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The objective of this study was to investigate influence of meso-scale eddies in the
western South China Sea on species composition and spatial patterns of fish larvae and
juveniles based on the data collected during summer and autumn in 2012. Nintyeight
species belonging to 38 families were collected, including 78 species in summer and 41
species in autumn. The dominant species in summer were Vinciguerria sp. (39.70%),
Stephanolepis cirrhifer (11.21%), Caranx sp. (5.45%) and Benthosema pterotum (1.97%).
The dominant species in autumn were Gobiidae sp. (15.32%), Ceratoscopelus townsendi
(7.26%), Diaphus sp. (6.45%), Astronesthes sp. (5.65%) and Callionymidae sp. (4.03%).
Abundance of fish larvae and juveniles in summer was higher than that found in autumn.
Similarity cluster analysis results indicated that larval fish assemblages in summer can be
divided into two communities: (1) larval fish in the cyclonic eddy; (2) larval fish in the
anticyclonic eddies. While in autumn, the larval fish assemblages can be divided into three
communities: (1) larval fish without influence of the cyclonic eddy; (2) larval fish influenced
slightly by the cyclonic eddy; (3) larval fish gathered near the center of the cyclonic eddy.
The variations of abundance and assemblage of larval fish might be attributed to sea
surface temperature (SST), sea surface salinity (SSS) and sea level anomaly (SLA).

Keywords: western South China Sea, fish larvae and juveniles, species composition, assemblages, meso-
scale eddies
INTRODUCTION

The South China Sea is a semi-enclosed sea located in the southern part of mainland China. Its
topography is complex and affected by strong monsoon; therefore, the mesoscale vortex
phenomenon can occur (Lan et al., 2006). The southwest monsoon first appears in May, then
extends to the entire South China Sea in July and August, and continues until mid-September (Shaw
and Chao, 1994). During summer the southwest monsoon prevailing, an upwelling current was
found between 10° and 15°N in the western South China Sea (Xu et al., 1980). There is a cyclonic
eddy near this upwelling (111°E, 13°N), which called the Vietnamese Cold Eddy (Yang and Liu,
1998), The occurrence and elimination of this cold eddy are closely related to the upwelling along
in.org April 2022 | Volume 9 | Article 8328171

https://www.frontiersin.org/articles/10.3389/fmars.2022.832817/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.832817/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.832817/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.832817/full
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:wangxiaogu1968@126.com
mailto:jszhong@shou.edu.cn
https://doi.org/10.3389/fmars.2022.832817
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.832817
https://www.frontiersin.org/journals/marine-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.832817&domain=pdf&date_stamp=2022-04-19


Wu et al. Fish Community Affected by Eddies
the coast of Vietnam. Specialists also observed a northeast jet
near 12°N, 110°~113°E (Levin et al., 2014), which can bring the
cold coastal upwelling to the basin (Xie, 2003). In addition, there
is an anticyclonic eddy in the southern part of the cold eddy. This
anticyclonic eddy is called a dipole together with the structure of
the offshore eastward jet and the cyclonic eddy on the north side.
It generally appears in June and disappears in October (Wang
et al., 2006).

The larvae and juvenile stage is a period of high mortality with
significant changes in morphology, ecology and physiology
during the life history of fish. In the marine ecosystem, survival
rate of larval fish directly affects their early recruitment (Wan
and Zhang, 2016). Physical phenomena such as upwelling affects
primary productivity, which in turn will affect the survival and
growth of larval fish (Deng et al., 1995). An interesting result was
found that the upwelling areas along the east coast of Guangdong
and of Taiwan shoal had high productivity and abundant fish
bait, which can form good nursery ground (Wang et al., 2015). In
addition, the distribution pattern of larval fish communities is
closely related to the dynamic characteristics of current. High
abundance of larval fish is usually limited to the upwelling area,
which is in accordance with the abundance of phytoplankton and
zooplankton (Hsieh et al., 2010).

In a famous study analyzing the composition and distribution
of larvae and juveniles in two deep mesoscale eddies in the
eastern Indian Ocean (Muhling et al., 2007), they concluded that
compared with the cold-core eddy and the warm-core eddy, the
composition and distribution of fish larvae and juveniles had a
greater difference because of the physical structure. In addition,
in the Santa Barbara Strait, the density offish larvae and juveniles
in the center of the eddy was higher than that of the surrounding
environment, but the physical conditions changed in the second
year and the density decreased (Nishimoto and Washburn,
2002). These changes were related to the changes in the
current system and its impact on the life cycle of species.
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Therefore, the effects of eddies on the ecosystems may not be
easy to predict because they depend on the evolution of physical
structure and biological communities over time.

There has been many research on physical phenomena in the
western South China Sea, but only a few biological surveys and
studies in this region. For example, the correlation between
phytoplankton biomass and the environment was investigated
(Tang et al., 2004). The present survey is aimed to clarify the
relationship between the distribution of fish larvae and juveniles
and environmental factors in the western South China Sea. We
are also committed to provide scientific basis for the protection
and recruitment of fish larval and juveniles resources in this area.
MATERIALS AND METHODS

Study Area and Survey Measurements
A survey on 15 sampling stations in the western South China Sea
was carried out onboard of the R/V Xiangyanghong 14 during
summer and autumn of 2012 (Figure 1). Samples were taken by a
WP2 plankton net (mouth diameter, 57 cm; mesh size, 200 mm).
Plankton hauls were taken vertically from 200m depth to the sea
surface at a speed of 1ms-1. A flowmeter (Hydro-Bios) was attached
to thenetmouth. The obtained sampleswere immediatelyfixed and
preserved in 5% (v/v) buffered formalin-seawater solution. A
stereomicroscope (Axio Zoom.V16) was used in the laboratory
for species identificationand individual counting, and sampleswere
identified to the lowest taxonomic level as much as possible.

Satellite-Derived Environmental Data
The sea surface temperature (SST) and chlorophyll a concentration
(CHL) data with 4km resolution were downloaded from the Ocean
Color Remote Sensing website of National Aeronautics and Space
Administration (NASA) (https://oceancolor.gsfc.nasa.gov/, accessed
by28Oct, 2021). The sea surface salinity (SSS) dataweredownloaded
FIGURE 1 | Sampling stations in the western South China Sea.
April 2022 | Volume 9 | Article 832817

https://oceancolor.gsfc.nasa.gov/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Wu et al. Fish Community Affected by Eddies
from the data of CATDS (Centre Aval de Traitement des Données
SMOS) (http://www.salinityremotesensing.ifremer.fr/, accessed by
28 Oct, 2021). The sea level anomaly (SLA) data were downloaded
from TOPEX/POSEIDON JASON satellite altimeter (http://www.
aviso.oceanobs.com, accessed by 28 Oct, 2021). Ocean Data View
(vers 4.0) was used for data reading, writing and editing. The specific
environmental value which canonical correspondence analysis
(CCA) were transformed by MATLAB.

Data Analysis
Larval and juvenile fish abundance was standardized to numbers
of individuals (ind.) per 100m3 (Li et al., 2014).

The Index of Relative Importance (IRI) (Zhu et al., 2002) was
used to determine the dominant species:

IRI = N % ∗ F% ∗ 10000

N% is the relative abundance of occurrence and F% is the
relative frequency of occurrence. The IRI of the dominant species
should be greater than 100.

Margalef richness index (D) (Ulanowicz, 2001), Shannon-
Wienerd diversity index (H’) (Wilhm, 1968) and Pielou’s index
of evenness (J’) (Pielou, 1975) were used to analyse the larval
community diversity.

D =
S� 1
lnN

H 0 = −o
n=i

n=1
PilnPið Þ

J 0 = H 0 =lnS

S is the number of larval fish, N is the number of species, Pi is
the proportion of individuals in taxa i.

PRIMER(vers 6.0) software packagewas used toperformcluster
analysis and multi-dimensional scaling (MDS) in order to classify
groups with distinct community structures (Bray andCurtis, 1957).
The basic data used in PRIMER is fish abundance. The stress of
MDS is used to test the reliability of analysis results. When
0.1<stress<0.2, it means that the result has a certain explanatory
significance (Quetglas et al., 2013). The data transformed by log (x
+1) before analysis (Clarke and Warwick, 2001). Canonical
correspondence analysis (CCA) was performed to investigate the
relationship between oceanographic conditions and larval fish
compositions (Ter Braak, 1986). CANOCO (vers 6.0) software
package was used to get results via the data of the fish abundance
and the environmental variables. To eliminate inappropriate effect
of rare species, only species with more than 1% of the total catch
were chosen for the analysis.
RESULTS

Environmental Factors
The temperature in the northern part of the study area was
relatively high in summer; however, a wide range of area with
Frontiers in Marine Science | www.frontiersin.org 3
low temperature (<28°C) appeared as a large jet shape along the
coastal waters of Vietnam (Figure 2A). While in autumn, the
temperature in the northern part decreased significantly, and the
offshore low-temperature zone disappeared (Figure 2B).

The salinity which influenced by the fresh water of the
Mekong River gradually increased from the mouth of the
Mekong River to the sea during summer and the southern part
of the study area was covered by waters with low salinity (<33‰)
for a long time (Figure 2C). While in autumn, the jet-shaped
protrusion disappeared, and the area affected by the river’s fresh
water reduced (Figure 2D).

According to the concentration of chlorophyll a fromMODIS
data, a large amount of phytoplankton bloomed near the
Vietnam coast (10°N-12°N) during summer (Figure 2E), while
in autumn, this eastward algal bloom disappeared (Figure 2F).

Sea level anomaly data disclosed that a strong cyclonic eddy
happened near the area of upwelling in summer, and the
anticyclonic eddies were also appeared close to the cyclonic
eddy (Figure 2G). However, the intensity of the cyclonic and
anticyclonic eddies weakened relatively in autumn (Figure 2H).

Species Composition and Dominant
Species
A total of 784 fish larvae and juveniles were collected in this survey,
belonging to 98 species in 38 families (Table 1). Among them, 660
individuals belonging to 78 species were collected in summer.
Stomiiformes accounted for the largest proportion, reaching
43.33% and including 11 species among 4 families; followed by
Perciformes (23.48%), including 30 species among 14 families.
Tetraodoniformes accounted for 12.42%, including 3 species
among 2 families. As shown in Table 2, the dominant species
were Vinciguerria sp. (39.70%), Stephanolepis cirrhifer (11.21%),
Caranx sp. (5.45). %) and Benthosema pterotum (1.97%).

One hundred and twenty-four individuals belonging to 41
species were collected in autumn. Perciformes accounted for the
largest proportion, reaching 34.68% and including 9 species among
8 families. Myctophiformes was the second abundant group,
accounting for 30.65% and including 8 species among 1 family.
Stomiiformes accounted for 20.97%, including 10 species among 4
families. As shown in Table 2, the dominant species were Gobiidae
sp. (15.32%), Ceratoscopelus townsendi (7.26%), Diaphus sp.
(6.45%), Astronesthes sp. (5.65%) and Callionymidae sp. (4.03%).

Seasonal Spatial Patterns of Assemblages
and Variation in Species Diversity
The range of larval and juvenile fish abundance was from 3.2 to
57.1 ind/1003 in summer (Figure 3A), from 2.0 to 23.1 ind/1003

in autumn (Figure 3B). Average abundances of fish larvae and
juveniles during summer and autumn are presented in Table 3.
The abundance generally showed that the result in summer was
higher than in autumn and differed significantly between these
two seasons.

From Table 3, we can clearly see that the Margalef Richness
Index (D) and the Shannon-Wiener diversity index (H’) revealed
the same seasonal variation which the value was higher in summer
than in autumn, particularly showed a significant difference
April 2022 | Volume 9 | Article 832817
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respectively (p<0.05). However, for the Pielou’s index of evenness
(J’), there was no significant difference with season(p>0.05).

Classification of Larval Assemblages
The results of the cluster analysis in summer indicated
(Figure 4A) that all stations can be divided into two groups at
4.38% similarity level. The assemblage of ST04, ST11, ST12, ST13
composed an anticyclonic-eddies-assemblage (AE) which came
from a region of the anticyclonic eddies (combining with the
above sea level anomaly image (Figure 2G), while the remaining
11 stations composed a cyclonic-eddy-assemblage (CE) which
came from a region of the cyclonic eddy (combining with the
Frontiers in Marine Science | www.frontiersin.org 4
above sea level anomaly image (Figure 2G). The stress (0.14<0.2)
showed the reliability of the analysis result (Figure 4A). The
dominant species in the AE were Vinciguerria sp., Stephanolepis
cirrhifer and Caranx sp. Meanwhile, the CE was defined by
Benthosema pterotum, Ceratoscopelus townsendi, Engraulis
japonicus and Diogenichthys laternatus.

The cluster analysis on autumn samples showed (Figure 4B)
that all stations can be divided into three groups. The station of
ST10 was distinguished from other groups with 0.66% similarity
and grouped by itself (CCE) which near the center of the cyclonic
eddy (combining with the above sea level anomaly image
Figure 2H). The stations of ST02, ST11, ST12, ST13, and ST15
A B

D

E F

G H

C

FIGURE 2 | Sea surface temperature, salinity, chlorophyll a concentration and sea level anomaly in the western South China Sea.(A, C, E, G) in summer;
(B, D, F, H) in autumn.
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TABLE 1 | Species composition of fish larvae and juveniles in the western South China Sea.

Family Species A% temperature adaptation

summer autumn

Muraenesocidae Muraenesox cinereus 0.15 0.81 WWS
Congridae Leptocephalus giganteus 0.15 WWS
Chlopsidae Chlopsis sp. 0.30
Ophichthyidae Callechelys sp. 0.45

Ophichthyidae sp. 0.30
Engraulidae Engraulis japonicus 2.88 WWS

Engraulis sp. 0.81
Clupeidae Etrumeus teres 0.81 WWS
Sternoptychidae Maurolicus muelleri 0.81 WWS

Valenciennellus tripunctulatus 0.15 WWS
Argyripnus sp. 0.81
Argyropelecus sp. 0.15

Stomiidae Idiacanthus fasciola 0.45 WWS
Astronesthes sp. 0.30 5.65

Gonostomatidae Cyclothone alba 0.81 WWS
Cyclothone pallida 3.23 WWS
Cyclothone acclinidens 0.81 WWS
Gonostoma atlanticum 0.30 0.81 WWS
Sigmops gracilis 0.15 WWS
Sigmops bathyphilus 0.15 WWS
Cyclothone sp. 0.91
Gonostoma sp. 0.81

Phosichthyidae Vinciguerria nimbaria 0.76 1.61 WWS
Vinciguerria poweriae 0.30 WWS
Vinciguerria sp. 39.70 5.65

Synodontidae Saurida elongata 0.15 WTS
Saurida wanieso 0.15 0.81 WWS
Saurida sp. 0.81
Synodus sp. 0.15

Paralepididae Lestidium prolixum 0.30 WWS
Scopelarchidae Scopelarchus guentheri 0.81 WWS

Scopelarchus sp. 0.15
Myctophidae Benthosema suborbitale 0.91 1.61 WWS

Benthosema pterotum 1.97 1.61 WWS
Ceratoscopelus townsendi 1.67 7.26 WWS
Diogenichthys atlanticus 0.45 WWS
Diogenichthys laternatus 1.82 WWS
Myctophum asperum 0.15 WWS
Myctophum aurolaternatum 0.30 WWS
Tarletonbeania taylori 0.15
Symbolophorus californiensi 2.42 WWS
Myctophidae sp. 0.61 4.03
Benthosema sp. 0.30
Diaphus sp. 1.06 6.45
Lampanyctus sp. 0.15
Tarletonbeania sp. 2.42
Hygophum sp. 0.45 2.42
Symbolophorus sp. 2.42

Bregmacerotidae Bregmaceros houdei 2.42 WWS
Bregmaceros sp. 0.30

Linophrynidae Linophryne sp. 0.15
Sebastidae Sebastes levis 0.15 WWS
Scorpaenidae Scorpaenidae sp. 0.30 0.81
Menidae Mene maculata 0.45 WWS
Serranidae Pseudogramma polyacantha 0.15 WWS

Eponephelus sp. 1.82
Luzonichthys sp. 0.15

Carangidae Selar crumenophthalmus 0.15 3.23 WWS
Decapterus macrosoma 2.12 WWS
Caranx sp. 5.45
Decapterus sp. 4.24

(Continued)
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composed a group (NCE) which at 8.45% similarity, which were
not influenced by the cyclonic eddy (combining with the above sea
level anomaly image. Figure 2H). The remaining stations were
classified into one group (SCE) at 8.88% similarity level, which was
influenced slightly by the cyclonic eddy (combining with the above
sea level anomaly image (Figure 2H). The stress (0.1<0.2) showed
Frontiers in Marine Science | www.frontiersin.org 6
the reliability of the analysis result (Figure 4B). Maurolicus
muelleri only occurred in the CCE group, while Diaphus sp.
were found both in the NCE and SCE group. The NCE group
consistently contained the highest densities of Vinciguerria sp.,
Astronesthes sp. and Gobiidae sp.The dominant species in the SCE
group were Ceratoscopelus townsendi and Callionymidae sp.
TABLE 1 | Continued

Family Species A% temperature adaptation

summer autumn

Parapercidae Parapercis sp. 0.91
Champsodontidae Champsodon snyderi 0.30 WTS
Callionymidae Callionymidae sp. 0.76 4.03
Scombridae Scomberomorus guttatus 0.15 WWS

Gymnosarda unicolor 0.30 WWS
Euthynnus affinis 0.15 0.81 WTS
Auxis sp. 0.61
Scomber sp. 0.30

Gempylidae Nealotus tripes 0.45 WWS
Rexea prometheoides 0.15 WWS

Labridae Xyrichtys sp. 0.61
Cheilinus sp. 0.15

Nomeidae Cubiceps pauciradiatus 0.61 WWS
Lutjanidae Lutjanus sp. 0.45
Caesionidae Caesio sp. 0.15
Lethrinidae Lethrinus genivittatus 0.15 WWS
Emmelichthyidae Emmelichthys struhsakeri 0.61 WWS
Sparidae Pagrus major 0.15 2.42 WWS
Pseudochromidae Pseudochromidae sp. 0.91
Acropomatidae Synagrops japonicus 0.30 WWS

Synagrops philippinensis 0.15 WWS
Scaridae Scarus sp. 0.81

Sparisoma sp. 1.61
Gobiidae Gobiidae sp. 0.45 14.52
Microdesmidae Ptereletris sp. 0.15 4.84
Bothidae Arnoglossus tenuis 0.81 WWS

Arnoglossus yamanakai 0.81 WWS
Engyprosopon grandisquama 0.61 3.23 WWS
Engyprosopon sp. 2.42
Psettina sp. 0.76

Cynoglossidae Cynoglossus robustus 0.15 WTS
Cynoglossus sp. 0.76

Monacanthidae Stephanolepis cirrhifer 11.21 WWS
Thamnaconus sp. 1.06

Tetraodontidae Takifugu sp. 0.15
April 2022 |
A%, Abundance percentage; WWS, Warm water species; WTS, Warm temperate species.
TABLE 2 | Index of relative importance of the dominant species of larval fish in the western South China Sea.

Species IRI

Summer Autumn

Vinciguerria sp. 793.94 96.77
Stephanolepis cirrhifer 224.24 /
Caranx sp. 109.09 /
Benthosema pterotum 105.05 21.51
Gobiidae sp. 6.06 387.10
Ceratoscopelus townsendi 45.45 290.32
Diaphus sp. 21.21 258.06
Astronesthes sp. 4.04 129.03
Callionymidae sp. 20.20 107.53
Volume 9 | Articl
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The Relationship Between the Larval and
Juvenile Fish Assemblages and
Environmental Variables
The canonical correspondence analysis results in summer
(Table 4) showed that SST、SSS and SLA had a significant effect
on the fish assemblages (p<0.05). The eigenvalues were 0.667
(CCA1), 0.416 (CCA2), 0.367 (CCA3) and 0.096 (CCA4) as
shown in Table 5. The correlation between axes and
environmental variables were 0.924 (CCA1), 0.943 (CCA2), 0.864
(CCA3) and 0.801 (CCA4). TheMonte Carlo test indicated that the
CCA1 had a significant difference (F=2.5, P=0.016<0.05), while the
CCA2 had no significant difference (F=1.9, P=0.096>0.05). These
two ordination axes explained 32.59% variation of the composition
of fish larvae and juveniles in summer. The area of the AE group
was characterized with high temperature, salinity and sea level
anomaly, while the environmental conditions of the CE group were
on the contrary. Vinciguerria sp., Stephanolepis cirrhifer and
Caranx sp. that prefer the mild environment gathered in the CE
group. The environmental variables were positively correlated with
assemblages (Figure 5A). On the other hand, Benthosema
pterotum, Ceratoscopelus townsendi and Diogenichthys laternatus
belonging to the deep-sea fish dominated the CE group. The
environmental variables were negatively correlated with their
spatial patterns (Figure 5A).

The canonical correspondence analysis results in autumn
(Table 4) showed that SST and SLA had a significant effect on
the larval and juvenile fish assemblages (p<0.05). The eigenvalues
were 0.550 (CCA1), 0.312 (CCA2), 0.194 (CCA3) and 0.111
Frontiers in Marine Science | www.frontiersin.org 7
(CCA4) as shown in Table 6. The correlation between axes and
environmental variables were 0.932 (CCA1), 0.915(CCA2), 0.713
(CCA3) and 0.784 (CCA4). The Monte Carlo test indicated that
the CCA1 had a significant difference (F=1.7, P=0.04<0.05),
while the CCA2 had no significant difference (F=1.1,
P=0.718>0.05). These two ordination axes explained 24.62%
variation of the composition of fish larvae and juveniles in
autumn. Maurolicus muelleri was only captured in the area
where the temperature and sea level anomaly were relatively
low. The SCE group was dominated by Ceratoscopelus townsendi.
The environmental variables were negatively correlated with
their distribution (Figure 5B). However, the NCE group in the
area where the temperature and sea level anomaly were relatively
high which was dominantly composed by Vinciguerria sp. and
Gobiidae sp. The environmental variables were positively
correlated with their spatial patterns (Figure 5B).

DISCUSSION

Composition and Distribution of Larval and
Juvenile Fish Assemblages
There were some previous investigations of fish larvae and
juveniles in the northern South China Sea. For example, in
2004-2007, 58 ichthyoplankton species belonging to 33 families
were sampled, and the most significant environmental variables
were water temperature, salinity and dissolved oxygen (Xiao
et al., 2010). In 2006-2007, a total of 95 taxa were collected and
the seasonal variation of diversity and abundance may be
TABLE 3 | Average abundance and diversity index of fish larvae and juveniles in the western South China Sea during summer and autumn and p values from ANOVA
analysis (Significance level =0.05).

Average Abundance species diversity index

D H’ J’

summer 16.78 ± 14.31 2.87 ± 0.80 1.82 ± 0.41 0.90 ± 0.13
autumn 8.24 ± 5.85 2.21 ± 0.23 1.42 ± 0.16 0.96 ± 0.01
P 0.041* 0.029* 0.030* 0.154
April 2022 | Volume 9 | Ar
*Means the data had significant difference.
A B

FIGURE 3 | | The distribution of fish larvae and juveniles in the western South China Sea (circles:ind/100-3). (A) summer; (B) autumn.
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influenced by the South China Sea Current (Li et al., 2014).
What’s more, the researchers (Zheng et al., 2016) pointed out
that the coastal currents in the western South China Sea flowed
to the northeast near 12°N in summer. Due to the large amount
of offshore transportation of water, the alongshore water should
be supplemented with sea water, so the upwelling with low-
temperature and high-salinity seawater generated. The upwelling
Frontiers in Marine Science | www.frontiersin.org 8
is usually accompanied by the cyclonic eddy (Yang, 2008). The
present study was carried out in the western South China Sea,
and the complicated hydrological conditions in this area had a
significant impact on the composition and distribution of fish
larvae and juveniles.

A total of 784 individuals were captured in our surveys, and
the number in summer accounted for 84.18% of the total catch.
A

B

FIGURE 4 | Cluster analysis based on the Bray-Curtis similarity of abundance at each sampling station of the western South China Sea. (A) summer; CE: larval fish
in the cyclonic eddy; AE: larval fish in the anticyclonic eddies; (B) autumn; NCE: larval fish without influence of the cyclonic eddy; SCE: larval fish influenced slightly by
the cyclonic eddy; CCE: larval fish gathered near the center of the cyclonic eddy.
TABLE 4 | Simple term effects of environmental variables (Significance level =0.05).

Variables Explains % pseudo-F P

summer autumn summer autumn summer autumn

SST 16.3 11.5 2.5 1.6 0.014* 0.04*
SSS 15.7 10.2 2.4 1.4 0.004* 0.12
SLA 14.4 11.8 2.2 1.6 0.004* 0.022*
CHL 9.7 8.1 1.4 1.1 0.26 0.402
Apri
l 2022 | Volume 9 | Article
*means the data had significant difference.
TABLE 5 | CCA results in summer.

Statistic CCA1 CCA2 CCA3 CCA4

Eigenvalues 0.667 0.416 0.367 0.096
Explained variation (cumulative) 20.06 32.59 43.62 46.51
Pseudo-canonical correlation 0.924 0.943 0.864 0.801
Pseudo-F value 2.5 1.9 2 0.5
P value 0.016 0.096 0.088 0.8
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The density and diversity of larval and juvenile fish in summer
were higher than in autumn, which indicated that summer is the
peak season for spawning in this area. The survey found that the
dominant species in the CE group and SCE group were
Benthosema pterotum (Myctophidae), Ceratoscopelus townsendi
(Myctophidae), Engraulis japonicus (Engraulidae) and
Diogenichthys laternatus (Myctophidae). The families which
these species belong to were same to the results of the survey
conducted in the Gulf of California where was influenced by the
cyclonic eddy (Sanchez-Velasco et al., 2013). The species
identified in the Gulf of California were Anchoa spp.
(Engraulidae), Vinciguerria lucetia (Gonostomatidae) and
Benthosema panamense (Myctophidae). Not only Sanchez’s
research, but also our survey area in the eddy was dominated
by the larval fish of Myctophidae and Gonostomatidae which
prefer deeper layer when they grow into adult fish. How do larval
and juvenile fish belong to the deep-sea fish appeared in the
surface water layer? We think the upwelling accompanied by the
cyclonic eddy may play an important role on the vertical
transportation of larval and juvenile fish. However, this point
should be verified with further study.

They Rodrıǵuez et al. (2004) proposed that a reproductive
strategy usually occurs in upwelling region. This strategy was
able to cause low abundance and low diversity so that some
species could prevent the offshore transport of their offspring. In
addition, Diaphus sp. were found both in the NCE and SCE
group. Therefore, we supposed that the larval fish may have been
caught by the eddy and have been remained on the edge of the
eddy, and then may be transported to the open sea. This
hypothesis was almost consistent with the investigation in the
Canaries CTZ during summer (Rodriguez et al., 2004). They
Frontiers in Marine Science | www.frontiersin.org 9
discovered that mesoscale eddies can transport fish larvae and
juveniles from shallow waters of Africa to the ocean. The stations
affected by the fresh water of the Mekong River had higher
abundance than other area. In Chile upwelling ecosystem, the
offshore advection may partially explain the higher abundance
(Landaeta et al., 2000).
Comparison of the Effects of Upwelling
and Jet on Fish Larvae and Juveniles
This study described the impact of mesoscale eddies in the
western South China Sea on fish larvae and juveniles.
Contereras-Catala et al. (2012) pointed out that the abundance
of fish larvae and juveniles in the center of the eddy was not as
high as in the eastern upwelling region. Due to the eastern part of
the Gulf of California could be affected by the upwelling. During
the upwelling period, the productivity is higher and the
zooplankton biomass is higher, so the abundance of fish larvae
and juveniles that feed on plankton is higher.

We can see that the abundance of station 10 is higher than other
stations obviously in summer. I suppose the jet had a significant
influenceon the abundance.The inputof largeamountsofnutrients
and organic matter from flushing water can cause phytoplankton
algal blooms to form higher primary productivity. Therefore, fish
larvae and juveniles can grow comfortably. Sassa et al. (2002)
pointed out that the mesopelagic fishes like Myctophidae, spend
their larval stages in the upper 200m layer. Werner and Fumio
(2019) found that Myctophid otoliths are the most common fossil
otoliths to be found in Ncogene deep water sediments below
approximately 200 m depositional depth. (Xu et al., 1980) pointed
out an upwelling current was found between 10° and 15°N in the
A B

FIGURE 5 | CCA biplot of species composition of survey stations and environmental variables in the western South China Sea. (A) summer; (B) autumn.
TABLE 6 | CCA results in autumn.

Statistic CCA1 CCA2 CCA3 CCA4

Eigenvalues 0.550 0.312 0.194 0.111
Explained variation (cumulative) 15.71 24.62 30.15 33.33
Pseudo-canonical correlation 0.932 0.915 0.713 0.784
Pseudo-F value 1.7 1.1 0.7 0.4
P value 0.04 0.718 0.93 0.93
April 2022 | Volume 9 | Article 8
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western South China Sea. The larvae and juveniles of mesopelagic
fishes can be transported to the surface water easily.
CONCLUSIONS

This study was to explore the influence of meso-scale eddies in
the western South China Sea on the species composition and
distribution of fish larvae and juveniles during summer and
autumn. The results indicated that the abundance and
taxonomic diversity of fish larvae and juveniles in summer was
higher than in autumn. The dominant species in and around the
cyclonic eddy were the mixed coastal and oceanic species. We
proposed that the larval fish may have been caught by the eddy
and have been remained on the edge of the eddy, and then may
be transported to the open sea. The variations of abundance and
assemblage of larval fish might be attributed to sea surface
temperature (SST), sea surface salinity (SSS) and sea level
anomaly (SLA). Transportation of larval and juvenile fish of
Myctophidae and Gonostomatidae from the deeper layer to the
surface maybe was facilitated by the upwelling. This point should
be verified with further study.
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