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The Kuroshio-Oyashio confluence region (K/O region) plays a significant role in
the global carbon cycle and climate change. In this study, we examined the
concentration and composition of dissolved organic matter (DOM) in water
samples collected from depths of 0 to 1000 meters between 2019 and 2021. The
concentration of dissolved organic carbon (DOC) ranged from 30.54 to 113.21
umol L%, with higher concentrations observed in surface waters. The biological
index (BIX) decreases with increasing depth, indicating decreasing in-situ
production of plankton downwards. Additionally, the humification index (HIX)
increased with depth, suggesting the transformation of labile to refractory DOC
by bacteria. Using parallel factor analysis, we identified two humic-like (C1, C3)
and one protein-like (C2) fluorescent components in 467 water samples. Water
samples collected in 2020 exhibited significantly higher specific ultraviolet
absorbance at 254 nm (SUVA,s4) (0.5 + 0.2 L mg™ m™) and higher intensities
of C1(8.2+2.69*10°R.U.) and C3(9.22 + 4.39 *10~° R.U.) compared to samples
from 2019 and 2021. We found that water temperature had a positive correlation
with C2 intensity (r = 0.33; p< 0.01), but negative correlations with C1 (r = —=0.72;
p< 0.01) and C3 intensity (r = —0.55; p< 0.01). Comparison of measured and
theoretical values using a conservative physical mixing model revealed active
biogeochemical processes of DOM during water mixing of the Kuroshio,
Oyashio, and North Pacific Intermediate Water that change concentration and
composition of DOM. Since the hydrology in the K/O region is sensitive for the
ongoing climate warming, further investigation is needed to understand water
mass mixing and associated DOM dynamics.
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Kuroshio-Oyashio confluence regions, chromophoric dissolved organic matter
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1 Introduction

Dissolved organic matter (DOM) represents the largest pool of
reduced carbon in the ocean, with a carbon stock of 680-700 x
10"® g (Carlson and Hansell, 2015). DOM serves many important
roles in marine biogeochemical cycling by fueling microorganisms,
influencing primary productivity, protecting organisms from UV
damage, and mobilizing trace metals and pollutants (Hedges, 2002).
Thus, understanding the composition and reactivity of dissolved
organic carbon (DOC) is essential for comprehending the intricate
relationship between DOC and the ocean carbon cycle (Wagner
et al.,, 2020). The environmental stability of DOC is influenced by
intrinsic chemical properties, such as molecular structure, size, and
concentration, as well as external factors, such as nutrient
concentration, water depth, and temperature. Water mass mixing
zones generate significant environmental gradients, making them
an ideal location for deciphering the mechanisms that regulate the
environmental stability of DOC (Dittmar et al., 2021).

The upper ocean in the Northwest Pacific is strongly influenced
by two western boundary currents, the Kuroshio and Oyashio
(Hansell et al., 2002; Swan et al., 2009; Yatsu et al., 2013). The
Opyashio originates in the sub-Arctic and carries relatively fresh,
cold, and nutrient-rich water to lower latitudes (Okuda et al., 2001),
while the Kuroshio originates in the equatorial Pacific warm current
and carries high temperature, high salinity, and low nutrient water
to higher latitudes. These two currents meet at approximately 37°N
in the Northwestern Pacific, forming the Kuroshio-Oyashio
confluence region (K/O region). In addition to the Kuroshio and
Opyashio, which dominate the surface ocean, the North Pacific
Intermediate Water (NPIW) affects the middle water in the K/O
region (Yasuda et al., 1996). The upwelling of the NPIW provides a
relatively rich source of nutrients to the upper water (Nishioka et al.,
2020). These complex hydrological processes make the K/O region
an important area for marine biogeochemical cycling.

Ding et al. (2019) conducted a study on DOC concentrations and
radiocarbon ages in the K/O region, with sampling depths reaching
4000 m. Their findings revealed that the spatial distribution of DOC in
the upper 700 m was primarily influenced by the mixing of Kuroshio
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and Oyashio waters. Yamashita et al. (2010) identified one protein-like
and two humic-like components in fluorescent dissolved organic
matter (FDOM) from the Northwest Pacific Ocean. They discovered
an excess allochthonous FDOM in NPIW, which originated mainly
from the Sea of Okhotsk rather than the Bering Sea (Yamashita et al,,
2021). Our previous study reported that the intensity of humic-like C1
FDOM component differed significantly among the Kuroshio,
Oyashio, and NPIW, and the relative contributions of these three
water masses could be roughly estimated based on C1 intensity and
salinity data (Wang et al.,, 2022). Overall, previous studies paid more
attention to spatial and seasonal variability of DOM, while the studies
on interannual changes in DOC in the K/O region are limited.
Nakanowatari et al. (2007) reported that the middle water of NPIW
had warmed over the past 50 years (1955-2004), while its dissolved
oxygen content had decreased. Additionally, a decadal-scale climate
change in the North Pacific had impacted fish community and
productivity (Miller et al, 2004), but its long-term influence on
DOM biogeochemistry remains unclear.

In this study, we present new data on DOC and CDOM in water
samples collected during two cruises in 2020 and 2021 in the K/O
region. By combining these data with our previously reported data
from 2019 (Wang et al., 2022), we aim to evaluate the variability in
concentration and composition of DOM from 2019 to 2021 under
different influences of water masses, and gain insights into the
carbon cycle associated with water circulation and mixing processes
in the K/O region.

2 Materials and methods
2.1 Water sampling

During three cruises aboard the R/V Songhang, water samples
were collected from 86 sites in the K/O region. A total of 110
samples (water depth: 0-300 m) were collected from November 26
to December 18, 2020, and 185 samples (water depth: 0-1000 m)
were collected from June 18 to August 6, 2021. The sampling sites
are depicted in Figure 1, and detailed information is provided in
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(A) Map showing sampling stations in the K/O region. The red line and green line denote Kuroshio and Oyashio, respectively. The blue diamond,
green circle and red hexagon are for samples from 2019, 2020 and 2021, respectively. (B) Potential Temperature (°C)-Salinity—Depth (m) diagram of
the study area. The gray contours lines are potential density anomaly (ce, kg m~>) isopycnals.
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Table S1 in Supplementary Information. The data for samples
collected in 2019 have already been reported (Wang et al., 2022),
while the data for samples collected in 2020 and 2021 are being
reported for the first time. In situ salinity and temperature were
measured using a conductivity-temperature-depth (CTD) profiler
(SBE 911plus, USA) mounted beneath a water sampling rosette
ensemble. The samples were collected using Niskin bottles with a
carousel multisampling system.

For each sample, 500 ml of water was immediately filtered using a
pre-combusted (450°C for 4 h) glass fiber filter (0.7 um GF/F,
Whatman) and stored in high-density polyethylene bottles that had
been pre-cleaned with ultrapure water rinse, hydrochloric acid rinse,
and ultrapure water rinse. The samples were stored at —20°C on board
until they were transported to the laboratory in Shanghai. The DOC
concentrations and optical parameters were analyzed within 24 hours
of warming the samples to room temperature (20°C).

2.2 Measurement of DOC concentration
and DOM optical property

The concentration of DOC was determined using a Shimadzu
TOC-VCPH analyzer. Each sample was analyzed in triplicate, with
a coefficient of variation below 2%. Deep-sea water reference
samples (provided by the Hansell Biogeochemical Laboratory at
the University of Miami, USA) were analyzed every nine samples to
ensure the reliability of the instrument. The instrumental blank was
corrected using Milli-Q ultrapure water (18.2 m€.cm), which was
analyzed every three samples.

The optical properties of CDOM were measured using a
Shimadzu UV-2600 dual-beam spectrophotometer equipped with
10 cm quartz cuvettes and Milli-Q water as a reference. The
absorption spectra were recorded at 1 nm intervals from 800 to 200
nm. Baseline correction was performed by subtracting the measured
absorbance at 700 nm from each wavelength (Kicber et al., 2006). The
CDOM absorption coefficient, a, (m-1), was calculated using the
equation: a, = 2'303;(&), where A,_is the absorbance measured across
path length / (m) at wavelength A (nm). In this study, as,5 was used as
an indicator of CDOM abundance.

Fluorescence excitation-emission matrices (EEMs) were

measured using a Hitachi F-7000 fluorometer equipped with
1 cm quartz cuvettes and Milli-Q water as a reference. Emission
spectra were recorded from 220 to 550 nm at 5 nm intervals, while
excitation wavelengths ranged from 220 to 450 nm at 1 nm
increments. Fluorescence intensity was reported in equivalent
water Raman units (R.U.) (Lawaetz and Stedmon, 2009). The
EEMs-PARAFAC model was constructed for semi-quantitative
analyses of 467 samples using the DOM Fluor Toolbox, and three
fluorescent components were identified based on the maximum
excitation and emission wavelengths (Stedmon and Bro, 2008).
Several optical parameters were calculated to characterize
CDOM and FDOM sources and reactivity, including specific
ultraviolet absorbance at 254 nm (SUVA,s,) (Weishaar et al,
2003), humification index (HIX) (Ohno, 2002), and biological
index (BIX) (Wilson and Xenopoulos, 2008). The spectral slope
(S, nm™") was calculated between 275 and 295 nm (S,75.595) (Helms
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et al, 2008). The detailed instrumental parameters has been
described in the previous report (Wang et al., 2022).

2.3 Model calculations

We estimate the contribution fractions (F) of KW, OW, and
NPIW to mixing water (MW) using a three-endmember mixing
model based on water temperature (T) and salinity (S).

Tsample = Py X Tiw + Fo X Toy + aniw X Tnpiw (Equation 1)

Ssample = ka X Skw + Fow X Sow + aniw X Snpiw (Equation 2)

1.0 = Fy + Fou + Fppiy (Equation 3)

The endmember values of KW, OW and NPIW were determined
by the average value and standard deviation of each water mass for
each cruise (See Table S2 in Supporting Information). For example,
during the 2021 cruise, the average temperature of KW, OW and
NPIW are 18.48 + 2.45°C, 5.11 £ 0.96°C and 4.73 + 1.17°C, whereas the
average salinity of KW, OW and NPIW are 34.71 + 0.09, 33.32 £ 0.19
and 33.94 + 0.26. A Monte Carlo simulation strategy was applied to
track the source distribution in the DOM pool with the consideration
of the spread endmember parameter values (Andersson, 2011). After
obtaining Fy, Foy, and Fypi, based on the T and S (Equations 1-3), we
further calculated theoretical concentration of DOC (DOC,) or
theoretical intensity of specific DOM components in water samples
assuming conservative mixing (Equation 4). After that, we estimated
the deviation that is difference between theoretical and actual values.
Taking DOC as an example, the derivation between theoretical and
actual DOC concentrations (Apoc) was calculated as follows.

DOC, = DOCy, X Fjgy + DOCyy, X Fgyy + DOCppiy

X Frpiw (Equation 4)

Apoc = DOCgppies — DOC, (Equation 5)

While DOC; is the theoretical value of DOC concentration
assuming the conservative mixing of KW, OW and NPIW, whereas
DOCgampless DOCqy» DOCy,, and DOC,,;,, are the actual DOC
concentrations measured for samples in the mixing region, KW,
OW and NPIW (Table S2 in Supporting Information). A negative
(positive) deviation value suggests the net loss (addition) of DOC
during water mixing processes due to the biogeochemical processes.

2.4 Statistical analyses

The Monte Carlo simulation and the EEMs-PARAFAC model
analysis was conducted using MATLAB R2018b software (Math-
Works Corporation, USA). Statistical indicators (i.e., mean value,
standard deviation), the principal component analysis (PCA) was
analyzed using Origin software (Version 2018, Origin Lab
Corporation) and SPSS (Version 25.0, IBM Corporation, USA).
The data of net primary productivity (NPP) were downloaded
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online from http://sites.science.oregonstate.edu/ocean.productivity/
site.php (Behrenfeld and Falkowski, 1997). The data of sea surface
temperature (SST) were downloaded online from https://
psl.noaa.gov/data/gridded/data.cobe.html. The SST data used are
from the monthly mean optimal interpolation data set provided by
the National Oceanic and Atmospheric Administration (NOAA)
with a resolution of 1.0° latitude x 1.0° longitude for 28°N - 45°
N,145°E -157°E. The period is from 2019/01 to 2021/12. The test of
the differences using one-way analysis of variance (ANOVA), and
results were considered significant at p< 0.05.

3 Results
3.1 Hydrological character of K/O region

Water temperature and salinity varied in a range of 11.14-24.37°C
and 34.31-34.80 during the 2020 cruise, and 2.76-27.41°C and 33.11-
35.35 during the 2021 cruise (Table SI in Supplementary
Information). Their trends were consistent across different cruises,
with temperature decreasing as depth increased and salinity exhibiting
a slight increase in the top 50 m before gradually decreasing
downward. For surface water only, temperature and salinity ranged
from 20.25-24.37°C and 34.41-34.75 during the 2020 cruise, and
14.21-27.41°C and 33.11-35.35 during the 2021 cruise.

The KW, OW, and NPIW are defined by specific water
temperature and potential density anomaly (Gp) values at certain
depths. The KW is characterized by a water temperature of > 14°C
at a depth of 200 m (Kakehi et al., 2017), the OW exhibits a water
temperature of < 5°C at a depth of 100 m (Takasugi and Yasuda, 1993),
and the NPIW is associated with a potential density anomaly (cp) of
26.6-27.6 kg m™ (Talley et al,, 1995; Yasuda, 2003). Based on these
threshold values, 66 samples from the 2019 cruise, 88 samples from the
2020 cruise, and 43 samples from the 2021 cruise were categorized as
KW, while 4 samples from the 2019 cruise, 0 sample from the 2020
cruise, and 4 samples from the 2021 cruise were categorized as OW.
Additionally, 33 samples from the 2019 cruise, 0 sample from the 2020
cruise, and 23 samples from the 2021 cruise were categorized as NPIW.
The remaining samples were categorized as either surface waters (SW;
0 m), which comprised 29 samples from the 2019 cruise, 22 samples
from the 2020 cruise, and 35 samples from the 2021 cruise, or mixed
water (MW), which included 40 samples from the 2019 cruise, 0
sample from the 2020 cruise, and 80 samples from the 2021 cruise. It is
important to note that the samples from the 2020 cruise were collected
from the more southern part and had a water depth of 0-300 m, while
those from 2019 and 2021 were collected from the more northern part
and had a water depth of 0-1000 m (Figure 1). Therefore, the samples
from the 2020 cruise were more influenced by the KW.

3.2 DOC concentrations and
CDOM indicators

Table 1 summarizes DOC concentration and optical parameters of
water samples from three cruises. During the 2020 and 2021 cruises,
the average concentration of DOC was found to be 64.65 + 19.44
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umol L™ (31.68-109.29 pmol L'*) and 61.40 + 15.67 wmol L™ (35.25-
98.47 wmol L), respectively. The vertical distribution of DOC
exhibited higher concentrations in surface water samples and lower
concentrations in deeper water samples, which is a typical depth profile
observed in ocean waters (Figure 2A). The comparison of DOC in
surface water among the three cruises showed the highest
concentration in 2021 (70.88 + 16.91 pumol L) and the lowest
concentration in 2020 (60.98 + 17.16 umol L™).

The average absorption coefficient at 325 nm (a3,5) was found to be
0.15 + 0.13 m™" (0.02-0.65 m™") in 2020 and 0.21 + 0.13 m™" (0.06-
0.93 L mg ' m™) in 2021, showing a decreasing trend with increased
depth for all cruises. For surface water, the as,s varied in the range of
0.02 to 0.49 m™" (Figure 2B). The average SUVA,s, was 0.50 + 0.20 L
mg C'm™" (020-121 Lmg C ' m™") in 2020, and 0.63 + 0.28 L mg
C'm™ (022-2.19 L mg C' m™) in 2021. From surface to deep
waters, the SUVA,s, showed an increasing trend for all three cruises
(Figure 2C). For surface waters, the SUVA,s, ranged from 0.28 to 1.04
L mg C' m™ in 2020 and 0.26 to 0.90 L mg C™' m™" in 2021. The
average spectral slope between 275 and 295 nm (S,75.295) Was 32.84 +
835 *107° nm ™' (14.25-48.44 *10™> nm™") in 2020, and 29.65 + 5.68
*107 nm ™" (15.61-46.28 *10> nm ") in 2021. The vertical profile of
S175.205 exhibited a decreasing trend with increased depth, 17.95 + 2.10
*107 nm™" in the 2021 cruise (1000 m) (Figure 2D). For surface waters,
it varied from 16.55 to 48.44 *10> nm™" in 2020, and 26.97 to 46.28
*107 nm ™" in 2021.

3.3 FDOM components and indicators

Three fluorescent components were identified by the EEMs-
PARAFAC model for the 467 water samples (Figures 3A-C), and
their vertical profiles and interannual distribution are shown in
Figures 2E-G. Two humic-like and one protein-like components
were compared with the components of the Open Fluor database
(TCCex, em > 0.95, 95% minimum similarity score) (https://
openfluor.lablicate.com/) (Murphy et al., 2014). The C1 (Expay/
Emyax =< 245(340)/471) is a humic-like component, likely derived
from microbial processes or photobleaching of DOM (Tanaka et al.,
2014; Goncalves-Araujo et al., 2016; Pitta and Zeri, 2021). The C2
(Exmax/Empmay = 275/342) is a protein-like component closely
associated with biological activity (Stedmon et al., 2007; Dainard
et al,, 2015; Zhou et al.,, 2019). The C3 (ExXmax/EMumay =< 240(290)/
388) is a marine humic-like substance, which may be related to the
biodegradation of marine particulate organic carbon (Goncalves-
Araujo et al,, 2016; Yang et al., 2019; Zhou et al., 2019). For all three
cruises, the vertical profiles of C1 and C3 intensity exhibited an
increasing trend with increased depth (Figures 2E, G), whereas the
C2 intensity gradually decreased with increased depth (Figure 2F).
The C1 had the highest intensity with an average of 17.44 + 7.67
*107° R.U. (5.61-45.93 *107> R.U.) in 2019, followed by 2021 with
an average of 12.07 + 5.01 *10° R.U. (3.55-31.82 *10 > R.U.), and
then by 2020 with an average of 8.2 + 2.69*10~> R.U. (5.61-45.93
*10™% R.U.). The intensity of C3 showed similar interannual
variability to that of Cl, with an average of 1591 + 4.54*107°
R.U. in 2019, followed by 2021 (11.67 + 5.06*10> R.U.) and then by
2020 (9.22 + 4.39*10 > R.U.). Despite being the highest intensity in
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TABLE 1 Physical and optical parameters of water samples in the K/O region during 2019-2021 cruises.

SUVA2s4  Sa7s-205
Year Water T (°C) Salinit -1
£ Yo md (hm™)
m™)
1889+ | 3446 + 5107+ | 021+ | 096+ | 049+ 14.62 + 14.44 + 15.62 +
KW 079 + 0.14 33.77 + 9.56
4.12 0.50 10.49 0.07 0.10 0.07 3.77 3.46 2.90
2649+ | 3401 + 6218+ | 017+ | 092+ | 035+ 8.81 + 16.98 + 936 +
sw 0.75 + 0.14 40.64 + 5.58
2.08 0.46 12.67 0.07 0.14 0.05 2.06 2.17 3.06
443 + 3412 + 4134+ | 028+ | 08+ 064+ | 2895+ 107 + 2024 +
2019 | NPIW 1.03 +0.22 21.09 +2.77
1.34 0.26 8.27 0.07 0.07 0.06 6.27 3.34 353
ow 4.56 + 3334 + o1 %019 27564 0.83 4931+ | 027+ | 091+ 055+ | 2177+ 14.86 + 20.08 +
1.69 0.18 e e 402 0.04 0.02 0.04 229 1.83 2.19
1301+ 3433+ 4724+ | 026+ | 093+ | 054+ 18.44 + 12.93 + 17.14 +
MW 09 +0.18 2697 +3.78
371 0.24 10.28 0.07 0.08 0.06 3.82 221 273
2198+ 3456+ 6098+ | 014+ | 096+ | 042+ 6.03 + 12.08 + 6.11+
W 051 +0.18 36.72 + 8.54
095 0.08 17.60 0.13 0.18 0.04 1.81 247 1.65
2020
1931+ 3467+ 6559+ | 015+ | 100+ | 051+ 8.74 + 1139 + 9.99 +
KW 05+0.2 31.86 + 8
235 0.12 19.88 0.13 0.18 0.07 2.59 2.59 452
1848 + 3471+ 6085+ | 017+ | 112+ | 049+ 9.14 + 1139 + 9.67 +
KW 054 +0.18 3211 + 526
245 0.09 13.47 0.10 0.18 0.07 259 536 374
20.11 + 4.26 + 70.88 + 19+ | 104+ 46 + 21 + 1327 + 76 +
W 0 3426 057 +0.16 34.16 + 4.68 088 019 0 046 o 327 776
44 0.42 1691 0.08 0.22 0.08 3.46 2.99 3.56
1193+ 3428+ 61.00+ | 023+ 103+ | 055+ 1233 + 1134 + 12.95 +
2021 MW 0.68 + 0.33 28.42 + 4.28
3.13 0.19 1558 0.15 0.19 0.09 339 3.94 459
473 + 33.94 + 5234+ | 026+ | 089+ 069+ | 2086+ 10.03 + 17.09 +
NPIW 0.77 +0.32 228 +3.85
1.17 0.26 11.81 0.13 0.10 0.08 5.09 7.54 479
ow 511+ 3332+ 072+ 0.1 2767+ 044 5051+ | 019+ 087+ | 066+ 15.85 + 8.48 + 12.87 +
0.96 0.19 e T 261 0.03 0.08 0.03 1.47 0.73 0.83

2019 (13.81 + 3.56*107° R.U.), the C2 showed the similar intensity
between 2020 (11.53 + 2.58*107° R.U.) and 2021 (11.49 +
4.817107° R.U.).

Like the C1 and C3 intensity, the HIX increased with increased
depth, with an average of 0.49 + 0.08 in 2020, and 0.54 + 0.11 in
2021 (Figure 2H). In contrast, the BIX index (0.55-1.07) decreased
with increased depth, with an average of 0.99 + 0.18 in 2020 and
1.03 + 0.2 in 2021 (Figure 2I).

4 Discussion

4.1 Spatial distribution charactersitics of
DOM in the K/O region

We integrated data on DOM concentrations and compositions
from three cruises and examined their correlations with
environmental parameters. The correlation coefficients between
these parameters were summarized in Table 2. Our analysis revealed
a significant positive correlation between the intensities of C1 and C3
(r = 0.76; p< 0.01), indicating that these two humic-like fluorescent
components share a common source and undergo similar
biogeochemical processes. In contrast, the concentrations of DOC
and the intensity of C2 showed a negative correlation with water depth
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(r =-0.29, —0.20; p< 0.01), while the intensities of C1 and C3 showed
positive correlations with depth (r = 0.69, 0.48; p< 0.01). These vertical
profiles are consistent with previous reports in open ocean that humic-
like C1 and C3 were accumulated in ocean interior, whereas protein-
like C2 was preferentially consumed by bacteria in subsurface water
(Yamashita and Tanoue, 2008; Wang et al., 2022). The occurrence of
the maximum DOC concentration, BIX, and C2 in surface waters
suggests that autochthonous production by phytoplankton is a
controlling factor on labile and bulk DOC concentrations (Moran
et al,, 2022). In contrast, the higher humic-like C1 and C3 intensity
and the higher HIX in deep water suggest the accumulation of higher
aromatic-enriched compounds, which supports that humic-like
components were mainly driven by microbial degradation and
conversion of labile DOM into refractory DOM in the deeper
ocean. Furthermore, we observed a significant positive correlation
between temperature and DOC when combining all depth data (0-
1000 m) based on our data (r = 0.31; p< 0.01). The influence of water
temperature on DOC could be attributed to the enhanced production
of DOC resulting from plankton degradation, grazing, and excretion
at upper water with higher temperature (Engel et al., 2010; Moran
etal., 2022). In deep water where photosynthesis is weak or absent, the
DOC concentration is mainly controlled by microbial degradation rate
that has a positive correlation with water temperature (Carlson
et al., 2010).
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TABLE 2 Summary on correlation coefficient between environmental parameters and indicators of DOM, CDOM and FDOM.

Depth T Sallnlty SUVA254 5275_295 DOC azzs BIX C1l (o] C3
(m) (°C) Lmg?*m?) (m?Y)  @moll? (m? (103 R.U.)
Depth (m) 1.00
T (°C) -0.64 1.00
Salinity -0.03 0.38 1.00
SUVA,s, 0.23 -0.33 -0.26 1.00
S275.295 -0.44 0.63 0.17 -0.43 1.00
DOC -0.29 0.31 0.09 -0.62 0.26 1.00
a335 0.15 -0.31 -0.19 0.72 -0.70 -0.15 1.00
BIX -0.28 0.25 0.22 -0.20 0.10 0.21 -0.03 1.00
HIX 0.55 -0.75 -0.18 0.08 -0.47 -0.14 0.09 -0.25 1.00
Cl 0.69 -0.72 -0.32 0.58 -0.50 -0.32 0.44 -0.37 0.67 1.00
C2 -0.20 0.33 0.00 0.32 0.13 0.07 0.30 0.14 -0.59 -0.06 1.00
C3 0.48 -0.55 -0.19 0.60 -0.41 -0.26 0.48 -0.07 0.49 0.76 0.20 1.00

The bold part denotes significant correlations at p< 0.01.

4.2 Temporal variability in DOM
composition among three cruises

Due to differences in sampling location and time among three
cruises (Figure 1), we are unable to conduct a site-to-site comparison.
Instead, we utilized the PCA for all samples based on water
temperature, salinity, and compositions of DOM, CDOM and
FDOM (as shown in Figure 4). The first two principal components,
PCI (accounting for 42.6% of total variables) and PC2 (accounting
for 17.4% of total variables), together accounted for 60% of total
variables. Depth had a positive loading on PC1, while temperature
and salinity had negative loadings on PCI. Overall, the deep-water
samples (> 300 m; 2019-D and 2021-D in Figure 4) had higher
positive loadings on PC1 than the shallow water samples.

Interestingly, the samples from the 2020 cruise were strongly
influenced by water salinity. This can be attributed to two reasons.
Firstly, the samples obtained during the 2020 cruise are from the
southernmost part of the K/O region compared to the 2019 and
2021 samples (Figure 1) and are therefore under the strongest
influence of the KC, characterized by warm and salty water from
low latitudes. Secondly, the samples from the 2020 cruise only span
the top 300 m of water, whereas the samples from 2019 and 2021
were taken from surface to 1000 m depth. Thus, the influence of
NPIW on the samples in 2020 was weaker compared to those in
2019 and 2021. Additionally, the samples from 2020 had relatively
low a3,5 and C2 intensity, which are typical characteristics of the KC
due to strong photodegradation during long-distance transport

from the equatorial Pacific region (Wang et al, 2022). These
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FIGURE 4

Principal component analysis between the DOM and the parameters of CDOM, FDOM. The blue dots are samples for 2019 cruise (< 300 m), and the
purple dots (2019-D) for the deeper water samples (> 300 m), the green dots for 2020 cruise, the red dots for 2021 cruise (< 300 m), and the
orange dots for the deeper water samples (> 300 m). Ellipses represent 95% confidence intervals for each group.
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results suggest an important influence of water mass on the quality
of DOM in the K/O region.

In our study, we observed a decreasing trend in DOC
concentrations in surface water samples (< 100 m) as latitude
increased during the 2019 and 2021 cruises (Figures 5A, C). This
finding aligns with the results reported by Ge et al. (2022), who also
found a negative correlation between DOC concentrations and latitude
in the Northwestern Pacific region. Ge et al. (2022) attributed this
correlation to the influence of water temperature on primary
production. However, we observed an increasing trend in DOC
concentrations with latitude during the 2020 cruise (Figure 5B). This
difference may be explained by variable contributions of KW and OW
to the upper ocean DOM pool. The 2020 samples (29-35 °N) were
collected from lower latitude areas, while the 2019 samples (31-40 °N)
and the 2021 samples (35-40 °N) were collected from higher latitude
areas. As the KW and the OW converge around 37 °N, the 2020
samples were more influenced by the nutrient-depleted KW, whereas
the 2019 and 2021 samples were more influenced by the nutrient-rich
OW. These findings highlight the complex spatiotemporal pattern of
DOC concentrations in the Northwestern Pacific region.

Comparing water samples from the 2019, 2020, and 2021
cruises, we observed that under similar temperatures, the humic-

10.3389/fmars.2023.1276600

like fluorescence intensity (C1, C3) of samples from the 2019 cruise
was generally higher than those from the 2020 and 2021 cruises
(Figures 6A-C). This difference may be attributed to variations in
sampling location and time, which correspond to different levels of
net primary productivity (NPP). The sampling sites in 2019 were
located in the northeastern area and closer to the Japanese islands
(Figure 1), resulting in stronger OW influence and higher NPP
compared to the 2020 and 2021 cruises (NPP: 397.81 vs. 285.21 vs.
391.26 mg C m™ day ™). Consequently, more organic matter was
produced in the euphotic zone during the sampling period in 2019,
leading to increased sinking of particulate organic matter into
deeper waters and greater microbial transformation of labile
organic matter into refractory DOM compounds like C1 and C3
(Wagner et al.,, 2020; Wang et al., 2021). Additionally, the samples
collected during the 2019 cruise were obtained in August and
September, with a corresponding surface temperature of 26.49 +
2.08°C. On the other hand, the samples from the 2020 and 2021
cruises were collected in November-December and June-August,
respectively, and their corresponding surface temperature is 21.98 +
0.95°C and 20.11 + 4.4°C. These variations in temperature
contributed to differences in DOC concentrations among the
different cruises.
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4.3 Different effects on DOM and CDOM
during water mass mixing

The proportions of KW, OW, and NPIW in the mixed water of the
K/O region are influenced by hydrological and biogeochemical
processes (Yasuda et al., 1996; Yasuda, 2003). By applying a three-
endmember mixing model, it was determined that the KW was the
main source of the mixed water in the 50-300 m layer in 2021, with an
average contribution of 57.70 + 16.80%, whereas the OW contributed
20.04 £ 9.72%, followed by the NPIW with 22.26 + 13.49% (Figure 7).
In comparison to 2021, the water samples from 2019 (50-300 m) had a
higher proportion of KW (60.8 + 18.2%) and lower proportions of OW
(18.2 + 9.5%) and NPIW (21.0 + 12.2%). This difference is consistent
with the significantly higher temperature of the 2019 samples
compared to the 2021 samples (26.49 + 2.08°C vs 20.11 + 4.40°C).
Additionally, there were noticeable differences in DOC concentration
and optical parameters in the mixed water. The 2019 samples exhibited
lower DOC concentration and higher SUVA,s,4, Cl1, and C3 intensity
compared to the 2021 samples (DOC, 0.57 + 0.12 vs 0.73 + 0.19 umol/
L; SUVA,s4, 090+ 0.18 vs 0.68 + 0.33 Lmg C' m™; C1, 18.44 + 3.82 vs
1233 + 3.39 *10° R.U; C3, 17.14 + 2.73 vs 12.95 + 4.59 *10” R.U.).

10.3389/fmars.2023.1276600

These optical data suggest higher contributions of KW in the 2019
samples since the KW is characterized by lower DOC concentration
and higher levels of aromatic-enriched compounds originating from
low latitudes between July and September.

The deviation of measured values from theoretical values
ranged from —25.91 to 28.44 pumol L' for ADOC, —0.11 to 0.34
m™! for Aas,s, —0.23 to 0.57 for HIX, —8.57 to 6.46 *107> R.U for
ACI, -4.43 10 18.49*10”° R.U for AC2, and -7.06 to 24.19 *10~° R.U
for AC3. In percentages, the maximum positive deviation and
negative derivation of ADOC/DOC; were found at water mass
mixing of KW: OW: NPIW in a ratio of 39.7%: 22.1%: 38.2%
and 56.5%:18.2%:25.2%, respectively (Figure 8A). While for Aas,s/
a3z5, the maximum positive was found by 90.0%:3.8%:6.2% of
KW, OW, NPIW and the maximum negative was found in
48.0%:17.0%:35.1%, respectively (Figure 8B).

Figures 8A-F illustrates the variations in different DOM
parameters during the mixing of water masses, expressed as a
percentage deviation from theoretical values. Despite the complex
patterns observed, we found that different water masses had varying
influences on the bulk and specific components of DOM in the
mixed water. Notably, the deviation in DOC (ADOC) increased
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Correlations between water temperature (°C) and the net fraction of water mass (%) in 2019 and 2021. (A) OW; (B) KW: (C) NPIW. The red dots are
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from negative to positive values (—45.5% to 51.3%) with an increase
in contributions from the OW (Figure 8A). We attribute this
positive effect to the addition of nutrient-rich OW, which may
enhance productivity in subsurface layers (50 to 300 m) and
consequently increase the input of fresh DOM into the mixed
water. In contrast to ADOC, the deviation in CDOM (ACDOM)
at 325 nm (as,s) generally decreased from 195.3% to —55.4% with
an increasing proportion of NPIW (Figure 8B). This could be due to
the influx of a substantial amount of CDOM from deeper layers
(NPIW) to the upper mixed water (50-300 m), leading to
accelerated removal of CDOM through photodegradation and
biodegradation processes in the upper ocean, which is refractory
to the native microbial community in deeper sea. One possible
pathway is that the mixing of different water masses introduces new
bacteria or additional nutrients, which stimulate bacterial activity or
enhance primary productivity, leading to the degradation of old
DOM. Additionally, water mass mixing can bring intermediate
water, such as NPIW, to the upper ocean, which may accelerate the
photodegradation of refractory DOM in the deep ocean interior.
The latter pathway has been demonstrated by Shen and Benner
(2018) through bioassay experiments using DOC isolated from
surface, mesopelagic, and deep waters of the Atlantic Ocean. This
explanation is also supported by the negative effect of the NPIW on
the AHIX (Figure 8C). Since the HIX in the NPIW is significantly
higher than that in the KW and OW (Table 1), an increased
contribution of NPIW brings more bio-refractory humic-like
compounds to the upper water, where they are more effectively
photo- and microbial degraded compared to deep seawater. The
impact of the KW on DOM and CDOM in the mixed water is not
evident. However, we observed a positive effect on ACDOM and
AHIX when the KW contribution exceeded 90% (Figures 8B, C).
This is likely due to the transformation of DOM to CDOM through
downwelling of KW water. The effect of water mass mixing on

ADOC/DOC (%)
40

10.3389/fmars.2023.1276600

FDOM components is complex (Figures 8D-F). In light of our
collective discoveries, it is evident that there exists an active and
heterogenous biogeochemical reactivity of DOM within water mass
mixing. Considering the significant impact of ongoing climate
change on oceanic circulation patterns, it is highly recommended
to undertake further investigations into the reaction and removal
mechanisms of DOM in different oceanic regions experiencing
water mass mixing.

5 Conclusions

We investigated DOC concentration and the absorption and
fluorescence properties of DOM at various depths (0-1000 m) in
the K/O region during three cruises in 2019, 2020 and 2021. Our
study yielded four conclusions.

(1) Surface water samples had higher DOC concentrations,
higher absorption at 325 nm (a3,s), and BIX, while deeper
water samples had higher HIX values. These results
suggest that primary productivity and microbial
transformation of labile organic matter are the main
factors influencing the quantity and quality of bulk
DOM and CDOM (including FDOM) in surface and
deep waters, respectively.

The samples collected during the 2019 cruise exhibited
lower DOC concentrations and higher intensity of humic-

)

like fluorescence (C1, C3) compared to the samples
collected during the 2021 cruise, even under similar
temperature conditions. These differences were attributed
to variations in sampling locations and the time interval
between the two cruises, which corresponds to a greater
contribution of Kuroshio water to the 2019 samples.
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Ternary diagrams for deviations (A) with the theoretical values of (A) DOC concentration, (B) aszs, (C) HIX, (D) C1, (E) C2 and (F) C3 during varying
water mixing in the K/O region of samples from the 2019 cruise and 2021 cruise. Note samples from the 2020 cruise is not included since they are

not influenced by the OW.
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(3) The DOC concentrations in the top 100-m samples
displayed distinct latitudinal trends in the southern
(28-34°N) and northern (30-42 °N) regions. These
trends reflect the varying influences of the nutrient-
depleted Kuroshio Current and the nutrient-rich
Oyashio Current in their respective regions.

The application of the three-endmember mixing model
revealed nonconservative and diverse behaviors of DOM
during water mass mixing. Our finding suggests that the
water mass mixing (particularly overturning circulation)
may play an important role in removal of refractory DOM.
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