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Despite their abundance in marine ecosystems, studies on siphonophores are
limited. In this study, 26 species of siphonophores in the Northwest Pacific
Ocean were identified during multiple cruises of the R/V ISABU from 2018-2020,
and various factors that may affect the occurrence of siphonophores, including
water temperature, salinity, zooplankton biomass, and trophic niche were
investigated. Statistical analysis revealed that the distribution of siphonophores
and their biomass could be divided into two water mass groups, affected by the
Kuroshio and Oyashio Currents. The species with high contributions to
distinguishing the water mass groups (including Chelophyes contorta,
Dimophyes arctica, Bassia bassensis, and Eudoxoides spiralis—mainly
belonging to the Diphyidae) showed species-specific correlations with water
temperature and salinity. This suggests that diphyids can be used as indicator
species for currents and hydrological factors that influence water mass. The
biomass of siphonophores exhibited a trend opposite to that of non-gelatinous
zooplankton and showed no association with other gelatinous zooplankton.
These results can be interpreted from an ecological niche perspective. Through
nitrogen and carbon stable isotope analyses, the dietary sources of
siphonophores could potentially overlap with those of chaetognaths or non-
gelatinous zooplankton. Because the trophic position of siphonophores (2.4—
3.2) also falls in the range of those of chaetognaths (2.8—-3.4) and non-gelatinous
zooplankton including copepods, euphausiids, and amphipods (2.4-3.5), diet
competition with carnivorous mesozooplankton could be predicted.
Considering that the diversity and biomass of most siphonophores are strongly
positively correlated with water temperature and salinity, expansion of the
Kuroshio Current is expected to lead to an increase in siphonophores in the
Northwest Pacific in the future. The findings of this study are anticipated to
provide novel insights into climate change prediction and response and enhance
our understanding of siphonophore communities.
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1 Introduction

Most studies on plankton ecology worldwide are biased towards
copepods and have used them as indicators (Richard and Jamet,
2001; Hwang and Wong, 2005; Hwang et al., 2006; Campos et al.,
2017; Seo et al., 2018; Choi et al., 2020; de Oliveira Dias et al., 2023)
although it is difficult to explain the entire system using only a few
taxa because of the presence of diverse organisms. One major
limitation of this approach is the evaluation of gelatinous
zooplankton. Gelatinous zooplankton is a generic term for
transparent planktonic organisms with gelatinous tissue
containing a high percentage of water, including medusae,
siphonophores, ctenophores, chaetognaths, tunicates, and
pteropods (Hammer, 1975; Madin and Harbison, 2001; Raskoff
et al., 2003). Gelatinous zooplankton can be a food source
connecting primary producers and high trophic level consumers,
and they play a vital role in marine ecosystems (Hays et al., 2018). A
previous study showed that gelatinous zooplankton can contribute
up to approximately 25% of the total pelagic biomass (Robison,
2004). Purcell (2005) and Holst (2012) reported a correlation
between the community structure of jellyfish and climate change,
and suggested that it is essential to clarify this relationship.
However, despite their important role in marine ecosystems, it is
difficult to study gelatinous zooplankton using traditional methods
because of their fragile bodies and patchy distributions (Fleming
etal, 2011; Henschke et al., 2016). A limited number of studies have
been conducted on the giant and well-known scyphozoan jellyfish
(Zhang et al., 2012; Morita et al., 2017). However, despite the high
diversity and biomass of non-scyphozoan gelatinous zooplankton,
such as siphonophores and pyrosomatids, research on these groups
remains insufficient (Weikert and Godeaux, 2008; Palma et al,
2014). Although some studies have shown that salp blooms are
associated with phytoplankton (Kang et al., 2019), few ecological
studies have been conducted on siphonophores.

Siphonophores are successful oceanic predators which employ
unique mechanisms to obtain food sources in oligotrophic
environments using a modular zooid chain (Damian-Serrano
et al,, 2022). Siphonophores are broadly distributed and are often
cosmopolitan. Unlike scyphozoan jellyfish, siphonophores can be
more sensitive to environmental changes because they do not
produce polyps and live a holoplanktonic life. Despite their high
ecological research value, little information is available on their
distribution and biomass in the Northwest Pacific. Additionally,
their relationships with other zooplankton and environmental
factors have been understudied, therefore, evaluating the
ecological roles of these animal groups is difficult.

Previous studies have elucidated the predatory feeding of
siphonophores based on morphological and phylogenetic analyses
(Damian-Serrano et al., 2021). Such feeding ecology can be
recorded as variations in stable isotope ratios in consumer tissue,
allowing the illustration of the food web structure, i.e., diet source
and trophic position (TP), using carbon (8"C) and nitrogen (8"°N)
isotope ratios, respectively (Minagawa and Wada, 1984; Post, 2002).
8"°C and §'°N analysis has suggested that some gelatinous
zooplankton can potentially compete with non-gelatinous
zooplankton for diet resources in the same space, owing to their
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similar stable isotope compositions (Chi et al., 2021). Meanwhile,
8'°N analysis of individual amino acids (AAs) has been increasingly
used to understand the TP of consumers based on the separation
between trophic enrichment and basal nitrogen sources (trophic
and source AAs, respectively) (Chikaraishi et al., 2009; McMahon
and McCarthy, 2016; Choi et al., 2017). The TPs of zooplankton
provide informative signals of dietary composition and variation
based on environmental changes (Décima et al., 2013; Loick-Wilde
et al., 2019; Choi et al., 2021). The 8N of AAs could provide a
better understanding of trophic ecology, including both gelatinous
and non-gelatinous zooplankton.

In the Northwest Pacific, various currents such as the Kuroshio
Current (KC), Oyashio Current (OC), North Equatorial Current
(NEC), Southern Subtropical Countercurrent (sSTCC), and
Northern Subtropical Countercurrent (nSTCC), significantly
influence ocean circulation (Hu et al., 2015; Yang et al, 2017).
The Northwest Pacific includes numerous active eddies formed by
water mass exchange, resulting in high zooplankton productivity
(Taguchi et al, 2007; Qiu and Chen, 2010; Lin et al., 2020).
Gelatinous and non-gelatinous zooplankton coexist and play
important roles as mid-trophic links in the planktonic food web
in the Kuroshio Extension (KE), which is the mixing zone between
the KC and OC (Kobari et al., 2008). Therefore, it is important to
study the ecological relationships between environmental
characteristics and zooplankton in the Northwest Pacific to
understand changes in the marine ecosystem (Komatsu et al,
2002; Tian et al., 2003; Chiba et al., 2008; Qiu et al., 2017).

The aim of this study was to clarify the spatial correlation
between siphonophore distribution and environmental conditions
in the Northwest Pacific. In addition, we attempted to identify
species among the siphonophores that could serve as environmental
indicators, and clarified their association with other gelatinous and
non-gelatinous zooplankton using stable isotope analysis. We
hypothesized that the distribution of siphonophores in the
Northwest Pacific can be characterized according to hydrological
parameters. Some siphonophores would be an indicator species,
based on their occurrence. Additionally, the 8N values of AAs can
provide powerful evidence to clarify feeding ecology and the niche
partitioning between siphonophores and other gelatinous and non-
gelatinous zooplankton. These results will help us to understand the
siphonophore communities in the Northwest Pacific and to
characterize this water mass. Considering the importance of
siphonophores in gelatinous zooplankton, this study is expected
to enable the investigation of the causes and future sustainability of
blooms, and generate a useful basis for climate change prediction.

2 Materials and methods

2.1 Collection of specimens and
hydrological data

Samples were collected during multiple R/V ISABU cruises
(August 2018, October 2019, and May 2020) in the Northwest
Pacific (Figure 1, Supplementary table S1). We used a multiple
opening/closing net and environmental sensing system
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(MOCNESS, 1 x 1 m% mesh aperture: 200 um), which was towed
obliquely from a depth of 200 m to the surface at each station.
Hydrological data (temperature, salinity, and density) for the water
column were recorded using a CTD (SBE 91plus, Sea-Bird Scientific
Co., Washington, USA) at each station. After towing, the samples
were immediately split into three aliquots using a Folsom plankton
splitter: 1) fixed in 5% neutralized formalin solution and stored at
25 +2°C; 2) fixed in 99% ethanol and stored at 4 °C; 3) live sample
with no chemical addition.

2.2 Biomass

After drying the filter paper (GF/C Whatman, 47 mm, pore size
0.45 um) in a dry oven at 60 °C for 24 h, the weight was measured to
0.001 mg with a precision electronic balance. The formalin-fixed
samples were transferred to a petri dish (@: 5 cm) using a pipette
and separated into 1) siphonophores; 2) other gelatinous
zooplankton (scyphozoans, cubozoans, ctenophores, salps,
chaetognaths, and others) except for siphonophores; 3) non-
gelatinous zooplankton, under a stereomicroscope (Olympus
SZX7, Tokyo, Japan) using Live Insect Forceps (26029-10, Fine
Science Tools Inc., Foster City, CA, USA). The sorted samples were
divided into 1/2-1/16 portions, poured into filter paper in a funnel,
and slowly stirred with a pipette to remove the surface moisture of
the sample using a vacuum pump (the pressure was usually kept
below 250 mmHg). The operation was stopped before the samples
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were drained. The remaining moisture on the filter paper was
removed using Kimwipes, and the weight was measured (up to
0.001 mg) using a precision electronic balance. Finally, the wet
weight was converted into units of biomass (mg/m®) per unit
volume of filtered water.

2.3 Identification of siphonophores

The siphonophore specimens from the formalin, ethanol, and
live samples were sorted using Live Insect Forceps under a
stereomicroscope. Observation and identification were conducted
using descriptions, illustrations, and terminology from the literature
(Totton, 1954; Totton and Bargmann, 1965; Kirkpatrick and Pugh,
1984; Mapstone, 2009; Pugh and Baxter, 2014; Nishiyama et al,,
2016). Species occurrence per station is summarized in Table 1.

2.4 Data processing and statistical analysis

The CTD data were visualized using Ocean Data View 4
software (version 4.5.7) (Figures 2, 3). The depth of the surface
mixed layer was determined as the depth at which the density
difference from that at 5 m was over 0.05 kg/m3 (Lee et al., 2019),
and the surface water temperature and salinity were calculated as
the average values of the mixed layer. Statistical analysis of species
composition was performed using PAST software (version 4.09)
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TABLE 1 List of siphonophores that occurred in the study area.

Cruise KC2005 KE1910 KE1808

Station S06 S09 S11 11R Eddyl  Eddy3 St4  St6

Gelatinous particles [ [ ] [ [ [ ] [ ] [ ] [ [ ] [ ] [ [ ] [ ] [ ] [ [ ] [ [ ] [ ]

Abyla bicarinata Moser, 1925 [ )

Abylopsis eschscholtzii [ ] [ ] [ J [ ] [ ] [ ] [ ] [ J [ ] [ ] [ J [ ] [ [ ] [ [ ] [
(Huxley, 1859)

Abylopsis tetragona (Otto, [ ] ® [ ] [ ] [ ] [ ] (] [ ] [ ] [ ] [ ] [ ] [ ] [ ] ° [ ] [ ]
1823)

Agalma elegans (Sars, 1846) ) [ [

Agalma okenii Eschscholtz, [ ] [ ] [
1825

Athorybia rosacea (Forsskal, [
1775)

Bassia bassensis (Quoy and [ [ ] [ [ [ [ ] o o [ [ ] [ ] [ ] [ [ ]
Gaimard, 1833)

Ceratocymba leuckartii [ ] [ [ [ ] [ [ [ ]
(Huxley, 1859)

Chelophyes appendiculata [ [ ] [ [ ] [ ] [ [ [ ] [ [ ] [ ]
(Eschscholtz, 1829)

Chelophyes contorta (Lens and [ ) [ ] [ ) [ ) [ ) [ ] [ [} [} [ [ ] [ ] [} [ ]
van Riemsdijk, 1908)

Dimophyes arctica (Chun, [ [ [ ] [ [ ] [ ] [ ]
1897)

Diphyes bojani (Eschscholtz, ° [ ] [ [ [ [ ] [ [ [ ] [ [ ] [ ] [ ] [
1825)

Diphyes dispar Chamisso and ) ) [ ] [
Eysenhardt, 1821

Enneagonum hyalinum Quoy [
and Gaimard, 1827

Eudoxoides mitra (Huxley, [ [ [ [ [ [ ] o [ [ [ [ [ ] [ [ ] °
1859)

Eudoxoides spiralis (Bigelow, ) [ ] [ [ [ [ ] [ [ [ ] [ ] [ ] [ ]
1911)

Halistemma isabu Park, [ ] [ ] [ [ °

Prudkovsy and Lee, 2020

Hippopodius hippopus [ ] [ ] [ ] [ ] [ ] [ [ ] [ [ ] [ [ ]
(Forsskal, 1776)

Lensia cossack Totton, 1941 [ °

Lensia hotspur Totton, 1941 [ ]

Lensia hunter Totton, 1941 )

Lensia multicristata (Moser, [ ] [ ) [ ) [ ] [ ] [ ] [ ]

1925)

Nanomia bijuga (Delle Chiaje, [

1844)

Sulculeolaria chuni (Lens and [ ] [ ] [}

van Riemsdijk, 1908)

Vogtia glabra Bigelow, 1918 [ ] [ ] [ ]

Vogtia spinosa Keferstein and [ ]
Ehlers, 1861

(Hammer et al., 2001). Hierarchical clustering and non-metric ~ between the stations in terms of the distribution of
multidimensional scaling (NMDS) analyses of the clusters using  siphonophores (Clarke and Gorley, 2006). A similarity percentage
the unweighted pair group method with arithmetic mean  (SIMPER) test was performed to identify the species with high
(UPGMA), based on the Bray-Curtis similarity index (Shannon  contributions to each cluster (Bray and Curtis, 1957; Clarke, 1993;
and Wiener, 1963), were performed to measure the similarity = Clarke and Warwick, 2001), and a canonical correspondence
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analysis (CCA) was conducted to determine the correlation between
siphonophores and environmental conditions (Ter Braak and
Verdonschot, 1995). The CCA dataset consisted of species
contributing up to a cumulative 80% of the average Bray-Curtis
similarity with reference to previous studies, and five environmental
factors (temperature, salinity, and biomass (siphonophores, other
gelatinous, and non-gelatinous zooplankton)) were used as
explanatory variables (Jaffre et al., 2008; Terlizzi et al., 2010;
Saitoh et al., 2011). The wet weight was visualized as bar graphs
and boxplots using Excel (Microsoft Office 16) and PAST software
(version 4.09) (Hammer et al., 2001).

2.5 Stable isotope analysis

Live samples collected during the KC2005 and KC1910 cruises
were used for stable isotope analysis. Both gelatinous and non-
gelatinous zooplankton were freeze-dried for 24 h and
homogenized. To analyze the carbon stable isotope ratio
(8"Cgup), the samples were acidified with 1M HCI overnight to
remove inorganic carbon. After the removal of residual HCI, the
lipid content in the samples was extracted by sonication with 2:1
methanol/chloroform (v/v). For the nitrogen stable isotope ratio
(8"°Npuy), the samples were used without decalcification or
defatting. Samples of approximately 0.1-0.3 and 0.3-1.5 mg dry
weight for the 8"*Cpyy and §'°Npyy analysis, respectively, were
packed into tin capsules and analyzed using an isotope ratio mass
spectrometer (Isoprime, Elementar, Germany) equipped with an
elemental analyzer (Vario Select, Elementar, Germany). The
analytical precision of the 8"Cpyy and 8" Npy values was
checked using international standards (IAEA CH-3 and N-1) for
every 10 sample runs. The analytical errors in both CH-3 and N-1
were less than 0.3%o during analysis.

For the analysis of the nitrogen isotopes of individual AAs
(8"°N44), we used two to three individuals of the non-gelatinous
zooplankton (copepods, euphausiids, and amphipods) and one
individual of the gelatinous zooplankton. The experimental
protocol has been described in a previous study (Choi et al,
2021). AA nitrogen isotopes were analyzed using a gas
chromatograph (HP 6890N, Agilent, USA) connected to a
combustor (GC5 Interface, Elementar, Germany) and an isotope
ratio mass spectrometer (Isoprime 100, Elementar, Germany).
8'°N-certified AA standards (alanine, glycine, valine, leucine,
norleucine, aspartic acid, methionine, glutamic acid, and
phenylalanine) were purchased from SHOKO-Science and
Indiana University. The AA standards were derivatized using the
same method mentioned above and used for the calibration and
verification of analytical precision. The 8'°N values of the AA
standards displayed a standard deviation smaller than 1%eo.

The TP was calculated using the following equation
(Chikaraishi et al., 2009).

TP = <615NG114 - fI;NPhe - 34) +1
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Where 8"°Ng, and 8" °Npye are the nitrogen isotope ratios of
glutamic acid (Glu) and phenylalanine (Phe), respectively. The
constant 3.4 is the empirical value of the §"°N difference between
Glu and Phe in primary producers (f value). The constant 7.6 is the
8'"°N difference in Glu relative to Phe for each trophic transfer.

3 Results
3.1 Hydrology

This study covers the area from the origin of the KC to OC and
includes the KE (Figure 1). Most stations exhibited a pycnocline at
water depths of approximately 50 m (Figure 2). Water temperature,
salinity, and density differed according to station and associated
currents (Figure 2). In the KC sphere of influence (S03-S12), the
water temperature in the surface mixed layer decreased from low to
high latitudes (9.0-28°N; 24.8-30.0 °C; Figure 3A). In the case of
S03, the salinity in the surface mixed layer was relatively low (33.9
psu; Figure 3B), and a rapid change in the density gradient appeared
at water depths of approximately 100 m (Figure 2C), which can be
considered to reflect effect of the relatively low salinity NEC (Yang
et al,, 2017). Relatively high surface mixed layer salinity (34.4-34.6
psu) was recorded at S04-S06 and showed characteristics of the
Subtropical Countercurrent (STCC) (Figure 3B; Yang et al,, 2017).
S09-S12 had lower water temperatures in the surface mixed layer
than S03-S06 (24.8-28.8 °C; Figure 3A), and a previously detected
KC pattern was confirmed (Horikawa et al., 2015; Ye et al,, 2016).

The KC and OC encounter to form the KE in the Northwest
Pacific, and the high latitude stations of the KE (36.3-43.9°N; St0
(KE1910), Eddy3, St0 (KE1808)-St2.4) demonstrate low
temperatures in the surface mixed layer (12.0-22.6 °C; 32.6-34.2
psu; Figure 3A) and a strong pycnocline within a 50 m water depth
(Figure 2C), affected by the OC (Qiu, 2001; Sakurai, 2007). The low
latitude stations of the KE (25.5-36.4°N; 11R, Eddyl; St8-St9),
affected by the KC (Qiu, 2001), demonstrated relatively warm water
temperatures, high salinity in the surface mixed layer (23.3-28.1 °C;
34.5-34.7 psu; Figure 3), and a relatively weak pycnocline within 50
m (Figure 2C) compared with the conditions at high latitude
stations. St4 (38.2°N), St6 (36.0°N), and St7 (34.8°N) were close
to the latitudes of the KE1910_Eddy stations (36.3-36.4°N).
Therefore, it is difficult to distinguish them based solely on
latitude. However, considering the temperature, salinity, and
density in the surface mixed layer (25.3-27.7 °C; 34.1-34.4 psu;
Figures 2, 3), a pattern similar to that in the low latitude stations of
the KE was observed.

The sampling stations were divided into two groups based on
the hydrological data and ocean currents. 1) group A, with high
temperatures and salinity in the surface mixed layer was strongly
affected by the KC (27.6 (23.3-30.0) °C; 34.5 (33.9-34.8) psu; S03-
S12; 11R, Eddyl; St4-St9); 2) group B, with low temperatures and
salinity in the surface mixed layer was strongly affected by the OC
(17.6 (12.0-22.6) °C; 33.4 (32.6-34.2) psu; St0 (KE1910), Eddy3, St0
(KE1808)-St2.4).
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Vertical profile of temperature, salinity, and density in the study area. (A—C) KC2005; (D-F) KE1910; (G-1) KE1808 cruises.

3.2 Correlation between the distribution of
siphonophores and environmental factors

A total of 26 species of siphonophores were recorded from 19
stations, and the highest diversity, with 16 species, was confirmed in S09
and 11R, whereas no siphonophores were recorded in St0 (KE1808)
(Table 1). Abylopsis eschscholtzii (Huxley, 1859) and Abylopsis tetragona
(Otto, 1823) were recorded at 17 stations, indicating that they were the
most extensively distributed among the recorded siphonophores.
Hierarchical clustering analysis based on species composition was

Temperature (°C)

Ocean Data View

ooN,—J_‘L

performed to investigate the correlation between the occurrence of
siphonophores and the hydrological features at different stations. Except
for St0 (KE1808) (where no siphonophores were recorded), the data
were classified into water mass group A (high temperature and high
salinity strongly affected by the KC) and group B (low temperature and
low salinity strongly affected by the OC) at a 50% similarity level
(Figure 4; cophenetic correlation: 0.9292). The NMDS analysis results
were also clearly divided into groups A, B, and St0 (KE1808) (Figure 5;
stress value: 0.171), which is consistent with previous results based on
hydrological conditions.
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Temperature (A) and salinity (B) in the surface mixed layer in the study area.
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The SIMPER analysis revealed the species that distinguished
each cluster. Chelophyes contorta (Lens and van Riemsdijk, 1908),
found only at group A stations, had the highest contribution rate at
10.44% (Table 2). Dimophyes arctica (Chun, 1897), mainly occurred
at group B stations, with a contribution rate of 8.06%. Bassia
bassensis (Quoy and Gaimard, 1833) and Eudoxoides spiralis
(Bigelow, 1911) were also unequally distributed in group A
stations, with comparatively high contributions of 8.04% and
7.97%, respectively. Based on the SIMPER analysis, 13 species
accounted for 82.54% of the total contribution, and each
contribution rate was greater than 3%. Correlations between these
13 major species and water temperature, salinity, and biomass
(siphonophores, other gelatinous, and non-gelatinous
zooplankton) were derived from the CCA results (Figure 6). The
eigenvalues of Axis-1 and Axis-2 were 0.098 and 0.032, respectively,
and these two axes explained 84.25% (Axis-1: 63.54%; Axis-2:
20.71%) of the total variance. Regarding environmental factors,
the siphonophore biomass exhibited a vector similar to that of
temperature and salinity. In contrast, the biomass of non-gelatinous
zooplankton showed a vector opposite to those of temperature,
salinity, and siphonophore biomass. The biomass of the other
gelatinous zooplankton exhibited a short vector that was not
coupled with other environmental factors. E. spiralis, C. contorta,
Ceratocymba leuckartii (Huxley, 1859), B. bassensis, Hippopodius
hippopus (Forsskal, 1776), and Diphyes bojani (Eschscholtz, 1825)
showed a positive correlation with water temperature and salinity
based on Axis-1. However, Chelophyes appendiculata (Eschscholtz,
1829), A. tetragona, A. eschscholtzii, D. arctica, and Eudoxoides
mitra (Huxley, 1859) were negatively correlated with water
temperature and salinity. Halistemma isabu Park and Lee, 2020,
and Lensia multicristata (Moser, 1925) were not significantly
correlated with any environmental factors.

10.3389/fmars.2023.1223477

3.3 Correlation between siphonophore
biomass and water mass

The total zooplankton biomass was the highest (516.4 mg/m”)
at St0 (KE1910) and the lowest (24.0 mg/ms) at S06. There was no
direct correlation between the latitude of the stations and the total
zooplankton biomass, however, it was confirmed that a higher
biomass value was generally recorded at stations located at higher
latitudes during each cruise (509, S12, St0 (KE1910), St0 (KE1808)-
St01), except for SO3 (Table 3). The total gelatinous zooplankton
biomass values were 103.6 mg/m> at S03, 92.1 mg/m’ at St0
(KE1808), and the lowest at S06 (3.3 mg/m3). These were similar
to the total zooplankton biomass values (Table 3). The biomass of
siphonophores was the highest at S03, with a value of 34.3 mg/m3,
and the lowest at St01, with a value of 2.1 mg/m?, except for St0
(KE1808), where no siphonophores were found.

The proportion of the biomass comprised by gelatinous
zooplankton among the total zooplankton was 18.4% (3.4-37.9%)
on average, it varied by station and among them, the value was
particularly low at St0 (KE1910) and St01-St2.4 (3.4-9.1%) (Figure 7).
The proportion of the biomass comprised by siphonophores among
total zooplankton was 11.8% (0-22.2%) on average, it also varied by
station and showed particularly low values at group B stations (St0
(KE1910), Eddy3, St0 (KE1808)-St2.4) (Figure 7). Among the total
gelatinous zooplankton biomass, the proportion comprised by
siphonophores was less than 40% (0.0-39.3%) in group B (St0
(KE1910), Eddy3, St0 (KE1808)-St2.4) and at some particular
stations (S03, St7), but more than 80% at other stations (80.8—
98.5%) (Figure 8). Boxplots comparing the biomasses of groups A
and B showed that the total and gelatinous zooplankton values were
higher in group B (Figures 9A, B). In contrast, the biomass of
siphonophores was higher in group A than in group B (Figure 9C).

Cophenetic correlation: 049293
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3.4 Stable isotope ratios of
siphonophores, other gelatinous,
and non-gelatinous zooplankton

Siphonophores showed a wide range of 8" Cpuic (-24.1--16.6%0)
and §"* N, values (-0.9-8.8%o) (Figure 10, Supplementary table S2).
Tunicates, including salps, doliolids, and pyrosomatids showed
8" Cphun and 8" Ny distributions of -24.3--20.2%o and -0.9-8.2%o,
respectively (Figure 10, Supplementary table S3). Chaetognaths
also displayed a wide range of 8"*Cpyyc (-20.9--16.5%0) and 8" Ny
(3.7-10.8%o) values (Figure 10, Supplementary table S3). The 8" Chun
and 8" Npy values of the non-gelatinous zooplankton largely
overlapped with those of the gelatinous zooplankton, suggesting that
their carbon and nitrogen sources were shared at each sampling
station (Figure 10, Supplementary table S4). Such stable isotope trends
were not closely related to the relative proportions of gelatinous to
non-gelatinous zooplankton biomass (p > 0.05). The ranges of the
8" Cpun values at group B stations (-22.5--19.0%o0) were narrower
than those at group A stations (-24.3--16.5%o) (Figure 10A). The
8"* Ny values of both gelatinous and non-gelatinous zooplankton
showed large spatial variation in this study (Figure 10B). These results
are similar to those of previous isoscape studies conducted in the KC
and KE areas (Ohshimo et al., 2019).

The nitrogen isotope ratios of phenylalanine (8'°Npy.) between
gelatinous and non-gelatinous zooplankton (copepods,
euphausiids, and amphipods) largely overlapped at S03, but
partially or not for other stations (Figure 11A, Supplementary
tables S5-7). In the region from 10°N to 30°N, the 8'°Npy. values

10.3389/fmars.2023.1223477

of zooplankton were close to 0%o, likely owing to the elevated N,
fixation rates and diazotroph abundances (Kitajima et al., 2009). In
contrast, the 8"°Npp. values likely increased (Figure 11A,
Supplementary tables S5-7) based on the high nitrate availability
in the KE (Lin et al., 2020). The TP values of siphonophores ranged
from 2.4-3.2, lower than those in chaetognaths (2.8-3.4)
(Figure 11B, Supplementary tables S5-6). These distributions of
the TP values of siphonophores and chaetognaths (Supplementary
tables S5-6) overlapped with those of the non-gelatinous
zooplankton (2.4-3.5) (Supplementary table S7). Exceptionally,
the tunicates showed the widest TP values according to taxa
(Supplementary table S6). The TP values of the salps at S03 (1.8)
were largely differentiated from those at Eddy3 (2.6-2.8). In
contrast, the pyrosomatids (1.9-2.2) and doliolids (2.2-2.6) had
unclear variation between the sampling stations.

4 Discussion

4.1 Hydrology and
siphonophore distribution

Various ocean currents, such as the KC, OC, STCC, and NEC,
are mixed in the Northwest Pacific (Hu et al., 2015; Figure 1), and
the sampling stations were divided into two groups based on the
characteristics of the hydrological features. It is noteworthy that
stations Eddyl and Eddy3 comprised completely different water
masses, even though they were located in the KE. In the case of
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TABLE 2 Similarity percentage analysis of siphonophores that occurred in the study area.

species di?;ﬁ:ﬁgﬁty Contribution % Cumulative % Mean A Mean B1 Mean B2
Chelophyes contorta (Lens and van Riemsdijk, 1908) 5.98 10.44 10.44 1.00 0.00 0.00
Dimophyes arctica (Chun, 1897) 4.61 8.06 18.50 0.21 1.00 0.00
Bassia bassensis (Quoy and Gaimard, 1833) 4.60 8.04 26.54 0.93 0.25 0.00
Eudoxoides spiralis (Bigelow, 1911) 4.57 7.97 34.51 0.86 0.00 0.00
Eudoxoides mitra (Huxley, 1859) 4.01 7.01 41.52 0.93 0.50 0.00
Diphyes bojani (Eschscholtz, 1825) 3.72 6.50 48.02 0.86 0.50 0.00
Hippopodius hippopus (Forsskal, 1776) 3.52 6.15 54.18 0.71 0.25 0.00
Abylopsis eschscholtzii (Huxley, 1859) 3.39 5.93 60.10 1.00 0.75 0.00
Chelophyes appendiculata (Eschscholtz, 1829) 3.37 5.88 65.99 0.64 0.50 0.00
Abylopsis tetragona (Otto, 1823) 2.65 4.64 70.62 0.93 1.00 0.00
Ceratocymba leuckartii (Huxley, 1859) 2.55 4.46 75.08 0.50 0.00 0.00
Lensia multicristata (Moser, 1925) 2.51 4.39 79.47 0.43 0.25 0.00
Halistemma isabu Park, Prudkovsy and Lee, 2020 1.76 3.07 82.54 0.36 0.00 0.00
Agalma elegans (Sars, 1846) 1.58 2.76 85.30 0.14 0.25 0.00
Diphyes dispar Chamisso and Eysenhardt, 1821 1.52 2.66 87.96 0.29 0.00 0.00
Vogtia spinosa Keferstein and Ehlers, 1861 1.14 1.98 89.94 0.00 0.25 0.00
Agalma okenii Eschscholtz, 1825 1.13 1.97 91.91 0.21 0.00 0.00
Vogtia glabra Bigelow, 1918 1.00 1.75 93.67 0.21 0.00 0.00
Sulculeolaria chuni (Lens and van Riemsdijk, 1908) 0.99 1.73 95.39 0.21 0.00 0.00
Lensia cossack Totton, 1941 0.66 1.16 96.55 0.14 0.00 0.00
Athorybia rosacea (Forsskal, 1775) 0.38 0.66 97.20 0.07 0.00 0.00
Lensia hunter Totton, 1941 0.38 0.66 97.86 0.07 0.00 0.00
Enneagonum hyalinum Quoy and Gaimard, 1827 0.31 0.53 98.40 0.07 0.00 0.00
Nanomia bijuga (Delle Chiaje, 1844) 0.31 0.53 98.93 0.07 0.00 0.00
Lensia hotspur Totton, 1941 0.31 0.53 99.47 0.07 0.00 0.00
Abyla bicarinata Moser, 1925 0.31 0.53 100.00 0.07 0.00 0.00
Gelatinous particles 0.00 0.00 100.00 1.00 1.00 1.00

Species contributing up to a cumulative 80% are shaded gray.

cruise KE1808, the water mass was distinguished at St4 (38.2°N),
which is located at relatively high latitudes, suggesting that there is
annual and monthly variability in the expansion and relative
strengths of the KC and OC (Yasuda, 2003). At St7, there was a
rapid change to low temperature and salinity below 50 m water
depth, which was also caused by eddies occurring at the KE (Ji
et al.,, 2018).

The distribution of siphonophores differed significantly
depending on the water mass group, and the results of
hierarchical clustering (cophenetic correlation: 0.9292) and
NMDS (stress value: 0.171) confirmed that they were divided into
two groups, with the exception of St0 (KE1808), for which
siphonophores were not recorded (Figures 4, 5). C. contorta, the
species that made the highest contribution to distinguishing the
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cluster (10.44%), had a wide range of habitat temperatures and
salinities and is known to be abundant mainly in tropical high
temperature waters (Park and Lee, 2020; Table 2). In this study, this
species was found only at group A stations at high temperatures. In
contrast, D. arctica, which made the second highest contribution
(8.06%), was mainly found at group B stations at low temperatures.
D. arctica lives mainly in low temperature waters, such as those in
the Antarctic and Arctic regions. Recently, it was found in Korean
waters, the Atlantic Ocean, and other sites with relatively high
temperatures, but it has been confirmed that the abundance and size
of the specimens are larger in the Antarctic and Arctic (Park and
Lee, 2022). Therefore, the habitat suitability of D. arctica was higher
at low temperatures, suggesting that it was introduced to the low
latitudes of the Northwest Pacific by the OC. Small-sized species,
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such as B. bassensis (8.04%), E. spiralis (7.97%), and others, are
mainly found in warm waters (Park and Lee, 2020; Park and Lee,
2022), and had high occurrence rates at group A stations.

The CCA results revealed correlations between water
temperature and salinity, zooplankton biomass, and major
siphonophore species (Figure 6). Most of the species that had a
high occurrence in group A stations, such as C. contorta, B.
bassensis, and E. spiralis, showed a strong or weak positive
correlation with water temperature and salinity, and D. arctica
showed a strong negative correlation, which supports the previous
suggestions. In addition, strong coupling was confirmed between
the vectors of siphonophore biomass, temperature, and salinity.
This suggests that the distribution and biomass of each
siphonophore species are significantly affected by water
temperature and salinity. In a previous study, Grossmann and
Lindsay (2013) revealed a water mass-specific community
structure within siphonophores in Sagami Bay, it is noteworthy
that these findings in this study can suggest specific influencing
factors (temperature and salinity) for a wider range of the
Northwest Pacific. Among these 13 species, H. isabu was the only
long-stemmed agalmatid. The exact number of nectophores
constituting a colony of H. isabu is unknown. However,
considering that colonies in other agalmatids and Halistemma
Huxley, 1859 are composed of 20-30 or more nectophores, the
colony size is expected to be larger than that of other major
siphonophores consisting of only one or two nectophores (Totton
and Bargmann, 1965). Large siphonophores have a wider radius of
movement in the water mass than smaller siphonophores and are
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more affected by the water mass structure than by water
temperature and salinity. This may explain the lack of significant
correlation between H. isabu and environmental factors.

The species (other than H. isabu) with high contributions in the
SIMPER test that also showed strong correlations with water
temperature, salinity, and biomass (siphonophores or non-
gelatinous zooplankton) belonged to the Calycophorae Leuckart,
1854. Among these, seven species belonged to the Diphyidae Quoy
and Gaimard, 1827. This suggests that diphyids can be used as
indicator species for currents and hydrological factors that influence
water masses. However, this study focused on limited samples
collected up to a depth of 200 m. As the vertical distribution
range of siphonophores is wide, and their occurrence and
abundance vary with depth (Grossmann and Lindsay, 2013), it is
not possible to definitively conclude that these indicator species
represent the entire water column. Therefore, further studies in the
deep sea are necessary. Other gelatinous zooplankton vectors
showed patterns different from those of the siphonophores, and
there was no correlation between temperature and salinity. This
suggests that other gelatinous zooplankton are less suitable as those
indicator species. Considering that the vectors of other gelatinous
zooplankton were shorter, it was deduced that they did not
significantly affect the CCA loading of the species. Large species
such as H. isabu (estimated to have more than 20 nectophores;
Totton and Bargmann, 1965) and H. hippopus (12 or more
nectophores; Totton and Bargmann, 1965) were loaded in the
vector direction of the biomass of other gelatinous zooplankton.
Although it is difficult to determine a strong correlation owing to
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TABLE 3 Biomass of zooplankton based on wet weight at each sampling station.

Cruise Station Biomass of zooplankton (mg/m?3)
Total Total gelatinous Siphonophores Other gelatinous Non-gelatinous
KC2005 503 273.5 103.6 343 69.3 169.9
S04 40.1 8.3 7.4 0.9 31.9
505 39.0 5.8 438 11 332
S06 24.0 33 3.1 02 20.7
S09 1455 29.3 27.4 19 1162
Si1 514 116 114 02 39.8
SI2 1104 23.1 194 37 87.3
KE1910 11R 36.0 48 44 0.4 31.2
Eddyl 29.0 53 49 0.4 238
Eddy3 61.2 16.1 39 122 451
St0 516.4 176 55 12.0 498.8
KE1808 Sto 288.2 92.1 0.0 92.1 196.1
St01 142.4 6.5 2.1 4.4 136.0
St2.4 92.9 8.4 3.0 5.4 84.5
St4 78.6 17.6 143 3.4 61.0
St6 94.1 15.6 14.4 1.2 78.5
St7 73.7 19.1 7.5 11.6 54.6
St8 61.7 7.3 7.0 0.4 54.4
St9 90.2 13.1 115 16 77.1
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FIGURE 7
The proportion of zooplankton biomass at each sampling station.
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the short vector length, this suggests the possibility that the large
size of these species is advantageous for spatial competition with
other gelatinous zooplankton species.

4.2 Biomass of siphonophores within
zooplankton communities

Gelatinous zooplankton are mainly composed of water, therefore,
so their importance can be devalued if their biomass is measured using

600 H H 120

their dry weight. Therefore, wet weight values were used in this study.
The biomass values of total zooplankton, shown in Table 3, increased
from low to high latitudes, which is consistent with the results of
previous studies (Lee et al,, 2011; Choi et al., 2012; Kitamura et al,
2013). The biomasses of total and gelatinous zooplankton were higher
in group B than in group A (Figure 9A, B), but the biomass of
siphonophores was higher in group A than in group B (Figure 9C).
This is also supported by the fact that temperature and salinity were
strongly coupled with the biomass of siphonophores, whereas the
biomass of non-gelatinous zooplankton showed the opposite pattern
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(Figure 6). The lower siphonophore biomass at the group B stations
may be attributed to the prevalence of small-sized siphonophores. In
contrast, group A stations showed high siphonophore biomass, which
could be ascribed to the frequent occurrence of large-colony species
(H. isabu and H. hippopus). This result is consistent with the
proportion of biomass comprised by siphonophores in the total
zooplankton and gelatinous zooplankton (Figures 7, 8). As shown in

Figure 6, the diversity and abundance of siphonophores increased at
stations with high water temperature and salinity values. The fact that
the siphonophore biomass had a high absolute value and proportion
at group A stations, where the total zooplankton biomass was low,
suggests that the role of siphonophores in group A can be significant,
especially in terms of predatory pressure on non-gelatinous plankton.
As an exception, among the gelatinous zooplankton, the proportion of
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biomass comprised by siphonophores at S03 and St7 was as low as that
at the group B stations, and several tunicates were found at these two
stations. Although the proportion was lower, there was no significant
change in the absolute value of the biomass of the siphonophores, the
situation was similar at Eddy3, where many tunicates occurred. This
contrasts with the findings of previous studies showing that salp
blooms reduce the biomass of other zooplankton (Kang et al., 2000;
Kang et al,, 2019). Therefore, consistent with the results shown in
Figure 6, no significant correlation was observed between
siphonophores and other gelatinous zooplankton. However, it is
noteworthy that siphonophores did not occur at St0 (KE1808),
where Nemopilema nomurai Kishinouye, 1922 was found, and it is
also valuable to study the correlation between other gelatinous
zooplankton and siphonophores. In particular, tunicates were the
second largest contributing group to the biomass of total gelatinous
zooplankton and occurred at most stations (except for St0 (KE1910),
St0 (KE1808)-St01). In addition, the holoplanktonic colonial life
history of siphonophores is more similar to that of pelagic tunicates,
such as salps, than to that of other medusozoan jellyfish, such as
scyphozoans. Nevertheless, siphonophores and tunicates can coexist
in the same water mass without affecting each other. A likely reason
for this is that the two taxa have different trophic levels and do not
compete for the same food sources.

4.3 Feeding ecology of
gelatinous zooplankton

The §"Cpuy and 8Ny values of siphonophore species were
mostly distinct from those of tunicate species, but overlapped with
those of chaetognaths and non-gelatinous zooplankton (Figure 10A,
Supplementary tables S2-4). Given the similarities in the carnivorous
feeding habits of siphonophores and other non-tunicate zooplankton
(Chi et al,, 2021), we hypothesized that similarities in their diets drive
the observed overlap in their isotopic values. In this study, the TP
values of siphonophores (2.4-3.2), chaetognaths (2.8-3.4), and non-
gelatinous zooplankton (2.4-3.5) also overlapped, indicating that
some of their diet could be partially shared in the same space
(Figure 11B, Supplementary tables S5-7). These TP values can be
used to track the diverse feeding guilds of gelatinous zooplankton in
planktonic food webs. For example, siphonophores generally capture
small zooplankton using their tentacles, and some species attract prey
using nematocyst batteries that mimic copepods and fish larvae
(Purcell, 1980). Meanwhile, our dataset showed that interspecies
differences in the TP values were unclear. The size of the colony
depends on the species. A. tetragona, E. spiralis, and diphyids form
small colonies (one or two nectophores) (Totton and Bargmann,
1965) whereas Vogtia glabra Bigelow, 1918 forms large colonies (12 or
more nectophores) (Totton and Bargmann, 1965). Siphonophore
species, characterized by small colonies, actively capture small
arthropods or large copepods using their tentacles (Purcell, 1981).
In contrast, siphonophores characterized by large colonies generally
employ a more passive strategy to extend a web of tentacles to ensnare
their prey (Mackie et al., 1987; Robison, 2004). Certain siphonophores
exhibit selective feeding behavior, with hippopodiids preferring to
consume ostracods, whereas calycophoran siphonophores mainly
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prefer copepods (Purcell, 1981; Pugh, 1991). Nevertheless, their TP
ranges were not characterized according to colony size in our results
and could mainly reflect their species-specific feeding ecology, as
discussed in a previous study (Damian-Serrano et al, 2021). In
contrast, tunicates consume phytoplankton-based particles via filter-
feeding (Henschke et al., 2016; Stukel et al, 2020). Thus, the 8" Ny
values of tunicates were lower than those of other predators such as
chaetognaths. Tunicate taxa have been characterized according to
body size, filterable diet size, and geographic distribution (Henschke
et al, 2016). The TP values of pyrosomatids (1.9-2.2) and doliolids
(2.2-2.6) suggested that their diet composition was apparently
different within the tunicates (Figure 11B, Supplementary table S6).
In particular, salps had spatially variable TP values, ranging from 1.8
in SO3 to 2.9 in Eddy3 (Figure 11B, Supplementary table S6). The
former value (1.8) was similar to that reported in a previous study
(Doherty et al., 2021) but the latter value (2.6-2.9) was similar to the
TP value of omnivores or carnivores. The likely reason for this is that
large salp individuals are less capable of feeding on small particles
(Stukel et al., 2021). Additionally, the wide range of TP values in this
study could be attributed to the wide range of filterable diet sizes (<1
um-1 mm) for salps. Because not all specimens could be identified to
the species level, the species-specific resolution of the filter feeding of
the salp species is unknown. Nevertheless, the trophic flexibility of
salps compared to that of the other two taxa (doliolids and
pyrosomatids) suggests that interspecies differences in filter feeding
exist within tunicates. These findings confirm that siphonophores and
tunicates have different trophic levels and may not compete for the
same food source. This suggests that the two taxa could coexist in the
same water mass without affecting each other, despite having similar
life histories (non-polyp and colonial life). In contrast, siphonophores
potentially compete for food sources with chaetognaths or non-
gelatinous zooplankton in their habitats and likely affect their
occurrence. This is inferred as an additional reason that the biomass
of siphonophores shown in Figure 6 had no significant correlation
with that of the other gelatinous zooplankton (the biomass consisted
mostly of tunicates, and chaetognaths made little contribution) and
contrasted with that of the non-gelatinous zooplankton.

4.4 Implications

Currently, the KC is expanding owing to global warming (Zhang
et al., 2020), therefore, the diversity and abundance of siphonophores
in the Northwest Pacific will change in the future. Based on the results
of this study, such changes in the geographical distribution of
siphonophores should collide with the feeding activity of non-
gelatinous zooplankton. The size and ecological characteristics of
siphonophores vary significantly according to species, therefore,
systematic responses and the monitoring of siphonophore blooms
are required. In addition, a multilateral approach, including studies
that reveal spatiotemporal variations in the distribution of
siphonophores or determine food web structures with higher
resolution, is also required. If long-term data are accumulated, it
would help understand how siphonophore communities respond to
changes in water masses and affect the ecosystem, which can provide
insight into the global marine environment and climate change.
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5 Conclusion

In this study, hydrological, zooplankton biomass, trophic niche,
and siphonophore composition data were obtained from 2018-2020
to understand the correlation between the distribution of
siphonophores and environmental conditions in the Northwest
Pacific. As a result, the distribution and biomass of siphonophores
were clearly distinguished according to the KC- and OC-dominant
water masses. We suggest that some siphonophores that make
high contributions to each water mass group and show strong
positive or negative correlations with environmental factors could
serve as indicator species for water masses. The occurrence of
siphonophores was negatively correlated with that of other
zooplankton, which could be interpreted based on their ecological
niche. The stable isotope signature of siphonophores showed similar
diet contents to non-gelatinous zooplankton in the same space. The
predatory activity of the siphonophores was also confirmed through
the TP estimated by the nitrogen isotope ratio of individual AAs,
which overlapped with the ranges of TPs in chaetognaths and non-
gelatinous zooplankton (copepods, euphausiids, and amphipods). In
contrast, the TPs of the tunicates were separate from those of the
siphonophores, and there was no correlation between the biomasses
of the siphonophores and that of other gelatinous zooplankton.

Considering that the occurrence and biomass of most
siphonophores are positively correlated with water temperature
and salinity, we anticipate a continued increase in the abundance
and biodiversity of siphonophores in the Northwest Pacific owing
to the predicted rise in temperature and salinity attributed to the
strengthening of the KC (Zhang et al., 2020). This study will help in
understanding the Northwest Pacific and siphonophores. These
findings facilitate the evaluation of the currents and hydrological
factors that influence water masses using siphonophores, and to
forecast how the distribution of siphonophores will respond
depending on changes in their environment.
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