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Abstract: This study characterizes the distribution of salp and doliolid species in the northeastern
East China Sea during spring and autumn and identifies the factors that regulate their abundance.
The data were collected over four years (2019-2023, except 2020). During the survey period, the
Tsushima Warm Current Surface and Bottom (TWCS and TWCB, respectively) and Yellow Sea Cold
Bottom Water were influential in spring, while the Changjiang Diluted Water, Coastal Water, TWCS,
and TWCB were dominant in autumn. The mean sea surface temperature (SST) and sea surface
salinity (SSS) in spring and the mean SST in autumn statistically decreased (p < 0.05), while the mean
SSS in autumn statistically increased (p < 0.05). The spatial distribution of salp and doliolid species
remained consistent in spring and autumn, although the dominant assemblage shifted seasonally.
Spring was predominantly characterized by an abundance of salp species, whereas doliolid species
were dominant in autumn, with their distribution and abundance influenced by different environ-
mental factors such as temperature and salinity in spring and food availability in autumn. Our re-
sults provide valuable data on the factors affecting the presence of salp and doliolid species in the
northeastern East China Sea.

Keywords: gelatinous zooplankton; northeastern East China Sea; thaliacean; salp; doliolid;
seasonal variation

1. Introduction

Pelagic thaliaceans (salps, doliolids, and pyrosomes) are planktonic, gelatinous zoo-
plankton belonging to the phylum Chordata. These organisms are filter feeders that con-
sume phytoplankton of various sizes in marine ecosystems [1-3]. Salps and doliolids ex-
hibit a unique life cycle that alternates between asexual and sexual reproduction to main-
tain their population [4]. In particular, salps typically alternate between blastozooids and
0ozooids, while doliolids switch between phorozooids and gonozooids [5]. These traits
enable them to rapidly proliferate with high growth rates, significantly impacting marine
ecosystems by influencing primary productivity and enhancing vertical carbon flux
through fecal pellet production [6,7].

The distribution of thaliaceans is known to be influenced by hydrodynamic condi-
tions such as the sea temperature and salinity [3,8], the influx intensity of water masses
within the study region [3,9], the availability of food [10], and various biological factors,
including prey competition and predator—prey relationships [11-13]. Salpa fusiformis is the
widest-ranging and most abundant thaliacean species worldwide, occurring in Pacific wa-
ters [12-16]. Mass aggregations of S. fusiformis have been reported to cause blockages in
the cooling water supply screens of South Korea’s nuclear power plants and to damage
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the nets of coastal fish farms [17-20]. Additionally, S. fusiformis can alter ecosystem nutri-
ent dynamics by affecting the productivity of other taxa such as Euphausiacea and Cope-
poda via food competition and by modifying predator—prey relationships [7]. However,
despite the importance of these interspecies interactions, research on salps in the north-
eastern East China Sea has primarily focused on mass occurrences and the spatial distri-
bution of S. fusiformis [17,19,21,22].

The northeastern East China Sea is bordered by the southern region of South Korea
and is characterized by complex rias-style coasts. With an average depth of 70 m and a
maximum depth of 139 m, this area is influenced by various water masses, including the
Tsushima Warm Current (TWC), Yellow Sea Cold Bottom Water (YSCBW), Korean Coastal
Water (KCW), and Changjiang Diluted Water (CDW) [23-26]. The Changjiang River dis-
charge is regulated by meteorological conditions such as rainfall and typhoons, and re-
ports suggest that its discharge may influence the northeastern East China Sea depending
on the season [27]. Furthermore, seasonal freshwater inputs from the Nakdong, Seomjin,
and Yeongsan Rivers from southern Korea and dense fish and shellfish farming along the
coast contribute to frequent eutrophication and phytoplankton blooms in spring and au-
tumn [28-31].

The present study sought to compile a species list of salps and doliolids occurring in
spring and autumn in the northeastern East China Sea, analyze the occurrence patterns of
dominant species, and strengthen the understanding of the environmental factors influ-
encing salps and doliolids by comparing them with species from other seas. This study
was motivated by previous research showing that the mass aggregation of salps (predom-
inantly S. fusiformis, Doliolum denticulatum, and D. nationalis) is strongly correlated with
chlorophyll a (Chl-a) concentrations in the northeastern East China Sea [17,19,21] and that
the food environment in the study area is predominantly shaped by phytoplankton
blooms occurring in spring and autumn [28-31]. To this end, data were collected over the
course of four years from 2019 to 2023 (except 2020 due to COVID-19 restrictions) during
the food-rich spring and autumn seasons in the northeastern East China Sea.d

2. Materials and Methods
2.1. Environmental Factors

Surveys were conducted in spring and autumn to characterize the occurrence pat-
terns of salp and doliolid species in the northeastern East China Sea during the two peri-
ods of the year when they are most abundant (Figure 1). From 2019 to 2023, a total of eight
surveys (four in spring and four in autumn) were conducted at 15 stations aboard the
Saedongbaek-Ho training vessel of Chonnam National University. However, surveys
could not be conducted in 2020 due to global COVID-19 pandemic restrictions, including
government lockdowns. During the study period, the observation stations varied due to
meteorological conditions. Table 1 summarizes the survey locations and their depth dur-
ing the study period. Basic marine environmental data such as the seawater temperature,
salinity, and Chl-a concentration were measured using a portable submersible fluorome-
ter (ASTD102, JFE Advantech Co. Ltd., Nishinomiya, Japan) and a conductivity, tempera-
ture, and depth (CTD) profiler (SBE19, Sea-Bird Co., Washington, DC, USA). The fluores-
cence of the samples, which was used to represent Chl-a levels obtained from the CTD
profiler, was calibrated using measurements from filtered water samples collected from
different water layers at each station (the surface, subsurface chlorophyll maximum, and
bottom).
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Table 1. Net information for the survey period. The white circles indicate the surveyed stations. N/S = not sampled.

Season Spring Autumn
Station Latitude °N) Longitude (° E) Yeil/'[ - 2019 2020 2021 2022 2023 2019 2020 2021 2022 2023
Depth May - Apr. Apr. May Sep. - Sep. Oct. Oct.

5501 34°41.5757' 127°50.4593' 15 O O O @) O O
5502 34°27.4718' 127°52.8835' 32 O @) O O O O O
5503 34°13.2107 127°53.0974' 71 O O O
5504 33°57.4283' 127°53.2937' 85 O O O O @) O
5505 33°41.2990 127°53.3781' 109 O
SS06 33°25.4615' 127°53.7604' 126 @) O O O
5507 33°18.7283' 127°21.8809’ 100 O O
5508 33°36.3427' 127°21.4562' 100 O N/S O N/S O O
5509 33°51.5500 127°14.7300' 84 O O @) O
SS10 33°37.4316' 126°46.5685' 139 O O O @) O
S511 33°50.3540’ 126°46.7298' 46 O @) O O O O
SS12 34°02.4341' 126°46.5442' 46 @) O O O O
5513 34°09.7528' 126°47.9587' 43 O O O O O O O
5514 34°07.6790 127°08.7964' 39 O @) O @)
5515 34°19.5614' 127°28.4323' 18 O O @) O
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Figure 1. (a) Map of the study area. (b) Locations of the sampling stations. The contour lines indicate
the water depth (m).

2.2. Zooplankton Sample Collection

Zooplankton samples were collected vertically from the bottom (2 m above the sea-
bed) to the surface using a bongo net (net mouth diameter: 60 cm; mesh sizes: 150 and 200
um), with only the 200 um samples used due to the size of thaliaceans. To determine the
filtered seawater volume, a flowmeter (Model 438115, Hydro-Bios Co., Altenholz, Ger-
many) was attached to the net entrance. Following their collection, the samples were im-
mediately fixed on-site with a neutralized formaldehyde solution at a final concentration
of 5%. In addition to the sampling gear, the Multiple Opening/Closing Net and Environ-
mental Sampling System (MOCNESS) was employed to confirm the vertical distribution
of salps and doliolids based on the water mass distribution across six sampling stations
(unpublished data). Thaliaceans within the zooplankton samples were identified and
counted using a UNESCO counting chamber. The zooplankton abundance was expressed
as individuals per 100 cubic meters (inds. 100 m=?). Individuals that could not be easily
identified were immersed in Rose Bengal dye diluted with deionized water for 1 min, after
which they were identified and classified down to the species level using a stereo micro-
scope (SMZ645, Nikon, Tokyo, Japan). Salp and doliolid species were identified as de-
scribed in previous studies [32-35], with taxonomic systematics adhering to the guidelines
of the WoRMS Editorial Board [36]. Additionally, although pyrosomes have been reported
in the study region [37], they were not observed during the survey period and thus were
not considered in this study.

2.3. Data Analysis

To assess the seasonal variability in the abundance of salps and doliolids during the
survey period, the data were transformed using the logio(x + 1) index for normalization.
In our study region, which is characterized by continental shelf areas with depths of less
than 200 m, understanding these migration dynamics presents a challenge. The sea sur-
face temperature (SST), sea surface salinity (SSS), sea surface fluorescence (SSF), and sea
surface turbidity (5S5Tb) were all averaged using surface data [16]. The trends in the salp
and doliolid abundance in response to these environmental factors were then determined
using linear regression analysis. Temperature—salinity (T-S) bubble plots based on the
abundance of salps and doliolids during the study period were generated to confirm their
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occurrence patterns. For canonical correspondence analysis (CCA), all of the environmen-
tal factors were standardized using z-scores to ensure comparability, and outliers were
eliminated. Subsequently, CCA was used to calculate weighted scores for the environ-
mental factors influencing the abundance of salps and doliolids, thus providing insights
into the seasonal variation in environmental factors that affect their abundance. The sig-
nificance level for the statistical analyses was set at p < 0.05. All visualizations and statis-
tical analyses were performed in R (version 4.1.0) [38].

3. Results
3.1. Seasonal Variation in the Environmental Factors

In spring, the SST in the survey area ranged from 15.8 to 21.2 °C in 2019, 13.9 to 19.8
°Cin 2021, 12.0 to 17.9 °C in 2022, and 13.8 to 19.1 °C in 2023 (Figure 2). The SST exhibited
statistically significant differences between survey years, with the mean SST in spring 2023
significantly lower than in spring 2019 (p < 0.05, ANOVA). S5S ranged from 33.53 to 34.44
in 2019, 33.29 to 34.59 in 2021, 33.17 to 34.58 in 2022, and 33.00 to 34.33 in 2023. SSS exhib-
ited a statistically significant decrease in 2023 compared to 2021 (p <0.05, ANOVA), while
there was no significant difference between the SSS in 2019 and that in 2023 (p > 0.05,
ANOVA). SSF ranged from 0.15 to 2.56 pug L in 2019, 0.31 to 2.50 pug L in 2021, 0.59 to
4.45 ug L1 in 2022, and 0.15 to 3.64 pg L' in 2023. There was a statistically significant
decrease in the mean SSF in 2023 compared to 2021 (p < 0.05, ANOVA), while there was
no significant difference between the mean SSF in 2019 and 2023 (p > 0.05, ANOVA). SSTb
ranged from 0.11 to 0.41 mg L1 in 2019, 0.12 to 2.90 mg L in 2021, 0.10 to 2.73 mg L in
2022, and 0.06 to 1.50 mg L in 2023, with no significant difference observed during the
study period (p > 0.05, ANOVA).

SST (°C) SSS SSF (ug L) - SSTb (mg L)
3 40
0% s [ ? E ﬁ “
= 33 2 &
- 20 | 20 =
> 32 1 @
15 |—{ 10
T T ==
P 31 o — =
2 3 40
O 25 — 34 30
3 Q % == 2 z
33 g
20 20 g
32
15 $ $ = 10
31 0L —— ——
2019 2021 2022 2023 2019 2021 2022 2023 2019 2021 2022 2023 2019 2021 2022 2023
Year

Figure 2. Seasonal variation in the environmental factors in spring and autumn. SST, sea surface
temperature; SSS, sea surface salinity; SSF, sea surface fluorescence; SSTb, sea surface turbidity.

In autumn, the SST in the surveyed area ranged from 21.7 to 26.0 °C in 2019, 24.7 to
27.9 °Cin 2021, 18.9 to 25.4 °C in 2022, and 18.8 to 24.8 °C in 2023 (Figure 2). There was a
statistically significant decrease in the mean SST in 2023 compared to 2019, with statisti-
cally significant differences observed between the survey years (p < 0.05, ANOVA). SS5
ranged from 30.93 to 31.90 in 2019, 30.36 to 33.41 in 2021, 32.01 to 33.96 in 2022, and 32.01
to 34.24 in 2023. Lower salinity ranges were observed in 2019 and 2021, whereas 2022 and
2023 exhibited relatively higher salinity ranges. The mean SSS increased during the study
period, with statistically significant differences observed between each survey period (p <
0.05, ANOVA). SSF ranged from 0.66 to 1.74 pug L-1in 2019, 0.32 to 1.31 ug L' in 2021, 0.48
to 3.01 pg L1in 2022, and 0.25 to 2.53 ug L in 2023. There were no statistically significant
differences in the mean SSF between the survey periods (p > 0.05, ANOVA). SSTb ranged
from 0.11 to 0.24 mg L' in 2019, 2.53 to 38.74 mg L' in 2021, 0.10 to 0.89 mg L in 2022,
and 0.08 to 1.13 mg L' in 2023. There was a statistically significant decrease in the mean
SSTb in 2023 compared to 2021 (p < 0.05, ANOVA), but, except for 2021, there were almost
no statistically significant differences in the mean (p > 0.05, ANOVA). During the study
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period, to verify whether the observed trends in the mean SST and SSS were within the
normal range expected within a season, data from the Korea Oceanographic Data Center
(KODC) were consulted, and these are presented in Figure S1.

Using the temperature and salinity profiles obtained during the survey period, we
constructed T-S diagrams (Figure 3). Based on previous studies, the observed water
masses in the study region included the Tsushima Warm Current Surface and Bottom
(TWCS and TWCB, respectively) and YSCBW in spring, while in autumn, Coastal Water
(CW), CDW, TWCS, and TWCB were observed. CDW and CW are both characterized by
low salinity and high temperatures and represent mixed water that cannot be separated
during the inflow into the study region, and thus they are referred to together as
CDW/CW in this study. In spring, TWCB was the primary influence in the study region,
with some influence from YSCBW observed in 2022. In autumn, the influence of the low-
salinity CDW/CW was observed in 2019 and 2021, while TWC predominantly influenced
the region in 2022 and 2023. The influence of YSCBW was not observed during autumn.

Spring Autumn
3o R
. TWCS
cowew o cow/c
| I
| P
025 | o
L Gl _ !
o i
= I
=} I
‘.t-B' |
g 2 |
e :
£ &
(2] )
= Year ""::':
151| @ 2010 @ 2021 )
@ 22 @222 | :,
YSCBW- - —%-
30 32 34 36 30 32 34 36
Salinity

Figure 3. Temperature—salinity (T-S) diagrams for the abundance of salp and doliolid species in the
study area in spring and autumn. Abbreviations: CW, Coastal Water, as reported by Lim [8]; CDW,
Changjiang Diluted Water, as reported by Lie et al. [24]; YSCBW, Yellow Sea Cold Bottom Water, as
reported by Choi [26]; TWCS and TWCB, Tsushima Warm Current Surface and Bottom, respectively,
as reported by Hur et al. [25].

3.2. Spatial Distribution of Salp and Doliolid Assemblages

In spring, the occurrence of salp species ranged from 2 to 39 inds. 100 m= in 2019,
spanning both coastal and offshore areas (Figure 4a). In 2021, salp species were absent
from all stations. In 2022, salp species were only observed at the offshore station SS06,
with an abundance of 11 inds. 100 m=. In 2023, the abundance of salp species ranged from
11 to 194 inds. 100 m-3, with the highest (194 inds. 100 m3) recorded west of the northeast-
ern East China Sea (between Wando and Jeju, SS11). In autumn, the abundance of salp
species ranged between 2 and 71 inds. 100 m= in 2019, with the highest (71 inds. 100 m3)
recorded closer to the coast at station SS01. In 2021, a few occurrences were recorded at
5502, SS03, and SS12. In 2022, only 2 inds. 102 m™ were identified in the samples from
station SS02, whereas in 2023, salp species were entirely absent.

In terms of doliolid species, 1 to 17 inds. 100 m= were detected in the spring of 2019,
with the highest abundance (17 inds. 100 m3) recorded at the offshore station SS07 (Figure
4b). In 2022 and 2023, a few occurrences were recorded only at offshore stations (SS04 and
S508). In autumn, the abundance of doliolid species varied widely between 7 and 776 inds.
100 m= in 2019 and, while they were observed in both coastal and offshore areas, they
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were predominantly detected at coastal station SS15, where the highest abundance was
recorded (776 inds. 100 m=3) (Figure 4b). In 2021, they were observed at numbers ranging
between 1 and 250 inds. 100 m=, mainly at coastal station 5515 (250 inds. 100 m=3). In 2022,
they were present at levels of 1 to 415 inds. 100 m=3, with the highest abundance recorded
at coastal station SS01 (415 inds. 100 m=). In 2023, they were observed at levels of 1 to 16
inds. 100 m only at stations distant from the coast (SS04, S506, SS08, and SS11).

During the survey period, the majority of salps observed in spring were attributed to
Salpa fusiformis, while only a few were observed at some coastal stations (5502 and 5512)
in autumn (Figures 4 and 5a). The salp species that occurred only in specific years were
Cyclosalpa affinis and C. bakeri (Figure 5b,c). Doliolids observed in spring exhibited irregu-
lar spatial patterns and occurred in lower abundances throughout the survey period (Fig-
ure 5d—f). In autumn, the dolioid species Doliolum nationalis was consistently observed,
primarily at coastal stations (Figure 5d). The doliolid species that occurred only in specific
years included Dolioletta gegenbauri and Doliolum denticulatum (Figure 5e,f).

2023 Salps
gigt 2, PR Total abundance
24.0® Segg [ Gnds 100m?)

= ans S| @ 2<inds. <20
9 33.0- I 21 < inds. £ 60
2 . 61 < inds. < 80
s

. inds. > 81

— uwmng

Total abundance

Latitude (°N)

m )
g_ (inds. 100 m3)
(3 2 < inds. < 100
@ 101 < inds. < 300
@ 301 < inds. < 500

Q inds. > 501

| uwnjny

%,0,9 9,

>y Q ‘3 Q % .90
) ‘K«wmm O
E)

Longltude (°

Figure 4. Spatial distribution of the total abundance of (a) salps and (b) doliolids.
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Figure 5. Spatial distribution of dominant species. (a) Salpa fusiformis, (b) Cyclosalpa affinis, (c) Cy-
closalpa bakeri, (d) Doliolum nationalis, (e) Dolioletta gegenbauri, and (f) Doliolum denticulatum.

3.3. Seasonal Variation in Salp and Doliolid Assemblages

During the spring period, the mean abundance of salps and doliolids observed across
the study region was 7 + 11 inds. 100 m= in 2019, 0 inds. 100 m= in 2021, 3 + 4 inds. 100
m= in 2022, and 43 + 36 inds. 100 m= in 2023 (Figure 6a). In contrast, during the autumn
period, the mean abundance of salps and doliolids was 76 + 169 inds. 100 m= in 2019, 70
+ 95 inds. 100 m3 in 2021, 660 + 154 inds. 100 m= in 2022, and 5 + 6 inds. 100 m™3 in 2023,
thus exhibiting a decreasing tendency in the average abundance over the survey period
(Figure 6a). The relative contributions of individual species were examined to investigate
whether the observed variation in the seasonal abundance of salps and doliolids was reg-
ulated at the species level (Figure 6b and Table 2). In spring, Salpa fusiformis was the most
dominant species, with a relative contribution of 71.6% in 2019, followed by Doliolum na-
tionalis (11.1%) and Dolioletta tritonis (9.9%). However, no salps or doliolids were detected
in 2021. In 2022, S. fusiformis was the dominant species, with a relative contribution of
75.0%, followed by Cyclosalpa affinis, D. nationalis, and Soestia zonaria with 8.3% each. In
2023, among the salps, S. fusiformis (46.7%), Cyclosalpa bakeri (36.9%), and C. affinis (15.9%)
were the most dominant, whereas D. nationalis was less abundant (0.5%) during this pe-
riod. In autumn, Dolioletta gegenbauri (61.8%) was the most dominant species in 2019, fol-
lowed by D. nationalis (31.8%), and Thalia rhomboides (5.0%). In 2021 and 2022, D. nationalis
was the dominant species, accounting for 96.4% and 96.7% of the abundance, respectively.
In 2021, Doliolum denticulatum, S. fusiformis, and Thalia sibogae each had a relative abun-
dance of less than 1%, while in 2022, D. gegenbauri and S. fusiformis occurred and made
only small contributions to the assemblage, accounting for 2.8% and 0.4%, respectively.
Doliolum denticulatum was the most dominant species in 2023 at 65.2%, with D. nationalis
occurring at 34.8%. No Cyclosalpa species were detected in autumn from 2019 to 2023.
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Table 2. Occurrence of salp and doliolid species during the study period. N/S = not sampled. The asterisks indicate the relative abundance of the salp
and doliolid species (* 1 < inds. 100 m= < 200, *** >401 inds. 100 m=).

) Spring Autumn
Species Form
2019 2020 2021 2022 2023 2019 2020 2021 2022 2023
Cyclosalpa affinis Aggregate zooid * *
Cyclosalpa bakeri Aggregate zooid *
Dolioletta gegenbauri Gonozooid * o *
Dolioletta tritonis Gonozooid *
Doliolum denticulatum Gonozooid * * * *
Doliolum nationalis Gonozooid * * * ok ok ok *
Salpa fusz:forml:s Aggregate z.ooid * NJ/S * * NJ/S * *
Salpa fusiformis Solitary zooid * * *
Soestia zonaria Aggregate zooid *
Thalia cicar Solitary zooid *
Thalia cicar Aggregate zooid *
Thalia orientalis Aggregate zooid *
Thalia rhomboides Aggregate zooid *
Thalia sibogae Aggregate zooid *
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Figure 6. (a) Seasonal variation in the abundance and (b) relative contribution of salps and doliolids
during the spring and autumn periods.

3.4. Environmental Envelopes for Salps and Doliolids

T-S bubble plots of species-specific occurrence patterns were generated to character-
ize the seasonal occurrence patterns of dominant salps and doliolids during the study pe-
riod (Figure 7). Dolioletta gegenbauri was recorded only in 2019 and exhibited its highest
abundance (3 inds. 100 m3) at 16.9 °C and a salinity of 34.35. Doliolum denticulatum was
also observed only in 2019 and reached its highest abundance (1 inds. 100 m=?) at 17.4 °C
and a salinity of 34.43. Doliolum nationalis occurred every year from 2019 to 2023 (exclud-
ing 2021), with its highest abundance recorded at 16.9 °C with a salinity of 34.35 in 2019
(6 inds. 100 m3), 14.2 °C with a salinity of 33.96 in 2022 (1 inds. 100 m3), and 17.4 °C with
a salinity of 34.42 in 2023 (1 inds. 100 m3). Salpa fusiformis, which was present in spring
from 2019 to 2023 (excluding 2021), was consistently observed, with the highest abun-
dances recorded at 15.8 °C with a salinity of 34.00 in 2019 (39 inds. 100 m-3), 17.2 °C with
a salinity of 34.54 in 2022 (9 inds. 100 m3), and 15.9 °C with a salinity of 34.12 in 2023 (81
inds. 100 m=).
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Figure 7. Occurrence of dominant salps and doliolids in spring and autumn. NA = not applicable.
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In autumn, Dolioletta gegenbauri was recorded only in 2019 and 2022, with its highest
abundance recorded at 23.1 °C with a salinity of 31.41 in 2019 (774 inds. 100 m=) and at
20.3 °C with a salinity of 32.93 in 2022 (13 inds. 100 m?) (Figure 7). Doliolum denticulatum
was observed every year from 2019 to 2023 (excluding 2022), with its highest abundance
recorded at 19.1 °C with a salinity of 32.63 in 2019 (5 inds. 100 m™), 23.8 °C with a salinity
of 31.64 in 2021 (10 inds. 100 m), and 16.1 °C with a salinity of 33.43 in 2023 (15 inds. 100
m-3). Doliolum nationalis was detected every year from 2019 to 2023, with the highest abun-
dance observed at 21.1 °C with a salinity of 31.57 in 2019 (207 inds. 100 m=), 24.7 °C with
a salinity of 31.56 in 2021 (250 inds. 100 m-3), 21.4 °C with a salinity of 32.00 in 2022 (415
inds. 100 m=®), and 18.4-21.7 °C with a salinity of 33.53-34.04 in 2023 (3 inds. 100 m=3). Salpa
fusiformis occurred only in 2021 and 2022, with a maximum abundance at 22.4 °C with a
salinity of 32.34 in 2021 (3 inds. 100 m=) and at 20.3 °C with a salinity of 32.93 in 2022 (2
inds. 100 m3).

Collectively, our findings revealed that only a few doliolids were present at low
abundances in spring, with salps more dominant during this season (Figure 7). In contrast,
doliolids were more abundant than salps in autumn. The temperature and salinity ranges
for the dominant species are summarized in Table 3.

Table 3. Dominant salps and doliolids observed during the study period and the conditions under
which they were observed. Delta (A) values represent the difference between the maximum and
minimum temperature and salinity, which indicates the adaptability of dominant species to envi-
ronmental changes. Refer to Figure 5 for the raw data.

Species Temperature (°C) ATemperature Salinity ASalinity
Dolioletta gegenbauri 16.9-24.4 7.5 31.41-34.35 2.94
Doliolum denticulatum 17.4-23.8 6.4 31.56-34.43 2.87
Doliolum nationalis 14.2-24.7 10.5 31.41-34.37 2.96
Salpa fusiformis 15.5-22.4 6.9 32.24-34.54 2.30

3.5. Relationship between Chlorophyll a Concentrations and the Abundance of Salps and Doliolids

Linear regression analysis was conducted to investigate the relationship between the
abundance of salps and doliolids and Chl-a concentrations in the northeastern East China
Sea. Our analysis sought to determine whether the quantitative variation in the salp and
doliolid abundance was influenced by prey availability, as represented by Chl-a levels. In
this study, the linear relationship between salps and doliolids and Chl-a concentrations at
the species level was not considered due to the low correlations and high p-values. The
linear relationship between the abundance of salps and doliolids and the Chl-a concentra-
tions is presented in Figure 8. Salps had no correlation with Chl-a (R = 0.17, p > 0.05),
whereas doliolids exhibited a positive correlation (R =0.46, p < 0.05).

Salps Doliolids
R =0.17, p > 0.05 L4

R = 046, p < 0.05

)

g e © Species
° . Cyclosalpa affinis
Cyclosalpa bakeri
. Dolioletta gegenbauri
. Doliolum denticulatum
. Doliolum nationalis

Salpa fusiformis

logio(Abundance + 1) (inds. 100 m's)

° eeo ®p L

0.5 1.0 1.5 0.5 1.0 1.5
Chlorophyll a concentration (ug L)

Figure 8. Relationship between the abundance of salps and doliolids and Chlorophyll a (Chl-a) con-
centrations.
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3.6. Factors Determining the Year-to-Year Variation in Dominant Species in Spring and Autumn

CCA was conducted to explore the environmental factors influencing the variability
of dominant species populations in spring and autumn (Figure 9 and Table 4). In spring,
the CCA results explained 60.4% and 30.5% of the contributions to the total data on the
first and second axes, respectively, and accounted for 90.9% of the variation in the abun-
dance of the recorded species (Figure 9a and Table 4). A notable feature of this result is the
distinction between salps and doliolids based on the first axis. The dominant species in
the first quadrant included Dolioletta gegenbauri and D. nationalis. The environmental fac-
tors positively affecting these species were SSTb and SST, while SSF and SSS had a nega-
tive impact. C. bakeri was the dominant species in the second quadrant. The factors that
positively affected the abundance of this species were SSTb and SSF, whereas SST had a
negative effect. C. affinis and S. fusiformis were the dominant species in the third quadrant
and were positively affected by SSF and SSS. However, for C. affinis, the SST was found to
have a negative effect. The dominant species located in the fourth quadrant was D. dentic-
ulatum, with the positive factor for this species being the SST.

2|(a) 1.01(b)
E i D.de
1 H D-gz l
4 Taxon
g . c.ba SST)
--------- -S8F----D.na B
3 cat g T Salps
83
y ; | @ ooiiolias
1 RQde i
2 ; 1.0 i
2 1 0 1 2 1.0 0.5 0.0 0.5 1.0
CCA1 CCA1

Figure 9. Ordination plot of canonical correspondence analysis (CCA) showing the variations in the
dominant species in response to physicochemical and biological factors in (a) spring and (b) au-
tumn. C.af, Cyclosalpa affinis; C.ba, C. bakeri; D.ge, Dolioletta gegenbauri; D.de, D. denticulatum; D.na,
Doliolum nationalis; S.fu, Salpa fusiformis; SST, sea surface temperature; SSS, sea surface salinity; SSF,
sea surface fluorescence; SSTb, sea surface turbidity.

Table 4. Summary of canonical correspondence analysis (CCA) results for salp and doliolid abun-
dance vs. an environmental factor matrix. CCA1 and CCA2 represent that the eigenvalue and cu-
mulative proportion of the variance of the relationships between the species and the environmental
factors. These axes provide insights into how much of the total variance in the species abundance
can be explained by environmental factors.

Spring Autumn
CCA1 CCA2 CCA1 CCA2
Eigenvalue 0.4502 0.2276 0.1196 0.06398
Proportion (%) 60.4 30.5 59.1 31.6
Cumulative Proportion (%) 60.4 90.9 59.1 90.7

In autumn, the CCA results explained 59.1% and 31.6% of the contributions to the
total data on the first and second axes, respectively, and accounted for 90.7% of the varia-
tion in the abundances of the dominant species (Figure 9b and Table 4). Unlike spring, the
CCA results for autumn did not exhibit distinct differences at the species or family level
between salps and doliolids based on the first and second axes. The dominant species in
the first quadrant included D. denticulatum and S. fusiformis; D. denticulatum had a strong
positive correlation with SSTb, while S. fusiformis had positive correlations with SSTb and
SSF. The dominant species Dolioletta gegenbauri in the second quadrant exhibited negative
correlations with SSF, SST, and SSS, while it had no correlation with SSTb. The dominant



J. Mar. Sci. Eng. 2024, 12, 862

13 of 20

species D. nationalis in the fourth quadrant was positively correlated with all of the envi-
ronmental factors (i.e., SSTb, SST, SSS, and SSF).

4. Discussion

During the survey period, a T-S diagram was generated to identify the water masses
influencing the northeastern East China Sea during spring and autumn (Figure 3). Previ-
ous studies on the water masses affecting the study area have indicated that CW, CDW,
TWCS, TWCB, and YSCBW mainly influence the region in spring, whereas CW, TWCS,
and TWCB are the primary influencers in autumn [23-26]. However, in the present study,
the effects of CW and CDW were not observed during the spring period, though the in-
fluence of TWCB was dominant throughout the survey period. Additionally, some effects
of YSCBW were only observed in 2022. In contrast, during autumn, the effects of
CW/CDW (characterized by high temperature and low-salinity waters) were observed
only in 2019 and 2021, whereas the influence of YSCBW was not observed at all during
the survey period.

During the autumn period, the observed SST and SSS were higher than in spring
(Figure 2; both p < 0.05). Our spring observations revealed a general decrease in the mean
SST and mean SSS over the study period, whereas our autumn observations revealed a
decrease in the mean SST and an increase in the mean SSS (Figure 2). These differences
can be attributed to the timing of the data collection. The surveys in autumn were con-
ducted in September in 2019 and 2021, whereas those in 2020 and 2022 were conducted in
October. These discrepancies in the seasonal trends were investigated further by review-
ing data from the KODC (Figure S1). This analysis confirmed a consistent trend of a de-
creasing mean temperature in the western northeastern East China Sea from 2019 to 2023,
aligning with our observations. Despite potential variation in the types and intensity of
the water masses impacting the northeastern East China Sea, the species records for each
season remained relatively consistent, facilitating their grouping based on the survey
time.

Interestingly, the influence of TWC (including surface and bottom waters) was iden-
tified in all years during the autumn period. Studies conducted in this region, including
the study area, have reported that currents such as CDW, TWC, and YSCBW influence the
region, with the effects of CDW and TWC increasing from spring to autumn (Figure 3;
[23-26]). The impact of CW or CDW on the northeastern East China Sea can vary depend-
ing on environmental factors such as typhoons, wind, and the discharge volume of the
Changjiang River [39]. After the summer monsoon period (in September), this region can
be significantly affected by high temperatures and low salinities [40,41]. The influence of
CDW may weaken due to the mixing and movement of water masses, while the domi-
nance of TWC may strengthen over time [23,42].

During the survey period, the species identified in the northeastern East China Sea
were similar to those found in the neighboring waters of Northeast Asia (Table 5). The list
of salps and doliolids from countries neighboring South Korea includes a total of 30 spe-
cies across 13 genera, including 13 species identified in our study [3,15,16,43-46]. Particu-
larly, we confirmed that doliolid species such as Dolioletta gegenbauri, Doliolum denticula-
tum, and Doliolum nationalis and salp species such as Cyclosalpa affinis, Salpa fusiformis, Tha-
lia cicar, T. orientalis, and T. sibogae are commonly distributed around South Korea, China,
Japan, and Taiwan (Table 5).
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Table 5. List of salp and doliolid species observed in Northeast Asia. Black circles and empty squares indicate species occurrences in the previous
studies and not occurred species, respectively.

Reference Liao et[:;. (2013) Franco :Z ;]1. (2017) Xu et [21414](2006) Liet ;[1;.6;2011) I(szl(l)zl(;)e[tla;. I(szl(';;l;)e[tl 2; Kim et al. (2011) [45] This Study

Country Taiwan China Japan South Korea South Korea
Region Around Taiwan EastS (;l:ina Soutlsleihina North Pacific Ocean Neigl;l:;:;?i Z\rf:;ers of Southerr;( i::aof South
Season Summer, Winter - Summer, Winter Summer - Spring Autumn

Brooksia rostrata ) o (

Cyclosalpa affinis [ [ (] [ [ ] o

Cyclosalpa bakeri o [

Cyclosalpa floridana o o o

Cyclosalpa pinnata o o o

Cyclosalpa polae () ® o

Sg;izsalpa quadrilu ° °

Cyclosalpa sewelli ) o o [ ]

Dolioletta gegenbauri ) ) ® [ { ([ [ ]

Dolioletta tritonis (

Doliolina mulleri () [ ]

Zonl;olum denticula- ° ° ° ° ° °

Doliolum nationalis () o [ ) o [ ]

Iasis cylindrica ® ([ o

Ihlea punctata ) () o

Pegea confoederata [ ) [ ) [ )

fi;tterzella amboinen- ° PY PY

Ritteriella picteti o @ o

Salpa aspera [ J

Salpa fusiformis ) () o [ ] (]
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Thalia democratica () o o ]

Thalia orientalis o o o ] ]

Thalia rhomboides () () o ]

Thalia sibogae o [ ]
Traustedtia multiten- ° °

taculata
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According to our findings, salp species (S. fusiformis, C. affinis, and C. bakeri) were
dominant in spring, whereas doliolid species (D. denticulatum, D. nationalis, and Dolioletta
gegenbauri) were dominant in autumn (Figures 4-6). Previous research by Ishak et al. [16]
raised the question of whether the spatial distribution of salps and doliolids is influenced
by marine environmental conditions. Xu et al. [44] also noted that the dominance of salps
and doliolids tends to vary within the East China Sea.

Previous studies have reported spatial differentiation between salps and doliolids,
with salps generally observed in offshore regions and doliolids primarily found near
coastal regions [3,10]. Additionally, the shift between a salp- and doliolid-dominant com-
munity structure appears to be influenced by marine conditions such as the temperature
and/or salinity, which can also lead to differences in spatial distribution patterns [15].
However, our study revealed that, although the dominant species in spring differed from
those in autumn, salps and doliolids as taxonomic groups were spatially indistinguishable
from each other over the same period (Figure 4). This suggests that seasonal trends may
be stronger than spatial trends. The seasonal variation in salp and doliolid abundance in
Taiwan waters [3,9], the North Yellow Sea [47], and the southern South China Sea [48] was
similar to our study. Figure 3 and the results of previous studies suggest that our study
region is affected by summer monsoons and CDW/CW. During the low-salinity period in
autumn (2019 and 2021), doliolid abundance was higher than salp abundance (Figure 4),
indicating that the low salinity was a limiting factor in salp reproduction, allowing doliol-
ids to become more widely distributed at a higher abundance [3,11,49-51].

In examining the influence of seasonal factors on the abundance of dominant popu-
lations, we observed contrasting trends in the weighted average scores of the environmen-
tal factors in spring and autumn, with physical factors such as the SST and SSS having a
particularly notable effect (Figure 10). In spring, the primary environmental factor influ-
encing the annual variation in the dominant species abundance was SSS. Initially, SSS and
SSS negatively affected species abundance in 2019, while SST had a negative impact in
2022 and 2023. Moreover, SSTb consistently had a negative influence on the variation in
the dominant species abundance across the entire study period. In autumn, the SST was
the primary positive factor affecting the seasonal variation in dominant species abundance
over all of the examined years, with 5SS having a negative influence (excluding 2023). SSF
had a negative impact on the variation in the abundance of the dominant species in 2019,
2021, and 2023, whereas it had a strong positive impact in 2022. SSTb exhibited a negative
impact on dominant species abundance in 2019, 2022, and 2023, while it had a strong pos-
itive impact in 2021.

The six dominant salp and doliolid species identified in this study were found at
temperatures ranging from 10.0 to 30.0 °C and salinities from 31.00 to 34.50 (Figure 7).
However, the optimal temperature and salinity for asexual reproduction vary between
species. Among salps, the highest abundance of S. fusiformis was recorded at temperatures
of 15.8 to 15.9 °C and salinities of 34.00 to 34.12, indicating a weak positive correlation
with salinity (Figures 7 and 9). In Taiwan, S. fusiformis did not occur in summer, but was
abundant in winter (28.96 + 0.17 °C), with an abundance of 480 + 250 inds. 100 m~3 [3]. In
Japan, S. fusiformis was reported in low-temperature low-salinity environments (10.0 to
15.0 °C, 32.50 to 33.50) with an abundance of 4 to 145 inds. 100 m3, suggesting that it can
inhabit a broad range of temperatures and salinities, although it tends to avoid high tem-
peratures [16]. The asexual reproduction of salps has been linked to Chl-a concentrations
[22,52,53]. In particular, the negative correlation between Chl-a concentrations and the oc-
currence of salp blooms suggests that the proliferation of salps relies on phytoplankton as
a source of food. However, our findings did not identify a positive correlation between S.
fusiformis and Chl-a (Figures 8 and 9). Rather, C. affinis and C. bakeri had a negative corre-
lation with the SST and a positive correlation with SSF (Figure 9). The absence of a corre-
lation between the environmental factors and S. fusiformis abundance could be attributed
to its widespread distribution within the study area.
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Figure 10. Weighted mean scores of the examined environmental factors, representing the degree to
which they affect the year-to-year variation in the abundance of dominant species in spring and
autumn. SST, sea surface temperature; SSS, sea surface salinity; SSF, sea surface fluorescence; SSTb,
sea surface turbidity.

Doliolids thrive at lower temperatures and salinities than salps, and are known to be
more abundant along the coast than offshore. For example, D. nationalis exhibited a peak
abundance at temperatures of 21.0 to 25.0 °C and salinities of 31.00 to 32.00 (Figure 7). In
Taiwan, D. nationalis was only detected in summer, with a high abundance at 22.74 °C [3].
In the present study, the distribution of D. nationalis exhibited no distinct pattern in spring,
but significantly expanded towards the coast in autumn, particularly at shallow stations
(i.e., with depths less than 50 m) such as 5502, SS11, SS12, and SS15 (Figure 5). During
spring, D. nationalis had a positive correlation with the SST and a negative correlation with
SSS, whereas in autumn it showed a strong positive correlation with both the SST and SSS
(Figure 9). Dolioletta gegenbauri was particularly abundant at temperatures of 20-23 °C and
salinities of 31.00-32.00. Similarly, in Jiaozhou Bay, China, it was the most dominant spe-
cies, occurring in temperatures ranging from 11 to 23 °C and salinities from 29.00 to 32.00
[54]. Dolioletta gegenbauri exhibited peak abundance at temperatures of 18.0 to 23.0 °C and
salinities of 31.00 to 33.00, although its abundance was lower compared to other doliolid
species in the same season (Figure 7). In contrast, the abundance of D. denticulatum was
highest at temperatures of 18.0 to 23.0 °C and salinities of 31.00 to 33.00, although its abun-
dance was lower compared to other doliolid species in the same season (Figures 5 and 7).
During spring, D. denticulatum exhibited a positive correlation with both the SST and SSS,
while in autumn, it was more strongly influenced by SSTb (Figure 9).

When assessing and predicting the dynamics of marine systems, including physical,
chemical, and biological factors, the role of predators in controlling primary productivity
is crucial [55]. Salp and doliolid species, which are primary and secondary consumers
within marine ecosystems, have unique physiological characteristics that enable them to
rapidly reproduce in large numbers, significantly impacting phytoplankton populations.
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Moreover, the shifts in dominance between crustaceans and gelatinous filter feeders are
important indicators that should be considered for long-term marine monitoring [56,57].

5. Conclusions

Based on the findings of our study, we identified distinct seasonal patterns in the
abundance and distribution of salps and doliolids in the northeastern East China Sea. Dur-
ing spring, salp species were dominant, while doliolids were more abundant in autumn.
Our observations revealed that, although the dominant species differed between seasons,
the spatial distribution of salps and doliolids remained consistent within each season.
These results suggest that individuals with strong resistance to salinity may be able to
reproduce under favorable conditions.

Furthermore, our analysis demonstrates consistent shifts in dominant salp and
doliolid communities between spring and autumn, emphasizing the influence of environ-
mental factors. Exploring long-term data in connection with climate change indices (e.g.,
the Pacific Decadal Oscillation, El Nifio-Southern Oscillation, and North Pacific Gyre Os-
cillation) will be crucial for understanding the broader effects of climate change on the
dynamics of these species. Thus, there is a need for further research to investigate the long-
term effects of climate change on marine ecosystems in this region.
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https://www.mdpi.com/article/10.3390/jmse12060862/s1, Figure S1. Seawater temperature and sa-
linity trends monitored over a five-year period at 10-meter intervals in a neigh-boring survey area.
(a) These observations were conducted along neighboring survey lines (203, 204, 205) as part of the
NIFS Serial Oceanographic Observation program, during both the (b) spring and (c) autumn seasons.
The data was obtained from the KODC database (Korea Oceanographic Data Center;
https://www.nifs.go.kr/kodc/eng/index.kodc, accessed on 18 May 2024).
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