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The eastward flow of the Kuroshio Extension (KE) is accompanied by intense eddy activities at both the meso-
scale and submesoscale levels, exerting a substantial effect on biogeochemical processes in the upper ocean. The
present study focused on how the KE jet and pinch-off cyclonic eddy influenced mesozooplankton community
structure and functional traits in the northwestern Pacific. The zooplankton communities in the investigated
regions formed a four-segment pattern from north to south, with significant differences in the species and
functional trait compositions of each group. The KE stream acted as a barrier that prevented water exchange
between the Kuroshio-Oyashio mixed water (KOMW) and North Pacific Subtropical Gyre (NPSG) regions. A
comparatively higher proportion of current-feeding omnivore-herbivore zooplankton was recorded in the NPSG
region when compared to the KOMW and KE regions, which can be attributed to the influence of the pinch-off
cyclonic eddy. Red Noctiluca scintillans was carried from the coast of Japan to open water by the KE’s eastward
advection, and it bloomed (1.2 x 10* ind-m~>) in the KOMW under favorable hydrological and nutritional en-
vironments, changing the community structure of zooplankton. The pinch-off cyclonic eddy could increase
zooplankton abundance but had no significant impact on species composition and functional traits. In addition,
the divergence effect of the eddy resulted in greater zooplankton abundance at its edges than in the center. This
study enhanced our knowledge of the impacts of the KE on zooplankton communities and has significant im-
plications for understanding pelagic plankton and nutrient responses to pinch-off mesoscale eddies.

1. Introduction to the mid-latitudes, which can influence on the marine ecosystem in the

northwestern Pacific (Chiba et al., 2009; Chiba et al., 2013; Nagai et al.,

The Kuroshio is a western boundary current in the North Pacific and
one of the strongest ocean currents in the world. It reaches the Okinawa
Trough via the Yonaguni Depression off the eastern coast of Taiwan
Island, flows along the continental slope of the East China Sea, and then
turns eastward through the Tokara Strait. After passing the area south of
Japan, the Kuroshio separates from the coast of Japan at the Boso
Peninsula to flow eastward into the North Pacific Ocean as a free jet-the
Kuroshio Extension (KE; Qiu, 2002; Usui et al., 2013; Yang et al., 2022).
The Kuroshio including KE transports tropical warm water with energy,
nutrients, and organisms, as well as coastal water from southern Japan,

2019; Nagai et al., 2021; Nishikawa and Yasuda, 2011; Yamamoto et al.,
1988).

The KE manifests as a zonal jet accompanied by large amplitude
meanders and vigorous pinch-off eddies (Qiu, 2003). The pinch-off
cyclonic eddies in the KE region frequently generate during spring,
with the steady meander of the KE jet (around 144°-146°E) representing
the area where it frequently appears (Ding et al., 2019). These pinch-off
eddies, which carry various features associated with their source, can
travel hundreds or even thousands of kilometers and have a life history
that may last for months or even years (Hamilton et al., 2016; Lipphardt
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et al., 2008). The local hydrological structure and biogeochemistry
process are potentially impacted by the pinch-off eddies’ movement and
energy transport (Ding and Jing, 2020; Itoh et al., 2014; Sasai et al.,
2010). Mesoscale eddies and eddy fluxes that generate (such as vertical
nutrient fluxes), which are essential to the dynamics of ocean circulation
and the upper ocean ecosystems, have a significant impact on the dis-
tribution, community structure, and productivity of marine organisms
(Duran-Campos et al., 2015; Goldthwait and Steinberg, 2008; Gomez
et al., 2020; Landry et al., 2008; Nagai et al., 2015; Riquelme-Bugueno
et al., 2015; Yebra et al., 2018).

Marine zooplankton are an essential component of the pelagic
ecosystem, acting as a critical link between phytoplankton and higher
trophic levels (Rocha-Diaz et al., 2021; Wassmann et al., 2006). They
also play a vital role in marine carbon cycling and other ecological
processes (Ge et al., 2021; Steinberg and Landry, 2017). Zooplankton
have always been the main focus in the KE region (Ge et al., 2022;
Komatsu et al., 2007; Lin et al., 2020; Morita et al., 2017; Shimode et al.,
2012; Zang et al., 2023). A study by Komatsu et al. (2007) using a three-
dimensional ecosystem model revealed that the advective processes of
the Kuroshio stream increased the biomass of phytoplankton and
zooplankton in the KE region. Additionally, the advection of the Kur-
oshio stream can also transport warm-water and coastal species from
southern Japan to the Kuroshio-Oyashio mixed water (KOMW) area
(Chiba et al., 2009; Chiba et al., 2013; Miyamoto et al., 2022; Sogawa
et al., 2019). Moreover, the plankton community in this area was also
affected by the presence of rings pinched off from the KE stream. For
instance, the concentration of chlorophyll (Chl) a increased when the
cold-core rings pinched off from the KE, which was significantly higher
than in the nearby subtropical waters (Nakano et al., 2013; Sasai et al.,
2010). However, the specific impact of pinch-off rings on the
zooplankton community in the KE area is unclear.

In recent years, functional traits have been increasingly used to
assess and predict marine zooplankton community shifts along envi-
ronmental and biological gradients (Barton et al., 2013; Benedetti et al.,
2018; Brun et al., 2016). Brun et al. (2016) found that copepod body size
was larger at high latitudes compared to low latitudes. Additionally,
high-latitude regions were dominated by ambush-feeding copepods,
while low latitudes exhibited a combination of ambushing and crui-
se—feeding copepods (Prowe et al., 2019). The functional traits of
zooplankton are closely linked to various marine ecological and
biogeochemical processes. For instance, zooplankton body size affects
the fate of the primary production and determines the contributions of
their fecal pellets to vertical material fluxes in the ocean (Barton et al.,
2013; Stamieszkin et al., 2015; Turner, 2002). However, research on
zooplankton functional traits in the KE region is still insufficient, and the
effects of species-level trait variations on actual ecological and biogeo-
chemical processes such as grazing and carbon export remain unclear.

We hypothesized that the KE jet altered zooplankton species
composition and functional traits in the northwestern Pacific. Addi-
tionally, we expected that the pinch-off cyclonic eddy enhanced the
nutrients and plankton biomass in the upper layers. In April 2015, the KE
meandered southward between 144°E and 146°E, accompanied by a
pinch-off cyclonic eddy. To investigate the impact of the KE jet and
pinch-off eddy on zooplankton community structure and functional
traits, we conducted an observational study during this period. Our
research addressed two main questions: (1) Does the KE jet impede
connectivity among zooplankton communities in the northwestern Pa-
cific and affect local zooplankton biodiversity and functional traits? (2)
What are the implications of the pinch-off cyclonic eddy on the distri-
bution and biomass of zooplankton?

2. Materials and Methods
2.1. Study area

East of Japan, the KE meanders eastward within the subtropical gyre
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of the North Pacific (Qiu, 2002). Typically, the sea surface temperature
(SST) of the KE is warmer than its northern adjacent seas and compa-
rable to that of its southern neighboring waters (Chen, 2008; Nishikawa
and Yasuda, 2011; Xi et al., 2022). Furthermore, the Chl a concentration
in the KE and its adjacent areas increases from lower to higher latitudes
(Long et al., 2019). Strong cyclonic eddies are frequently observed in the
south of the KE stream (Ding et al., 2019). Such cyclonic eddies pri-
marily form when the southward meanders of the current pinch-off from
the main current of the KE and are made up of cold fresh waters from the
poleward side of the KE. Because the cold water becomes the core of the
eddies, wrapped by warm water of the currents, they are known as cold-
core eddies (Olson et al., 1980). Additionally, the pinch-off cold-core
eddies exhibit characteristics of low salinity, high nutrients, and
elevated Chl a concentrations compared to the surrounding seawater
(Kouketsu et al., 2016; Nakano et al., 2013). The area between the KE
and the Oyashio front is called the Kuroshio-Oyashio mixed water re-
gion, where the cold, low-salinity Oyashio waters encounter the warm,
high-salinity subtropical Kuroshio waters, forming extremely complex
oceanographic structures and a highly productive environment (Morita
et al.,, 2017). South of the KE is the largest continuous biome on
Earth-the North Pacific Subtropical Gyre (NPSG), where the surface
waters are characterized by low nutrient content and phytoplankton
growth (Suzuki et al., 1997; Zhang et al., 2012).

2.2. Field sampling and laboratory processing

The research cruise was undertaken aboard the RV “Dong Fang Hong
2” along the transect of 147° E (30°N-38°N) within the northwestern
Pacific from 10 April to 27 April 2015. The present study carried out a
single observation along the transect. Upon reaching station B9 on April
10, sampling commenced in a south-to-north direction. Due to the un-
favorable weather conditions between April 14 and April 24, sampling
operations were temporarily suspended. On April 25, upon arrival at
station B1, we continued sampling there from north to south, and we
finished all of the sampling work on April 27 (Fig. 1). Zooplankton
samples were procured by vertical tows with a WP-2 net (mouth area
0.25 m?, mesh size 200 pm), equipped with a calibrated flowmeter
(Hydro-Bios Kiel, Germany). Towing was conducted from 200 m depth
to the sea surface, at a speed of 0.8-1.0 m-s™ . A total of 9 samples were
collected, and zooplankton samples were preserved in a 4 % formalin-
seawater solution immediately after each towing.

In the laboratory, zooplankton samples were analyzed and counted
using a stereomicroscope (Leica S8APO, Germany). All adult
zooplankton were identified to the species level when feasible, and
pelagic larvae were identified to the taxa level. A subsample was ob-
tained from each original sample using a Folsom plankton splitter,
ensuring a minimum of 500 adult individuals were included, and the
subsample volume was determined based on the density of organisms
within the original sample. The data for each species only included adult
individuals. For instance, only adult stage copepods (CVI) were included
in the data for each copepod species, while immature individuals
(copepodite CI to CV) were identified as copepodite larvae. The adult
stages of macro- and mesozooplankton, like chaetognaths, were also
identified and documented, while their larvae were recorded separately,
such as Sagittidae larva. The wet weight biomass of the zooplankton was
quantified using an analytical balance (SHPSI JA2003N, China).
Zooplankton abundances and biomass were expressed in terms of in-
dividuals and wet weight per 1 m®. Red Noctiluca scintillans was excluded
from the total abundance and was analyzed separately. Generally,
N. scintillans is typically found in coastal waters (Harrison et al., 2011),
whereas it bloomed (1.2 x 10* ind-m ) at station B3. Thus, N. scintillans
was deemed an invasive species, and the effects of their bloom on the
zooplankton community and functional traits were analyzed.

Vertical profiles of temperature and salinity were obtained from the
sea surface to 200 m depth using a conductivity-temperature-density
profiler (CTD) (Sea-Bird SBE 911, United States). In order to assess
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Fig. 1. The daily sea level anomaly (color shading) and surface geostrophic velocity anomalies (arrows) from 7 April to 27 April 2015. The sea level anomaly
represented the deviation between the local sea level and the average sea level. The green dots denoted the stations where samples were collected on a particular day.
The red and blue dots represented the core of anticyclonic and cyclonic eddies, respectively. The enclosed regions delineated by the red and blue lines indicate the
central areas of the anticyclonic and cyclonic eddies correspondingly. C1 and C2 represented cyclonic eddies 1 and 2, respectively. The gray line represented the
Kuroshio extension jet (0.9 m-ADT contour). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

nutrients (NO3-N, NO3-N, POz -P and SiO3 -Si) and Chl a concentra-
tion at specific depths (5 m, 25 m, deep chlorophyll maximum (DCM)
layer, 100 m, 150 m, and 200 m), water samples above 200 m were
collected by employing the acid-washed Teflon-coated Go-Flo bottles
installed on the CTD system. The nutrient concentrations were analyzed
using a nutrient automatic analyzer (SEAL Analytical, AutoAnalyzer 3,
Germany) (Grasshoff et al., 2009). Furthermore, Chl a samples were
filtered through 3 pm and 0.2 pm polycarbonate membranes (Millipore,
United States) to estimate phytoplankton concentrations across different
particle size ranges. Subsequently, all of Chl a samples were preserved in
liquid nitrogen for further analysis. In the laboratory, Chl a samples
underwent extraction in 90 % acetone for 24 h in the dark before being
measured with a fluorescence photometer (F-4500, HITACHIL, Japan).

2.3. Data analysis

The data of daily sea level anomaly (SLA), surface geostrophic ve-
locity anomalies (GVA), SST, and surface Chl a concentration were ac-
quired from CMEMS (Copernicus-Marine Environment Monitoring
Service, https://marine.copernicus.eu/). The SLA and GVA data were
utilized to delineate the ocean surface current patterns within the study
area. Furthermore, to supplement our comprehension of mesoscale
eddies, the altimetric Mesoscale Eddy Trajectory Atlas product
(Pegliasco et al., 2022) was utilized. This product was derived from
satellite data provided by CMEMS and offered insights into mesoscale
eddies, including their position, altitude, edge, and trajectory. Here, the
speed contour was identified as the boundary of the mesoscale, repre-
senting the contour of the maximal circu-average speed of each meso-
scale eddy. The path of the KE jet was defined by the 0.9 m Absolute
Dynamic Topography (ADT) contour (Gentile et al., 2018; Zhang et al.,
2022). The spatial resolutions of the SLA, GVA, SST, and satellite surface
Chl a concentration data were 0.25° x 0.25°, 0.25° x 0.25°, 0.083° x
0.083°, and 0.25° x 0.25°, respectively.

The Shannon-Wiener index (H’) and evenness index (J) were
applied to assess the biodiversity of the zooplankton community. The K-
dominance curve was utilized to visually exhibit the species richness and
evenness of the zooplankton community, and was plotted using the
PRIMER software (Dominance plot program). Additionally, the abun-
dance data underwent log (x + 1) transformation and were utilized to
construct a similarity matrix between stations based on the Bray-Curtis
coefficient of similarity (Field et al., 1982). Station interrelations were
clustered based on the average linkage group classification (Field et al.,
1982). The similarity profile (SIMPROF) test and analysis of similarity
(ANOSIM) were employed to assess the significantly dissimilar between
clusters (Clarke, 1993). In pairwise comparisons, an R-statistic value
close to 1 indicated a considerable difference. The RELATE test was
applied to evaluate the correlation between zooplankton and environ-
mental variables. Based on the abundance ranking of each species within
their respective groups, the top three species were identified as the
dominant species in each group. Multivariate analyses were conducted
using the PRIMER software version 6 (PRIMER-E, United Kingdom).

Mean body length (mm), feeding type, trophic group, and repro-
ductive mode were chosen as four functional traits of zooplankton that
cover distinct and crucial ecological functions and may have an impact
on the functioning of marine ecosystems (Benedetti et al., 2016; Kigrboe,
2011; Litchman et al., 2013). Body size, considered a “master trait”,
transcends and scales with various traits related to ecosystem processes,
such as nutrient transfer, secondary productivity, and marine carbon
cycling (Litchman et al., 2013). The mean body lengths of adult in-
dividuals were classified into four length types: < 1, 1-2, 2-5, and > 5
mm, representing small, medium, large, and giant zooplankton,
respectively (Benedetti et al., 2016; Ge et al., 2022; Steinberg et al.,
2008). Additionally, we examined the latitudinal variation of
community-weighted mean (CWM) body lengths of zooplankton
(Benedetti et al., 2022). Feeding type of organisms determine their prey
selection, energy allocation, and nutrient cycling (Kigrboe, 2011).
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Feeding types were classified into four categories: current feeding (CU),
ambush feeding (AM), cruise feeding (CR), and mixed feeding (MI, for
species capable of switching between two types) (Benedetti et al., 2016).
We defined current and cruise feeding as active-feeding strategies, and
ambush feeding as a passive-feeding mode (Kigrboe, 2011). The trophic
group characterizes the primary food source of a species and, conse-
quently, its role in food-web dynamics (Pomerleau et al., 2015). Trophic
groups were classified into five types: omnivore (OM), omnivor-
e-herbivore (O-H), carnivore (CA), omnivore—carnivore (O-C), and
omnivore-detritivore (O-D) (Benedetti et al., 2018). Spawning strategy
also influences the energy allocations organism (Litchman et al., 2013).
Four types of egg-spawning strategies were identified: alternation of
generation (AG), broadcast spawner (BS), sac spawner (SS), and binary
fission (BF). Trait information was primarily obtained from previous
studies (Barton et al., 2013; Benedetti et al., 2016; Brun et al., 2016;
Chen and Shi, 2002; Deibel and Lowen, 2012; Pomerleau et al., 2015; Xu
et al., 2014; Zheng et al., 1984 etc.) and online sources ((https://www.
eol.org; https://copepodes.obs-banyuls.fr/en; see supporting informa-
tion). Each species, except for pelagic larvae, was assigned trait types,
forming a trait list (supporting information). The data on pelagic larvae
were not included in the trait analysis since they were highly compli-
cated and challenging to collect trait information (Krzton and Kosiba,
2020).

Redundancy analysis (RDA) was employed to analyze the link be-
tween zooplankton and environmental parameters in various stations
(Leps and Smilauer, 2003). The results of the RDA were visualized using
CANOCO 5.0. Prior to analysis, all environmental variables and
zooplankton abundance underwent log (x + 1) transformation.
Explanatory variables included SST, sea surface salinity (SSS), Chl a
concentration, the temperature at 200 m depth (SBT), and salinity at
200 m depth (SBS). The differences in environment parameters,
zooplankton abundance, and functional traits among distinct regions
were compared using one-way ANOVA in SPSS 25 (IBM, United States).
Prior to ANOVA, the Kolmogorov-Smirnov test was applied to check the
normality of the zooplankton abundance.

3. Results
3.1. Environmental factors

The SLA and GVA findings indicated notable fluctuations in the KE
throughout the observational period (Fig. 1). The KE stream exhibited a
southward meandering trajectory between 144°E and 146°E, ultimately
dissipating on April 20 in conjunction with the formation of a cold
pinch-off cyclonic eddy to the south. Based on the GVA and vertical
temperature and salinity profiles, the 9 stations were divided into four
types (Figs. 1, 2, S1, and S2). Stations B1 and B2 were impacted by the
KOMW, displaying lower temperature and salinity compared to other
stations. Station B3, located near the KE stream, exhibited high surface
temperature but low temperature at 200 m depth, indicating that the
upper layer at this station was primarily influenced by the KE, while the
deeper layer was influenced by KOMW (Figs. 2a and S2). Station B4
(147.03°E, 35.03°N), situated within an anticyclonic eddy that was not a
pinch-off ring, had a notably higher temperature than its southern
counterpart, Station B9 (147°E, 29.98°N), indicating a significant in-
fluence from the KE (Figs. 2a and S2). Stations B5-B9 were affected by
the NPSG. The cyclonic eddy Cl formed in the NPSG region
(30.5°N-33°N, 146.5°E-148°E) gradually diminished in size and in-
tensity during the investigating period, eventually merging with
cyclonic eddy C2 on April 21 (Fig. 1). Station B7 was situated in the
center of the eddy C1, where the temperature and salinity of the entire
water column above 200 m were highly homogeneous, while stations B6
and B8 were located at the edges (Figs. 1, S1, and S2). The daily SLA
variations at stations B4/B7 and within the cores of anticyclonic eddy
and cyclonic eddy C1 during the investigation period were shown in
Fig. S3.
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Stations B1 and B2, located within the KOMW region, exhibited low
SSTs of 13.8 and 14.7 °C, respectively, while station B4 recorded a
higher SST of 20.5 °C compared to the other stations, followed by station
B9 (20.0 °C) at a lower latitude (Fig. 2a). Similar patterns were observed
in the remote sensing SST data (Fig. S4). Although the vertical variation
trend of temperature from the surface to 200 m at station B3 was similar
to that of stations Bl and B2, the sea temperatures above 200 m of
station B3 were significantly higher than that of stations B1 and B2 due
to the influence of the KE (one-way ANOVA, P < 0.001). In addition, the
SST and thermocline at station B7 were observed to be low and shallow
in comparison to stations located along the edge of the eddy C1. The
SSSs at B8 and B9 were higher than that at other stations, followed by
station B4, while stations B1 and B2 exhibited low SSS (Figs. 2b and S2).
Station B7, located in the center of the eddy C1, displayed lower salinity
compared to stations B6 and B8, signifying the influence of low-salinity
subarctic water during the pinch-off event (Fig. S2). Stations B1 and B2
exhibited considerably lower salinities above 200 m depth compared to
the other stations (one-way ANOVA, P < 0.001), while station B4 dis-
played high salinity similar to those at stations B8 and B9 (Fig. 2b).

In comparison to other stations, station B1 exhibited the highest Chl
a concentration in the upper layers (< 50 m), followed by station B5,
while stations B7, B8, and B9 displayed low Chl a concentration (similar
to the findings from remote sensing Chl a data; refer to Figs. 2d and S5).
Except for stations B5 and B9, all stations below 100 m depth exhibited
low Chl a concentration (< 0.1 mg~m’3). Station B1 within the KOMW
region had the highest mean water column Chl a, whereas stations in the
NPSG (except station B5) exhibited oligotrophic features (Fig. 2c). The
proportion of phytoplankton with various cell sizes within total Chl a
varied across different regions (Fig. 2c). In the KOMW region, the pro-
portion of the 0.2-3 pm size-fraction in total Chl a was similar to that of
> 3 pm size-fraction. At station B3, the 0.2-3 pm and > 3 pm size-
fraction constituted 60 % and 40 % of the total Chl a, respectively,
whereas at station B4, these fractions accounted for 37 % and 63 % of
the total Chl a. In the NPSG region, phytoplankton with a size of 0.2-3
pm comprised 33 %-59 % of the total Chl a, while the > 3 um size-
fraction accounted for 41 %-67 %.

Stations B1 and B2 exhibited elevated surface nitrate and phosphate
concentrations (4.6-5.0 pmol-L ™! and 0.32-0.34 pmol-L ™}, respectively)
in comparison to other regions, with station B3 following closely (1.9
pmol-L~! and 0.23 pmol-L~}, respectively). Station B4, influenced by the
KE, had low nutrients that were comparable to those of oligotrophic
station B9 (Figs. 2e, 2f, and S6). Furthermore, nutrient concentrations
below 150 m at station B7, located in the core of eddy C1, were higher
than those at the oligotrophic station B9 in the NPSG (Figs. 2e, 2f, and
S6).

3.2. Zooplankton community structure and functional traits

A total of 272 taxa of zooplankton were recorded in this study, with
copepods, tunicates, and pelagic larvae (such as copepodite larva and
cypris larva) being the three predominant categories (Table S1). Based
on cluster analysis and SIMPROF test, four station groups were identi-
fied (Fig. 3a). Additionally, these classified groups exhibited significant
differences in species compositions (one-way ANOSIM, R = 0.949, P <
0.001). Group 3 had the highest biodiversity, followed by Group 1,
whereas Group 2 was the lowest (Table S2). The total abundance of
Group 4 was significantly higher than that of other groups (one-way
ANOVA, P < 0.05; Fig. 4a).

Group 1 was situated in the KOMW area (Fig. 3a). Within this group,
copepods constituted the predominant proportion of the total
zooplankton abundance (71 %-80 %), followed by tunicates (5 %-18 %)
(Fig. 4a; Table S1). Moreover, the species richness of Group 1 ranged
from 117 taxa to 120 taxa (Fig. 3b; Table S1). The average total abun-
dance of zooplankton was 740.1 + 178.1 ind-m™3 (Fig. 4a; Table S1).
The copepod species Clausocalanus furcatus, Oithona fallax, and Oncaea
media were the dominant species, with respective abundance of 102.9 +
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69.9, 66.1 + 25.0, and 54.6 + 8.9 ind-m > (Table S3).

Group 2 was influenced by both the KOMW and KE. Similar to Group
1, copepods dominated the total zooplankton abundance (82 %), fol-
lowed by tunicates (13 %) (Fig. 4a; Table S1). This group exhibited low
species richness (95 taxa; Fig. 3b; Table S1), with a total abundance of
668.0 ind-m~3 (Fig. 4a; Table S1). The copepod species Paracalanus
aculeatus, O. media, and Parvocalanus crassirostris were the predominant
species, with respective abundance of 207.3, 95.0, and 92.1 ind-m
(Table S3). Additionally, a considerable quantity of cypris larvae (2.0

ind-m~3), typically found in coastal regions, was detected within this
group (see supporting information).

Group 3 was located within an anticyclonic eddy and impacted by
the KE. A total of 137 taxa of zooplankton were recorded within this
group (Fig. 3b; Table S1). Copepods accounted for 61 % of the total
abundance, with pelagic larvae following in second at 19 % (Fig. 4a).
The copepod species Oithona plumifera (50.6 ind-m~>), O. fallax (43.0
ind~m’3), and Oncaea. venusta (30.4 ind~m’3) were dominant within this
group (Table S3). The total abundance of zooplankton was 488.5
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ind-m~3 (Fig. 4a).

Group 4 encompassed a total of 5 stations and was impacted by the
NPSG. Compared to other groups, this group had a higher species rich-
ness (137-157 taxa; Fig. 3b; Table S1). There was no significant differ-
ence in the species composition of zooplankton within the NPSG (P >
0.05). Tunicates (44 %-58 %) and copepods (37 %-46 %) constituted
the majority of the overall abundance of zooplankton. Fritillaria pellucida
(appendicularian), O. plumifera (copepod), and Doliolum denticulatum
(doliolid) dominated in this group, which abundances were 612.6 +
127.7,121.9 £+ 61.1, and 84.1 & 95.4 ind-m~3, respectively (Table S3).
The mean total abundance of zooplankton was 1502.5 =+ 403.2 ind-m 3.
Additionally, the total abundance of zooplankton at the center of pinch-
off cyclonic eddy (station B7) was lower than at the edges (Fig. 4a).

N. scintillans was found in Groups 1-3, but was not detected within
the Group 4 (Fig. 4a; Table S1). N. scintillans was most abundant at
Station B3 (1.2 x 10* ind-m~3), followed by B4 and B2 (27.9 and 14.0
ind-m~3, respectively). At station B1, there were few N. scintillans (0.6
ind-m~%) being found. N. scintillans bloomed at station B3, where its
abundance was 18 times higher than the overall zooplankton abundance
(Fig. 4a). Additionally, F. pellucida was abundant in Group 4 (464.6 ~
813.0 ind-m ™), and its maximum abundance was observed at station
B8. However, F. pellucida was rare in Groups 2 and 3 (< 6.0 ind-m~%) and
not detected in Group 1.

The percentages of each single functional trait varied significantly
among distinct groups (one-way ANOVA, P < 0.05), with the exception
of feeding type (Fig. 4b-4e). Group 4 exhibited a higher percentage of
medium zooplankton (55 %-77 %) in comparison to the other groups
(41 %-48 %), while Group 2 exhibited a higher proportion (44 %) of
small zooplankton (Fig. 4b). The proportions of large zooplankton were

the lowest across all groups. Additionally, station B6 exhibited the
highest CWM body length of zooplankton compared to all other stations,
with a high abundance of giant D. denticulatum, while the lowest CWM
body length was observed at station B3 (Fig. 4b). When it comes to
feeding types, each group was predominantly populated by cur-
rent—feeding zooplankton (38 %-74 %), followed by ambush—feeding
zooplankton (16 %-37 %), while mixed feeders accounted for a small
percentage (< 1 %; Fig. 4c). Moreover, Group 4 exhibited a higher
percentage of current feeders (61 %-74 %) compared to the other groups
(excluding Group 2) (38 %-43 %). In terms of trophic groups, O-H
zooplankton dominated the total abundance in each region (40 %-75
%), followed by omnivores (7 %-26 %), while O-C constituted the
smallest fractions (< 2 %,; Fig. 4d). The proportion of O-H in Group 4
(65 %-75 %) was higher than that in other groups (40 %-54 %), except
for Group 2. The percentage of O-D was higher in Group 3 (22 %) than in
other groups (4 %-16 %), while Group 2 exhibited a lower proportion (7
%) of omnivores. In addition, broadcast spawners predominated in
Groups 2 and 4 (58 %-76 %), whereas the percentage of sac spawners
closely resembled that of broadcast spawners in Groups 1 and 3 (Fig. 4e).

3.3. Correlation analyses between zooplankton and environmental factors

The RELATE analyses revealed a significant correlation between the
zooplankton community and environmental variables (R = 0.6, P <
0.01). The results of RDA demonstrated that the first two canonical axes
explained 79.6 % of the variation in the taxonomic composition of
zooplankton. The first axis explained 65.4 % and was mostly negatively
related to SBT; the second axis explained a further 14.2 % and was
mostly negatively related to SSS (Fig. 5). Zooplankton total abundance,
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Fig. 5. Redundancy analysis of zooplankton and environmental parameters.
SST, SSS, SBT, and SBS represented sea surface temperature, sea surface
salinity, temperature at 200 m depth, and salinity at 200 m depth, respectively.
Small, medium, large, and giant represented zooplankton with body lengths <
1 mm, 1-2 mm, 2-5 mm, and > 5 mm, respectively. CU, CR, AM, and MI
represented current feeding, cruise feeding, ambush feeding, and mixed
feeding, respectively. OM, CA, O-H, O-C, and O-D represented omnivore,
carnivore, omnivore-herbivore, = omnivore-carnivore, and omnivor-
e—detritivore, respectively. BF, BS, SS, and AG represented binary fission,
broadcast spawner, sac spawner, and alternation of generation, respectively.
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copepods, and tunicates exhibited positive associations with SSS, SBT,
and SBS. Medusae, chaetognaths, and pelagic larvae were positively
associated with SBT and negatively associated with Chl a. Zooplankton
biomass exhibited a positive association with SST. N. scintillans was
positively associated with Chl a and negatively associated with SBT. In
addition, MI and O-D zooplankton were positively associated with SST,
while BF zooplankton exhibited a positive association with Chl a and a
negative association with SST. Small and CA zooplankton displayed a
positive association with SST and SSS, while medium, CU, O-H, SS, and
AG zooplankton were positively associated with SBT, SBS, and SSS, and
negatively associated with Chl a. The remaining traits of zooplankton
exhibited a positive association with SBT.

4. Discussions
4.1. Differences in zooplankton community structure among regions

The zooplankton community formed a four-segment structure from
north to south in the investigated regions. The KE acted as a barrier that
prevented water exchange between the KOMW and NPSG (Figs. 3 and
6). Environmental variation among regions substantially affected
zooplankton functional traits (Figs. 4 and 5), which were also widely
recorded in global oceans (Barton et al., 2013; Brun et al., 2016; Corona
et al., 2021; Heneghan et al., 2020; La Rosa-Izquierdo et al., 2022; Yebra
et al., 2022). As for the “master trait” -body length, the warm NPSG
region (Group 4) exhibited a much higher proportion of medium
zooplankton (1-2 mm) in overall abundance compared to the stations
influenced by KE and KOMW (Groups 1-3; Fig. 4b). The present study
revealed a higher abundance of F. pellucida, which may explain the
increased proportion of medium-sized zooplankton. F. pellucida is
renowned for its rapid growth and reproduction capacity, as well as its
capacity to adapt to high-temperature and high-salinity environments
(Lopez-Urrutia et al., 2003). In this study, the pinch-off cyclonic eddy in
the NPSG probably resulted in elevated primary production, which

w U
W g o @ .
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Fig. 6. Schematic illustration of the Kuroshio Extension (KE) jet and pinch-off eddy influence on zooplankton. The zooplankton communities constructed a zonal
distribution, while the KE acted as a barrier that blocked water exchange between the Kuroshio-Oyashio mixed water (KOMW) and North Pacific Subtropical Gyre.
N. scintillans was carried by the KE jet from the coast of Japan to the open sea, where it changed the local zooplankton community by blooming in the KOMW under
favorable hydrological and nutritional environments. The pinch-off cyclonic eddy increased zooplankton abundance, and its divergent effect resulted in higher

zooplankton abundance on the edges than within the center of the eddy.
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likely contributed to the increased abundance of F. pellucida. Addition-
ally, the high abundance of F. pellucida may have affected the compo-
sition of trophic groups in the NPSG region, as it accounted for more
than 50 % of the O-H zooplankton. Consequently, the NPSG region
(Group 4) exhibited a higher proportion of O-H zooplankton compared
to the KOMW and KE regions (Groups 1-3).

Regarding feeding type, the KOMW region (Group 1) had a higher
proportion of ambush—feeding zooplankton compared to other regions,
while the NPSG region (Group 4) had a high proportion of cur-
rent-feeding zooplankton. The variations in zooplankton feeding types
among these regions likely reflect their trade-offs between resource
acquisition, metabolic costs, and predation risks (Prowe et al., 2019).
The ambush-feeding mode entails a lower encounter rate with prey, as
well as reduced metabolic costs and predation risks, whereas the
active-feeding mode represents the opposite (Kigrboe, 2011). In the
relatively resource-rich KOMW region, ambush-feeding zooplankton
might be able to acquire food with minimal metabolic costs while
evading visual predators, thus leading to a higher proportion within the
zooplankton community in this area (Kigrboe, 2011). However, due to
the scarcity of resources in the NPSG region, most zooplankton increased
prey encounter rates through active feeding in order to obtain more food
to sustain their survival, despite the higher energy expenditure and
increased vulnerability to predators (Ge et al., 2022). In addition,
compared to the findings of Ge et al., this study suggested that the
presence of the pinch-off cyclonic eddy in the NPSG may have sub-
stantially increased the proportion of current-feeding zooplankton. In
contrast, the proportion of ambush-feeding zooplankton exhibited no
significant change in this study. This could be attributed to the long
period of reproductive cycles of ambush-feeding zooplankton such as
some medusae and chaetognaths (Miiller and Leitz, 2002; Uye and
Liang, 2022), potentially resulting in their abundance changes lagging
behind those of current feeders (Table S1).

4.2. N. scintillans bloom in the open ocean and its potential ecological
effects

In the present study, red N. scintillans appeared in the KOMW and KE
regions and bloomed at B3, where its abundance exceeded 1.2 x 10*
ind-m~3. Red N. scintillans is commonly found in temperate to sub-
tropical coastal regions with temperatures ranging from about 10 °C
to 25 °C and higher salinities (generally not in estuaries) (Harrison et al.,
2011). The phenomenon of N. scintillans blooming in the KOMW region
adjacent to the KE has remained unreported. This species occurs
frequently in the coastal regions of southern Japan and is the primary
causative organism of red tides in Japan on an annual basis (Harrison
et al., 2011; Miyaguchi et al., 2006). Prior studies have indicated that
the Kuroshio current can transport species from the coastal area of
southern Japan to the KE and KOMW regions (Chiba et al., 2009; Chiba
et al., 2013), and N. scintillans was recorded in the open sea of eastern
Japan (141°E-145°E, 31°N-35°N; Nakata et al., 2004; Tomosada,
1984). In this study, N. scintillans from the nearshore coast of Japan may
have been transported to station B3 by the KE jet during early-to-mid
April. The southward swing of the KE stream (Fig. 1, 19 April to 27
April) resulted in station B3, which was previously exclusively impacted
by the KE, being jointly influenced by the Kuroshio water and subarctic
cold water, thus providing an ideal habitat for N. scintillans. It is worth
noting that the occurrence of N. scintillans blooms in the KOMW areas
adjacent to the KE may be a common yet underreported phenomenon.
Additionally, cypris larvae, typically found in coastal regions (Anil et al.,
2010; Weydmann-Zwolicka et al., 2021), were detected at station B3,
possibly due to the Kuroshio advection. Station B2, on the other hand,
may not be conducive to N. scintillans reproduction due to its low water
temperature and distance from the KE stream.

N. scintillans is a common red tide organism whose bloom has been
linked to severe harm to marine ecosystems (Quevedo et al., 1999;
Umani et al., 2004). N. scintillans exhibits a broad range of body lengths,
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typically between 0.2 and 2 mm, and possesses a voracious feeding
behavior that enables it to consume a wide array of organisms, including
fish eggs, phytoplankton, zooplankton, detritus, and bacteria. Compe-
tition for resources may impact on species that share similar food
sources with N. scintillans (Quevedo et al., 1999; Ollevier et al., 2021).
Batistic et al. (2019) have reported a notable decline in zooplankton
abundance arising from the bloom of N. scintillans, given its restrictive
effect on the food supply for zooplankton, particularly crustaceans. In
this study, the bloom of N. scintillans might also affect the zooplankton
community structure in the KOMW region. The zooplankton community
at B3 differed significantly from that at adjacent stations B1 and B2: the
community similarity was determined to be only 50 % (Fig. 3a), and the
biodiversity of B3 was considerably lower than that of B1 and B2
(Fig. 3b). The abundance of small zooplankton such as C. furcatus,
Oithona nana, and O. plumifera at station B3 decreased significantly
compared to stations B1 and B2, potentially as a result of predation by
N. scintillans. Furthermore, it is notable that the ecological efficiency
within pelagic ecosystems correlates with the size spectra of plankton
(du Pontavice et al., 2020; Sommer et al., 2002). Compared to stations
B1 and B2, the shrinkage of zooplankton CWM body length at station B3,
which was affected by the bloom of N. scintillans, might result in a
decline in ecological efficiency.

The bloom of N. scintillans can potentially impact the marine carbon
cycle and export. On the one hand, the ingestion and degradation of
diatoms and copepod feces by N. scintillans impeded the sinking of
particulate organic carbon to the deep layers of the ocean, thereby
reducing the storage of COy by biological pump (Kigrboe, 2003).
Meanwhile, N. scintillans could reduce the abundance of some large and
giant migrators by preying on their eggs and larvae to decrease their
recruitment (Ollevier et al., 2021), subsequently influencing the
contribution of the entire zooplankton community to active carbon flux.
On the other hand, the vast array of metabolic products and carcasses
generated during the bloom of N. scintillans may alter the carbon cycle
within the microbial loop after being mineralized by bacteria (Vasas
et al., 2007). Consequently, it is imperative to consider the impact of the
N. scintillans bloom on the marine carbon cycle and export in the
oligotrophic open ocean more comprehensively, necessitating further
research in this region.

4.3. Effects of pinch-off cyclonic eddy on zooplankton community

In general, cyclonic eddies pump deep seawater to the surface, and
their centers typically exhibit characteristics of low temperature and
high salinity (Kim et al., 2022; Li et al., 2021). However, in this study,
the seawater temperature and salinity within the pinch-off cyclonic eddy
were substantially lower compared to the surrounding area (Fig. 2).
Remote sensing data indicated that the V-like meander of the KE from
April 7th to April 16th, which was open towards the north, may have
included low-salinity water from subarctic regions that infiltrated inside
the meander before it closed (Fig. 1). Additionally, cyclonic eddies could
replenish surface nutrients by pumping deep water, thereby promoting
the growth of phytoplankton (Belkin et al., 2022; Guo et al., 2015;
McGillicuddy et al., 2007). Similar findings were seen in this study
where nutrient levels (at depths of 50-200 m) were higher within the
eddy compared to the surrounding area (Fig. 2). However, the concen-
tration of Chl a in the eddy did not exhibit a significant increase when
compared to the adjacent area (station B9). The variation of Chl a is
typically associated with the development stage of the cyclonic eddy,
wherein Chl a level is significantly enhanced during the early stages,
while Chl a level within the eddy center is not statistically distinguish-
able from the surrounding area during the later phase (McGillicuddy
et al., 2007). Furthermore, the grazing activities of zooplankton can also
lead to a reduction in Chl a concentration within the eddy (Landry et al.,
2008). Thus, in this study, the low Chl a concentration within the eddy
may be impacted by two aspects: (1) the eddy C1 was in the winding
down phase and eventually dissipated on April 20th; and (2) the
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increased abundance and grazing rates of zooplankton within the eddy
(Goldthwait and Steinberg, 2008; Huggett, 2014).

Previous studies indicated that the zooplankton community in the
NPSG region was characterized by high species richness and low
abundance compared to the KOMW region (Sun and Wang, 2017; Zang
et al., 2023). Meanwhile, copepods constituted the highest proportion
(61 %) of total zooplankton abundance in the NPSG, followed by tuni-
cates (14 %; Zang et al., 2023). However, unlike the early findings, the
highest abundance of zooplankton occurred in the NPSG and tunicates
were the dominant group in this study (Fig. 4a), which might be affected
by the cyclonic eddy. Generally, the elevated Chl a associated with the
cyclonic eddy can enhance the abundance of zooplankton, particularly
O-H zooplankton species (Belkin et al., 2022; Decima and Landry,
2020). Abundant O-H tunicates were identified in this study, exhibiting
significantly higher abundances than those reported by Zang et al.
(2023). These tunicates, such as D. denticulatum and F. pellucida, are
known to possess high clearance rates and potential population growth
rates, enabling them to respond promptly to an increase in prey avail-
ability (Litchman et al., 2013). Furthermore, cluster analysis demon-
strated a high degree of similarity in the zooplankton communities
within the NPSG (Fig. 3a), suggesting a notable homogeneity in
zooplankton taxonomic composition within this region. Differences in
the zooplankton communities between the eddy and ambient region
were primarily attributed to varying concentrations or dilutions of
zooplankton, rather than extended isolation within the eddies (Huggett,
2014). Similar research findings have also been reported in the
Mozambique Channel and adjacent waters of the Hawaiian Islands
(Huggett, 2014; Landry et al., 2008). Notably, it was observed that the
zooplankton abundance at station B7, situated at the center of the eddy,
was noticeably lower than that at stations B6 and B8, located at the
edges, owing to the divergent effects of cyclonic eddy processes
(Hernandez-Leon et al., 2001). The cyclonic eddy could promote
zooplankton aggregation along the edges, resulting in higher abundance
in these areas compared to the center (Goldthwait and Steinberg, 2008;
Huggett, 2014; Rocha-Diaz et al., 2021).

Eddy-induced modifications in the structure and behavior of
zooplankton communities may have crucial implications for the func-
tioning of oligotrophic food webs and the transfer of particulate organic
matter to deeper zones, consequently affecting carbon sequestration in
the deep ocean (Eden et al., 2009; Goldthwait and Steinberg, 2008). In
this study, variations in the zooplankton community driven by the
pinch-off eddy in the NPSG region may affect marine carbon export. The
heightened zooplankton biomass resulting from the pinch-off cyclonic
eddy might potentially facilitate the export of particle organic carbon
through the generation of abundant fecal pellets (Goldthwait and
Steinberg, 2008). Moreover, the increased abundance of diel migrators
(such as medusae and chaetognaths) contributed to an augmented active
carbon flux into the deep ocean (Landry et al., 2008). Additionally, the
substantial presence of tunicates within the cyclonic eddy may play a
vital role in carbon export. Pelagic tunicates serve as current—feeding
grazers, promoting the downward transport of carbon by producing a
considerable quantity of particulate organic carbon detritus, including
their “house” and fecal pellets (Flood et al., 1992; Luo et al., 2022).
Further investigation is warranted to improve the understanding of the
impacts of pinch-off cyclonic eddies on carbon export from zooplankton
in the KE region and its adjacent areas.

Prior research has indicated significant seasonal variations in the
hydrological environment of KE and its adjacent areas (Limsakul et al.,
2001). Moreover, the meandering of the KE stream also displays sea-
sonal fluctuations (Ding et al., 2019). However, this study only inves-
tigated a single transect across the KE and its adjacent areas during the
spring season, and thus unable to reveal the seasonal variations in the
zooplankton community of KE and its adjacent areas. Additionally, the
different stages of the eddies may result in distinct patterns of
zooplankton biomass and distribution (Goldthwait and Steinberg, 2008;
Huggett, 2014). This study examined the influence of the later stage of
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the cyclonic eddy on the zooplankton community. Consequently, the
effects of the complete formation and dissipation processes of pinch-off
cyclonic eddies on the zooplankton community remain unclear, war-
ranting further investigation.

5. Conclusion

The present study demonstrated the mesoscale variations of the
zooplankton community in the KE region and its adjacent areas, clari-
fying the effects of the KE and pinch-off cyclonic eddies on zooplankton
biodiversity and functional traits. Zooplankton communities across the
KE and its adjacent regions exhibited a distinct four-segment pattern
from north to south, with the KE functioning as a barrier that limited
connectivity between zooplankton communities in the KOMW and
NPSG regions. We documented a red N. scintillans bloom in the KOWM
region adjacent to the KE stream and analyzed its potential effects on the
zooplankton community and carbon export. This study constituted a
case study, focusing on a single transect traversing the cyclonic eddy
during its later phase. Despite the innovative revelation of the effects of
the pinch-off cyclonic eddy in the KE region on plankton communities in
this study, the broader ramifications of the complete formation and
dissipation processes of pinch-off eddies on biogeochemical processes
necessitate further investigation.
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