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Commercially important hairtails, Trichiurus spp., are widely distributed throughout
China’s marine waters. Because eggs of these species are difficult to identify and the
taxonomy of the group has recently been resolved, their spawning grounds in the northern
South China Sea (SCS) are not well known. We identified three Trichiurus species
(T. japonicus, T. nanhaiensis, and T. brevis) using DNA barcodes in spring and late
summer—autumn ichthyoplankton surveys of 2019 in the northern SCS. Egg distributions
reveal that the spawning grounds of T. japonicus and T. nanhaiensis occur mainly from the
central and southern Beibu Gulf, along Hainan Island, to the waters off the Pearl River
Estuary, and that egg densities are higher in spring than in late summer-autumn. Spawning
of T. japonicus commonly occurs along the continental shelf, 7. nanhalensis along the
continental shelf to slope (over seabed depths of 42-380m), and T. brevis mainly in
shallow water. Considering the salinity and temperature data, we found that the eggs of
Trichiurus were associated with specific water masses. In spring, eggs of T. japonicus and
T. nanhaiensis occurred at central and southern Beibu Gulf water mass (CSBGWM) and
South China Sea surface water mass (SCSWM). While in late summer-autumn, eggs of
T. japonicus and T. nanhaiensis mainly occurred in the waters of SCSWM. Our findings
reveal that the occurrence of Trichiurus eggs and their spatial and temporal distribution are
determined by hydrological conditions.

Keywords: Trichiurus spp., fish eggs, DNA barcode, spawning ground, hydrological characteristic, northern South
China Sea

INTRODUCTION

Hairtails, Trichiurus spp., also known as Cutlassfishes, are caught throughout China’s waters. These
species are among the most important commercial fishes in China, the number one fishery in terms
of catch, and the third most marine catches in the South China Sea (SCS) (China Agriculture Press,
1997-2019; Lu et al., 2008). The taxonomy of Trichiurus sp in the SCS has been long confused. Prior
to the 1990s only one species [T. lepturus (synonym T. haumela)] was reported from this region. In

Frontiers in Environmental Science | www.frontiersin.org 1

August 2021 | Volume 9 | Article 703029


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.703029&domain=pdf&date_stamp=2021-08-06
https://www.frontiersin.org/articles/10.3389/fenvs.2021.703029/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.703029/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.703029/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.703029/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.703029/full
http://creativecommons.org/licenses/by/4.0/
mailto:chenzuozhi@scsfri.ac.cn
https://doi.org/10.3389/fenvs.2021.703029
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.703029

Hou et al.

the 1990s two additional species were recognised (T. nanhaiensis
and T. brevis) (Wang, 1992; Wang, 1992). However, it is now
widely accepted that two species that were once considered
conspecific, T. japonicus and T. lepturus, are distinct (Wang,
1992; Wang, 1993; Wang et al, 1993; Wang et al, 1994;
Chakraborty et al,, 2006; Tzeng et al.,, 2007; Hsu et al., 2009;
Tzeng and Chiu, 2012), brings to four the number of species now
recognised from this region, in which T. lepturus is
supposedly rare.

The importance of the hairtail fishery has resulted in
considerable fisheries research effort being directed towards it
(Ye and Rosenberg, 1991; Kwok and Ni, 1999; He et al., 2014;
Wang et al., 2017). These fishes in the Bohai, Yellow Sea, East
China Sea and South China Sea have all been overfished. To
protect fish spawning stocks and juveniles, SCS fisheries were
closed for 2 months in June and July from 1999 to 2008, and
prolonged to 3.5 months in May and August from 2017 to now.
Despite these efforts, there’s been little research on the early life
stages and spawning of hairtail species (T. japomnicus, T.
nanhaiensis and T. brevis) in the SCS. Understanding early life
stages of species is vital if recruitment is to be understood, and
fisheries are to be managed (Chambers and Trippel, 1997;
Fuiman, 2002; Checkley et al., 2009). More than 3,400 fish
species—over 10.4% of the world fish species—occur in the
SCS, which lies in the centre of 25 world biodiversity hotspots,
surrounded by the Philippines, Wallacea, Sundaland, and Indo-
Burma (Myers et al., 2000). The high diversity and low density of
fishes in this region renders identification of adults and early life
stages challenging.

The continental shelf of the northern SCS is a key habitat for
nearly 1,500 fish species (Sun and Chen, 2013). This region is an
important spawning and nursing ground for numerous fishes,
such as hairtails, Golden threadfin bream, and Japanese scad
(Zhang et al, 1985). Recent progress in understanding the
reproductive biology and fishery ecology of these economic fishes
has been made (Zhang et al., 1985; Chen et al., 2003; Yan et al., 2011;
Shi et al., 2020). However, due to the difficulties identifying early life
stages of fish, information of their spawning grounds based on
ichthyoplankton surveys is limited in the SCS (Zhang et al., 1985;
Zhou et al., 2011; Li et al.,, 2014; Chen et al., 2018).

DNA barcoding, an identification method using molecular
maker (e.g, cytochrome c oxidase subunit I, COI), enables
identification of fish eggs and larvae, regardless of their
developmental stage or morphological plasticity (Valdez-Moreno
et al,, 2010; Frantine-Silva et al., 2015; Hubert et al., 2015). Many
fish sequences (to June 2020, 21,800 + fish species, 342,000 +
specimens) have been deposited in the BOLD (Barcode of Life Data
System, http://www.barcodinglife.org, http://www.boldsystems.
org) database (Ratnasingham and Hebert, 2007), which can be
used to facilitate identification of both adult and larval fishes.

To identify spawning grounds of fishes in the northern SCS,
we undertook ichthyoplankton surveys in the spring and late
summer—autumn of 2019. Our aims were to: 1) differentiate eggs
of Trichiurus species collected in these surveys using DNA
barcodes, and to describe their morphology, 2) determine the
spatial and temporal distribution patterns of eggs of Trichiurus
species in the study period, and 3) analyse the hydrological

Trichiurus Eggs ldentification and Distribution

conditions of spawning grounds of Trichiurus species. Our
findings should contribute to improved management and
conservation of these species and their spawning grounds in
the northern SCS.

MATERIALS AND METHODS

Sampling

Fish eggs were widely collected in the northern SCS
(16.75-23.15°N, 107.25-117.21°E, Figure 1) during the spring
(March-April) and late summer-autumn (August-October 2019).
Eggs were collected with a 2.7 m long, 80 cm diameter zooplankton
net, with a 0.505 mm mesh, and cod-end container of 400 um. Nets
were fitted with a General Oceanics flowmeter to estimate filtered
water volume. In the represent study, two zooplankton nets were
dragged simultaneously in horizontal trawls, and two vertical trawls
were also conducted. For horizontal trawls, nets were dragged
10-15min at 1.5-2.2 knots; for vertical trawls, nets were hauled
from the bottom (if less than 200 m seabed depth) or from 200 m
(if greater than 200 m seabed depth) to the surface at 1-1.5 m/s.
The samples were preserved with one sample fixed in ~75%
ethanol/seawater, and the other sample in 5% formaldehyde
solution/seawater. Temperature and salinity at different depths
were recorded with a conductivity, temperature and depth (CTD)
(SSTAML Plus X) from the surface to the near the bottom.

Egg Morphology

All eggs from each station were sorted under a stereomicroscope
in a laboratory. If available, up to 15 eggs of different
morphologies were randomly selected (when there were more
than 15 eggs at a station, otherwise all eggs were selected), then
photographed. Selected eggs were individually numbered,
immersed in hydrogen peroxide for ~8 min for cleaning and to
rehydrate them so that their diameter was comparable to fresh eggs,
and measured to 0.001 mm after being photographed using Zeiss
microscope (Axioplan 2 imaging E). Their DNA was then extracted.
Egg morphology descriptions follow Shao et al. (2002) and Ikeda
etal. (2015). In the present study, pairwise t-test was used to analysis
the difference among the egg diameters of genus Trichiurus species.

DNA Extraction and Polymerase Chain

Reaction Amplification

Total genomic DNA was extracted from each numbered egg using
an Axygen Genomic DNA Miniprep Kit (Axygen, Shanghai,
China). COI sequences (~648 p) were amplified and sequenced
using universal primers FishF1 and FishR1 (Ward et al., 2005). The
polymerase chain reaction (PCR) contained 20 pl Tsingke TM
Master Mix, 1pl of each primer (10 pmol), 1-10ul template
DNA, and 8-17pl ddH,O (total template DNA + ddH,0 =
18 ul) to make a total volume of 40 pl. PCR conditions were
94°C for 3 min, 35 cycles at 94°C for 30, 51°C for 30's, 72°C for
1 min, and a final extension at 72°C for 10 min. Amplification
products of PCR reactions were purified using 1% low-melting
agarose electrophoresis and sequenced bidirectionally on an
ABI 3730 XL DNA system following manufacturer protocols.
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High-quality DNA sequences were edited with MEGA v 6.0
(Tamura et al., 2013).

Sequence Analysis

Egg sequences were initially checked the tracer files and
assembled by SEQMAN in Lasergene version 7.0 (DNASTAR
Inc., Madison, WI, United States), and then delimited by Blast
searches in BOLD (Barcode of Life Data system, http://www.
boldsystems.org/). Sequences exceeding a 98% similarity and 2%
genetic distance threshold with the nearest neighbour species
were tagged with the taxon name using criteria of Hubert et al.
(2015). Local and adjacent oceanic fish COI sequences of
Trichiurus spp. were cited from reliable literatures for
secondary analysis should the aforementioned criteria not be
met (Hsu et al., 2009; Tzeng and Chiu, 2012; Chang et al., 2017;
Hou et al., 2018). A neighbor-joining (NJ) tree was reconstructed
to illustrate lineage diversity via phylogenetic topology, based on
the Kimura 2-parameter model (K2P, Kimura, 1980) with 1,000
bootstrap replicates by MEGA v6.0 (Tamura et al., 2013). Genetic
distance was also calculated in MEGA v6.0 based on K2P model.

Hydrological Characteristic and Egg
Distribution Analysis

The temperature-salinity diagrams were conducted to analyse the
water mass type in the study area (Liu et al., 2001; Lei et al., 2002;
Zhu et al., 2019). Data View 4.5 (Schlitzer, R., http://odv.awi.de,
2015) was used to draw the contour maps of SST and SSS of CTD
data in spring and later-summer-autumn surveys. In the present
study, k-means clustering method was applied to classify the
surface sea temperature (SST) and surface sea salinity (SSS), and
analysis the relationship with the hydrological requirments and
occurrence of Trichiurus eggs.

Trichiurus spp. egg catch rates per station are presented as
numbers of eggs per 100 m? of filtered water (flowmeter data).
Catch rates at stations with Trichiurus eggs were plotted using
Surfer (version 15.0, Golden Software Inc., Golden, CO,
United States). As the incubation period of Trichiurus spp. egg
is 74-80 h at 21-24°C, and higher water temperature can reduce
the time of duration (Zhang et al., 1985). Thus, we supposed the
occurrence locations of eggs can represent the spawning ground.
The extent of the spawning ground of Trichiurus spp. was
indicated by the egg distribution pattern, by using a confocal
ellipse of the distribution area and the density at each station, and
calculated as follows:

v 7y _ [ 2DX LDiYi\ < (2DXi LDYi

Where X and Y are the longitude and latitude of the station i, and
the X and Y bars are the confocal of the ellipses. The estimation
followed the description of Sokal and Rohlf (1995) and Kim et al.
(2005).

RESULTS

Hydrological Characteristics

The distinct seasonal variation of SST and SSS in spring and late-
summer-autumn of 2019 is shown in Figure 2. In summary, the
distributions of SST and SSS in spring were different from those
in late-summer-autumn. In spring, the SST showed regular trends
of northeastward reducing from the sea areas of mouth of Beibu
Gulf to the coast of main land, and the lowest SST was occurred in
the coastal area from Pearl River Estuary (PRE) eastward to
Shantou sea areas (Figure 2). The SSS showed four different
distributional regions, and the lowest SSS was detected in the
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FIGURE 3 | Potential temperature-salinity (T-S) diagrams in spring (A) and late-summer-autumn (B). The water masses are as follows: northeastern Beibu Gulf
water mass (NEBGWM), central and southern Beibu Gulf water mass (CSBGWM), South China Sea surface water mass (SCSWM), western Guangdong coastal water
mass (WGCWM), eastern Guangdong coastal water mass (EGCWM), and Yuedong offshore water mass (YDFWM).

southwest coast of the PRE. In addition, the salinity front was  spread over westward over the coast and continental shelf area
clearly detected from the PRE southwestward to the central  (Figure 2). In late-summer-autumn, the SST in the study area
waters of Beibu Gulf, indicating the river plume from PR  increased significantly than that in spring, especially the coastal
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SSS

and offshore area of PRE. The lowest SST and high SSS was
occurred in southeastern nearshore sea areas of Hainan island,
indicating a coastal upwelling probably occurred in this sea area
(Figure 2). The low SSS sea area was observed to form as an
elongated river plume over the northern SCS shelf, and the salinity
front was extend to the nearshore of Daya Bay and shifted
northwardly to coastal water, which was affected by diluted
water from PR (Figure 2).

T-S diagrams were conducted to determine the water mass types.
In summary, six categories of water masses were mainly detected in
the study area in spring, i.e., two water masses in Beibu Gulf and four
water masses in the east of Hainan island of northern SCS (Figure 3).
The water masses in the Beibu Gulf is obviously different from those
in east of Hainan island of northern SCS. In Late-summer-autumn,
five categories of water masses were mainly detected in the study area
(Figure 3). Northeastern Beibu Gulf water mass (NEBGWM) and
eastern Guangdong coastal water mass (EGCWM) can be
differentiated from other water masses. However, central and
southern Beibu Gulf water mass (CSBGWM), South China Sea
surface water mass (SCSWM) and Yuedong offshore water mass
(YDFWM) mixed, indicating that the southwest monsoon in the
SCS induced the high temperature of sea water in the region. In
order to link the distributional pattern of fish eggs in horizontal
trawls with water mass, k-means clustering analysis was used to
group SSS and SST of CTD in each station. It indicated that six
categories of potential water masses could be distinguished in spring
(Figure 4A), and five categories of water masses in late summer-
autumn (Figure 4B).

Fish Eggs Delimitation by DNA Barcode

Of the successfully amplified and obtained good quality
sequences, 76 sequences of 615 bp partial COI gene fragment
(following alignment and trimming of noisy sites lacking
apparent insertions/deletions and stop codons) were referred
to Trichiurus spp. or Trichiuridae with 98% similarity and 2%
genetic divergence among species after a blast search in BOLD; 75

FIGURE 5 | Photographs of three Trichiurus species eggs identified by
COl: (A,B) T. japonicus; (C,D) T. nanhaiensis; (E,F) T. brevis.

sequences were 98-100% similar, with most nearest neighbours
being 98.42-100% similar (one sequence was 96.5% similar). Both
best match and nearest neighbour best match fell below
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thresholds, indicating samples were identifiable only to genus
Trichiurus or family Trichiuridae (Supplementary Table S1).
Secondary analysis combined our own and downloaded sequence
data (Supplementary Table S2). A neighbour-joining tree of
combined data produced three clusters supported by bootstrap
values >99%, indicating individual clusters were single species
(Supplementary Figure S1). In addition, average genetic
distances within the three lineages were 0.007, 0.003 and
0.003, the eggs can be referred to T. japonicus, T. nanhaiensis
and T. brevis, respectively.

Egg Morphology

Eggs of each species are pelagic, solitary, spherical, and have a
smooth chorion and narrow perivitelline space (Figure 5,
Supplementary Table S3). Their diameters ranged
1.65-2.21 mm, with the smallest (T. brevis) averaging
1.65-1.92mm (n = 8 mean + SE = 1.75 + 0.09), and the
largest (T. japonicus) averaging 1.65-2.21 mm (n = 37; mean +
SE = 1986 + 0.13). Egg diameters of T. nanhaiensis ranged
1.68-2.11 mm (n = 26; mean + SE = 1.84 + 0.11, Figure 6). The
t-tests indicate that, among the egg diameters of three genus
Trichiurus species, T. japonicus and T. nanhaiensis have a
significant  difference (t = 4.593,p<0.05), similarly,
T. nanhaiensis and T. brevis (t = -2.6892,p<0.05), and
T. japonicus and T. brevis (t = 6.7639,p <0.05). Oil globule
shape was somewhat distorted, rendering diameter
measurement difficult in developmental stages. Only diameters
of regular oil globules were measured (0.29-0.57 mm), with the
smallest (T. brevis) averaging 0.29-0.30 mm, distinct from those
of T. japonicus (0.34-0.57mm) and T. nanhaiensis
(0.31-0.42 mm) (Supplementary Table S3). The diameter of
the smallest oil globule and that of the egg differentiates of T.

brevis from those of T. japonicus and T. nanhaiensis, but not the
latter two from each other. Multiple oil globules in early stage eggs
of T. japonicus began to merge into a single globule after
fertilisation (Figure 5A); after blastopore closure, two large
melanophores occurred on the otic capsule, and sporadic
melanophores occurred from the trailing of otic capsule to
ventral side of midpiece of embryo (Figure 5B); when the
embryo encircled 5/6 of yolk-sac it thickened and the
perivitelline space significantly increased, indicating increased
density, which ultimately will lead to the egg sinking from surface
layers deeper into the water column. Two melanophores in the
tail region were found to shift to fin folds. We observed no black
melanophores on the single oil globule in alcohol-preserved
specimens, which we regard as an artefact of preservation.
Developmental stages for T. nanhaiensis and T. japonicus were
similar, with two large melanophores occurring on the otic
capsule after blastopore closure (Figures 5C,D). No
melanophores occurred on the otic capsule of T. brevis
following closure of the blastopore (Figure 5F), differentiating
eggs of this species from those of others.

Spawning Grounds and Hydrological

Conditions

Eggs of Trichiurus in spring occurred mainly in the southern
Beibu Gulf, along Hainan Island, and off the Pearl River Estuary;
their densities in spring were higher than in late summer-autumn
(Figure 7). In spring, eggs of T. japonicus occurred mainly in the
middle-to-mouth of Beibu Gulf, and off the PRE, from 38.1 to
88.3m, 25.4-28.5°C SST, and 32.2-34.6 salinity (Table 1;
Figure 7). In late summer-autumn, eggs of T. japonicus were
widely dispersed east of Hainan Island, but occurred nowhere in
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northern South China Sea in spring and late-summer—autumn of 2019. Egg
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Beibu Gulf. In spring, eggs of T. nanhaiensis occurred in the same
general areas as those of T. japonicus, but were found together at
only one station. In late summer—autumn, eggs of T. nanhaiensis
occurred at four stations at low density, over a wide depth range
(55-380 m). In spring, eggs of T. brevis occurred at two stations,
outside Beibu Gulf, and an inshore station in western coastal sea
area of Guangdong, while during late summer-autumn, they
occurred at four inshore stations (Figure 7). The horizontal
distribution patterns of eggs of T. japonicus and T. nanhaiensis
indicated by confocal ellipses with axes and slope are also shown in
Figure 8. It is obvious that the spawning ground changed

Trichiurus Eggs Identification and Distribution

northeastward in late-summer-autumn in comparison to that in
spring for T. nanhaiensis. However, for T. japonicus, the spawning
ground off the PRE in spring changed southwestward and
obviously enlarged in late-summer-autumn.

The occurrence sites of Trichiurus eggs during spring and late
summer-autumn of 2019 ranged 25.4-29.2°C SST and 32.4-34.6
salinity (Figures 2, 7), although in spring it was mainly
25.4-28.5°C SST and 33.5-34.6 salinity. Eggs of T. japonicus
occurred over a wider salinity range than those of
T. nanhaiensis or T. brevis. Hydrological requirments in which
Trichiurus eggs occurred were observed to correlate with water
mass conditions. Eggs of T. japonicus and T. nanhaiensis mainly
occurred in the water masses of CSBGWM and SCSWM in
spring, and occurred in SCSWM in late summer-autumn
(Figures 3, 7). The salinity front restricted the spatial
distribution along the coastal sea area of northern continental
shelf of SCS (Figures 2B,D, 7). For T. brevis, eggs occurred one
station in CSBGWM and the other station in EGCWM in spring,
and occurred one coastal station in CSBGWM and three coastal
stations in EGCWM along the salinity front, indicating different
hydrological conditions for the spawning event.

DISCUSSION

Molecular Identification and Egg

Morphology
In the present study, we combined DNA barcoding (partial COI
sequences) and morphology to unequivocally identify eggs of co-
occurring Trichiurus species and their occurrence sites. Our eggs
originated from samples taken during spawning-ground surveys
conducted in spring and late summer-autumn of 2019 in the
northern SCS. Most samples contained eggs of other species,
which is not surprising given the high fish diversity in this area. A
lack of detailed descriptions of fish eggs makes it difficult to
identify them. Eggs of Trichiurus can be easily identified to family
(Trichiuridae) in that they are spherical, similarly sized, have a
smooth chorion, and a narrow perivitelline space.

Four species of Trichiurus (T. japonicus, T. lepturus,
T. nanhaiensis, and T. brevis) occur in the SCS, but the early life
stages are known for only T. haumela (as T. lepturus). While we
found no eggs of T. lepturus in 2019, this species is supposedly rare in
the northern SCS. We did, however, identify eggs of the three other
species, which not only demonstrates the value and importance of
DNA barcoding in fish egg identification, but for identifying
spawning grounds of commercially important fish species also.

TABLE 1 | Egg distributional information of three Trichiurus spp. species in the northern SCS.

Species Season Depth of SST (°C) salinity Latitude Longitude
waters (m)

T. japonicus Spring 38.1-88.3 25.4-28.5 32.2-34.6 17.50-21.27°N 107.75-114.07°E;
Late summer-Autumn 44.4-118.0 27.0-29.8 32.7-34.6 20.25-22.16°N 111.75-115.48°E

T. nanhaiensis Spring 42-55.8 25.4-28.1 32.4-34.5 18.25-21.25°N 117.50-113.75°E
Late summer-Autumn 55-380 27.2-29.2 32.6-34.4 18.68-21.25°N 110.64-113.25°E

T. brevis Spring 30.5-45.2 27.9-27.9 32.8-34.2 18.25-21.23°N 107.75-111.72°E
Late summer-Autumn 10.3-51.0 28.5-30.5 33.7-33.9 19.75-22.57°N 108.75-115.48°E
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FIGURE 8| Horizontal distribution patterns of eggs of T. nanhaiensis and
T. japonicus indicated by confocal ellipses of distribution areas, weighted by
the density at each station, during spring and late-summer autumn in 2019.

Egg Size Variation and Reproductive

Strategies

The size of T. japonicus eggs in the SCS (1.65-2.21 mm) is greater
than those from Japan (1.59-1.88 mm; Ikeda et al, 2015) and
Korea (1.66-1.84 mm; Lee and Kim, 2014), suggesting regional
variation. Because only T. hamela (as T. lepturus) was recognised
from the SCS prior to the 1990s, we combine egg sizes of the three
Trichiurus species we report from this region (1.59-2.21 mm)
and compare them to T. hamela data from the SCS reported by
SCSFRI (Institute, 1966) (1.61-1.83 mm) and Zhang et al. (1985)
(1.50-1.90 mm). Eggs of Trichiurus in the SCS today appear to be
larger than they were from the 1960s to 1980s.

We speculate that reproductive strategies of Trichiurus species
have shifted in this region in response to changed oceanographic
conditions or increased fishing pressure. The egg size-fecundity
trade-off, and hypothesis that “bigger is better” for offspring
fitness, regards larger maternal size to be preferable to produce
larger offspring (Steiger, 2013). Had mature female fish size

Trichiurus Eggs ldentification and Distribution

decreased in size because of fishing pressure, this combined
with other environmental changes might result in production
of smaller offspring, thereby reducing population biomass
(Conover and Munch, 2002). However, Régnier et al. (2013)
argued that bigger was not always better, because small brown
trout (Salmo trutta) eggs can survive at higher rates than larger
eggs throughout incubation (Chambers and Leggett, 1996;
Régnier et al., 2013; Farmer et al, 2015; Neuheimer et al,
2015). Although size at hatching is directly correlated with egg
size, and larger fish may produce larger eggs, the relationship
between adult size and egg size among 309 North Atlantic fishes
was weak (Chambers and Leggett, 1996). In subtropical to
tropical waters of the northern SCS, T. japonicus and
T. nanhaiensis might change reproductive strategy to produce
larger eggs in response to fishery pressure and ocean warming,
especially given both short and warm winter events in recent
years. This may provide some insight into sharp declines in
northern SCS stocks.

Spawning Ground Distributions and

Hydrological Conditions

We describe the spatial and temporal distribution of T. japonicus,
T. nanhaiensis and T. brevis eggs in the northern SCS in spring
and late summer-autumn. DNA provides unequivocal evidence
for T. brevis spawning in shallow waters, over seabed depths of
10.3-51.0 m, T. japonicus to spawn along the continental shelf
over seabed depths of 38.1-118.0 m, and T. nanhaiensis to spawn
along the continental shelf and slope over seabed depths of
42-380 m. Stations at which these three species co-occurred
were rare (two stations in spring and one in late
summer-autumn (Figure 7). Meanwhile, we found that the
occurrence sites of T. japonicus eggs well matched the spatial
and temporal distribution of the fishery resource in the surveyed
seasons (Shi et al., 2020). It indicated that the egg distribution
pattern can reflect the adult fish distribution and reproductive
traits. In addition, the central spawning sea area of T. japonicus
and T. nanhaiensis was east of Hainan Island, where a high catch
rate of adult Japanese scad Decapterus maruadsi occurred (also
the main spawning ground of this species (Institute, 1966). As D.
maruadsi was the dominant prey (34% by weight) in stomachs of
T. nanhaiensis, and second-most dominant prey in stomachs of
T. lepturus (as T. japonicus now), both species likely fed during
spawning, with prey availability inducing formation of spawning
grounds (Yan et al, 2011; Yan et al., 2012).

Several studies have suggested that hydrological conditions,
i, temperature, salinity and primary production were
considered to significantly affect the occurrence and
distribution patterns of ithchyoplankton (Hillgruber and
Kloppmann, 1999; Franco-Gordo et al., 2002; Aceves-Medina
et al.,, 2004; Lee and Go, 2005; de Macedo-Soares et al., 2014;
Huang et al., 2017). In the present study, the eggs of Trichiurus
were associated with specific water masses. In spring, eggs of
T. japonicus and T. nanhaiensis occurred at CSBGWM and
SCSWM. The SST in these two water masses increased earlier
than other regions in the monsoon transition period, which
were firstly affected by the southwest monsoon in the region
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(Figures 2A,C). In late summer-autumn, eggs of T. japonicus
and T. nanhaiensis mainly occurred in the waters of SCSWM,
south the salinity front (Figures 2C,D). The lower temperature
sea and high salinity brought by Qiongdong upwelling have
obviously benefited the spawning activities of the two speicies in
the region. Meanwhile, the high temperature induced by strong
southwest monsoon limit the spawning activity in the Beibu
Gulf. Thus, we propose that the southwest monsoon promote
the reproductive activities of T. japonicus and T. nanhaiensis in
spring and restrict them in late summer-autumn.

Compared with a survey east of Hainan Island in 1964 in the
same survey months (Institute, 1966), the spawning ground
appears to have migrated west towards Qiongzhou Strait
(19.8-21.0°N, 110.7-113°E), and south, away from the PRE.
The coastal spawning habitat (<30 m) suitable for Trichiurus
has degraded, corresponding with SST and salinity thresholds in
spring (Table 1, Supplementary Figures S2, S3). Spawning
ground shifts have been reported for other fish species also
(e.g., Japanese sardine, Arctic and Atlantic cods, chub
mackerel) as being induced by fisheries and climate change
(Kikuchi et al., 1992; Van Der Meeren and Ivannikov, 2006;
Opdal, 2010; Kanamori et al., 2019). Throughout the SCS, average
SST has increased by about 0.348°C from 1982 to 2010, and has
been projected to increase by about 0.36°C over 9 decades from
2010 to 2,100 (Atkinson et al., 2016). The annual mean SST in the
central SCS has increased by 0.92°C from 1950 to 2006 (Cai et al.,
2009). In continental shelf shallow waters (0-200 m) in the
northern SCS that we surveyed, average SST increases may be
greater.

Ocean warming can result in fishes shifting their distributions
to higher latitudes, and local biodiversity loss. This can change the
composition of fisheries, shift spawning grounds, and even
increase the possibility of natural hybridisation (Perry et al,
2005; Peter et al, 2011; Cheunge et al, 2013; Neira et al,
2015; Verges et al,, 2016; Kanamori et al, 2019; Takahashi
et al., 2020). High temperatures can also lead to physiological
changes in reproduction, with male fishes raised at stressful
temperatures having shorter, slower sperm than fishes raised
at more benign temperatures, decreasing fertilisation rates and
affecting recruitment (Breckels and Neff, 2013). The tendency for
Trichiurus eggs to concentrate in eastern areas of Qiongzhou
Strait (110.7-113°E) may be an adaption to oceanic
environmental change. Changes in distributions of eggs shall
cause the attention in the fish protection and fishery
management.

Fishery Conservation and Management

Because of coastal habitat degradation and/or loss, coupled with
over-fishing, fishery resources have declined. A pressing need
exists to protect these fish resources and improve fishery
management in the northern SCS (Qiu, 2002). The timing of
spawning seasons and locations of spawning grounds are key
parameters in fishery management strategies. Using DNA
barcodes, we identify eggs of specific fish species and
demonstrate how this technology can assist with
morphological identifications of eggs in spawning ground
surveys. Meanwhile, under the background of ocean warming,

Trichiurus Eggs ldentification and Distribution

potential shift spawning grounds may occur under the change of
hydrological conditions. Our study provides important
information on spawning ground areas that can be used to
advance their protection, and how adjusting the timing of
fishing moratoria in the SCS can facilitate sustainable fisheries
management.
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