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INTRODUCTION

Nitrate is a key limiting nutrient for primary pro-
duction and also has a significant role in marine
biogeochemical cycles (Gruber 2004, Arrigo 2005).
However, anthropogenic activities have resulted in
the release of large quantities of nutrients (includ-
ing nitrate) to the ocean from rivers, groundwater,

wastewater discharges, and atmospheric deposition,
and eutrophication has become a major problem in
coastal ecosystems (Turner & Rabalais 1994, Hum-
borg et al. 1997, Turner et al. 2003, Zhang et al.
2007a). Denitrification in sediments is a crucial pro-
cess that can alleviate the effects of excessive
nitrate in eutrophic aquatic ecosystems (Seitzinger
1988).
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ABSTRACT: Benthic foraminifera were investigated to determine their vertical distribution, nitrate
storage, and potential denitrification in the Yellow Sea (YS) and the East China Sea (ECS). The
phytodetritus content and freshness as well as sediment redox conditions were key factors deter-
mining the vertical distribution of foraminifera in sediments of the YS and the ECS. The intracell-
ular nitrate (ICNO3) concentrations of Nonionella stella, Hanzawaia nipponica, Bolivina robusta,
Cancris auriculus, and Globobulimina pacifica ranged from 3 to 114 mM, which in some cases was
several hundred-fold more than the pore water nitrate (PWNO3) concentrations. The genus Han-
zawaia was for the first time reported to store ICNO3 (316 ± 73 pmol ind.−1; 11 ± 3 mM). The sig-
nificant correlation between the ICNO3 concentration and foraminiferal abundance (Pearson cor-
relation: r = 0.401, p < 0.01, n = 60) suggested that foraminifera may have an important role in
nitrate storage in the sediments. The foraminiferal intracellular nitrate (FINO3) pool ranged from
9 to 74% of the ICNO3 pool in sediments, indicating that nitrate may be stored by other sediment
organisms (e.g. diatoms). The chlorophyll a concentration, chloroplastic pigment equivalents (CPE),
and chlorophyll a:phaeopigment ratio were all significantly positively correlated with the ICNO3

concentration (Pearson correlation: r = 0.563, 0.603, and 0.457, respectively; p < 0.01; n = 60), indi-
cating that phytodetritus (e.g. diatoms) might also contribute to sedimentary ICNO3. Potential for-
aminiferal denitrification rates ranged from 9 to 92 µmol m−2 d−1 in the YS and the ECS, indicating
that benthic foraminifera might play a role in sedimentary denitrification.
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The recent discovery that benthic foraminifera can
use nitrate as an electron acceptor for denitrification
has broadened understanding of anaerobic metabo-
lism in eukaryotes and their role in the nitrogen cycle
(Risgaard-Petersen et al. 2006, Piña-Ochoa et al.
2010a). The contribution of potential foraminiferal
denitrification to the total removal of nitrate ranges
from 4% (Sagami Bay, Japan; Glud et al. 2009) to
>70% (Bay of Biscay and Chile oxygen minimum
zones; Piña-Ochoa et al. 2010a). In some environ-
ments, foraminifera contribute substantially to ben-
thic denitrification, and their contribution can exceed
that of prokaryotes (Kamp et al. 2015). These discov-
eries have challenged some previous studies and
have renewed interest in understanding and quanti-
fying the turnover of benthic nitrogen. The intracell-
ular concentration of nitrate in benthic foraminifera
can be several hundred-fold greater than that of their
environment, enabling them to be independent of an
electron acceptor (nitrate) supply in anoxic marine
en vironments (Bernhard 1992, Gooday et al. 2000,
Risgaard-Petersen et al. 2006, Høgslund et al. 2008,
Glud et al. 2009, Piña-Ochoa et al. 2010a, Prokopenko
et al. 2011, Koho & Piña-Ochoa 2012, Glock et al. 2013).
Due to the capacity of nitrate storage, foraminifera
can also take part in nitrate bio-transport, which has
been shown to transport nitrate to increase fixed
nitrogen losses and to decrease the efficiency of
organic carbon burial in suboxic and anoxic sedi-
ments (Prokopenko et al. 2011, Dale et al. 2016).

Continental margin sediments are considered to be
a large sink for fixed nitrogen in the oceans (Middel-
burg et al. 1996). The Yellow Sea (YS) and East China
Sea (ECS) are marginal seas (average depth: 72 m)
bounded by mainland China, the Korean Peninsula,
the Ryukyu Islands, and Taiwan, in the northwest Pa-
cific Ocean. Both seas are characterized by the input
of large amounts of anthropogenic nutrients, and high
levels of primary productivity (Gong et al. 2003, Liu et
al. 2009). Nitrate storage has also been implied in sed-
iments of the ECS (Song et al. 2013). However, few
studies have attempted to address the vertical distri-
bution of benthic foraminifera, their storage of nitrate,
and the potential contribution they make to denitrifi-
cation in sediments of the YS and the ECS. We investi-
gated the total standing stock, assemblages, vertical
distribution, and intracellular nitrate (ICNO3) of com-
mon benthic foraminiferal species. To investigate their
role in the sediment nitrogen cycle of the YS and the
ECS, we also quantified the inventory of the pore wa-
ter nitrate (PWNO3) pool, ICNO3 pool, and foraminiferal
intracellular nitrate (FINO3) pool and calculated the
potential foraminiferal denitrification rates.

MATERIALS AND METHODS

Sites and sampling

Sediments were collected during July 2013 at Stns
C05, A02, F11, and ME3 using a multi-corer (4 Plex-
iglas tubes with inner diameter of 9 cm, length of
60 cm) and at Stns B5 and M7 during August 2013
using a box corer in the YS and the ECS (Fig. 1). For
the multi-corer, the sediment cores were directly
collected when it was recovered, while for the box
corer, sediment sub-cores were obtained by manu-
ally in serting Plexiglas tubes to withdraw the sub-
cores. Only sediment cores/sub-cores having an un -
disturbed surface were selected for subsequent
procedures, including the collection of live benthic
foraminifera, pore water extraction, foraminiferal fau-
nal analysis, and measurement of sediment physico-
chemical properties, including porosity, sediment
phytopigments, total organic carbon (TOC), and
total nitrogen (TN). All cores were sliced horizon-
tally at 1 cm intervals (0−10 cm) immediately follow-
ing collection, with the exception of the cores for
pore water extraction from Stns M7 and C05, which
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Fig. 1. The study area and geographical locations of the 6 sam-
pling stations during summer 2013. The area inside the blue
dashed line represents the Yellow Sea Cold Water (YSCW).
Orange patches represent mud areas (Hu et al. 2012). The
main water masses are also delineated (Guan 1994). YSCC:
Yellow Sea Coastal Current; KCC: Korean Coastal Current;
TWC: Taiwan Warm Current; CDW: Chang jiang Diluted Water
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were sliced at 0.5 cm intervals (0−5 cm) and 1 cm
intervals (5−10 cm). Near- bottom water samples for
sieving of the live foramini fera and determination of
basic environmental para meters were collected
in 10 l Niskin bottles attached to a Seabird CTD-
rosette system.

Chemical and physical analysis

Environmental parameters

The temperature, salinity, water depth, and dis-
solved oxygen (DO) content of near-bottom water
were measured using a CTD sensor (Table 1). DO
concentrations were also measured by Winkler titra-
tion to calibrate the oxygen sensor of CTD. Pore water
was immediately extracted (Unfrozen extraction) from
the sliced sediments, using Rhizon samplers (See-
berg-Elverfeldt et al. 2005, Liu et al. 2011). Samples
of water overlying the sediment surface were col-
lected and filtered using 0.45 µm syringe filters. The
overlying and pore water samples were preserved at
−20°C until analysis. The nitrate concentrations of
overlying and pore water were measured using the
VCl3 reduction method (Braman & Hendrix 1989)
and chemiluminescence detection (Model 200E;
Teledyne Advanced Pollution Instrumentation). Fur-
thermore, for the purpose of measuring the oxygen
penetration depth (OPD) in the sediment, 3 small
sub-cores were removed using a cut-off syringe (inner
diameter: 3 cm) from single cores collected at Stns
A02, C05, and M7 in another field study undertaken
during August 2015. Sediment pore water DO pro-
files were measured within 1 h of collection using an
oxygen microelectrode (OX-25; Unisense, Denmark)
having a resolution of 100 µm. Due to ex-situ meas-
urement, the cores may have potentially been con-
taminated by oxygen in the air before determination,
so the measured OPD may be higher than the actual
values.

Sediments sliced for measurement of physico-
chemical properties were preserved at −20°C in the
dark and freeze dried before analysis. The sediment
water content was determined by weight difference
(measurements made before and after freeze-drying),
and the sediment porosity (ϕ) was calculated from
the water content, assuming a bulk sediment density
of 2.5 g cm−3 (Song et al. 2013). The sediment TOC
and TN were measured using an elemental analyzer
following the procedure of Zhang et al. (2007b). Prior
to analysis, the sediment was ground using an agate
mortar and pestle and acidified with HCl to remove
inorganic carbon. The sediment phyto-pigments chlo -
ro phyll a (chl a) and phaeopigments (Phaeo) were
 ex  tracted into a 90% acetone solution (Yentsch &
Menzel 1963) and measured using a Hitachi F4500
fluorimeter, following the method of Shuman &
Lorenzen (1975). Chloroplastic pigment equivalents
(CPE), representing chl a + Phaeo, were used as an
indicator of food availability (Thiel 1978). The chl a:
Phaeo ratio was used to estimate the freshness of
organic matter for foraminifera use as a food resource.

ICNO3 storage in foraminifera

Freshly sliced sediment for picking up live forami-
nifera to measure ICNO3 was sieved immediately on
board the vessel through a 150 µm mesh screen,
using filtrated near-bottom water, and the material
retained in the sieve was transferred to a Petri dish.
Live foraminifera were collected from the material
using a stereomicroscope, based on the presence of
different cytoplasmic colors and organic matter gath-
ered around the aperture. The length (L), width (W),
and thickness (T) of each foraminifer were measured
using the stereomicroscope. Fora mi n iferal individu-
als selected for nitrate analysis were cleaned using a
brush, washed 3 times by sequential transfer to low-
oxygen and nitrate-free aged seawater in Petri dishes,
then transferred to PCR tubes that were sealed and
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Station    Latitude       Longitude    Depth     Near-bottom       Near-bottom      Near-bottom       Surface sedi-         OPD 
                    (N)                  (E)              (m)     water temp. (°C)    water salinity    water DO (µM)    ment TOC (%)        (cm)

A02      123° 10.708’    36° 02.293’        73               8.30                    32.20                    213                       1.37           0.37 ± 0.02
C05      123° 30.071’    35° 00.134’        78               9.14                    32.88                    220                       1.09           0.69 ± 0.04
M7       124° 01.814’    33° 14.335’        66               10.35                    32.93                    197                       0.65           0.26 ± 0.03
F11       126° 24.207’    31° 54.027’        97               20.34                    33.91                    181                       0.79                   −
B5         123° 39.080’    30° 07.283’        67               21.52                    34.17                    152                       0.35                   −
ME3     122° 34.904’    28° 43.931’        63               18.37                    34.41                    159                       0.85                   −

Table 1. Biogeochemical properties of near-bottom seawater and sediments at 6 stations. TOC: total organic carbon; DO: 
dissolved oxygen. OPD: oxygen penetration depth
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stored at −20°C until analysis. The ICNO3 of foramin-
iferal individuals was extracted in the PCR tubes by
the addition of 20 µl of NaOH  solution (10%) (Piña-
Ochoa et al. 2010a). The nitrate content in the extract
was also measured using the che miluminescence
method, for which the relative deviations of parallel
determinations were <3% (n = 5) and the analytical
limit of detection was <10 pmol. Dead empty fora-
miniferal tests were treated using the same proce-
dure, as contamination controls. To calculate foramin-
iferal volumes, each species was re garded as an ideal
geometric shape, based on its morphology. For exam-
ple, Globobulimina pacifica was treated as an oblate
elliptical cone (1/8πL[1/2W]2), Nonionella stella was
treated as an oblate spheroid (4/3π[1/2L]2[1/2W]),
Hanzawaia nipponica and Cancris auriculus were
treated as elliptic cylinders (1/4πLWT), and Bolivina
robusta was treated as a prolate spheroid (4/3π[1/2L]
[1/2W]2). The resulting volumes and nitrate contents
were used to calculate the ICNO3 concentrations for
each foraminiferal individual.

Methods for releasing the ICNO3 pool

Four extraction methods were used to determine
the ICNO3 pool at Stn ME3. Each section of sediment
(1 cm sections over the range 0−10 cm) was mixed to
ensure homogeneity, and 1 ml samples were trans-
ferred to each of 5 centrifuge tubes. In the first method
(KCl extraction), 5 ml 1 M KCl was added to the tube,
the mixture was shaken vigorously for 2 min and ex-
tracted using a Rhizon sampler, and subsequently the
extract was transferred to a centrifuge tube and
stored at −20°C. In the second method (DW extrac-
tion), the procedure was the same as in the KCl ex-
traction method, but deionized water (DW) was used
instead of 1 M KCl. The KCl and DW extraction meth-
ods were adepted from Sayama (2001) and aimed to
change the cellular osmotic pressure to release ICNO3.
Because ICNO3 can be released during pore water
extraction using centrifuging (Larsen et al. 2013), we
used Rhizon samplers in all of the extraction methods,
rather than centrifugation. In the third method (NaOH
extraction), the procedure was the same as in the KCl
extraction method, but 1 M NaOH was used instead of
1 M KCl. In the fourth method (Frozen extraction), the
sediment in the centrifuge tube was frozen at −20°C
for <1 mo, then thawed in boiling water for 10 min and
extracted using a Rhizon sampler (Risgaard-Petersen
et al. 2006). The NaOH and Frozen extractions aimed
to destroy the cell membrane and so release ICNO3.
At the other stations, we used the Frozen extraction

method to release the ICNO3 pool. The nitrate con-
centrations were measured using the chemilumines-
cence method de scribed above.

Foraminiferal faunal analysis

Benthic foraminifera typically inhabit the top 10 cm
of sediments, with different species occurring at spe-
cific sediment depths and in particular microhabitats
(Corliss 1985, Gooday 1986). In this study, the foram -
i niferal assemblages and vertical distribution were
determined in the top 0−10 cm of the sediment. The
sliced sediments for foraminiferal faunal analysis
were transferred into PVC bottles, stained, and pre-
served in a solution of Rose Bengal in 95% ethanol
solution (1 g l−1) (Walton 1952) until further treat-
ment. In the laboratory, each sample was sieved
through a 150 µm mesh, and the material retained on
the sieve was stored in 95% ethanol with Rose Ben-
gal (1 g l−1). Stained foraminifera in the 150 µm size
fraction were placed in solution (50% ethanol and
50% water) for sorting. The Rose Bengal staining
 technique (Walton 1952, Bernhard 1988) is commonly
used to distinguish live and dead foraminifera. A
potential problem in this method is that Rose Bengal
can stain the protoplasm of dead undecomposed for -
aminifera in anoxic sediment (Corliss & Emerson 1990,
Bernhard 2000). We therefore applied strict staining
criteria and compared doubtful individuals with per-
fectly stained individuals of the same species collected
in surface sediment layers. Non-transparent aggluti-
nated and miliolid taxa were crushed to distinguish
the test interior. Arborescent and tubular fragile fora-
miniferal fragments were not included.

Faunal diversity values were expressed using the
Shannon (H; Eq. 1) and Evenness (E; Eq. 2) indices
(Shannon 1948, Hayek & Buzas 1997), as described
by Murray (2006). To describe the vertical distribution
of the foraminiferal community or individual taxa, we
use the average living depth (ALD; Eq. 3) (Jorissen et
al. 1995).

(1)

(2)

(3)

In the above equations, ni is the number of indi -
viduals of species i in the entire core (0−10 cm), N is
the total number of foraminiferal individuals for all
sediment intervals (0−10 cm), S is the number of
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 species, Nj is the total number of individuals in each
sediment interval, and Dj is the midpoint depth of the
sample interval j.

Calculation

Inventories of PWNO3 pool and ICNO3 pool

The inventories of the PWNO3 and ICNO3 pools
were calculated according to Eqs. (4) & (5):

(4)

(5)

where Ci
Unfrozen is the PWNO3 concentration in each

sediment layer associated with the Unfrozen extrac-
tion, Ci

Frozen is the PWNO3 concentration in each sed-
iment layer associated with the Frozen extraction
(designed to release the ICNO3 pool), Vi is the volume
of each sediment layer, and ϕi is the porosity of each
sediment layer (Fig. S1 in the Supplement at www.
int-res. com/ articles/ suppl/ m571 p065 _ supp .pdf). In the
calculations, the superficial area of the sediment core
was normalized to 1 m2.

Inventory of FINO3 pool

The inventory of the FINO3 pool was estimated
based on the abundance of particular foraminiferal
species in the sediments from 0 to 10 cm depth, nor-
malized to 1 m2; this value was multiplied by the
cytoplasm nitrate content for that species. The nitrate
content in cells of the foraminifera N. stella, H. nip-
ponica, B. robusta, C. auriculus, and G. pacifica are
shown in Table 2. We did not measure the nitrate

content of the foraminiferal species Fursenkoina
schreibersiana, Bulimina marginata, and Stainforthia
complanata but used the values for the genera in -
volved, reported by Piña-Ochoa et al. (2010a) and
Bernhard et al. (2012). The specific nitrate content of
the various foraminiferal species is shown in Table 2.
Eq. (6) shows the formula for calculating the commu-
nity ICNO3:

(6)

where a, b, and c (etc.) represent the ICNO3 stores for
various foraminiferal species, Ci is the nitrate content
for a particular foraminiferal species, and Ai is the
abundance of a particular foraminiferal species in the
integrated core sediments (normalized to 1 m2).

Potential foraminiferal denitrification rates

The individual denitrification rates for approxi-
mately 11 foraminiferal species have been measured,
but for most species, these data are unknown (Ris-
gaard-Petersen et al. 2006, Piña-Ochoa et al. 2010a,
Bernhard et al. 2012). We used the estimation method
of Glock et al. (2013), and 2 assumptions (A and B)
to determine potential foraminiferal denitrification
rates in our study. Assumption A was that, where the
 species-specific denitrification rate is unknown, the
average denitrification rate reported for a particular
genus is applicable generally to species in that
genus, provided that they occupy a similar ecological
niche. Assumption B was that species from genera
with unknown denitrification rates would have a
 similar denitrification capacity. The proportions of
species from genera with unknown denitrification
rates were added into the potential total foraminiferal
denitrification rate (TFDR). For the various foramini-

A C
i a b c

i i∑= ×
= …
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i i∑= × × ϕ
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=
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69

Foraminiferal                  No.   Intracellular nitrate    Volume       Intracellular              Site                             Reference
species                              of          content (pmol      (10−3 mm3)a  nitrate concen-                                                        
                                         ind.        ind.−1) ± SEM                             tration (mM)a

Nonionella stella               7              162 ± 27              53 (3.9)             3 (0.6)         C05, Yellow Sea                   This study
Hanzawaia nipponica       5              316 ± 73             30 (0.52)             11 (3)          C05, Yellow Sea                   This study
Bolivina robusta                5              212 ± 46             6.1(0.38)             35 (6)          M7, Yellow Sea                   This study
Cancris auriculus              4           3211 ± 1046           28 (5.1)            114 (23)     B5, East China Sea                This study
Globobulimina pacifica    3            1167 ± 455            75 (7.0)              16 (5)       F11, East China Sea               This study
Arenoparella asiatica       5                     0                   9.5 (0.86)                0             C05, Yellow Sea                   This study
Fursenkoina cornuta        2             796 ± 809                  −                       −         SBB, California, USA     Bernhard et al. (2012)
Bulimina marginata         14               40 ± 4                32 (1.1)               4 (1)             Bay of Biscay         Piña-Ochoa et al. (2010a)
Stainforthia sp.                 26              60 ± 46            0.33 (0.021)        180 (29)           OMZ, Chile          Piña-Ochoa et al. (2010a)
aSEM is given in parentheses

Table 2. Intracellular nitrate content and concentration in individual foraminifera. SBB: Santa Barbara Basin; OMZ: oxygen 
minimum zone

http://www.int-res.com/articles/suppl/m571p065_supp.pdf
http://www.int-res.com/articles/suppl/m571p065_supp.pdf
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feral species in our study, the specific denitrification
rates used to calculate the denitrification rates for
those species are shown in Table 3. In this study, the
OPD was all <1 cm at Stns A02, C05, and M7. Foram-
inifera may rely on aerobic respiration in the surface
oxic sediments rather than denitrification (Piña-Ochoa
et al. 2010a). Therefore, we calculated the maximum
potential total foraminiferal denitrification rates
(TFDRmax) by including foraminifera in the 0–1 cm
sediment layer as the upper limit, and the minimum
potential total foraminiferal denitrification rates
(TFDRmin) ex cluding foraminifera in the 0–1 cm sedi-
ment layer as the lower limit. This method produces
a range of the potential TFDR at each station. By
applying the species-specific denitrification rates
(Table 3) to the abundances of particular foramini-
feral species in sediment core including or excluding
the 0–1 cm sediment layer, TFDRmax or TFDRmin for
each site was estimated as:

(7)

where a, b, and c (etc.) are the various foraminiferal
species with known denitrification rates. Ri is the
individual denitrification rate for particular foramini-
feral species (Table 3), and Ai is the specific for a -
miniferal species abundance in the sediment core
including or excluding the 0–1 cm sediment layer,
normalized to 1 m2. Aunknown or Aknown is the total
abundance of foraminiferal species with unknown or
known individual denitrification rate, respectively, in
the core sediments (including or excluding the 0–1 cm
sediment layer), normalized to 1 m2.

RESULTS

Sediment environmental parameters

Sediment redox conditions

The near-bottom water DO concentration ranged
from 152 µM at Stn ME3 to 220 µM at Stn C05
(Table 1). All stations were characterized by oxic
near-bottom water conditions. The near-bottom water
temperature was significantly negatively correlated
with the near-bottom water DO (Pearson correlation:
r = −0.908, p < 0.05, n = 6). The OPD was <1 cm at
 stations where measurements were made (Table 1,
Fig. S2 in the Supplement), which indicates that an -
oxic conditions formed in the 0 to 1 cm sediment
layer. The nitrate concentrations peaked at the sedi-
ment surface at Stns A02 and M7, and in the sedi-

ment sub-surface at Stns C05, F11, and B5 (Fig. 2).
Stn ME3 had the deepest nitrate penetration depth
(NPD; 5.5 cm), and the nitrate concentration was ap -
proximately 4 µM in the 0 to 4 cm depth layer (Fig. 2).
At the other stations, the NPD was at approximately
2 to 3 cm, except for Stn F11.

Sediment biochemical composition

The TOC content of surface sediments ranged from
0.35% to 1.37% (Table 1). Higher values (>1%) were
recorded at Stns A02 and C05, which were located in
mud areas of the YS (Fig. 1). The minimum TOC con-
tent (Table 1) and porosity (Fig. S1) both occurred at
Stn B5. The TOC and TN contents showed a general
decrease with sediment depth at all stations except
Stn F11 (Fig. 3). Although the TOC content was
higher in surface sediments at Stn F11 compared
with Stns B5 and M7, the chl a concentrations, CPE,
and chl a:Phaeo ratio in surface sediments were low-
est at Stn F11 (Fig. 4). The maximum chl a:Phaeo
ratio for surface sediments was found at Stn M7. The
chl a concentrations, CPE, and chl a:Phaeo ratio gen-
erally decreased with sediment depth at all stations
except Stn F11 (Fig. 4).

Foraminiferal assemblages and 
vertical distribution

At Stn A02, a total of 1940 live stained individual
foraminifera were collected from the core; amongst
these, the diversity index was H = 1.09, and evenness
was E = 0.37 (Table 4). The maximum density
(600 ind. 50 cm−3) occurred in the top 1 cm (Fig. 5).
The ALD10 for the total assemblage was 2.5 cm. The
assemblage was dominated by Protelphidium tuber-
culatum (59%), with other abundant species being
Hanzawai nipponica and Nonionella stella.

TFDR (1 A /A ) A Runknown known
, ,
∑= + ×

= …i a b c
i i

70

Foraminiferal species                     Denitrification rates 
                                                    (pmol nitrogen ind.−1 d−1)

Nonionella stellaa                                          84
Globobulimina pacificaa                              565
Stainforthia sp.b                                             70
Bolivina robustab                                          124
Fursenkoina schreibersianac                      1386

aRisgaard-Petersen et al. (2006); bPiña-Ochoa et al. (2010a);
cBernhard et al. (2012)

Table 3. Referenced denitrification rates for specific foramini-
feral species



Xu et al.: Benthic foraminifera distribution and nitrate use

For Stn C05 (total of 1180 stained foraminiferal
individuals collected), there was a bimodal vertical
distribution (Table 4, Fig. 5), with 1 peak in foramini-
feral density found in the top 1 cm of sediment, and a
second (70 ind. 50 cm−3) at approximately 6–7 cm
depth. N. stella, Arenoparrella asiatica, and H. nip-
ponica were the major components, with maximum
abundances at approximately 1.5, 0.5, and 6.5 cm
depth, respectively.

Stn M7 had the highest density of
foraminifera (3022 stained individuals;
Table 4). The density was highest in
the top 1 cm, but decreased rapidly
with in creasing sediment depth (Fig. 5);
a total of 25 species were found, and
the Shannon diversity index was rela-
tively low. The extremely low even-
ness (E = 0.18) indicates that the
assemblage was dominated by the
species Bolivina robusta (53%) but
included other species (A. asiatica,
Astrononion tasmanensis, and Cancris
auriculus). The ALD10 was 0.6 cm, and
most species were present in the
0–1 cm interval. However, B. robusta,
C. auriculus, and Bulimina marginata
also occurred in microhabitats as deep
as 10 cm.

Stn F11 is situated in the mud area
southwest of Cheju and had the lowest
abundance of foraminifera (355 stained
individuals.) The abundance was high-
est at approximately 5–6 cm depth.
The assemblage was characterized by
the dominance of B. robusta (25%), H.
nipponica (23%), C. auriculus (13%),
and B. marginata (10%), and all these
species occupied deep-infaunal habi-
tats. The ALD10 for the total assem-
blage was 4.5 cm. The diversity index
and evenness were comparable to
Stn C05.

The core from Stn B5 yielded 1026
foraminifera. The maximum abundance
was in the top 1 cm, the ALD10 of the
total assemblage was 2.4 cm, and the
Shannon diversity index was maxi-
mum. The assemblage was character-
ized by the dominance of C. auriculus
(26%).

Stn ME3 is located in the Zhejiang
coast mud zone and yielded 2868 indi-
viduals with vertical abundance show-

ing a bimodal distribution. One density maximum
was in the top 1 cm of sediments, and the second
maximum (300 ind. 50 cm−3) was at approximately
7–8 cm depth. The ALD10 (5.1 cm) for this station was
the deepest among all stations. The diversity index
and the evenness values were comparable to those
for Stn M7. Ammonia beccarii (40%), B. robusta
(31%), Florilus cf. atlanticus (12%), and B. marginata
(5%) (Table S1, Fig. 5) were the dominant species,
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and the occurrences of A. beccarii and B. robusta were
mainly responsible for the bimodal vertical distribu-
tion, as they were present in both the top 1 cm and in
the 6–8 cm layer.

The FINO3 pool

Five foraminiferal species contained high ICNO3

concentrations (Table 2). The nitrate concentration in
these species was >100-fold the maximum concen-

tration in adjacent pore water (Table 2,
Fig. 2). C. auriculus collected at Stn B5
had the highest concentration of ICNO3

(3211 ± 1046 pmol ind−1) (Table 2).
Globobulimina pacifica, which had the
largest volume amongst the foraminif-
era, had the second highest concentra-
tion (1167 ± 455 pmol ind.−1). H. nip-
ponica also had a high concentration
of ICNO3 (316 ± 73 pmol ind.−1; 11 ±
3 mM) and was present at most sta-
tions; this is the first report of the ac -
cumulation of ICNO3 in this genus. We
also compared the inventories of
FINO3 pool and PWNO3 pool (Table 5)
and found that the latter was higher at
most stations. However, the FINO3

pool was almost 2-fold greater than
the PWNO3 pool at Stns M7 and B5
(Table 5).

The ICNO3 pool

At Stn ME3, the DW, KCl, and
NaOH extraction methods all resulted
in the release of ICNO3 into the sedi-
ment, causing a marked increase in
the pore water nitrate concentration
(Fig. 2). The nitrate concentration in
pore water following use of these ex -
traction methods was approximately
2- to 3-fold that based on the Unfrozen
extraction method at 0−4 cm depth,
and approximately 4 µM below the
NPD. Compared with 4 extraction
methods at Stn ME3, the Frozen ex -
traction method released the most
ICNO3 in almost every sediment layer
(except 3–4 cm), and it also resulted in
obvious ICNO3 release at the other
stations.

Comparison of the difference in nitrate concentra-
tions determined based on the Frozen and Unfrozen
extraction methods (Fig. 2) enabled calculation of the
vertical distribution of ICNO3 stores. There was a
large concentration of ICNO3 in almost all sediment
layers from Stn ME3, and the concentrations decreased
with sediment depth. ICNO3 storage occurred in the
uppermost sediment layer at all stations and was also
evident in the sub-surface sediments at Stns C05 and
M7, even below the NPD. The inventory of ICNO3

pool far exceeded that of the PWNO3 pool at some
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stations and at Stns M7, ME3, and B5
was >3-fold that of the PWNO3 pool
(Table 5).

Total potential foraminiferal denitri-
fication rate

The maximum and minimum poten-
tial benthic foraminiferal denitrifica-
tion rates at each station are shown
in Table 6. In the YS, the total potential
foraminiferal denitrification rates
ranged from 15 to 88 µmol m−2 d−1, and
it ranged from 9 to 92 µmol m−2 d−1 in
the ECS. Stns C05, B5, and ME3 had
relatively high potential foraminiferal
denitrification rates, while the minimum
rate (9−10 µmol m−2 d−1) was found for
Stn F11. Fursen koina schreibersiana
was re sponsible for most of the poten-
tial foraminiferal denitrification at Stns
C05 and B5. The TFDRmax were all
<2-fold the TFDRmin at each station
except M7.

DISCUSSION

Vertical distribution of benthic
foraminifera in sediments

Food supply as one of the most sig-
nificant factors controls the dynamics
and composition of benthic foramini-
feral assemblage (Jorissen et al. 1998,
Schmiedl et al. 2000). The chl a con-
centrations, CPE, and chl a:Phaeo ratio
were all significantly positively corre-
lated with the foraminiferal abundance
(Pearson correlation: r = 0.595, 0.414,
and 0.585, respectively; p < 0.01; n =
60), which indicated that the phytode-
tritus content and freshness were key
factors affecting the vertical distribu-
tion of foraminifera in sediments of the
YS and the ECS. However, foramini-
feral abundance was uncorrelated with
TOC in sediment (Figs. 3 & 5), which
implies TOC may not be an ideal indi-
cator to reflect food supply for benthic
foraminifera. In the YS and the ECS,
TOC as bulk organic carbon may con-
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1978) and chlorophyll a:phaeopigment (chl a: Phaeo) ratio in sediments from
the 6 stations. The chl a:Phaeo ratio was used to estimate the freshness of the 

food available to the foraminifera

Station     Total abundance      Species       ALD10     Shannon     Evenness 
                  (ind. 63.5 cm−2)     richness (S)     (cm)       index (H)      index (E)

A02                    1940                       8               2.5             1.09              0.37
C05                    1180                     14              2.4             2.02              0.54
M7                      3022                     25              1.4             1.52              0.18
F11                      355                       15              4.5             2.12              0.55
B5                       1026                     16              2.4             2.24              0.58
ME3                   2868                     22              5.1             1.68              0.24

Table 4. Foraminiferal biotic variables at 6 stations. ALD10: the foraminiferal 
average living depth in the 0−10 cm sediment core
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tain large amounts of refractory organic matter un -
available for benthic foraminifera in sediment, which
was consistent with the low values of chl a: Phaeo in
our study. Chl a and CPE as more labile parts of TOC
in sediments might be more suitable for indicating
food supply to benthic foraminifera.

Redox condition in sediments also affects the ver-
tical distribution of benthic foraminifera (Jorissen et
al. 1995, Fontanier et al. 2008). Many foraminiferal
species were proven to rely on respiring ICNO3

instead of oxygen in anoxic sediments (Risgaard-
Petersen et al. 2006, Piña-Ochoa et al. 2010a, Bern-
hard et al. 2012). Our results agree with the previ-
ous publications. Foraminiferal abundance mainly
peaked in surface oxic sediments at most stations
(except Stn F11), which indicates most foraminifera
were in clined to carry on aerobic metabolism. How-
ever, many specific foraminiferal species occurred
below the OPD and even below NPD (Figs. 2 & 5),
and nitrate storage was also encountered in some
foraminiferal species (Table 2), which implies the
potential foraminiferal anaerobic metabolism in
anoxic sediments.

Arenoparella asiatica was mainly concentrated in
the top 1 cm of sediments having almost the highest

concentrations of chl a and CPE at Stns
C05 and M7 (Figs. 4 & 5). A. asiatica also
lacked cyto plasmic nitrate enrichment
(Table 2), indicating that A. asiatica
may rely on aerobic respiration in sur-
face sediments having sufficient food
sources. Although a small number of
A. asiatica was present down to 3–4 cm
depth in sediments at Stns C05 and
M7, Rose Bengal staining is not very
reliable in anoxic sediments and may
also stain dead foraminiferal cytoplasm
weeks to months after death (Bern hard
1988, Hannah & Rogerson 1997).

Nonionella stella was found to store high concen-
trations of ICNO3 (Table 2), and the maximum abun-
dance of N. stella in the sub-surface sediment layer
at Stns C05 and A02 was below the OPD and above
the NPD with relatively high concentrations of chl a
and CPE (Figs. 2, 4 & 5). These conditions enabled N.
stella to absorb nitrate from the adjacent pore water
and to obtain sufficient food resources. In addition,
N. stella is tolerant of low oxygen conditions and has
been reported to denitrify at a rate of 84 ± 33 pmol
ind.−1 d−1 in the Chile oxygen minimum zone (OMZ)
(Risgaard-Petersen et al. 2006) and to dominate the
assemblages in Santa Barbara Basin anoxic sedi-
ments (Bernhard et al. 1997); ICNO3 may provide the
electron acceptor necessary for denitrification in
anoxic sediments.

Fursenkoina schreibersiana had a similar vertical
distribution to that of N. stella and occurred in anoxic
sediments with relatively high concentrations of chl a
and CPE at Stns C05 and B5. In the same genus,
Fursen koina cornuta from the Santa Barbara Basin
was reported to enrich nitrate intracellularly and to
have a high denitrification rate (Bernhard et al.
2012), and Fursenkoina sp. also oc curs below the
OPD in the Nazaré canyon on the Portuguese conti-
nental margin (Koho et al. 2007). We concluded F.
schreiber siana may also use the same mechanism to
colonize anaerobic sediments in the YS and the ECS.

Hanzawaia nipponica was present at 4−10 cm
depth in sediments from Stn C05 and was also pres-
ent in the deep sediment layer below the OPD and
NPD at Stns A02, F11, and ME3 (ALD10 4.3, 5.1, and
5.8 cm, respectively). H. nipponica was reported to
store a high concentration of ICNO3 (11 ± 3 mM),
which is several thousand-fold that of the ambient
pore water (Table 2). Koho et al. (2011) reported deep
infaunal foraminiferal species collected nitrate by
migrating up to NPD. Due to the deep ALD10 of H.
nipponica, we suggested that the ICNO3 of H. nip-
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Station       PWNO3         FINO3           ICNO3       Percentage of     Ratio of 
                       (µmol m−2)   (µmol m−2)     (µmol m−2)         FINO3 of        ICNO3 to 
                                                                                                                                   ICNO3            PWNO3

A02               148            31 ± 21             141                    22                   1.0
C05               209             35 ± 6              241                    15                   1.2
M7                 77            138 ± 39            333                    41                   4.3
F11                153            34 ± 10             195                    27                   1.3
B5                   59            159 ± 63            215                    74                   3.6
ME3              147            50 ± 14             579                     9                     3.9

Table 5. Inventories of the PWNO3 pool, FINO3 pool, and ICNO3 pool in sedi-
ments at each station. PWNO3: pore water nitrate; FINO3: foraminiferal intra-

cellular nitrate; ICNO3: intracellular nitrate

Station                     Minimum rates        Maximum rates  
                                   (µmol m−2 d−1)          (µmol m−2 d−1)

Yellow Sea
A02                                  15.60                         25.62
C05                                  62.01                         87.83
M7                                   15.02                         60.01

East China Sea
F11                                    9.23                          10.45
B5                                     57.26                         92.27
ME3                                 63.72                         69.23

Table 6. Minimum and maximum total potential foraminiferal 
denitrification rates at 6 sites
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ponica (316 ±73 pmol ind−1) may supply sufficient
nitrate to support anaerobic respiration (denitrifica-
tion) in anaerobic and nitrate-free sediments (i.e.
below the NPD). In addition, Hanzawaia nitidula was
reported to tolerate low oxygen conditions in the
OMZ on the shelf of the Gulf of Tehuantepec and dis-
played more and larger pores than specimens from
oxygenated waters (Perez-Cruz & Machain-Castillo
1990). We found H. nipponica (Fig. S3 in the Supple-
ment) displayed larger but fewer pores than H. niti -
dula sampled in the OMZ (Perez-Cruz & Machain-
Castillo 1990). Glock et al. (2011) also implied that
the pores in Bolovina spissa may be related to the
uptake of nitrate for denitrification.

Bolivina robusta dominated at Stns M7 and ME3,
accounting for 60 and 77% of the total foraminiferal
community in the top 1 cm (abundances of 1257 and
698 per 50 cm2, respectively; Fig. 5). The occurrence
of this genus in continental shelf settings appears to
be opportunistic and apparently related to the avail-
ability of labile organic matter (Langezaal et al.
2006); this is consistent with the finding that the max-
imum chl a concentration, CPE, and chl a:Phaeo ratio
occurred in the surface sediments at Stns M7 and
ME3 (Figs. 4 & 5).

Bulimina marginata was present at all stations in
our study, but its vertical distribution varied. B. mar-
ginata has been reported to be widely distributed
(Koho et al. 2007) and to inhabit hypoxic and anoxic
sediments as well as shallow oxic sediments (Rath-
burn & Corliss 1994, Bernhard & Alve 1996, Ohga &
Kitazato 1997, Schönfeld 2001, Alve 2003). There
have also been several reports of genus Bulimina
occupying extremely eutrophic environments (Lutze
& Coulbourn 1984, Jorissen 2003); we speculated
eutrophication of the YS and the ECS may provide
favorable conditions for B. magrinata.

Widespread occurrence of ICNO3 storage 
(including benthic foraminifera) in sediments 

of the YS and the ECS

The ability among foraminifera to store nitrate has
been reported for diverse benthic marine environ-
ments (Risgaard-Petersen et al. 2006, Høgslund et al.
2008, Glud et al. 2009, Piña-Ochoa et al. 2010a, Bern-
hard et al. 2012). Five foraminiferal species (H. nip-
ponica, N. stella, B. robusta, Cancris auriculus, and
Globobulimina pacifica) from the YS and the ECS
were also found to store nitrate intracellularly at high
concentrations ranging from 3 to 114 mM, which was
>3 orders of magnitude higher than that of the sur-

rounding pore water (Table 2, Fig. 2). Among the 5
species, H. nipponica is a new foraminiferal genus
reported to store nitrate. ICNO3 content in B. robusta
(212 ± 46 pmol ind.−1) is well within the range of val-
ues reported for genus Bolivina (83− 1081 pmol ind.−1;
Piña-Ochoa et al. 2010a), and reports of nitrate con-
tent in N. cf. stella (186 ± 25 pmol ind.−1; Risgaard-
Petersen et al. 2006) were comparable to N. stella
(162 ± 27 pmol ind.−1). Cancris auriculus had the
highest ICNO3 concentration in our study (3211 ±
1046 pmol ind.−1; 114 ± 23 mM), and the related spe-
cies C. inflatus has been re ported to have the highest
ICNO3 concentration so far (262 877 ± 4253 pmol
ind.−1; 262 ± 37 mM; Piña-Ochoa et al. 2010a), vastly
exceeding that by C. auriculus. This suggests that
nitrate storage may be a characteristic of the genus
Cancris. The size of C. inflatus is much larger (0.12 ±
0.024 mm3) than C. auriculus (0.028 ± 0.0051 mm3),
which may ac count for their relative abilities to store
ICNO3, and Glud et al. (2009) also suggested a size-
dependent relationship for the variable ICNO3 con-
centrations in Globo bulimina affinis. Furthermore, C.
auriculus accounted for 60% and 86% of the FINO3

at Stns M7 and B5 respectively, and the FINO3 con-
centrations at Stns M7 and B5 far ex ceeded that for
PWNO3 (Table 5). Similar findings have been re -
ported for the Peruvian OMZ, where C. inflatus con-
tributed large amounts of ICNO3 (Glock et al. 2013).
Our result also suggested the FINO3 pool contributed
to the ICNO3 storage in sediments of the ESC, which
was implied by Song et al. (2013).

In addition to benthic foraminifera, many prokary-
otic and eukaryotic organisms (sulfur bacteria, dia -
toms, dinoflagellates, haptophytes, chlorophytes, and
Gromiids) were also re ported to store high concen-
trations of ICNO3, and they might be also significant
portions of the ICNO3 pool in sediment (Dortch et al.
1984, Fossing et al. 1995, Lomas & Glibert 2000, Piña-
Ochoa et al. 2010a, Kamp et al. 2011, 2015). The ICNO3

concentrations have been measured using various
extraction methods (e.g. Sayama 2001, Risgaard-
Petersen et al. 2006, Proko penko et al. 2011, Larsen
et al. 2013). To assess the most effective method for re -
leasing ICNO3, we compared various extraction meth-
ods using samples collected at Stn ME3. Amongst all
methods, the Frozen extraction method produced the
highest nitrate concentrations for most of the sediment
layers analyzed, suggesting that this may be the most
effective method for analysis of ICNO3 (Fig. 2).

The inventory of the ICNO3 pool was greater than
that of the PWNO3 pool at most stations, and the
ratios ICNO3 pool to PWNO3 pool ranged from 1 to
4.3 (Table 5). Even though the ratios were lower than
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the reported values in previous publications (4 to 26)
(Glud et al. 2009, Prokopenko et al. 2011, Glock et al.
2013, Larsen et al. 2013), the ICNO3 pool independ-
ent of the PWNO3 pool was still an important nitrate
pool in sediments of the YS and the ECS. ICNO3 con-
centrations in sediments always changed accompa-
nied by PWNO3, and decreased with sediment depth
(Fig. 2), indicating that ICNO3 may be absorbed from
PWNO3 above the NPD.

The percentage of FINO3 pool relative to ICNO3

pool showed large variation, and only at Stn B5 did
the FINO3 pool account for >50% of the ICNO3 pool.
This suggests that organisms in addition to foraminif-
era may also contribute significantly to the potential
nitrate pool in sediments. Sediments of the ECS con-
tain abundant resting stage diatom cells of Skele-
tonema (Zhang et al. 2010), which store high ICNO3

concentrations (11 mM; Kamp et al. 2011). The chl a,
CPE, and chl a:Phaeo ratio were all significantly pos-
itively correlated with the ICNO3 concentrations (Pear-
son correlation: r = 0.563, 0.603, and 0.457, respec-
tively; p < 0.01; n = 60), which indicated that the
phytodetritus (e.g. diatoms) may also play an impor-
tant role in nitrate storage in sediments of the YS and
the ECS.

The maximum level of ICNO3 storage always asso-
ciated with near-surface sediments (Fig. 2), the fora-
miniferal abundance and chl a concentration both
peaked in near-surface sediment (except at Stn F11)
(Fig. 5). We suggested benthic foraminifera and phy-
todetritus (e.g. diatoms) may both contributed to the
maximum concentration of ICNO3 in near-surface
sediments. At Stns M7 and ME3, large amounts of
ICNO3 occurred below the NPD. Burial of diatoms
may remove them several centimetres or decimetres
into the sediment (Heisterkamp et al. 2012). ICNO3

below the NPD might be caused by the presence of
diatoms in deep sediment layers. Furthermore, deep
infaunal foraminifera were found at these stations.
Benthic foraminifera are able to migrate between
nitrate-containing and nitrate-free layers in sedi-
ments to collect ICNO3 (Koho et al. 2011). We sug-
gested a part of the ICNO3 below NPD may be also
caused by the FINO3, and the deep infaunal forami-
nifera may collect nitrate in nitrate-containing layers
and migrate to nitrate-free layers in sediments,
which might also promote nitrogen loss and decrease
the efficiency of organic carbon burial (Prokopenko
et al. 2011, Dale et al. 2016).

Many of the foraminiferal species present in anoxic
sediments were not included in the analysis of ICNO3

and so were not taken into account in our calcula-
tions; this suggests that the FINO3 may have been

underestimated. For instance, Ammonia beccarii,
which dominated at Stn ME3, was unaccounted in
calculations, but Nomaki et al. (2015) have reported
Ammonia sp. enriched ICNO3 (80 pmol ind.−1). The
ICNO3 concentrations were positively correlated with
foraminiferal abundance in every sediment layer
analyzed (Pearson correlation; r = 0.3847, p = 0.0014,
n = 60), indicating a close link between the abun-
dance of foraminifera and the ICNO3 content. The
results also implied that benthic foraminifera may
play a significant role in nitrate storage in sediments
of the YS and the ECS.

Role of benthic foraminifera in nitrogen removal
from sediments in the YS and the ESC

Foraminiferal denitrification as a newly recognized
pathway for nitrogen loss has mainly been studied in
low oxygen marine areas, and there has been little
research in oxic continental shelf areas. The potential
foraminiferal denitrification rates in the YS and the
ECS ranged from 9 to 92 µmol N m−2 d−1 (Table 6).
Due to high abundance and high individual denitrifi-
cation rate, F. schreibersiana contributed most of the
potential foraminiferal denitrification at Stns C05 and
B5. F. cornuta was also reported to play a role in the
sedimentary denitrification of the Santa Barbara
Basin (Bernhard et al. 2012). The potential foramini-
feral denitrification rate was lowest at Stn F11, which
also had the lowest foraminferal abundance. The par-
ticularly low chl a concentration and chl a:Phaeo ratio
at this station manifested the lack of available labile
organic matter as food for foraminifera. Our estimates
include some uncertainty because the foraminiferal
species-specific denitrification rates we found may
not represent the rates in situ, and foraminifera smaller
than 150 µm were not taken into ac count. In addition,
considering oxic bottom water and surface oxic sedi-
ments may inhibit denitrification, we calculated the
TFDRmax and the TFDRmin respectively at each sta-
tion (Table 6). Only at Stn M7 was the  TFDRmax more
than twice of the TFDRmin, because large numbers of
denitrifying species B. robusta (Fig. 5) occurred in
the 0–1 cm sediment layer.

We compared the potential foraminiferal denitrifi-
cation rates in the YS and the ESC with those re -
ported from diverse benthic marine environments, to
assess the factors underpinning the differences
(Table 7). The potential foraminiferal denitrification
rates in the YS and the ECS were comparable to the
rates estimated for Sagami Bay (Glud et al. 2009) and
the Bay of Biscay (Piña-Ochoa et al. 2010a), were
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slightly higher than for Jones Bank in the Celtic Sea
(Larsen et al. 2013), and were less than for low-
 oxygen marine areas including the Chilean OMZ
(Piña-Ochoa et al. 2010a), the Peruvian OMZ (Glock
et al. 2013), and the Santa Barbara Basin (Bernhard
et al. 2012). Foraminiferal aerobic respiration yields
more energy (generally a factor of 3 to 13 higher)
than denitrification (Strohm et al. 2007, Piña-Ochoa
et al. 2010a), and oxygen is the first choice for benthic
foraminifera to respire in oxic marine environment.
The bottom water in the YS and the ECS is commonly
aerobic (Table 1), so the surface oxic sediments will
not support anaerobic respiration by benthic fora mini -
fera. However, the highest foraminiferal abundance
was mainly present in near-surface sediments (Fig. 5),
and potential foraminiferal denitrification in the YS
and the ECS will only occur in the sediments below
the depth to which oxygen penetrates, accompanied
by ICNO3 storage (Fig. 2). In contrast, the surface
sediments in the Chilean and Peruvian OMZs and
the Santa Barbara Basin are long-term anaerobic en -
vironments in which benthic foraminifera and pro -
karyotes including Thioploca and Beggiatoa thrive in
the surface anoxic sediments (Mosch et al. 2012).
Glock et al. (2013) reported potential foraminiferal
denitrification rates showed maximum values in the
centre of the Peruvian OMZ and decreased rapidly
with increasing bottom water DO at different sta-
tions. The bottom DO concentration may be a key
factor controlling potential foraminiferal denitrifica-
tion rates. Furthermore, most organic carbon derived
from primary productivity is decomposed in well-
oxygenated seawater, and only approximately 10%

and 30% of the particulate organic carbon settles to
the sediments in the YS and the ECS, respectively
(Song et al. 2016a). This is consistent with the low
chl a: Phaeo ratio at stations in our study, which also
re flects the lack of fresh organic matter, and the high-
est chl a concentration, CPE and chl a:Phaeo ratio
mainly occurred in the near-surface oxic sediments.
However, the chl a concentrations, CPE, chl a: Phaeo
ratio, and TOC values in the sediments of the Chilean
and Peruvian OMZs far exceed those in the YS and
the ECS (Gallardo et al. 2004, Cardich et al. 2015),
potentially reflecting the sufficient supply of organic
matter for foraminifera. Therefore, the abundance of
denitrifying foraminiferal species in the YS and the
ECS is not as high as in Chilean and Peruvian OMZs
(Høgslund et al. 2008, Piña-Ochoa et al. 2010a, Bern-
hard et al. 2012, Glock et al. 2013). The oxygen con-
centration and food availability may both have con-
tributed to the relative low potential foraminiferal
denitrification rates in the YS and the ECS.

Limited information about the total denitrification
rates was reported in sediments of the YS and the
ECS. To evaluate the potential importance of fora-
miniferal denitrification in sediments, the total deni-
trification rate at Stn ME3 referred to the result of the
closest station DH61 (264 µmol m−2 d−1) reported by
Song et al. (2016b). At Stns A02 and C05, the total
denitrification rates were obtained at the same sta-
tions (A02 and C05) of the same cruise with this study.
The determination method was based on ap plication
of the 15N isotope pairing technique (Nielsen 1992) in
intact core incubations, and the calculation method
referred to Song et al. (2016b) modified from Ris-
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Total denitri-              Foraminiferal        Percentage                         Sites                       Near-bottom               Source
fication rates         denitrification rates                                                                                water DO                       
(µmol N m−2 d−1)     (µmol N m−2 d−1)                                                                                      (µM)

1030                                    720                      70%                 Skagerrak, Sweden                  300       Piña-Ochoa et al. (2010a)
76                                         64                       84%                Bay of Biscay, France                 200       Piña-Ochoa et al. (2010a)
250                                      173                      70%                        OMZ, Chile                         <1        Piña-Ochoa et al. (2010a)
900a                                     420                      47%                    79 m, OMZ, Peru                      1               Glock et al. (2013)
3800a                                  1320                     35%                   248 m, OMZ, Peru                     1               Glock et al. (2013)
3200a                                   550                      17%                   319 m, OMZ, Peru                     1               Glock et al. (2013)
700a                                      13                        2%                    697 m, OMZ, Peru                    13              Glock et al. (2013)
510-840                                78                     9–15%                OMZ, Arabian Sea                   <1        Piña-Ochoa et al. (2010a)
4500                                   3000                     67%        Santa Barbara Basin, American       0–15         Bernhard et al. (2012)
720                                       50                        4%                   Sagami Bay, Japan                55–60            Glud et al. (2009)
120                                     1−13                   1−11%             Jones Bank, Celtic Sea               267             Larsen et al. (2013)
264b                                   64−69                 24−26%             ME3, East China Sea                 159                    This study
45c                                     16−26                 36−58%                 A02, Yellow Sea                     213                    This study
144c                                   62−88                 43−61%                 C05, Yellow Sea                     220                    This study

aTotal benthic nitrate loss; bData from Song et al. 2016b; cData from Song et al. (unpubl. data)

Table 7. Total and foraminiferal denitrification rates in sediments from diverse benthic marine environments
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gaard-Petersen et al. (2003). The total denitrification
rates were 45 and 144 µmol m−2 d−1 at Stns A02 and
C05 respectively (G. Song et al. unpubl. data). Divid-
ing the minimum or maximum potential foraminiferal
denitrification rates (Table 6) by total denitrification
rates above, approximately 36−58%, 43−61%, and
24−26% of the total denitrification rates were attrib-
utable to benthic for aminifera at Stns A02, C05, and
ME3 respectively (Table 7), indicating that they
might play a role in  sedimentary denitrification of the
YS and the ECS.

CONCLUSIONS

Five foraminiferal species Nonionella stella, Hanza -
waia nipponica, Bolivina robusta, Cancris auriculus,
and Globobulimina pacifica contained high concen-
trations of nitrate, sometimes exceeding the levels in
the adjacent pore waters by >3 orders of magnitude.
Sediment redox conditions and phytodetritus content
and freshness were key factors deciding the vertical
distribution of benthic foraminifera in the YS and
ECS. A widespread ICNO3 pool occurred in sediments
of the YS and the ECS, and the inventory of the
FINO3 pool ranged from 31 to 159 µmol m−2, which
exceeded that of the PWNO3 pool at Stns B5 and M7.
The FINO3 pool as a proportion of the ICNO3 pool
ranged from 9 to 74%, and the ICNO3 concentration
correlated well with the foraminiferal abundance,
suggesting that benthic foraminifera constitute an
important nitrate reservoir. The chl a concentrations,
CPE, and chl a:Phaeo ratio were all significantly pos-
itively correlated with the ICNO3 concentrations (Pear-
son correlation: r = 0.563, 0.603 and 0.457, respectively;
p < 0.01; n = 60); we suggested the phytodetritus (e.g.
diatoms) may also contribute to nitrate storage in
sediments. The potential foraminiferal denitrification
rates ranged from 9 to 92 µmol N m−2 d−1 in the YS
and the ECS, which indicates that benthic foraminif-
era might play a role in the sedimentary denitrifica-
tion of the YS and the ECS.
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