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Abstract: Sediment oxygen demand (SOD) and benthic nutrient fluxes (BNFs) were measured using
an in situ benthic chamber at a fish farm (FF), oyster farm (OF), and controls (FF-C and OF-C) to
assess the impact of aquaculture activities on organic carbon (OC) and nutrients cycles in coastal
waters of Korea. The SOD at FF and OF ranged from 60 ± 2 to 157 ± 3 mmol m−2 d−1 and from
77 ± 14 to 84 ± 16 mmol m−2 d−1, respectively, more than five times those of the control sites. The
SOD at farm sites is highly correlated with fish stock and food input, suggesting that excess feed
input is an important control factor for OC remineralization. The combined analysis of sediment
trap and SOD indicates that most of the deposited OC oxidized in the sediment and/or was laterally
transported by the current before being buried in the sediment. The benthic nutrient fluxes at farms
ranged from 5.45 to 8.95 mmol N m−2 d−1 for nitrogen and from 0.51 to 1.67 mmol P m−2 d−1 for
phosphate, respectively, accounting for 37–270% and 52–804% of the N and P required for primary
production in the water column. These results indicate that aquaculture farming may profoundly
impact biogeochemical cycles in coastal waters.

Keywords: aquaculture; sediment oxygen demand; organic carbon remineralization; benthic nutrient
flux; carbon cycle; nutrient cycle

1. Introduction

Over the past three decades, aquaculture has been developed rapidly because of the
overharvesting of natural fish stocks and increased demand for ocean-derived food [1,2].
The contribution of aquaculture to overall production in the world has gradually increased
from 20.9% in 1995 to 46.0% in 2019 [3]. Among them, finfish and shellfish aquaculture rep-
resent major aquaculture industries, accounting for 47.3% and 15.2% of the total production
in 2018, respectively [3]. In Korea, aquaculture production increased from 1.0 million tons in
1995 to 2.3 million tons in 2018 and is ranked seventh in global aquaculture production [4,5].

One of the most significant environmental impacts of aquaculture is the enrichment of
organic matter (OM) in the sediment layer, which is the major driving force on the hypoxia
and eutrophication of coastal waters [6–8]. For example, about 20–50% of feed waste from
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the aquaculture activities is accumulated in the sediments of finfish aquaculture [9]. In
contrast to finfish aquaculture, shellfish aquaculture suggests that the feeding activities of
shellfish can filter the suspended particulate OM in a water column; thus, it can serve as a
biofiltration system. However, the biodeposit released by excretion can be another organic
source to the sediment [10,11]. In addition, the aquaculture infrastructure, net cages, and
long lines can modify the hydrologic regime and promote the deposition of OM around an
aquaculture farm [12,13]. Thus, both finfish and shellfish farming activities can promote
OM enrichment in coastal sediment.

The OM settled onto the sediment layer is rapidly remineralized via aerobic and
anaerobic respiration pathways using O2, NO3

−, MnO2, FeOOH, and SO4
2− [14,15]. Be-

cause oxygen is consumed by organic carbon (OC) oxidation in the sediment, the sediment
oxygen demand (SOD) can be represented as the rates of total OC oxidation in the sedi-
ment [16]. By contrast, the residual fraction from OC oxidation known as refractory OC is
buried in the sediment [15,17], and thus, the OC buried in the sediment is an important
sink of OC, isolating carbon from the active carbon pools [18]. Sequential processes of OC
and sedimentation–remineralization–burial in the sediment can control the carbon cycle;
thus, quantification of these processes is necessary [19,20].

In an organic-rich aquaculture system, liberated ammonium and phosphate, byprod-
ucts during OM remineralization, are accumulated in the pore water and then released
via the sediment–water interface (SWI) by diffusion and advection processes [21,22]. The
benthic nitrogen and phosphate fluxes may enhance the eutrophication in the water col-
umn, resulting in supplying more than 50% of the nutrient required for phytoplankton
production via benthic–pelagic coupling [23–26]. Unexpected high nutrient release from
sediment occasionally leads to the occurrence of red tide in a coastal ecosystem [27,28].
Therefore, benthic nutrient fluxes (BNFs) are a major factor in controlling nutrient cycles
and ecosystems in the coastal zone.

The southern part of the Korean Peninsula is a ria occupied with a semi-enclosed
bay where aquaculture facilities have often been installed. Finfish and shellfish aquacul-
ture in the southern region of the Korean Peninsula were initiated in the 1970s, and the
production of finfish (48,000 t) and shellfish (379,000 t) accounted for 60% and 93% of the
total production in 2019 of Korea (http://fips.go.kr, accessed on 20 May 2021). In spite of
the long-term and large-scale operations of aquaculture farms, no comprehensive process
studies on carbon and nutrient cycles in the sediment have been conducted. The main
objectives of this study are to investigate the spatial and temporal variation of SOD and
consequential carbon cycle associated with the farming operation and to elucidate the
potential contribution of BNF to primary production in the water column at finfish and
shellfish aquaculture.

2. Materials and Methods
2.1. Study Area

The study sites are located in the inner part of Geoje–Tongyeong coastal waters, and
the control sites are ~1 km away from finfish and shellfish farms (Figure 1). The finfish farm
(FF) site in Tongyeong is the largest extent of net cages (0.015 km2, 40 net cages) and cultures
Japanese amberjack (Seriola quinqueradiata) and Korean rockfish (Sebastes schlegelii). The
stock density at FF was 31.9–42.8 kg m−2, and the amount of feed varied depending on the
stock density of fish (Table 1). The harvest of fish and the input of juvenile fish for culture
vary depending on the fish species and market price in South Korea [29]. The growing
season in this study area is from April to November, and harvesting was implemented
before the December 2018 survey (Table 1).

The oyster farm (OF) has been operating for more than 40 years, and the stock density
of oyster (Grassostrea gigas) is 8.7–21.1 kg m−2 in an area of 0.091 km2 (Table 1). Cultivated
seeds in the nursery are attached on a long line in May and grow out before harvesting.
Harvesting oysters from the long line begins in September and continues until the following
April [30,31]. In the study area, oyster harvesting occurred in January 2019 (Table 1). The
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control sites of FF (FF-C) and OF (OF-C) are selected about 1 km from each farm site to
minimize the impact of farm [13]. The geochemical properties and SOD were measured
at four sites at FF, OF, and control sites (FF-C and OF-C) in October 2017, May 2018, and
December 2018, and the carbon cycle by mass balance and BNFs were measured in May
and December 2018.
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Figure 1. Sampling sites in the Geoje–Tongyeong system in the South Sea of Korea. Boxes show
arrangements of net cage fish and long line oyster farm.

Table 1. Description of study sites, the density of culturing fish and oyster, and supply of fish feed in fish farm.

Sites Production Cycle Date Operating Period
(Years)

Area
(km2)

Stock Density 1

(kg m−2)
Fish Feed Supply 1

(kg m−2 d−1)

FF Intensive fish culturing October 2017 >30 0.015 42.8 1.3
Intensive fish culturing May 2018 40.7 1.1

After harvesting and stocking December 2018 31.9 0.8

OF Intensive shellfish culturing October 2017 >40 0.091 16.5 n/a
Stocking and shellfish culturing May 2018 8.7 n/a

Intensive shellfish culturing
before harvesting December 2018 21.1 n/a

1 Data from http://kostat.go.kr/portal/eng/index.action. Accessed on 20 May 2021. n/a = not applicable.

2.2. Sampling and Handling

Water temperature was measured using a CTD (19 plus, Sea-Bird Scientific, Bellevue,
WA, USA). Two sediment samples were conducted by acrylic cores (8 cm i.d.). Two sedi-
ment samples for measuring total organic carbon (TOC) and total nitrogen (TN) contents
were sectioned at a 0–2-cm interval of sediment and kept at a deep freezer (−20 ◦C) until
the laboratory process.

2.3. In Situ Measurement

We deployed an in situ benthic chamber (BelcII) to estimate the SOD and BNFs using
a small winch [13,23,24,32]. The BelcII has an opaque PVC benthic chamber (surface
area: 841 cm2, total volume: 19.8 L) and can collect incubated water in a chamber by an
autonomous water sampler. The autonomous sampler consisted of 11 disposable syringes
(50-mL) that can program the sampling interval time. On the chamber lid, an oxygen
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sensor (4330F, Aanderaa Data Instruments, Bergen, Norway) was attached to measure the
concentration of dissolved oxygen by time in the overlying water of the benthic chamber.
As the chamber lid was opened, it was gently installed on the sediment using a whip crane.
Two hours later, the chamber lid closed automatically when the sediment resuspension
by the chamber deployment was expected to be stabilized. After the chamber lid was
closed, the oxygen concentration in the chamber was measured at 10-s intervals, and the
data were stored in the controller. Water samples for measuring the BNF were sampled
at 1-h intervals during the incubation. After retrieving the benthic chamber on the deck,
the water samples for measuring nutrients were filtered immediately using a syringe filter
(25CS045AS, ADVENTEC, Tokyo, Japan) and then stored in the freezer −20 ◦C until further
processing in the laboratory.

2.4. Sediment Trap

Two sediment traps consisting of an acrylic cylinder with a diameter of 7 cm, length of
60 cm, and aspect ratio of 8.6 were deployed for more than 24 h at each site. The sediment
trap was carefully placed on the upper frame of the benthic chamber by a scuba dive after
the benthic chamber was installed onto the sediment [24]. After approximately 2 h, the
trap bottles were inserted into the bottom of the sediment trap. The trap bottles were
filled with a salt-water solution (more than 50) to preserve the particulate materials and
prevent sample wash-out. The sediment traps were collected by a scuba diver before the
benthic chamber was retrieved. The overlying saltwater solution was cautiously siphoned
off within 3 h, and samples were stored in a refrigerator until processing in the laboratory.

2.5. Laboratory Analysis

The nutrients derived from benthic incubation samples were determined using a
nutrient auto-analyzer (QuAAtro 39, SEAL Analytical, Wrexham, UK) [33]. To analyze the
contents of TOC and TN (0–2 cm sediment depth), the sediment samples were freeze-dried
and milled into a fine powder using an agate pestle and mortar. The ground samples were
acidified to remove CaCO3. TOC and TN contents were measured using a CHN analyzer
(Flash EA 1112 Thermo Scientific, Waltham, MA, USA). To estimate the vertical carbon
flux, two aliquots of samples in the sediment trap were filtered through precombusted
GF/F glass microfiber filters (6827-1315, Whatman, Maidstone, UK). The filtered sample
was acidified, and its OC content was analyzed according to the same processes for the
sediment sample.

2.6. Flux Calculation

The SOD and BNFs at the SWI were calculated as

F = (dc/dt) × (V/A), (1)

where F is the rates of SOD and BNF (mmol m−2 d−1), (dc/dt) is the slope of the best-fitting
regression line between concentration (c) and time (t) (mmol L−1 d−1), V is the benthic
chamber volume (m3), and A is the benthic chamber area (m2).

2.7. Organic Carbon Budget Calculation

Assuming steady state, the mass balance of OC in sediment is represented as shown
in the following equation [34],

OCin = OCox + OCburial, (2)

where OCin is the vertical flux of OC collected by sediment trap, OCox is the total oxidation
rate that is calculated using SOD applying to Redfield’s ratio (106/138), and OCburial is
the burial flux of OC below the mixed layer (mmol C m−2 d−1), which is estimated by the
following equation [35].

OCburial =ωρ (1 − ϕ) OC∞, (3)
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where ω is the sedimentation rate estimated from excess 210Pb (0.35 ± 0.05–1.01
± 0.14 cm y−1; [13]), ρ is the sediment density (2.45 g cm−3), ϕ is the porosity (0.7),
and OC∞ is the mean OC content below the mixed layer (>15 cm) and ranged from 8.0 to
12.3 mmol g−1 [13].

3. Results
3.1. Water Column and Sediment Parameters

The physicochemical properties of the bottom water and surface sediment are pre-
sented in Table 2. The water depth ranged from 10 m to 19 m. The bottom water temper-
ature varied from 15.0 ◦C to 19.1 ◦C and was the highest in October 2017 (18.5–19.1 ◦C),
followed by May 2018 (15.8–16.1 ◦C) and December 2018 (15.0–15.9 ◦C). The TOC and TN
contents in sediment surface (<2 cm depth) at the FF site were 1.78 ± 0.20–2.11 ± 0.12%
and 0.31 ± 0.03–0.40 ± 0.02%, respectively, and were significantly higher than measured
at the OF (1.45 ± 0.04–1.99 ± 0.13% for TOC and 0.23 ± 0.02–0.29 ± 0.03% for TN) and
each control site (1.01 ± 0.05–1.13 ± 0.08% for TOC and 0.14 ± 0.01–0.15 ± 0.01% for
TN) (p < 0.05 one-way ANOVA, IBM SPSS Statistics). Those were higher in October 2017
(2.11 ± 0.12% TOC and 0.40 ± 0.02% TN) during the period for intensive fish culturing
than those of May 2018 (1.91 ± 0.10% TOC and 0.35 ± 0.03% TN) and December 2018
(1.78 ± 0.20% TOC and 0.31 ± 0.03% TN) at the FF site (p < 0.05 one-way ANOVA, IBM
SPSS Statistics, Tables 1 and 2). Similar to the FF site, the contents of TOC and TN at
the OF site were the highest for the intensive shellfish culturing period just before the
harvest in December 2018 (1.99 ± 0.13% TOC and 0.29 ± 0.03% TN), followed by October
2017 (1.46 ± 0.11% TOC and 0.24 ± 0.01% TN) and May 2018 (1.45 ± 0.04% TOC and
0.23 ± 0.02% TN) (p < 0.05 one-way ANOVA, IBM SPSS Statistics, Tables 1 and 2). The C/N
molar ratios varied from 6.2 to 9.4 and had the highest range at each control site (8.4–9.4)
followed by the OF site (7.2–8.0) and the FF site (6.2–6.7).

Table 2. Depth, bottom water temperature, and the contents of total organic carbon (TOC) and total
nitrogen (TN), and molar ratio of carbon to nitrogen (C/N) in the surficial sediment (0–2 cm).

Season Sites

Water Column Sediment

Depth Temp. TOC TN C/N

(m) (◦C) (%, dry wt) (mol/mol)

October 2017 FF 19 19.1 2.11 ± 0.12 0.40 ± 0.02 6.2
OF 11 18.8 1.46 ± 0.11 0.24 ± 0.01 7.2

FF-C 16 18.7 1.01 ± 0.05 0.14 ± 0.01 8.4
OF-C 10 18.5 1.13 ± 0.08 0.15 ± 0.01 8.9

May 2018 FF 19 16.1 1.91 ± 0.10 0.35 ± 0.03 6.4
OF 11 15.8 1.45 ± 0.04 0.23 ± 0.02 7.5

FF-C 16 15.9 1.12 ± 0.02 0.14 ± 0.02 9.1
OF-C 10 15.8 1.02 ± 0.12 0.14 ± 0.01 8.5

December 2018 FF 19 15.9 1.78 ± 0.20 0.31 ± 0.03 6.7
OF 11 15.3 1.99 ± 0.13 0.29 ± 0.03 8.0

FF-C 16 15.8 1.11 ± 0.08 0.14 ± 0.02 9.3
OF-C 10 15.0 1.13 ± 0.07 0.14 ± 0.01 9.4

Values represent average ± 1 SD (n = 2).

3.2. Sediment Oxygen Demand

The oxygen concentrations in the chamber rapidly decreased over time at all sites,
and the slope was significantly steeper at the farm sites (FF and OF) than the control
sites (FF-C and OF-C) (p < 0.01, t test, IBM SPSS Statistics, Figure 2). The averaged
SOD was significantly higher at the FF site (117 ± 40 mmol m−2 d−1) than at the FF-
C site (28 ± 11 mmol m−2 d−1), but it was not statistically different from the OF site
(73 ± 12 mmol m−2 d−1) (one-way ANOVA, IBM SPSS Statistics, Figure 3A). The temporal
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variations of SOD are shown in Figure 3B. The SOD at the FF site was the highest in Oc-
tober 2017 (157 ± 3 mmol m−2 d−1) and decreased by May 2018 (117 ± 2 mmol m−2 d−1)
and December 2018 (77 ± 14 mmol m−2 d−1). At the OF site, SOD decreased from
75 ± 5 mmol m−2 d−1 in October 2017 to 60 ± 2 mmol m−2 d−1 in May 2018 and then
increased in December 2018 (84 ± 16 mmol m−2 d−1) with the highest value. The SOD at
FF-C and OF-C was the highest in May 2018 (39 ± 10 mmol m−2 d−1) and October 2017
(44 ± 4 mmol m−2 d−1), respectively.
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3.3. Benthic Nutrient Flux

The concentration of nutrients during the incubation increased over time, except for
the concentration of nitrate in October 2018 (Figure 4). The benthic flux of ammonium
(NH4

+) at the farm site ranged from 5.43 to 9.94 mmol m−2 d−1 and showed its highest
value at the OF site in October 2018. At the control site, the ammonium flux was slightly
less than 1.98 mmol m−2 d−1. The nitrate (NOx

−, sum of nitrate and nitrite) flux at
the farm and control sites ranged from −0.99 to 1.10 mmol m−2 d−1 and from −0.90 to
0.67 mmol m−2 d−1, respectively. The slope of the nitrate concentration changed with time
based on the net denitrification (nitrification-denitrification), and the negative slope may
indicate that denitrification and/or anammox are higher than nitrification. The benthic
phosphate (PO4

3−) flux at the FF and OF sites ranged from 0.51 to 1.67 mmol m−2 d−1,
more than twice those of the control sites. The silicate (Si(OH)4) flux was by far the highest
at the OF site (20.19–24.63 mmol m−2 d−1), followed by the FF (4.76–15.95 mmol m−2 d−1),
FF-C (7.32–14.82 mmol m−2 d−1), and OF-C sites (4.75–7.32 mmol m−2 d−1).

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 7 of 15 
 

 

than 1.98 mmol m–2 d–1. The nitrate (NOx–, sum of nitrate and nitrite) flux at the farm and 
control sites ranged from −0.99 to 1.10 mmol m–2 d–1 and from −0.90 to 0.67 mmol m–2 d–1, 
respectively. The slope of the nitrate concentration changed with time based on the net 
denitrification (nitrification-denitrification), and the negative slope may indicate that de-
nitrification and/or anammox are higher than nitrification. The benthic phosphate (PO43–) 
flux at the FF and OF sites ranged from 0.51 to 1.67 mmol m–2 d–1, more than twice those 
of the control sites. The silicate (Si(OH)4) flux was by far the highest at the OF site (20.19–
24.63 mmol m–2 d–1), followed by the FF (4.76–15.95 mmol m–2 d–1), FF-C (7.32–14.82 mmol 
m–2 d–1), and OF-C sites (4.75–7.32 mmol m–2 d–1). 

 
Figure 3. Averaged sediment oxygen demand (SOD) (A), and temporal variations of sediment oxygen demand (B) at fish 
farm (FF), oyster farm (OF), and control sites (FF-C, OF-C). Vertical bars indicate standard errors. 

 
Figure 4. Evolution of nutrients concentrations with time in the benthic chamber at fish farm (FF), oyster farm (OF), and 
control sites (FF-C, OF-C). 
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4. Discussion
4.1. Sediment Oxygen Demand

The most unfavorable impact of aquaculture is the OM enrichment by excess feed
and/or biodeposition, which can enhance benthic respiration [36–39]. Overall, our results
well match the aquaculture effects, which may serve as important control keys for the
coastal environment of Korea [12,13,23,25]. Indeed, the TOC contents at the FF and OF sites
are similar to the values obtained at other fish and shellfish farms [40,41]. Furthermore, the
SODs are comparable to those reported from eutrophic farms [42,43], and those are one
order higher than the coastal sediment of the South Sea of Korea [44].

The strong relationship between TOC and SOD represents the OM enrichment on
the aquaculture farm sediment and indicates the benthic respiration enhancement by
aquaculture activities (Figure 5A). The control sites, oyster farm, and fish farm were
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grouped with each other with respect to OM loading, which showed significantly different
(p < 0.05, ANCOVA, IBM SPSS Statistics). Given that the feed waste (e.g., uneaten feed)
at the FF may be an additional OM source to sediment [45–47] and the degraded feed
waste may contain highly degradable carbohydrates and protein [48–50], the deposition
of excess OM at the FF sediment can be promoted to SOD and BNFs. Consequently, the
high protein proportion in feed can intensify to a low C/N ratio in sediment (Table 2).
The raw-fish-based moist pellets are widely used as more than 80% of the total feed for
fish because of their low cost ([51]; http://www.nifs.go.kr/fishfeed/, Accessed on 20 May
2021). The pellets can well disperse with high settling velocity, and thus the excess OM has
been accumulated within the closed zone with minimal degradation in the water column
([52]; http://www.nifs.go.kr/fishfeed/, Accessed on 20 May 2021). The enhancement of
benthic respiration by aquaculture also showed the strong relationships between SOD and
food input at FF (Figure 5B).
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In contrast to fish, the oyster culture does not need to supply highly nutritious artificial
food because the oyster is a filter feeder. Most of the excess OM in the oyster farm would
have originated from biodepositions (fecal pellet and bio-debris), which have less protein
than raw-fish feed pellets [53,54]. As a result, the C/N ratio (~7) at OF is slightly higher
than at FF (~6) but lower than at control sites (>8) (Table 2), and thus the slope of the linear
relationship between sediment oxygen demand and stock density is three times lower than
that of FF (Figure 5C).

4.2. OC Budget

According to the culture species, the partitioned OC fluxes (OCin, OCox, and OClat)
in the farms were temporally varied, i.e., those were highest in May at FF when the
stock density and food supply were maximum; whereas those at OF were the highest in
December just before harvesting as intensive culturing (Tables 1 and 3). This result suggests
that the aquaculture activities can determine not only the benthic respiration but also the
biogeochemical OC cycles in coastal waters (Figure 6).

http://www.nifs.go.kr/fishfeed/
http://www.nifs.go.kr/fishfeed/
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Table 3. Results of partitioned organic carbon (OC) fluxes at fish farm (FF), oyster farm (OF), and control sites (FF-C, OF-C).

Season Sites

Vertical OC Flux 1

(OCin)
OC Oxidation
Rate 2 (OCox)

Lateral Flux 3

(OClat)
Burial Flux 4

(OCburial)
Oxidation

Efficiency 5
Burial

Efficiency 6

(mmol C m−2 d−1) (%)

May 2018

FF 154 ± 24 90 ± 1 55 ± 24 9.1 ± 1.3 58 6
OF 73 ± 6 46 ± 1 20 ± 6 7.3 ± 0.5 63 10

FF-C 39 ± 5 30 ± 8 7 ± 9 2.1 ± 0.4 77 5
OF-C 33 ± 2 23 ± 3 6 ± 4 3.7 ± 0.4 70 11

December 2018

FF 112 ± 13 59 ± 11 44 ± 20 - 53 8
OF 129 ± 5 65 ± 12 57 ± 13 - 50 6

FF-C 18 ± 2 13 ± 3 3 ± 4 - 72 12
OF-C 34 ± 4 24 ± 5 6 ± 6 - 71 11

1 OCin estimated using sediment trap data. 2 Redfield ratio was used to convert carbon: C:O2 = 106:138. 3 OClat = OCin − OCox − OCburial.
4 OCburial = wρ(1 − ϕ)Corg. 5 Oxidation efficiency (OCOE) = OCox/OCin × 100%. 6 Burial efficiency (OCBE) = OCburial/OCin × 100%.
Values represent average ±1 SD (n = 2).
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The strong positive linear relationship between OCin and OCox implies that a signif-
icant fraction of deposited OC at the coastal sediment (~50%) is oxidized in the upper
sedimentary layer (Figure 7A). The oxidation efficiencies (OCOE = OCox/OCin × 100) at
FF and OF were 7–21% lower than control sites, implying that the higher OC supply in
the sediment of farms can lead to an anaerobic condition in the sediment and thus OC
remineralization proceeds to relatively slow anaerobic decomposition pathways of OC
rather than aerobic respiration [15] (Figure 7) (Table 3).

The OCburial at farms (7.3 ± 0.5–9.1 ± 1.3 mmol m−2 d−1) were higher than that at
control sites (2.1 ± 0.4–3.7 ± 0.4 mmol m−2 d−1), which account for less than ~ 10% of the
OCin into the surface sediment. The burial efficiency of OC, which means the percentage
of deposited OC preserved in the sediment, was estimated to range from 5% to 12% with
no difference between farms and control sites (Table 3). These results suggest that most of
the deposited OC were oxidized in the sediment surface layer and/or lateral transported
by resuspension before being buried in the sediment.

The fact that the OCin was higher than the sum of OCox and OCburial implies that the
vertical OC flux could be an overestimation or that the lateral transported OC might have
been captured into the sediment trap. The sampling artifact of sediment trap in shallow
water is well known, but its quantification is not valid in this study [55,56]. Otherwise,
the lateral transported OC also can contribute to the vertical flux [57]. For example,
OM released from the farm site can be spread out tens or hundreds of meters via the
process of deposition and transport. The current speed plays an important role in this
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process [58,59]. The “sediment resuspension-lateral transport” process can initiate at the
bottom current speeds of 20–40 cm s−1 in natural coastal sediment [60]. The current speeds
of 10 cm s−1 are high enough to initiate the resuspension of fine texture sediments such as
farm sediment, and current speeds greater than 5 cm s−1 are strong enough to keep the
suspension of particles in the fish farm sediments [61]. Considering the average current
speed is 13.8 cm s−1 in the Tongyeong system [13], the net between OCin and the sum of
OCox and OCburial can be simplified as contributions by lateral transports. The fractions of
lateral flux to total vertical carbon flux were estimated to range from 27% to 44%, which
may be maximum values.
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Figure 7. The positive linear relationship between vertical flux of organic carbon (OCin) and carbon
oxidation (OCox) implies that about 50% of total supple organic carbon is oxidized in the upper
sedimentary layer (A). The negative linear relationships between vertical flux of organic carbon
(OCin) and oxidation efficiencies (OCOE) suggests that higher loading of organic carbon may intensify
the anoxic condition in sediment and organic carbon oxidation processes may follow the slow anoxic
degradation pathways (B).

4.3. Benthic Nutrient Fluxes and Benthic–Pelagic Coupling in Aquaculture Sediment

The BNFs at farms were significantly greater than those at control sites and gener-
ally represent influx of nutrients to the coastal water (Figure 4). The dissolved inorganic
nitrogen (DIN, NH4

+ + NOx
−) and dissolved inorganic phosphate (DIP, PO4

3−) fluxes
(5.45–8.95 mmol DIN m−2 d−1 and 0.51–1.67 mmol DIP m−2 d−1) measured at FF and OF
were comparable to or higher than those measured at the shellfish farm, such as at the
mussel farm (1.1–8.2 mmol DIN m−2 d−1 and 0.36–1.20 mmol DIP m−2 d−1, [62]) and sea
squirt farm (9.0 mmol DIN m−2 d−1 and 0.52 mmol DIP m−2 d−1, [23]). However, the
values were lower than those reported from finfish farm sediment that received a large
amount of OM, specifically, from the rainbow trout farm (2.7–28.7 mmol DIN m−2 d−1

and 0.16–5.10 mmol DIP m−2 d−1, [36,37]) and the salmon farm (96.8 mmol DIN m−2 d−1,
14.5 mmol DIP m−2 d−1, [63]). The benthic silicate fluxes at OF (20.19–24.63 mmol m−2 d−1)
were significantly higher than at other sites. A higher biogenic silicate of sediment and
silicate concentration in porewater in the sea squirt farms, and thus the silicate benthic flux
was about two times higher than the eutrophic coastal bay [23]. The biogenic silicate in
fecal pellets of sea squirt may accumulate into the sediment [64], implying that the feeding
activity of filter feeder species may not only redistribute the silicate in coastal water of
Korea but also control the phytoplankton community temporally.

The BNFs can potentially trigger stimulating phytoplankton bloom via benthic–pelagic
coupling [12,25]. Based on Redfield C:N:P ratio (106:16:1), the DIN and DIP demanded
primary production in May and October were 17.5 mmol DIN m−2 d−1 and 1.09 mmol
DIP m−2 d−1 and 3.32 mmol DIN m−2 d−1 and 0.21 mmol DIP m−2 d−1, respectively ([12],
Table 4). The benthic release of DIN and DIP in May accounted for 37–46% and 52–60% of
that demanded primary production, respectively, at FF and OF (Table 4). By contrast, the
BNF contributed to more than 150% for both the N and P required for primary production
with tight benthic–pelagic coupling in December (Table 4).
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Table 4. Nutrient demand for primary production (PP) in the water column, benthic nutrient fluxes,
and contribution of benthic nutrient fluxes to primary production at FF, OF, FF-C, and OF-C in May
and December 2018.

Season Sites

Nutrient Demand
for PP 1

Benthic Nutrient
Flux

Contribution of
BNFs to PP

(mmol m−2 d−1) (mmol m−2 d−1) (%)

DIN 2 DIP DIN 2 DIP DIN 2 DIP

May

FF 17.5 1.09 8.07 0.65 46 60
OF 6.53 0.57 37 52

FF-C 2.64 0.36 15 33
OF-C n.d. n.d. n.d. n.d.

December

FF 3.32 0.21 5.45 1.67 164 804
OF 8.95 0.51 270 243

FF-C −0.75 0.08 n.d. 40
OF-C 0.78 n.d. 23 n.d.

1 Calculated from the PP data using Redfield’s ratio of C:N:P = 106:16:1. 2 DIN is sum of benthic ammonium flux
and benthic nitrate flux. n.d. = not detected.

5. Conclusions

A combined analysis of in situ SOD and BNFs, sedimentation rate, the sediment trap,
and OC contents of sediment in aquaculture farms (fish and oyster) and control sites show
the following highlights. The SOD and BNFs at the fish farm were significantly higher than
at other sites and may be affected by artificial feed for fish growing. The strong correlation
between SOD and stock densities suggests that the excess OM loading around farms may
enhance the benthic respiration in coastal. Furthermore, the feeding types (artificial or
natural) of cultured species may be important keys to controlling the bio-limiting elements,
especially nitrogen in coastal waters over the long term [65]. In addition, most of the OM
deposited into sediment was recycled in the upper sediment layer, and the aquaculture of
which may intensify the red tide and deoxygenation in the semi-enclosed coastal waters
of Korea.
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