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ABSTRACT

Particulate C:N:P:Si ratios and their variations in the upper ocean are crucial for understanding carbon export
and its coupling with nutrient dynamics and phytoplankton community composition associated with nutrient
limitation. Here, we present the first dataset of size-fractionated biogenic particle concentrations and their
elemental ratios, including particulate organic carbon (POC), particulate nitrogen (PN), particulate phosphorus
(PP), and biogenic silica (BSi), in the upper 500 m of the water column in the subtropical western North Pacific.
The highest POC, PN, and PP concentrations consistently occurred in surface water and then decreased with
increasing depth, whereas BSi concentration was frequently highest in the subsurface chlorophyll maximum
layer at ~ 120 m. The small size fraction (SSF, 0.8 or 1-51 pm) dominated the total pool of POC, PN, and PP but
contributed less to the total BSi pool than the large size fraction (LSF, >51 pm). This feature was accompanied by
lower C:N, C:P, and N:P ratios and higher C:Si ratios in the SSF than in the LSF. In the euphotic zone, total
particulate C:N, C:P, N:P, and C:Si ratios averaged 8 + 1, 146 + 30, 17 + 3, and 120 + 48 mol:mol respectively,
and exceeded the canonical Redfield and Brzezinski ratio. The three former ratios aligned with cellular C:N:P
ratios of Prochlorococcus and Synechococcus. Moreover, these ratios exhibited observable latitudinal gradients;
they were generally higher in the gyre center than in its southern boundary occupied by the North Equatorial
Current. Below the euphotic zone down to 500 m, there was a distinct increase in SSF molar C:N, C:P, and N:P
ratios with depth, while total particulate molar C:Si ratios remained relatively constant. Combined with data
collected in the subtropical eastern South Pacific and North Atlantic, our results demonstrate that the compo-
sition of the phytoplankton community primarily controls particulate molar C:N:P:Si stoichiometry in the
euphotic zone of ocean gyres, in particular in the SSF, below which preferential remineralization of various
bioelements plays an important role.

1. Introduction

Redfield, 1934) and Brzezinski C:Si ratio (106:15; Brzezinski, 1985),
which forms a fundamental basis for understanding nutrient limitation

Particles in seawater act as a vector for the transfer of atmospheric
carbon dioxide (CO3) and dissolved nitrogen (N), phosphorus (P), and
silicon (Si) from the sunlit surface to the deep ocean via the biological
pump, which plays an important role in the oceanic cycling of both
carbon (C) and nutrients (Broecker and Peng, 1982; Subhas et al., 2023).
The elemental stoichiometry of marine biogenic particles is considered
to adopt an average value, known as the Redfield C:N:P ratios (106:16:1;

patterns (Bonachela et al., 2013; Alexander et al., 2015), coupling of
nutrient and C cycles (DeVries and Deutsch, 2014), and the dynamics of
C export from the euphotic zone under climate change (Matsumoto
et al., 2020a; Matsumoto and Tanioka, 2020).

An increasing number of studies have so far revealed both spatial and
temporal variations in particulate C:N:P ratios (Sterner et al., 2008;
Martiny et al., 2013a; Martiny et al., 2013b; Quay, 2021) and particulate
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C:Si ratio (Ragueneau et al., 2006) in the upper ocean. Field observa-
tions demonstrated that particulate C:N, C:P, and N:P and particulate C:
Si ratios generally exceed the Redfield and Brzezinski ratio, respectively,
in the subtropical ocean, whereas at high-latitude and in equatorial
upwelling regions they typically display lower values (Arrigo et al.,
2002; Martiny et al., 2013a). Inverse ocean biogeochemistry models
have inferred a similar spatial pattern of global particulate C:P and N:P
ratios (Teng et al., 2014; Wang et al., 2019).

Overall, variations in particulate C:N:P ratios are considered to be
associated with changes in the composition of the phytoplankton com-
munity and in environmental conditions (Martiny et al., 2013b; Baer
et al., 2017; Matsumoto et al., 2020b; Tanioka and Matsumoto, 2020).
Oligotrophic ocean gyres, dominated by picocyanobacteria, generally
have elevated particulate C:P and N:P ratios compared to eutrophic
environments where larger eukaryotes, such as diatoms, typically thrive
(Geider and Roche, 2002; Martiny et al., 2013a; Lomas et al., 2021).
Laboratory culture experiments showed that dinitrogen (N3) fixation by
diazotrophs leads to increased particulate C:P and N:P ratios (Follett
et al., 2018), while field observations at station ALOHA (A Long-Term
Oligotrophic Habitat Assessment; 22.75°N, 158.00°W) demonstrated
that diatom-diazotroph associations decrease particulate C:Si ratios
(Brzezinski et al., 2011). Moreover, N limitation in the North Pacific can
lead to high particulate C:N and C:P ratios and low N:P ratios relative to
other ocean gyres (Van Mooy and Devol, 2008; Mouginot et al., 2015;
Garcia et al., 2018). Increases in light intensity and temperature also
potentially elevate particulate C:N and C:P ratios (Tanioka and Matsu-
moto, 2020).

The subtropical western North Pacific (WNP) is characterized by
year-round near-surface stratification, depleted surface nutrients, and
extremely low biological productivity mainly limited by N (Van Mooy
and Devol, 2008; Wen et al., 2022; Dai et al., 2023). Picophytoplankters
including Prochlorococcus and Synechococcus are dominant contributors
to biomass and primary productivity in the euphotic zone (Browning
et al., 2022; Zhang et al., 2024b). The subtropical wNP is overall an
important sink of atmospheric CO5 (Takahashi et al., 2009; Iida et al.,
2021). However, our current understanding of particulate C:N:P:Si ra-
tios and of their vertical variations in this region is relatively limited
(Hebel and Karl, 2001; Lam et al., 2018), hampering the precise eval-
uation of biological pump efficiency. In addition, strong N fixation has
been observed in the center of the wNP subtropical gyre (Shiozaki et al.,
2010; Tang et al., 2019; Gradoville et al., 2020; Wen et al., 2022; Shao
et al., 2023), whereas its influence on particulate C:N:P:Si stoichiometry
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remains unknown.

In this study, size-fractionated biogenic particle samples, including
particulate organic carbon (POC), particulate nitrogen (PN), particulate
phosphorus (PP), and biogenic silica (BSi), were collected in three zones
(the Kuroshio Current (KC), North Pacific Subtropical Gyre (NPSG), and
North Equatorial Current (NEC)) of the subtropical wNP (Fig. 1). Based
on this field sampling, we systematically examine the lateral and vertical
distributions of biogenic particle concentrations and C:N:P:Si ratios in
the upper 500 m of the water column. These results are further inte-
grated with previous findings from both culture experiments of phyto-
plankton species and from field observations in the subtropical eastern
South Pacific (eSP) and North Atlantic (NA), in order to explore the
factors controlling particle composition in oligotrophic ocean gyres.

2. Methods
2.1. Study area

The subtropical wNP borders the eastern portion of the Asian
continent and belongs to the largest gyre in the world’s ocean, the NPSG.
Major surface currents in the subtropical wNP include a coherent
westward-flowing current, the NEC driven by the trade winds near 10°N,
along with its bifurcations, the northward-flowing KC and the
southward-flowing Mindanao Current, along the eastern Philippine
coast (Fig. 1). The subtropical wNP is highly oligotrophic, with the
lowest surface chlorophyll-a (Chl- a) and nutrient concentrations in the
global ocean, and is often regarded as an “ocean desert” (Chow et al.,
2019; Matsumoto et al., 2021). Bulk phytoplankton growth in this re-
gion is primarily limited by N, secondarily by P or iron (Fe), depending
on their rates of supply to the euphotic zone (Li et al., 2015; Browning
et al., 2022; Yuan et al., 2023). Moreover, the north-south gradient of
these rates results in pronounced latitudinal variability in Ny fixation
rates (Hashihama et al., 2009; Kitajima et al., 2009; Wen et al., 2022).
Despite low primary productivity, the extensive area of the subtropical
wNP makes it an important zone for the export of biogenic particles to
the deep ocean (Winn et al., 1994; Liu et al., 2020).

2.2. Cruise and sampling

Sampling was conducted at 13 stations during the GEOTRACE-GP09
cruise, onboard the R/V Tan Kah Kee, from April 25 to June 13, 2019 in
the subtropical wNP (Browning et al., 2022; Wen et al., 2022; Zhang

160°E — 7000 m

Fig. 1. Map of the western North Pacific (WNP) showing sampling stations where in-situ pumps were deployed during the 2019 GEOTRACES-GP09 cruise. The North
Pacific Subtropical Gyre (NPSG) zone includes stations K2 to K7 and K14 (yellow circles), the North Equatorial Current (NEC) zone includes stations K8 to K13 (blue
circles), and station K1 (red circle) is influenced by the Kuroshio Current (KC). Major surface currents, including the NEC, KC, and Mindanao Current (MC), are also
schematically depicted. (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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et al., 2024b). Station K1 in the Luzon Strait was situated along the KC
pathway. The NPSG zone included stations K2 to K7 and K14, and the
NEC zone included stations K8 to K13 (Fig. 1).

During the cruise, size-fractionated particulate samples were
collected from the upper 500 m of the water column using modified
large-volume, dual-flow McLane Research in-situ pumps (WTS-LV) at
each sampling station. A 51 pm Sefar polyester mesh prefilter was used,
followed by 1 pm Whatman QMA quartz fiber filters and 0.8 pm Pall
Supor800 polyethersulfone (PES) filters, respectively, on two filter
holders (A side for QMA filters and B side for PES filters). Six to eight
pumps per cast operated for 3 to 5 h and ~ 1000 L of seawater were
filtered by each pump, with ~ 400 and ~ 600 L through the A and B side,
respectively. Particles larger than 51 pm were categorized as the large
size fraction (LSF), while those ranging from 0.8 or 1 to 51 pm were
defined as the small size fraction (SSF). SSF POC and PN samples
(POC ssr and PN ggp, respectively) were taken from the QMA filter on the
A side, while SSF PP and BSi samples (PP gsr and BSi gsr, respectively)
were taken from the PES filter on the B side. Except for LSF PP samples
(PP 1sp) obtained from the mesh prefilter on the B side, LSF POC, PN, and
BSi samples (POC s, PN rsr, and BSi sp) were obtained from the mesh
prefilter on the A side. Total particle concentration is the sum of the two
size fractions, e.g., POC 1ota1 = POC ssr + POC 1gp.

2.3. Analysis of biogenic particles

2.3.1. Particulate organic carbon and nitrogen

Samples for POC and PN determination were oven-dried at 50 °C for
24 h and soaked in a 1 mol L™ HCI solution for ca. 5 min to remove
carbonate. Subsequently, they were dried again at 50 °C overnight and
pelletized in tin discs. POC and PN concentrations, as well as the PN
stable N isotopic composition (5'°Npy), were measured using an
elemental analyzer-isotope ratio mass spectrometer (vario PYRO cube +
Isoprime 100). In each batch run, measurements of international (USGS
40, L-glutamic acid with 5'°N of —4.5 + 0.1 %o) and working (acetani-
lide with 8'°N of —1.5 + 0.2 %o, Merck) standards were inserted into
every five to six samples.

For POC and PN concentration measurements, the detection limit
was defined as 3 times the standard deviation (SD) of QMA filter blanks,
which were pretreated and analyzed the same way as particle samples
(Lam et al., 2018). All POC and PN contents in the digestion solution of
SSF and LSF were above corresponding detection limits of 40 and 4.6 pg,
respectively. Note that due to minor fractions of particulate inorganic N
in open ocean waters (Feng et al., 2018), PN represents the dominant
organic component as suggested by Pujo-Pay et al. (2011), Piper et al.
(2016), and Lam et al. (2018). The precision for both POC and PN
concentrations was <10 % (Zhou et al., 2013), and for 615NpN it was
<0.2 %o (Yang et al., 2017).

2.3.2. Particulate phosphorus

Samples for PP determination, as well as dipped blanks that are
polyester mesh prefilter + PES filter placed in a perforated acid-cleaned
plastic container attached to the in-situ pump frame, were dried at room
temperature and subsequently digested using a HNO3-HF reflux method
(Ohnemus et al., 2014; Lee et al., 2018), followed by analyzing on a
Thermo Scientific Element XR HR-ICP-MS system. The detection limit of
the measurement was 3 times the SD of dipped blanks, which were 39.2
and 71.9 nmol, respectively, for SSF and LSF. Note that most PP jgp
contents in the digestion solution of samples between 200 and 500 m
were below the detection limit, and thus the derived in-situ concentra-
tion data were considered unreliable and excluded. Similar to the usage
of term PN, PP represents the dominant organic component as suggested
by Pujo-Pay et al. (2011), Piper et al. (2016), and Lam et al. (2018).
Long-term measurements of PP in the certified reference material BCR-
414 (a plankton powder; 14,027 + 727 pg g%, n = 20) yielded a pre-
cision of 5 % as the relative SD. Details about the analysis procedure
were described by Zhang et al. (2024b), in which PP concentration data
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have been presented.

2.3.3. Biogenic silica

Samples for BSi determination were dried at 50 °C for 24 h and
leached using 4 mL of 0.2 M NaOH at 100 °C for 40 min according to the
one-step wet-alkaline digestion method (Lam et al., 2018). Concentra-
tions of Si in the digestion solution were determined by spectrophoto-
metric detection of the blue silico-molybdate complex using a Technicon
AA3 Auto-Analyzer (Bran + Luebbe GmbH). Measurements of dipped
blanks for both SSF and LSF BSi indicated near-zero Si content in the
digestion solution. Extremely low aluminum concentrations ruled out
any important contributions from lithogenic silica. Repeated measure-
ments of selected filter samples yielded an uncertainty for the entire
procedure of <10 % (Cao et al., 2020).

3. Results
3.1. Vertical distribution of biogenic particle concentrations above 500 m

3.1.1. Particulate organic carbon and nitrogen

High POC gsr (1-51 pm) concentrations were consistently observed
in the euphotic zone (spanning from the surface to a depth corre-
sponding to 1 % photosynthetically active radiation at each sampling
station), with an average value (+ 1SD) of 0.93 + 0.16 pmol Lt
(Figs. 2a and Sla, Table S1). Below the euphotic zone, POC ssr con-
centrations declined rapidly and were almost uniformly distributed
between 200 and 500 m, averaging 0.20 + 0.04 pmol L1, In contrast,
POG ¢ (>51 pm) ranged from 0.01 to 0.48 pmol L™ in surface water
(Figs. 2b and Sle). The average POC ysr concentration in the euphotic
zone (0.11 £ 0.09 pmol L) was nearly one order of magnitude lower
than that of POC gsr. Below the euphotic zone, POC 1gr concentrations
also declined with increasing depth and remained relatively uniform
between 200 and 500 m (on average 0.03 + 0.01 pmol L™1). Due to the
predominant contribution of POC ggr to POC 1oz (>1 pm), the latter’s
concentration distribution was very consistent with that of the former
(Fig. 2a and c).

Vertical distributions of PN exhibited similar patterns to those of
POC. The average concentration of PN ggr and PN ;g was 111.4 + 18.7
nmol L™ and 11.2 4+ 9.9 nmol L™}, respectively, in the euphotic zone,
below which both concentrations decreased with increasing depth down
to 500 m (Figs. 2d and e and S1b and f, Table S1). Because PN gsr
contributed to most of the PN o, the latter’s distribution pattern
aligned with that of the former.

3.1.2. Particulate phosphorus

Concentrations of PP gsp (0.8-51 pm) were relatively high in the
euphotic zone, with an average value (+ 1SD) of 6.6 + 1.3 nmol L1
Subsequently, PP ggr rapidly decreased to a constant level, averaging 2.3
+ 1.9 nmol L~! below the euphotic zone (Figs. 3a and Slc, Table S1).
PP 1sr (>51 pm) concentrations in the euphotic zone, with an average
value of 0.4 + 0.3 nmol L’l, were on average 16.5 (~ 6.6/0.4) times
lower than those of PP ggr. Between 200 and 500 m, most PP ;sr contents
in digestion solutions were below the detection limit suggesting near-
zero in-situ concentrations (Figs. 3b and S1g). PP 1ot (>0.8 pm) con-
centrations were only calculated in the euphotic zone with an average
value of 7.1 + 1.3 nmol L} (Fig. 3c).

3.1.3. Biogenic silica

The vertical distribution of BSi concentrations contrasted notably
with those of POC, PN, and PP. At individual stations, the highest BSi
concentration was not always confined to surface water but could extend
down to 200 m (Figs. 3d and e and S1d and h, Table S1). Specifically,
BSi sgr (0.8-51 pm) was primarily concentrated between 100 and 200 m
at stations K8 to K13 in the NEC zone (Fig. 3d). Overall, vertical dis-
tributions of BSi 1sp (>51 pm) followed those of BSi gsp, whereas the
former showed a slightly higher average value than the latter above 500
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Fig. 2. Distribution of (a-c) particulate organic carbon, POC and (d-f) particulate nitrogen, PN concentrations in the upper 500 m of the water column. Left: small size
fraction (SSF, 1-51 pm); middle: large size fraction (LSF, >51 pm); right: total particulates (Total, >1 pm). White lines in each plot separate the Kuroshio Current
(KC), North Pacific Subtropical Gyre (NPSG), and North Equatorial Current (NEC) zone, and the gray dashed line indicates the bottom of the euphotic zone.
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Fig. 3. Distribution of (a-c) particulate phosphorus, PP and (d-f) biogenic silica, BSi concentrations in the upper 500 m of the water column. Left: small size fraction
(SSF, 0.8-51 pm); middle: large size fraction (LSF, >51 pm); right: total particulates (Total, >0.8 um). Note that the majority of LSF PP measurements between 200
and 500 m were below the detection limit. White and gray lines in each panel are depicted in the caption of Fig. 2.

m (7.6 + 14.7 vs. 3.2 = 2.2 nmol L™Y). It is noteworthy that an
extremely high BSi | sr concentration of 114.5 nmol L~! was observed at
around 60 m at station K2 (Fig. 3e). This value mainly induced larger
1SD of 14.7 than the corresponding average of 7.6, indicating pro-
nounced spatial variability of BSijsr among sampling stations. In
contrast to the size-fractionated composition of POC, PN, and PP, BSi 1 sr
represents a more important contribution than BSigsg to BSi rotal.
Therefore, the distribution pattern of BSi toral (>0.8 pm) largely fol-
lowed that of BSi 1gr (Fig. 3f).

3.2. Vertical distribution of particulate molar C:N:P:Si ratios above 500
m

3.2.1. Particulate molar C:N ratios
C:N ggr ratios varied from 7 to 9 mol:mol, attaining a median of ~ 8

mol:mol in the euphotic zone (Fig. 4a, Table S2). C:N |gp ratios were
generally <10 mol:mol in the euphotic zone, and then increased rapidly
with depth down to 500 m, with an average value (+ 1SD) of 11 + 2
mol:mol excluding data collected at stations K4 to K6. At these three
stations, C:N rgr ratios were uniformly low throughout the entire depth
profile (Fig. 4b). The distribution pattern of C:N roa ratios again re-
flected those of C:N ggr ratios above 500 m, with an average value of 8 +
1 mol:mol, which was somewhat higher than the Redfield ratio of 6.6
mol:mol (Redfield, 1934) (Fig. 4c).

3.2.2. Particulate molar C:P ratios

C:P ggr ratios were on average lower in the euphotic zone (140 + 33
mol:mol) than in waters below (189 + 61 mol:mol), excluding values for
station K5, where the former average C:P ssr was within errors consis-
tent with or slightly higher than the Redfield ratio of 106 mol:mol
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Fig. 4. Distribution of particulate ratios (a-c) C:N and (d-f) C:P in the upper 500 m of the water column. Left: small size fraction (SSF, 0.8 or 1-51 pm); middle: large
size fraction (LSF, >51 pm); right: total particulates (Total, >0.8 or 1 pm). Since particulate P concentrations in the LSF were mostly below the detection limit
between 200 and 500 m, C:P ;sr and C:P 4, ratios in these waters were not calculated. White and gray lines in each panel are depicted in the caption of Fig. 2.

(Redfield, 1934). Surface water at station K5 reached a relatively high C:
P sgr ratio of 325 mol:mol. The 150 mol:mol contour, generally located
between 200 and 300 m, was relatively deeper at stations K2 to K5,
while it gradually became shallower from stations K7 to K13 (Fig. 4d,
Table S2). The vertical distribution of C:P g ratios followed to some
extent that of the C:P ggr ratio, but showed a much higher average value
of 283 + 149 mol:mol in the euphotic zone, notably surpassing the
Redfield ratio (Fig. 4e). C:P roral ratios were only calculated in the
euphotic zone with an average value of 146 + 30 mol:mol, while their
distribution patterns were nearly the same as those of C:P ggr ratios
(Fig. 4d and f).

3.2.3. Particulate molar N:P ratios

The vertical distribution of N:P ggr ratios generally showed a similar
pattern to that of the C:P ggr ratios. The average N:P ggp ratio was higher
below the euphotic zone (23 + 6 mol:mol) than in waters above (17 + 3

mol:mol), excluding a peak value of 36 mol:mol at 18 m of station K5
(Fig. 5a, Table S2). The average N:P | sr ratio in the euphotic zone was 31
+ 21 mol:mol and exceeded the Redfield ratio of 16 mol:mol (Redfield,
1934), while high ratio values were mainly observed in the NPSG zone
(Fig. 5b). N:P 1oa ratios above 200 m overall exhibited a vertical
gradient, with larger values at greater depths (Fig. 5i), similar to that of
the N:P ggr ratios. In the euphotic zone, N:P 4, ratios ranged from 14 to
28 mol:mol, yielding an average value of 17 + 3 mol:mol (Fig. 5c,
Table S2), consistent with or slightly higher than the Redfield ratio. It is
noteworthy that particulate molar C:N, C:P, and N:P ratios consistently
pointed to the dominant contribution of small size-fractionated particles
to the total organic “soft tissue” pool.

3.2.4. Particulate molar C:Si ratios
Ratios of C:Si ggr exhibited notably higher values in the euphotic
zone, averaging 344 + 153 mol:mol (Fig. 5d, Table S2). Below the
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Fig. 5. Distribution of particulate ratios (a-c) N:P and (d-f) C:Si in the upper 500 m of the water column. Left: small size fraction (SSF, 0.8 or 1-51 pm); middle: large
size fraction (LSF, >51 pm); right: total particulates (Total, >0.8 or 1 pm). Since particulate P concentrations in the LSF were mostly below the detection limit
between 200 and 500 m, N:P ; gz and N:P 1, ratios in these waters were not calculated. White and gray lines in each panel are depicted in the caption of Fig. 2.
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euphotic zone, they decreased rapidly down to 500 m, with an average
value of 146 + 111 mol:mol. In surface water at stations K4 to K6, C:
Si ggr ratios were remarkably high, exceeding 600 mol:mol, and corre-
sponding to the highest POC ssr concentration. Vertical distribution
patterns of C:Si ;gr were generally similar to those of C:Si ggr, with the
former ratios consistently lower than the latter. The average C:Siisp
ratio was 17 &+ 11 mol:mol in the euphotic zone and 12 + 6 mol:mol in
waters below (Fig. 5e). However, C:Sisr ratios were extremely low
above 100 m and notably high between 400 and 500 m at stations K1
and K2. This pattern was not observed for C:Si gsr (Fig. 5d and e). The C:
Si Total ratio showed high values in the euphotic zone (on average 121 +
50 mol:mol) and gradually decreased with increasing depth (averaging
53 + 30 mol:mol below the euphotic zone), except for stations K1 and
K14, where C:Si 1ota1 ratios were consistently higher than 60 from the
surface down to 500 m (Fig. 5f). Particulate molar C:Si 1o ratios were
overall higher than the molar ratio of POC to BSi for cultured diatoms
(mostly between 6.6 and 10 mol:mol; Brzezinski, 1985), thus suggesting
only a small contribution of diatoms to the phytoplankton biomass of the
subtropical wNP.

3.3. Phytoplankton community composition in the euphotic zone

Pigment concentrations of total particles (>0.7 pm) were collected
using Niskin bottles during the same cruise, and the relative contribu-
tion of major phytoplankters was calculated using the CHEMTAX
approach (Browning et al., 2022; Zhang et al., 2024b). The phyto-
plankton community composition in the euphotic zone at stations K1,
K6, and K8, representing the KC, NPSG, and NEC zones, was highly
consistent (Fig. 6). Picophytoplankters Prochlorococcus and Synecho-
coccus (<2 pm in size) together contributed to ~ 80 % of the total Chl-a
in the euphotic zone. Nanophytoplankter haptophytes 8 (2-20 pm in
size), the third major phytoplankton group in all three zones, accounted
for ~ 13 % of the total Chl-a. Other identified pico- and nano-
phytoplankters, including prasinophytes, dinoflagellates, chlorophytes,
and cryptophytes, collectively contributed to ~ 5 % of the total Chl-a.
Microphytoplankter diatoms (>20 pm in size), though detected,
accounted for only ~ 1 % of the total Chl-a in the euphotic zone of the
oligotrophic subtropical wNP. Therefore, pigment concentrations of
total particles collected by Niskin bottles (>0.7 pm) mainly reflected the
phytoplankton community composition in the SSF (0.8 or 1-51 pm)
rather than in the LSF (>51 pm).

4. Discussion

4.1. Factors affecting particulate molar C:N:P:Si ratios in the euphotic
zone

4.1.1. Small vs. large size fraction
The range of C:N, C:P, and N:P ratios was larger in the LSF than in the
SSF in the euphotic zone in the subtropical wNP. There were also
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significant differences in the average ratio between these two fractions
(two-tailed Student’s t-test, P value <0.01). Average C:N, C:P, and N:P
ratios were notably higher for the large than the small size fraction, in
particular average C:P ;sr and N:P jgr ratios were nearly twice those of
C:P gsr and N:P ggp. Moreover, both SSF and LSF elemental stoichiometry
deviated from the Redfield ratio (Fig. 7a-c).

Considering that Prochlorococcus and Synechococcus were the major
contributors to the phytoplankton biomass in the euphotic zone (Fig. 6),
the agreement between C:N, C:P, and N:P ratios in the SSF and those of
cultured Prochlorococcus and Synechococcus (Fig. 7a-c) documents that
the SSF primarily represented particles resulting from phytoplankton
primary production. On the other hand, C:N, C:P, and N:P ratios in the
LSF were higher than those of cultured eukaryotes including micro-
plankton such as diatoms (Fig. 7d). We thus speculate that in addition to
diatoms, the LSF might contain other particulate phases altering the
elemental stoichiometry, which were likely aggregates of phyto-
detritus, grazer components, and fecal pellets undergoing reminerali-
zation and/or degradation (Minor et al., 1998; Liefer et al., 2024).
However, the LSF particle composition, largely unknown in the present
study, requires further identification. Given the preferential remineral-
ization of P in organic matter relative to N (Garber, 1984; Anderson and
Sarmiento, 1994), followed by the relatively slow degradation of C
(Gordon, 1971), LSF can thus be characterized by a surplus of C relative
to N and P (Knauer et al., 1979; Frigstad et al., 2011), resulting in
elevated C:N, C:P, and N:P ratios. Additionally, since the contribution of
LSF to the total pool of POC, PN, and PP was minor (Figs. 2 and 3), both
the range and average values of C:N:P ratios for total particulates were
generally consistent with those obtained for the SSF (Fig. 7a-c).

In contrast, the average C:Si ratio of the SSF was clearly higher than
that of the LSF (Fig. 7d). This is likely because BSi is mostly found in the
LSF, while POC predominates in the SSF (Lam et al., 2018; Subhas et al.,
2023). Furthermore, the range of C:Si 1ot ratios was not very close to
that of either C:Si gsr or C:Si s ratios, suggesting comparable contri-
butions from these two size fractions to the total inorganic “hard part”
pool of biogenic opal. Consequently, we analyze factors affecting the
variation of total particulate C:N:P ratios and specific size-fractionated
C:Si ratios in the euphotic zone, followed by a comparison of these ra-
tios among KC, NPSG, and NEC zones in the subtropical wNP.

4.1.2. Effects of phytoplankton community composition

Variations in particulate C:N:P:Si ratios are associated with a number
of factors, such as phytoplankton species composition (Quigg et al.,
2003; Martiny et al., 2013a), nutrient supply ratio (Rhee, 1978; Bates
et al., 2005), and environmental acclimation (Lomas et al., 2021).
Among them, phytoplankton diversity plays a primary role in deter-
mining changes in the elemental ratio of the particulates produced
(Lomas et al., 2021).

Particulate C:N 4, ratios in the euphotic zone were within errors
consistent with cellular C:N ratios of Prochlorococcus, Synechococcus, and
eukaryotes (Cuhel and Waterbury, 1984; Brzezinski, 1985; Burkhardt
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1% // 1% Lo 1%
R 3o, 2% -1% I Cryptophytes
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‘"4% 4% 3% Diatoms
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35% 33%

Fig. 6. Phytoplankton community composition in the euphotic zone at stations (a) K1, (b) K6, and (c) K8 representing the Kuroshio Current, North Pacific Sub-
tropical Gyre, and North Equatorial Current zone, respectively. Depth-integrated pigment concentrations of Niskin bottle samples, previously published in Zhang
et al. (2024b), were used to calculate the relative contribution of various phytoplankters to the total chlorophyll-a in the euphotic zone.



C. Wang et al.

-n -
N »

-
o

C:N [mol:mol]
(-]

I
e[}

3]
(3]

H
o

w
o

N:P [mol:mol]
5 B
EE.
~fo—
He H
—3h

e\ F (o ofo°°":o°°‘fd°‘°g
P‘oc“;“ec“o e\)v“

Global and Planetary Change 246 (2025) 104732

550
450
350
250

L R ?_é_.é ......

50

C:P [mol:mol]

750

550

350

150

C:Si [mol:mol]

- N
o o
HE—

o
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et al., 2003; Heldal et al., 2003; Garcia et al., 2016; Martiny et al., 2016; Lomas et al., 2021). Red dashed lines indicate the canonical Redfield ratio values, namely
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black dot in the box represents the average value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
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et al., 1999; Bertilsson et al., 2003; Heldal et al., 2003; Garcia et al.,
2016; Martiny et al., 2016; Lomas et al., 2021), whereas some high
values exceeded the range of ratios characteristic of eukaryotes (Fig. 7a).
The average particulate C:N roa1 ratio (8.0 mol:mol) obtained in the
subtropical wNP coincided with that of Synechococcus (8.0 mol:mol) and
was slightly lower and higher than that of Prochlorococcus (9.3 mol:mol)
and eukaryotes (6.6 mol:mol), respectively, indicating a major signature
contribution by these three species/groups. This finding is consistent
with the pigment analysis of samples collected during the same cruise
(Fig. 6). It is noteworthy that the average C:N g ratio obtained in the
present study was slightly higher than the global ocean average reported
by Martiny et al. (2013b) and fell within the range of C:N values
determined for the entire subtropical North Pacific (3.5-14.2 mol:mol;
Talmy et al., 2016; Zhang et al., 2024a).

Particulate C:P 14, ratios in the euphotic zone were within errors
consistent with cellular C:P ratios of both Prochlorococcus and Synecho-
coccus, whereas most values exceeded the range of eukaryote ratios
(Fig. 7b). The average value (146 mol:mol) fell between that of the
former two phytoplankters (172 and 145 mol:mol, respectively)
(Fig. 7b), and was consistent with findings in other subtropical regions
(Tanioka et al., 2022). However, the majority of C:P 1o ratios with a
median value of 135 mol:mol exceeded the canonical Redfield C:P ratio,
as well as the average value of eukaryotes (102 mol:mol) (Ho et al.,
2003; Quigg et al., 2003; Cunningham and John, 2017; Sharoni and
Halevy, 2020; Lomas et al., 2021).

Particulate N:P 14y ratios in the euphotic zone ranged between 14
and 28 mol:mol and were also within errors comparable to cellular N:P
ratios of Prochlorococcus and Synechococcus (Fig. 7c). The average N:

P Total ratio of 17 mol:mol was slightly lower than that of 20 mol:mol for
the entire subtropical Pacific (Lomas et al., 2021) and of both Pro-
chlorococcus (23 mol:mol) and Synechococcus (22 mol:mol) (Cuhel and
Waterbury, 1984; Burkhardt et al., 1999; Bertilsson et al., 2003; Heldal
etal., 2003; Garcia et al., 2016; Martiny et al., 2016). Nutrient limitation
provides one potential explanation for this result. Prior studies indicated
that under N limitation, the P cell quota increases in both large- and
small-celled phytoplankton taxa, whereas Prochlorococcus and Synecho-
coccus exhibit a decrease in the N quota (Leonardos and Geider, 2004;
Mouginot et al., 2015; Garcia et al., 2016; Moreno and Martiny, 2018;
Liefer et al., 2024). In this context, the subtropical wNP, where primary
production is mainly N-limited (Wen et al., 2022), tends to show rela-
tively low particulate N:P ratios.

The average particulate C:Si ggr ratio (344 mol:mol) was more than
20 times higher than the average C:Sigr ratio (17 mol:mol) in the
euphotic zone for all sampling stations. This contrast reflects the fact
that BSi-rich microplankton (e.g., dinoflagellates and diatoms) were
largely collected by 51 pm mesh prefilters, while non-siliceous pico-
phytoplankton were mainly retained on 1 pm-QMA or 0.8 pm-PES fil-
ters. Both the range and average value of C:Si ota1 ratios (120 & 48 mol:
mol) in the euphotic zone in the subtropical wNP were notably higher
than the cellular C:Si ratios of cultured diatoms (mostly between 6.6 and
10 mol:mol; Brzezinski, 1985) (Fig. 7d). This deviation further suggests
that diatoms accounted for only a minor fraction of the particles larger
than 0.8 pm in the oligotrophic subtropical wNP (Browning et al., 2022).

We take a look at the relationship between particulate elemental
ratios and pigment proportions in the euphotic zone. There were rela-
tively strong positive correlations between C:P rota1 and N:P o ratios
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and Prochlorococcus proportions, as well as a weak negative correlation
between C:N o ratios and eukaryote proportions (Fig. S2¢, d and g).
Among Prochlorococcus, Synechococcus, and eukaryotes, Prochlorococcus
exhibits the highest cellular C:P and N:P ratios, while eukaryotes
generally have lower cellular C:N ratios compared to the other two
picophytoplankters (Fig. 7a-c). Consequently, increased Prochlorococcus
proportions could elevate C:P 1o and N:P o ratios, while increased
eukaryote proportions tended to lower C:N ro ratios. These relation-
ships, overall, indicate the primary effect of phytoplankton community
composition on elemental ratios of total particles mainly determined by
the SSF.

Prior studies suggested that environmental factors play an important
role in regulating the elemental stoichiometry of marine particles
(Moreno and Martiny, 2018; Tanioka and Matsumoto, 2020; Lomas
et al., 2021; Zhang et al., 2024a). We analyze the relationship between
total particulate C:N:P:Si ratios and temperature, light intensity, and
nutrient concentrations in the euphotic zone in the subtropical wNP.
Although the results indicate no significant correlation between any of
these ratios and any of these environment factors during the sampling
period (all P values >0.05; Fig. S3), the environmental effect on par-
ticulate elemental ratios cannot be ruled out. The absence of significant
correlations might be simply because the environmental factors dis-
played relatively small variations in the investigated region. In contrast,
Tanioka and Matsumoto (2020) examined these relationships based on a
number of laboratory culture experiments with notable variations in
environmental conditions and found significant correlations (P values
<0.05). We contend that despite the relatively small variation in envi-
ronmental conditions in our research domain, they may have impacted
particulate elemental ratios mainly by shaping the phytoplankton
community composition in the euphotic zone.

4.1.3. KC and NPSG zones vs. NEC zone

The elemental stoichiometry of total particles in the euphotic zone
was comparable between KC plus NPSG (stations K1 to K7 and K14) and
NEC zones (stations K8 to K13) (Fig. 8a). However, average C:P 1 and
N:P 1otq) ratios were significantly higher in the KC and NPSG zones than
in the NEC zone (two-tailed Student’s t-test, P value <0.05), corre-
sponding to higher N, fixation rates in the former than in the latter (Wen
et al., 2022). It is noteworthy that overall lower SNpy signatures were
determined at stations K1 to K7 and K14 (—2.8 to 2.6 %o) than at stations
K8 to K13 (1.4 to 5.2 %o) (Fig. 8b and c), pointing to potential differences
in the influence of N, fixation among these zones.

Dinitrogen fixation has been found to be a major factor responsible
for elevated elemental ratios of C:N (Fulweiler, 2023), C:P (Follett et al.,
2018), and N:P (Follett et al., 2018) in biogenic particles. Laboratory
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culture experiments have also demonstrated a strong positive correla-
tion between particulate C:P and N:P ratios and Ny fixation rates (Follett
et al., 2018). Future investigations based on both field observations and
incubation experiments are needed to explore the potential impact of Ny
fixation on particulate C:N:P ratios.

Higher Ny fixation in the KC and NPSG zones could produce rela-
tively abundant nutrients such as ammonia in the euphotic zone, which
can be utilized by non-siliceous phytoplankton and result in an increased
C quota (Wang et al., 2019) likely contributing to the higher (by 40 %) C:
Si ratios in the KC plus NPSG compared to the NEC zone. However, the
negligible difference in C:Si 1ota ratios among these zones (Fig. 8a) may
be ascribed to the fact that diatoms are not the dominant phytoplankton
taxon in the entire research domain (Browning et al., 2022; Yuan et al.,
2023).

4.2. Factors affecting particulate molar C:N:P:Si ratios below the euphotic
zone

4.2.1. Particulate molar C:N:P ratios

Since SSF was the dominant contributor to the total particulate C:N,
C:P, and N:P ratios (Fig. 7), we discuss the vertical distribution of C:
N ssr, C:P ssr, and N:P ggr between the euphotic zone bottom and 500 m.
In contrast to the results obtained in the euphotic zone, C:N ggf, C:P sg,
and N:P ggr ratios in waters below tended to generally increase with
depth (Fig. 9a-c). Prior studies also showed elevated stoichiometric ra-
tios of these particulate elements with increasing depth below the
euphotic zone (Schneider et al., 2003; Xu et al., 2021). This gradient
probably occurs because remineralization or degradation rates vary
among different bioelements. Proteins and phospholipids rich in N or P
are preferentially remineralized, whereas carbohydrates are remineral-
ized more slowly. Consequently, P is preferentially lost relative to N and
C during organic matter degradation (Shaffer et al., 1999; Slomp et al.,
2004; Letscher and Moore, 2015; Matsumoto et al., 2020a), leading to
increasing C:N ggp, C:P gsr, and N:P ggp ratios with depth below the
euphotic zone.

4.2.2. Particulate molar C:Si ratio

Since both SSF and LSF essentially contributed to the total particu-
late C:Si ratio (Fig. 5d-f), we discuss the vertical distribution of C:Si otal
ratios below the euphotic zone. Differing from C:N:P ratios, C:Si total
ratios initially decreased and subsequently remained relatively constant
from the euphotic zone bottom to 500 m (Fig. 9d), which is due to the
fact that POC concentrations usually peak in surface water and decrease
with depth, whereas the maximum BSi concentration often occurs in the
deep chlorophyll maximum layer (Kemp and Villareal, 2013; Tréguer
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Fig. 8. (a) Box-Whisker plots of C:N:P:Si ratios for total particulates (Total, >0.8 or 1 pm) in the euphotic zone in the Kuroshio Current and North Pacific Subtropical
Gyre (KC + NPSG) (blue boxes) and in the North Equatorial Current (NEC; red boxes). Distributions of particulate N stable isotopic composition (SISNPN) of (b) small
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etal., 2018). Both POC and BSi concentrations were relatively low below
the euphotic zone, with slow remineralization or dissolution rate (Liu
et al., 2019) likely preventing C:Si ratios to increase with depth.

4.2.3. High particulate molar C:P and N:P ratios

Particulate C:P ssp and N:P ggr ratios exhibited relatively high values
at around 300-500 m of stations K2 to K7, K13, and K14 (Figs. 4d and
5a). High Ny fixation rates have been previously observed in the NPSG
zone (Wen et al., 2022), where particulate C:P ggr and N:P ggp ratios were
also elevated in surface water (Figs. 4d and 5a). This coincidence may
indicate that high POC and PN relative to PP concentrations, due to extra
nutrients resulting from Ny fixation, could be exported to deep waters
(Tanioka et al., 2022). On the other hand, stations K13 and K14 located
near the Philippines archipelago exhibited low 8'3C signatures (—24.0 to
—25.9 %o0) of POC between 300 and 500 m. This feature suggests a po-
tential influence of terrestrial materials transported by advection and/or
horizontal mixing, which may yield elevated C:P gsr and N:P gg ratios
(Zhang et al., 2021).

4.3. Comparison with the subtropical eastern South Pacific and North
Atlantic

We compare data of biogenic particle concentrations (Fig. 10) and
particulate C:N:P:Si ratios (Fig. 11) in the euphotic zone in three oceanic
settings: the subtropical wNP (GP09 section; data obtained during
GEOTRACES-GP09 cruise; this study), the subtropical eSP divided into
the open gyre (GP16-O section) and the Peru coastal upwelling and
eastern boundary (GP16-C section) (data obtained during GEOTRACES-
GP16 cruise; Lam et al., 2018; GEOTRACES Intermediate Data Product
Group, 2021), and the subtropical NA divided into the open gyre (GA03-
O section) and the southeastern boundary (GA03-C section) (data ob-
tained during GEOTRACES-GAOQ3 cruise; Lam et al., 2015; Bourne et al.,
2018; GEOTRACES Intermediate Data Product Group, 2021).

Generally similar to the subtropical wNP, the contribution of the LSF
to the total pool of POC, PN, and PP was relatively small in the sub-
tropical eSP and NA. Total biogenic particle concentrations (Fig. 10a-c)
and their stoichiometric ratios (Fig. 11a-c) were largely consistent with
those for the SSF in the euphotic zone. In contrast, both size fractions
made comparable contributions to the total BSi pool, with C:Si total

ratios ranging between C:Si gsr and C:Si 1gf ratios (Figs. 10d and 11d).

4.3.1. Biogenic particle concentrations

Both the range and average values of total (SSF + LSF) POC, PN, and
PP concentrations in the euphotic zone in the GP16-C section were
notably higher than those in the GP16-0O, followed by GP09 and GA03
sections. BSi concentrations were notably higher in coastal regions than
in open gyres of both the subtropical eSP and NA (Fig. 10d). We attribute
these contrasts to differences in primary productivity. Specifically,
strong upwelling of nutrient-rich deep waters in the GP16-C section
stimulated the highest primary productivity and biogenic particle con-
centrations among these five sections (Lam et al., 2018; Peters et al.,
2018; Grasse et al., 2020).

Total biogenic particle concentrations in the GP16-O section were
comparable to or slightly higher than those in the GP09 section (Fig. 10).
However, except for POC concentrations (Fig. 10a), both average and
median concentrations of other biogenic particles in the euphotic zone
in the GP16-O section were consistently higher than those in the GP09
section (two-fold and three-fold higher for PP 1o and BSi total,
respectively; Fig. 10b-d). The GP16-O section was located north of the
high-productivity region, and was also supplied by nutrients via south-
ward and westward flowing equatorial waters (Kessler, 2006; Peters
et al., 2018). This could at least partly explain the somewhat higher PN,
PP, and BSi concentrations in the GP16-O section relative to those in the
GPO9 section.

Both GA03-O and GP(Q9 sections were located in the oligotrophic
gyre, where biological productivity is extremely low (Dai et al., 2023).
The average concentration of various biogenic particles was thus at a
low level and generally agreed well between these two sections (Fig. 10).
BSi concentrations were notably high in the GA03-C section compared to
in GA03-O and GP09 sections. High dust deposition fluxes into the
eastern boundary of the subtropical NA (Shelley et al., 2015) might
serve as an important external source of nutrients in seawater stimu-
lating diatom growth.

4.3.2. Particulate molar C:N:P:Si ratios

The highest average C:N Tota1 and N:P 1, ratios in the euphotic zone
were observed in the GP09 section, both of which were comparable to
the cellular elemental stoichiometric ratios of Prochlorococcus and
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Synechococcus and were higher than the Redfield ratio (Fig. 11a and c).
C:P 1ota1 ratios in the euphotic zone in GP09 and GAO3 sections were
overall comparable and together higher than those in GP16 sections
(Fig. 11b).

Lam et al. (2018) found a strong correlation between PP and par-
ticulate Fe concentrations in the hydrothermal plume, and attributed
lower C:P ratios in GP16 sections to the potentially high contribution of
hydrothermal-sourced PP. On the other hand, picophytoplankters
dominate the phytoplankton community in both the subtropical wNP
and NA (Twining et al., 2015; Browning et al., 2022; Zhang et al.,
2024b). Correspondingly, C:P 1ota ratios in the euphotic zone in GP09
and GAO3 sections were within errors comparable with the cellular C:P
ratios of Prochlorococcus and Synechococcus. However, both the range
and average of C:P o ratios in GP16-O and GP16-C sections were
roughly equal or only slightly lower than the cellular C:P and N:P ratios
of eukaryotes (Fig. 11b). This result indicates that the composition of the
phytoplankton community may be another important factor influencing
particulate C:N:P ratios (Ohnemus et al., 2017; Browning et al., 2022).

The range of particulate C:Si ratios in GP09 and GA03-O sections
were comparable to that in GP16-O and GA03-C sections, although the
average value in the former section was slightly higher than that in the
latter, and both were markedly higher than the cellular C:Si ratios of
diatoms (Brzezinski, 1985). In contrast, both the range and average of
the particulate C:Si ratios in the GP16-C section aligned with the cellular
C:Si ratios of diatoms (Fig. 11d). This result is again consistent with
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pigment analysis which showed that diatoms dominated the phyto-
plankton community in the upper water column of the GP16-C section
(Ohnemus et al., 2017). The above finding further suggests that the
composition of the phytoplankton assemblage plays an important role in
determining the variation in particulate elemental ratios.

In the euphotic zone, the lowest C:P 1oty and N:P 1oy ratios in the
GPO09 section, as well as the lowest C:P 1, ratio in the GA03-O section,
were roughly consistent with the canonical Redfield ratio. Moreover, the
lowest C:Si rota1 ratio in the GP16-C section was nearly identical to the
canonical Brzezinski ratio (Fig. 11). The former particulate C:N:P ratios
aligned well with those of Prochlorococcus and Synechococcus, the
dominant phytoplankters in GP09 and GA03-O sections; the latter par-
ticulate C:Si ratio matched that of diatoms, the dominant phytoplankter
in the GP16-C section. These consistencies tend to suggest that in some
circumstances, the phytoplankton community composition could set a
lower bound of particulate C:N:P:Si ratios, while specific mechanisms
require further examinations.

5. Conclusions and Implications

Biogenic particle concentrations and particulate C:N:P:Si ratios
showed noticeable spatial variations and distinct differences between
size fractions in the upper 500 m of the subtropical wNP. The average
concentrations of POC, PN, and PP in the SSF were an order of magni-
tude higher than those in the LSF, whereas the average BSi
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Fig. 11. Box-Whisker plots of (a) C:N, (b) C:P, (c) N:P, and (d) C:Si ratios for the small size fraction (SSF, 0.8 or 1-51 pm), large size fraction (LSF, >51 pm), and total
particulates (Total, >0.8 or 1 um) in the euphotic zone in the subtropical western North Pacific (blue boxes, data obtained during the GEOTRACES-GP09 cruise; this
study), the subtropical eastern South Pacific gyre (red boxes, data obtained in the open ocean region during GEOTRACES-GP16 cruise (GP16-0); Lam et al., 2018),
the Peru coastal upwelling and eastern boundary (dark green boxes, data obtained in the coastal region during the GEOTRACES-GP16 cruise (GP16-C); Lam et al.,
2018; GEOTRACES Intermediate Data Product Group, 2021), the subtropical North Atlantic gyre (orange boxes, data obtained in the open ocean region during
GEOTRACES-GAO3 cruise (GA03-0); Lam et al., 2015; Bourne et al., 2018; GEOTRACES Intermediate Data Product Group, 2021), and the southeastern boundary of
the subtropical North Atlantic (brilliant green boxes, data obtained in the coastal region during GEOTRACES-GAO03 cruise (GA03-C); Lam et al., 2015; Bourne et al.,
2018; GEOTRACES Intermediate Data Product Group, 2021). Cellular stoichiometric ratios C:N, C:P, and N:P for Prochlorococcus, Synechococcus, and eukaryotes, and
C:Si for diatoms are shown in open boxes (Cuhel and Waterbury, 1984; Brzezinski, 1985; Burkhardt et al., 1999; Bertilsson et al., 2003; Heldal et al., 2003; Garcia
et al., 2016; Martiny et al., 2016; Lomas et al., 2021). The red dashed lines and Box-Whisker features in each panel are defined in the caption of Fig. 7. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

concentration was generally higher in the LSF compared to the SSF. The CRediT authorship contribution statement
LSF exhibited higher particulate molar C:N, C:P, and N:P ratios, but
lower particulate molar C:Si ratios. Due to the major contribution of the Chaoyong Wang: Writing — original draft, Software, Formal anal-
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