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Abstract: Nursery habitats play a significant role in completing fish life cycles, and they are now
recognized as essential habitats. Monthly variations in nursery ground distributions of Larimichthys
polyactis were investigated in the southern Yellow Sea in 2019. Bayesian hierarchical models with
integrated nested Laplace approximation were utilized to model the preferential nursery habitats
of L. polyactis larvae. The study analyzed the spatial and temporal distributions of the larvae and
juveniles based on three environmental variables: sea surface temperature, sea surface salinity, and
depth. Additionally, this study examined the utilization of habitats by different fish life stages and
ontogenetic shifts. A total of 3240 individuals were collected from April to June, with the peak
occurring in May (0.05 ind./m?), and the distribution areas varied between different months. The
prediction of the model reveals the ecological adaptability of L. polyactis to temperature variations.
The optimal temperature for L. polyactis density ranges from 12.5 °C to 16.5 °C in April and 16.5 °C to
17.5 °C in May, demonstrating a broad temperature tolerance for L. polyactis survival. In addition,
there are variations in distribution patterns among different developmental stages. Larimichthys
polyactis spawn in the inshore and nearshore waters, and after hatching, larvae in the pre-flexion stage
tend to remain aggregated near the spawning beds. However, larvae in the advanced development
stage (post-flexion) and juveniles move towards the sandy ridge habitats along the coast and start
to migrate offshore in June. This study provides valuable insights for the effective management of
fishery resources in the area and can be utilized to identify marine areas with specific habitat features
that require conservation.
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1. Introduction

The population dynamics of many fish species are greatly influenced by fluctuations
in their early life stages, including the egg, larval, and juvenile periods [1], because early
life stages are particularly vulnerable, with mortality rates of up to 99% recorded for
marine species [2]. Some habitats may provide better conditions for larvae and juveniles,
especially favoring survival, as is the case of estuaries and shallow coastal areas. Therefore,
the study of early life history, encompassing distribution, dispersal, and survival, has
been a prominent topic in fishery oceanography. Hydrological conditions are critical
variables influencing the selection of fish spawning sites and the survival of larvae [3].
Various hydrological recruitment hypotheses have been suggested, including the match-
mismatch hypothesis, ocean triads, and stable ocean hypothesis [4]. Studies investigating
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the early distribution of fish have uncovered a tendency for fish spawning and nursery
grounds to concentrate in close proximity to oceanic fronts [5,6]. This indicates that the
presence of fronts generates specialized habitats through physicochemical processes [7].
The distribution of larvae in nutrient-rich regions results from upwelling currents and tidal
mixing, the concentration of larvae in areas of convergence or fronts, and the existence of
drift retention areas.

The small yellow croaker, Larimichthys polyactis (Bleeker, 1877), is a warm-temperate
fish of Acanthuriformes (Sciaenidae), mainly inhabiting estuaries and coastal waters [8]. It
is a typically migratory species widely distributed in the Bohai Sea, Yellow Sea and East
China Sea of the Northwest Pacific [9,10]. This particular species holds great economic
significance in China, with a long history of fishing and contributing over 300 thousand
tons of fishery yield annually to both China and South Korea. Nevertheless, the population
of L. polyactis has been at risk of declining genetic diversity and abundance in recent years
because of overfishing and environmental changes [11,12]. Genetic diversity losses are
characterized by earlier sexual maturity, smaller fish sizes, and a growing predominance of
young fish [13]. Specifically, older females usually produce disproportionally more eggs
relative to younger and smaller individuals [4]. Higher-quality offspring, produced by
older females, might be more likely to survive, as they can experience lower mortality rates
when facing poor habitat quality [14]. As young fish continue to dominate the spawning
stocks, the early life stage survival becomes of increasing concern, and preserving essential
fish habitats during early life history stages might serve as an important approach for
resource recovery [15-17].

The coastal waters of the southern Yellow Sea are considered as the largest spawning
and nursery ground for L. polyactis in China [18]. In spring, L. polyactis returns to the coastal
waters for spawning from open sea. It spawns pelagic eggs, and its spawning and nursing
areas are usually located in estuaries, bays and radiating ridges [19]. It is known that
adult females of L. polyactis spawn 7944~31,077 eggs that are 0.41-2.77 mm in diameter [20].
Under appropriate physiological conditions, it generally takes ~50 h for eggs to hatch
after spawning followed by ~25 days for the larvae to grow to the juvenile stage [21].
The abundance of eggs and larvae was found to be related to the specific temperature
and salinity characteristics of the water. Xu et al. supposed that the Changjiang River
plume and its front structure could determine the distributions of the eggs and larvae [13].
In the southern Yellow Sea, the distinct hydrodynamic and tidal currents might play
an important role in the transport and migratory potential during the early life stages,
especially the pelagic larvae with ontogenetic variation in swimming abilities [13,22]. The
coastal waters of the southern Yellow Sea are characterized by various microhabitats, such
as sand ridges, plains, and bays, which reflect the diversity of aquatic habitats present
(Figure 1). Ontogenetic habitat shifts during the life history play an essential ecological
role. Larvae tend to drift with currents and settle in nursery areas like estuaries and
coastal zones, where they can find abundant food and protection from predators. As they
mature into juveniles, their requirements for space, prey, and habitat complexity often
increase, leading them to migrate to different habitats [23]. Therefore, understanding
stage-specific distribution patterns is imperative for conducting a detailed examination of
habitat utilization and for formulating robust conservation measures.

In this study, we conducted monthly surveys of ichthyoplankton in the coastal waters
of Jiangsu Province during March 2019 and January 2020. By analyzing the observed pat-
terns of L. polyactis distribution in the early life stage alongside corresponding hydrological
observations, we investigated the influence of hydrology on the distribution of L. polyactis
larvae and juveniles in the coastal waters of Jiangsu. The main objectives of this study were
to (1) examine the timing, locations, and hydrological characteristics of fish spawning, and
(2) analyze the spatial heterogeneity of distribution to examine stage-specific patterns of
habitat use and ontogenetic habitat shifts. Through our research, we aim to emphasize the
importance of considering the coastal zone in early life history studies and advocate for
more sensitive management approaches in regional coastal zones.
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Figure 1. Schematic of the study area and sampling stations in the southern Yellow Sea. The blue
rectangle is the survey area of “Huchongyu 11,050”, and the red rectangle is the survey area of
“Huchongyu 11,197”.

2. Materials and Methods
2.1. Study Area

The study area is situated in the southern Yellow Sea of China, encompassing the
entire coast of Jiangsu Province. It exhibits typical geography and hydrology characteristics.
In the central region, a significant number of radiating sand ridges (RSRs) are formed due
to tidal currents. Rao et al. have described an ecosystem consisting of over 70 underwater
sand ridges extending from Jianggang Town, spanning 200 km north to south and 90 km
east to west [24]. The water flow in the tidal channels is swift, while the sand ridges
experience a gentler flow, which contributes to the development of a unique radiating sand
ridge ecosystem. On the other hand, the northern region falls within the marginal area
of Subei Shoal and is influenced by the coastal waters of Subei and mixed water masses
from the eastern Yellow Sea. There is also freshwater input from rivers like the Guan and
Sheyang Rivers. During the spring and summer seasons, this area displays a pronounced
temperature thermocline in deep waters and a distinct tidal front between depths of 20 and
40 m [25]. These frontal zones are observable along the coastal and offshore regions. They
have notable effects on secondary circulation, convergence, and strong mixing, which
significantly impact the transport of matter, energy, and ecological processes in the ocean.
Previous studies have indicated that nutrient and Chlorophyll a (Chl a) concentrations, as
well as fish eggs, are higher in proximity to these frontal zones, particularly during the
spring and early summer periods [26].

2.2. Data Sampling and Processing

We conducted monthly collections of ichthyoplankton in the coastal areas of Jiangsu
(between 31°40’ N and 34°20" N) from March 2019 to January 2020. These collections were
carried out during the peak tidal period every month. The two fishing vessels, “Huchongyu
11,050” and “Huchongyu 11,197”, possessing identical specifications and uniform physical
properties, an engine power of 255 kW, and a gross tonnage of 162 tons, were assigned to
specific sub-areas within the Jiangsu coastal areas. The targeted sampling encompassed
43 stations distributed across 9 cross-shelf transects, coded A to I (Figure 1).
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To collect eggs and larvae, we utilized conical-cylindrical plankton nets with a mesh
size of 0.5 mm and a mouth diameter of 1.3 m. To standardize the volume of filtered
water, a flow meter was connected to the mouth of the net; the warp length was adjusted
so that no part of the net was exposed from the surface layer. The net was dragged
horizontally along the sea surface for 10 min at a constant speed of 1-2 knots. Following
collection, the ichthyoplankton samples were immediately fixed and preserved in a 4%
buffered seawater—formaldehyde solution. Additionally, at selected stations, a subset of
up to 10 eggs and larvae was sorted from each haul and placed into individually labeled
tubes containing 1.5 mL of 96% ethanol. This was carried out to facilitate identification
of the eggs and larvae using DNA barcoding. At each station, vertical measurements
of temperature, salinity, and depth were obtained using a Sea Bird Electronics model
19 conductivity—temperature-depth (CTD) profiler.

The ichthyoplankton samples were sorted and counted under a stereomicroscope.
Eggs and fish were identified to the lowest possible taxonomic level using morphometric
and meristic characteristics, based on the developmental stages described by Ahlstrom
and Moser [27,28]. The primary focus of our study was the larvae, juvenile and young
fish of L. polyactis. The larvae are divided into four stages, including yolk-sac, pre-flexion,
flexion and post-flexion; the juvenile stage follows the larval stage and begins when fin
ray counts are complete, and ends with the completion of squamation development; the
fish enters the young period after the scales are fully grown, and the maximum body
length in this paper is not more than 6 cm [29,30]. After comparing and identifying the
species using DNA sequencing, we extracted the number of larvae and juveniles and the
filtration water volume from the database. Larval and juvenile fish densities (ind./ m?)
were estimated by dividing the abundance at a given station by the volume of water filtered.
In the abundance modeling process, the density of each station was pooled together for the
larvae and juveniles.

2.3. Data Analysis
2.3.1. Statistical Model

The R package sdmTMB was used to construct a spatiotemporal distribution model of
L. polyactis in relation to environmental factors [31]. The sdmTMB utilizes the integrated
nested Laplace approximation (INLA) method [32] to establish a Stochastic Partial Differ-
ential Equation (SPDE) matrix and employs the Template Model Builder (TMB) [33] to fit
spatial and spatiotemporal generalized mixed models. This model extends the framework
of generalized linear mixed models by incorporating two random terms in the random
field: the spatial field (representing spatial processes that remain constant over time) and
the spatiotemporal field (with unique spatial variations at each time point) [34]. The spatial
domain effects are characterized using the Gaussian random field (GRF) method, where
the random effects of spatial patterns are derived from a multivariate normal distribution
(MVN) matrix constructed using the Matérn covariance function.

In the density data of L. polyactis, 61.2% of the values are zeros. For datasets with a high
proportion of zeros or zero-inflated data, the delta method [35-37] and modeling methods
that simultaneously handle zero values and positive continuous values using a single
distribution (such as Tweedie) [38] are commonly employed. In this study, a spatiotemporal
generalized additive mixed model (GAMM) based on the Tweedie distribution was used
to model L. polyactis data. The Tweedie distribution is a family of exponential dispersion
models that includes the power variance function Var[y;] = (Wf , where ¢ is the dispersion
parameter, y is the mean, and p is the power parameter. When 1 < p < 2, the distribution
corresponds to a mixture of Poisson-gamma distributions and allows for zero values. The
spatiotemporal GAMM for L. polyactis density is represented as

dsm ~ Tweedie(psm, p, ), 1 < p <2
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The density of L. polyactis at station s in month m, denoted as ds ,,,), is modeled using
environmental covariates x; (i = 1, ..., K), where y ) represents the expected value of
L. polyactis. The environmental covariates are fitted using cubic splines, denoted as f(x;).
The parameter a,, represents the estimated individual mean for each month. The spatial
random field term is denoted as w;, and the spatiotemporal random field term is denoted
as g@ ;). The random effects (ws, & y)) follow a multivariate normal distribution with a
mean of 0 and a variance of the Gaussian Markov random field defined by the Matérn
covariance (£, X¢) [39].

In the spatiotemporal model for L. polyactis, three environmental covariates were
initially selected: depth (m), surface salinity, and surface temperature (°C). We did not con-
sider the survey vessel as a fixed factor, as consistent parameters and sampling standards
were maintained across all surveys. The environmental variables were standardized by
subtracting their means and dividing by their standard deviations to avoid computational
issues during model fitting and to allow for comparison of coefficient magnitudes [40].
sdmTMB allows for anisotropy in the spatial autocorrelation function, where spatial co-
variance may be asymmetric with respect to latitude and longitude, which caused spatial
correlation that is directionally dependent. Anisotropy can be turned on or off with the
logical anisotropy argument (anisotropy = FALSE/TRUE); we adopt a 2-parameter rotation
matrix H to implement anisotropic covariance and set the default values for parameter
specification. The spatiotemporal random field was set as either off or iid (spatiotemporal
= “oft” /*iid”) [31], resulting in four candidate models (Table 1).

Table 1. Predictor covariates and specified parameters used in species distribution modeling.

Model Covariate Anisotropy Spatiotemporal
Month + s(depth, cs = “cc”, k =4) +
M1 s(temperature, cs = “cc”, k = 4) + FALSE “off”

s(salinity, cs = “cc”, k = 4)
Month + s(depth, cs = “cc”, k =4) +
M2 s(temperature, cs = “cc”, k = 4) + TRUE “off”
s(salinity, cs = “cc”, k = 4)
Month + s(depth, cs = “cc”, k =4) +
M3 s(temperature, cs = “cc”, k =4) + FALSE “iid”
s(salinity, cs = “cc”, k = 4)
Month + s(depth, cs = “cc”, k =4) +
M4 s(temperature, cs = “cc”, k = 4) + TRUE “iid”
s(salinity, cs = “cc”, k = 4)

2.3.2. Model Adequacy Diagnosis and Selection

In Bayesian hierarchical modeling, the accuracy and reliability of the model are heavily
contingent upon the validity of its assumptions. If these assumptions are violated, the
parameter estimates and predictions derived from the model may be unreliable. AIC
offers a swift means of comparing the relative merits of competing models. However, it
does not account for the validation of model assumptions. Li et al. suggested that using
AIC selection should be carried out cautiously, and certainly not in isolation from other
diagnostics [41]. In this paper, simulation-based residuals were calculated for all four
models using the DHARMa R package [42]. Once these residuals satisfied distributional
assumptions, each model was evaluated using the AIC criterion; the model with lowest
AIC was used to produce maps of log(density). The residuals were simulated 3000 times
for non-random effects, and the Kolmogorov-Smirnov (K-S) test was applied to test the
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uniformity of the residuals. The K-S test provides a statistic (D value) and a p-value, where
the D value measures the maximum difference between the sample residual distribution
and the theoretical distribution. The p-value represents the probability of observing the
D value or a more extreme value under the null hypothesis. When the D value is small
and the p-value is large, it indicates a good fit of the model to the data, suggesting that the
sample residual distribution is consistent with the theoretical distribution. Conversely, if
the D value is large or the p-value is small, it indicates a significant difference between the
residual distribution and the theoretical distribution, requiring a reassessment of the model
fit or an examination of the data’s adequacy. For the models with an insignificant residual
test, AIC was used for comparison and the optimal model was selected.

3. Results
3.1. Characteristics of Depth, Temperature, and Salinity

The coastal areas of middle Jiangsu province exhibit a distinctive radial sand ridge
topography, resulting in a segmented and striped distribution pattern of water depth
(Figure 2a). The A-B section stations, located outside the radial sandbars and belonging
to the Subei shoal, experience a relatively constant water depth of 15-20 m with minimal
fluctuations between each station. Conversely, the C-F section stations fall within the range
of the radial sandbars, exhibiting significant fluctuations in water depth. The G-I section
stations show a clear increasing trend in water depth from the coast to the open sea.
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Figure 2. Characteristics of depth (a), temperature (b—d), and salinity (e-g) between April and June
in the coastal waters of the southern Yellow Sea.

The monthly average temperature exhibits significant variation, with April experi-
encing the lowest average temperature at 14.3 °C and June having the highest average
temperature at 21.9 °C (Figure 2b—d). The coastal waters of Jiangsu Province are influenced
by both the land heat source and land monsoons, resulting in higher solar radiation and
relatively higher seawater temperatures. As a result, the coastal waters of Jiangsu Province
generally have slightly higher temperatures compared to those located further inland, with
the southern part of the province having higher temperatures than the northern part. From
April to May, the northeastern outer sea area is compressed by the cold water mass from
the Yellow Sea, causing relatively dense isotherms and a large temperature gradient to
form. Simultaneously, the coastal flow mixes with diluted water from the Yangtze River
and transports it northward, contributing to the formation of a northward frontal structure
near the coastline. In June, the dilution of water from the Yangtze River intensifies, leading
to the expansion of the warm water front northward.
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On the other hand, there is minimal variation in average salinity throughout the
months, ranging from 28.9 to 29.7 (Figure 2e-g). Salinity gradually increases from nearshore
areas to offshore areas. Near the coastal estuaries, a substantial amount of runoff water
enters the ocean, resulting in a certain degree of seawater dilution and the formation of
complex salinity gradient structures upon mixing with the ocean water. Specifically, in
June, the influx of freshwater from the Yangtze River decreases the salinity levels in the
surrounding areas of the Yangtze River estuary, forming a relatively low-salinity water
mass and leading to significant changes in the isotherms.

3.2. Temporal and Spatial Distribution

A total of 3240 L. polyactis larvae, juveniles and young fish were collected. They
were observed from April to June, with the peak occurring in May, reaching a density of
0.05 ind./m? (Figure 3). In the April samples, the distribution of developmental stages
of fish was as follows: pre-flexion larvae (4%), flexion larvae (68%), post-flexion larvae
(20%), and juveniles (7%). In the May samples, the distribution of developmental stages
of fish was as follows: yolk-sac larvae (7%), pre-flexion larvae (70%), flexion larvae (3%),
post-flexion larvae (1%), and juveniles (19%). In June, only 68 individuals were captured,
and the dominant developmental stage was young (62%).
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Figure 3. The density distribution of L. polyactis in early life stages from April to June.
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The data reveal a clear signal that spawning occurs earlier in low-latitude areas
(Figures 3 and 4). In April, L. polyactis only appear in the waters south of 32°40" N, with
a regulation that the later the development stage is, the closer its distribution is to the
shore. The distribution range is the widest in May, with boundaries between 32° N and
34°20" N. Nearshore stations exhibit higher density, gradually decreasing further offshore.
The densely populated area is predominantly situated in the northern region, with the
developmental stage progressively transitioning from early to late as one moves from north
to south. In June, the occurrence rate is exceedingly low, and the density of occurrence
at sampling stations is similarly minimal. The central nearshore waters serve as the
distribution area for some of the earlier developmental stages, while the juvenile fish are
distributed radially in the peripheral zones.

April May

34°N-

33°N+

32°N-
Q
=
= 120°E 121°E 122°E 123°E
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=
33°N prf
f
pof
R
yg
32°N- -
120°E 121°E 122°E 123°E
Longitude

Figure 4. Distribution pattern at different developmental stages of L. polyactis (the size of the circle
does not represent the density). ys = yolk-sac, prf = pre-flexion, f = flexion, pof = post-flexion,

j =juvenile, yg = young.

3.3. Species Distribution Model
3.3.1. Model Evaluation

To identify deviations from the expected distribution, a QQ-plot was generated. The
goodness of fit of the model to the data was assessed by comparing the consistency between
expected residuals and observed residuals (Figure 5). DHARMa residual diagnostics
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indicate a significant deviation for M3 and M4 in the Kolmogorov-Smirnov test (Table 2).
The tests for models M1 and M2 are not significant, with M1 having the lowest AIC value
(—76.8), suggesting it as the optimal model (Table 3).
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Figure 5. QQ-plot to detect overall deviations from the expected distribution. Residuals were
calculated by the fitted models for the Tweedie distribution based on simulation and standardized to
values between 0 and 1. x-axis shows expected value for uniform order statistics of residuals; y-axis
shows observed residual value.

Table 2. Model adequacy diagnosis of models M1-M4 using Kolmogorov-Smirnov test.

Model Statistics p Value
M1 0.0946 0.1987
M2 0.0972 0.1743
M3 0.1531 0.0047
M4 0.1413 0.0116

Table 3. AIC model selection between models M1 and M2.

Model AIC
M1 —76.8110
M2 —74.1120

3.3.2. The Relationship between L. polyactis Density and Environmental Factors

The scatter plot provides a visual depiction of the relationship between the density
distribution of L. polyactis and the variables of depth, temperature, and salinity (Figure 6).
Notably, the peak periods for the appearance of L. polyactis occur in April and May, with
a consistent distribution depth between 14 and 30 m. However, in June, the density
distribution shifts towards shallower coastal waters, with a higher concentration in areas
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shallower than 15 m. The temperature range suitable for the survival of L. polyactis is
extensive, with a noticeable increase from April to June, indicating the environmental
plasticity of the reproductive strategy of L. polyactis. The salinity of L. polyactis aggregation
areas remains relatively stable, ranging primarily between 28 and 30%. throughout the
months, with minimal occurrence of L. polyactis in low-salinity waters.
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Figure 6. Scatter plot of relationship between density of L. polyactis and environmental factors.

The M1 model predicts that the monthly variation in L. polyactis density depends
on temperature, providing a more refined understanding of the temperature-dependent
variation (Figure 7). In April, the density of L. polyactis gradually increases within the tem-
perature range of 12.5-16.5 °C. In May, L. polyactis reach their peak density at 16.5-17.5 °C,
after which further temperature increase does not promote an increase in L. polyactis den-
sity; instead, it shows a decreasing trend. June is predicted to have the highest L. polyactis
density, but observations show that L. polyactis only appear at temperatures above 20 °C,
with lower density values than those in April and May.

Furthermore, salinity exhibits a nonlinear effect on L. polyactis density, with occurrences
rare at low salinities (Figure 8). When salinity exceeds 27.5%o, L. polyactis start to appear
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in large numbers, reaching the maximum value at 29 %.. Above 30%o, L. polyactis density
gradually decreases. This impact of salinity on L. polyactis density is consistent across
months, indicating salinity as a stable indicator influencing the density of L. polyactis.

April May June

|
w
2

fgtemperature)

(<]
2

15 18 21 15 18 21 15 18 21
Temperature

Figure 7. Effect of temperature on the density of L. polyactis using sdmTMB. The grey shade area
represents the 95% confidence interval.
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Figure 8. Effect of salinity on the density of L. polyactis using sdmTMB. The grey shade area represents

the 95% confidence interval.
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3.3.3. Model Prediction

The predicted values of L. polyactis density show high spatial consistency with the
observed values (Figure 9), indicating a spatial distribution pattern of L. polyactis that varies
between months. In April, the surface water temperature in the southern region is generally
higher than that in the northern region, and the range of L. polyactis aggregation is very
small, concentrated only in the higher-temperature areas of the Yangtze River estuary
and the offshore waters of Lvsi. In May, as the temperature rises, L. polyactis are widely
distributed in the coastal waters of Jiangsu, with the most concentrated area appearing
in the waters north of 34° N and spreading south along the coastline. Additionally, the
section at 32.5° N also shows higher L. polyactis fish density. In June, L. polyactis density
significantly decreases, mainly occurring in the waters north of 32.5° N, with a narrow and
elongated distribution along the coastline.

April May

34°N -

33°N+

32°N+

122°E 123°E

Latitude

34°N -

33°N+

32°N+

121°E 122°E 123°E
Longitude

Figure 9. The predicted density distribution of L. polyactis using sdmTMB from the year 2019.

4. Discussion

Coastal gradients play a vital role in shaping the distribution patterns of early life
stages of fish, as highlighted by the findings of this study on L. polyactis. The concentration
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of pre-flexion larval fish in the waters north of 33°30’ N in May represents a link between the
distribution patterns and the parental selection of spawning grounds. Yin et al. identified
that the region is located at the periphery of the Yellow Sea Cold Water Mass, being
concurrently affected by a suite of physical processes such as coastal dilution water, the
Lu’nan Coastal Current, and the Subei Coastal Current [22]. These processes collectively
contribute to the formation of temperature and salinity gradients, which in turn stimulate
the development of the L. polyactis gonads, creating a spawning ground for this species. Our
research indicates that the distribution area of pre-flexion larvae of L. polyactis is near the
spawning ground. This is primarily because the eggs need up to approximately ten days
to develop into pre-flexion larvae [21]. Due to their limited swimming capabilities at this
stage, pre-flexion larvae predominantly depend on water currents for drift. Considering
that the Yellow Sea Coastal Current in this region flows at a speed of only 0.1-0.2 m/s [43],
and the area is positioned in a buffer zone between the tidal waves of the southwestern
Yellow Sea and the counterpropagating tidal waves of the northern Yellow Sea [44], this
constrains the long-distance dispersal of the larvae. Specifically, the Yangtze River and the
multiple Subei local rivers (SLRs) contribute to the formation of low-salinity coastal water
in 33.5-34.5° N, which are greatly controlled by the tidal residual currents. The unique tide
system in the southwestern Yellow Sea generates a northward residual current south of
33.5° N and a southward residual current north of 34.5° N, which converge and propagate
offshore in the vicinity of the Old Yellow River Delta [25,45]. Accumulation of larvae due
to thermoclines and haloclines in stratified water bodies (stable ocean hypothesis) results
in spatial and temporal overlap with suitable planktonic prey [46,47], which can attract and
support their growth and survival [26].

Bathymetry, or the underwater topography, is another coastal feature that can influence
early fish distribution. Variation in bathymetry along the coastline can create different
habitats and physical conditions for larvae and juvenile fish. In the South Yellow Sea, the
tidal wave system and the fluvial sediment supply shaped the largest RSRs; one of the
typical characteristics of the RSRs is their asymmetric pattern, showing smaller southern
sand ridges than the northern ones [48]. This asymmetry is attributed to rotary currents with
increasing ellipticity, which are induced by progressive waves propagating from the East
China Sea [49]. In April, flexion larvae and post-flexion larvae of L. polyactis concentrated
in the southern radiating sand ridges. Xiong et al. suggested that eddies retained larvae
within the natal area and influenced their ability to recruit to the juvenile habitat [50]. In
May, juveniles surpassing 30 days of age exhibit robust swimming capabilities, possess
the autonomy to select their aquatic habitat, and are widely dispersed across both the
northern and southern sand ridges. Similarly, through the otolith Sr/Ca value change,
Xiong et al. revealed that individuals less than 37-41 days old during the pelagic phase
swam in the inertial hydrodynamic regime of residual eddies in the sandy ridge system [50].
Moreover, RSR regions are characterized by higher nutrient concentrations due to the
terrestrial runoff [51,52]. These nutrient inputs can enhance primary productivity, leading
to increased food availability for pelagic-phase fish [52-54].

The distinct spatial variations in early life fish abundance at different developmen-
tal stages indicate the utilization of different habitats for nursery purposes. Pre-flexion
and post-flexion larvae prior to metamorphosis showed high distribution heterogeneity
(Figure 4). Studies on the early life history of various marine fish have also shown that
larval fish exhibit specific habitat preferences based on their developmental stage [55].
This suggests that the utilization of different habitats for spawning and nursery purposes
is a common phenomenon among marine fish species. In fish ecology, habitat require-
ments are generally assigned to ontogenetic levels rather than to development stages on
a specific ontogenetic level [56-58]. However, our results demonstrate that ontogenetic
shifts in habitat use also exist in early life history stages, including nearshore and inshore
habitats of the system. In the south of Jiangsu, L. polyactis spawn in nearshore waters;
after hatching, larvae in the pre-flexion stage remained aggregated in the vicinity of the
spawning beds [22]. However, larvae in the advanced development stage (post-flexion)
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and juveniles left the nearshore and moved towards inshore habitats of the coast (Figure 4);
one reason for this behavior is the presence of multiple rivers, such as the Huai River and
Sheyang River, which flow into the sea in this area and provide abundant food sources. In
contrast, in the north of Jiangsu, fish in the pre-flexion stages were abundant in the inshore
and nearshore habitats, and juveniles were found to be increasingly dispersed throughout
the nearshore water of the coast (Figure 4). Generally, larval and juvenile fish movement
towards nursery ground habitats by either passive or active dispersal mechanisms has been
widely described for ocean spawning fish [59,60]. Xiong et al. analyzed the variations of
otolith elements in juvenile L. polyactis, suggesting that the juveniles disperse between early
April and early May, inhabit sandy ridges to feed, and migrate offshore in late June, which
is consistent with our findings [50].

The timing of reproduction in fish species is a critical aspect of their life history strat-
egy and can be influenced by various environmental factors. The earlier spawning in
low-latitude areas suggests that the reproductive timing of L. polyactis is influenced by
temperature [26]. The spawning grounds of L. polyactis in the East China Sea zone en-
compass a broad latitudinal range of 26°30’ N to 35°00" N. L. polyactis start to spawn in
Jiangsu waters in April, with temperature ranges between 13 °C and 16 °C. However,
we have identified post-flexion larvae and juveniles in the waters of Jiangsu, which may
originate from the small yellow croaker spawning grounds in northern Zhejiang. The
analysis of oceanographic conditions by Xu et al. provides additional evidence in support
of this hypothesis [13]. The peak spawning period occurs in May, aligning with ideal
habitat temperatures ranging from 16.5 °C to 18.5 °C. The spawning activities gradually
move northward as the temperature rises in the northern region. Pankhurst and Munday
indicated that increasing temperatures cue reproductive development in spring-spawning
species [61]. Similarly, Asch et al. indicated that shifts in oceanography and temperature
have led to changes in the timing of reproductive events in the California Current [62]. The
mechanism underlying the influence of temperature on reproductive timing may be linked
to its impact on the endocrine system and gonadal development of the fish. The reproduc-
tive cycle in fish is under the control of the brain—pituitary—gonad (BPG) axis. External
environmental stimuli trigger the release of gonadotropin-releasing hormone (GnRH) from
the hypothalamus of the brain, which regulates the recreation of gonadotropin (follicle-
stimulating hormone, FSH, and luteinizing hormone, LH) from the pituitary gland. FSH
regulates the gonad development and LH regulates the final maturation and spawning [63].

Phenological character such as peak spawning time may vary within and differ be-
tween populations in relation to environmental factors [64]. Larimichthys polyactis exhibits
regional variations in reproductive timing, suggesting a diverse response to temperature
across different areas. The plasticity of reproductive temperature refers to the ability of
fishes to adjust their reproductive timing in response to variations in temperature. Fish
species with a wider range of temperature tolerance are better equipped to cope with chang-
ing environmental conditions, which allows fish populations to optimize their reproductive
success. Salmon can adjust their spawning time in response to temperature variations,
ensuring that their larvae are released during favorable thermal conditions [65,66]. Fish
populations with higher temperature adaptability had a greater capacity to persist and
recover from disturbances caused by temperature fluctuations [67-70]. The ecological
adaptability of L. polyactis in response to temperature variations has broader implications
for its distribution and abundance in different habitats. The species’ ability to adjust its
reproductive timing in accordance with local temperature regimes enables it to exploit a
wide range of environmental conditions, contributing to its ecological success in diverse
marine ecosystems [71]. The sister species of L. polyactis, known as L. crocea, has been
subjected to fishing activities for a similar duration as its smaller counterpart. However,
L. crocea exhibits a narrower range of temperature adaptation and experienced a decline
in population during the late 1970s [72]. While excessive fishing was identified as the
primary cause of L. crocea collapse, Wang et al. concluded that climate-induced changes in
overwintering habitat suitability may have exacerbated the fishery collapse of the L. crocea
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population [73]. This thermal adaptation is often an important reason for whether invasive
species or reintroduced species are able to settle down and expand their populations in the
field of invasion ecology [74].

The identification and conservation of nursery habitats are pivotal for the sustainable
management of fish populations [75]. The presence of mainly juveniles in the southern
waters below 33° N suggests the utilization of these areas as nursery habitats for L. polyactis.
Understanding the importance of these nursery grounds can help inform conservation ef-
forts and ensure the recruitment and survival of juvenile fish [76]. Many fish species exhibit
ontogenetic shifts in habitat use, with larvae and juveniles utilizing different habitats for
nursery purposes [77,78]. This strategy allows for the increased survival and growth of
larvae, as nursery habitats often provide more favorable conditions and resources com-
pared to other areas. Targeted conservation measures can be implemented to protect and
enhance these nursery habitats. For example, the establishment of marine protected areas
(MPAs) can help protect critical nursery habitats from destructive fishing practices and
habitat degradation [79]. MPAs can also contribute to the restoration and enhancement of
degraded habitats, which can benefit the recruitment and survival of larvae and juvenile
fish. Fortunately, a germplasm resource reserve for L. polyactis has been established at
32°12'-34°00" N, effectively safeguarding the breeding population and offspring of this
species. Furthermore, the area north of the Yangtze River estuary to 32°10" N has been
designated as an ecological red line, prohibiting any development or utilization activities,
thereby creating a comprehensive spawning population and reserve for larvae and juvenile
L. polyactis. In the northern Jiangsu sea Haizhou Bay, habitat restoration efforts, such as the
creation of artificial reefs or the improvement of water quality, enhanced the availability
and quality of nursery habitats for the larval L. polyactis [80,81]. However, there are some
limitations for improvement in conserving L. polyactis nursery habitats. Firstly, identify-
ing and characterizing nursery habitats can be challenging due to the dynamic nature of
coastal ecosystems and the complex interactions between fish and their environment. For
instance, the continuous horizontal tow method may not fully capture the diel vertical
migration behavior exhibited by larvae fish, particularly during their post-larval stages
and juveniles [82,83]. This migratory pattern could lead to significant fluctuations in fish
abundance at the surface throughout the day, potentially biasing data representation of
their spatial and temporal distribution. Further research is needed to better understand
the specific habitat preferences and diel vertical migration behavior of L. polyactis during
their early life stages. Second, the Yangtze River Estuary serves as a crucial nursery ground
for L. polyactis, a species vulnerable to the dual impacts of climate change and human
activities within the Yangtze River basin. Fluctuations in the Yangtze’s freshwater flow alter
the salinity conditions of the area, potentially leading to increased suspended sediment
and eutrophication of the water, which in turn affect the growth of algae and the early
survival rate of L. polyactis [84,85]. Moreover, the spawning grounds in southern Jiangsu
and northern Zhejiang are interconnected with the nursery grounds at the Yangtze River
Estuary, underscoring the need for comprehensive conservation planning that considers the
environmental conditions of different regions and establishes a network of protected areas.
Finally, despite the establishment of L. polyactis germplasm resource reserves as early as
2009, there has been a lack of systematic evaluation of the management effectiveness. The
absence of such assessments makes it difficult to accurately understand the actual impact
of conservation measures and to adjust and optimize strategies accordingly. Therefore, en-
hancing the evaluation of the management effectiveness of L. polyactis germplasm resource
reserves is of significant importance for improving the scientific and effective nature of
conservation efforts.

5. Conclusions

Through field investigation and comprehensive analysis, we revealed the ecological
habits of L. polyactis larvae and juveniles in the nursery ground of the southern Yellow Sea,
including their distribution range, migration path and dispersal characteristics. There was
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a broad temperature tolerance for L. polyactis survival and the distribution areas varied
from April to June. After hatching, the pre-flexion larvae tend to remain aggregated near
the spawning beds; the post-flexion larvae and juveniles move towards the sandy ridge
habitats along the coast and start to migrate offshore in June. This study provides valuable
insights for the effective management of fishery resources in the area and can be utilized to
identify marine areas with specific habitat features that require conservation.
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