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Denitrification in a Dissimilatory
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Jinhae Bay, South Korea

Yan Huang and Soonmo An”*
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The effects of seasonal hypoxia on sediment-water interface nitrogen (N) transformations in
Jinhae Bay were examined from 2015 to 2019. The rates of benthic denitrification,
anaerobic ammonium oxidation (anammox), dissimilatory nitrate reduction to ammonium
(DNRA), nutrient exchange, and sediment oxygen consumption were measured seasonally.
The oxygen (O,) and hydrogen sulfide (H>S) depth profiles were measured using
microelectrodes. Neither penetration nor consumption of oxygen decreased during
hypoxia. Denitrification, anammox, and DNRA ranged from O to 0.73, 0.13, and 1.09
mmol N m™ day ™', respectively. Denitrification, the dominant N removal pathway, increased
by 75% while anammox ceased, which led to an overall increase of 55% in the total N, gas
production during hypoxia relative to that during normoxia. Enhanced denitrification is the
result of increased coupled nitrification—denitrification due to the intermittent supply of
oxygen during bottom water hypoxia (“weak hypoxia”). In the hypoxic period, DNRA
decreased by 62%, and the relative contribution of DNRA to the total nitrogen reduction
process decreased from 81 to 58%, but it still outperformed denitrification as the main
nitrate reduction pathway. Sediments were strong sources of ammonium for the water
column, both under normoxia and hypoxia, whereas they were a sink of nitrate from the
water column during hypoxia. Bioturbation may be important for maintaining oxygen
penetration and consumption in sediments. The dominance of DNRA was mainly due to
the relatively high content of sulfide and organic-rich sediments. The repressed macrofaunal
activity and increased coupling of nitrification and denitrification during hypoxia may have
contributed to enhanced denitrification. Taken together, the overall dominance of DNRA
might contribute to the development and maintenance of eutrophication and seasonal
hypoxia in this system. However, in contrast to the previous results, denitrification was
enhanced during “weak hypoxia,” which might be helpful in alleviating eutrophication.

Keywords: weak hypoxia, denitrification, nitrification, anammox, dissimilatory nitrate reduction to ammonium,
Jinhae Bay
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INTRODUCTION

In the past few decades, the most important change in marine
ecosystems has been the decrease in oxygen levels, both in the
open ocean and coastal environments (Breitburg et al., 2018).
Hypoxia occurs when the oxygen level is less than 2 ml L™ or 90
umoL L™, which suppresses macrofaunal activity and alters the
biogeochemical cycling of important nutrients, such as dissolved
inorganic nitrogen (Diaz and Rosenberg, 1995; Diaz and
Rosenberg, 2008). In the open ocean, global warming is
considered the primary cause of hypoxia, as it directly reduces
the solubility of oxygen and further reduces the introduction of
oxygen by increasing seawater stratification and weakening
ocean overturning circulation (Helm et al., 2011; Schmidtko
et al, 2017). In estuaries and coastal systems, hypoxia is mainly
attributed to increased loading of nutrients (primarily N and P)
and organic matter from agriculture (Hasler, 1969), sewage
(Galton, 1884), and the combustion of fossil fuels in areas such
as the Mississippi River-influenced Gulf of Mexico (Rabalais
et al., 2007), East China Sea (Tong and Zhang, 2007; Wei et al.,
2007), and Chesapeake Bay (Kemp et al., 2005; Kemp et al., 2009;
Rabalais et al., 2010).

In most cases, hypoxia is particularly evident in semi-
enclosed coastal waters where water exchange is poor. Jinhae
Bay, the largest semi-enclosed bay in South Korea, is located on
the south-eastern coast. It suffers frequent bottom-water hypoxic
events and has been reported as one of the “Korean dead zones”
(Lee et al, 2018). However, hypoxia in Jinhae Bay, which we
defined as “weak hypoxia” in the current study, is temporally
unstable due to the shallow water depth (see discussion).
Hypoxia in Jinhae Bay is mainly caused by eutrophication due
to excessive nitrogen nutrient input from human activities (Diaz
and Rosenberg, 1995; Diaz and Rosenberg, 2008).
Approximately, 7.5% of the sea area of Jinhae Bay is used for
aquaculture, including production of oysters, mussels, and ark
shells (Kim et al., 2013); it is the largest shellfish production area
in Korean coastal waters (Yoon et al., 2019). Since the 1960s,
large amounts of untreated domestic sewage and industrial waste
have been discharged into Jinhae Bay, worsening the
deterioration of water quality caused by aquaculture.

Relatively few denitrifying organisms occur in the water
column, whereas they are widely distributed in marine
sediments, forming hotspots of nitrogen cycling that are
responsible for 60% of marine fixed nitrogen loss (Eugster and
Gruber, 2012). Nitrogen reduction processes are sometimes
referred to as nitrogen sinks and links; these are both restricted
to the anoxic part of sediments. Nitrogen sinks include
denitrification and anaerobic ammonium oxidation
(anammox), and the links include the dissimilatory nitrate
reduction to ammonium (DNRA) process (An and Gardner,
2002). Both denitrification (often coupled with nitrification) and
anammox can remove fixed nitrogen (nitrate or ammonium)
from the system as nitrogen gas and reduce the reactive nitrogen.
DNRA converts nitrate to ammonium, recycles it, and retains the
transformed nitrogen in a biologically available form, thereby
aggravating eutrophication and/or hypoxia (Deng et al., 2015).

Benthic nitrogen cycling (mainly including nitrogen fixation,
nitrification, anammox, denitrification, and DNRA), especially
nitrate reduction, is regulated by a variety of environmental
parameters, such as substrate (nitrate) availability, dissolved
oxygen concentration, organic matter content, and the
presence of inhibitors (e.g., sulfide) (An and Joye, 2001; Bae
etal,, 2001; Jensen et al., 2008). Because benthic nitrogen cycling
is closely related to oxygen conditions, a range of studies have
investigated the response of sediment nitrogen cycling to bottom
water oxygen availability (Neubacher et al, 2011; Jdntti and
Hietanen, 2012; Neubacher et al., 2012; Bonaglia et al., 2014;
McCarthy et al., 2015; Caffrey et al., 2019; Foster and Fulweiler,
2019; Song et al., 2020); however, the effect of O, on nitrogen
cycling varies. For example, Neubacher et al. (2011; 2012) found
denitrification increased under both short- and long-duration
experimentally induced hypoxic conditions, whereas Song et al.
(2020) found benthic N loss decreased by 38% under artificially
induced severe hypoxic conditions. McCarthy et al. (2015) found
that denitrification was negatively correlated with bottom water
dissolved oxygen (DO) and the highest denitrification rate under
the lowest ambient bottom water DO. Caffrey et al. (2019) also
obtained the highest denitrification rate under hypoxic
treatment, whereas Jantti and Hietanen (2012) found that
DNRA dominated nitrate reduction when O, < 110 pmol L,
and most nitrogen was recycled instead of being removed by
forming N, gas. Foster and Fulweiler (2019) argued that there is
little to no change in denitrification under hypoxic conditions. In
addition, as the important nitrogen removal pathway in the
nitrate reduction process, denitrification is also influenced by
other factors. Rysgaard et al. (2004) suggested that denitrification
is a temperature-dependent process, while Deng et al. (2015)
reported a positive relationship between denitrification rates and
the organic carbon contents.

Some of these studies used experimentally induced hypoxic
conditions (Neubacher et al., 2011; Neubacher et al., 2012; Song
et al., 2020), which makes it difficult to simulate the effects of
ambient hypoxia on benthic nitrogen cycling; furthermore, these
studies were generally short in duration and may not have had a
temporal resolution high enough to capture the seasonal
variability of potentially regulating factors (Hietanen and
Lukkari, 2007). Most of these studies have focused on estuarine
or coastal marine sediments, and few have focused on semi-
enclosed shallow bays. Jinhae Bay is an appropriate
representative field site to study the effects of seasonal bottom
water hypoxia on benthic nitrogen cycling in a semi-closed bay,
as these conditions regularly occur there.

In this study, we investigated how benthic nitrogen
cycling responded to different bottom water oxygen levels
under natural seasonal oxygen-deficient conditions via intact
core and slurry incubations. We examined the impact of Jinhae
Bay seasonal bottom water oxygen concentrations on (1) water
column O, and nutrient dynamics; (2) benthic nitrogen
reduction processes, denitrification, anammox, and DNRA; (3)
benthic nitrogen transform fluxes and sediment oxygen
consumption (SOC); and (4) oxygen (O,) and hydrogen sulfide
(H,S) depth profiles.
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MATERIALS AND METHODS

Sampling Site Description and Protocol
Jinhae Bay is a typical shallow bay with a water depth of less than
20 m and an approximate area of 640 km?> (Kwon et al., 2020)
(Figure 1), including seven small semi-enclosed inner bays
(Jindong, Danghang, Dangdong, Wonmun, Gohyeon,
Haengam, and Masan Bays) (Lee et al., 2018). The annual
precipitation is approximately 1,500 mm, concentrated in the
summer months, and the air temperature ranges from -5°C to
35°C. Jinhae Bay is dominated by semidiurnal tides, with a high
current speed at the mouth of the bay and less than 10 cm s™,
current speed within the inner bay (Kim et al, 2015). Water
exchange in the inner bay is poor and minimally affected by
freshwater discharge. Hypoxia has been reported every summer
since 1974 due to water column stratification (Cho et al., 2002).

Sampling and experiments were conducted at several sites in
Jinhae Bay over 16 cruises from 2015 to 2019 (Figure 1).
Dangdong Bay (DD), Danghang Bay (DH), and Wonmun Bay
(WM) were selected to examine benthic nitrogen cycling and
oxygen dynamics over the course of five years. Because hypoxia
occurred more frequently and severely (based on our previous
study) than in the other two sites (DH and WM), two stations
(DD1 and DD2) were selected in Dangdong Bay. The details of
the sites visited during each cruise are listed in Table 1.

Depth profiles of temperature, salinity, and DO were acquired
using a HydroLab multiprobe system (HydroLab ® 4a) system.
Water column samples for nutrient analysis were collected at the

surface (0-0.5 m), middle (4.5-8 m, based on different water
depths of each station), and bottom (0.5 m above sediment).
Samples for nutrient analysis were filtered immediately upon
collection through GF/F glass fiber syringe filters (Whatman
International, Maidstone, Kent, UK) and transferred into 50 mL
sterile centrifugal tubes (Thermo Fisher Scientific, US). Bottom
water samples were collected in a 5 L Niskin bottle for
subsequent incubation experiments. Small (internal diameter
(ID) 4 cmj; height 23 cm) and large (ID 8 cm; height 33 c¢m)
intact sediment cores and overlying water were collected with
acrylic corers by scuba divers with minimal disturbance to the
sediment-water interface (An and Joye, 2001). The sediment
cores and water samples were sealed with polyvinyl chloride
(PVC) caps immediately after collection and transferred to the
laboratory within 2 or 3 h. The sediments were mainly composed
of fine-grained silty clays and clays with high organic matter
content, of which the organic carbon content was the highest
amongst those of all Korean coastal sediments (Seo et al., 2015).
Macrofaunal burrows were observed in the sediment cores.
Unamended intact core incubation data were available from
January (Jan) 2015 to March (Mar) 2017 (Table 2), whereas
slurry incubation and DNRA data were available from July (Jul)
2016 to November (Nov) 2019.

Water Column and Sediment Profiles

We immediately stored the water column samples in a -20°C
freezer until nutrient analysis. Dissolved inorganic ammonium
(NHj}), nitrate (NO3), and nitrite (NO3) (i.e., NOx)
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FIGURE 1 | Map of Jinhae Bay showing the location of the four sampling sites: DH, DD1, DD2, and WM, located in Danghang Bay (DH), Dangdong Bay (DD1 and

DD2), and Wonmun Bay (WM), respectively.
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TABLE 1 | Ambient bottom water (approximately 0.5 m above sediment surface) conditions at sites sampled on cruises in Jinhae Bay.

Site Cruise Depth Temperature Salinity DO NOx NH,4

ID (m) (°C) (psu) (umol L) (umol L)

DH Jan 2015 14 6.4 31.1 289.4 1.2 1.3
Apr 2015 13.2 12.4 31 252.2 46 2.6
May 2015 13.2 14.3 30.5 266.6 36 1.3
Jun 2015 14.3 18.3 33.8 112.6 55 46
Jul 2015 141 21.7 30.8 55.6° 6.4 8.5
Sep 2015 13.9 24.6 29.8 90.3? 4.0 7.2
Oct 2015 14 20.8 30.9 153.1 4.9 46
Nov 2015 14.2 14.9 30.5 261.9 11.8 3.7

WM Jan 2015 12.8 6.2 31.3 299.1 3.0 1.6
Apr 2015 9 12.3 31.3 247.2 26 0.9
May 2015 9.5 13.3 31.3 195.6 2.2 1.0
Jun 2015 9.8 15.7 339 42,62 2.1 6.6
Jul 2015 9.8 216 31.2 118.8 8.8 1.8
Sep 2015 9.2 25.0 30.1 185.3 2.1 0.6
Oct 2015 9.2 21.4 30.9 1441 0.9 3.1
Nov 2015 10.1 14.8 31.1 2041 75 5.4
Jul 2016 9.3 19.4 31.7 23.12 0.9 0.8
Aug 2016 9.7 26.4 31.1 95.6 1.1 6.0

DD1 Jan 2015 12.8 6.1 31.4 304.4 45 1.1
Apr 2015 13 1.7 316 247.8 2.0 0.8
May 2015 13.9 12.4 31.4 2281 2.3 0.8
Jun 2015 16 15.3 34.5 10.6° 29 20.3
Jul 2015 16.3 20.1 31.7 472 6.6 3.3
Sep 2015 16.8 24.5 30.4 90? 2.6 6.1
Oct 2015 16 21 31.3 51.9° 5.1 8.5
Nov 2015 17.3 15.1 316 211.9 56 3.9
Jul 2016 15.5 17.4 32.3 30.9° 15.7 2.1
Aug 2016 15.8 22.6 31.1 61.9° 15 9.4
Mar 2017 15.8 8.7 33.1 260.3 1.1 1.4

DD2 Jul 2016 14.7 17.5 32.3 17.8% 14.1 43
Aug 2016 15.6 217 31.2 13.8% 0.9 9.9
Mar 2017 15.6 9 33.1 274.7 1.1 0.7
Dec 2018 15.3 12.7 32.8 306.3 - =
Apr 2019 15 12.8 29.5 243.8 1.1 2.3
May 2019 15.2 15.1 27.5 164.4 15 5.7
Aug 2019 14.7 20.8 35 53.12 1.3 7.1
Nov 2019 13.9 15.9 32.6 244.7 6.1 15

DO, dissolved oxygen; NOXx, nitrate plus nitrite; NH, ammonium.
@Bottom water hypoxia (DO < 90 pimol L™).

concentrations in the filtered ambient and core incubation
samples were determined by standard methods using a
spectrophotometer (Shimadzu, UV-1650PC, Japan) (Strickland
and Parsons, 1972). Ammonium-free seawater with similar
salinity was used to prepare standard solution to eliminate the
influence of salinity on the determination of ammonium (NH})
(Parsons et al., 1984). Sediment characteristics, including water
content (%), grain size >63 um (sand content, %), and sediment
organic matter content (loss-on-ignition (LOI) %), were
measured using a large intact core. The sediment core was
sliced at intervals of 1 cm within the first 10 cm and at
intervals of 2 cm above 10 cm. The water content was
measured by the weight loss of the sediment after drying in an
oven at 60°C for 24 h. Grain size >63 um was determined using a
copper sieve (230 mesh, 63 pm). Sediment organic matter
content, expressed as the percentage of weight loss-on-ignition
(LOI %), was calculated after combustion at 550°C for 2 h. The
microprofiles of dissolved oxygen (O,) and hydrogen sulfide

(H,S) were measured during several cruises in an intact core (ID:
8 cm; height: 33 cm) using O, and H,S microelectrodes (OX-50,
H,S-100, Unisense ® Denmark).

Unamended Intact Core

Incubations for Sediment Oxygen
Consumption and Nutrient Flux

Six intact cores (the upper cap was removed) and in-situ bottom
water (approximately 20 L) were placed in an incubation tank
and pre-incubated overnight in the dark at the in-situ water
temperature with O, saturation. The top parts of the core were
sealed with a rubber stopper and immediately preincubated, and
the sediment cores were incubated for approximately 24 h.
Duplicate cores were sacrificed at time points of 0, 1, 2, and 24
h, and the oxygen concentration was directly determined using a
membrane inlet mass spectrometer (MIMS) (Kana et al., 1994;
Deng et al., 2015). Water samples for nutrient flux analysis at
each time point were filtered and preserved, as described above.

Frontiers in Marine Science | www.frontiersin.org

May 2022 | Volume 9 | Article 897474


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Huang and An

Nitrogen Cycling During Hypoxia

TABLE 2 | Sediment-water interface sediment oxygen consumption, nutrient flux (mmol N'm= day™"), and nitrification in unamended cores from sites sampled in Jinhae Bay.

Site ID Cruise socC
DH 15-Jan 16.5 (4.7)
Apr-15 12.8(7.5)
May-15 13.6 (2.1)
Jun-15 13.7 (2.7)
Jul-15 176 (1.2)
Sep-15 27.2 (0.4)
Oct-15 21.0 (3.0)
Nov-15 82(1.7)
WM Apr-15 17.3(0.7)
May-15 13.8 (3.4)
Jun-15 23.5 (4.7)
Jul-15 18.0 (8.9)
Sep-15 19.3(0.8)
Oct-15 18.2(0.7)
Nov-15 8.3 (3.3
Jul-16 8.8 (0.2
Aug-16 27.2 (0.1)
DD1 Jan-15 10.6 (1.4)
Apr-15 18.1 (4.7)
May-15 13.2 (6.2)
Jun-15 14.7 (2.0)
Jul-15 19.6 (2.0)
Sep-15 27.3 (2.4)
Oct-15 19.5(1.7)
Nov-15 14.3(0.2)
Jul-16 7.4 (1.2)
Aug-16 20.3 (0.2
Mar-17 156.3 (2.5)
DD2 Jul-16 22.0 (5.7)
Aug-16 25.8 (0.5)
Mar-17 121 (2.7)

NOXx-f NH,-f Nit*
0.03 (0.1) 0.56 (0.2) 0.05 (0.1)
-0.03(0.2) -0.79(0.2) 0.25 (0.1)
0.26 (0.01) -0.01(0.3) 0.54 (0.03)
0.15 (0.1) -0.16 (0.2) 0.45 (0.1)
0.42 (0.1) -0.41 (1) 0.68 (0.04)
-1.15(0.1) 1.32 (1) 0(0)
-0.19 (0.01) 1.21 (1.9) 0.12 (0.1)
-0.05 (0.1) 0.17 (0.8) 0.74 (0.3)
0.01 (0.1) 0.37 (0.3) 0.03 (0.03)

0(0.1) 0.55 (0.1) 0.07 (0.1)
0.14 (0.1) 1.54 (0) 0.46 (0.2)
-0.05 (0.01) 1.49 (0.2) 0(0)
012 (0.1) 151 (0) 0.03 (0.03)

0.04 (0) 0.29 (0.3) 0.08 (0.01)
0.15 (0.1) 0.13 (0.1) 0.31 (0.1)
-0.05 (0.1) 0.71(0.2) 0.01 (0.01)
0.1 (0.1) 0.09 (0.1) 0.17 (0.2)
0.01 (0.02) 0.2 (0.5) 0.01 (0.01)
-0.09 (0.03) 1.2(0.8) 0(0)
0.18 (0.2) 0.23 (1.1) 0.28 (0.2)
0.03 (0.3) 0.4 (0.4) 0.44 (0.3)
0.09 (0.2) 0.97 (0.3) 0.17 (0.2)
017 (0.1) 0.66 (0.1) 0.06 (0.1)
-0.13(0) 0.55 (0.3) 0.03 (0.03)
-0.27 (0.04) 2.49 (0.7) 0(0)
-0.07 (0.1) -0.35 (0.1) 0.04 (0.04)
-0.07 (0.01) -0.43 (0.1) 0.02 (0.02)
-0.02 (0) 0.2 (0) 0(0)
-0.78 (0) 0.91 (0.9) 0(0)
0.06 (0.03) -0.35 (0.1) 0.52 (0.03)
0.1(0.01) 0.2(0.2) 0.1(0.01)

f, flux; SOC, sediment oxygen consumption; Nit, nitrification.

Note the values in parentheses represent the standard error of rates measured in duplicate samples (values less than 0.05 are accurate to two decimal places to distinguish them from true zeros).

*Nitrification was estimated by the approach of Neubacher et al. (2011).

Slurry and Amended Intact Core
Incubations for Benthic Denitrification,
Anammox, and DNRA

Slurry incubations were conducted to determine the potential
denitrification, anammox, and DNRA rates and their relative
contributions to the total nitrate reduction process according to
Thamdrup and Dalsgaard (2002) and Shan et al. (2016). Briefly,
the sectioned subsamples (0-3 cm) were sieved through a 1.0
mm copper sieve to remove visible shells or roots prior to
subsequent analysis (Wang et al., 2020). Then, 3 mL of
sediment and He-purged bottom water were transferred to 40
mL gas-tight glass vials (Exetainer, Labco, UK) and sealed
immediately to avoid bubbles or any headspace. The slurries
were preincubated overnight to consume residual O, and NOx
and then received one of three different tracer combinations
(’NH,CI, *NH,CI plus K"*NO3, or Na'*NOj3, 98-99% atom %,
Sigma-Aldrich) to a final concentration of approximately 100
umol L™ °N in each vial. The bottle was vigorously shaken after
the addition of the tracer so that the '°N was evenly distributed in
the slurry. After 18-24 h when the "N tracer reached a new
equilibrium state, triplicate vials were sacrificed at time points of
0, 24, 48, and 72 h. Nitrogen gas (*N,, *°N,) production was

analyzed immediately, as described above. The ’NOj amended
slurry samples were also used for >NH} analysis.

’'NOj; amended intact core incubations were performed to
determine the benthic denitrification, anammox, and DNRA
rates. The incubation tank was amended with the '>NO3 tracer
(Na'®NO;, 98% °N atom %, Sigma) to a final concentration of
100 umol L. The sediment cores were then preincubated
overnight to allow the stabilization and equilibration of NOj.
The following day, the nitrogen gas produced during the
incubation (*’N,, *°N,) in duplicate cores was directly
determined using a MIMS at time points of 0, 1, 2, and 24 h.
Time series samples for *NHJ analysis were also collected
simultaneously. DNRA activity was measured using the OX/
MIMS method (*NH; oxidation technique and MIMS analysis)
according to Yin et al. (2014). Briefly, all ">'NH} samples were
purged with He gas to eliminate any *’N, and *°N, produced by
denitrification and/or anammox during intact core/slurry
incubations. The He-purged samples were transferred to 12
mL gas-tight glass vials, and hypobromite iodine solution (0.2
mL) was added to oxidize any >NH} into °N gases (*N, and
*°N,). The production of nitrogen gas (*’N,, *’N,) was analyzed
using a MIMS and used to calculate the DNRA rates.
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Rate Calculation
The slope of the linear regression of the measured O,, N,, and
N, and nutrient concentrations against time was used to calculate
the rate. The units for sediment oxygen uptake (umol O, L™ h™")
and nutrient flux (umol N L' h'') and rates of benthic nitrogen
reduction processes (denitrification, anammox, and DNRA, pmol N
L™ h™) in the core incubation were converted to mmol O, m? d™
and mmol N m™ d”', respectively, by dividing by the intact
incubation sediment surface area.

Anammox activity was confirmed by

>NH} tracer-amended anoxic slurry incubation (Thamdrup
and Dalsgaard, 2002). Therefore, N, production was derived
from both denitrification and anammox in intact core
incubations, from which the actual denitrification and
anammox rates were calculated according to the revised
isotope pairing technique (r-IPT) (Risgaard-Petersen et al.,
2003). Briefly, the total N, production (P;,) was expressed as a
function of ry4, which is the ratio of *NOj to NOj3 in the
nitrate reduction process.

Py =2 % 1y % [PPN, + PN, x (1-ry,)] (1)

where P®N, and P*°N, are the production rates of N, and
N, respectively, calculated from the linear regression of the
measured concentration against time. Parameter r;, can be
derived from anoxic slurry incubation as follows:

ria= [(1-ra) X Ry —ra]/(2 - ra) )

where ra is the anammox contribution to the total N, production
in the anoxic slurry incubation and R,y is the ratio of PPN, to
PN, derived during core incubation; however, we used the
estimated ra by averaging the measured value of ra in the
normoxia and hypoxia periods, when anoxic slurry incubation
was not conducted.

The genuine anammox (aao,4) and denitrification (den;,)
rates in the core incubation were calculated using the following
formulae:

aao,= 2 x 1y X (PPN, -2 x 1y x PN,) (3)

deny,= Py, —aaoy, (4)

The proportion of Py, supported by *NOj from the water
column (P;,w) was calculated as follows:

Puyw = Py X fia/r14 (5)

where f 1, represents the ratio between the concentrations of '*
NO; and "NOj in the water column from the intact
core incubation.

The proportion of P;4 supported by sedimentary nitrification
(P14n) was calculated as follows:

Pyyn =Py — Py, (6)

We estimated nitrification rates according to Neubacher
et al. (2011).

Statistical Analyses

All statistical analyses were performed using Statistical Package
for the Social Sciences (SPSS) version 22. One-way analysis of
variance (ANOVA) was used to test for differences between
seasons and sites. We conducted a Pearson correlation analysis to
evaluate the correlations among SOC, N transformation rates
(nutrient flux, denitrification, anammox, and DNRA), and
environmental parameters.

RESULTS

Sampling Site Water Column and
Sediment Physicochemical Characteristics
The physicochemical characteristics of the sites are summarized
in Table 1. The water depth at sampling sites varied between 9
and 17.3 m. Surface water and bottom water temperatures varied
between 6 and 29.9°C and 6.1 and 26.4°C, respectively. The
temperature peaked in the summer and decreased in the winter.
Salinity ranged between 25 and 33.7 and 27.5 and 35 psu for
surface and bottom water, respectively. No significant spatial or
seasonal variations in the salinity were observed. Surface and
bottom water DO ranged from 155.3-408.1 pumol L' and 4.7-
306.3 umol L™, respectively. Both values were high at the DH site
and low at the DD site. A significant seasonal variation in DO
was observed; DO was low in summer and autumn and high in
winter and spring (one-way ANOVA, n = 37, P = 0.000). Bottom
water hypoxia (O, < 90 pmol LYY occurred at all stations during
the sampling periods in summer and autumn. The lowest bottom
water O, concentration, 4.7 umol L, was recorded at DD1
station in Jul 2015.

An obvious spatial variation was observed between water
column NOx (one-way ANOVA, n = 108, P = 0.004), with the
highest concentration of 5.7 umol L' recorded at DH station,
the median value of 3.3 umol L™" at DD1 station, and the lowest
two values (2.9 and 2.6 umol L") at WM and DD2 stations
(data not shown). Seasonal variations were observed in the
water column NHj} concentrations (n = 108, P = 0.014).
Generally, water column nutrient concentrations were high in
summer and autumn (hypoxia period) and low in spring and
winter (normoxic period) (Table 1). The water column
dissolved inorganic N (DIN = NOx+NHj) concentrations
averaged 6.4 + 0.5 umol L', which were much higher in
bottom water in autumn (8.2 = 0.9 umol L) and summer
(6.9 + 0.8 pmol L") than in spring (4.7 + 0.6 umol L") and
winter (3.7 £ 0.4 pmol LY.

The water content of surface sediment (0-3 cm) ranged from
62% to 80% (data not shown). The organic matter content of the
surface sediment was the highest in summer (18%), followed by
spring (17%) and autumn (15%), and the lowest in winter (12%).
Overall, the sediments were fine-grained and rich in organic
matter (OM).

Oxygen and H,S Microelectrode Profiles
Sediment O, and H,S profiles were generated by duplicate
microelectrode measurements in one core from each site during
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several cruises from September (Sep) 2015 to Nov 2019. A complete
seasonal profile was only available for Dangdong Bay (Figure 2).
The concentration of pore water oxygen fluctuated, with no clear
and stable decreasing trend with depth, regardless of bottom water
hypoxia (Figure 2). The oxygen penetration depth (OPD) ranged
from 1 mm (October (Oct) 2015 at DH station) to 29.8 mm
(May 2015 at DD2 station) during the normoxia period and from
1.6 mm at DD2 station to 22.8 mm at WM station in Jul 2016
during the hypoxia period (data not shown). No significant spatial
or seasonal variations were observed in the OPD. On average, OPDs
increased by 76%, ranging from 8.7 mm during bottom water
normoxia to 11.6 mm during bottom water hypoxia. Surface

sediments (0-10 mm depth) had higher O, concentrations
under bottom water normoxia (>150 pmol L") than under
hypoxia (<50 umol LY (Figure 2).

H.,S was detected at both the sediment—water interface and in
the sediment, regardless of bottom water hypoxia (Figure 2);
however, when H,S was detected during bottom water normoxia,
its concentration in the overlying water was lower (<25 umol L")
than that during hypoxia (>40 pumol L™'). The maximum
sediment H,S concentration ranged from 180 umol L™ in Sep
2015 to 840 umol L' in August (Aug) 2016 during the hypoxia
period and was never greater than 230 umol L' in December
(Dec) 2018 in the normoxia period (Figure 2).

derived from DD2 site, except for Sep 2015 (DD1 site).
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FIGURE 2 | Sediment microelectrode profiles of oxygen (O, black circle) and hydrogen sulfide (HoS, gray square) at DD site in Jinhae Bay from Sep 2015 to Nov
2019 during the sampling period. Results are shown for the (A) hypoxia and (B) normoxia periods. Note that O, and H,S have different axes (except for profiles
generated in Mar 2017). H,S profiles in Apr 2019 are only available for 1 cm depth into sediments. The top axis is for HoS, and the bottom axis is for O,. All profiles
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Sediment Oxygen Consumption

SOC (mean = 169 + 1 mmol O, m? d’'; n = 31, Table 2)
ranged from 7.4 + 1.2 mmol O, m?d"in Jul 2016 to 27.3 + 2.4
mmol O, m? d! in Sep 2015 (both data recorded at station
DD1). The highest SOC was recorded at site DD in Sep 2015
during bottom water hypoxia. No spatial or seasonal variation
was observed in SOC (P > 0.05). SOC was higher in the bottom
water hypoxic period than in the bottom water normoxic
period (P < 0.05). SOC increased significantly in the
hypoxia period by a factor of 27%, from 15.3 £ 1 to 19.5 + 1.9
mmol O, m?d™.

Nutrient Fluxes and Nitrification

NOx(NOj3 + NO3) fluxes varied from -1.15 to 0.42 mmol N m™
d"' with high variability. Overall, sediments were a
negligible NOx sink from the overlying water (mean = -0.05 +
0.05; n = 31, Table 2). No spatial or seasonal differences were
observed in the net NOx fluxes (P > 0.05). There was no
significant exchange of NOx during bottom water normoxia,
and the mean NOx flux was negligible, with a value of 0.0003
mmol N m™ d"'; however, under hypoxia, sediments were strong
sinks of NOx diffused from the overlying water, with an average
rate of -0.14 mmol N m™ d™". On average, sediments were a
netNHj source in Jinhae Bay (overall mean = 0.46 + 0.13 mmol
Nm?2d?, n=31, Table2), but variability was high, ranging from
-0.79 to 2.49 mmol N m™ d'. There were no significant
differences in the NHj flux between sites or seasons. Sediments
were a consistent source of NHj in the overlying water at all sites,
regardless of season. In general, we measured a decrease of 21%
in net ammonium efflux from sediment to overlying water (0.5
mmol N m? d™" to 0.39 mmol N m™ d") during bottom water
hypoxia compared with that in normoxia. The estimated
nitrification rates averaged 0.18 + 0.04, ranging from 0 to 0.74
+0.28 mmol N m™ d™'. No significant differences in nitrification
were observed between the seasons and sampling sites. Overall,
under hypoxia, nitrification rates increased by 21% (0.17 mmol
N m?d’ to 0.2 mmol N m? d") compared with that in the
normoxic period.

Denitrification, Anammox, and

DNRA Rates

Total N, production (P,4,) was mainly sustained by
denitrification (Figure 3). Denitrification rates ranged from 0
across all four sites to 0.73 mmol N m™ d™* in Nov 2015 at DH
with an average value of 0.15 + 0.03 mmol N m™> d' (n = 36).
There was a pronounced spatial variation in denitrification rates
(P =0.017), with higher rates measured at DH (0.31 + 0.08 mmol
Nm?2d?% n=28)than at WM (0.09 + 0.04 mmol N m>d ', n=
9), DD1 (0.10 + 0.04 mmol N m2 d™%, n = 11), or DD2 (0.31 +
0.08 mmol N m™ d', n = 8). There were no significant
differences between denitrification rates in different seasons (P
> 0.05), although the denl4 was not detected in winter, while
being low in spring (0.09 + 0.03 mmol N m~2d%n=10), high in
summer (0.18 + 0.04 mmol N m> d™', n = 13) and the highest in
autumn (0.21 + 0.07 mmol N m™? d*, n = 10). Denitrification
accounted for 85-100% of total N, production (P;4) with an

average of 93% (n = 30), with 89% recorded at DH, 90% at WM,
94% at DDI, and 99% at DD2 (P < 0.05). There was also a
marked seasonal variation in the relative contribution of
denitrification to total N, production (Py4), which was 89% in
spring, 91% in autumn, and 97% in summer (P = 0.019). Overall,
denitrification rates increased by 75% from the normoxia to
hypoxia period (from 0.12 + 0.03 to 0.21 + 0.05 mmol N m™>d’,
n = 10, and n = 13, respectively). The relative contribution of
denitrification to total N, production (P;4) also increased during
the hypoxia period from 88% to 99% (P = 0.000).

Anammox rates ranged from 0 across all four sites to 0.13
mmol N m? d™' in Nov 2015 at DH, with an average value of
0.01 + 0.004 mmol N m? d'(n = 36). An obvious spatial
variation was observed in anammox rates (P = 0.003), with an
average value of 0, 0.01 + 0.002, and 0.04 + 0.01 mmol N m>d™
at DD1 and DD2, WM, and DH, respectively. No seasonal
variation was observed between the anammox rates (P > 0.05);
however, similar to denitrification, anammox activity was also
not detected in winter (n = 3), and was on average very low
(nearly 0) in summer (0.005 + 0.004 mmol N m>d™, n = 13) and
low in spring (0.01 + 0.005 mmol N m™ d "}, n = 10) but higher in
autumn (0.02 + 0.01 mmol N m? d}, n = 10). On average,
anammox only accounted for 7% of total N, production (P1,),
ranging from 2% at DD2 to 11% at DH, 3% in summer, and 11% in
spring. Anammox activity decreased significantly from 0.017 +
0.006 mmol N m2d! (n=23) during the normoxia period to 0.002
+ 0.001 mmol N m? d” (n = 13) during the hypoxia period.
Anammox only accounted for 1% of the total N, production (P, 4)
during the hypoxia period, which was negligible compared to that of
the normoxia period (12% of P;;). Anammox almost ceased,
whereas denitrification increased during the hypoxia period. On
the whole, N, production (Py4) increased by a factor of 55% (0.13 +
0.04 mmol N m2d’ (n=23)t0021+0.05mmolNm=?d"! (n=
13)), which was solely due to the enhancement of denitrification. N,
production (P;,) was mainly sustained by P;,w; on average, P1,w
accounted for 64.13% of total P,4. At stations WM and DD1, >75%
of the N, production (P;4) was sustained by P;,w, whereas P;n
dominated at DH (52%) and DD2 (54%). Both P;,w and P;sn
contributed to the increase in Py, during the hypoxia period, of
which P4w increased by 28% (from 0.08 + 0.02 to 0.1 + 0.02 mmol
N m™?d?),and P,n increased by 93% (from 0.06 + 0.02 to 0.11 +
0.04 mmol N m?>d™).

At station DD2, the DNRA rate peaked at 1.09 £ 0.08 mmol N
m™>d™" in April (Apr) 2019, which was 13 times higher than the
corresponding denitrification rate. DNRA activity was not
detected at DD1 in Mar 2017 and DD2 in Dec 2018, with an
overall average value of 0.27 + 0.09 mmol N m > d™ from 2015 to
2019 (n = 13, Figure 3). No spatial or seasonal variation was
observed in DNRA rates (P > 0.05). Overall, DNRA accounted
for 61% of the total NOj3 reduction rate. DNRA contributed 63%
at WM and 64% at DD2. Denitrification outperformed DNRA
only at DD1 (48%). Compared to those in the normoxia period,
DNRA rates decreased by 62% (from 0.38 + 0.15 to 0.14 + 0.07
mmol N m? d', Figure 3), and the relative contribution of
DNRA to total NOj reduction rates decreased from 81% to 58%
as well.
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FIGURE 3 | (A) deny4, aao+4, and DNRA rates among DH, WM, DD1, and DD2 sites in Jinhae Bay from the intact core incubations. Black bars denote DH sites,
white bars denote WM sites, grey bars denote DD1 sites, and dotted bars denote DD2 sites. Note that DNRA has a different x-axis (only available from Jul 2016 to
Nov 2019). (B) P14n (white shaded bars) and P4,w (grey shaded bars) rates among DH, WM, DD1, and DD2 sites in Jinhae Bay from the intact core incubations.

See text for explanation of each terms.

Correlations Between Environmental
Parameters and Benthic Nitrogen
Transformation Rates

Pearson’s correlation revealed that bottom water DO content was
negatively correlated with bottom water temperature (Table 3).
Bottom water NHj concentrations were negatively related to
bottom water DO content but positively related to bottom water
temperature. denyy, Piyn, Ppy, and nitrification were positively
correlated with bottom water NHj concentration. A positive
correlation was also found among denyy, Py4n, and bottom water
temperature. aao,, was only positively related to bottom water NOx
concentration. A strong negative correlation was observed between
the DNRA rate and bottom water salinity. The P;,w was positively
correlated with bottom water NOx concentration. SOC was
negatively correlated with bottom water DO content, whereas it
was positively correlated with temperature and NHj concentration.
NOx and NHj fluxes did not correlate with any of the
environmental parameters. Both den;, and aaol4 were positively
correlated with P4w, Py4n, P14, and nitrification, whereas aao,, was

negatively correlated with SOC. The DNRA rate was positively
correlated with SOC and nitrification. Both P,;,w and P;4n were
positively correlated with Py, and nitrification, while Pjyn was
positively correlated with SOC and negatively correlated with PO,
flux. The Py, and NOx fluxes were positively correlated with
nitrification. The SOC was negatively correlated with the NOx
flux. A negative correlation was found among the NHj flux, NOx
flux, and nitrification (Table 3).

DISCUSSION

Occurrence of “Weak Hypoxia” in

Jinhae Bay

A total of 13 episodes of bottom water hypoxia occurred in
Jinhae Bay during our survey from 2015 to 2019: ten in the
summer and three in the autumn (Table 1). Hypoxia in Jinhae
Bay is induced by seasonally stratified seawater, mainly due to
variations in water column temperature (Kim et al., 2015). Jinhae
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TABLE 3 | Pearson’s correlation analyses coefficients for ambient bottom water conditions, nutrient fluxes, and nitrogen transformation rates from intact core incubation

using Jinhae Bay sediments.

Temp Sal NOx NH, denq, aaoq, DNRA Piaw P4n Pia SOC NOx-f NH,-f Nit n
DO -0.729* -020 -0.19 -0.620" -0.25 0.27 0.13 -0.06 -0.28 -0.20 -0.434** 0.19 0.00 -0.08 37
Temp -0.14  0.08  0.396™  0.284* -0.08 0.11 0.13 0.308* 0.25 0.610** -0.28 0.16 0.02 37
Sal 0.06 0.23 -0.09 -0.10 -0.685"* -0.04 -0.11 -0.09 -0.21 0.24 -0.15 0.13 37
NOx -0.05 0.20 0.323* -0.31 0.442** -0.05 0.22 -0.30 -0.23 0.02 0.11 36
NH,4 0.520™ -0.06 0.11 0.28 0.638™  0.474™  0.341* -0.06 -0.25 0.372* 36
denyy 0.638™* 0.44 0.828*  0.896"  0.996"* 0.21 -0.18 -0.18 0.725 36
aao4 .C 0.817** 0.408* 0.702*  -0.375* 0.08 -0.15 0.575™ 36
DNRA -0.04 0.48 0.44 0.738* 0.17 -0.20 0.766" 13
Piaw 0.501**  0.859** -0.07 -0.18 -0.01 0.584* 36
Pian 0.873™  0.321* -0.09 -0.30 0.687* 36
P4 0.15 -0.15 -0.18 0.739* 36
SOC -0.412* 0.29 -0.13 31
NOx-f -0.433*  0.490* 31
NH,-f -0.418 31
Nit 31

*and **denote P < 0.05 and P < 0.01 respectively, which were typically regarded as significant, as determined using SPSS version 22.0 program.
¢ denotes that the value cannot be computed because at least one of the variables is constant.

Bay is a semi-enclosed bay with limited freshwater discharge and
relatively high and stable water column salinity ranging from 25-
35 psu. Temperature variation played a more significant role
than salinity variation in the stratification process. A strong
negative correlation between the bottom water oxygen
concentration and temperature (Table 3, P < 0.001), but not
salinity, also indicates that bottom water hypoxia is mainly
related to temperature variation. Seawater stratification
develops in late spring and early summer when the
temperature rises, and gradually disappears as the temperature
decreases in late fall (Lee et al., 2017).

It is important to note that in shallow Jinhae Bay (mean water
depth < 15 m), water column stratification develops but is not
very stable (probably in a tidal cycle period range), and as a
result, O, availability is variable during hypoxia. Although we did
not conduct continuous measurement of bottom water oxygen
concentration variation during hypoxia periods (from May to
Sep), there were seven of 20 normoxia cases (Table 1). In
particular, we did not capture bottom water hypoxia during
the late May 2019 cruise at DD2 station as we expected. More
importantly, in six of the 13 episodes of hypoxia, bottom water
oxygen concentration was higher than 50 umol L', which is not
severe hypoxia (Table 1). Taken together, these results indicate
that stratification of the water column during hypoxia does not

completely isolate the oxygen supply in the bottom water and
sediments, which differs from the situation in other coastal and
estuary hypoxia zones (McCarthy et al., 2015; Song et al., 2020)
and the permanent oxygen minimum zone (OMZ) in the deep
sea (Lam and Kuypers, 2011). Our previous research showed that
neither the total abundance of microbes nor the water oxygen
demand (WOD) in the water column was affected by hypoxic
conditions (Park et al., 2020). Aerobic metabolism was sustained
under hypoxia through the intermittent supply of oxygen, and
WOD was positively correlated with water temperature,
regardless of DO concentration. Unstable hypoxia (“weak
hypoxia”) in Jinhae Bay, mainly caused by shallow water depth
(<15 m) and moderate tidal range (~1.5 m), affects SOC and
benthic nitrogen cycling.

Similar to other typical hypoxic areas, hypoxia is
accompanied by eutrophication and a peak in bottom water
nutrient levels in Jinhae Bay. We summarized and listed the
mean concentrations of the water column nutrients (Table 4)
during hypoxia versus normoxia. The concentrations of NHj
and NOx in the bottom water during hypoxia were 2.9 and 1.3
times than those during normoxia (Table 4). NHj concentration
was negatively correlated with the bottom water oxygen
concentration and positively correlated with the bottom water
temperature (Table 3). During hypoxia, organic matter is

TABLE 4 | The mean of ambient nutrient concentrations (umol L") in surface water layer (approximately 0.5 m below the water surface), middle water layer
(approximately 6-8 m below the water surface), and bottom water layer (approximately 0.5 m above sediment surface) during hypoxia and normoxia periods in

Jinhae Bay.
NOx NH; DIN
hypoxia normoxia H/N hypoxia normoxia H/N hypoxia normoxia H/N
Sur 1.9 (0.3 4.5(0.9 1.2 (0.2) 2.0 NOO.4) 3.1(0.9) 6.5 (1)
Mid 2.6 (0.6) 3.4 (0.6) 2.9(0.7) 2.0 (0.9 5.4 (0.9 5.5(0.9)
Bot 4.9 (1.3 3.7 (0.6) 1.3 7.2(1.9) 2.5(0.4) 2.9 12.2(1.5) 6.2 (0.8) 2.0

Sur, surface water layer; Mid, middle water layer; Bot, bottom water layer.

NOx, nitrate plus nitrite; H/N, hypoxia/normoxia (increase rates of nutrient content change during hypoxia versus normoxia in bottom water layer); N, ammonium; DIN = NOx plus NH}.
Note the values in parentheses represent the standard error of rates measured in duplicate samples.
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reduced by sulfate in pore water and produces a variety of soluble
substances such as H,S and NH;, leading to higher
concentrations of inorganic nutrients than those in the original
seawater (Presley, 1969; Theede et al., 1969). Kim et al. (2015)
suggested that NHj from the decomposition of surface
sediments rich in organic matter diffuses into the overlying
water, resulting in the accumulation of NHj in the bottom
water during hypoxia. In addition, the elution rate of nutrients
from the sediment was reported to be high at temperatures above
20°C, which triggered a corresponding rapid increase in bottom
water nutrient concentrations (Bowie et al., 1985).

Oxygen Penetration Into and Consumption
of Sediment

Pore water oxygen declines rapidly with sediment depth and is
usually not detectable within a few millimeters of the sediment-
water interface (Cai and Sayles, 1996). The O, concentration in
the bottom water and O, consumption process in the sediment
determine the degree of O, penetration into the sediment.
Generally, the OPD was greater when the bottom water oxygen
level was high. According to Song et al. (2020), OPDs decrease
when the bottom water DO content decreases. Bonaglia et al.
(2015) also found a seasonal pattern of deeper oxygen
penetration at higher bottom water oxygen concentrations;
however, the OPD did not decrease (8.4 mm in the normoxia
and 11.6 mm in the hypoxia period) in Jinhae Bay.

The transfer of oxygen from bottom water to the sediment
layer can be affected by the presence of macrofauna (Cai and
Sayles, 1996). In the current study, bioturbation was allowed by
employing intact sediment cores and in situ bottom water
incubations. Bioturbation can increase the depth of oxygen
penetration and affect important biogeochemical processes in
the sediments. Li et al. (2016) found thickening of oxidized zones
in superficial sediments in the presence of tubificid bioturbation.
According to Lim et al. (2007), the total species number and
mean density of macrofauna in Jinhae Bay were 255 species and
984 ind. m™, respectively. The most dominant benthic
macrofauna were polychaetes, with a total of 90 species and
773 ind. m™*. Our microelectrode oxygen profiles also provided
evidence of biological disturbances, and the fluctuating and
discontinuous distribution of pore water oxygen content was
due to macrofaunal activity (Figure 2).

Some studies have shown that macrofaunal activity is
suppressed under hypoxia (Lim et al., 2006; Seo et al., 2015).
Although macrofaunal activity may have been inhibited during
the hypoxia period, our study indicated that macrofaunal activity
did not cease (Figure 2). Studies have shown that polychaetes,
which are the dominant species in Jinhae Bay, are generally
known to be more tolerant to hypoxic stress than other
taxonomic groups such as crustaceans (Mangum and Winkle,
1973), amphipods, and echinoderms (Harper et al., 1981).
Polychaetes might be able to survive by taking O,
intermittently. The OPD seemed to be maintained by
macrofaunal activity under weak hypoxic conditions.

In the present study, SOC ranged from 7.36 to 27.28 mmol O,
m™ d"', which was in the similar but lower range with that of

previous studies [43.78-47.40 mmol O, m™* d™' reported by Choi
etal. (1994) and 32.5-59.1 mmol O, m>2d™* reported by Lee et al.
(2009)]. This SOC range is consistent with that reported by Lee
et al. (2009) for the coastal South Sea of Korea and those of
studies from other coastal and estuarine areas (Bonaglia et al.,
2014; McCarthy et al., 2015).

Many studies have shown that hypoxic conditions lead to a
decrease in the oxygen consumption in sediments. SOC
decreases dramatically in both experimentally induced hypoxic
conditions (Neubacher et al., 2011; Neubacher et al., 2012; Song
et al., 2020) and natural hypoxic events in coastal bays (Foster
and Fulweiler, 2019). This decrease is attributed to a reduction in
both the concentration gradient across the sediment-water
interface and the metabolic activity of aerobic organisms, as
well as the contraction of the habitat for aerobic organisms and
the suppression of burrowing and irrigating activity of
macrofauna under hypoxic conditions (Diaz and Jergensen,
1992; Diaz and Rosenberg, 2008). A significant negative
correlation between SOC and bottom water oxygen content
was found in Jinhae Bay (Table 3). This is inconsistent with
the results of previous studies. The SOC increased by a factor of
27% (P < 0.05) during hypoxia relative to that in normoxia (15.29
to 19.47 mmol O, m™> d'), presumably owing to the “weak
hypoxia”. As seen in the OPD change, O, supply was not limited
in the weak hypoxic condition, and organic matter
remineralization activity could be enhanced by the rich supply
of organic matter (organic matter content was the highest in
summer). McCarthy et al. (2013) also reported a negative
correlation between SOC and bottom water DO concentration.
This negative relationship was explained by the fact that high
SOC is driven by abundant fresh organic material and regulates
the bottom water oxygen concentration; the fresh organic matter
caused the low bottom water DO condition. This view is also
supported by our study: the hypoxia period in Jinhae Bay
features high levels of organic matter and reduced substances
(such as higher concentrations of hydrogen sulfide and
ammonium in the bottom water). The positive correlation
between SOC and the bottom water ammonium concentration
(Table 3) is also consistent with the above view. In addition,
bottom water temperature and SOC were positively correlated
(Table 3), indicating that seasonal variability explains
this relationship.

Dominant Nitrate Reduction Process in
Jinhae Bay
This is the first combined measurement to evaluate
denitrification, anammox, DNRA, and nutrient flux rates in
Jinhae Bay. Our denitrification rate, 0-0.73 mmol N m™ d™, is
in the range of other reports on the western and southern coasts
of Korea (Kim and Yang, 2001; Heo et al,, 2011). The overall
nitrogen transformation rates were of the same order of
magnitude as those reported for the Changjiang estuary, Baltic
Sea, and other coastal sediments worldwide (Bonaglia et al., 2014;
Song et al., 2020).

DNRA was the dominant pathway for nitrate reduction,
accounting for an average of 81% and 58% of total nitrate
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reduction during normoxia and hypoxia, respectively. DNRA
dominated benthic NO3 reduction in Jinhae Bay during both
normoxia and hypoxia, which was inconsistent with our initial
expectations. In most cases, denitrification dominates the nitrate
reduction process in estuarine and coastal marine sediments, as
reported in previous studies (McCarthy et al., 2015; Plummer
et al., 2015; Song et al., 2020); however, sediments rich in sulfidic
and organic matter favor DNRA more than denitrification. For
example, DNRA is often dominant in coastal regions with
aquaculture systems, such as fish, mussels, and shrimp farms,
which may supply a high loading of labile organic matter in
sediments (Christensen et al., 2000; Nizzoli et al., 2006; Gao
et al,, 2019).

It is well known that Jinhae Bay is the most important
aquaculture site in Korea, and shellfish farming provides a rich
source of organic matter. Accordingly, sediment characteristic
experiments suggested that the sediments were fine-grained and
rich in organic matter (from 12% to 18% dry weight). The H,S
profiles (Figure 2) demonstrated the widespread distribution of
sulfides in the sediments of Jinhae Bay, regardless of bottom
water hypoxia. Sulfides can inhibit nitrification, namely, coupled
nitrification-denitrification, but stimulate DNRA; hence, DNRA
is favored over denitrification in the presence of sulfate-reducing
bacteria (Brunet and Garcia-Gil, 1996). Consequently, DNRA is
always the dominant nitrate reduction pathway in Jinhae Bay;
however, DNRA dominance decreased during hypoxia owing to
enhanced denitrification (described below).

Enhanced Denitrification During Hypoxia

In Jinhae Bay, denitrification rates increased significantly by a
factor of 75% under hypoxia, from 0.12 to 0.21 mmol N m d™!
(Figure 4). The enhanced denitrification rates can be explained

by the nitrification activity, as suggested by the strong positive
correlation between denitrification and ammonium
concentration (Table 3, P < 0.001). In general, this was
expected because denitrification in marine sediments is
coupled with nitrification and coupled nitrification-
denitrification is often the dominant denitrification pathway.
High NHj availability enhances nitrification activity when O, is
less limiting, thereby stimulating a high denitrification rate.
During hypoxia, Pj4n increased by 93% (from 0.06 to 0.11
mmol N m™ d'), while Pj;w only increased by 28% (from
0.06 to 0.11 mmol N m2 d™), although the bottom water NOx
concentration increased significantly. Therefore, the enhanced
denitrification rate was mainly due to the increase in coupled
nitrification-denitrification.

Nitrification is an aerobic process that occurs in the oxic layer,
usually in the upper few millimeters of the sediment, and regulates
the denitrification pathway in estuarine and coastal sediments by
providing the substrate (NOj3) required for denitrification (Hansen
etal., 1981). Typically, the availability of oxygen in the bottom water
regulates nitrification activity, and hypoxia inhibits the nitrification
rate; therefore, the nitrification-coupled denitrification rate also
decreases. Song et al. (2020) reported an obvious repression in both
sedimentary nitrification and benthic nitrogen loss under severely
hypoxic conditions compared to those of oxic and/or ambient
conditions. Interestingly, the efflux of ammonium decreased by
21% during hypoxia, which would suggest that nitrification in the
sediment was not suppressed under the weak hypoxic conditions.
Correspondingly, nitrification increased by 21% (from 0.17 to 0.2
mmol N m™ d') during the hypoxia period in Jinhae
Bay (Figure 4).

Nitrification has been reported to occur at extremely low
oxygen concentrations and is often the fastest under

A Normoxia: High DO

B Weak hypoxia: Low but variable DO
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FIGURE 4 | Representation of principal annual nitrogen pathways and their rates investigated from 2015 to 2019 in Jinhae Bay during (A) normoxia and (B) weak hypoxia
periods. Unit: mmol N m2 d" for related benthic nitrogen transformations. DNF denotes denitrification, DNRA denotes dissimilatory nitrate reduction to ammonium.
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subsaturating oxygen conditions (Goreau et al., 1980; Kester
et al, 1997; Bristow et al., 2016). Higher rates of potential
nitrification in the hypoxic or anoxic treatment than in the
oxic treatment were confirmed by Caffrey et al. (2019) in a
chronically hypoxic basin in Roskilde Fjord, Denmark. This
implies that nitrifiers may be able to recover rapidly from low
oxygen stress. Some studies have shown that bacteria exposed to
hypoxia or anoxia have a higher affinity for oxygen than bacteria
from permanently oxic environments, which may be due to
physiological adaptations of nitrification communities to anoxic
environments (Bodelier et al., 1996). Our results showing that
nitrification increased during hypoxia were consistent with those
of the studies above. Therefore, weak hypoxia in Jinhae Bay
favors enhanced nitrification activity.

In Jinhae Bay, enhanced nitrification rates during the hypoxia
period can also be explained by depressed macrofaunal activity.
Macrofaunal activity contributes to the transport of NHj from
burrows into the water column, thus reducing the availability of
NH} (the substrate that can be used for nitrification) in
sediment, which results in a short circuit in the coupled
nitrification-denitrification process (Mermillod-Blondin et al.,
2004; Owens and Cornwell, 2020). The effects of bioturbation
were demonstrated in Chesapeake Bay, where Owens and
Cornwell found that high bioirrigation rates reduced the
denitrification efficiency. At very high rates of bioirrigation in
June, most DIN escaped into the water column as NHj. The
denitrification efficiency reduced to 30%, but the high
denitrification efficiency was maintained at a moderate
bioirrigation rate in spring, and most of the DIN returned to
the water column in the form of N, (Owens and Cornwell, 2020).
This bioirrigation effect was also observed in the present study.
Nitrification increased by a factor of 21% with depressed NHj
efflux, and more DIN was removed in the form of N, when
macrofaunal activity was depressed during hypoxia. In addition,
the overall nitrification rates were positively correlated with
bottom water NHj concentration (Table 3), suggesting that
the availability of NHj could affect nitrification activity, and
high NHj availability during hypoxia can directly stimulate
nitrification. However, the spatial heterogeneity of the
bioturbation is common and might obscure the seasonal trends.

Denitrification in marine sediments is a temperature-
dependent process (Rysgaard et al., 2004). The positive
correlation between denitrification and temperature indicates
that high ambient temperatures can accelerate the activity of
denitrifying bacteria (Table 3). The effect of temperature
variation on denitrification activity was also demonstrated by
Neubacher et al. (2013) and Bonaglia et al. (2014). Denitrification
activity under hypoxic conditions has been reported to be
diminished (Jantti and Hietanen, 2012; Bonaglia et al., 2014;
Song et al.,, 2020), enhanced (McCarthy et al., 2008; Neubacher
et al., 2011; Neubacher et al., 2012; McCarthy et al.,, 2015), or
almost unchanged (Foster and Fulweiler, 2019). These
inconsistencies in response to hypoxia are possibly due to site-
specific environmental conditions, such as nitrate availability,
temperature, sediment organic matter, and the degree of hypoxia
and duration of hypoxia exposure. In Jinhae Bay, increased

denitrification is mainly due to enhanced NHj availability,
which favors nitrification during weak hypoxia.

Ammonium Budget and Related Process
During Hypoxia

The sediment was a source of DIN in the form of NH} in the
overlying water (0.5 and 0.25 mmol N m?>d! during normoxia
and hypoxia, respectively), regardless of bottom water hypoxia;
however, the fact that the sediments were consistent sources of
ammonium throughout the year under ambient oxygen in Jinhae
Bay, even outside the hypoxia period, may indicate a long-term
negative effect on the nitrifying community in the sediment
(Caffrey et al, 2003; Greenwood et al., 2010). NHj efflux
decreased by 21%, and a complete cessation of the efflux of
nitrate from sediments was during the hypoxia period. The
depressed NHj effluxes during the hypoxia period in Jinhae
Bay are typically attributed to increased NHj uptake through
nitrification and decreased NHj production from DNRA. As
described in the previous section, nitrification rates increased by
21%, which contributed to the reduced NHj efflux
during hypoxia.

Correspondingly, DNRA decreased by 62% during the
hypoxia period. The decreased DNRA activity was consistent
with depressed NHj eftfluxes during hypoxia. Under hypoxic
conditions, sulfide can quickly combine with Fe (II) to produce
FeS precipitates. This non-biological reaction can occur quickly,
reducing the bioavailability of free sulfide for DNRA activity
(Brunet and Garcia-Gil, 1996). Another possible explanation
might be the depressed macrofaunal activity during hypoxia. The
cycling of fresh organic matter in sediments has beenhown to be
greatly enhanced by the activity of macrofauna (Heilskov, 2001).
Studies have shown that the stimulating effect of “high-quality”
fresh organic matter on DNRA may be more important than the
content of organic matter (Gao et al, 2019). The inhibited
macrofaunal activity during hypoxia might reduce the cycling
of fresh organic matter in sediments, even though the organic
matter content was slightly higher than that in normoxia.
Therefore, the DNRA rate decreased during hypoxia but was
still higher than the denitrification rate and was the dominant
pathway in the nitrate reduction process.

Reactive Nitrogen Loss During Hypoxia

Under hypoxia, there was a 55% increase in the total N, gas
production (loss of reactive nitrogen). The measured increase in
total N, production (P;4) during hypoxia was solely due to an
increase in denitrification activity, as anammox activity
decreased from 0.01 mmol N m™ d' to below detection
(denitrification increased by 75%, while anammox ceased).
Anammox, when occurring, does not exceed 15% of total
nitrogen production and is negligible compared to
denitrification. Denitrification dominates the total nitrogen
production in Jinhae Bay, which is consistent with benthic
nitrogen cycling in other estuarine and coastal sediments
(Neubacher et al., 2011; Neubacher et al., 2012; Bonaglia et al.,
2014; Song et al., 2020). Enhanced denitrification and diminished
anammox during hypoxia may be explained by the fact that most
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known denitrifying bacteria are facultative anaerobic organisms
that can respire using both oxygen and nitrate (Kérner and
Zumft, 1989). Hypoxic stress can induce aerobic heterotrophic
denitrifying bacteria to respond to any available nitrate, thus
readily exploiting the newly expanded anoxic zone (Haiirtig and
Zumft, 1999); however, it appears that anammox bacteria,
known as obligate anaerobes, were unable to exploit the newly
extended suboxic sediment layer. In addition, anammox activity
is constrained by the availability of nitrite; hence, active
anammox bacteria are likely to concentrate in the narrow zone
where nitrate reduction activity is high and nitrite availability is
maximal immediately below the oxic surface layer (Meyer et al.,
2005). The positive correlation between the overall anammox
rates and bottom water NOx concentration also indicated the
dependence of anammox activity on nitrite availability (Table 3).

CONCLUSIONS

Seasonal bottom water hypoxia has been reported to occur
annually in Jinhae Bay owing to water column stratification
(mainly caused by temperature variation); however, because of
the shallow water depth in Jinhae Bay, the oxygen in the bottom
water and sediments is not completely blocked, even in summer
when hypoxia occurs. This condition is significantly different
from other deep coastal hypoxic zones and the OMZ; therefore,
we defined it as “weak hypoxia”. The O, microelectrode profiles
indicated the existence of biodisturbance. Macrofauna may
maintain a deep OPD and high SOC through occasional
intermittent oxygen supply under weak hypoxic conditions,
together with other factors such as high organic matter content
and temperature.

The increase in denitrification rate during the hypoxia period
was mainly due to the significant increase in coupled
nitrification—denitrification (Py4n increased by 93%, whereas
Py4w only increased by 28%). The enhancement of nitrification
showed that weak hypoxia did not inhibit nitrification activity,
and nitrifying bacteria could use the intermittent oxygen supply.
The dominance of DNRA in the nitrate reduction process was
mainly due to the sulfidic and rich organic matter sediments in
Jinhae Bay. The overall dominance of DNRA might have
promoted the formation and maintenance of hypoxia.
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