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ABSTRACT

Particulate phosphorus (P) can exist in several species, particularly in marginal seas, where sediment resus-
pension can affect particle fluxes. The effect of P speciation on the C:N:P stoichiometry of particulate organic
matter is poorly constrained. We investigated the C:N:P stoichiometry in the East Sea (Japan Sea), which is a
marginal sea in the Northwest Pacific, by analyzing sinking particles collected at water depths of 500, 1000, and
2250 m (i.e., 50 m above the seafloor), along with suspended particles in the surface waters and the underlying
sediments. We measured particulate organic carbon (POC), particulate nitrogen (PN), and particulate P. The P
was separated into total P (TP), organic P (OP), inorganic P (IP), non-apatite inorganic P (NAIP), and apatite P
(AP) following the Standards, Measurements, and Testing (SMT) protocol of the European Commission. In
addition, Al, Si, and Ca were analyzed to estimate the contents of lithogenic material, opal, and CaCOg in the
sinking particles. The POC:PN ratio increased from 8.2 at 500 m water depth to 8.9 in the surface sediment,
whereas the POC:TP and PN:TP ratios decreased from 229 and 28 at 500 m to 68 and 7.6 in the surface sediment,
respectively. The IP flux exhibited a strong positive correlation with the Al flux (R? = 0.92), which is a proxy for
material derived by sediment resuspension. After correction based on the content of Al, to eliminate the
contribution from sediment resuspension, nearly all of the IP was accounted for by the resuspension-derived
fraction, implying that sediment resuspension could be the dominant source of IP in sinking particles in a
marginal sea environment. The mean biogenic (i.e., resuspension-corrected) C:N:P ratios were 238:36:1 in sus-
pended particles in the surface water, 444:56:1, 359:45:1, 329:37:1 in sinking particles at water depths of 500,
1000, and 2250 m, respectively, and 109:12:1 in the surface sediment. The biogenic C:N:P stoichiometry suggests
that surface IP is labile and subject to rapid recycling in the upper 500 m of the sea. We suggest that C:TP is an
appropriate measure of the stoichiometry of biogenic particles in the upper layer, whereas C:OP is more
appropriate for sinking particles affected by resuspension in the deeper interior of the sea.

1. Introduction

et al., 2007; Mills and Arrigo, 2010), phytoplankton class, temperature
(Garcia et al., 2018), plankton community structure (Karl et al., 2001;

The C:N:P ratio in plankton samples is generally 106:16:1 (Redfield
et al., 1963). However, observational and modeling studies have re-
ported deviations from this ratio for suspended and sinking particles
(Arrigo et al., 1999; Faul et al., 2005; Koeve and Kahler, 2010; Kwon
et al., 2022b; Martiny et al., 2013, 2014; Matsumoto et al., 2020; Teng
et al., 2014). Martiny et al. (2013) compiled global particulate C:N:P
data from >700 stations and reported that the C:N ratios showed little
variation whereas the C:P and N:P ratios exhibited substantial vari-
ability. The variations in C:P and N:P ratios have been attributed to
factors such as nutrient availability (Galbraith and Martiny, 2015),
growth rate (Karl et al., 2001), upwelling intensity (Benitez-Nelson
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Liefer et al., 2024; Lomas et al., 2022; Tanioka and Matsumoto, 2020),
and light availability (Laws and Bannister, 1980; Sakshaug and Holm-
Hansen, 1977).

The variability in C:P and N:P ratios has important implications for P-
based models of carbon cycling. For example, the variability in the C:N:P
ratio introduces large uncertainties in estimates of primary production
and organic matter export production (Kwon et al., 2022a; Teng et al.,
2014). Teng et al. (2014) suggested that assuming a fixed C:P ratio may
result in large errors of up to three- to four-fold when estimating the
global organic matter export production. In this context, using accurate
C:N:P ratios in models is essential. However, such high temporal
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resolution data for primary producers do not exist. Sediment trap data
for particulate C:N:P stoichiometry as alternatives are limited. Previous
studies at two long-term monitoring stations, the Hawaiian Ocean Time-
series (HOT) and Bermuda Atlantic Time-series Study (BATS), yielded
conflicting results in the changes in C:N:P stoichiometry in the upper
water layer (Teng et al., 2014).

In the ocean interior, the transport of P by sinking particles is a major
pathway for the removal of P from the surface layer and provides a link
between the carbon and nutrient cycles (Paytan and McLaughlin, 2007;
Zhao et al., 2024). Phosphorus cycling in the water column can be better
understood when P species are considered in addition to total P. Faul
et al. (2005) suggested that preferential removal of labile P occurs at
relatively shallow water depths (< 300 m), and that measurements
restricted to the acid-insoluble P fraction would result in underestima-
tion of the biologically derived P. Benitez-Nelson et al. (2007) suggested
that organic P is rapidly remineralized in oxic surface waters, whereas
inorganic P is released under anoxic conditions through the dissolution
of metal oxides. Lyons et al. (2011) reported strong correlations (R2 >
0.85) between the lithogenic flux and fluxes of authigenic P and detrital
P, implying that a significant fraction of inorganic P is terrestrially
derived. This is important in studies of P cycling in marginal seas, where
sediment resuspension is prevalent and can be a significant source of
particulate P in deep waters. Few studies have attempted to quantify the
contribution of sediment resuspension to particulate P fluxes and to
understand its effect on particulate C:N:P stoichiometry.

The East Sea (also known as the Japan Sea) is a semi-enclosed basin
surrounded by Korea, Japan, and Russia. Seawater exchange with the
North Pacific occurs through straits shallower than 200 m (Fig. 1). Due
to rapid ventilation, deep waters in the basin have relatively high con-
centrations of dissolved oxygen (>200 pmol kg~ 1; Kim and Kim, 1996).
The Ulleung Basin (UB; maximum depth = 2300 m), located in the
southwestern East Sea, has the highest primary production in the East
Sea (Kwak et al., 2013). There are no large rivers that flow directly into
the basin. Sediment resuspension is prevalent on the southern slope and
in the basin (Kim et al., 2020; Lee et al., 2019; Seo et al., 2023). In the
UB, the C:N:P ratio for surface suspended particles is 107:11:1 (Chen
et al., 1996). Here we present the first report of the particulate C:N:P
stoichiometry in the UB. We attempted to investigate the changes in C:N:
P stoichiometry along the biological pump (i.e., from suspended parti-
cles in the surface waters to sinking particles collected at three depths on
a mooring line, as well as in the underlying sediment). To further un-
derstand the causes of the variations in the C:N:P stoichiometry, we
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fractionated the particulate P into five species. In addition, we attemp-
ted to evaluate the effect of sediment resuspension on the P fluxes and C:
N:P stoichiometry.

2. Methods
2.1. Sample collection

To collect the sinking particle samples, sediment traps
(SMD6000-26 s; NiGK, Japan) were moored at station EC1 (37°19'N,
131°25'F; bottom depth = 2300 m) in the UB. The traps were placed at
depths of 500, 1000, and 2250 m (i.e., 50 m above the seafloor) from 13
November 2020 to 8 December 2021. The preservation solution con-
sisted of seawater collected on-site that was fortified with NaCl (5 g/L)
and HgCl, (3 g/L). The samples were collected at 15-d intervals. Samples
were only available for the period from 13 November 2020 to 11 April
2021 due to a trap malfunction after May 2021. Surface sediment
samples were collected in the central part of the basin using a box corer
onboard the R/V Onnuri on 5 November 2020 (KU10) and 21 November
2023 (DB). Waters for the suspended particle samples were collected
using Niskin bottles during the research cruises of the R/V Onnuri in May
and November 2023. The collected seawater samples were filtered
through pre-combusted GF/F filters onboard the vessel, and the filters
were stored frozen at —80 °C before being transferred to a — 20 °C
freezer in the laboratory.

2.2. Sample analysis

All the glassware used in the experiments was pre-cleaned with 10 %
HCI and Milli-Q water, and combusted at 450 °C for 4 h. Plasticware was
cleaned using phosphate-free detergent (Extran), followed by 10 % HCl
and rinsing with distilled water.

2.2.1. Sediment trap sample preparation and flux calculations

The sinking particle samples were filtered through a 1 mm nylon
mesh to remove swimmers, and then divided into 10 equal aliquots
using a wet sample divider (WSD-10; McLane, USA). One aliquot was
filtered through a PCTE membrane filter (1.0 pm; Whatman), rinsed
with Milli-Q water, freeze-dried, and weighed for the total mass flux
(TMF). The TMF was calculated as TMF = 10 x dry mass of one aliquot +
sediment trap opening area -+ sampling period. The flux of each
component was then calculated by multiplying the TMF and content of
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Fig. 1. Map of the study area showing the sampling sites. Sinking particle samples were collected at EC1 (€). Suspended particles were collected at two different
times (O = May 2023; @ = November 2023) at stations DP, DC, and DB. Surface sediments ([ll) were obtained at stations KU10 and DB in the central part of

the basin.
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the component.

2.2.2. Particulate P species

Analysis of the P species followed the Standards, Measurements, and
Testing (SMT) protocol developed by the European Commission (Fig. 2).
This protocol is a modified version of the method proposed by Williams
et al. (1976). Compared with other approaches, this method has good
interlaboratory relative standard deviations that are typically <10 %
(Ruban et al., 1999). In addition, a certified reference material (CRM),
BCR-684, is available for quality assurance (Ruban et al., 1999, 2001).
The SMT protocol enables the quantification of five P fractions: total P
(TP), organic P (OP), inorganic P (IP), non-apatite inorganic P (NAIP),
and apatite P (AP). The NAIP fraction is associated with Al-, Fe-, and Mn-
bound P, and the AP fraction is associated with Ca-bound P. The NAIP
fraction may also contain loosely adsorbed P fraction because this
fraction was not separately removed using milder solvents (Ruttenberg,
1992). The SMT protocol can determine TP, which is commonly used to
evaluate bulk C:N:P ratios, and distinguish between OP and IP to assess
the forms and sources of particulate P. Furthermore, IP was separated
into NAIP and AP to characterize its specific mineral associations.

Each particulate sample was divided into three aliquots. The first
aliquot was combusted at 450 °C for 3 h, stirred with 3.5 N HCl for 16 h,
and then the supernatant was processed to obtain TP. The second aliquot
was stirred with 1 N HCI for 16 h, and the supernatant was processed to
obtain IP. The remaining particulate sample was rinsed with Milli-Q
water, combusted at 450 °C for 3 h, and then stirred again with 1 N
HCI for 16 h to obtain OP. The third aliquot was extracted using 1 N
NaOH with 16 h of magnetic stirring, and the supernatant was processed
to obtain NAIP. The remaining particulate sample was rinsed with 1 M
NaCl and then stirred with 1 N HCI for 16 h. The supernatant was pro-
cessed to obtain the AP. According to the extraction scheme, TP should
contain the OP and IP, and IP should contain the NAIP and AP (TP ~ OP
+ IP; IP ~ NAIP + AP). The samples were diluted 10 or 20 times prior to
analysis. Phosphate analysis was conducted by UV-Vis spectrophotom-
etry following the method of Murphy and Riley (1962). Calibration
curves were prepared using a KH2POa standard, and each experiment
was validated using a CRM (BCR-684; European Commission). The
average recoveries of TP, IP, OP, NAIP, and AP were 92 % + 3 % (n =
18),96 % 3% (n=123),99% + 5% (n=13),104 % + 5 % (n = 8),
and 85 % + 3 % (n = 8), respectively. For the suspended particle sam-
ples, only the OP and IP were measured due to the limited amount of
sample, and their sum was considered to be TP. No procedural blank was
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detected.

2.2.3. Organic carbon, total nitrogen, Al, Ca, and Si

The PN was measured using an elemental analyzer (2400 Series II
CHNS/O; PerkinElmer). For POC analysis, samples were weighed into
Ag capsules, fumed with concentrated HCl in a desiccator for 20 h, and
then left on a 45 °C hotplate for 4 h before being placed in Sn capsules for
analysis. For the suspended particle samples, 25 % of each filter was
used for POC and PN measurements. Surface sediment and suspended
particle samples were also treated with HCl fumigation prior to deter-
mining POC and PN contents.

The Al, Ca, and Si contents were measured at the Korea Basic Science
Institute (KBSI), Daejeon, South Korea. Samples were digested in a
mixed acid solution of HNOs, HCIOs, and HF on a hotplate at 170 °C.
Aluminum, Ca, and Si were analyzed by inductively coupled plasma-
—atomic emission spectrometry (ICP-AES; Optima 8300; PerkinElmer).
The lithogenic content was estimated as follows: lithogenic content =
12.15 x Al content (Honjo et al., 1995; Taylor and McLennan, 1985).
Biogenic Ca was estimated as follows: biogenic Ca = total Ca — litho-
genic Ca, where lithogenic Ca = 0.5 x Al content (Honjo et al., 1995).
The CaCOs content was then obtained as follows: 2.5 x biogenic Ca.
Biogenic Si was calculated as follows: biogenic Si = total Si — lithogenic
Si, where lithogenic Si = 3.5 x Al content (Honjo et al., 1995). Opal
content was calculated as follows: opal = 2.4 x biogenic Si (Mortlock
and Froelich, 1989). The particulate organic matter (POM) content was
calculated as follows: POM = 1.88 x POC (Lam et al., 2011).

2.3. Satellite-based net primary production and sea surface temperature
data

Net primary production (NPP) data were obtained from the Ocean
Productivity project, which provides 8-d composites generated using the
vertically generalized production model (http://sites.science.oregon
state.edu/ocean.productivity; Behrenfeld and Falkowski, 1997). We
used data from the 1° x 1° grid cell that includes the study area. Sea
surface temperature (SST) data were obtained from the NOAA Optimum
Interpolation SST dataset, which combines satellite observations and in
situ measurements to produce SST fields at 8-d and monthly resolutions
(https://downloads.psl.noaa.gov/Datasets/noaa.oisst.v2.highres; Rey-
nolds et al., 2002). We used data from the 1° x 1° grid cell that includes
the study area.
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Fig. 2. The P species extraction procedure based on the Standards, Measurements, and Testing (SMT) protocol of the European Commission (Ruban et al., 1999).
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2.4. Estimation of resuspension-derived and primary-production-derived
fluxes

To estimate the fraction of the sinking particle flux derived by
sediment resuspension, we assumed that all Al in the sinking particles
originated from sediment resuspension (Kim et al., 2017, 2020; Seo
et al., 2023). We also assumed that the elemental molar ratios of the
surface sediment remained unchanged during resuspension. We used
literature data for Al contents (4.8 wt%) for the surface sediment in the
central UB (Cha et al., 2007). For example, the resuspension-derived IP
content was calculated as follows:

resuspension — derived IP = (IP/Al in sediment)
x (Al content in sinking particles),

where “IP/Al in sediment” was measured to be 0.0109 mol mol .
Similarly, the resuspension-derived contents of POC, PN, and OP were
calculated as follows:

resuspension — derived X = (X/Alin sediment) x (Alin sinking particles),

where X = POC, PN, and OP.

Primary-production-derived fluxes of C, N, and P were reconstructed
by subtracting the resuspension-derived fraction from each elemental
flux. C:N:P ratios were reconstructed for the sinking particles using
primary-production-derived POC, PN, and OP fluxes. In the case of
suspended particles in the surface waters, the measured C:N:TP ratios
were used. To estimate the C:N:P ratio of the non-lithogenic fraction in
the surface sediment, lithogenic inputs were subtracted using the N:Al
(0.00593) and P:Al (0.00699) ratios of the upper crust (Rudnick and
Gao, 2003), along with the Al content (Cha et al., 2007) in the sediment.
While regional deviations may exist, this approach provides a first-order
approximation of the primary-production-derived C:N:P stoichiometry.
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3. Results
3.1. Satellite-based net primary production and sea surface temperature

Satellite-based 16-d average NPP during the period of sediment trap
sampling ranged from 367 to 1290 mg Cm~2d ! (Fig. 3). NPP was high
in November (1167 mg C m™2 d1), decreased abruptly in early
December (460 mg C m2 d’l), and reached a minimum of 367 mg C
m~2 d~1. It remained relatively stable thereafter, increased slightly in
February, and then increased abruptly in March, reaching 1031 mg C
m~2d! in mid-March and peaking at 1290 mg C m~2 d~" in early April.
The daily SST was 19.0 °C in mid-November, decreased gradually to a
minimum of 10.8 °C in March, and then increased again to 14.2 °C in
early April (Fig. 3).

3.2. Contents and fluxes of POC, PN, and P species in the sinking particles

The average TMF was 401, 443, and 559 mg m2d! at water depths
of 500, 1000, and 2250 m, respectively (Table 1). The TMF at 2250 m
water depth was the highest of all water depths during most sampling
periods (Fig. 3; Table S1). Temporally, the TMF at all depths peaked in
November, followed by a substantial decrease in December (Fig. 3). The
TMF then increased until April. At 2250 m, the TMF peaked again in
April, reaching a level comparable to that in November, whereas the
TMF at 500 and 1000 m in April was ~40 % and ~ 50 % of the
November flux, respectively. This seasonal pattern is broadly consistent
with that of the NPP. However, the high NPP values in March and April
are not reflected proportionally in the TMF at 500 m (Fig. 3).

The average POC, PN, and TP contents of the sinking particles
decrease with increasing water depth (Fig. 3; Table 1), with the relative
decrease being smallest for TP. Temporally, the POC and PN contents at
500 m peaked in December, decreased until February, and then
increased towards April (Fig. 3). A similar trend was observed at 1000
m. In contrast, at 2250 m, both the POC and PN contents were relatively
uniform. The TP contents showed a different temporal trend as
compared with POC and PN. The highest values were observed in
November, followed by a general decrease until March (Fig. 3).
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1.5 25 12 .6
- \ _20 - 1 1 4 4
94 1.2 1] ]
1.0 15 ] \/\W ] | 401 1
1 0 64 0.8 1 1 1
0.5 (S = 1 meanefe | 20] ]
_ 5 31 0.41 1 ] i
0.0+—————+0 O+—r——7r——— 0.0————— o
11121 2 3 4 5 11121 2 3 4 11121 2 3 4 5 11121 2 3 45
TMF POC flux PN flux TP flux
(mg m2d?) (mmol m2d™) (mmol m2d1) (umol m=2d 1)
1200 1 601
800 | 8 0.8 1 40] |
400+ | 4 0.4+ 1 20] |
] = 1 A
o -
0 T 0 — T 0.0 — T 0 — T
1112 5 11121 2 3 4 11121 2 3 4 5 11121 2 3 4 5
2020 2021 2020 2021 2020 2021 2020 2021

Year and month Year and month

Year and month Year and month

Fig. 3. Temporal variations in net primary production (NPP), sea surface temperature (SST), and POC, PN, and TP contents (upper row) at the sediment trap mooring
site. Horizontal lines indicate the average values in the surface sediment for each parameter. The lower row shows the total mass flux (TMF) and POC, PN, and TP
fluxes. Symbols denote depths of 500 m (@), 1000 m (4), and 2250 m (). NPP (g C m2d7!, left y-axis) is shown as 8-d (black line) and 16-d (red dots) averages
from 31 October 2020 to 14 April 2021. SST (°C, right y-axis) is shown as a blue line. The 16-d average NPP (red dots) approximately matches the sediment trap
sampling intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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Average + standard deviation of the contents and fluxes of the POC, PN, P species, lithogenic material, opal, and CaCOs in the suspended particles in surface waters,
sinking particles at 500, 1000, and 2250 m depths, and surface sediments. Fluxes are only presented for sinking particles, and the total mass flux at the three depths is
also shown. Also proportions of OP and IP relative to TP, and proportions of NAIP and AP relative to IP are presented.

Unit Surface suspended particles Sinking particles Surface
500 m 1000 m 2250 m sediment
n=2)
Total mass Flux mgd ' m2 401 + 262 443 + 252 559 + 207
PoC Content % 26+ 6 9.5+ 1.3 73+1.2 5.8+ 0.5 2.7
Flux mmol d~! m™2 3.2+ 24 2.8 £2.0 27+1.1
PN Content % 47 +1.3 1.4 +0.2 1.0 +£0.2 0.8 +0.1 0.4
Flux mmol d~! m™2 0.39 + 0.26 0.33 +0.22 0.31 +0.13
P Content umol g~! 84 +17 351+75 325+ 5.2 33.0 £3.2 33.2
Flux pmol d ! m~2 15.2 +14.9 14.4 £ 9.8 185+ 7.4
op Content pmol g~? 49 4+ 17 20.7 + 1.4 19.5 + 2.3 18.7 + 2.3 11.4
Flux pmol d~* m~2 8.6 + 6.6 9.0 + 6.5 10.6 + 4.5
P Content pmol g~* 34+15 10.1 +5.3 9.6 + 3.4 122+ 1.8 19.4
Flux pmol d~! m~2 5.0+7.4 4.0 +3.0 6.7 £ 2.5
NAIP Content pmol g’l 85+43 7.8+23 93+1.1 15.3
Flux pmol d ! m~2 4.2+6.3 3.3+22 5.2+ 2.0
AP Content pmol g~! 37+15 4.0 £1.2 49+1.1 5.9
Flux pmol d~* m~2 1.5+ 1.2 1.7 +£0.9 2.6 + 0.9
Lithogenic material Content % 25+9 27 +9 42+ 8
8 Flux mgd ' m2 107 + 108 121 + 96 234 + 101
onal Content % 49 4+ 13 45+ 13 42+8
P Flux mgd'm2 190 + 95 205 + 123 222 + 96
CacO Content % 8.8 +2.4 8.4 £ 2.0 6.1+1.1
3 Flux mgd'm2 35+ 26 36 + 21 34+16
OP/TP Proportion % 58 + 14 61 + 11 61+ 10 57+6 35+5
IP/TP Proportion % 42 + 14 27 +8 29+7 37+5 58 +2
NAIP/IP Proportion % 88 + 20 85+ 16 77 £ 6 79+5
AP/IP Proportion % 38+9 44 + 6 40+ 7 31+4

The POC and PN fluxes show no clear changes with differences with
depth (Fig. 3; Table 1), except for the first sampling period in November,
when the fluxes were particularly high. Temporally, the POC and PN
fluxes decreased significantly after peaking in November, and then
increased again until April (Fig. 3). However, the fluxes at 500 and 1000
m in April were only ~40 % of those in November.

The OP was the dominant P species, accounting for 47 %-81 %
(average = 60 %) of the TP. The average OP contents decreased slightly
with water depth (Table 1). The average IP contents were generally
higher at 2250 m (Fig. 4), with NAIP representing >70 % of the IP at all
depths (Table S1). The AP was the least abundant P species (Fig. 4). The
contents of NAIP and AP tended to be higher at 2250 m than at shallower
water depths (Table 1). Temporally, the OP contents exhibited little
variability (Fig. 4). The IP content at 500 m was highest in November
and decreased thereafter (Fig. 4). At 1000 m, the IP contents remained
relatively stable until February and then decreased until early April,
whereas at 2250 m, temporal variability was minimal. The NAIP con-
tents exhibited a similar trend to that of the IP. The AP content showed a
slightly decreasing trend, but within a narrow range (Fig. 4).

Except for the first samples, the TP, OP, IP, NAIP, and AP fluxes
showed little difference between 500 and 1000 m, whereas those at
2250 m were generally higher (Fig. 4; Table 1). The TP and OP fluxes
had similar temporal variations at all water depths, resembling that of
POC, with a peak in November, a decrease until January, and an increase
from then towards April (Figs. 3 and 4). The IP, NAIP, and AP fluxes at
500 and 1000 m remained relatively stable from January to April.
However, at 2250 m, the IP and NAIP fluxes increased from January to
April (Fig. 4).

3.3. Contents of POC, PN, and P species in suspended particles in surface
waters and surface sediments

At two sites near the sediment trap mooring, the surface sediments
contained average POC of 2.7 wt%, PN of 0.4 wt%, and TP of 33.2 pmol
g~ ! (Fig. 3; Table 1). The average OP and IP contents were 11.7 and 19.4

pmol g1, respectively. The OP and IP represent ~35 % and ~ 60 % of
the TP, respectively (Table 1). The average NAIP and AP contents were
15.3 and 5.9 pmol g™}, respectively. The NAIP and AP represent ~80 %
and ~ 30 % of the IP, respectively (Table 1).

In the suspended particles in the surface waters, the POC, PN, and TP
concentrations were considerably higher in May than November (Table
S2). The average POC concentrations were 28 pmol L7lin May and 7.2
pmol L~ in November, while the PN concentrations were 4.3 and 1.1
pmol L™, respectively. The P species were also higher in May. The TP
concentrations averaged 0.154 pmol L™! in May and 0.027 pmol L™! in
November, the OP concentrations averaged 0.076 and 0.015 pmol L™},
and the IP concentrations averaged 0.078 and 0.012 pmol L2, respec-
tively (Table S2).

The weight of suspended particles was only determined for the
samples collected during November. As such, the POC, PN, and P con-
tents, defined on a per mass basis, were only available for the November
samples (Table S2). The average POC content was 26 wt% (n = 5), which
is almost three times higher than the 9.5 wt% in the sinking particles at
500 m water depth (Table 1). The average PN content was 4.7 wt%,
which is more than three times higher than the 1.4 wt% for sinking
particles at 500 m. The average OP content was 49 pmol g7, as
compared with the value of 20.7 pmol g~! at 500 m. The average IP
content was 34 pmol g, higher than the value of 10.1 pmol g~! at 500
m (Table 1).

At all depths, the POC flux correlated well with the TMF (R? =0.67;
p < 0.001) and the PN flux (R2 = 0.95; p < 0.001), and also with the TP
(R? = 0.63; p < 0.001) and OP (R? = 0.78; p < 0.001) fluxes (Fig. S1).
The correlation between the POC and IP fluxes was weak when all
depths were considered (R2 = 0.16; p < 0.05), whereas the correlation
between the TMF and IP flux was moderate (R = 0.52; p < 0.001).
When only considering a water depth of 2250 m, the IP flux was
correlated strongly with both the TMF (R% = 0.89, p < 0.001) and POC
flux (R% = 0.85; p < 0.001). The IP flux was also strongly correlated with
the NAIP (R? = 0.92; p < 0.001) and AP (R? = 0.91; p < 0.001) fluxes
(Fig. S1).
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3.4. Ratios of C, N, and P S2). In the surface sediment, the ratio was 8.9, similar to that at 2250 m.
The C:OP ratio in the suspended particles was 424 (Table S2) and
The mean C:N ratio of the suspended particles in the surface waters decreased with depth, with values of 380, 312, and 261 for sinking

was 6.7 (Table S2), similar to the Redfield ratio. In the sinking particles, particles at 500, 1000, and 2250 m, respectively. The ratio in the surface
the mean ratios were 8.2, 8.2, and 8.9 at 500, 1000, and 2250 m, sediment was even lower at 195 (Fig. S2). The N:OP ratio showed a

respectively, which are all higher than the Redfield ratio (Table S1; Fig. similar trend, with values of 64 in the suspended particles; 47, 38, and
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Fig. 5. Temporal variations in the C:N, N:TP, C:OP, and N:OP ratios (mol mol ™) of sinking particles at water depths of 500 m (@), 1000 m (4)), and 2250 m (.
For each ratio, the dashed horizontal line represents the mean value in the surface sediment, and the gray shaded area is bounded by the mean values of suspended
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30 at 500, 1000, and 2250 m, respectively; and 22 in the surface sedi-
ment (Fig. S2). A similar decreasing trend was observed for the C:TP and
N:TP ratios, with values of 238, 229, 189, 148, and 68 for C:TP and 36,
28, 23, 17, and 7.6 for N:TP for the suspended particles in surface wa-
ters, at 500, 1000, and 2250 m, and surface sediment, respectively (Fig.
S2). Notably, the C:TP and N:TP ratios in the sediment were significantly
lower than those in the upper water column, and also lower than the
Redfield ratios (Fig. 5).

Regarding the seasonal differences in C:N:TP ratios in the suspended
particles, the mean C:N ratios were similar in November (6.7) and May
(6.8) (Fig. 5, Table S2). In contrast, the mean C:TP and N:TP ratios were
higher in November (262 and 40) than in May (213 and 32, respec-
tively). Similarly, the mean C:OP and N:OP ratios were higher in
November (471 and 71, respectively) than in May (377 and 56,
respectively) (Fig. 5).

The C:N ratios in the sinking particles at all three depths varied
within a similar range (7.4-9.8) (Fig. 5; Table S1). In contrast, the C:TP
and N:TP ratios exhibited greater variability at 500 m (171-283 and
19-34, respectively) than at the other depths, whereas the values at
2250 m showed much smaller variations (137-169 and 14-22, respec-
tively). Similar variation patterns were observed when OP was consid-
ered instead of TP (Fig. 5). The elemental ratios exhibited distinct
temporal trends (Fig. 5, Table S1). The C:N ratios at 500 m decreased
from November (8.9) to late December (7.4), remained constant until
January, increased in February (9.5), and then decreased until late
March (7.8) (Fig. 5). The C:N ratios at 1000 m decreased from November
(9.2) to January (7.6), increased until February (8.7), and then
decreased until late March (7.8). The C:N ratios at 2250 m decreased
from November (9.7) to late December (8.1), increased until late
February (9.8), and then decreased until late March (7.8). The C:TP and
N:TP ratios at 500 m generally increased from November (171 and 19.1,
respectively) to early April (283 and 34, respectively), reaching maxima
in early April (Fig. 5). When OP was used instead of TP at 500 and 1000
m, the increase in the ratios from February to April was less pronounced
(Fig. 5).
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3.5. Contents and fluxes of lithogenic material, opal, and CaCO3 in the
sinking particles

The lithogenic content was similar at 500 and 1000 m, but signifi-
cantly higher at 2250 m (Fig. 6; Table 1). The opal content was higher at
500 m than at greater water depths. Opal was a dominant component at
500 and 1000 m, while the lithogenic content was dominant at 2250 m
(Table S1). CaCOs had the smallest contribution of all the major com-
ponents in the samples. At all depths, the sum of lithogenic material,
opal, CaCO3, and POM was 100 % =+ 3 % of the total mass. The summed
value for the sample collected at 1000 m in January was only 51 % of the
total mass (indicated by the parentheses in Fig. 6), which we suspect was
a weighing error during analysis, although we were unable to confirm
this.

Temporally, the lithogenic content at 500 m was relatively high in
November (36.4 wt%) and December (39.0 wt%), and then gradually
decreased until April (11.1 wt%), reaching about one-third of the
November value (Fig. 6). In contrast, the opal content gradually
increased from November (33.6 wt%) to April (65.9 wt%) (Fig. 6). This
inverse relationship between lithogenic and opal contents was also
observed at 1000 and 2250 m (Fig. 6). At 500 and 1000 m, the CaCOs
content reached a maximum in January, decreased to a minimum in late
March, and then increased again in April. At 2250 m, the CaCOs content
showed much smaller temporal variations (Fig. 6).

The average lithogenic fluxes were 107, 121, and 234 mg m~2d ! at
500, 1000, and 2250 m, respectively (Table 1). The lithogenic flux at
2250 m was the highest throughout the period, and nearly twice that at
500 m (Fig. 6). The average opal fluxes were 190, 205, and 222 mg m ™2
d~! at 500, 1000, and 2250 m, respectively; the 2250 m flux was ~20 %
higher than that at 500 m, but comparable to that at 1000 m (Table 1). In
contrast, average CaCOs fluxes were similar at all depths (35 + 21 mg
m~2d™Y) (Table 1).

The lithogenic flux peaked in November at all water depths (Fig. 6).
The lithogenic flux at 500 and 1000 m decreased until late December,
and then remained constant. At 2250 m, an additional peak occurred in
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April, reaching ~60 % of the November maximum, which was not
observed at the upper two depths. The opal flux peaked in November at
500 and 1000 m and then increased steadily from January to April,
reaching ~80 % of the flux in November. The CaCOs flux was highest in
November at all water depths, remained stable thereafter, and increased
slightly in April.

4. Discussion
4.1. Particulate P speciation and cycling

The mean C:N:TP ratios (238:36:1) of the surface suspended particles
differed from the mean C:N:TP stoichiometry (107:11:1; n = 6) reported
by Chen et al. (1996) in the southwestern East Sea, demonstrating
considerable variability in the stoichiometry within the same region.
Chen et al. (1996) reported that the C:TP ratios varied over a wide range
from 61 to 132, and N:TP ratios ranged from 6 to 14. In our study, the C:
TP and N:TP ratios were 107-328, and from 17 to 51, respectively (Table
S2). As such, the C:N:P stoichiometry appears to vary considerably. The
temporal and spatial variations in C:N:P ratios could be caused by
various factors, such as the presence of partially degraded organic
matter, preferential degradation of P (Paytan et al., 2003), nutrient
availability (Galbraith and Martiny, 2015), and nature of the planktonic
community (Karl et al., 2001; Liefer et al., 2024). Unfortunately, we do
not have the data needed to identify the major factor responsible for the
observed variability.

Notably, the proportions of IP relative to TP were comparable to the
proportions of OP relative to TP in the suspended particles (Table S2).
Non-biogenic IP can be supplied mainly by river input or atmospheric
deposition. There is no major river draining into the study region to
supply terrigenous particles. Also, given that the input of terrigenous Al
from atmospheric deposition is minor in this region (Seo et al., 2023),
we propose that most of the IP was biologically derived, such as poly-
phosphate (Diaz et al., 2008, 2012). Because the IP fraction defined in
our study may also contain loosely adsorbed P, this methodological
aspect may have contributed to high IP content in these samples (Eixler
et al., 2005).

In surface sediments, a large fraction of TP was present as IP (Fig. 4).
The TP contents did not decrease from that of the sinking particles at
2250 m, apparently because an increase in the IP compensated for the
decrease in OP. As a result, the C:TP and N:TP ratios were low (68 and
7.6, respectively). The increase in the IP contents in the surface sedi-
ments, as compared with the sinking particles (Fig. 4), may result from
the transformation of OP to IP during the degradation of organic matter
in the sediment. For example, the “sink-switch” process refers to the
transformation of P species during organic matter degradation and Fe
oxide reduction in sediment, whereby particulate P is released as dis-
solved inorganic phosphate and subsequently precipitates either as
structurally stable carbonate fluorapatite or is adsorbed onto Fe oxides
in surface sediment (Lehtoranta et al., 2009; Paytan and McLaughlin,
2007). In the present study, the NAIP fraction accounted for ~80 % of
the IP in the surface sediment (Table 1), indicating that most of the IP
was in a mineral-bound form.

In sinking particles, decreasing trends in the C:TP and N:TP ratios, as
well as in the C:OP and N:OP ratios, were observed from 500 to 2250 m
(Fig. 5). These decreases are attributed primarily to reductions in POC
and N contents rather than increases in P contents. The POC and N
contents decreased by at least ~20 % across the depth intervals, whereas
the TP and OP contents remained relatively stable (Table 1). Gerace
et al. (2023) also reported a decreasing trend in the C:P ratios of sus-
pended particles with increasing water depth in the upper 500 m layer in
the Sargasso Sea. They attributed a decrease in the C:P ratios to more
rapid degradation of carbohydrates as compared with lipids as the dis-
solved oxygen concentrations decrease. To properly understand the C:N:
P stoichiometry along the biological pump, it is necessary to consider
changes in both contents and fluxes with increasing water depth. In our
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study, the fluxes of POC, PN, and P species were higher at 2250 m.
Sediment resuspension is prevalent in the UB (Kim et al., 2017; Kim
et al., 2020), and the sinking particles also contained a high fraction of
resuspended material. This complicates the interpretation of depth-
dependent trends in particle decomposition and necessitates quantifi-
cation of the contribution of resuspension to the sinking particles.

An interesting aspect of the UB in terms of trace metal cycling is that
surface sediment contains very high amounts of Fe and Mn (~3.2 wt%
Fe, ~1.1 wt% Mn, and ~ 4.8 wt% Al; Cha et al., 2007). These metals are
known to retain IP via adsorption (Ruban et al., 1999). If such sediment,
characterized by a high IP content (mainly NAIP), is resuspended and
supplied to the water column, it will affect the particulate C:N:P stoi-
chiometry. In our study, both the lithogenic fluxes and contents were
higher at 2250 m than at 500 and 1000 m, and the NAIP accounted for
>70 % of the IP in the sinking particles at all depths (Table 1). These
results suggest that resuspension of IP-rich surface sediment contributed
to the elevated IP contents and fluxes in the sinking particles. The high
dissolved oxygen concentrations in the East Sea could have suppressed
the reductive dissolution of metal oxides that would otherwise release IP
under anoxic conditions (Benitez-Nelson et al., 2007).

At the study site, the Al and IP fluxes were strongly correlated (when
the first sampling period at 500 m water depth is excluded: R? = 0.95
and p < 0.001; when it is included: R? = 0.73 and p < 0.001), supporting
that IP was indeed supplied by resuspended lithogenic material (Fig. 7).
The y-intercept of the regression line was very low (0.8 pmol m™2 d™1),
suggesting that IP unassociated with lithogenic material (i.e., biogenic
IP sinking from the surface) was minimal. In the first sampling period at
500 m water depth in November 2020, the IP flux was much higher than
during the other sampling periods (Fig. 7), demonstrating that IP
derived from primary production can be transported rapidly to the deep
sea when the biogenic particle flux is high (Armstrong et al., 2001).

4.2. Reconstruction of primary-production-driven fluxes of C, N, and P,
and their stoichiometry in the Ulleung Basin

Based on the strong relationship between the lithogenic and IP
fluxes, we divided the observed fluxes into the biogenic and sediment-
resuspension-derived fluxes (Fig. 8; Methods section). We assumed
that the elemental molar ratios in the surface sediment remained un-
changed after resuspension. The resuspension-derived fluxes of POC,
PN, OP, and IP were highest at 2250 m as expected (Fig. 8; Table S3).
The resuspension-derived IP flux was nearly identical to the observed IP
flux at 1000 and 2250 m (Fig. S3). The relative contributions of
resuspension-derived POC, PN, and OP were smaller than that of IP,
accounting for up to ~30 % at 2250 m, indicating that the IP fluxes were
the most strongly affected by sediment resuspension.

We estimated the biogenic fluxes from the overlying water column
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Fig. 7. Plot of the IP flux versus the Al flux at water depths of 500 m (@), 1000
m (A), and 2250 m ([). The linear regression was obtained after excluding the
samples from the first sampling period in November at all depths (indicated by
parentheses).
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by subtracting the resuspension-derived component from each
elemental flux (Fig. 8). Because direct measurements of primary pro-
duction, export production, and burial fluxes were not conducted at the
study site, literature values were used. For the primary production, the
average values of 273 g Cm ™2 yr~! (Kwak et al., 2013) and 280 g C m ™2
yr’1 (Joo et al., 2014) were used. An export ratio (e-ratio) of 0.23 was
adopted from a satellite-data-based modeling study (Joo et al., 2018),
and from a modeling study using *H->He dating and apparent oxygen
utilization (Hahm and Kim, 2008). The burial flux was estimated from
the 21%Pb-based sediment accumulation rate (2.56 g C m~2 yr%; Lee
et al., 2010), and the C, N, and OP contents of the surface sediment.

By considering only the primary-production-derived fluxes (Fig. 8;
Table S3), we estimated the degree to which the fluxes decreased rela-
tive to export production at each depth interval. Biogenic C, N, and P
decomposed by 81 %-87 % between export and reaching 500 m. Flux
attenuation for P (87 %) and N (85 %) was slightly larger than for C.
Subsequently, only an additional 2 %-3 % decomposed in the 500-1000
m and 1000-2250 m depth intervals. Further substantial degradation
occurred after deposition on the seafloor. Only 5 % of the C, 3 % of the N,
and 3 % of the P were ultimately incorporated into the burial flux. These
results demonstrate that most organic matter degradation occurs in the
upper 500 m of the water column (Buesseler and Boyd, 2009; Steinberg
et al., 2008). The greater relative loss of P as compared with C and N
within this depth interval implies that P is more susceptible to degra-
dation at the early stage of organic matter degradation (Paytan and
McLaughlin, 2007; Tanioka et al., 2021; Xiang et al., 2023).

When considering the changes in the C:N:P stoichiometry, it is
important to determine which P fraction (i.e., TP or OP) represents the
biogenic material. For suspended particles in the surface waters, as
discussed in Section 4.1, a considerable fraction of the IP was likely
biologically derived. In contrast, the IP at 500 m was derived mainly
from resuspended sediment. Taken together, these observations suggest

that the IP in the surface layer is labile and rapidly decomposed (Faul
etal., 2005). As such, the C:TP ratio appears to be more appropriate than
the C:OP ratio as a measure of the biological stoichiometry in surface
waters (<500 m water depths). In contrast, for sinking particles, because
there is selective input to sinking particles of P relative to C and N
derived from resuspended sediment, the inclusion of IP would lower the
C:P and N:P ratios and bias the biological stoichiometry. We suggest that
the C:OP provides a better measure of the biological stoichiometry for
sinking particles in an environment where sediment resuspension is
prevalent.

The mean C:N ratios of the biogenic particles, excluding resuspended
sediment, were 6.7, 8.1, 8.1, 8.9, and 9.3 in surface suspended particles,
sinking particles at water depths of 500, 1000, and 2250 m, and surface
sediments, respectively (Fig. 9). The biogenic C:N ratios increased be-
tween the surface and 500 m water depth, and remained nearly constant
below this depth. The mean biogenic C:P ratios were 238, 444, 359, 329,
and 109, and the mean biogenic N:P ratios were 36, 56, 45, 37, and 12 at
the depths corresponding to the C:N ratios. Both the C:P and N:P ratios
increased between the surface waters and 500 m depth, subsequently
decreased to 2250 m, and then decreased considerably in the surface
sediment.

The elevated biogenic C:P and N:P ratios between the near-surface
suspended particles and sinking particles at 500 m suggest there is
preferential degradation of P in the upper water column (Fig. 9). Below
500 m, the decrease in the biogenic C:P and N:P ratios likely reflects the
preferential degradation of C- and N-containing compounds. Together
with the increasing C:N ratio, this interpretation is consistent with the
preferential degradation of carbohydrates and amino acids (Gerace
etal., 2023; Henderson et al., 2025). The decrease in biogenic C:P ratios
between 1000 and 2250 m was smaller than that in the overlying upper
water column, suggesting that preferential degradation of C relative to P
was less pronounced in this depth interval. The C:P ratio decreased to
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approach the Redfield ratio while the C:N ratio increased further
(Fig. 9), implying more degradation of C and N than P upon
sedimentation.

5. Conclusions and implications

This paper has presented the first measurements of P species in the
UB, including surface particles, sinking particles, and surface sediments.
Phosphorus in the sinking particles consists of ~60 % OP and ~ 30 % IP.
More than 70 % of the IP was NAIP. The POC and PN contents exhibit
similar temporal and depth-related variations, while the OP contents
exhibit smaller variations. In contrast to the OP, the IP contents have
greater temporal changes and increase with water depth, peaking at
2250 m. The IP fluxes have a strong correlation with the Al flux and
increase with depth, because the effect of sediment resuspension is
greater towards the seafloor. The AL:IP ratio of the sinking particles is
similar to that of the surface sediment. This suggests that IP is tightly
bound to lithogenic material and is likely supplied to the water column
by sediment resuspension. Therefore, IP should be excluded when
evaluating the biological C:N:P stoichiometry in sinking particles,
particularly in marginal seas where sediment resuspension is prevalent.
If P speciation is not considered, the biogenic P content might be over-
estimated. In contrast, particulate IP in the surface waters is labile and
rapidly decomposed before reaching 500 m water depth. Therefore, TP
appears to be an appropriate parameter for evaluating biological C:N:P
stoichiometry in the surface layer. The preferential remineralization of
labile OP and IP appears to occur mostly between the surface and 500 m
water depth, leading to elevated C:N, C:P, and N:P ratios at 500 m depth.
Below 1000 m water depth, C:N ratios are either slightly higher or
remain stable, whereas C:P and N:P ratios decrease progressively with
depth, likely due to selective remineralization in the order N > C > P.
Opal appeared to be associated with more efficient transport of biogenic
OP to the deep sea. However, due to the lack of relevant measurements,
the details of this remain uncertain. Nevertheless, without considering P
speciation or correcting for the resuspension-derived fraction, correla-
tions between the C:P ratio and opal content are absent or weak, sug-
gesting that these approaches may provide important insights into the
biogeochemical drivers of C:N:P stoichiometry in sinking particles. The
C:P and N:P ratios still exhibited large temporal variability when the
influence of resuspension-derived C, N, and P was excluded. Therefore,
the C:N:P ratios measured at a single time point may not fully represent
the overall characteristics of the study area, highlighting the importance
of time-series data for evaluating the reliable C:N:P stoichiometry.
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