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Backward-in-time Lagrangian model can identify potential spawning areas by
reconstructing egg drift trajectories, contributing to accurately designing potential
priority conservation plans for spawning areas. In this study, we apply this approach
to investigate the small yellow croaker (Larimichthys polyactis) with commercial
value in China. A two-step spatial random forest (RF) model is used to predict the
occurrence probability and abundance of their eggs and describe the optimal
ecological range of environmental factors. A priority protection index (BPPI) of the
spawning areas is established by combining the sites with the optimal occurrence
and abundance and integrating backward tracking pathways. The result indicates
that the model with 1-2 day time lags of environmental variables shows the
optimum explanatory power. Temperature and salinity are the most important
factors affecting oogenesis and show a regime shift in the response curve. They
reflect the physiological regulation of parental sexual maturation by the
environment. In addition, egg abundance correlates more strongly with
chlorophyll-a (Chl a) concentration and depth, suggesting that parents prefer
environments with shallow water and high prey density for spawning activities. The
egg retrieval shows that the potential spawning sources are distributed near the
southeastern part of the oogenesis site, with a maximum egg dispersal distance of
no more than 30 km. This finding confirms that the coastal regions of Jiangsu
Province are an important spawning ground for the small yellow croaker, making a
significant contribution to the productivity and resilience of the fish.
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small yellow croaker, East China Sea, species distribution model, random forest,
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Introduction

Fish are extremely vulnerable during their early planktonic
life stage. Therefore, exploring how the physical-biological
interaction mechanism affects that stage is key to revealing fish
recruitment (Sundby and Kristiansen, 2015; Casaucao et al.,
2021). In the early life stage, most fish would be transported
from their spawning grounds to their nursery grounds. The
origin and trajectories of eggs and larvae are linked with the
source-sink dynamics, which might explain the frequent large-
scale recruitment variations (Ospina-Alvarez et al., 2013).

Spawning activities in many marine fish are highly
concentrated in space and time, lasting only a few days to a
few weeks in the fish spawning aggregation (FSA) areas. These
spawning populations usually experienced severe fishing
mortality during their spawning migration. Therefore, the
spawning population reaching the spawning area represents
almost all of the reproductive capacity (Griiss et al., 2014).
They are also of great significance to the resilience of fish
populations and the sustainability of many fisheries. However,
FSA supports highly-productive commercial and subsistence
fisheries because their predictability enables fishers to harvest
large catches with minimal effort (Sadovy and Domeier, 2005;
Erisman et al., 2012). With the intensifying fishing impacts and
declining global fishery resources, spawning grounds are also
receiving more attention than before (de Mitcheson, 2016;
Erisman et al., 2018; Binder et al., 2021).

Globally, fish harvest from spawning aggregations has
contributed to rapid regional stock declines and local
extinctions (Sadovy and Domeier, 2005; De Mitcheson et al.,
2008). Fishing also damages the spawning habitats, many of
which in certain areas have degraded and even collapsed, no
longer suitable for fish-spawning activities (Aguilar-Perera,
2006; De Mitcheson et al., 2008; Erisman et al., 2018). It has
been noted that a declining site-specific aggregation could cause
the disappearance of the FSAs, which is geographically closed
and potentially connected (Gonzalez-Bernat et al., 2020).
Therefore, it is urgent to design and implement effective
management and conservation policies for existing fish-
spawning grounds.

Protection of these predicable critical life-history processes is
widely acknowledged as a high priority for species conservation
and the focus of coordinated multi-agency management
(Gonzalez-Bernat et al., 2020). The current challenge is to
determine the effective size of the FSA protection zone, which
needs the distribution data of the spawning population. Fishery-
catch statistics and independent fisheries surveys are common
ways to understand the spawning population distribution (Pet
et al.,, 2006).The former usually record total catch, effort level,
fishing location, etc. Information on spawning activities can be
obtained through fishery-monitoring programs, covering the
spawning season and its duration, parental size, catch per unit
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effort (CPUE), etc. However, we cannot obtain comprehensive
boundary information regarding the parental distribution, as
fishing vessels usually occupied in the core distribution area.
This problem can be addressed by the scientific survey of
independent fisheries, which is costly (Yaragina et al.,, 2003)
and has strict requirements on investigation time, making it
impossible to continuously monitor the geographical
distribution of parent fish. Eggs are frequently used as a proxy
for spawning areas (Hoffle et al., 2014; Lelievre et al.,, 2014).
Repeated in-situ observations are an effective approach to
studying the spatio-temporal variability of fish-spawning
habitats by hauling plankton nets at different positions in
water, potentially covering the entire spawning period and
area (Bellier et al., 2006). Grounds repeatedly used for
spawning can be identified and delineated. Egg surveys are
relatively easy to operate and provide reliable estimates of egg
abundance and distribution (Lelievre et al., 2014).

The East China Sea zone (ECSZ) is one of the fishing
grounds with the most abundant species with commercial
values globally (Zhao, 1987). Many fish spawning and nursery
grounds are situated along the coast (Liu, 2013); even the
production of some migratory fish and cephalopods depends
on the spawning success in these spawning grounds (Sumaila
et al, 2019). The spawning sites of many fish exhibit inter-
annual stability, which reflects the fidelity of fish towards
particular regions and preferred spawning habitats. The small
yellow croaker is a genus that migrates near the seabed and
shows important economic value, mainly distributed throughout
the East China Sea to the Yellow Sea and the Bohai Sea
(Figure 1A). It is the most important targeted fish for Chinese
and Korean fisheries (Zhao, 1987; Choi and Kim, 2020). The
small yellow croaker has a long life span, with a maximum age of
23 years (Zhao, 1987). However, due to the high exploitation
rates, the maturation schedules and the age structure for the
spawning stocks are changed (Lee et al., 2019). The current age
of sexual maturity of the small yellow croaker even reduced to
one year old (Yan et al., 2014).

Small yellow croaker begins spawning in spring, with their
spawning period starting in mid-February and ending in late
June, peaking in April and May (Xue, 2021). The spawning time
of the small yellow croaker is closely related to their geographical
location, indicating that local oceanographic changes may alter
their spawning phenology and geographical distribution.
However, a systematic study is lacking on the habitat and
environmental preferences for the reproduction of the small
yellow croaker along the East China Sea. Moreover, whether any
geographical gradient change exists in the reproductive
conditions still remains unclear. Culture experiments showed
that the early-life development of the small yellow croaker was
closely related to temperature, with larvae hatching from eggs
within 60 h at 15-16°C (Chen et al., 2016). This suggests that
during the first 60 h after spawning, the early horizontal
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(A) The previous reported spawning grounds and overwintering grounds distribution of small yellow croaker in the coastal waters (Ren et al.,
2020). (B) Geographical range and spatial distribution of fish egg abundance. The administrative regions within the survey range are displayed,
including Jiangsu, Shanghai, Zhejiang, and Fujian. The survey results for stations and abundance in 2005 and 2008 reveal that the solid gold line
is a 10 m isobath, the dashed gray line is a 5 m isobath, and the double dashed line is a 20 m isobath. The 10 m isobath along the Jiangsu coast
reflects the existence of radial sand ridges. TZ represents the conservation zone for the small yellow croaker. The black triangle represents tide
gauge stations. The coastal current system of China, wind-derived coastal current (WDCC), is shown on the upper right; TCC, tidal-induced
coastal current; CBC, Changjiang bank current; ZMCC, Zhe-Min Coastal Current; TWC, Taiwan Warm Current.
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dispersion of the small yellow croaker in the sea is mainly
determined by the surface currents. It is significant to
thoroughly understand the dispersal patterns associated with
the spawning-aggregation formation and the identification of
pre-spawning and spawning sites in response to spawning site
planning and natural resource management.

Given the sensitivity of species to changes in environmental
conditions, assessing the relationship between the egg
abundance of the small yellow croaker and explanatory
environmental variables in a region is key to determining the
driving force of changes in spawning sites. This can be achieved
through sophisticated statistical techniques and hydrodynamic
modeling. Machine-learning methods, such as random forest
(RF) models, are rather common among species distribution
models (SDM) to explore the relationship between the
occurrence or abundance of organisms and environmental
factors. For example, such models have been employed to
assess the effects of climate on the spatial and temporal
distribution and abundance of terrestrial animals, plants, and
marine organisms (Peters et al., 2007; Evans et al., 2011; Bouchet
et al,, 2017; Mazur et al., 2020). Moreover, RF analysis
techniques represented excellent predictive performance in
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investigating small samples of threatened/declining species
and/or rare species (Li et al., 2017; Siders et al., 2020).

The Lagrangian transport model provides an important
perspective for studying the early distribution and influencing
mechanism of marine organisms. It has been widely used to
simulate the dispersal of plankton, including planktonic fish egg
and larvae (Mariani et al., 2010; Suca et al., 2022). Particle
traceability has received attention owing to its capability to
identify spawning sites of fish populations. For example,
Christensen et al. (2007) explored the methodological and
implementation issues concerning spatial, temporal, and
combined spatio-temporal backtracking. They illustrated the
retrieval of the lesser sandeel (Ammodytes marinus) larvae in
the North Sea and predicted the potential hatching areas from
the perspective of biology. Bauer et al. (2014) tracked herring
larvae of 6-10 mm in length back to their hatching sites; they also
compared the model-identified spawning areas with the earlier
field findings. In addition, transport models have been more
frequently utilized to study the connection between spawning
and larval sites and explore the mechanisms of retention,
dispersion, and survival of larval and juvenile fish. Research on
the movement of fish eggs and larvae in water plays a vital role in
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revealing the early life of fish and the environmental influence
mechanisms of their resource dynamics.

This study was designed to identify the prioritized protection
areas by quantifying the dispersal of eggs using the Lagrangian
model. We also revealed whether the spawning timing was
regulated by the local biophysical environment and whether
spawning stock chose shallower area habitats with favorable
growing conditions for offspring during the spawning season at
different latitudes. To assess these objectives, this study (1)
compared potential spawning areas and hydrography
conditions along the near shores off ECSZ over time, (2)
explored the association between the abundance/occurrence
probability and oceanographic variables at different time lag,
and (3) assessed the effect of current transport on the advection
of eggs.

Materials and methods
Study area

The continental shelf of the ECSZ is a relatively open shallow
marginal sea in the western Northwestern Pacific Ocean. It
extends from 35°05’N to 22°N, covering four provinces and
cities, Jiangsu, Zhejiang, Shanghai, and Fujian. The coast of the
ECSZ is long and tortuous with diverse types, generalized
divided into plain coast and mountainous and hilly coast.
Complicated geographical and oceanographic characteristics
directly affect the productivity level of this area.

Plain coasts are mainly distributed in Hangzhou Bay and the
northern area, especially in the Yangtze River Delta. The Yangtze
River is the largest river in China and the third-largest river
globally, with an annual runoff as high as 9.0x1011 m® (Zhao
etal., 2021). According to recent studies of freshwater fluxes and
long-term model simulations driven by climatic and real-world
forces (Wu et al., 2014), the Yangtze River plume follows three
pathways: It extends to the northeast coast in summer and
southward along the coast in winter. In addition, the Stokes drift
is induced by the coastal tides in Jiangsu Province. In summer
and autumn, a small plume turns to the left and extends along
the Jiangsu coast in the direction opposite to that of the coastally
trapped wave. The mixed hydrodynamic processes in diluted
water and the adjacent waters of the Yangtze River Estuary have
brought about significant changes in environmental gradients
and nutrient enrichment and provided essential habitats,
foraging ground, and spawning sites for fish of different
ecological types, such as migration and estuarine settlement.

The coast of Jiangsu is a muddy plain, where forms a
watershed-like radial sand ridge, represented as a unique
geomorphic type. It extends from the Sheyang River estuary in
the north to the Yangtze River Estuary in the south. It is 200 km
long from north to south and 140 km wide from east to west.
There are more than 10 large groups of subwater sand ridges
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distributed in long strips, radiating to the north, northeast, east,
and southeast directions of the 150° sector. Some of the sand
ridges are exposed to the water surface at low tide. The radial
tidal current field is the driving force for their formation and
maintenance (Chen et al., 2019). According to the characteristics
of the seabed topography, the western sea near the land
is relatively flat, and the hydrodynamic environment is
dominated by the coastal and tidal currents in northern
Jiangsu. The topography and hydrodynamic environment in
the eastern offshore area are complex. From May to July each
year, the northeastward current is formed under the joint action
of tidal currents and coastal currents in northern Jiangsu, as well
as wind currents driven by the southeast monsoon (Dong
et al., 2018).

To the south of Hangzhou Bay is mostly the cape-bay coast.
According to long-term observation, the shelf current system off
the coast of Zhejiang and Fujian comprises three parts: Taiwan
Warm Current (TWC), Yangtze River diluted water, and Zhe-
Min Coastal Current (ZMCC). TWC exists year-round along the
coast of Fujian and Zhejiang in China and flows northward
along the 50-100 m isobaths (Zeng et al., 2012). TWC is
characterized by high temperature (>20°C in May) and high
salinity (>33.5 in May). Its onshore branch originates from the
Taiwan Strait, and its intensity is controlled by the discharge of
the Taiwan Strait and Kuroshio branch in northeast Taiwan
(Wang J. et al., 2020). The pathways and extent of invasion vary
with seasons. The flow axis of the invasion oscillates seasonally,
and the advance could reach the vicinity of the Yangtze River
Estuary (31.5-32.5°N). The location and invasion extent of TWC
will affect the local water mass structure.

The hydrological characteristics of the ECSZ have a
significant effect on the abundance of the small yellow croaker.
From February to June per year, numerous small yellow croakers
congregate in the shallow water for reproductive activities. Their
aggregation is closely relevant to the high productivity along the
coast, the chlorophyll (Chl)-rich waters formed by upwelling
along the Zhejiang coast, the plume of the Yangtze River, and the
tidal movements in the Subei Shoal. Moreover, these areas
provide favorable environmental conditions for the
development of fish eggs and larvae. Subei Shoal is the most
important spawning site for small yellow croaker, owing to its
unique topography of radial sandbars: the water mass in the
central area of the Subei Shoal is mainly controlled by two
currents, i.e., the forward tide from the East China Sea and the
rotating tide from the South Yellow Sea (Yan et al., 2016). Due to
the convergence and divergence of the two tidal waves, the water
flow is slow or stationary, forming the “two-water phenomenon”
of the sand ridge and tidal trench. The water flow is more urgent
in the tidal ditch trench, and the reproductive population receives
water stimulation to ovulate. In contrast, the water flow at the
sand ridge is relatively slow, conducive to the retention and
settlement of organisms. Most importantly, the abundance of
zooplankton guarantees the prey for larvae and juveniles.
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Sampling

In this study, small yellow croaker eggs were collected in the
ECSZ and the South Yellow Sea on 6 cruises from mid-April to
mid-June at a monthly interval in 2015 and 2018 (Table 1). We
utilized a grid of above 114 stations between Fujian (24°00'N)
and Jiangsu (35°00'N), covering variable distances from onshore
to a maximum of 142 km offshore at depths of <70 m. Due to the
large latitude span (11 latitudes), we divided the surveyed area
into Jiangsu, the Yangtze River Estuary, Zhejiang, and Fujian
and then set up 23 transects (Figure 1B). To ensure synchronized
investigations in each region, each survey ship was responsible
for two adjacent transects, while in the Zhejiang region, we
increased the number of surveyed ships. Each transect was
investigated by one of the ships. Each survey was conducted
around the full-moon phase for approximately 1 to 2 days.
Samples were collected using horizontal tows (0-3 m below the
water surface) of plankton nets (0.505 mm mesh size, 130 cm
diameter, and 600 cm length) at an average speed of 2 knots for
approximately 10 min. The mouth of plankton nets was
equipped with a flowmeter to estimate the sampled water
volume. The ichthyoplankton were immediately preserved in
5% formalin.

Environmental data

The environmental data in this study were obtained from
the Copernicus Marine Environment Monitoring Service
(CMEMS'). We downloaded the data on average daily
temperature, salinity, Chl, ocean current, and wind field for
the researched area (Table 1). Among them, data on
temperature, salinity, and ocean currents came from a
global reanalysis product named L4 level (product ID:
GLOBAL_MULTIYEAR_PHY_001_030), which presented
dedicated projection and spatial resolution. It was defined
on a standard collocated grid at 0.083 degrees (~8 km).
Parameters were interpolated from the native grid model.

Daily means of sea-surface chlorophyll-a (Chl a, mg m™)
were also obtained for the identical region and time period with
a spatial resolution of ~4 km. Products were based on a multi-
sensor algorithm approach and were provided at level L4. An
interpolation procedure was applied to fill in the missing data.
We selected REP products (product ID: OCEANCOLOUR_
GLO_CHL_L4_REP_OBSERVATIONS_009_082), which were
consistent multi-year time series produced via a consolidated
and consistent input dataset. As such, they represented a much
more solid dataset for long-term analysis.

1 http://marine.copernicus.eu
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Topographic variable data were derived from the General
Bathymetric Chart of the Oceans (GEBCO?), a global
topographic model integrating bathymetric data with a spatial
resolution of 15 arc seconds. The terrain ruggedness index (TRI)
provides a measure of seafloor complexity and highlights small
changes in the seabed terrain (Pennino et al,, 2019; Liu et al,
2022). It was derived from continuous bathymetry using the
raster package (Hijmans, 2020) in R (R Core Team, 2020).
Oceanographic variables at 5-meter depth and topographic
variables were extracted for each position and date of the
survey dataset. All variables were downscaled using bilinear
interpolation to match our egg data.

Model building and
performance evaluation

We employed a zero-altered (or hurdle model) RF model to
handle the excess zeros in the response variables (Montesinos-Lopez
etal, 2021). Zero-altered models are hybrid models with 2 parts: the
binary part and the truncated count part. In the binary part, a
conventional binary RF model was used to model the occurrence
(SDM); in contrast, the truncated count part was modeled using an
RF model to estimate relative abundance with a new splitting
criterion based on the zero-truncated lognormal distribution
(SAM) (Mi et al,, 2017; Montesinos-Lopez et al., 2021) (Table 2).
We modeled the positive fraction for eggs because the limited
number of available presence observations of eggs might hinder
capturing environmental signals impacting the higher abundance
aggregation. Models were fitted using spatial RF machine learning
(Wright and Ziegler, 2017; Benito, 2021) via the ‘spatialRF’ R
package (Benito, 2021). RF is an ensemble of several tree
predictors such that each tree relies on randomly and
independently selected features but has the same distribution
(Breiman, 2001), which achieves greater predictive capability than
other statistical models (Smolinski and Radtke, 2017; Friedland et al.,
2021). The RF method is described in detail by Breiman (2001).

The ultimate goal of spatial RF is to minimize the spatial
autocorrelation of the model residuals. Before fitting the model, the
independent variable set was tested for multi-collinearity among the
predictors, and variables were eliminated using ‘auto_cor’ and
‘auto_vif’ functions through different criteria (bivariate R squared
and variance inflation factors). From these reduced predictors, the
final model variables were selected utilizing the model selection
criteria with correlation coefficient |r| < 0.7 and VIF < 4, including
sea surface temperature (SST, °C), sea surface salinity (SSS), Chl,
depth, and TRI. The latitude variable was excluded due to its high
correlation with SST (r > 0.7). In addition, considering that
spawning could be affected by the environmental conditions

2 https://www.gebco.net
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TABLE 1 Summary of variables of this study, including information on the surveyed stations, eggs, and hydrological variables, covering two

distinct periods of 2015 and 2018.

Year Month N np Total (eggs) Pcan (€gg5/100 m®) Toean (eggs/100 m®) SST (°C) SSS Chl-a (mg/m®) Depth (m)

2015 April 160 26 215 8.27
May 159 26 1293 49.7
June 114 6 10 1.67
July 146 0 0 0

2018  April 152 12 64 5.33
May 144 24 1074 448
June 152 6 291 48.5
July 148 0 0 0

1.34 14.45 27.65 2.06 24.10
8.13 19.41 27.76 2.31 24.02
0.09 22.41 27.26 2.33 23.03

0 2491 26.63 2.79 23.21
0.42 15.87 28.90 2.13 25.57
7.46 21.59 29.54 3.13 25.29
191 23.72 28.65 3.35 25.48

0 25.72 30.23 2.85 25.69

“N” represents the station numbers in this survey; “np” represents the station numbers of oogenesis; “Pyean” represents the average number of eggs for total stations; “T e represents the

average number of eggs for occurrence data; “SST,” “SSS” and “Chl-a” represent the average values for the sea surface temperature, sea surface salinity, and surface chlorophyll-a,

respectively.

during the previous days (Casaucao et al., 2021), a set of models was
created corresponding to a time lag of 1 to 3 days before egg
sampling. These variables were obtained through the reanalysis of
daily mean data; the data were prepared in much the same
approach as reported by Liu et al. (2022).

The Euclidean distances of the sampling locations were used
to represent geographical measures of proximity and
connectivity between observation points; distance thresholds
(0 km, 10000 km, 20000 km, and 30000 km) were selected as
neighborhoods at which the RF model would determine the
spatial autocorrelation of the residuals. We started the model
with non-spatial RF based on the default hyperparameter values
provided by the ranger (Wright and Ziegler, 2017). If the spatial
autocorrelation of the residuals for non-spatial RF was highly
positive for the pre-specified neighborhood, we fitted the spatial
RF models using Moran’s eigenvector maps to minimize the
spatial correlation of the model residuals (Dray et al., 2006).

The performance of the model was assessed using a cross-
validation (CV) procedure. At each iteration, 75% of the data were
randomly partitioned as the training dataset, and the remaining

25% were kept for evaluation (Rullens et al., 2021). We repeated
50 iterations of the selected model to capture the effect of the
stochasticity of the algorithm on the variable importance scores,
predictions, residuals, and performance measures. The CV-based
median values of root mean square error (RMSE) and R-square
(R?) were used to calculate the predictive performance of the
occurrence and abundance models. They were further compared
with the different time-lag models, respectively. The RMSE and R*
are calculated as follows:

1 m .
RMSE = \/; j:l( (1) _)’<Sj))2 1)
R = {1 —%} (2)

where y(s;) is the predicted value at CV location s;, and m is
the total number of CV points. RMSE is close to 0, indicating a
perfect model. In R?, SSE is the sum of squared errors at CV
points, and SST is the sum of total squares. A coefficient of
determination close to 1 implies a perfect model.

TABLE 2 Summary of the egg-predictor used in the establishment of the occupancy and abundance-habitat models, covering information on the

description, unit, and potential ecological meaning.

Variable Name
Response variable

PA Present/absent
POS Positive abundance

Explanatory variables

Bathymetric
Depth Depth
TRI Terrain ruggedness index

Oceanographic

SST Sea surface temperature
SSS Sea surface salinity
Chl-a Sea surface chlorophyll-a

Unit Ecological interpretation

- Occurrence
Eggs/100 m® Aggregation
m Vertical circulation and mixing, prey availability

- Vertical circulation and mixing, prey availability

°C Physiological tolerance
- Physiological tolerance
mg/m’ Prey availability

«»

represents a dimensionless unit.
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The relative importance of predictors for RF was calculated
based on the change in the prediction error. A randomization
approach was repeated 50 times to generate the median values of
variable importance. A higher variable importance value
indicates that the variable has a greater influence on the model
(Xu et al,, 2022). The response curves of the two most important
environmental variables for each month were plotted to show
the importance of the respective variable in explaining the
observed egg distribution.

Backtracking model for particles

Regional Ocean Modelling System (ROMS) was used to
simulate current data on the spawning sites, which was driven
by tidal forcing and wind forcing. The simulated range was 119°-
125°E and 27°-36.5°N. The simulation period started on April 1,
2018 and ended on June 30, 2018. The model was constructed
with a horizontal resolution of 1/20° about 6 km, and was
uniformly divided into 20 sigma layers vertically. To improve
computational efficiency, the model adopted 30-core paralleled
computation. The step size of the outer mold was 3 seconds, and
that of the inner mold was 60 seconds. The model output full-
field 3D data once per hour and surface data once every half
hour. Because the simulated site was a shallow sea with tide-
controlled waters, the boundary water level drive was adopted.
The boundary water level was predicted using the harmonic
constant output from the TPXO9 global tidal model (Egbert and
Erofeeva, 2002; Nuifiez et al., 2020). We also used the ERA5
reanalysis dataset provided by European Centre for Medium-
Range Weather Forecasts (ECMWF?) as the atmospheric forcing
to account for the wind-driven current. The data were available
every five days. During the simulation, the wind field was filled
using linear interpolation. The model-derived tidal level data for
April 2018 were nearly identical to the measurements obtained
from the tide gauge station, and the model in question was
generally reliable and usable (Supplementary Figure S1).

The three-dimensional fields of hourly velocity averages
from April to June 2018 were used to force the Lagrangian
transport model. The release location of particles corresponded
to the RF prediction of the high-density distribution of fish eggs.
We used backward simulation analysis to trace the origins of
particles and explore the potential spawning range. A total of
2000 particles were released, and the release time was the
sampling day with the highest abundance in the surveyed
month, i.e., at 12:00 a.m on April 22, 2018, May 18, 2018, and
June 13, 2018. The actual survey time varied slightly among
stations. Moreover, the small high-density areas were
concentrated in only 2-5 stations with an inter-distance of less
than 30 nautical miles (maximum survey time difference of 3 h).

3 https://www.ecmwf.int/en/publications
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Therefore, we believed that ignoring the time difference would
have little impact on tracing the spawning locations. According
to the culture experiment of the small yellow croaker, the
hatching time of eggs was about 50-60 h. For this reason, the
model was run for a maximum of 60 h, and its outputs were
stored every 20 min, including the location, latitude, and
longitude of each particle at each time step.

Priority protection analysis

The model with the greatest R* value for different lag days was
selected to predict the occurrence and relative abundance of eggs
within the hydrological environment data. In order to create a fine-
scale and spatially continuous prediction surface, the environmental
data from our sampling area were made into a raster layer with
interpolated values of 200 x 300 grids (1.35'x2") using Kriging
interpolation (Nychka et al,, 2017; Hijmans, 2020). Hotspot analysis
was performed to identify the spatial patches defining potential
spawning areas. The priority protection index (PPI) was used to
identify priority areas for the conservation program (Mi et al,
2017), which combined the predictions of SDM and SAM. PPI
provided an integrated view of the spatially and temporally explicit
occurrence and abundance indices. Biologically, PPI represented the
areas important for the presence of spawners and the maintenance
of large reproductive numbers (Estrada and Arroyo, 2012). It is
calculated through the following equation for each site:

PxA

PPI= max(P x A) )

where PPI denotes the priority protection index (that is, a pixel
index from 0 to 1 represents the priority of conservation), P is the
probability of occurrence predicted from SDM, and A is the relative
abundance predicted from SAM.

We recalculated the backtracking priority protection index
(BPPI) by incorporating the dispersal range of eggs according to
the backtracking model. From April to June, the selected release
areas were [122°E,122.3°E] x [31.9°E,32.1°N], [119.3°E,121.4°E]
x [34°E,35°N], and [120.5°E,121.05°E] x [34°E,34.5°N],
corresponding to the core distribution range of the relative
abundance of eggs. The particles in each cell within the range
(defined as source cell Cell;,,;) were randomly assigned in
proportion to the relative abundance. For each season, Cell;
located by the transport pathways at the particle inversion of 24
h, 48 h, and 60 h was obtained every 2 hours, and the number of
particles from different sources of Cell;,; was calculated. Then
the relative abundance of Cell; was expressed as follows:

Neell;

Aj=—
" max (Ncell,,;)

xmax (Ajy) (4)

where A; is the abundance index of cell; located by transport
pathways. N is the number of particles in the i cell of the
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transport pathways. Ncell;,;; is the number of particles in the cell
at the time of particle release.

{ PPI, Cell,-,m- }
BPPI = PxA. (5)
Iy (’;i 7 cell;

Finally, according to the BPPI value of each cell, the distribution
area of the spawning site was plotted, and the hotspot
distribution range was determined with BPPI > 0.7 as the
threshold. The hotspot area predicted by the RF model and
integrated with the tracking model was calculated respectively.

Results
Distribution of eggs

Table 1 summarizes the survey results of the planktonic eggs
from April to July. The egg density at occurrence stations varied
within the range of 0.04-103 eggs/100 m>. The greatest number
of eggs was found in May; the average density of eggs at
occurrence stations was 49.7 eggs/100 m’ in 2015 and 44.8
eggs/100 m’ in 2018. The egg density in April and June
represented a large inter-annual change; the total number and
average density of eggs in April 2015 were both greater than
those in 2018. As for June, the changing trend for the indicators
was opposite to that of 2018. No eggs were found in July.

The eggs occurring in 2015 and 2018 were analyzed. During
the investigation, the egg density in the waters to the south of the
Yangtze River Estuary was extremely low. No egg was observed
in the waters of Fujian, and only minimal eggs occurred in the
section of 30°N in the waters of Zhejiang. Numerous eggs were
mainly distributed in the Jiangsu sea area, with the largest
number in the coastal area of Haizhou Bay. The egg density
gradually decreased with the extension towards the continental
shelf. Eggs were mainly concentrated in the north-central area of
Jiangsu Province, especially in the 33°N and 34°N sections.

Environmental characteristics

High Chl concentrations (>3 mg/m’) were mainly found in
the coastal waters of the continental shelf, presenting a high
concentration along the coastal waters and a low concentration
offshore, especially in the Yangtze River and Huaihe River
estuaries (Figure 2A). The concentration and range of Chl
fluctuated with the month, and the high Chl concentration (>3
mg/m”’) in April was limited from the Yangtze River Estuary to
the northern coast of Zhejiang Province. In May, High Chl
concentrations extended to the whole continental shelf; and a
higher Chl concentration area (>5 mg/m3) appeared along the
northern coast of Jiangsu Province. In June, elevated Chl
concentration with an extended range was found, with the
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highest concentration (>6 mg/m’) in the coastal waters of
northern Jiangsu Province. Chl represented a relatively low
concentration but a large extension range in southern Jiangsu.
Chl concentrations gradually increased with the elapse of the
month due to the rising temperature and nutrients. The Chl
concentration peak along the Jiangsu coast might be related to
the change in wind direction as well as the transportation and
distribution of terrigenous materials brought about by the
Yangtze River and the northern Jiangsu coastal current.

SST showed the maximum value in April in the southeastern
part of the ECSZ (above 21°C) (Figure 2B). Coastal waters
presented relatively low temperature, which was lessened from
low to high latitudes, possibly induced by TWC, coastal current,
and diluted water diffusion. The temperature along the Jiangsu
coast ranged from 9 to 15.2°C. In May and June, the ocean
temperature gradually increased from 13.2 to 20.8°C and from
18.7 to 24°C, respectively. The temperature in coastal waters was
higher than that of the outer sea in all seasons, while the salinity
showed the opposite pattern (Figure 2C). This might be induced
by the left turn of the outfall of the Yangtze River diluted water
and its extension along the Jiangsu coast. This also provided
important nutrient sources for the frequent algae blooms in
this area.

Model evaluation and
variable importance

The RF model was employed to evaluate the performance of
the lag model and its predictability on the sampled dataset
(Table 3). Without considering the lag effect, the model
represented a slightly changing performance and high fitting
each month. Its binomial part explained 87.7%-90.9% of the out-
of-bag variance (R*), while its abundance part explained 71.1%-
85.7% of R*. Considering the lag effect, the correlation between
fish eggs and environmental factors was analyzed through
different time lags. R> and RMSE values indicated that the
optimal model changed with the month. Lagl presented the
highest explanatory power for R> and RMSE in April, while it
was Lag2 in May and June. For the abundance model, Lag2
represented the greatest explanatory power for R* and RMSE in
April. In May, the R? and RMSE selection models were different,
which were Lag0 and Lagl, respectively. In June, the model with
the maximum explanatory power was Lag2. As such, we
speculated that the location of oogenesis and abundance
aggregation were closely related to the parental selection of
spawning sites, and the lag days might reflect the spawning time.

Based on the presence-absence response variables, the
importance of various environmental variables in SDM and
their influence on spatial distribution were explored using the
error increment (Figure 3). The results from 50 simulations
identified that SST and SSS were the two most important
variables, producing the greatest error variation from April to
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May, followed by TRI, containing zero value and indicating the
existence of uncertainty. In June, fewer fish eggs were found, and
the variation range of environmental factors was poor, resulting
in the failure to identify the most important environmental
variable(s).

Response curve analysis revealed the response of occurrence
probability to environmental variables (Figure 4). Overall, the
occurrence probability showed a negative nonlinear trend to
temperature and salinity. Regime shift existed in both
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temperature and salinity, and the occurrence probability
dropped slowly with increasing salinity under low-salt
conditions but plummeted above the transition point (27 in
April and 29.5 in May). At low temperatures, temperature
showed a positive correlation with the occurrence probability.
In April and May, a turning point was observed at 16°C and 19°
C, respectively. At high temperatures (above 16°C in April or
above 21°C in May), the occurrence probability was extremely
low. The results indicated that the spawning behavior of the
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TABLE 3 Model performance evaluations for occupancy and abundance habitat models with a maximum time lag of 3 days based on R? and

RMSE using RF analyses from April to June.

Response Lag R?
April May
Present/absent Sampling day 0.903 0.909
Lag-1 0.908 0.921
Lag-2 0.901 0.922
Lag-3 0.907 0.913
Positive Sampling day 0.857 0.829
Lag-1 0.857 0.824
Lag-2 0.891 0.826
Lag-3 0.856 0.817

The bold represents the optimal model with the highest R* and lowest RMSE values.

small yellow croaker showed poor tolerance to temperature
and salinity.

According to the analysis of the positive abundance response
variable (Figure 5), in April, Chl was the main factor affecting the
aggregation of egg abundance, followed by TRI and SST. In May,
the most significant variable was SST, followed by Chl and TRI.
Only Chl showed the greatest effect in June. It could be seen that
the effect of Chl concentrations on egg abundance lasted
throughout the spawning period. As can be seen in Figure 6, in
April, the high-abundance regions of fish eggs were mainly
concentrated in the low-Chl-concentration area; when
exceeding 1 mg/m’®, the Chl concentration represented a
significantly decreased influence on egg abundance. The
influencing trend of TRI on egg abundance was similar to that
of Chl concentration. The fish egg abundance was relatively high
in the relatively flat seabed but was relatively low in sea areas with
higher roughness. In May, with the improvement of Chl
concentration (2.5 mg/m3), the abundance of fish eggs also
increased significantly with a nonlinear trend. Upon reaching a
certain threshold, the abundance of fish eggs began to stabilize;
however, it reached the highest level within a narrow optimal
range of Chl concentration and then gradually decreased. The
effect of temperature on fish eggs was opposite to that of Chl.
When SST was below 15°C, the abundance of fish eggs was higher
(above 15 eggs/100 m®). With the increased SST, the abundance of
fish eggs dramatically decreased. When SST was higher than 16°C,
the egg abundance stabilized at a lower level. However, there was
still a secondary peak of egg abundance at 19-20°C, significantly
different from that at the highest level. In June, Chl concentration
and water depth exerted a gradient effect on egg abundance, which
was the lowest in sea areas with Chl concentrations below 2.5 mg/
m’. As the Chl concentration rose, the egg abundance increased
dramatically; when it exceeded 3 mg/m’, the egg abundance
basically remained stable. The waters with the greatest egg
abundance corresponded to the maximum Chl concentration
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RMSE
June April May June
0.877 0.141 0.135 0.080
0.888 0.140 0.133 0.079
0.903 0.142 0.132 0.074
0.903 0.140 0.133 0.074
0.711 0.921 9.511 9.735
0.704 0.904 9.503 9.792
0.792 0.776 9514 8.863
0.764 0.908 9.616 9.268

(above 6 mg/m’). In terms of the water depth, the high egg
abundance was mainly concentrated in shallow waters less than
13 m in depth. However, when the water depth exceeded 17 m, a
secondary peak of the egg distribution area was observed.

Egg dispersal trajectories and
conservation priority zone

The main results of simulated trajectories suggest that
contribution of eggs produced within the released areas is
predominant over the contribution from surrounding areas
(Supplementary Figure S2). Figure 7 shows the spatial
distribution of PPI of the spawning grounds of the small yellow
croaker, presenting a predictable and consistent pattern. The
conservation priority zone represented a concentrated spatial
distribution and a changing location with the month. The zone
with higher PPI (above 0.65) was mainly distributed in the southern
sea area of Jiangsu in April, Haizhou Bay in May, and the central
part of Jiangsu in June. Without considering the dispersion of fish
eggs (Table 4; Figure 7), the largest area with PPI > 0.7 appeared in
June (7,409.44 km?), while the smallest area (only 329.5 km?) was
found in May. Through Lagrangian transport analysis, the potential
spawning ground of the small yellow croaker might exist in the
southeast of the sampling location. The dispersion pathways
exerted different effects on the monthly BPPI, as shown in the
enlarged area with BPPI > 0.7 each month (Table 4; Figure 8), and
April presented the largest increase in BPPI, 1.24-1.43 times greater
than before. The following month was May, with an increase of
32.57%-48.88%. We found the poorest increase of 5.2%-12.53% in
June. The concentrated and small-scale distribution of spawning
areas of the small yellow croaker enabled the marine conservation
areas to provide convenient planning. However, the spatial location
features varied with the month also indicated that temporal changes
should be considered in the delineation of protected areas.
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Variable-importance scores between predictors from April to June obtained by repeating SDM execution 50 times.

Discussion

In this study, RF was used to generate spatial predictions, but
the spatial location of points (geography) was generally ignored
during modeling. Spatial auto-correlation in CV residuals
indicated that the predictions were possibly biased. Integrating
variables related to geographical location (longitude and
latitude) could upgrade model performances (Hengl et al,
2018). According to SDM and SAM results, when the time
delay was 1 or 2 days each month, the correlation between egg
density and environmental variables was high (Table 3). This
indicated that before spawning, the parents might require
suitable environmental conditions, such as high Chl-a
concentrations and suitable temperature and salinity. For
example, to increase the food availability of anchovy larvae,
the Chl-a concentration 3 days before spawning was the most
significant environmental variable to characterize the spawning
site (Casaucao et al,, 2021). The lag effect was also evident in

April

030

Response curves

032

other organisms at different stages. For example, in the South
China Sea, the Chl-a concentration exerted a delayed effect of
about 2 months on protozoa (Yu et al.,, 2019), which mainly
depended on the nutrient levels and life stages of different
organisms (Wang et al., 2021a; Wang et al., 2021b).

SST and SSS were the most important factors determining the
spawning activities of the small yellow croaker. The temperature
represented a smaller range of changes than the salinity, reflecting
the strict environmental requirements for reproductive activities in
habitats. Temperature can strengthen or inhibit gonad development
and maturation by affecting the metabolic intensity of the fish, thus
impacting fish spawning and hatching. The spawning time of many
fish is determined by the surrounding water temperature before
spawning, known as the famous “phenology” phenomenon in
ecology. This phenomenon has been demonstrated in various
migratory fish-monitoring programs or fish-farming experiments
(Sims et al., 2004; Asch, 2015; Sydeman et al., 2015; Langan et al.,
2021). The present study revealed that the temperature gradient

May

FIGURE 4
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ssT sss

Response curves for the two most related environmental factors on the egg distribution of the small yellow croaker from April to May by
repeating the SDM execution 50 times. The bold solid line is the median response curve, and the light solid line is the response curve obtained

by repeating each model.
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Variable importance scores among predictors from April to June by repeating SAM execution 50 times

changed with time or latitude at different spawning sites. The lowest
temperature for the spawning grounds of small yellow croaker north
of the Yangtze River Estuary was 11.5°C, and the habitat with high
abundance was concentrated in the Lvsi Sea area at 12-15°C
(average 13.3°C). According to a previous report (Chen et al,
2016), at a water temperature of 13°C, 70% of the gonad
development of the parent fish could be observed in the “V”
stage, and the incubation temperature of eggs was 14-15°C, which
was in the higher water temperature range of egg distribution
investigated in April. However, this temperature range only
represented the minimum temperature at which the small yellow
croaker could reproduce. In June, the spawning population of the
small yellow croaker in the central Jiangsu sea required a
temperature of 19-21°C. The water temperatures that address the
thermal limits of reproduction provide physiological switches for
the beginning and cessation of fish reproduction. Temperature can
directly affect the initiation of spawning by promoting and
inhibiting hormone synthesis, but the warmer temperature may
cause the cessation of fish reproduction and a shorter spawning
period (Motani and Wainwright, 2015; Spinks et al., 2021). A recent
comparative study on fish identified that spawning adults and

April

May

embryos had narrower thermal tolerance ranges, as reproduction
and embryogenesis were the most thermally sensitive time for fishes
(van Heerwaarden and Sgro, 2021).

The diversity of spawning sites and wide heat tolerance of fish
offer a higher probability of population continuation for fish with
opportunist spawning strategies. The spawning strategy of small
yellow croaker consists of obstinate strategy and the opportunist
strategy. Most spawning individuals (53.67%) returned from
offshore to the coast, where they were born to spawn at
predictable times (Wang, 2021). In contrast, differences existed in
choosing sites and exploring environmental variability for some
spawning individuals, indicating their opportunistic reproductive
strategies. Moreover, populations that combined the above two
strategies could avoid extinction under severe environmental
changes (LePage and Cury, 1997). In addition, the reproductive
timing of the small yellow croaker also showed interannual
variation, suggesting that energy and nutrient requirements could
be improved to match the peak of seasonal resources through
phenological plasticity. Phenological changes have also been
increasingly recognized as a common response of species to
ongoing climate change (Woods et al., 2021). Therefore, in order

Response curves
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Response curves of the two most related environmental factors on the egg distribution of the small yellow croaker from April to June by

repeating SAM execution 50 times.
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Spatial distribution of the priority protection index (PPI) for the spawning grounds of the small yellow croaker without concerning egg

dispersion

to enhance our understanding of the reproductive phenology of the
small yellow croaker in their response to climate change, we need to
comprehensively consider the environmental cues and intrinsic
traits to enhance our perception of the timing of seasonal life events
(Woods et al., 2021).

The Chl concentration was the main driving factor of egg
aggregation in each month, showing that nutrition was an
important factor influencing the parental selection of
spawning sites. This is because spawning aims to provide a
favorable foraging and feeding environment for larvae, and the
Chl concentration is an indicator of primary productivity. The
positive correlation between Chl and abundance is particularly
significant in pelagic fish (Casaucao et al., 2021), whose seasonal
variation affects almost all reproductive traits of sardines and
even increases reproductive potential with improved primary
productivity. The correlation is used to predict changes in the
spawning habitat and frequency (Ganias et al., 2003; Reiss et al.,
2008). The positive response of egg density to Chl concentration
in May and June indicated the dependence of egg density on Chl.

The larval stage (< 17 mm) of small yellow croaker feeded
mainly on copepods (Chen et al, 2022), and thus the close
correlation between spawning dynamics and Chl reflected an
adaptive mechanism of improving progeny survival by matching
spawning time to favorable environmental conditions during
early development, consistented with the match-mismatch
hypothesis. Low-salinity water exists in the coastal waters of
Jiangsu Province all year round and contains a high
concentration of terrestrial nutrients capable of significantly
promoting the massive growth of phytoplankton (Su and
Yuan, 2005; Zhu and Wu, 2018). This creates a suitable
habitat for the spawning of the small yellow crocker (salinity <
30). The Yangtze River Estuary is adjacent to northern Jiangsu,
between which the water exchange is frequent. The Subei coastal
current carries terrestrial-sourced nutrients to the southeast,
while the Yangtze River diluted water is transported to the
north and strongly intersects with Subei coastal current, thus
providing favorable conditions for phytoplankton growth. The
seaward boundary of centers of high Chl concentration nearly

TABLE 4 Model-based estimates of areas (km?) in priority protection areas based on the probability thresholds of 0.7, 0.8, and 0.9.

Probability thresholds April
Without backtracking model
0.9 309
0.8 681
0.7 1220
With backtracking model

24 h 48 h 60 h
0.9 1103 1557 1740
0.8 1618 2468 2375
0.7 2070 2731 2962

May June

69 1177

184 4346

330 7409
24 h 48 h 60 h 24 h 48 h 60 h
107 123 138 1548 1998 2199
306 368 368 4770 5499 5848
437 491 491 7795 8151 8338

The backtracking model from April to June was not considered, while that followed their backward-in-time trajectories for 24 h, 48 h, and 60 h was considered.
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Spatial distribution of the priority protection index (BPPI) for the spawning grounds of small yellow croaker with 24 h, 48 h, and 60 h backward

tracking of egg dispersion.

matches the isohaline of the Yangtze River plume front.
However, the influence of the residual water flow of the
Yangtze River on the coastal water in northern Jiangsu is
limited to the area south of 33.5°N, and the freshwater content
of the Yangtze River covers 60%-70% of the total fresh water in
the Subei coastal water in spring. In the area north of 34.5°N,
terrestrial-sourced materials of rivers in northern Jiangsu are the
most important sources of nutrients in the coastal water of
northern Jiangsu (Zhu, 2018). Moreover, the high-nutrient water
bodies in the coastal water of Jiangsu are considered the origin of
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marine disasters, e.g., the outbreak of Ulva prolifera. However,
the Chl concentration exerts a non-linear negative effect on the
egg abundance in April, implying that in April, the Yangtze
River diluted water plume still maintains the turning
characteristic in winter, and the main outlet quickly appears to
the shore and moves southward. As the other part flows
northward, the water force along the Jiangsu coast is weak,
and the low water temperature, poor light, and lacking terrestrial
material prohibit Chl growth. We captured the spatial pattern of
surface Chl concentration and the geographic location of the
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phytoplankton bloom. Chl hotspots are distributed in a long
curving band near 123°E and a northward boundary around
32°N. Wang et al. (2019) reported that the Chl concentration
surged in late April and peaked in mid-June, consistent with our
findings. Although the Chl concentration in the spawning sites
in southern Jiangsu is lower than that at hotspots (29-30°N),
salinity is a limiting factor in the reproductive activities of the
small yellow croaker. For example, the salinity tolerance of the
fish could reach 32-33.5 in the overwintering stage (Liu et al.,
2020). Although salinity is important for gonad development
and maturation in the spawning stage, reproduction needs low
salt conditions (Chen et al., 2016). The waters with salinity lower
than 30 in April are mainly distributed in the coastal areas of
southern Jiangsu, Yangtze River Estuary, Hangzhou Bay,
Zhejiang, and other narrow waters. These waters have a low
Chl concentration, where the spawning grounds of the small
yellow croaker are distributed, but the distribution hotspots are
concentrated in the waters north of the Yangtze River Estuary.

The spawning stock of the small yellow croaker shows an
obvious preference for the coastal environment, reflecting the
influence of radial sand ridge on the distribution of fish eggs. The
current velocity in the tidal gully of the radial sand ridge is
relatively great, and fish swim to the tidal gully to receive the
stimulation of the current for ovulation (He et al., 2015). The
gentle flow at the tide ridge provides water mass with greater
stability, allowing the formation and maintenance of prey
aggregation. Along the coast of Jiangsu, the conflict between
the Northern rivers of Jiangsu, the northern branch of the
Yangtze River dilute plume, and the cold water mass of the
Yellow Sea creates fronts, combined with unique topographical
features, will generate areas of concentrated nutrient and
plankton, and hence facilitate the retention mechanism for
zooplankton and planktonic fish. Therefore, the radial sand
ridge in Jiangsu Province is the optimum area for the survival
of fish eggs and larvae, as well as the most concentrated complex
spawning sites for various fish and shrimps. Another possible
explanation is that this could be a unique complementary
strategy based on predator avoidance. For example, in the Bay
of Biscay, the predation risk is lower than that on the continental
shelf. Anchovy spawn along the coast, and their larvae are
horizontally transported offshore and then return to the coast,
which is the migration mode with the least predation (Wang
et al,, 2021b). Coastal and offshore migration patterns also exist
in the early life of the small yellow croaker by fully using the
existing habitat. The small yellow croaker increases the survival
rate of their offspring through lower-rate predation.

The oceanographic model showed a northwestward
trajectory of egg transport, inconsistent with the effect of
northerly winds on coastal currents (Supplementary Figure
S3A). Although the northerly wind is strong, the resultant
southward Ekman transport can only act on the water body
surface. The water masses in the south of the Yangtze River
Estuary are transported southward after exiting the estuary, but
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those in the north of the Yangtze River Estuary are transported
northward (Supplementary Figure S3B). Although the
northward flow speed is low, its long-term cumulative effect
cannot be ignored, which causes warm, low-salinity surface water
and the northwestern advection of Lagrangian particles along the
coastal line. Through numerical simulation, Zhang (2014)
believed that a distribution of a low-salinity belt with a salinity
of less than 20 could be developed, close to that of the coastline
from the outer Yangtze River Estuary to the east of Jiangsu
Province; the salinity was higher than that of the Yangtze River
Estuary but more than 5 lower than that of northern Jiangsu. This
low-salinity zone co-sources with the low-salinity water of the
Yangtze River and forms a low-salinity zone extending
northward. Afterward, it forms a relatively strong front with
the outer high-salinity water (Zhang, 2014). As a result, the eggs
are confined to a narrow tongue of warm water. In the central
region of Jiangsu, the northward transport between the Yangtze
River Estuary and the northern sea area of Jiangsu gradually
intensifies. Under the action of tidal energy gradient and positive
pressure gradient force, the waters reaching the bank of the old
Yellow River Estuary show offshore movement, moving eastward
towards the outer part of the northern Jiangsu sea (Zhu, 2018).
This results in the dispersion of the small yellow croaker eggs
near the estuary to the sea in May and June with expanded
distribution. The eggs in this part are confined to inshore waters
south of 34°30°N and separated from the spawning sites in
Haizhou Bay. In Haizhou Bay, the water is mainly transported
southward along the coastline. Tidal energy gradient, advection,
and friction constitute the main factors driving water transport
southward. Due to the low flow velocity, we hypothesize that the
distribution of the small yellow croaker in the bay is mainly
affected by the local spawning grounds.

According to the traceability analysis, although advection may
transport individuals to the northwest, the current velocity in the
studied area is low, and the hydrodynamic force in the pre-hatching
region exerts a minimal influence on the transport distance of eggs.
The spawning grounds are mainly concentrated in the southeast sea
of the survey station, and the maximum transport distance is less
than 30 km after drifting at 13 cm/s for 60 h. In addition, eggs and
larvae at different stages of development are found from the coast of
Jiangsu to the Yangtze River Estuary, indicating that the area is an
important spawning and nursery site for the small yellow croaker,
and its condition plays a significant role in the replenishment of the
small yellow croaker.

A major challenge in the conservation of aggregated
complex spawning grounds for the small yellow croaker and
other fish is the lack of data on the early life history. Most of the
studies focused on a small portion of the geographic range of
species. Wang X et al. (2020) identified the spawning grounds in
Changjiang fishing ground and Zhoushan fishing ground based
on environmental DNA analysis, however, the study area was
mainly located in the south of Yangtze River Estuary. In this
study, the special survey project of spawning grounds provides
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relatively comprehensive data for delimiting spawning sites in
conservation areas. In addition, habitat degradation and loss
pose threats to the function and sustainability of spawning
grounds for aggregative spawning fish. In some cases, these
habitats are particularly vulnerable to the expansion of marine
space induced by local economic and social development,
running counter to the objectives of fishery resource saving
and ecological conservation. For example, spawning sites are
often close to shorelines, which is an important feature for many
teleost fish, and also attracts the development of ports or
terminals. In fact, some enterprises have recently expanded a
“Lvsi Central Fishing Port,” which may affect the edge of the
spawning grounds of certain fish, including the small yellow
croaker. However, the expansion project has minimized the loss
of recruitment by avoiding the core spawning area.

Haizhou Bay is the spawning and nursery grounds for a
variety of fish and economic invertebrates. Due to the enhanced
fishing intensity in recent years, Haizhou Bay and its adjacent
waters have represented deteriorated ecological environment,
with the biodiversity and environment quality facing
unprecedented threats. The core spawning area near the
Haizhou Bay National Marine Park is accessible to fish,
shellfish, shrimp, crab, cephalopod, shellfish, and diverse
creatures such as echinoderms. However, numerous farming
activities in the inshore area of Haizhou Bay caused damage to
the marine environment of this area by producing a large
amount of organic matter and wastewater during mariculture.
This, in turn, led to the eutrophication of waters in Haizhou Bay.
Apparently, the eutrophication and degradation of the coastal
ecosystem in Haizhou Bay are closely related to mariculture.
Since 2007, the large-scale outbreak of U. prolifera in the Yellow
Sea, the largest green tide disaster globally, has been attributed to
the laver farming areas along the coast of Jiangsu. Laver rafting
was believed to provide an appropriate attachment base for the
growth of U. prolifera (Gao et al., 2014), which occurred in late
April and showed the fastest growth and proliferation rate in
May. The green tide erupted from June to July (Ji et al.,, 2015),
overlapping with the early life of the small yellow croaker on
temporal and spatial scales. The influential process of the green
tide outbreak on fishery resources was extremely complex. The
green tide was reported to mainly affect the primary production
process in the ocean and endanger the survival rate of the fish
larvae through the food chain (Wang et al., 2019; Sun et al,
2022). Sun et al. (2022) regarded the outbreak of U. prolifera as
an event to simulate the natural death of the small yellow croaker
and indicated at least 10% of biomass and catch loss of the small
yellow croaker in the case of the surging natural death. However,
Chinese fishing vessels were prohibited from operating during
the summer fishing moratorium from May 1 to September 15,
except for longline and single gillnet fisheries. The occurrence,
development, and prosperity of this period overlapped with the
occurrence of green tide completely. Consequently, the green
tide-induced damage to fish populations and marine ecosystems
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might be partially offset. Differently, another view has been put
forward that although green tides increase the mortality of fish
populations, they can provide food sources and spawning sites
for many marine organisms, which complicates the interaction
between green tides and the dynamics of fish populations,
including the small yellow croaker (Sun et al., 2022).
Undoubtedly, under the disturbance of the deteriorated
ecological environment and human activities, the spawning
grounds of the small yellow croaker are facing complex stress
situations, and the habitat degradation or loss of local spawning
grounds may impact the population level. The individual small
yellow croaker may continue to spawn at the traditional sites, but
changing sites may impair the health of the population. If
aggregated spawning sites are moved to non-traditional
spawning sites after disturbance, important links between
spawning sites, larval transport routes, larval habitat, and adult
habitat may be severed. Therefore, studying the habitat changing
mechanism and the effect of the degradation of key spawning
aggregative grounds on the aggregation formation, spawning
success, larval survival, as well as the connectivity between
spawning sites, nursery grounds, and adult habitat will be an
important direction for our planning of priority conservation
areas and sustainability of the small yellow croaker resource.
Recently, the Chinese government has been taking positive
measures to press ahead with the regulation of coastal development.
In January 2018, the government announced strict controls on new
coastal reclamation projects (Yang et al., 2020). In addition, China
is building a system of natural reserves with national parks as its
main body. China is the first country in the world to propose and
implement a redline system geared towards ecological protection.
China has also identified certain priority areas under biodiversity
conservation. In 2018, the marine ecological redline protection plan
implemented in Jiangsu covered a total area of 9,676.07 km?,
including 16 fishery-restricted redline zones of 6,066.09 km?,
62.80% of the total. While these new regulations are promising, it
remains to be seen how they will be implemented and whether local
governments can strike a balance between fishery resource
conservation and local economic development. According to the
priority of species habitat protection, we suggest that the spawning
area of the small yellow croaker should be fully considered in the
ecological red line area. As can be seen, from the location of the
germplasm resource reserve and the distribution areas of eggs of the
small yellow croaker in April, the place concentrated with fish eggs
in the north of the Yangtze River Estuary is not classified as a
germplasm resource reserve. On this basis, it is suggested to connect
the existing reserves with the spawning areas in the south and west
or set up a conservation corridor between them to expand the
reserve area appropriately. In this way, 62% of fish eggs will be
included in the reserve. The newly added reserve also covers the
spawning populations of mullet, sole, and Scomberomorus
niphonius, forming a better protection network. The coastal areas
have been included for protection during the summer fishing
moratorium in May and June. Nevertheless, it is recommended
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to focus on the damage of marine engineering and aquaculture to
the spawning area habitat. Although the protection of threatened
spawning fish habitats is a top priority, continued degradation of
remaining habitats remains a risk to be overcome. In the long run, it
is necessary to recover declining coastal habitats for the following
habitat reestablishment for targeted species.

The identification of potential spawning sites in this study is
limited to a horizontal survey, which may be improved by
concerning the vertical distribution. It appears to be the
correct assumption that the floating eggs of the small yellow
croaker exist in the surface water column. However, if the
current moves vertically or turbulent mixing is strong, the eggs
are likely to be mixed into the middle and upper water column.
Some fish eggs, such as those of sardines and anchovies, are
always present in the first 5 m (Planque et al., 2007). The vertical
distribution structure of fish eggs can be analyzed using
modeling programs, which are very complex and usually
requires consideration of egg density, size, turbulence caused
by wind and tide, and vertical hydrologic structure (Petitgas
et al,, 2006). It is expected that the developments of the existing
model will promote spawning habitat prediction.

Conclusion

Our study analyzes the egg drift of the small yellow croaker,
assuming that the floating eggs are in the upper water masses.
From a backtracking perspective, the spawning site and the
adjacent area (the maximum drifting distance is 30 km) are the
preferred spawning habitat due to the local biophysical
environment and the related potential benefits. Moreover, the
observed temporal patterns in the spatial distribution of
spawning can be explained by the temporal changes in
hydrographic conditions, which may substantially influence
the final settlement locations of eggs and larvae. This
reproductive strategy can ensure maximum dispersal and
survival opportunities. Since hydrographic conditions are
variable between years, which may cause geographical shifts
for FSA into favorable areas, and then drifting floating egg
locations vary in space and time. Therefore, we recommend
that spatial and temporal dynamics be considered in FSA marine
protection area (MPA) or MPA network design with strict
management measures to achieve explicit ecological objectives.
To track the impact of FSA MPA establishment on target
populations, the fishery-dependent or fishery-independent data
on fish populations require to be collected.
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