 [22] to examine the spatial and temporal
trends in the benthic macrofaunal community structure across the seasons and stations.
Following the fourth-root transformation of macrofaunal counts to down-weight the influ-
ence of highly abundant species, we performed cluster analysis (group-average linkage)
on a resemblance matrix of the transformed data based on the Bray—Curtis similarity in-
dex. Non-metric multidimensional scaling (nMDS) was used to illustrate the degree of
similarity among the benthic community structures across the sampling stations and sea-
sons. ANOSIM was performed to test for significant differences among/between the three
sampling stations, namely St. Far, St. Mid, and St. Close. SIMPER (similarity percentage)
analysis was then performed to identify the species most responsible for the similarity
within the stations determined by cluster analysis. All the graphics were constructed using
the “ggplot2” package [23] in R version 3.6.1 [24].

3. Results
3.1. Benthic Macrofaunal Community Structure

We collected 18 benthos samples (3 stations x 6 months) and identified a total of
729 individuals comprising 629 from class Polychaeta (86.3%), 34 from class Gastropoda
(4.7%), 20 from class Malacostraca (2.7%), 15 from class Ophiuroidea (2.1%), 11 from class
Bivalvia (1.5%), and 22 others (2.7%) (Tables 2 and S1). St. Far consistently showed the
highest total abundance over the 6-month period, which was followed by St. Mid, with
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polychaetes being the most abundant at both stations (Table 2, Figure 2a). St. Close
showed the lowest levels of abundance, yet not only polychaetes but also other taxonomic
groups such as gastropods and malacostracans were markedly abundant at the station.
With respect to polychaetes, St. Far was dominated by species belonging to the family
Lumbrineridae, which was followed by other families such as Cirratulidae, Ampharetidae,
Capitellidae, and Magelonidae (Figure 3). The abundances of similar polychaeta families
also characterized St. Mid except for the family Ampharetidae, exhibiting markedly lower
abundance when compared to St. Far (Figure 3). Although St. Close showed higher
abundances of both lumbrinerid and cirratulid polychaetes, the site was more characterized
by the higher abundance of maldanidae, unlike the other two stations (Figure 3).
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Figure 2. Temporal changes in (a) total abundance and (b) total biomass of the benthic macrofauna
per taxonomic group (class) across sampling stations over the study period.
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Figure 3. Mean abundance of polychaeta species collected per family across sampling stations.

Table 2. Summary data for the abundance of the benthic macrofauna in this study. N indicates the
total number of benthic fauna per taxonomic group (ind.) collected over the entire study period.

Taxonomic St.Far St.Mid St.Close Total
Group N (ind.) (%) N (ind.) (%) N (ind.) (%) N (ind.) (%)
Polychaeta 283 95.3 195 87.8 151 719 629 86.3
Gastropoda 2 0.7 4 1.8 28 13.3 34 4.7
Malacostraca 4 1.3 5 23 11 52 20 2.7
Ophiuroidea - - 6 2.7 9 4.3 15 2.1
Bivalvia 7 24 2 0.9 2 1.0 11 1.5
Nemertea 1 0.3 4 1.8 1 0.5 6 0.8
Asteroidea - - 1 0.5 4 1.9 5 0.7
Holothuroidea - - 3 1.4 - - 3 04
Actinopterygii - - 1 0.5 1 0.5 2 0.3
Pycnogonida - - - - 2 1.0 2 0.3
Polycladida - - 1 0.5 - - 1 0.1
Sipuncula - - - - 1 0.5 1 0.1
Total 297 100 222 100 210 100 729 100

In terms of biomass, class Asteroidea showed the highest value (70.3%), which was
followed by Gastropoda (16.4%), Polychaeta (8.0%), Malacostraca (3.7%), Ophiuroidea
(0.6%), and others (2.7%) (Table 3). Although St. Far maintained the highest macrofaunal
abundance, the total biomass was the lowest among the three stations (Tables 2 and 3
and Figure 2b). St. Mid displayed intermediate amounts of biomass when compared to
the other two stations (Table 3, Figure 2b). St. Close exhibited the highest levels of total
biomass, which was characterized by the presence of various larger epibenthic megafauna
such as asteroids, gastropods, and malacostracans (Table 3, Figure 2b).

The cluster analysis and the nMDS plot illustrate the clear separation of the benthic
community structures systematically shifting from St. Close through St. Mid to St. Far
(Figure 4a,b). The results of ANOSIM showed that the benthic community structures were
significantly different among the three stations (ANOSIM: global R = 0.510, p < 0.001)
(Table 4). Pairwise comparisons indicated that the community structure at St. Far was
significantly different from those at both St. Mid (R = 0.380, p < 0.01) and St. Close (R =0.872,
p < 0.01), respectively, and the community structure at St. Mid was also significantly
different from that at St. Close (R = 0.372, p < 0.05) (Table 4). SIMPER analysis revealed
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that the benthic community structures at St. Far, St. Mid, and St. Close showed an average
similarity of 73.2, 59.3, and 58.7%, respectively (Table 5). The families of class Polycaeta such
as Lumbrineridae, Cirratulidae, Ampharetidae, Capitellidae, Magelonidae, and Spionidae
contributed predominantly to the average similarity at St. Far, whereas Magelonidae,
Cirratulidae, Capitellidae, and Lumbrineridae were responsible for the similarity observed
at St. Mid (Table 5). In addition to class Polychaeta, other taxonomic groups such as
Ophiuroidea, Muricidae (Gastropoda), and Asterinidae (Asteroidea) contributed to the
average similarity at St. Close (Table 5). St. Far tended to show the lowest overall values for
taxonomic diversity indices, with the April sampling being the lowest for species richness
and the Shannon index H’, while the December sampling was the lowest for the evenness
index ]’ (Figure 5a—c). While St. Mid displayed species richness values similar to those
at St. Far, the values for the Shannon index H were markedly higher than those at St.
Far, showing the highest levels of the evenness index |’ (Figure 5a—c). St. Close typically
maintained the highest recorded values for both species richness and the Shannon index
H’, showing the highest values for both metrics in April (Figure 5a—c).

Table 3. Summary data for the biomass of the benthic macrofauna in this study. B indicates the total
wet weight of benthic macrofauna per taxonomic group (g) collected over the entire study period.

Taxonomic St.Far St.Mid St.Close Total
Group B (g) (%) B (g) (%) B (g) (%) B (g) (%)
Asteroidea - - 28.25 72.6 147.05 72.3 175.3 70.3
Gastropoda 2.29 31.9 4.30 11.1 34.37 16.9 41.0 16.4
Polychaeta 4.34 60.6 3.90 10.0 11.72 5.8 20.0 8.0
Malacostraca 0.09 1.3 0.63 1.6 8.52 4.2 9.24 3.7
Ophiuroidea - - 0.37 1.0 1.21 0.6 1.58 0.6
Actinopterygii - - 0.80 2.0 0.22 0.1 1.02 04
Bivalvia 0.44 6.2 0.14 0.4 0.23 0.1 0.81 0.3
Nemertea 0.004 0.1 0.30 0.8 0.04 0.02 0.34 0.1
Holothuroidea - - 0.23 0.6 - - 0.23 0.1
Pycnogonida - - - - 0.03 0.01 0.03 0.01
Sipuncula - - - - 0.02 0.01 0.02 0.01
Polycladida - - 0.013 0.03 - - 0.01 0.01
Total 7.2 100 38.9 100 203.4 100 249.5 100
(a) (b)
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Figure 4. Results of the multivariate analysis of benthic macrofaunal community across sampling
stations and months, showing (a) dendrogram and (b) non-metric multidimensional scaling (nMDS)
ordination plot, based on fourth-root transformation and Bray—-Curtis similarity and group aver-
age clustering.
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Figure 5. Temporal changes in (a) species richness, (b) Shannon index H’, and (c) evenness index [,
of the benthic macrofaunal community across sampling stations over the study period.

Table 4. ANOSIM results comparing variation in the structures of benthic macrofaunal communities
between sampling stations.

Global Test Pairwise Test R r
Global 0.510 <0.001
St.Far x St.Mid 0.380 <0.01
St.Far x St.Close 0.872 <0.01
St.Mid x St.Close 0.372 <0.05

Table 5. Results of SIMPER analysis showing percentage contributions of major taxonomic groups that
accounted for most of the similarity (>70%) within each station (Code: Av. Sim. = average similarity;
Av. Abund. = average abundance; Contrib. = contribution; Cum. = cumulative contribution).

Station Av. Sim. % Taxonomic Group Class Av. Abund. Contrib.%  Cum.%
St.Far 73.22 Lumbrineridae Polychaeta 2.06 18.94 18.94
Cirratulidae Polychaeta 1.54 13.31 32.25
Ampharetidae Polychaeta 151 12.69 44.94
Capitellidae Polychaeta 1.41 12.51 57.46
Magelonidae Polychaeta 1.40 11.96 69.42
Spionidae Polychaeta 1.15 10.49 79.91
St.Mid 59.32 Magelonidae Polychaeta 1.62 16.93 16.93
Cirratulidae Polychaeta 1.49 16.48 33.41
Capitellidae Polychaeta 1.48 15.84 49.25
Lumbrineridae Polychaeta 1.26 10.16 59.41
Maldanidae Polychaeta 0.99 8.39 67.8
Other polychaeta  Polychaeta 1.03 7.97 75.77
St.Close 58.69 Cirratulidae Polychaeta 1.57 16.3 16.3
Lumbrineridae Polychaeta 1.59 15.12 31.42
Other polychaeta  Polychaeta 1.28 12.89 44.31
Maldanidae Polychaeta 1.31 12.85 57.16
Ophiuroidea Ophiuroidea 0.94 7.28 64.44
Muricidae Gastropoda 0.73 478 69.22
Asterinidae Asteroidea 0.67 473 73.96

3.2. Sediment Organic Matter Content and Particle Size Composition

The spatial patterns of sediment organic matter content decreased systematically from
St. Far through St. Mid to St. Close as the distance to the nearest aquaculture facility
decreased (Figure 6a, Table S2). The highest percentages of sediment organic matter were
observed in May for the respective sites, although the increase was more pronounced at St.
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Far and St. Mid (Figure 6a). In addition, the lowest percentage of sediment organic matter
content was observed at the St. Close site in December (Figure 6a).
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Figure 6. Temporal changes in (a) sediment organic matter content (%) and (b) particle size composi-
tion (%) of the seafloor sediment across sampling stations over the study period.

All three stations had silt as the dominant particle size class (Figure 6b, Table S3).
However, sediment fractions of sand (i.e., coarse, medium, fine, and very fine sand) and
mud (i.e., silt and clay) varied distinctively between the three stations, with St. Far and
St. Close occupying opposite ends of the size composition spectrum (Figure 6b). The
sediment particle size at St. Far consistently contained highly elevated proportions of
silt, which was followed by clay, with a small fraction of grain sizes larger than fine sand
present throughout the study period (Figure 6b). The sediment fractions of both silt and
clay decreased, whereas that of larger sand increased systematically from St. Far through
St. Mid to St. Close, exhibiting a clear gradient from muddy to sandy substrate as the
proximity to the aquaculture facility became closer (Figure 6b).

3.3. Observation of Epibenthic Megafauna Based on the Video Data

The video data revealed that biogenic features such as tubes of polychaete worms,
which belong to the family Maldanidae, and other faunal burrows dominated the bottom
habitat at St. Far (Figure 7). St. Mid was characterized by more diverse epibenthic inverte-
brates such as asteroids, crinoids, and holothurians; however, faunal burrows and maldanid
worm tubes still remained the conspicuous features recurring throughout the study period
(Figure 7). St. Close differed drastically from both St. Far and St. Mid in that the seafloor at
St. Close was characterized by a wider range of epibenthic megafauna including asteroids,
crinoids, holothurians, echinoids, gastropods, and brachyuran decapods (Figure 7). The
underwater camera also observed a variety of fish species in the class Actinopterygii, in-
cluding gobies Amblychaeturichthys sciistius, Pterogobius zacalles, greenlings Hexagrammos
otakii, and pufferfish Takifugu snyderi, most consistently present at St. Close but with the
largest abundances occasionally observed at St. Mid (Figure 7). The abundances of the
observed epibenthic megafauna and features tended to be the highest in cold months,
particularly between February and April around the beginning of the study period across
all the three stations. However, these temporal trends shifted to a rather steady decline in
the warm months (e.g., between August and November 2023) observed across the three
stations, with St. Far showing the most pronounced declining trend.
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Figure 7. Temporal changes in the relative abundance of epibenthic fauna/features observed by
underwater camera across sampling stations over the study period.

3.4. Observation of the Water Column Based on the CTD-Probe

Patterns of changes in temperature, salinity, and water density (Sigma-t) were almost
identical between the three sampling stations, demonstrating clear seasonal patterns within
the respective water depth layers (Figure 8a,c,e). For example, temporal changes in water
temperature showed the lowest value around March and the highest value around Septem-
ber across all stations (Figure 8a). In terms of vertical trends, temperature values were
almost the same among the depth layers during cold months between December and March;
however, they gradually diverged, forming the largest stratification in the hottest month in
September with higher temperatures always observed at shallower depth layers (Figure 8a).
Spatiotemporal changes in density values showed precisely opposite patterns to those in
temperature (Figure 8a,e), whereas salinity values exhibited a decreasing trend as the depth
layers became shallower, with all three stations forming distinctive stratifications between
the depth layers during warm months in the summer (Figure 8c).

In contrast, patterns of changes in the chlorophyll-a concentration, dissolved oxy-
gen, and turbidity differed to a varying degree between the three stations (Figure 8b,d,f).
Temporal changes in the chlorophyll-a concentration displayed similar peaks, once in
spring around March at all depth layers and another in summer around August but only
at shallower depths (0-10 m) across the three stations (Figure 8b). However, the values at
0-5 m and, particularly, 5-10 m depth layers declined systematically from St. Far through
St. Mid to St. Close as the proximity to the nearest aquaculture facility became closer
(Figures 1 and 8b). Dissolved oxygen (DO) showed essentially similar patterns between all
three stations, exhibiting the highest and the lowest values observed across all depth layers
around March and September, respectively. The DO values were also stratified around
March and August, with the lowest values consistently observed at the bottom depths
across all three stations (Figure 8d). Further, the values observed at depths deeper than
10 m decreased systematically from St. Far through St. Mid to St. Close as the proximity to
the nearest aquaculture facility became closer (Figure 8d). Therefore, while the St. Far site
exhibited minor anoxic conditions at a depth layer of 15-20 m in September, the St. Mid
site displayed more adverse anoxic conditions at the same depth range, lasting a longer
duration from August to October (Figure 8d). Finally, turbidity exhibited the lowest value
around March and the highest value around August, with the values being very similar at
all the depth layers except for the bottom layers, which showed the most turbid conditions
across the three stations, with St. Close having the highest variation in turbidity (Figure 8f).
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Figure 8. Temporal changes in environmental variables observed in the water column across sampling
stations and depth layers (5 m intervals) for (a) water temperature; (b) chlorophyll-a concentration;
(c) salinity; (d) dissolved oxygen; (e) sigma-t (seawater density); and (f) turbidity.

4. Discussion

This study revealed that the community structure of benthic macrofauna significantly
changed in relation to the distance from the shellfish aquaculture facilities, and these
changes were strongly associated with the variability in sediment properties of the respec-
tive seafloors in Onagawa Bay, Japan. While both benthic macrofaunal biodiversity and
biomass became markedly higher, the sediment property of the seafloor shifted systemati-
cally from muddy to sandy substrate as the proximity to the nearest aquaculture facilities
became closer, indicating that the physical presence of the shellfish aquaculture in the
pelagic zone influences the bottom habitat below and thereby provides unique environmen-
tal gradients to which a variety of benthic fauna respond within a relatively small extent
of space.

Polychaetes were the most abundant benthic macrofauna observed throughout the
study site. The families Lumbrineridae, Magelonidae, and Cirratulidae showed the highest
abundance in this study. Polychaetes are often bioturbators of the seafloor, playing essential
roles in the biogeochemical processes by consuming and remineralizing organic matter sup-
plied from the water column above through benthic-pelagic coupling interactions [25-27].
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Lumbrinerid and magelonid polychaetes primarily inhabit sandy—-muddy substrates in
shallow coastal waters, actively participating in surface deposit feeding [28,29], whereas
cirratulids tend to inhabit intertidal and nearshore soft-bottom seafloor with some living
in crevices of hard substrates [30]. In addition, members of the families Capitellidae and
Spionidae showed higher abundances at St. Far and St. Mid. They are often known as
opportunistic species tolerant of stressful conditions and, hence, are used as bioindicators
of an ecosystem’s health [31-33]. The dominance of such opportunistic species at these
stations may be indicative of the possible association of biological recolonization following
a long-term severe hypoxia event in coastal ecosystems [34].

The organic carbon generated by shellfish aquaculture (i.e., biodeposits and detritus)
provides substantial food and nutrient sources for these benthic and demersal biota [35].
However, the overall organic matter percentage was highest at St. Far rather than at St
Close. A possible reason for this was that St. Close contained species that can readily
utilize the organic matter material accumulated on the substrate and, as such, decrease
its percentage within the benthic layer. While the video data showed that the tube con-
structions of polychaete Maldanidae were the most abundant at St. Far, the sediment
grab samples revealed that the abundance of the maldanid polychaetes was the highest
at St. Close. Bioturbation by maldanid polychaetes through their tube construction and
feeding activities may influence sediment characteristics and thereby modify the benthic
community structure of the seafloor [32,36]. Further, a certain maldanid species is capable
of creating a porous substrate with high water content [37,38], which may have contributed
to the formation of sandier sediment and the environmental improvement of the bottom
habitat at St. Close.

The seafloor at St. Far was predominantly a muddier substrate and displayed the
largest abundance of polychaetes yet lacked the species richness and diversity of other
taxonomic groups. In contrast, the lowest abundance of polychaetes with a marked increase
in the abundance of other epibenthic megafauna (e.g., starfish, gastropods, malacostracans,
and ophiuroids), together with the occurrence of demersal fish, appeared to be responsible
for the significant change in the benthic community structure observed at St. Close. In
shallow aquatic ecosystems, seafloor conditions such as sediment granulometry critically
influence the benthic community [39-42], and the physical presence of aquaculture facilities
at St. Close may affect the seafloor environments through various pathways. For example,
both aquaculture facilities (e.g., ropes, buoys, and anchors) and cultivated species (e.g.,
oysters and scallops) themselves provide unique three-dimensional hard substrates in the
water column, which in turn attract a wide range of fouling and reef-associated fauna
and flora including macroalgae, hydrozoans, crinoids, bivalves, barnacles, crustaceans,
polychaetes, zooplankton, and fish [13]. These associated organisms can be dislodged and
fall to the seafloor to form a structurally complex biogenic/shell mound immediately under-
neath the facilities [13]. Such shell mounds also offer unique sea-bottom habitats for many
species, including reef-associated fish and epibenthic megafauna [13,43,44]. In addition,
cultivated shellfish produce a substantial number of biodeposits such as undigested waste
and feces, which increase the flux of organic matter and nutrients to the seafloor, altering
local sediment characteristics and the benthic community composition [2,7,8,12,13,45,46],
which may have facilitated the increase in the diversity of benthic infauna and epifauna at
St. Close.

The formation of stratification in the water column accompanied by the severe hypoxic
condition near the bottom occurred during the August-October sampling events that coin-
cided with the substantial drop in the abundance of epibenthic megafauna observed in the
video data across all sampling stations. The physical presence of shellfish facilities is known
to impact local phytoplankton community structures [47]. For example, there was a signifi-
cant decline in chlorophyll-a concentrations at 5-10 m depths at St. Close when compared
to the other two stations. This was a clear indication of the enhanced consumption rate of
phytoplankton caused by the shellfish aquaculture at the study site. Moreover, an unusually
massive phytoplankton bloom occurred in summer, which coincided with the months of
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record-high temperatures and the development of severe hypoxic conditions in the benthic
zone experienced throughout the study site, indicating that the combination of warmer
waters and phytoplankton blooms may result in severe ecosystem-related consequences.
Stratification of the water column by warm waters indicates that the water column does not
mix well vertically, leading to stagnation and less opportunity for oxygen to be circulated
to the lower depths. In addition, a higher amount of organic matter generated from the
phytoplankton blooms can reach the bottom to fuel benthic fauna, facilitating the further
depletion of oxygen and leading to the accelerated formation of anoxic zones [48-50]. In
the case of our study, there was a strong coincidence between rapidly declining dissolved
oxygen and the second phytoplankton bloom observed in August-September. At all three
stations, dissolved oxygen levels drastically declined and the depth layers close to the
bottom at St. Far and St. Mid reached severe anoxic conditions at the same time as the
phytoplankton bloom in August-September. One interesting trend observed was the com-
plete disappearance of any members of echinoids (e.g., sea urchins) beginning in June and
lasting until the end of the study period. Echinoids are often important bioturbators that
disturb the sediment to feed on organic matter and thereby affect sediment properties,
providing complex biogeochemical interactions between the benthic and pelagic zones [51].
With the simultaneous disappearance of these bioturbators across all three stations, the
development of the anoxic zone could well have been facilitated faster. The turbidity levels
observed in this study also corroborate this linkage as at all three stations, extremely high
levels of turbidity occurred during the second phytoplankton bloom, indicating a high
amount of particulate matter in suspension (e.g., phytoplankton masses, algal growth, and
substrate movement), which can further block sunlight for photosynthesis and other oxy-
gen production-related processes. In a benthic—pelagic system where light cannot penetrate
deep enough into the water column (e.g., high turbidity at depth), respiration can exceed
the primary production at deeper depths, with low-light conditions leading to hypoxic or
anoxic bottom water [52].

Overall, the physical presence of the shellfish aquaculture facilities may well effec-
tively mediate pelagic-benthic energy fluxes. Currently, the benthic zones located close
to or underneath the shellfish aquaculture facilities in Onagawa Bay appear to receive an
enhanced amount of organic matter and detritus in the form of biodeposits generated from
the farmed shellfish species, leading to an enhanced carrying capacity for accommodating
larger populations of benthic infauna and megafauna along with demersal fish. However,
our study demonstrated that such benthic—pelagic linkages may also pose a new challenge
under the influence of recent global warming because it may cause shifts in the timing and
magnitude of phytoplankton blooms, thereby causing widespread hypoxic conditions due
to increased stratification of the water column accompanied by excess organic inputs from
the surface primary production, as well as biodeposits generated from the filter-feeder
aquaculture. Under such circumstances, one may well consider that aquaculture opera-
tion needs to be deeper at colder depths to avoid the negative impact of global warming.
However, in this study, the dissolved oxygen levels observed at deeper layers decreased
systematically as the proximity to the nearest aquaculture facility became closer. The
possible expansion of aquaculture operation from shallow to deeper sites may therefore
exacerbate the current problems caused by the warmer waters and hypoxic conditions.
Although the present study only examined three stations situated in a local coastal area
of Japan, the results clearly indicated complex interactions between the physical presence
of the aquaculture facilities and the benthic—pelagic coupling processes. Given the large
extent of marine aquaculture installed along coastal waters globally, there is a need to
conduct more systematic and long-term monitoring at a number of locations covering
wider geographical regions to identify the true ecological consequences of the expected
increase in aquaculture operations in shallow aquatic ecosystems under the ever-increasing
influence of global warming.
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