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A B S T R A C T

Changes in bottom and pore water oxygenation over glacial – interglacial cycles have influenced the ocean’s
capacity to store particulate organic carbon regardless of its source, either the marine primary productivity or the
continent-to-ocean transfer of terrestrial organic matter. In the Philippine Sea, east off Taiwan, despite being
currently oligotrophic, the enhanced East Asian Winter Monsoon during the Last Glacial Maximum and the
Heinrich Stadial 1 might have altered the nutrient budget in surface waters by providing nutrients from the
Eurasian loess dust and deepening the vertical mixing, bringing nutrients from the nutrient-enriched Kuroshio
Current subsurface waters to the surface. During the deglaciation, previous studies also suggest an overall
weakening of the marine biological pump during the Heinrich Stadial 1, and the rise in sea level is expected to
have led to a global significant decline in the ability of continents to bury their particulate organic carbon in
marine sediments. However, changes in the continent-ocean transfer of terrestrial organic matter and on the
marine biological pump around Taiwan remain poorly constrained.

In the present study, we have thus aimed to reconstruct bottom – pore water oxygenation, past marine primary
productivity and continental-ocean transfer of terrestrial particulate organic carbon to the ocean since the end of
the Last Glacial Maximum, in order to better constrain the ability of marine sediments to capture atmospheric
carbon over the past 20,000 years. To this end, sediment core MD18-3523 has been recovered from a levee of
Hoping Canyon, north-east of Taiwan, in the Ryukyu forearc basin. The reconstructions were made possible by
the application of multivariate statistics and transfer functions on benthic foraminiferal assemblages, by the
measurement of total organic carbon concentration and by the investigation of chemical element ratios obtained
from X-ray fluorescence (XRF).

We observed a transition across the Bølling–Allerød and the Younger Dryas from suboxic-dysoxic bottom –
pore waters during Heinrich Stadial 1 to oxic-suboxic during the Holocene, and revealed an increase in marine
primary productivity during Heinrich Stadial 1 in all probability due to intensified East Asian Winter Monsoon
winds. We have also identified periods of enhanced terrestrial particulate organic carbon transfer to the ocean
driven by short-lived extreme events, most likely typhoons, during the Bølling–Allerød, at the beginning of the
Early Holocene and the end of the Late Holocene, when the typhoon dynamics affecting Taiwan were intensified.
Overall, these findings suggest an enhanced marine biological pump during the Heinrich Stadial 1 and an effi-
cient carbon turbidity pump during the Bølling–Allerød, the Early and Late Holocene, contrasting with the
western coast of Taiwan.
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1. Introduction

The carbon cycle represents the transfer of dissolved and particulate
carbon between the Earth’s various inventories. On the glacial-
interglacial scale, the ocean plays a central role as the largest carbon
reservoir capable of rapidly (on decadal to millennial timescales)
sequestering atmospheric and terrestrial carbon and transferring the
carbon it contains to the atmosphere (Bauer et al., 2013; DeVries, 2022;
Talling et al., 2024). A proportion of the particulate organic carbon is
designated as biospheric in that it originates from the capture of atmo-
spheric carbon during terrestrial or marine photosynthesis. Conse-
quently, alterations in the burial of this biospheric particulate organic
carbon in marine sediments would result in changes in atmospheric CO2
concentration (Cartapanis et al., 2016; DeVries, 2022; Hilton, 2017;
Hilton et al., 2008, 2012; Jørgensen et al., 2022; Talling et al., 2024).
Two main mechanisms enable the effective burial of biospheric partic-
ulate organic carbon in marine sediments: the transfer of terrestrial
particulate organic carbon by turbidity currents (Hilton, 2017; Hilton
et al., 2008, 2012; Talling et al., 2024) and the sinking of particle
organic carbon produced by the marine primary productivity (DeVries,
2022; Siegel et al., 2023). Together, this turbidity pump and this
component of the marine biological pump, form the particulate organic
carbon pump, and are currently estimated to be between 220 and 305
Mt C per year. Of this, 90 to 130 Mt C per year is attributable to the
marine biological pump, and 103 to 138 Mt C per year – out of a total of
130–175 Mt C per year of total terrestrial particulate organic carbon
transported to the ocean by rivers – is attributable to the turbidity pump
(Talling et al., 2024). However, changes in the efficiency of these two
separate mechanisms from the Last Glacial Maximum Maximum (LGM;
23.0–19.0 ka; Mix et al., 2001) to the Late Holocene (4.2–0.0 ka; Walker
et al., 2012) are still poorly constrained at global and regional scale
(Cartapanis et al., 2016; Talling et al., 2024).

The North Pacific Ocean is one of the largest reservoirs of marine
carbon. This is partly because the Pacific Deep Water (PDW, 1000–4500
m water depth) marks the terminus of the oceanic overturning circula-
tion in this region (Talley et al., 2011) and contains the highest con-
centration of dissolved organic carbon of any other oceans (Hansell
et al., 2009). The lack of present-day deep water formation in the North
Pacific leads to a reduction of PDW oxygenation due to pronounced
stratification of the of the subarctic region (Ferreira et al., 2018; Warren,
1983). However, several studies have shown a considerably different
Pacific Meridional Overturning Circulation (PMOC) from the LGM to the
beginning of the Bølling-Allerød (BA; 14.7–12.9 ka; Clark et al., 2012)
relative to its modern counterpart (Cook et al., 2016; Keigwin, 1998;
Matsumoto et al., 2002; Okazaki et al., 2012; Rae et al., 2020; Rafter
et al., 2022), with enhanced North Pacific Intermediate Water (NPIW;
500–1000 m water depth; Talley et al., 2011) formation in the Okhotsk
and Bering Seas, notably during Heinrich Stadial 1 (HS1; 18.0–14.7 ka;
Denton et al., 2010; Max et al., 2014; Ohkushi et al., 2013; Okazaki
et al., 2014, 2010; Zou et al., 2020).

There is a consensus on the extension of NPIW to 2000 m water depth
and an intensification of its ventilation and oxygenation during HS1
(Erdem et al., 2020; Ohkushi et al., 2013; Okazaki et al., 2012, 2014;
Rafter et al., 2022; Zou et al., 2020). However, it remains uncertain
whether this enhancement in oxygenation and ventilation has affected
water masses beyond the 2000 m threshold. Some studies suggest an
expansion down to ~ 3000 m depth (Horikawa et al., 2021; Keigwin and
Lehman, 2015; Okazaki et al., 2010; Rae et al., 2014), while others
advocate the existence of a stratification front at 2000 m, hindering the
vertical diffusion of dissolved oxygen and the increase of the ventilation
of the bottom layers (Gong et al., 2019; Jaccard and Galbraith, 2013;
Okazaki et al., 2012; Rafter et al., 2022). The depth of this front directly
affects the volume of oxygen-depleted bottom water and thus the effi-
ciency of particulate organic carbon storage: the shallower the front, the
more efficient the storage.

Fossil-based paleo-oxygenation records exist throughout the North

Pacific that illustrate the evolution of PDW ventilation since the LGM
(Belanger et al., 2020; Du et al., 2022; Jacobel et al., 2020; Ovsepyan
et al., 2021; Sharon and Belanger, 2022). However, the deep water
masses of the western subtropical North Pacific region have not been
investigated intensively, the available studies focusing mainly on in-
termediate water (<2000 m) oxygenation changes in the partially
enclosed Chinese coastal seas rather than on deep water (>2000 m)
oxygenation in the unenclosed Philippine Sea, open to the North Pacific
(Li et al., 2017, 2018, 2020; Lim et al., 2017; Vats et al., 2021; Zou et al.,
2020, 2021). Regarding the transfer of particulate organic carbon in the
Philippine Sea by the marine biological pump and the turbidity pump,
recent studies have highlighted an enhanced primary productivity and
continent – ocean supply of terrestrial carbon by rivers to the deep ocean
during the LGM and the HS1 (Fenies et al., 2023; Xu et al., 2020). Low
bottom – pore water oxygenation combined with intensified marine
primary productivity and transfer of continental particulate organic
carbon from the biosphere might result in the establishment of an
enhanced particulate organic carbon pump in this region.

Therefore, in order to constrain the changes in the efficiency of the
particulate organic carbon pump in the northwestern Philippine Sea, a
multi-proxy study was performed on the sediment core MD18-3523
(Fig. 1) retrieved at ~3000 m depth, offshore northeastern Taiwan.
The water depth of this site makes the sediment core an ideal archive to
investigate the extent of the water depth affected by the intensified
ventilation/oxygenation of NPIW, and its position on a levee of the
Hoping Canyon enables investigation of the transfer of terrestrial par-
ticulate organic carbon by turbidity currents. Changes in bottom – pore
water oxygenation were inferred using X-Ray Fluorescence (XRF)
elemental ratio Mn/Fe on bulk sediment, benthic foraminifera assem-
blages and derived oxygen transfer functions; changes in marine pri-
mary productivity were reconstructed using Benthic Foraminifera
Accumulation Rate (BFAR), XRF elemental ratio Br/Ti on bulk sediment
and Total Organic Carbon (TOC) measurements; changes in continent-
ocean transfer of terrestrial particulate organic carbon were recon-
structed using sedimentation rate, XRF elemental ratios Ti/K and Br/Ti,
benthic foraminifera assemblages, TOC and BFAR.

2. Regional setting

Taiwan is located between 21◦54′N and 25◦18′N along the Eurasian
margin, in the north-western part of the Philippine Sea (Fig. 1a). The
island is characterized by the high elevation of the north-south Central
Range culminating at 3952 m. It is bisected by the Tropic of Cancer and
presents an average annual temperature range from 22 ◦C in the north to
24 ◦C in the south. Due to the influence of the East Asian Summer
Monsoon (EASM) and the occurrence of many typhoons (Chen and
Chen, 2003), Taiwan is subject to intense rainfall, with 2500 mm yr− 1 on
average that can reach 5000 mm yr− 1 in the north-east of the island (Li
et al., 2013; Resentini et al., 2017).

High frequency of typhoons and earthquakes, landslide remobiliza-
tion on high and steep reliefs (Dadson et al., 2003; Steer et al., 2020) and
high rainfall intensity lead to an extremely high erosion rate of 3–6 mm
yr− 1 on average, reaching 60 mm yr− 1 locally around the active thrust
faults in the southwest (Derrieux et al., 2014). The narrowness (<3300
km2) and steepness of the watersheds, and the shortness of the rivers
(<190 km) allow rapid transport of the eroded material to the ocean
(Dadson et al., 2005; Hilton, 2017; Hilton et al., 2012; Kao and Milli-
man, 2008; Milliman and Syvitski, 1992). Furthermore, the near
absence of continental shelf along the east coast of Taiwan (Chiang and
Yu, 2022) implies a direct connection of rivers to submarine canyons
allowing the burial of biosphere and fossil particulate organic carbon in
marine sediments through turbidity currents regardless of the variations
in sea level (Hilton, 2017; Hilton et al., 2008, 2010; Kao et al., 2010,
2014).

All these mechanisms generate some of the highest sediment loads in
the world, with 8 of Taiwan’s 13 rivers exceeding 10,000 t km− 2 yr− 1,
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including three rivers from the eastern coast (Milliman and Farnsworth,
2011). Between 1970 and 1999, Taiwanese fluvial sediment discharge
was 384 Mt yr− 1 on average (Dadson et al., 2003). In northeastern
Taiwan, the Hoping Canyon allows the rapid burial of sediments from
the northern Central Range into the fore-arc basins of the Ryukyu wedge
(Fig. 1c) (Hsiung et al., 2017; Lehu et al., 2015).

Nowadays, the east coast of Taiwan is under the influence of the
Kuroshio Current, centered at 122◦E and extending 85–135 km wide
with a depth of 400–600 m (Jan et al., 2015). This western boundary
current transports a volume of 11–23 Sv towards the north and reaches
maximum current velocities between 0.7 and 1.4 m s− 1 (Jan et al.,
2015). The surface waters (0–100 m) carried by the Kuroshio Current
are oligotrophic, while its subsurface (300–600 m) transports large
quantities of nutrients (Chen et al., 2017; Guo, 1991). Water column

Fig. 1. Map of the study area. (a) Map of the North Pacific Ocean with an insert
of the South Atlantic sector of the Southern Ocean; purple triangles: location of
the Hulu and Dongge caves, black diamond: Gulang Loess record, light green
rectangles: ODP sites 882 (Jaccard et al., 2009), 887 (Galbraith et al., 2007),
1240 (Jacobel et al., 2020), core TR 163-25 (Hoogakker et al., 2018) and core
TN057-13 PC (Jaccard et al., 2016); black rectangle: position of the zoom of
Fig. 1b. (b) Modern Kuroshio Current pathway East of Taiwan, monsoon
pattern, and intermediate and deep water mass circulation (Fuhr et al., 2021) in
the northwestern Philippine Sea; pink dot: location of the station in Fig. 2;
white rectangle: zoom of Fib. 1c. (c) Close-up of the coring site showing ba-
thymetry and modern sedimentary sources affecting the Hoping Canyon. Yel-
low dot: core MD18-3523. Black dots: cores MD06-3047 (1), MD10-3291 (2),
MD01-2403 (3), MD01-2404 (4), KX12-3 (5), M063-05 (6) and CHS1 (7).
NEC: North Equatorial Current, KC: Kuroshio Current, RC: Ryukyu Current,
EASM: East Asian Summer Monsoon, EAWM: East Asian Winter Monsoon, OT:
Okinawa Through, NPDW: North Pacific Deep Water, NPIW: North Pacific In-
termediate Water, UCDW: Upper Circumpolar Deep Water. The 135 m isobath
is marked by a thicker black line and shows the emerged area at the Last Glacial
Maximum. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 2. Physico-chemical characteristics of water masses in the study area with
(a) Temperature (◦C), (b) Salinity (PSU), (c) Nitrate concentration (μmol kg− 1)
and (d) Oxygen concentration (ml L− 1) versus depth (km). Data from World
Ocean Atlas (2018); Garcia et al., 2019a, 2019b; Locarnini et al., 2018; Zweng
et al., 2019) edited using Ocean Data View (Schlitzer, 2022). NPIW: North
Pacific Intermediate Water, NPDW + UCDW: North Pacific Deep Water mixed
with Upper Circumpolar Deep Water, NDPW: North Pacific Deep Water. Pink
dot in Fig. 1b shows the location of the station in Fig. 2. The yellow rectangle
indicates the depth of core MD18-3523. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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salinity shows a minimum from 500 to 1000 m (Fig. 2b) characteristic of
modern NPIW (You et al., 2003) associated with the beginning of an
oxygen minimum. Beyond 1000 m, decreased salinity combined with
high nutrients (Fig. 2c) and low oxygen concentrations (Fig. 2d) are
characteristic of a mixture between oxygen-depleted UCDW (Kawabe
and Fujio, 2010) and nutrient-rich North Pacific Deep Water (NPDW)
(Kawabe and Fujio, 2010; Talley et al., 2011). Below 2000 m, slightly
increased oxygenation (Fig. 2c) and high nutrient concentrations
(Fig. 2d) indicate the presence of NPDW (Kawabe and Fujio, 2010;
Talley et al., 2011).

3. Materials and methods

3.1. Core location and age model

The 21.6 m piston core MD18-3523 (24◦07.40′N, 122◦10.64′E; water
depth 2972 m) was recovered during the EAGER Cruise aboard the R/V
Marion-Dufresne II in 2018 (Babonneau and Ratzov, 2018). It was
collected ~ 50 km off the east coast of Taiwan, in a levee of the Hoping
Canyon (Fig. 1b). The site receives sediments from overflows of turbidity
currents to the canyon originating from both Taiwan and the Ryukyu
volcanic arc (Fig. 1c), and lie under the modern pathway of the Kuroshio
Current (Fig. 1b). The sediment core is composed of dark grey clay with
some intervening silty laminations, interpreted as terms Td and Te of the
Bouma Sequence, and corresponding to overflow deposits and turbidite
tails (Lehu et al., 2015). The presence of coarser silts to very fine sandy
layers can be observed mainly in the first 10 m of the sediment core or
between 12 and 13 m depth, possibly related to nepheloid deposits
(Fenies, 2023).

The age model (Fig. 3) was built using 11 radiocarbon dates
(Table 1), of which 6 were measured on Trilobatus sacculifer using a
MICADAS-Accelerator Mass Spectrometry (AMS) at the Alfred Wegener
Institute Helmholtz Centre for Polar and Marine Research (Bre-
merhaven, DE), and 5 on mixed planktonic foraminifera measured on
the AMS at Beta Analytic (Miami, USA). Planktonic foraminifera were
picked from the coarse fraction (>150 μm) of each sample. They were
converted to calendar ages using Oxcal software version 4.4.4 (Ramsey,
2008) and the Marine20 calibration curve (Heaton et al., 2020). A local
correction of the reservoir age of 86 ± 40 y was applied (Dezileau et al.,
2016). The sedimentation rate between each radiocarbon date was
calculated every 0.5 cm using Oxcal.

3.2. Reconstruction of terrestrial input, primary productivity and
oxygenation changes using inorganic (XRF ratios) and organic
geochemistry

The sediment core was scanned at 1 cm resolution using an ITRAX-
XRF core scanner at the Department of Geoscience, National Taiwan
University (Taipei, Taiwan), to determine the semi-quantitative
elemental composition of the sediment in counts per second (Croudace
et al., 2006).

Mn/Fe ratio was used to qualitatively reconstruct past oxygenation
(Naeher et al., 2013). Br/Ti ratio was used to qualitatively reconstruct
the abundance of marine organic matter and marine primary produc-
tivity (Ziegler et al., 2008). The Ti/K ratio was used as a proxy for grain
size of the terrigenous fraction and intensity of physical erosion of
Taiwan (Bertrand et al., 2024; Meinhold, 2010). Reasons behind the
choice and use of these ratios are provided in Appendix 1 (Text S1).

Measurements of the concentration in total organic carbon (TOC) in
the sediment were carried out on 216 samples spaced at ~ 10 cm, which
corresponds to an average resolution of ~ 90 yr. Freeze-dried, ground
and weighed samples were decarbonated by soaking ground sediment
powder in 2 mol L− 1 HCl for 4 h, then rinsed five times with Milli-Q
water and centrifuged for acid removal, and dried in an oven at 50 ◦C
overnight. They were analyzed on a Thermo Flash 2000 elemental
analyzer at the Department of Oceanography, National Sun Yat-sen
University (Kaohsiung, Taiwan); values are calculated using the
USGS40 standard and expressed in percentage of dry weight (%). Details
of the method used to differentiate between the continental and marine
origin of particulate organic carbon are given in Appendix 1 (Text S2).

3.3. Planktonic foraminifera: Pulleniatina obliquiloculata abundance

The abundance of Pulleniatina obliquiloculatawas measured on 149 of
the samples used for benthic foraminiferal assemblages and reported in
percentage with respect to total planktonic foraminifera counted in the
>150 μm fraction. The abundance of this planktonic foraminifera was
used to reconstruct the changes in the intensity of the Kuroshio Current
(Baohua et al., 1997; Jian et al., 2000; Ujiié and Ujiié, 1999; Ujiié et al.,
2003; Xiang et al., 2003, 2007; Xu and Oda, 1999; Xu et al., 2021; Zou
et al., 2020) as this species is characteristic of Kuroshio Current waters
(Lin et al., 2006).

3.4. Benthic foraminiferal assemblages

Benthic foraminifera faunal analyses were carried out on 149 sam-
ples, sampled every 20 cm between 7 – 641 cm and 1201–2160 cm
(~0.2 kyr), and every 10 cm between 641 and 1201 cm (~0.1 kyr).
Samples have been wet-sieved at 63 μm to separate the silt-clay fraction
from the sandy fraction. Residues were dried at 40 ◦C, weighed and dry-
sieved at 150 μm. A binocular stereomicroscope was used to count
around 300 specimens of benthic foraminifera per sample, or as many as
present, from the >150 μm fraction. When benthic foraminifera
numbers were expected to be substantially higher than 300, the samples
were split using a micro-splitter. Species abundance is given as a per-
centage with respect to all benthic foraminifera counted in the >150 μm
fraction. Benthic foraminifera were identified to species or genus level
following the classification of Loeblich Jr and Tappan (1988) and the
taxonomical descriptions of several authors (Boltovskoy et al., 1980;
Cage et al., 2021; Cushman, 1933; Hanagata and Nobuhara, 2015;
Holbourn et al., 2013; Holbourn and Henderson, 2002; Lei and Li, 2016;
Symphonia and Senthil, 2019; Wilson, 2013). The original taxonomy
has been standardized using the taxonomy validated to date of the World
Register of Marine Species foraminifera database (Hayward et al.,
2020). A selection criterion to establish which species were represen-
tative of the overall benthic foraminifera population observed was fixed
at abundance of 5% in at least 2 samples, enabling the identification of
31 benthic foraminifera taxa representing on average 91.2% (±15.1)

Fig. 3. Age model in kyr BP (black line) and linear sedimentation rate in cm.
kyr-1 (brown line) of core MD18-3523. Red triangles indicate dated levels, with
age in ka. Grey area: age model error at 2σ. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)
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(±2σ; as all the confidence interval given hereafter throughout the
manuscript) of all benthic foraminifera found in each sample (Appen-
dix 2; Table S1).

3.5. Multivariate analysis and statistical tests

As benthic foraminifera assemblages respond rapidly to changes in
physico-chemical conditions, multivariate analyses are commonly used
to study their evolution, with the aim of summarizing the variations in
taxa observed throughout the record. These methods can be used to
identify and visualize patterns, synthesize the control exerted by envi-
ronmental parameters on the benthic foraminiferal community and ul-
timately reconstruct past environmental changes based on the ecology of
benthic foraminifera (e.g. Angue Minto’o et al., 2015; Belanger et al.,
2020; Courtillat et al., 2020; Hayward et al., 2001; Sharon and Belanger,
2022; Tetard et al., 2017). In deep marine environments, the main
environmental parameters that influence the distribution of benthic
foraminifera are oxygenation and the availability/quality of food
(Gooday, 2003; Gooday and Jorissen, 2012; Jorissen et al., 2007) as
conceptualized by the TROX (TRophic conditions and OXygen concen-
trations) model (Jorissen et al., 1995; Levin and Gage, 1998; Van der
Zwaan et al., 1999). In this study, the core has been collected on the
Hoping canyon levee, and consequently, is also influenced by the
turbidity currents generated by Taiwan’s physical erosion. It is espe-
cially the case during extreme events such as typhoons or earthquakes
(Dadson et al., 2005; Lehu et al., 2015, 2016) that may cause
post-mortem downslope transport of benthic foraminifera and inputs of
terrestrial organic matter. Multivariate analyses were carried out on the
31 benthic foraminiferal taxa showing an abundance greater than 5% in
at least 2 samples (Appendix 2; Table S2). Prior to any multivariate
analysis,Quinqueloculina spp. and Triloculina spp. were grouped together
as “shelf miliolids”, as they come from the same water depth (inner shelf
to shelf zone, Murray, 2006; Polonia et al., 2023) and share a similar
ecology (Murray, 2006).

3.5.1. Hierarchical cluster analysis (HCA)
The R-mode HCA was performed using Ward’s method, which ag-

glomerates taxa by minimizing the within-clusters sum of squares
(Ward, 1963). Details of the method used to perform the HCA can be
found in Appendix 1 (Text S3.1). Prior to the HCA, the relative abun-
dance of the taxa underwent an arcsine of the commonly used square
root transformation (Chan et al., 2022; Duros et al., 2011; Fanget et al.,
2016; Fontanier et al., 2008, 2015; Goineau et al., 2011; Gooday et al.,
2010; Haller et al., 2018; Nunes et al., 2023) in order to stabilize the
variance and reduce the influence of extreme values (Parker and Arnold,
1999; Sen Gupta, 1999). The HCA enabled to group the taxa sharing
similar temporal distributions throughout the core into biofacies. To
visualize the evolution of these biofacies over the last 20,000 years, for
each sample, the relative abundances of each of the taxa included in
each biofacies was summed to obtain a relative abundance for each
biofacies that indirectly represents the extent to which the

palaeoenvironmental conditions that enabled these species to develop
are in place (Angue Minto’o et al., 2015; Courtillat et al., 2020). This
approach allow us to reconstruct changes in the paleoenvironment
independently of geochemical measurements.

3.5.2. Detrended correspondence analysis (DCA) and distance-based
redundancy analysis (db-RDA)

The body of literature concerning the ecology of taxa and benthic
foraminiferal responses to variables like oxygen, food quality/quantity,
and continental erosion is relatively scarce and at times contradictory.
For example, foraminifera that thrive on high organic matter also prefer
low-oxygen environments, and organic matter can come from both
marine productivity and continental erosion. To clarify the influence of
each environmental parameter, a constrained ordination analysis was
performed to better understand the influence of environmental (con-
straining) variables on the benthic foraminiferal community and
improve past environmental reconstructions from biofacies.

To determine whether the ordination method employed should be
linear or unimodal, we performed a DCA (Hill and Gauch, 1980) to
obtain the length of axis 1 (Fig. S1). Details of the method used to
perform the DCA can be found in Appendix 1 (Text S3.2) and details of
DCA results can be found in Appendix 3. As the length was 3.1, in the
grey zone between length <3 (= linear method) and >4 (= unimodal
method), both methods can be used (Lepš and Šmilauer, 2003). There-
fore, a db-RDA was performed (Legendre and Anderson, 1999). Details
of the method used to perform the db-RDA can be found in Appendix 1
(Text S3.2). This linear method is similar to classic Redundancy Analysis
(RDA), but allows the use of a Bray-Curtis distance matrix, which is
better suited to the study of species abundance data than Euclidian
distance classically used in RDA (Legendre and Anderson, 1999; Ricotta
and Pavoine, 2022).

3.5.3. Correlation coefficient matrices
A Spearman correlation matrix was generated between the bottom –

pore water transfer functions (EBFOI, BFA), the Mn/Fe bulk ratio, the
biofacies B and C abundance and the P. obliquiloculata abundance to
observe the relationships between them. Only samples containing all the
variables to be correlated were included. Samples with one or more
missing variables were excluded before correlation analysis.

3.6. Quantitative reconstructions of bottom – pore water oxygenation

Bottom – pore water oxygenation was quantitatively reconstructed
using two equations: the Benthic Foraminifera Assemblage (BFA) index
from Tetard et al. (2021) and the Enhanced Benthic Foraminifera Oxy-
gen Index (EBFOI) from Kranner et al. (2022). The details behind the
choice of transfer functions used are available in Appendix 1 (Text S4).
Transfer functions were applied on two subsets of data, the first one
contains the 31 benthic foraminiferal taxa showing an abundance
greater than 5% in at least 2 samples (BFA31 and EBFOI31) and the
second one only 27 of these 31 taxa after removing those whose presence

Table 1
AMS14C ages and instrumental error (y), calendar ages and error in ka (±2σ) on the sediment core MD18-3523.

Lab ID Material Depth (cm) AMS14C age (yr cal) Error (yr cal) Calibrated Age (ka) Standard Error (ka, ±2σ)

Beta - 564432 Mixed planktonic foraminifera 10.5 720 30 0.1 0.2
7619 Trilobatus sacculifer 201.0 1939 79 1.3 0.3
7620 Trilobatus sacculifer 401.0 3708 85 3.4 0.4
Beta - 559540 Mixed planktonic foraminifera 510.5 4860 30 4.8 0.3
7621 Trilobatus sacculifer 801.0 8771 111 9.2 0.5
Beta - 559541 Mixed planktonic foraminifera 910.5 9640 30 10.2 0.3
7622 Trilobatus sacculifer 1201.0 10122 97 11.0 0.4
7623 Trilobatus sacculifer 1501.0 11262 127 12.5 0.5
Beta - 559542 Mixed planktonic foraminifera 1705.5 13090 40 14.7 0.4
7624 Trilobatus sacculifer 1901.0 13716 155 15.7 0.6
Beta - 564433 Mixed planktonic foraminifera 2140.5 16600 50 19.0 0.4
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at the water depth of the coring site is not expected, and are therefore
potentially transported (BFA27 and EBFOI27).

The terminology to describe oxygen levels in water masses follows
Kaiho (1994): “oxic” (>1.5 ml L− 1), “suboxic” (1.5–0.3 ml L− 1), “dys-
oxic” (0.3–0.1 ml L− 1) and “anoxic” (0.1–0.0 ml L− 1) waters. The
assignment of oxygenation categories to taxa is based on previous
studies, with preferences given to the studies based on modern obser-
vations (Appendix 2; Table S2).

3.7. Semi-quantitative reconstruction of benthic foraminifera productivity

The Benthic Foraminifera Accumulation Rate (BFAR) was used as a
semi-quantitative proxy for organic matter flux to the sea floor and
benthic foraminifera productivity (Herguera, 1992, 2000; Herguera and
Berger, 1991; Jorissen et al., 2007). The BFAR (ind g− 1 cm− 2 kyr− 1) was
calculated by multiplying the number of benthic foraminifera per gram
of total dry sediment (NbBF; ind g− 1) by the linear sedimentation rate
(LSR; cm kyr− 1) and the dry bulk density (Ddry; g cm− 3) (Herguera,
2000). Details of the equation used are provided in Appendix 1 (Text
S5).

4. Results

4.1. Age model and sedimentation rate

The age model indicates that the sediment core MD18-3523 ranges
from 19 to 0.090 ka (±0.173 ka), covering the transition from Marine
Isotope Stage (MIS) 2 (27.8–14.7 ka) to MIS 1 (14.7–0 ka) (Sanchez Goñi
and Harrison, 2010), from the end of the LGM to the Holocene (11.7–0.0
ka; Walker et al., 2012). It shows an average linear sedimentation rate of
~ 157 cm kyr− 1 (Fig. 3). Three periods of higher sedimentation rate are
observed: (i) 166 cm kyr− 1 from 1.3 to 0.1 ka, (ii) 287 cm kyr− 1 from
12.5 to 10.2 ka, from the Younger Dryas (YD; 12.9–11.7; Clark et al.,
2012) to the beginning of the Early Holocene (11.7–8.2 ka; Walker et al.,
2012), and (iii) 200 cm kyr− 1 from 15.7 to 14.7 ka, during the late HS1.
A maximum of 385 cm kyr− 1 is reached during the Early Holocene be-
tween 10.2 ka and 11.0 ka (Fig. 3).

4.2. Benthic foraminifera assemblages and multivariate analysis

In total, we identified 151 taxa of benthic foraminifera including 31
taxa with an abundance of over 5% in at least two samples (Appendix 2;
Table S2), representing on average 91.2% (±15.1) of all benthic fora-
minifera present in each sample.

4.2.1. Results of the multivariate analysis
The R-mode hierarchical cluster analysis show a cophenetic corre-

lation of 0.81 between the original dissimilarity matrix and the cophe-
netic matrix. It allows us to identify 3 benthic foraminifera biofacies
(Fig. 4).

The results of the db-RDA show that the constraining variables
explain 17.49% of the total variance in the benthic foraminiferal com-
munity (see Appendix 3 for details of the db-RDA results). The inflation
factor variances of all the constraining variables are smaller than 5. The
ANOVA performed on the results of the db-RDA shows that the db-RDA
itself and each of its variables are significant (p-value <0.001),
demonstrating that the constraining variables chosen are relevant to
explain the variations observed in the benthic foraminiferal population.
The ANOVA performed on the axis shows that only the first two axes of
the db-RDA significantly explain the variation in benthic foraminifera
taxa by the constraining environmental variables (p-value <0.001). The
db-RDA results show that the two first axis explain 95.65% of the con-
strained proportion of the variance, with axis 1 and axis 2 explaining
respectively 64.94% and 30.71% of this variance. On the db-RDA cor-
relation triplot (Fig. 5), the axis 1 is distinguished by a negative corre-
lation with Br/Ti (r = - 0.70) and positive correlation with Mn/Fe (r =

0.51) and Ti/K (r = 0.12), while axis 2 is characterized by a negative
correlation with Ti/K (r = − 0.60) and a positive correlation with Mn/Fe
(r = 0.24) and Br/Ti (r = 0.14). The correlations between benthic
foraminiferal taxa and environmental variables are positive when the
taxa are projected in the same direction as the environmental arrows,
and negative when they are projected in the opposite direction. For the
environmental variables themselves, correlations are positive when
environmental arrows form an acute angle, negative when they form an
obtuse angle and null when they form a right angle (Fig. 5).

4.2.2. Summary of the composition and ecology of biofacies
Biofacies A is composed of suboxic to dysoxic infaunal taxa (C.

ovoidea, G. affinis, R. rotundatus and M. affinis) that appreciate high
fluxes of organic matter, potentially terrestrial and deposited by
turbidity currents (Bernhard et al., 1997; Cannariato et al., 1999; Caralp,
1989; De and Gupta, 2010; Fontanier et al., 2003; Glock, 2023; Hess
et al., 2005; Koho et al., 2008; Mojtahid et al., 2009; Nomaki et al., 2006;
Rathburn et al., 1996; Rathburn and Corliss, 1994; Schmiedl et al., 1997,
2000, 2000, 2000; Schonfeld, 2001; Zarriess and Mackensen, 2010), and
of taxa transported post-mortem from bathymetric zones higher up the
slope (G. altiformis, Quinqueloculina spp., Triloculina spp., Nonionella sp.)
(Barbieri, 1991; Culver, 1988; Duchemin et al., 2007; Fiorini, 2015;
McGann et al., 2003; Murray, 2006; Polonia et al., 2023; Smith et al.,
2001; Smith and Gallagher, 2003).

Biofacies B is composed of dysoxic infaunal taxa preferring fresh/
labile marine organic matter from phytoplankton (Caralp, 1989; Caulle
et al., 2014; Goineau et al., 2011, 2015; Ohkushi et al., 2018; Zarriess
and Mackensen, 2010) and does not present any taxa which may come
from a bathymetric zone higher up the slope.

Biofacies C is composed of 69.00% oxic taxa, 17.01% of suboxic taxa
and 13.32% of dysoxic taxa. Suboxic to oxic opportunistic taxa that
thrive on seasonal or sporadic inputs of fresh organic matter (Cibicidoides
spp., H. elegans, L. wuellerstorfi, Pyrgo spp., P. irregularis, O. umbonatus, E.
exigua, Psammosiphonella spp., M. pompilioides, M. sphaeroides, E. bradyi,

Fig. 4. Hierarchical cluster analysis (HCA) of benthic foraminifera taxa
showing an abundance higher than 5% in at least two samples.
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Textularia spp. and S. schlumbergeri) represent on average 52.54% of the
taxa in biofacies C (Altenbach et al., 1999; Caulle et al., 2014; Chauhan
et al., 2016; De and Gupta, 2010; Dessandier et al., 2015; Enge et al.,
2012; Geslin et al., 2004; Gooday, 1988; Jorissen and Wittling, 1999;
Kitazato et al., 2000; Kuhnt et al., 1996; Langlet et al., 2014; Linke and
Lutze, 1993; Lutze and Thiel, 1989; Mackensen et al., 1995; Murgese
and De Deckker, 2005; Ohga and Kitazato, 1997; Ohkushi et al., 2013;
Rathburn et al., 1996; Rathburn and Corliss, 1994; Schmiedl et al., 1997;
Schonfeld, 2001; Sousa et al., 2006; Vicente et al., 2021; Zarriess and
Mackensen, 2010). Other suboxic species (U. peregrina and C. carinata;
14.28% of the taxa in biofacies C) may be pioneers in the recolonization
of environments affected by the influx of organic matter through
turbidity currents (Cannariato et al., 1999; De Rijk et al., 2000; Duch-
emin et al., 2007; Hess et al., 2005; Mackensen et al., 1995; Palmer et al.,
2020; Rathburn and Corliss, 1994; Schmiedl et al., 1997; Uchimura
et al., 2017; Zarriess and Mackensen, 2010). Other oxic taxa within this
biofacies have an unclear ecology, either ecto-parasites or suspension
feeders (Fissurina spp. and Lagena spp.; 18.74% of the taxa in biofacies C)
(Collen and Newell, 1999; Haynes, 1981; Kurtarkar et al., 2024; Ranju
et al., 2022; Rathburn and Corliss, 1994) or species that may appreciate
strong inputs of organic matter (Reophax spp.; 0.45% of the taxa in
biofacies C) (Enge et al., 2012; Fontanier et al., 2005; Ohkushi and
Natori, 2001; Schonfeld, 2001; Sousa et al., 2024; Szarek et al., 2007;

Vicente et al., 2021; Yamashita et al., 2019). The two main dysoxic deep
infaunal species (13.32% of the taxa in biofacies C) are favoured by high
organic matter concentration in sediments (Eu. bradyi and G. pacifica)
and are also commonly found under suboxic bottom water conditions
(Das et al., 2017; Mazumder and Nigam, 2014). Biofacies C does not
contain any taxa which may come from a bathymetric zone higher up
the slope.

Detailed description of the ecology of all species based on the sci-
entific literature and the results of the db-RDA are available in Appen-
dix 1 (Text S6).

4.3. Correlation matrices between proxies related to bottom – pore water
oxygenation

The values of the transfer functions EBFOI31, BFA31, EBFOI27 and
BFA27 show strong to very strong Spearman correlation coefficients with
each other, as well as strong to moderate correlations with the abun-
dance of biofacies B and C (Table 2). The log(Mn/Fe) values show
moderate Spearman correlation coefficients with the bottom – pore
water oxygenation transfer functions and the biofacies B and C (Table 2).
The P. obliquiloculata abundance show moderate correlation coefficients
with the bottom – pore water oxygenation values reconstructed by the
transfer functions, the log(Mn/Fe) values and the biofacies B and C
abundance (Table 2).

4.4. Temporal evolution of the biofacies, BFAR, bottom – pore water
oxygenation and geochemical proxies throughout the record

The Br/Ti ratio, the BFAR, the TOC concentration and the abundance
of the biofacies C indicate an enhanced marine primary productivity and
flux of labile organic matter to the sea floor from the end of the Last
Glacial Maximum to the end of HS1, followed by a gradual decline
during the BA until reaching a minimum during the YD and remaining
weak thereafter (Fig. 6b, f, 6h and 6j).

The Mn/Fe ratio indicates reduced oxygenation of bottom waters
from the end of the LGM to the end of the HS1, then an increase until the
Middle Holocene marked by a period of stagnation from the middle of
the BA to the middle of the Early Holocene (Fig. 6e). During the Middle
and Late Holocene, the Mn/Fe ratio suggests that oxygenation condi-
tions remain stable (Fig. 6e). The increase in bottom – pore water
oxygenation during the last glacial-interglacial transition is also evi-
denced by the benthic foraminiferal assemblages and EBFOI and BFA
transfer functions (Fig. 6b to d). Biofacies B, composed solely of dysoxic
taxa, show high abundance from the end of the LGM to the end of HS1,
then a decline during the BA and almost disappearance after that
(Fig. 6b). Biofacies C, composed mainly of oxic and suboxic taxa, is
almost absent from the end of the LGM until the end of HS1, and begins
to increase during the BA before marking a halt from the middle of the
BA until the middle of the Early Holocene, then resuming its increase
until the Middle Holocene and remaining stable until the middle of the
Late Holocene (Fig. 6b). The last 2 ka of the Late Holocene are marked
by a significant drop in the abundance of biofacies C from 2 to 1 ka,
followed by an increase (Fig. 6b). The dissolved oxygen concentration of
bottom – pore waters reconstructed from transfer functions shows a
similar pattern and, depending on the choice of transfer function (EBFOI
and BFA), a transition from suboxic or anoxic conditions from the end of
the LGM to the end of HS1 towards oxic or suboxic conditions during the
Holocene (Fig. 6c and d).

The Ti/K ratio and the abundance of the biofacies A, containing
numerous taxa transported post-mortem, indicate a reduced transport of
terrestrial material from Taiwan and diminished hydro-sedimentary
activity in the Hoping Canyon from the end of the LGM to the end of
HS1 (Fig. 6a and g). From the BA to the Early Holocene and during the
last 2 kyr of the Late Holocene, these proxies in conjunction with the
TOC concentration and the BFAR, indicate an increased transport of
terrigenous material from Taiwan to the sea floor, including terrestrial

Fig. 5. Distance-based redundancy analysis (db-RDA) scaling 2/correlation
triplot showing the relationship between benthic foraminiferal taxa and the
environmental variables (in dark blue): Mn/Fe as indicative of the bottom –
pore water dissolved oxygen concentration, Br/Ti for the organic matter
derived from the marine primary productivity and Ti/K for the erosion of
Taiwan and the hydro-sedimentary activity associated. The number indicate
benthic foraminiferal taxa. The taxa of the biofacies C are colored in light blue:
1. Eggerella bradyi, 2. Textularia spp., 3. Globobulimina pacifica, 4. Euloxos-
tomum bradyi, 5. Oridorsalis umbonatus, 6. Epistominella exigua, 7. Lagena
spp., 8. Melonis sphaeroides, 9. Lobatula wuellerstorfi, 10. Reophax spp., 11.
Psammosiphonella spp., 12. Pyrgoella irregularis, 13. Hoeglundina elegans, 14.
Cassidulina carinata, 15. Pyrgo spp., 16. Cibicidoides spp., 17. Sigmoilopsis
schlumbergeri, 18. Fissurina spp., 19. Melonis pompilioides, 20. Uvigerina
peregrina. The taxa of the biofacies A are colored in brown: 21. Chilostomella
ovoidea, 22. Shelf miliolids, 23. Nonionella sp., 24. Rutherfordoides rotundatus,
25. Gyroidina altiformis, 26. Globobulimina affinis, 27. Melonis affinis. The
taxa of the biofacies B are colored in forest green: 28. Nonionoides turgidus, 29.
Cassidulina reniforme, 30. Eubuliminella exilis. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)
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organic matter, and enhanced hydro-sedimentary activity in the Hoping
Canyon (Fig. 6a, g, 6h and 6j).

The changes in the relative abundance of P. obliquiloculata indicate a
weakened Kuroshio Current from the end of the LGM to the end of the
HS1, followed by an intensification until reaching a maximum during
the Middle Holocene (Fig. 6i). The collapse in the abundance from 5 to 3
ka (Fig. 6i) is comparable to that observed in other cores along the path
of the Kuroshio Current during this interval and is known as the Pul-
leniatina Minimum Event (Lin et al., 2006). The reasons behind this
phenomenon remain unclear and may not be related to a decrease in the
intensity of the Kuroshio Current (Lin et al., 2006). However, the overall
decline from the Middle Holocene to the Late Holocene suggests a
weakening of the Kuroshio Current over this period (Fig. 6h).

5. Discussion

Despite slight differences in the trends and in absolute values,
EBFOI31 and EBFOI27, and BFA31 and BFA27 reconstruct similar bottom –
pore water oxygenation conditions and a common trend throughout the
records as evidenced by the strong to very strong Spearman correlation
coefficients (r = 0.80 to 0.98) (Table 2). It can therefore be concluded
that the contamination of the assemblages by the post-mortem transport
of taxa from bathymetric zones situated at a greater depth to the study
site does not appear to have significantly affected the reconstruction of
bottom water oxygenation. This reinforces confidence in the recon-
struction, despite the complicated sedimentological context.

The benthic foraminiferal composition of biofacies A indicates that
the environment was significantly influenced by the canyon’s hydro-
sedimentary activity, transporting post-mortem taxa tests from higher
up the slope, and bringing a substantial quantity of continental material
from Taiwan’s erosion, particularly continental organic matter. Upon
reaching the sea floor, the part of the organic matter that escapes
degradation in the water column will be subject to the effects of
oxidation at the surface and inside the sediments, resulting in the
development of dysoxic to suboxic bottom – pore water conditions.
Biofacies B indicates an environment subject to high fluxes of labile
marine organic matter in a context of intense marine primary produc-
tivity and low bottom – pore water oxygenation, which may be caused or
enhanced by organic matter degradation. Biofacies C indicates an
average oxic to suboxic bottom – pore water oxygenation, coupled with
low primary productivity and an overall reduction in the flux of organic
matter to the sea floor and in the canyon hydro-sedimentary activity.
However, the faunal composition also shows that the environment
reconstructed can be occasionally subject to influxes of organic matter
from turbidity currents. Both biofacies B and C appear to be unaffected
by the post-mortem transport of shallower taxa.

5.1. Changes in the marine biological pump efficiency since the end of the
last glacial maximum and impact on the carbon storage during the HS1

The increase in the oxygenation of intermediate water masses in the
North Pacific above 2000 m during HS1 is relatively well established (e.
g. Chang et al., 2014; Ohkushi et al., 2013; Okazaki et al., 2010; Shi-
bahara et al., 2007; Zou et al., 2020), however the water depth influ-
enced by this increased oxygenation is not well constrained. Previous
studies infer higher oxygenation than during the LGM down to 3000 m
in the North Pacific (Duplessy et al., 1988; Okazaki et al., 2010; Rae
et al., 2014) while others suggest that the increase in oxygenation is
confined above 2000 m (Gong et al., 2019; Jaccard and Galbraith, 2013;
Keigwin, 1998; Lu et al., 2020; Matsumoto et al., 2002; Rae et al., 2020).

The three methods applied here to reconstruct past oxygenation
changes since the end of the LGM (HCA, transfer functions based on
benthic foraminiferal assemblages and sedimentary elemental ratios)
indicate suboxic-dysoxic (maybe even anoxic) conditions during the
HS1, followed by an increase of bottom – pore water oxygenation at the
BA to reach oxic-suboxic conditions during the Holocene (Fig. 7c to f).
The coherence among the proxies is verified by the moderate to very
strong degree of Spearman correlations between EBFOI31, EBFOI27,
BFA31, BFA27, Biofacies B, Biofacies C and Mn/Fe (|r| = 0.51–0.98)
(Table 2). In average, the Mn/Fe ratio shows the lowest degree of cor-
relation with others proxies, emphasized by the absence of decline in
pore – water oxygenation from 2 to 1 ka, whereas the other oxygenation
proxies all exhibit it (Fig. 7c to f). This might be attributed to a lower
sensitivity of chemical elements in marine sediments to changes in
oxygenation compared to benthic foraminifera.

Thus, all the bottom – pore water paleoxygenation proxies support
the hypothesis of an enhanced oxygenation confined to the first 2000 m
of the water column during the HS1 despite the intensification of the
PMOC due to an increase in glacial NPIW formation by saltier Bering and
Okhotsk Sea (Fig. 1a) (Ohkushi et al., 2003; Okazaki et al., 2010, 2012;
Rae et al., 2020). This lack of penetration of the dense waters to the deep
ocean might be explained by the occurrence of a stratification front
between NPIW and NPDW due to the salinity increase of the glacial
NPIW during HS1 (Gong et al., 2019; Rae et al., 2020).

This result is consistent with the paleo-circulation reconstructions
derived from authigenic uranium concentration at ODP Sites 882 and
887, located at 3244 m in the northwest (Jaccard et al., 2009) and 3647
m in the northeast North Pacific (Galbraith et al., 2007), from benthic
foraminiferal gradient Δδ13C in core TR163-25 located at 2650 m in the
eastern equatorial North Pacific (Hoogakker et al., 2018), and authi-
genic uranium at ODP Site 1240 located at 2921 m in the eastern
equatorial North Pacific (Jacobel et al., 2020) (Figs. 7g and 1a). The
synchronous bottom oxygenation rise during the BA at our study site
(Fig. 7e and f) with those observed in the ODP sites 882 and 1240, and
core TR163-25 (Fig. 7g) suggests that changes in the bottom – pore
water oxygenation pattern in the northwestern Philippine Sea are at

Table 2
Spearman correlation matrix between the bottom – pore water reconstructions obtained using the transfer functions Enhanced Benthic Foraminifera Oxygen Index
(EBFOI) and the Benthic Foraminifera Assemblages (BFA) index, the abundance of biofacies B and C and the log(Mn/Fe) with the abundance of the planktonic
foraminifera Pulleniatina obliquiloculata. The transfer functions have been applied to the 31 taxa with an abundance greater than 5% in at least two samples (EBFOI31
and BFA31), and to 27 of these 31 taxa by removing taxa from a different bathymetric region (EBFOI27 and BFA27). Values in bold show a p-value significantly <0.001.

Variables EBFOI31 BFA31 EBFOI27 BFA27 Biofacies B
abundance

Biofacies C
abundance

Log(Mn/
Fe)

Pulleniatina obliquiloculata
abundance

EBFOI31 1 0.98 0.93 0.80 ¡0.51 0.84 0.58 0.48
BFA31 1 0.93 0.81 ¡0.55 0.84 0.61 0.48
EBFOI27 1 0.84 ¡0.60 0.87 0.62 0.51
BFA27 1 ¡0.57 0.63 0.53 0.47
Biofacies B abundance 1 ¡0.64 ¡0.56 ¡0.61
Biofacies C abundance 1 0.62 0.56
Log(Mn/Fe) 1 0.47
Pulleniatina obliquiloculata

abundance
1
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least partly related to basin-wide mechanism. At a global scale, the low
oxygenation of the deep water masses (>2000 m depth) during HS1 can
be mainly attributed to the persistence of a sluggish ventilation inherited
from the LGM (Menviel et al., 2017, 2020; Sigman et al., 2021; Skinner
et al., 2010; Wu et al., 2018) and the delay in propagation of oxygenated
water masses from the Southern Ocean to the North Pacific (more than 2
kyr during HS1) (de la Fuente et al., 2015) originating from the inten-
sification of the AABW formation during HS1 (Anderson et al., 2009;
Jaccard et al., 2016; Wang et al., 2024; Wu et al., 2018). After HS1, the
oxygenated abyssal water masses begin to arrive in the North Pacific and
the oxygenation increases. Then, the second intensification of formation
of AABW during the YD (Fig. 7h) allows the concentration in dissolved
oxygen of deep water masses to reach that of the Holocene.

These changes in the AABW formation intensity at the beginning of
the deglaciation can be attributed to the poleward migration of the
Southern Hemisphere Westerlies resulting in an increase in the north-
ward Ekman transport of surface waters and enhancement of the
Southern Ocean upwelling, as evidenced by the increase in opal pro-
duction (Fig. 7h) in core TN057-13 PC located in the Atlantic part of the
Southern Ocean (Fig. 1a), due to an intense cooling in the Northern
Hemisphere generated by the collapse of the Atlantic Meridional
Oceanic Circulation (AMOC) (Anderson et al., 2009; Denton et al., 2010;
McManus et al., 2004a) (Fig. 7i). It would have also reduced the resi-
dence time of the surface water masses in the Antarctic Zone, weakening
the halocline and strengthening the AABW formation (Sigman et al.,
2021). These mechanisms might have been combined with other
mechanisms. The increase of the sea level (Fig. 7j) might have caused the
decline of the sea ice equatorward expansion, resulting in the reduction
of the brine export to the ocean interior and therefore a reduction in
stratification by lowering the salinity of the upper water masses (Bouttes
et al., 2010; Sigman et al., 2021). This decline of the sea ice expansion
might also have led to the retreat of the buoyancy loss region, resulting
in an even greater reduction of the residence time of the surface water
masses in the Antarctic Zone and weakening even more the halocline
(Sigman et al., 2021; Watson et al., 2015). Another mechanism might
have been the deepening of the abyssal mixing causing the increase in
the AABW formation (Lynch-Stieglitz et al., 2007; Sigman et al., 2021).
Finally, the warming of the water column might have led to another
reduction of the surface water masses residence time by weakening the
importance of the salinity in the density stratification of the upper ocean
(de Boer et al., 2007; Sigman et al., 2004).

Global mechanisms can be complemented by regional ones, as
observed in the influence of volcanic eruptions during the deglaciation
on bottom water oxygenation at the ODP 1418 site, which is located at
depth of 3680 m in the Gulf of Alaska (Du et al., 2022). One of them is
the intensification of the Kuroshio Current after HS1 as evidenced by the
increase in the relative abundance of the planktonic foraminifera P.
obliquiloculata (Fig. 7b). This species is believed to be a bio-indicator of
the Kuroshio Current intensity current (Baohua et al., 1997; Jian et al.,
2000; Ujiié and Ujiié, 1999; Ujiié et al., 2003). The moderate degree of
Spearman correlation (|r| = 0.47–0.61) observed between the relative
abundance of P. obliquiloculata and the bottom – pore water oxygenation
proxies (Table 2), as well as the similarity of the trends observed (Fig. 7)
suggest a potential link between Kuroshio Current intensity and bottom
– pore water oxygenation.

During HS1, the cooling of the Northern Hemisphere by the occur-
rence of the perihelion during the boreal spring (Clement et al., 1999)
and the slowdown of the AMOC (Fig. 7i) due to the iceberg discharge in
the North Atlantic (Lynch-Stieglitz, 2017; McManus et al., 2004b) led to
the southward migration of the Intertropical Convergence Zone (ITCZ)
(Stager et al., 2011), resulting in the weakening of the equatorial trade
winds and the establishment of an El Niño-like state in the equatorial
Pacific (Clement et al., 1999; Yang et al., 2023). This atmospheric
configuration is characterized by a weaker Walker circulation (Yu et al.,
2023) which, combined with a weaker EASM (Cheng et al., 2016),
would have resulted in a northward migration of the North Equatorial

Fig. 6. Results on core MD18-3523: (a) Abundance of biofacies A (%), (b)
Abundance of biofacies B (green dot) and C (light blue triangle), (c to d) bottom
– pore water dissolved oxygen concentration reconstructed using (c) the
Enhanced Benthic Foraminifera Oxygen Index (EBFOI; Kranner et al., 2022) and
(d) the Benthic Foraminiferal Assemblage (BFA; Tetard et al., 2021), both
transfer functions have been applied to the 31 taxa with an abundance greater
than 5% in at least two samples (EBFOI31 and BFA31; dots), and to 27 of these
31 taxa by removing taxa from a different bathymetric region (EBFOI27 and
BFA27; inverted triangles); (e) log(Mn/Fe), (f) log(Br/Ti), (g) log(Ti/K), (h)
Total Organic Carbon (TOC; %), (i) abundance of Pulleniatina obliquiloculata
(%) and (j) Benthic Foraminifera Accumulation Rate (BFAR; ind. g− 1 cm− 2

kyr− 1). The marine isotope stages (MIS) are subdivided into millennial-scale
periods with: Last Glacial Maximum (LGM), Heinrich Stadial 1 (HS1),
Bølling-Allerød (BA), Younger Dryas (YD). Grey areas indicate warm periods.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Current bifurcation and therefore a slowdown of the Kuroshio Current
(Hu et al., 2015; Qu and Lukas, 2003). Furthermore, the low sea level
during HS1 (Fig. 7j) would have prevented the entry of the subsurface
Ryukyu Current into the Okinawa Trough by the Yonaguni Depression,
causing its deflection along the eastern edge of the Ryukyu Arc and the
formation of an eastern branch of the Kuroshio Current (Fenies et al.,
2023), probably further weakening the Kuroshio Current. After HS1, the
intensification of the EASM (Cheng et al., 2016) and the establishment of

La Niña-like conditions in the equatorial Pacific due to later summer –
early autumn perihelion (Clement et al., 1999; Yu et al., 2023) would
have led to a southward migration of the North Equatorial Current
bifurcation and, consequently, to the intensification of the Kuroshio
Current (Hu et al., 2015; Qu and Lukas, 2003). The rise of the sea level
(Fig. 7j) would have caused the reentrance of the Ryukyu Current into
the Okinawa Trough and the collapse of the Kuroshio Current eastern
branch, contributing to the intensification of the Kuroshio Current main

Fig. 7. Evolution of bottom – pore water oxygenation and the intensity of the Kuroshio Current: (a) δ18O of speleothem from Hulu and Dongge caves (‰ VPDB,
Cheng et al., 2016) (Fig. 1a); (b)–(f) data from core MD18-3523 (this study): (b) Pulleniatina obliquiloculata abundance (%); (c) log(Mn/Fe) ratio; (d) abundance of
biofacies B (green dot) and C (light blue triangle) (%); (e to f) bottom – pore water dissolved oxygen concentration (ml L− 1) reconstructed using the Benthic
Foraminifera Assemblage (BFA; Tetard et al., 2021) and the Enhanced Benthic Foraminifera Oxygen Index (EBFOI; Kranner et al., 2022), the transfer functions have
been applied to the 31 taxa with an abundance greater than 5% in at least two samples (EBFOI31 and BFA31; dot), and to 27 of these 31 taxa by removing taxa from a
different bathymetric region (EBFOI27 and BFA27; inverted triangle); (g) authigenic uranium concentration (μg g− 1) at ODP sites 882 (Jaccard et al., 2009) and 1240
(Jacobel et al., 2020) (Fig. 1a), and bottom – pore water dissolved oxygen concentration (ml L− 1) reconstructed using the Δδ13C between deep infaunal and epifaunal
benthic foraminifera (Hoogakker et al., 2015, 2018) (Fig. 1a), (h) ln(Mn/Al) ratio (Jaccard et al., 2016) and opal flux in core TN057-13 PC (Anderson et al., 2009)
(Fig. 1a), (i) 231Pa/230Th shows changes in the intensity of the Atlantic Meridional Overturning Circulation (AMOC) (McManus et al., 2004a), (j) relative sea level
(Lambeck et al., 2014). The black dot indicates the modern value (~3 ml L− 1) of oxygen concentration at 3000 m in the study zone (World Ocean Atlas, 2018; Garcia
et al., 2019b). The marine isotope stages (MIS) are subdivided into millennial-scale periods with: Last Glacial Maximum (LGM), Heinrich Stadial 1 (HS1),
Bølling-Allerød (BA), Younger Dryas (YD). Grey areas indicate warm periods. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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stream (Fenies et al., 2023).
Previous studies have suggested a major influence of vertical mixing

caused by the Kuroshio Current on the bottom – pore water oxygenation
in the Okinawa Trough (Li et al., 2020; Lim et al., 2017; Vats et al., 2021;
Zou et al., 2020, 2021). However, these studies are based on sediment
cores collected at depths between 703 and 1421 m (Fig. 1b), whereas
core MD18-3523 was taken at a depth of 2972 m. Thus, although there is
a correlation between the abundance of P. obliquiloculata and oxygena-
tion proxies, present-day measurements of the vertical mixing or hy-
drodynamic models are needed to fully assert the influence of the
Kuroshio Current at a depth of nearly 3000 m.

The second regional mechanism is the intensification of the organic
matter flux to the sea floor caused by an enhanced marine primary
productivity during HS1, resulting in an increase in oxygen consumption
through the degradation of organic matter, as evidenced by the high Br/
Ti, TOC and BFAR values, and biofacies B abundance and faunal
composition (Fig. 8e, g, 8h and 8j). The decline of Br/Ti and BFAR
values, and biofacies B abundance at the beginning of the BA is
concomitant with the weakening of the EAWM winds as recorded by the
mean grain size data from the Gulang Loess (Sun et al., 2012) (Fig. 8b).
During HS1, the cooling of the Northern Hemisphere, mainly due to the
collapse of the AMOC (Fig. 7i), would have led to faster and more
intense cooling of the Eurasian continent than of the North Pacific due to
the difference in thermal inertia (Ruddiman, 2001; Sun et al., 2012).
This would have resulted in an intensification of the Siberian High over
the Eurasian continent (Huang et al., 2011; Sun et al., 2012; Yang et al.,
2020) and of the Aleutian Low over the western North Pacific (McGee
et al., 2018; Okumura et al., 2009; Wagner et al., 2010), causing the
intensification of the EAWM.

This strengthening of the EAWM would have led to an increase in the
surface wind stress over the subtropical western North Pacific (Sun et al.,
2012) and carried mineral Fe from the hinterland to the oligotrophic
waters of the North Pacific Subtropical Gyre during spring and summer
(Mahowald et al., 2005; Wan et al., 2020; Wang and Ho, 2020; Zhong
et al., 2022), as evidenced by the accumulation of dust and the con-
centration of soluble iron in core MD06-3024 (Fig. 8b), in the east of the
Philippines (Fig. 1b) (Xu et al., 2015). In addition, the strengthening of
the wind stress over the sea surface would have increased the water
column vertical mixing (Hao et al., 2012; Steinke et al., 2010; Zhang
et al., 2016) favoring the migration of the nutrient-rich Kuroshio Current
intermediate water towards the surface (Chen et al., 2017, 2021, 2022).
The combination of aeolian inputs of micronutrients i.e., iron, and
increased level of macronutrients, nitrate and phosphate, by the deep-
ening of the vertical mixing bringing nutrients from the subsurface up-
wards into the photic zone, would have provided particularly favorable
conditions for marine primary productivity (Browning et al., 2022;
Letelier et al., 2019; Prospero, 1990; Wang and Ho, 2020; Wen et al.,
2022). This scenario is consistent with the previous observation of an
increase in Br/Al, TOC, TN and δ13Corg and decrease of δ15Nsed during
LGM and HS1 in nearby core MD18-3532 (Fenies et al., 2023).

After HS1, the weakening of the EAWM winds would have halted the
supply of dust-borne iron and the upwelling of phosphate and nitrate
from the Kuroshio Current subsurface waters, causing the decline of the
marine primary productivity (Fig. 8e). The subsequent reduction of the
organic matter flux would have resulted in a decrease in the consump-
tion of bottom – pore water dissolved oxygen through the degradation of
organic matter, causing the increase of the bottom – pore water
oxygenation (Fig. 8i to l).

Overall, these results indicate an intensified marine biological pump
under the influence of the EAWM in the northwestern Philippine Sea
during HS1. They support a pronounced role of this region in the carbon
storage during the beginning of the deglaciation (Fenies et al., 2023; Hu
et al., 2021).

5.2. Changes in the terrestrial transfer to the ocean of carbon and impact
on the carbon storage in marine sediments after the HS1

The period from 14.0 to (BA to Early Holocene) is marked by a halt in
the increase of the bottom – pore water oxygenation (Fig. 7c to f and
Fig. 8i to l). It might be attributed to the two-stage nature of the
intensification of the AABW formation, with a first pulse during HS1 and
a second one during YD (Fig. 7h), and the delay required for the venti-
lation from the second pulse to reach the study site (around 1 kyr at this
time) (de la Fuente et al., 2015). However, as this phenomenon is not
observed elsewhere in the North Pacific (Fig. 7g), we suggest that it is
more likely to be linked to a local mechanism.

This period is marked by a substantial supply of terrestrial material
and organic matter to the sea floor caused by strengthened erosion on
Taiwan island as evidenced by the increase of Ti/K and the still high
values of TOC during the BA and the peak at the beginning of the Early
Holocene, while the marine primary productivity (Br/Ti) has already
start to decline (Fig. 8d, e and 8g). The strengthening of the transfer of
terrigenous material to the sea floor during this period is also shown by
the still high values during the BA and the increase of the BFAR and
biofacies A values, particularly of reworked taxa coming from the upper
slope and other taxa abundance favoured by the large inputs of organic
matter, possibly of continental origin, during the Early Holocene (Fig. 8f
and h). This transfer of continental materials to the sea floor has been
likely carried out either by turbidity currents resulting from slope
destabilisation or hyperpycnal flows. The second are turbidity-like flows
account for 30–42% of the sedimentary discharge from Taiwan to the
ocean (Dadson et al., 2005) and transport terrestrial petrogenic and
biospheric organic carbon to the seafloor (Hilton et al., 2008; Kao et al.,
2010, 2014). The turbidity currents could also be the result of earth-
quake triggered slope failures affecting the submarine slope and more
specifically the one at the vicinity of the river mouths. Indeed, coseismic
turbidites have been documented over the last 2.7 kyr upslope (Lehu
et al., 2016) and downslope (Ratzov et al., 2023) in the Nanao Basin.
Those in the Nanao basin are particularly enriched in fresh continental
organic matter (plant/wood debris) compared to the over- and
under-lying deposits. These co-seismic deposits support a two-staged
deposition: a first settling on the upper slope close the river mouths,
then a slope failure evolving into turbidity currents. The time between
the two stages is probably short, given the high seismicity in the studied
area and the mean recurrence of 30–120 years of the co-seismic deposits
(Ratzov et al., 2023) over the last 2kyr. The resulting influx of labile
biospheric continental organic matter would have enhanced the con-
sumption of bottom – pore water oxygenation through oxidation.

The strongest erosion of Taiwan during the BA and the Early Holo-
cene is consistent with the records in Taiwan’s terrestrial archives. Lake
Dongyuan in southern Taiwan, presents an increase in the total carbon
accumulation rate, the relative abundance of wood fragments and the
decrease of the chemical index of alteration (CIA) (Ding et al., 2016b), a
proxy that has recently been shown to be inversely correlated with
physical erosion in Taiwan (Zheng et al., 2024). The end of the degla-
ciation is also marked by an increase in the occurrence of large land-
slides over Taiwan (Hsieh et al., 2011). The highest continental – ocean
transfer during these periods is also coherent with the marine archives,
as evidenced by the increase in sedimentation rate and export in fossil
organic carbon in core MD01-2403 in the southern Okinawa Trough
(Kao et al., 2008) (Fig. 1a), the increase in sedimentation rate and
turbidite frequency in core MD10-3291 collected on a levee of the
Gaoping Canyon, offshore south-western Taiwan (Yu et al., 2017) and
the high carbonate dilution by large terrestrial input in the northern
South China Sea (Huang et al., 2015). The strengthening in the erosion
of Taiwan during the BA and the Early Holocene is likely to be related to
an upsurge in precipitations due to the intensification of the EASM and
in the intensity or frequency of the typhoons affecting Taiwan (Ding
et al., 2016a, 2020). It is also possible that this period experienced
higher seismic activity related to isostatic rebound following the retreat
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Fig. 8. Comparison of paleoproductivity records with (a) δ18O of speleothem from Hulu and Dongge caves in per mille (‰) (Cheng et al., 2016) (Fig. 1a); (b) Gulang
Loess mean grain size (μm) (Sun et al., 2012) (Fig. 1a), dust mass accumulation rate (MAR) and soluble iron concentration shows respectively the amount of dust (g
cm− 2 kyr− 1) and soluble iron (%) brought to the ocean from the Chinese Loess Plateau by the EAWM winds in core MD06-3047, east of the Philippines (Xu et al.,
2015) (Fig. 1b); (c)–(l) data from core MD18-3523 (this study): (c) sedimentation rate (cm kyr− 1), (d) log(Ti/K) ratio, (e) log(Br/Ti), (f) abundance of the biofacies A
(%), (g) total organic carbon (TOC, %), (h) Benthic Foraminifera Accumulation Rate (BFAR, ind g− 1 cm− 2 kyr− 1), (i) log(Mn/Fe) ratio, (j) abundance of biofacies B
(green dot) and C (light blue triangle) (%); (k) bottom – pore water dissolved oxygen concentration (ml L− 1) reconstructed using the Benthic Foraminifera
Assemblage (BFA; Tetard et al., 2021) and the Enhanced Benthic Foraminifera Oxygen Index (EBFOI; Kranner et al., 2022), the transfer functions have been applied
to the 31 taxa with an abundance greater than 5% in at least two samples (EBFOI31 and BFA31; dot), and to 27 of these 31 taxa by removing taxa from a different
bathymetric region (EBFOI27 and BFA27; inverted triangle). The marine isotope stages (MIS) are subdivided into millennial-scale periods with: Last Glacial Maximum
(LGM), Heinrich Stadial 1 (HS1), Bølling-Allerød (BA), Younger Dryas (YD). Grey areas indicate warm periods. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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of Taiwanese glaciers after the YD (Hebenstreit et al., 2011).
After 9 ka, at the end of the Early Holocene, the bottom-pore water

oxygenation began to increase again, while the continent-ocean transfer
of terrigenous material decreased (Fig. 8d and g), supporting the view
that oxygen was consumed by the degradation of fresh terrestrial
organic matter. The abundance of biofacies A, TOC and Ti/K reach a
minimum from 4 to 2 ka, before showing an intense increase after 2 ka,
also slightly reflected in the BFAR (Fig. 8d, f, 8g and 8h). This indicates a
decrease in the erosion and transfer of continental material and organic
matter to the deep ocean until the beginning of the Late Holocene, and
an upsurge in these mechanisms after 2 ka. The progressive decrease of
the transfer of continental organic matter during the Middle Holocene
and the beginning of the Late Holocene led to a gradual increase in the
bottom – pore water oxygenation over this period, reaching a maximum
from 6 to 2 ka (Fig. 8i to l). This might have been caused by the decline in
the EASM precipitations during the Holocene Thermal Maximum as
recorded in Taiwan and southern China lakes (Ding et al., 2020; Wang,
2024). The reasons for the increase in dry conditions over this period are
still debated but could be related to the meridional migration of the
westerlies and the West Pacific Subtropical High due to changes in the
inter-hemispheric temperature gradient (Ding et al., 2020).

After 2 ka, the rise in the erosion and continent – ocean transfer of
organic matter resulted in a higher consumption of bottom – pore water
dissolved oxygen through the degradation of the organic matter, as seen
through the reduction in biofacies C abundance and the decline in the
reconstructed bottom – pore water oxygenation, possibly reaching
suboxic conditions (Fig. 8j to l). Like during the BA and Early Holocene,
the increase in the erosion of Taiwan would have been related to an
intensification of the EASM precipitations and rise in the intensity or
frequency of typhoons affecting Taiwan, as evidenced by high sedi-
mentation rate and low microfossil preservation in the Dahu Lake and
Tsuifong Lake sediments (Wang et al., 2014), in diatom and pollen re-
cords in Tien pond sediments (Wang, 2024), in diatom, organic
geochemical proxies, magnetic susceptibility and pollen records in Liyu
Lake sediments (Wang et al., 2022) and numerous mass-wasting records
in riverine fan terraces in the Pa-chang River catchment (Hsieh et al.,
2014).

Overall, these results show an increase in the transfer and burial
efficiency of particulate organic carbon in the deep ocean during the BA,
the Early Holocene and the last 2 kyr of the Late Holocene (Fig. 8d and
g). The partial degradation of the labile biospheric organic matter dur-
ing these periods resulted in a reduction in bottom – pore water
oxygenation (Fig. 8k to l), further favouring the conservation of the
remaining organic matter. Unfortunately, our multiproxy datasets do
not allow to measure the relative abundance of the biospheric and
petrogenic components of the organic matter transferred to the ocean. It
is particularly important because only the burial of terrestrial biospheric
organic carbon in marine sediments by the turbidity pump will have an
influence on the atmospheric CO2 concentration. Indeed, its burial in
marine sediments removes organic matter from the continent-
atmosphere interface and prevents its respiration, which would cause
the return of some of the carbon from organic matter to the atmosphere.
On the other hand, the transport of terrestrial petrogenic carbon and its
reburial in the marine sediments will not have any effect on the atmo-
spheric CO2 concentration as this carbon was already stored in rocks
several million years ago (Talling et al., 2024). Worse, its degradation
during the transport might result in a transformation of petrogenic
carbon in CO2, turning the continent-ocean transfer from a sink to a
source of atmospheric CO2. However, a recent study by Zheng et al.
(2024) of surface and riverine sediments from Taiwan and a core located
at the mouth of the Zhuoshui river, west of Taiwan, observes that the
amount of biospheric organic carbon is logarithmically correlated with
the amount of total organic carbon in soils of Taiwan and that this
relationship is maintained during the continental-ocean transfer.
Assuming that this relationship prevails for the whole of Taiwan, we
suggest that the continental organic matter transferred to the ocean floor

is mainly composed of biospheric organic carbon, turning the east coast
of Taiwan into an atmospheric carbon sink thanks to an effective
turbidity pump during the BA, the Early Holocene and the last 2 kyr of
the Late Holocene. This observation is conflicting with the one made by
Zheng et al. (2024) on the west coast of Taiwan, showing a more
effective carbon turbidity pump during cold periods (LGM and YD) than
during warm periods (BA and Holocene). These contradictory outcomes
highlight a difference in the response of the east and west coasts to
hydroclimatic changes in Taiwan, most likely related to the presence of
the Central Mountain Range and by the difference in lithology and
watershed morphology, the greater exposure to extreme events and
precipitation, and the steeper slope gradient of Taiwan’s east coast (Kao
and Milliman, 2008), allowing better transfer of terrigenous material to
the ocean during warm periods.

6. Conclusions

The purpose of this study was to investigate changes in the efficiency
of the particulate organic carbon pump since the LGM in the north-
western Philippine Sea, East of Taiwan. Through the multiproxy study
including benthic foraminiferal assemblages, organic and inorganic
geochemistry and sedimentary proxies, we have been able to highlight
the persistence of poor bottom – pore water oxygenation conditions at a
depth of 3000 m during HS1 in this region. In addition, enhanced marine
primary productivity is observed during HS1, most likely due to the
intensification of the EAWM winds, bringing nutrients to the oligotro-
phic surface waters via dust and favouring the deepening of the vertical
mixing of the water column. This configuration of poor bottom – pore
water oxygenation and intense transfer of marine organic matter to the
sea floor suggests increased effectiveness of marine biological pump
during HS1. After HS1, the rise in the bottom – pore water oxygenation
probably related to the global increase in AABW formation rate and the
decline of the marine primary productivity caused by the decline in the
intensity of the EAWM winds led to a reduced efficiency of the marine
biological pump. During BA, the Early Holocene and the Late Holocene,
the highest erosion of Taiwan caused by the increase of EASM precipi-
tation and typhoon activity affecting Taiwan led to an increase of the
continent to transfer of organic matter from the continent to the ocean
and its burial in the marine sediments. This resulted in an effective
carbon turbidity pump during these warm periods, specifically for the
eastern part of Taiwan and contrary to the west coast of Taiwan that
yields an effective carbon turbidity pump during cold periods (YD and
LGM). This opposite behaviour highlight an east – west difference in the
response and consequences of changes in Taiwan’s past hydroclimate.
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