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The Korea Strait (KS) is a crucial marine passage for transporting heat, salt, and
materials from the South Sea to the East Sea. The Tsushima Warm Water (TWW)
and Korea Strait Bottom Cold Water (KSBCW) are major water masses that flow
across the strait, but their effects on prokaryotic communities have been unclear.
We used high-throughput sequencing to study the impact of TWW and KSBCW
on prokaryotic composition and metabolic changes in the upper (0-50m; UL),
middle (50-75m; ML), and bottom (75-150m; BL) layers during the fall of 2018
and 2019. The results showed that the UL had a freshwater influence from
Changjiang Diluted Water in 2019, altering prokaryotic compositions and
metabolic potentials. The KSBCW in the BL transported new bacterial
communities with unique metabolic characteristics. Key genes involved in
carbon metabolism had water mass impacts, preferring lower saline and
temperature environments, and carbon fixation potential shifted from
phototrophs in 2018 to chemotrophs in 2019. Temperature changes induced
acclimation processes producing heat- and cold-shock genes/proteins. Our
findings indicate that the freshwater influence and KSBCW modified the
prokaryotic composition and metabolic function differentially. These results
are important in understanding the relationship between water masses and
ongoing environmental changes in this understudied region.

KEYWORDS

prokaryotes, bacteria, water mass, carbon metabolism, stress genes, Korea Strait,
Tsushima Warm Water, Korea Strait Bottom Cold Water

Abbreviations: KS, Korea Strait; TWW, Tsushima Warm Water; TSW, Tsushima Surface Water; TMW,
Tsushima Mid Water; KSBCW, Korea Strait Bottom Cold Water; UL, Upper Layer; ML, Middle Layer; BL,
Bottom Layer; T, Temperature; S, Salinity; FW, Fresh Water; CDW, Changjiang Diluted Water; ECS, East
China Sea.
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1 Introduction

Prokaryotes are critical components of the ocean ecosystem,
accounting for 70% of the total biomass on the ocean surface and
75% of the total biomass in the deep ocean (Fuhrman et al., 1989;
Aristegui et al., 2009). They significantly contribute to ocean
biogeochemical cycles via energy transmission and organic
matter remineralization (Mason et al., 2003). Previous studies
have found that prokaryotic abundance on the surface differs
from that in the deep ocean (Tseng et al., 2015; Zorz et al,, 2019;
references therein). For example, Flavobacteria, Cyanobacteria, and
Alphaproteobacteria are the dominant groups in the upper layer,
whereas Alpha, Gamma, and Deltaproteobacteria dominate the
middle layer (Walsh et al., 2016). Increased data have
demonstrated that the richness of prokaryotes also varies with
depth, that is, some research on bacteria describes increasing
richness with depth (Walsh et al, 2016), whereas other studies
detect declines (Bryant et al., 2016). This is because depth is closely
related to the physical and biogeochemical properties of the water
columns under unique conditions (Stocker, 2012). Thus, in-depth
research on prokaryotic organisms is valuable (Wang et al., 2021a),
as knowledge of their metabolic processes allows us to build
ecological and biogeochemical models (Ducklow, 2000; Del
Giorgio and Williams, 2005).

Physical mixing among different water masses is a crucial
factor that influences the prokaryotic composition in the ocean
(Venkatachalam et al., 2017). Several studies have revealed that
the dynamics of different water masses, each with its
physicochemical properties, produce differences in prokaryotic
physiology and composition (Shade et al., 2008; Varela et al,
2008; Celussi et al., 2010; Galand et al., 2010; Laque et al., 2010).
Physical properties such as temperature (T) and salinity (S)
gradients in water masses are important driving factors in
determining the prokaryotic population due to their biological
mediation within cells. These properties affect prokaryotic
photosynthetic activity, carbon, nitrogen, and sulfur
metabolism, and other functional processes in various regions
including the Western Sub-Arctic (Li et al., 2018), North Atlantic
(Agogue et al., 2008), Eastern North Atlantic (Varela et al., 2008),
Arctic Ocean (Galand et al., 2009), and Beaufort Sea (Fu et al,,
2019). Water masses at the same location can be vertically
classified into different types based on their T-S relationship. In
the Southern Ocean, for example, the upper layer occupied by the
Antarctic Surface Water that features warmer and less S
conditions, while the middle layer occupied by the Winter
Water with colder and less-S characteristics, and the deep layer
occupied by the Circumpolar Deep Water that has warmer and
high-S conditions (Randall-Goodwin et al., 2014).

The Korea Strait (KS) is a shallow channel (bottom depth
<~200m) with a length of around 330 km and a breadth of
approximately 140 km (Teague et al., 2006). It is situated between
Korea and Japan and is separated into western and eastern channels
by Tsushima Island. It serves as the sole pathway for transporting
heat, salt, and materials from the South Sea to the East Sea
(Figure 1A). Comprehending the inflow mechanism of the Korea
Strait (KS) is vital in assessing and predicting alterations in the
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circulation of the East Sea (Teague et al., 2006). The major water
masses flowing across the KS are Tsushima Warm Water (TWW)
and Korea Strait Bottom Cold Water (KSBCW). The TWW, a
branch of the Kuroshio Current, is the primary surface to mid-layer
current (Teague et al., 2006) flowing northward from the Pacific
Ocean to the East Sea (Lee et al, 2010), with an annual mean
transport of ~2.5 Sv [1 $v:10° m® s '] (Na et al, 2009). TWW is
distinguished into two water types based on T-S relationship:
Tsushima Surface Water (TSW; T>20°C and S<34.0 PSU) and
Tsushima Middle Water (TMW; T:12-17°C and S>34.2 PSU)
(Chang and Isobe, 2003; Moon et al., 2009). The KSBCW (T<10°
C and $>34.0 PSU) is inhabited by a cold underwater running
beneath the TMW in the western channel (Kim and Lee, 2004)
originating from the East Sea and flowing southward along the
Korean coast (Lee et al., 2010), with a monthly mean transport of
approximately 0.35 Sv (Kim et al., 2006). In KS, approximately half
of the transport was contained in the upper 50m and 10% occur
below 100m, while the remaining was transported between ~50-
100m (Teague et al., 2006).

Previous research has revealed that KS is the most dynamic
environment due to its topography, water mass, and river discharge
(i.e., from Changjiang River) (Lee et al, 2010). The annual
freshwater (FW) discharge from the Changjiang River to the KS
has been estimated to be 9.25x10'! m> yr’1 (Tian et al., 1993), which
alters the hydrographic conditions (low S and high T) and modifies
biological processes in the receiving region (Liu et al, 2003; Jiao
et al,, 2007; Onitsuka et al., 2007; Yoon et al.,, 2022). Yang et al.
(2000) demonstrated that the phytoplankton ecosystem changes
along the KS because of the influence of T variation by TWW and
excessive nutrient loading by FW. Regarding bacterial dynamics in
KS, there have been few studies on organic matter production as a
result of changes in hydrographic conditions (Chung and Kang,
1995; Kang and Kang, 2002). Lee and Choi (2021) and Kim et al.
(2022) showed that the composition of distinct water masses in the
East Sea’s Ulleung basin, i.e., TWW, has a major impact on bacterial
production and diversity. Similarly, Ichinomiya et al. (2019) found
that fluctuations in T and S of the TWW in the northern Japan
basin significantly influence microbial abundance and diversity.
Given that over 90% of the world’s ocean floor has a temperature of
less than approximately 4°C (Levitus and Boyer, 1994),
microorganisms inhabiting this environment must have adapted
to the cold conditions. This has resulted in unique metabolic
activity and species diversity compared to those found in the
upper layers of the ocean (Knoblauch and Jorgensen, 1999).
Similarly, the bottom cold water mass from the Yellow Sea with
higher S and lower T (similar to the KSBCW characteristics)
exhibited different prokaryotic dominance in the bottom layer
compared to that observed in the surface layer (Wang et al., 2021a).

Despite the distinct characteristics of warm water mass (i.e.,
TWW) in the surface layer and cold-water mass (i.e., KSBCW) in
the bottom layers of KS, no studies have been conducted to define
these water mass impacts on prokaryotic composition and
distribution (surface to bottom) that change over time.
Furthermore, the absence of genomic information in KS
hampered our knowledge of the impact of different water masses
on prokaryotic metabolic processes to build a biogeochemical
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FIGURE 1
(A) Sample collecting points from the Korea Strait. (B) The potential temperature and salinity distribution during fall 2018; (C) the potential
temperature and salinity distribution during fall 2019. Tsushima Surface Water (TSW; T>20°C and $<34.0 PSU), Tsushima Middle Water (TMW; T: 12—
17°C and S>34.2 PSU), and Korea Strait Bottom Cold Water (KSBCW; T<10°C and S>34 PSU).

model of this important location. In this study, therefore, we aimed
to (1) identify and characterize the different water masses from the
surface to bottom layers during the fall of 2018 and 2019, (2) find
their unique driving factors in determining the prokaryotic
composition and distribution, and (3) investigate the response of
metabolic potential according to the composition of different
water masses.

2 Materials and methods

2.1 Sampling and measurements of
physical and biogeochemical parameters

Seawater samples from 0 to 150 m were collected at four
stations for physicochemical and sequencing analyses using R/V
Nara in October 2018 and 2019 from KS. Seawater was collected
in Niskin bottles on a rosette sampler. At all stations, the T, S, and
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dissolved oxygen (DO) profiles were determined using an SBE 911
Plus (CTD; Sea-Bird Electronics, USA) sensor system attached to
a rosette sampler. The accuracies of T, conductivity, and DO
sensors were + 0.001°C, + 0.0003 S m™}, and + 2% of the full-scale
range, respectively. To determine the nutrient concentrations of
nitrite (NO,”) and nitrate (NO3 ), seawater samples were
collected in 15 ml pre-acid rinsed plastic bottles and placed at -
20°C until further analysis. Nitrite (NO, ) and nitrate (NO5")
were analyzed in the laboratory using a continuous flow auto-
analyzer (QuAAtro 39, Seal Analytical, UK). The analytical
precision of the nutrients was greater than 1%. Nutrient
measurements were performed using the same method as that
used by Hydes et al. (2010) in the GO-SHIP protocol, and
reference materials (Kanso RMNS) were used to track the
performance of the system and the consistency of the nutrient
data. The sum of nitrite and nitrate measured in this study was
defined as dissolved inorganic nitrogen (DIN). For DNA
extraction, 2 L of seawater was filtered through 0.22 pum
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cellulose ester membrane filters (Millipore, Ireland) to capture
bacterial cells. The filtered samples were immediately frozen and
stored at —80°C until DNA extraction. A total of 24 samples for
sequencing analysis were obtained during the study period (4
stations x 3 depths x 2 years) across the upper layer (UL; <50m),
middle layer (ML; ~50-75m), and bottom layer (BL; >75m).

2.2 DNA extraction library preparation and
sequencing analysis

DNA was extracted from 24 genome samples using a DNA
isolation kit (Qiagen, Germany) and cross-checked using a
NanoDrop (Thermo Scientific, USA). After the quality check
(Phred > = 20) (Bokulich et al, 2013), a 16S rRNA library was
prepared to target the V3 and V4 hypervariable regions (Co. 3BIGS,
South Korea, https://3bigs.com) based on RNA genes in
chromosomes. In brief, 50 ng of genomic DNA was used to
amplify the 16S rRNA gene v3 region for 26 cycles using a PCR
kit. The forward and reverse primer concertation was kept at 0.2 um
each. The PCR was validated using positive control and non-
template control samples. The Illumina adapted sequences were:
forward, 5'- TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC
TACGGGNGGCWGCAG, and reverse, 5'- GTCTCGTGGGCTCG
GAGATGTGTATAAGAGACAGGTCTCGTGGGCTCGGA
GATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3. The 16s rRNA sequencing aimed to cover the high coverage
diversity in this study following the protocol described by
(Chakravorty et al., 2007; Klindworth et al., 2013). The extracted
samples were analyzed and amplified using Illumina MiSeq (MiSeq
control software v2.4.1.3) and real-time analysis (v1.18.54.0). 16S
rRNA targeting was performed using a quantitative kit for the DNA
samples. Primers were prepared for all DNA fragments and
subjected to quality checks using a Bioanalyzer trace system,
followed by clustering. The paired-end reads were demultiplexed,
trimmed, and quality-filtered before assembling the reads using
QIIME1.9.1. (Price et al., 2009) and USEARCH7 was used to detect
or filter OTUs. The National Center for Biotechnology Information
(NCBI), and SILVA 138.1 databases were used to determine the
similarity (97%) of OTUs using UCLUST and close reference
analyses. The OTU table was normalized to the 16S copy number
abundance by dividing each OTU. After filtration, the generated
OTU table using the Biological Observation Matrix format was
clustered into OTU based on >97% similarity threshold using the
Python Nearest Alignment Space Termination method (PyNAST)
(Caporaso et al., 2010). We performed comparative OTU
assignments with the database in terms of phylum, class, order,
family, and genus separately, using RDP classifiers. Permutational
multivariate analysis of variance (PERMANOVA) was used to
observe significant differences among groups. The relative
abundances of individual taxonomic classifications were estimated
using STAMP (V2.1.3). The generated 16S rRNA data were
submitted to the NCBI Sequence Read Archive (accession
no. PRJNA898851).
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2.3 Functional analysis

The predictive functional genes/potential of the prokaryotic
communities was obtained using the Silva-Tax4Fun (Affhauer et al.,
2015). The SILVA-labeled OTU tables were used as an input file in
Tax4Fun, which is an open-source R package. The SILVA-labeled
OTUs are transformed into prokaryotic KEGG organisms in
Tax4Fun, and the 16S rRNA copy number from the NCBI
genome annotation is used to further standardize the data. The
prokaryotic communities were assigned to their predictive
functions by linearly combining the normalized taxonomic
abundances into the precomputed association matrix of KEGG
Ortholog reference profiles to Silva-defined microorganisms
constructed by Tax4Fun (Wemheuer et al., 2020). The difference
in the abundance of functional genes among the samples was tested
with the Tukey-Kramer test (STAMP V2.1.3.) following the
protocol described by (Parks et al., 2014).

2.4 Data visualization and
statistical analysis

The surface S data used in this study for October 2018 and 2019
were obtained from Ocean Color, NASA (https://
oceancolor.gsfc.nasa.gov/). The physiochemical parameters were
drawn using Ocean Data View (v 5.6.3) and correlation analysis
was performed using R software (v1.3.109).

3 Results and discussion

3.1 Water mass distribution and
hydrographic condition

We used a T-S diagram to determine the physiochemical
characteristics for water mass analysis during the fall of 2018 and
2019 (Figures 1B, C). Based on T-S diagram, two different water
masses (i.e, TSW and TMW) in fall 2018 (Figure 1B) and four
different water masses (i.e., FW, TSW, TMW, and KSBCW) in fall
2019 (Figure 1C) were likely to have participated in the physical
mixing process in the western channel of KS. In particular, TSW
with high T and low S (T>20°C and S<34.0 PSU) and TMW with
low T and high S (~12<T<17°C and $>34.0 PSU) were observed in
both years. However, compared to the fall of 2018, the BL of 2019
showed unique KSBCW characteristics with lower T and higher S
(T<10°C and S$>34.0 PSU), and the UL of 2019 showed lower S
(<32.0 PSU) due to FW input. These results collectively suggest that
during the fall of 2018, TSW influences across the UL (<50m), and
TMW extends from ML to BL (~50m-140m), whereas during the
fall of 2019, the UL was dominated by TSW with FW influence, ML
by TMW, and BL (>75m) by the KSBCW.

In detail, during the fall of 2018, the UL showed a warmer T
range of 20.40-21.42°C and a S range of 32.99-33.46 PSU
(Figures 2A, B), while compared to the UL, the ML (~40-70m) T
was reduced (12.11-20.42°C) and the S was elevated (33.31-34.46
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FIGURE 2

Distribution of temperature, salinity, dissolved oxygen (DO), and dissolved inorganic nitrogen (DIN) from sampled depths at different layers. (A—D) samples
collected from 2018; (E—H) samples collected from 2019. While squares indicate the samples obtained for genomic analysis.

PSU). This suggests that the higher T and lower S in the UL of 2018
were influenced by the TSW. Unlike in 2018, stations 1 and 2 in the
UL of 2019 showed the different temperature (Figure 2E) and lower
range of S (<32 PSU) than those observed at the same stations in
2018 (>33 PSU) (Figures 2B, F). This low-S water indicates FW
influence from the Changjiang Diluted Water (CDW) from the East
China Sea (ECS) (Figure S1) (Chang and Isobe, 2003; Gomes et al.,
2018; Kim et al., 2022; Yoon et al., 2022). Similar to the S variation,
the UL T in the fall of 2019 was higher (21.76-24.26°C) than that
observed in the fall of 2018. The T in the BL (70-140 m) also varied
between 2018 and 2019. Specifically, the T in BL ranged from 11.71
to0 16.01°C in 2018, while the T in 2019 ranged from 4.97 to 18.22°C.
In particular, the low-cold water of the KSBCW (T<10°C) was
dominant in the BL during the fall of 2019. The DO profile also
differed between the fall of 2018 and 2019 (Figures 2C, G). For
example, in the fall of 2018, the UL DO was influenced by TSW with
a range of 126.88-150.89 umol L™, while in the fall of 2019, TSW
along with FW influences increased DO ranges from 203.61-248.61
umol L', Similarly, the ML DO in the fall of 2018 ranged from
91.08-139.43 pmol LY, whereas the DO in the fall of 2019 was
higher with a range of 119.21-215.71 wmol L', DIN distribution in
UL ranged from 1.28-13.57 umol L™ in the fall of 2018 (Figure 2D),
while in the fall of 2019, it showed a reduction ranging from 0.88-
4.93 umol L' (Figure 2H). On the opposite, the BL in fall 2019
detected with higher DIN (11.80-21.45 umol L") than those in fall
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2018 BL (2.28-15.92 umol L), indicating that KSBCW transported
higher nutrients to the KS from the East Sea during fall 2019. Taken
together, during the fall of 2018, the UL was occupied by TSW (i.e.,
low-S and high-T characteristics), and the ML/BL was dominated
by TMW (i.e., high-S characteristics). The UL was influenced by a
mixture of FW (Sts. 1-2) and TSW (Sts. 3-4), the ML was
dominated by TMW, and the BL was occupied by the KSBCW
(i.e., low-T characteristics) during the fall of 2019 (Table 1).

3.2 Water mass structure determines the
prokaryotic composition

After assembly, 251,120 OTUs were identified from samples
collected in the fall of 2018, whereas 2,211,501 OTUs were
identified in samples collected in the fall of 2019 (Supplementary
Table 1). From the 2018 samples, 46 classes, 93 orders, 173 families,
and 389 genera were identified, while 39 classes, 85 orders, 148
families, and 350 genera were identified in the 2019 samples. This
shows that while there were more OTUs in the fall of 2019 (i.e., high
diversity), the prokaryotic abundance was greater (i.e., high density)
in the fall of 2018. In particular, the phylum Proteobacteria
accounted for 57% of total species in fall 2018 and 52% in fall
2019. However, Bacteroidetes accounted for 12% in the fall of 2018
and 27% in the fall of 2019, and Actinobacteria accounted for 7% in
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TABLE 1 Characteristics of water masses identified during the fall of 2018 and 2019 in the Korea Strait.

Cruise Water Mass Characteristics References
UL TSW >20 >33.0 high T and low S
Fall 2018 ML
TMW ~12-19 >34.3 high S (max)
BL Moon et al. (1996);
Chang and Isobe (2003);
FW >20 <32.0 low S (min) Kim and Lee (2004);
UL Moon et al. (2009);
TSW >20 >33.0 high T and low S Jeong and Cho (2018)
Fall 2019
ML TMW ~12-19 >34.3 high S (max)
BL KSBCW <10 <343 low T (min)

U/M/BL, upper/middle/bottom layer.

TS(M)W, Tsushima Surface (Middle) Water; FW, Freshwater; KSBCW, Korea Strait Bottom Cold Water.

the fall of 2018 and 8% in the fall of 2019. Notably, cyanobacteria
accounted for 6.5% of the total abundance in the fall of 2018, nearly
twice compared to the fall of 2019 (3.65%).

The dominant 25 orders (92% of total abundance) revealed that
relative abundance (ie., specific abundance is divided by total
abundance) varied among each layer, representing the different
water mass influences (Figure 3). In UL 2018, for example, the
Flavobacteriales showed 16.04% total abundance, which increased
to 33.28% in 2019 UL with FW region (i.e., Sts. 1-2) and to 47.03%
at high T region (i.e., Sts. 3-4) (Figure 3A). Similarly,
Rhodobacterales in UL showed an increasing trend from 9.69% in
2018 to 18.41% in the FW region and 13.95% with a high T region
in 2019. In contrast, the Pelagibacterales decreased from 14.63%
during the fall of 2018 to 13.54% in the FW region and 6.64% in the
high T region during the fall of 2019; Synechococcales decreased
from 9.35% during the fall of 2018 to 2.10% in FW region and 5.23%
in high T region during the fall of 2019. These variations might be
the cause of environmental changes caused by the distribution of
distinct water masses. The main orders (15 most abundant) were
correlated with the environmental parameters (Figure 4). In the fall
of 2018 UL, dominant communities such as Pelagibacterials,
Flavobacteriales, and Synechococcales were positively correlated
with T and DIN. In the fall of 2019, Pelagibacterials and
Synechococcales were positive, while Flavobacteriales and
Rhodobacterales were negatively correlated with S (at Sts. 1-2).
However, under high T conditions (at Sts. 3-4) these
Pelagibacterials and Synechococcus showed negative correlations,
while other communities showed positive correlations with T.
Together, this suggests that the UL prokaryotic composition is
mainly driven by the T and DIN in fall 2018, and S and T in
fall 2019.

The shallow shelf region is a transitional zone with significant
anthropogenic runoff and strong impacts from diverse water masses
(Agardi et al., 2005). Several variables, including S (Zancker et al.,
2018), T (Bachmann et al.,, 2018), nutrients (Raes et al., 2018), and
DO availability (Aldunate et al., 2018), have been shown to have a
major influence on bacterial populations in such regions. In this
study, we found that T and S variables have a substantial influence
on all layers (Figure 4), suggesting that water mass is the primary
determinant of bacterial composition. Specifically, FW has a
significant impact on the physical properties of seawater, causing
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changes in the bacterial population (Fu et al., 2019). Compared to
UL 2018, the UL 2019 (Sts. 1-2) exhibited low-S waters (S<32.0
PSU), indicating a FW effect from the CDW from the ECS (Chang
and Isobe, 2003; Gomes et al., 2018; Kim et al., 2022). The
Changjiang River has the world’s third largest and the fifth-
largest in FW discharge (Beardsley et al, 1985). According to
previous studies, 70% of CDW is transferred annually via KS to
the East Sea (Chang and Isobe, 2003; Senjyu et al., 2006; Moon et al.,
2019). As a result, CDW influence plays a significant role in the
large biological effects on the ECS and Korean coastal environment
(Son and Choi, 2022) and alters phytoplankton composition (Yoon
etal., 2022). Within the past ten years, the CDW has had the largest
FW discharge in 2019-2020 followed by 2016 and 2017, but there
was no significant FW discharge in 2018 (Son and Choi, 2022).
Following this, the satellite observations of sea surface S show that
the CDW influence from the ECS to the KS was significantly larger
in fall 2019 than in fall 2018 (Figure S1). The contrasting T and S
characteristics observed in the 2018 and 2019 UL samples were
indicative of differences in the composition of the bacterial
communities. Specifically, changes in Pelagibacterials and
Synechococcales in the UL demonstrated how FW discharge
distinguishes their distribution patterns and responds to
environmental conditions. The populations of Pelagibacterials and
Synechococcales showed a positive correlation with S in the fall of
2019 UL and a positive association with T in the fall of 2018 UL.
When the S decreased in the fall of 2019 (Sts. 1-2), Flavobacteriales
increased (33.28%) nearly double compared to the fall of 2018
(16.04%), and Synechococcales decreased almost four times (2.10%)
in 2019 compared to the fall of 2018 (9.35%) UL. This suggests that
S and T were the key factors in determining the dominant
communities in the UL of KS, specifically T alone in the fall of
2018 and T and FW (S reduction mainly) in the fall of 2019.
Unlike UL, several communities in ML did not show much
variation, i.e., the relative abundance of Pelagibacterales in the fall of
2018 showed 18.90%, which is similar to the fall of 2019 (16.26%),
and those of Oceanospirillales showed 4.28% in 2018 and 5.08% in
2019, respectively. However, few communities in ML showed
exceptional variation, such as Flavobacteriales and
Synechococcales, which showed approximately four-fold elevation
in fall 2019 compared to fall 2018. Although several community
abundances were similar in both years of ML, they were
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FIGURE 3

Prokaryotic diversity and density in order level. The dominant orders encompass 92% of the total abundances are listed here. (A) Results obtained
from 2018 and 2019 UL (upper layer); (B) results obtained from 2018 and 2019 ML (middle layer), and (C) results obtained from 2018 and 2019 BL
(bottom layer). UL 1-2 represents FWI fresh water influence (Sts. 1-2), and (Sts. 2—4), represents high temperature condition. The description of

abundance in order are shown in Supplementary Table 2.

differentially correlated with T variation (Figure 4). In BL, although
dominant communities such as Pelagibacterales, Synechococcales,
and Flavobacteriales showed similar abundances between the falls
of 2018 and 2019, several new communities (i.e., Saprospirales,
Clostridiales,
Sphingomonadales, and Desulfomonadales) were detected in the

Pseudomonadales, Nitrosomodales,
fall of 2019 as high abundance; interestingly, all these communities
were negatively correlated with T (<10°C), which is a unique feature
of KSBCW.

The vertical structure of water masses has been considered
another factor for microbial dispersal due to various hydrological
qualities that function as barriers to mixing among distinct water
masses (Matsuoka et al., 2012). The same bacterial groups respond
differentially to different water masses vertically (Fu et al., 2019),
and thus were isolated from each other due to their limited mobility
(Spencer-Cervato and Thierstein, 1997). A time series study in
Southern California found that when vertical stratification was
weak during the winter, the bacterial composition was
homogenized but became divergent vertically when surface water
warmed up and stratified (Chow et al,, 2013). In this study, the
vertical structure of different water masses is caused not only by the
T and S properties, which produce a mixing barrier but also by the
diverse origins of the water mass at different depths. The TWW
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(TSW+TMW) originated in the warm equatorial Pacific area and
flowed from the surface to the middle layer (Teague et al., 2006),
whereas the cold bottom KSBCW originated in the East Sea (Lee
etal,, 2010). According to the “barrier to dispersal” theory (Spencer-
Cervato and Thierstein, 1997), water masses from different origins
would transport their source bacterial populations and organic
materials to a new place, where they are modified by changes in
environmental conditions but retain unique signatures in the
absence of homogenization with other water sources. This is also
supported by a previous study in the western channel of KS, where
the vertical water-column structure of the TMW and KSBCW
showed changes in phytoplankton composition due to vertically
different T and S properties (Shon et al., 2008). Furthermore, the
bacterial composition in TWW showed a horizontal similarity, but
not in its vertical distribution in the East Sea (Lee and Choi, 2021).
All these findings support our assumption that the observed several
new communities and higher DIN in BL during the fall of 2019
might be brought along with the KSBCW and suggest that T and
DIN were the primary factors. Taken together, it is observed that in
UL compared to 2018, FW in 2019 modified the prokaryotic
composition, whereas no significant change was observed in ML,
but several new communities were brought to BL in 2019 along with
KSBCW compared to 2018 without KSBCW. To better understand
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FIGURE 4

Spearman correlation between the environmental parameters and the prokaryotic families. This correlation analysis was conducted with the major
abundant 15 families, but, correlations with R values greater than or equal to 0.3 are displayed here. Red lines indicate positive correlations; dark blue
lines indicate negative correlations; sky blue lines indicate negative correlations with environmental factors; the thicker the lines, the stronger the

correlations. UL (upper layer), ML (middle layer), and BL (bottom layer).

the metabolic potential of distinct prokaryotic communities driven
by different water masses, we further explored their metabolic
potential/functional characteristics in the following section.

3.3 Prokaryotic metabolic potential in
response to the difference in the
composition of water masses

Water mass intrusion, such as prokaryotic composition, affects
photosynthetic characteristics (Figure S2). During the fall of 2018
and 2019, 46 genes from four sub-divisions were found, including
11 genes of photosystem I (PSI), 24 genes of photosystem II (PSII),
7 genes of the light-harvesting complex, and 4 genes of a reaction
center. In comparison with ML and BL, the UL showed high relative
abundances of photosynthesis genes; specifically, compared with
the UL in the fall of 2019, the UL samples obtained in the fall of
2018 showed high gene abundance. In general, photosynthesis
occurs mostly in the surface ocean than in deep environments,
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owing to light availability. Global ocean Synechococcus data suggest
that high T have a vital influence on UL, where the majority of their
population resides as a primary photosynthetic community (Zinser
et al,, 2007; Flombaum et al., 2013; Kent et al., 2016). In this study,
we observed high Synechococcales abundance in the UL compared
to ML and BL (Figure 3), which were similar to sequencing data
from the Indian Ocean (Wang et al., 2021b) and Western Subarctic
Pacific Ocean (Li et al., 2018). Similar to photosynthesis, compared
to the 2019 UL samples, the 2018 UL samples showed high
Synechococcales abundance (Figure 3A).

Different variables influence cyanobacteria in the upper ocean
(Wang et al.,, 2021b), with the T being the greatest driver, followed
by DIN, on their metabolic adaptability (Thompson et al., 2017). In
this study, the T in 2019 UL (21.77-24.27°C) showed elevation
compared to the T in 2018 UL (20.40-21.42°C), but we found that
DIN was greater in 2018 UL (1.28-13.57 pmol L") than in 2019 UL
(0.88-4.93 umol L) and that our correlation analysis (Figure 4)
revealed a positive interaction between DIN and Synechococcales in
2018 UL, which was not seen in 2019 UL. This suggests that
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although the T is a vital factor for Synechococcales, DIN has a
greater influence on their composition because it tends to synthesize
more sugar (Li et al., 2019) to create more proteins for
phytoplankton adaption (Thangaraj and Sun, 2021) in the ocean
environment (Zubkov et al., 2003). Shim and Yoon (2021) recently
studied the long-term (20-year; 1999-2018) nitrate fluctuation in
the East Sea and concluded that the TWW from the CDW, coupled
with the input of other rivers (e.g., Changjiang, Nakdong, Tachwa,
and Hyungsan), influences the nutrient concentration in the
Kuroshio Current extension and Korean coastal environment
(Asanuma et al., 2014; Yoon et al,, 2022). Based on these earlier
findings and our results, we hypothesized that although TSW
influenced T more than photosynthetic properties in 2018 and
2019, DIN availability was a significant parameter from the
surrounding rivers to determine the high photosynthetic potential
in the UL of 2018.

Several genes encoding various carbon-fixing pathways were
identified during the study period (Figures 5, 6). Among these,
certain Calvin cycle genes had similar abundances between fall 2018
and 2019 from UL to BL (Figures 5), and did not show significant
variation regardless of different water mass compositions, that is,
ribulose 1,5-bisphosphate (RuBisCO), a key carbon fixation gene,
phosphoribulokinase (PRK), which catalyzes ATP-dependent
phosphorylation, phosphoglycerate kinase (PK) involved in
carbohydrate degradation, and glycerol-3-phosphate
dehydrogenase (GPDH) associated with redox conversion.
However, fewer genes showed a notable variation only in the UL,
such as the aldolase enzyme, which helps in sugar breakdown and
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energy generation, revealing that a high abundance was in the UL
(34%; occupied by TSW) in the fall of 2018 than those compared its
abundances in the fall of 2019 UL (30%; occupied by FW and TSW).
Similarly, the ribose 5-P isomerase, involved in energy conversion,
was abundant in UL (34% in 2019) and (27% in 2018). We analyzed
these specific gene abundances in the fall of 2019 to understand FW
influence (Figure S3) and noticed that the Sts. 1-2 influenced from
the FW increased aldolase levels compared to the Sts. 3-4 under
high-T conditions by TSW influence. In contrast, FW region
decreased ribose 5-P isomerase activity compared to that
observed at higher T. In addition, several other key genes were
differentially modified by FW, either by increasing fructose
bisphosphate (FBP) and transketolase (TKT) or decreasing
sedoheptulose bisphosphates (SBPase) and ribose 5-p isomerase.
We observed that the relative abundance of these key genes in Sts.
3-4 (with TSW) was similar in the fall of 2018 and 2019, regardless
of T variation. This suggests that, although the UL T (Sts. 3-4)
driven by TSW in the fall of 2019 is higher than that in the fall of
2018, it does not have a significant impact on Calvin cycle genes;
however, the FW (Sts. 1-2) significantly altered the abundance of
these genes.

In addition to the Calvin cycle, various alternative carbon
fixation mechanisms that can efficiently fix carbon instead of the
Calvin cycle were identified (Figure 6). These alternative pathways
are similar in that they insert inorganic carbon into existing carbon
backbones and fix carbon through succinyl-CoA/acetyl-CoA cycles,
and the enzymes involved in these alternative cycles largely overlap.
The need for energy (ATP) and reducing equivalents to fix a carbon
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description, of abundance and function of each gene shown here, are given in Supplementary Table 3. The carboxylation steps involving (RuBisCO)
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and enzymes of four of the five (non-Calvin cycle) alternative pathways utilized by chemolithotroph and autotrophic microorganisms. All pathways
use the common strategy of cycling between acetyl-CoA (circumference) and succinyl-CoA (center) to form the C2 and C3 carbon products that
exit the cycle (acetyl-CoA and pyruvate; shown in blue). These metabolic pathways overlap partially one another concerning enzymes and
intermediate usage, which allows them to represent spoked on a circle, with centered on succinyl-CoA. The incorporation of carboxylation steps is
indicated by yellow circles (carbon dioxide) and green circles (bicarbonate). The enzymes requiring reactions or co-factors with complete or partial
oxygen sensitivity are indicated in red, although some oxygen-resistant alternative enzymes exist for some of these reactions. The description of the
abundance and function of each gene shown here are given in Supplementary Table 3.

molecule are the primary techniques used to determine the
variations in these carbon cycle differentiations. These alternative
carbon fixation pathways have two features: i) lower ATP required
for carbon fixation than the Calvin cycle, and ii) carboxylation
enzymes that use bicarbonate rather than dissolved CO, (Bar-Even
et al., 2012; Boyle and Morgan, 2011).

The 3-hydroxy propionate (3-HOP) cycle has a carboxylation
enzyme, acetyl-CoA carboxylase, which uses bicarbonate as a
substrate. In the UL, this enzyme revealed significant change from
the fall of 2018 (8%) to the fall of 2019 (29%). This enzyme is
oxygen-insensitive and does not catalyze oxygenation processes,
such as RuBisCO (Zarzycki et al., 2009), allowing for high primary
2012).
According to Konneke et al. (2014), the chemoautotrophic carbon

productivity (Boyle and Morgan, 2011; Bar-Even et al.,

fixation pathway (for archaea:3-HP/4-HB) is more energy-efficient
than the Calvin cycle. In this study, the hydroxy-propionate
(involved in the protein interaction) gene in the UL was more
prevalent in the fall of 2019 (90%) compared to the fall of 2018
(74%). Furthermore, in UL 2019, methyl malonyl-CoA epimerase
(converts succinate to propionate) (65%) and methyl malonyl-CoA
mutase (pyruvate to propanoate) (76%), were more abundant than
those in 2018 (46% and 40%, respectively). Because these genes were
superficially abundant in the fall of 2019, we aimed to explore the
role of FW influence (Figure S4) and noticed that S reduction (Sts.
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1-2) increased in abundance compared with high T conditions (Sts.
3-4), suggesting that the increased abundance of all these enzymes
in the fall of 2019 was mainly modified by S variation rather than T.

Unlike UL, most gene abundances in ML 2018 and 2019 did not
show significant changes. However, certain functional genes, such
as 4-hydroxybutyryl-CoA synthetase and 3-hydroxybutyryl-Coa,
were abundant in 2019 BL samples, which had a lower T (<5°C)
than the T range of >12°C in 2018. We also noticed that RuBisCO
was more abundant in the BL in 2019 than in the BL in 2018. This
implies that these enzymes are susceptible to cooler T in prokaryotic
metabolism. Variations in these carbon fixation pathways (Calvin
and others) revealed that carbon fixation by phototrophs and
chemotrophs was not completely different between 2018 and
2019. However, the S and T sensitivity of certain key genes
indicated differing water mass influences: preference for lower S/
higher T (UL) and lower T conditions (BL).

The T is a vital physicochemical parameter that influences all
biological processes through enzymatic reactions (Franks et al,
1990). T changes can cause prokaryotes to respond in multiple ways
to a new environment to maintain consistent metabolic activity and
trigger several adaptive modifications (Jaenicke and Sterner, 2006).
The maintenance of overall metabolic rates with the fewest changes
in molecular composition would activate a less energy-demanding
mechanism (Rabus et al., 2002). This might explain why various
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carbon metabolisms were observed in this study because these
multiple carbon pathways have lower energy needs and rely on
available bicarbonate raters rather than CO,, such as 3-HP/4-HB,
which is a more energy-efficient metabolism than the Calvin cycle.
A recent study spanning over 1000 km in the Baltic Sea
demonstrated that microbial communities and associated
functional gene abundances can be altered not only by T but also
by S variation (Broman et al., 2022). They revealed that S was the
primary driver of functional gene modifications related to the
carbon and nitrogen cycles. Their findings support our hypothesis
that S reduction through FW input would greatly modify the
functional capabilities of prokaryotic communities in the fall of
2019 UL compared to that in the fall of 2018. Our assumption is also
in agreement with studies that have found that S influences the gene
abundance of microbial communities in systems such as lakes and
estuarine environments (Dai et al., 2018; Yang et al.,, 2023). For
example, a study conducted in the Hangzhou Bay estuary identified
S as one of the most influential variables for amino acid catabolism
related to gene abundances in nitrogen, sulfur, and phosphorus
pathways in prokaryotes (Dai et al., 2018). In our study, the major
carbon pathways that changed gene abundance were seemingly
controlled by the S variation in the UL of the fall of 2019 compared
to that of the fall of 2018. Additionally, S variation has been shown
to promote key genes in carbon metabolism (Figures S3, S4), which
were more prevalent in the fall of 2019 (Sts. 1-2). Taken together,
our results indicate that S variation via FW input has a larger impact
on the UL of fall 2019 than relatively stable parameters, such as T,
which is similar to earlier observations between S and other
environmental parameters (Seidel et al., 2021; Broman et al., 2022).

RuBisCO possesses less sensitivity and higher velocity, which
favors a CO,-rich environment, such as rising CO, levels (Zhu et al.,
2010). The RuBisCO gene in the deep ocean was recently identified
in high abundance in the Synechococcus community with oxygen-
rich surface water exposed to high light conditions (Han et al,
2022). Notably, with lower oxygen levels in the deep ocean, there are
numerous Calvin cycle genes, including that abundant RuBisCO in
chemoautotrophs, such as Nitrosomonas, Nitrosospira, and
Acidomicrobium found (Han et al, 2022). Although large
amounts of RuBisCO were found in the UL, they were found in
higher abundances in the BL, which had lower oxygen levels than
the UL in both years (Figures 3C, G). In particular, high abundances
of RuBisCO were noticed in the 2019 BL, which had a lower T and
higher DO compared to the 2018 BL. This pattern illustrates that,
regardless of the DO reduction in BL lower T >10°C in 2019, which
is a unique feature of the KSBCW in this region, the carbon fixation
shifted from photoautotrophs to chemoautotrophs compared to
that in 2018. In particular, archaeal communities are sensitive to
high oxygen concentrations and can maintain higher enzyme
activity under low DO and T conditions (Demirci et al., 2020).
These large abundances of chemotrophic carbon-fixing genes in BL
in 2019 reduced oxygen conditions and could explain the
deoxygenated habitat of this archaeal colony. Furthermore, in this
study, most enzymes in the archaeal carbon fixation pathway were
shown to be T sensitive and so prevalent in BL (specifically in 2019),
which could be the reason for their preference for cooler
environments (Danovaro et al., 2017). Our results are consistent
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with those of recent Bohai Sea metagenome and metatranscriptome
studies, which found 6 to 33-fold increases in these genes with
decreased oxygen concentration (Han et al., 2022). The abundance
of Synechococcales and numerous genes in the Calvin cycle in the
UL indicates that photoautotrophic carbon fixation at the UL and
chemoautotrophic carbon fixation at the BL were more prevalent
during this study. In particular, compared to 2018, the UL 2019 was
relatively different due to FW influence, and compared to 2018, the
BL in 2019 was different (promoting chemoautotroph carbon
fixation) primarily driven by lower T.

This study revealed key genes involved in nitrogen fixation
(nifH), ammonium assimilation (glnA) ammonium oxidation
(amoA), hydroxylamine oxidation (hao), and nitrite oxidation
(nxrAB) (Figure 7), and showed that nifH, amoA, hao, and nxrB in
UL of both years had significant changes. Specifically, nifH gene
abundance in the 2019 UL was greater than that in 2018. Similarly,
hao, nxrB genes showed a slight elevation in the UL in 2019
compared to the 2018 UL. In contrast, amoA and glnA in the UL
were highly abundant in 2018 compared to 2019. This suggests that
compared to the UL in 2018, the metabolic potential related to
nitrogen fixation (nifH) and nitrification (hao + nxrB) was greater in
2019, whereas ammonium oxidation (amoA) and assimilation (glnA)
were lower. As these gene abundances varied in UL 2019 compared to
UL 2018, we estimated their individual abundances based on water
mass differentiation and found that FW influence (at Sts. 1-2) in 2019
increased nitrogen fixation and nitrification (i.e., hydroxylamine
oxidation and nitrite oxidation) potentials and decreased ammonia
oxidation and assimilation potential (Figure S5). This suggests that
the metabolic potential of the nitrogen cycle in the fall of 2019 was
significantly modified by FW input compared to 2018. Our results are
similar to those of a recent proteome investigation by Ilgrande et al.
(2018) on nitrifying communities and their metabolic potential for S
variation. They found that S changes could reduce ammonium and
nitrite oxidation potential to 42%, and other metabolic processes
related to the nitrogen cycle were positively influenced. Liu et al.
(2022) showed that S changes in response to different nutrient-
cycling genes and found that decreasing S can modify nitrogen
metabolic genes in aquatic environments.

Sulfur oxidation and reduction were identified (Figure S6), with
oxidation genes (Sox A, B,X,Y,Z) being the most abundant in the UL
in both years. Compared to 2018, the 2019 samples had slightly
higher UL abundances and lower BL abundances. However, unlike
nitrogen metabolism, the Sts. 1-2 (i.e., the region of FW influence)
did not show the individual genes involved in sulfur metabolism;
however, the Sts. 3-4 showing high T by TSW increased in
abundance (Figure S7). This variation demonstrates the effect of
T on the sulfur oxidation potential. For example, the UL T values in
2019 were higher than those in 2018. Similar to sulfur oxidation, T
fluctuations influenced the sulfur reduction genes between 2018 and
2019. Interestingly, the dsrA,B genes were abundant in both years
BL, specifically in 2019 BL, showing that these functional genes were
dominant in the KSBCW and were susceptible to warmer
environments driven by TWW.

These findings are in line with those from the Okhotsk Sea (near
our study area) (Li et al., 2018) and the South Atlantic Subtropical
gyre (Murillo et al., 2014). An incubation experiment in the Arctic
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seawater (0°C, 10°C, and 20°C) revealed unique T responses for
sulfate oxidation and reduction potential, implying differing
characterization of sulfur-oriented bacterial populations (Robador
et al,, 2009). This shows that the respiration rates of sulfur-oriented
bacteria increased significantly at lower T, which might explain the
high abundance of dsrA,B genes found in this study. Comparative
investigations between psychrophilic and mesophilic bacteria have
revealed that under cold T, bacteria have a high enzymatic level for a
long time to adapt (Feller and Gerday, 2003). Other studies have
demonstrated that electron transfer coupling is less effective at
lower T (Rabus et al., 2002), which is consistent with the current
findings, with most oxidation and reduction gene abundance.
Alphaproteobacteria play an important role in sulfur metabolism
and have abundant sulfur oxidation and reduction genes (Li et al.,
2018). Alphaproteobacteria were more abundant in the UL samples
in this investigation (Supplemental Table 2), which might explain
the increased abundance of sulfur reduction and oxidation. Our
findings agree with a previous study that discovered sulfur-
oxidizing Alphaproteobacteria with chemolithotroph lifestyles in
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surface water at higher T (Meyer and Kuever, 2007). Acclimation to
low T does not fully compensate for the thermodynamic restrictions
imposed on complex biochemical processes, such as respiratory
energy generation.

This study found both heat and cold shock genes/proteins in
response to T fluctuations driven by the difference in the
composition of water masses (Figure 8). In this study, heat shock
proteins were more abundant in the UL in both 2018 and 2019
compared to the other layers. However, compared to 2018, samples
from 2019 showed higher abundance, with T ranges in the UL of
2019 being higher than those in 2018. Similar to other results, we
estimated the FW influence of these heat shock protein abundances
in the fall of 2019 and found no evidence that S variation may alter
these gene abundances (Figure S8). Increasing T in the bacterial
environment has been reported to harm protein synthesis in cellular
processes (Maleki et al., 2016). In bacteria, heat shock proteins
increase protein synthesis mechanisms (De Maio, 1999) to adjust to
T changes (Maleki et al, 2016). In particular, when bacteria are
exposed to higher T, the DnaK gene, which plays a role in repairing
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thermally damaged proteins for cell survival, increases (Yusof et al.,
2022). Our DnaK gene was found to be highly prevalent in the UL
in both years of this study. More specifically, as compared with the
2018 UL, this gene was shown to be higher (14% higher) in 2019.
Similarly, other heat shock genes (cIpS and HspQ) found in this
study were shown to be greater (11%-115%) in 2019 compared to
2018. This implies that in comparison to 2018, prokaryotes created
more heat shock proteins (in abundance) in 2019 to repair their
damaged proteins to survive. Our results also demonstrate that
when the T in the study area is high, these heat shock proteins
increase in prokaryotes, which could be considered biomarkers of
this region to increase surface ocean T. Cold shock genes are
generated in cold environments in response to T changes to
preserve bacteria’s optimal growth conditions (Keto-Timonen
et al., 2016). Bacterial enzymatic activity is reduced under these
conditions, which affects transcription and translation mechanisms
(Phadtare and Inouye, 2004). Cold shock genes assist cells in
overcoming these alterations by altering their nucleic acid
components (Phadtare and Severinov, 2010). After cold shock
genes are created, enzymatic activity in bacteria accelerates,
allowing cells to develop at a lower T and even at a slower phase
(Ermolenko & Makhatadze, 2002). We found that the high
abundance of the cspA, cpA, and desR cold genes in the BL was
evident in fall 2019 compared to fall 2018, owing to the intrusion of
KSBCW (<10°C), which could be considered as biomarkers of this
specific water mass in this region.

The Changjiang River is known as a hotspot with a yearly T
increase of approximately 3.5°C and an anticipated 30% increase in
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annual precipitation (Gu et al., 2015) due to climate change, which is
expected to boost FW flow to ECS via CDW (Liu et al, 2021).
Previous investigations found that approximately 70% of the ECS FW
is transferred annually through KS (Senjyu et al.,, 2006; Moon et al.,
2019; Yoon et al, 2022) which might change the environmental
conditions of KS in the future. According to a recent study, the
Kuroshio current extension is sensitive to global climate change and
has the potential to warm significantly in the future (Lam et al., 2021),
in addition to increasing warming TWW into the East Sea via the KS.
Collectively, we anticipate large physical and biogeochemical changes
in future KS based on significant increases in FW input from the
Changjiang River and surface warming from the TWW. The results
of this study, describing FW influence and T variation in prokaryotic
composition, and their functional capabilities from genome
abundances to biomarkers potential to different water masses from
UL to BL, could be used as a reference for future investigations.

4 Summary and conclusion

In this study, we compared the prokaryotic communities from
different layers of the KS between the fall of 2018 and 2019 to
investigate how different water masses influenced their composition
and metabolic potential. Our results showed that the S and T of the
water masses played an important role in regulating the prokaryotic
population and metabolic modifications, especially in the UL and
BL in 2019, which differed from those in 2018 due to the difference
in the composition of water masses. We observed that the FW input
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from the ECS into the 2019 UL had a significant impact on altering
the prokaryotic population from high density in 2018 to high
diversity in 2019 than the relatively stable variable of T in 2018.
In the 2019 BL, the lower T driven by the KSBCW brought several
new communities from its origin to the KS, which was different
from the BL in 2018. We also investigated the functional genes and
found that they were influenced by different water mass conditions,
including a preference for lower S and lower/higher T. Specifically,
compared to 2018, the UL in 2019 promoted phototroph carbon
fixation, whereas the BL in 2019 promoted chemoautotroph carbon
fixation driven by KSBCW (T<10°C). We identified several
biomarker genes based on the T variation in different water mass
compositions from the UL to the BL in the study region. This study
is the first attempt to demonstrate the effect of different water
masses on the prokaryotic composition and metabolic/functional
potential in the KS. Our findings provide a baseline understanding
of the biogeochemical pattern in this understudied region and
highlight the need for more comprehensive studies that consider
not only the distinct water masses from the UL to the BL but also
the effects of climate change, such as warming and acidification, to
predict the biogeochemical pattern in the future.
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