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Abstract 16 

Stock enhancement can effectively increase population sustainablility and improve 17 

fishery resources, making it crucial to discern the suitable habitats for stock 18 

enhancement based on efficiency considerations. In this paper, a comprehensive 19 

model was established to simulate environmental characteristics in the Liaodong Bay. 20 

A habitat suitability model was developed by considering the optimal growth 21 

conditions of the Portunus trituberculatus larvae (PTL). The coupled model showed 22 

that the optimal area for stock-enhancement with PTL occurs in late June, and the 23 

initial suitable habitat area identified represents 17.12% of the whole Liaodong Bay. 24 

Based on the larval migration model of PTL, the deviation between the larvae and the 25 
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suitable habitat, as well as the actual available area for stock enhancement, were 26 

further determined after larval release in the initial suitable habitat. Only 33.67% of 27 

the larvae fulfilled the criteria of remaining within the suitable habitat for 95% of the 28 

time, and these larvae represented 6.19% of the whole area of Liaodong Bay. These 29 

findings means that the truly area available for stock enhancement is likely to be a 30 

very small portion of the entire bay, and more precise release of larvae will be 31 

necessary to ensure survival rates after release. Our study actually provides a 32 

methodological framework for the identification of suitable environment of stock 33 

enhancement. This methodology can provide technical guidance for the stock 34 

enhancement of marine larvae with same applicability for other bays, which in turn 35 

contributes to the sustainable use of marine ecosystem services and fisheries 36 

resources. 37 

Keywords: Habitat suitability model; Fluid dynamics; Migration trajectory; Particle 38 

tracking; Portunus trituberculatus 39 

1 Introduction 40 

As overfishing, environmental pollution, and habitat destruction become 41 

increasingly serious, marine resources around the world are facing significant 42 

challenges  (Etiegni et al., 2011; Horodysky et al., 2016; Utomo et al., 2019). Many 43 

countries have adopted fisheries management measures to address the current decline 44 

of marine fisheries resources, establishing controlling fishing quotas, marine reserves, 45 

and stock enhancement  (Colloca et al., 2013; Green et al., 2014; Nielsen and Holm, 46 

2007; Roberts et al., 2005). Among them, stock enhancement programs, with their 47 

effective ecosystem restoration function and advantage in alleviating the scarcity of 48 

fishery resources, are considered to be an important measure for restoring fishery 49 

resources  (Han et al., 2016; Purcell et al., 2012; Taylor et al., 2005; Wang et al., 50 
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2022). Stock enhancement refers to the artificial release of fish, shrimp, shellfish, 51 

algae, and other aquatic organisms into natural waters to allow for their natural 52 

growth, in order to increase the population size of marine species, rebuilt biomass of 53 

the fished stock, attempting to restore ecological balance  (Hilborn et al., 2020; 54 

Lorenzen et al., 2010; Pilnick et al., 2021). 55 

In the late 19th century, breakthroughs in artificial breeding technology for 56 

marine fish allowed countries such as the United States, Japan, and some European 57 

nations to establish marine fish hatcheries  (Christou et al., 2013; Shelbourne, 1964; 58 

Yoshimura et al., 1996). Economically valuable species such as Gadus and 59 

Oncorhynchus keta were artificially propagated, and attempts were made to increase 60 

the wild populations in natural water bodies by releasing hatchery-reared fish  61 

(Blankenship and Leber, 1995; Kitada, 2014). Since the 1950s, China has been 62 

exploring stock enhancement activities in its nearshore fisheries  (Dong et al., 2009). 63 

In the early 1980s, China's efforts in stock enhancement and large-scale larva release 64 

experiments in its nearshore fisheries have continuously achieved success  (Han et 65 

al., 2016; Hong and Zhang, 2002). The Portunus trituberculatus, with its high 66 

reproductive potential, survival rates, high economic profitability, and the technology 67 

of artificial breeding, has been identified as a key organism for stock enhancement 68 

and release in China's northern waters, particularly in the Liaodong Bay, China  69 

(Wang et al., 2020). However, the efficiency of stock enhancement has long been at a 70 

low level due to incomplete identification of oceanic environmental factors (such as 71 

tidal currents)  (Wang et al., 2017). Some studies have suggested that larvae released 72 

during stock enhancement programs are vulnerable to extreme physical factors, such 73 

as typhoon waves, which can lead to high mortality rates  (Gao et al., 2022). 74 

Ensuring the survival rate of released larvae in natural marine habitats has been 75 
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challenging  (Wang et al., 2018; Xie et al., 2014). Thus, it is crucial to efficiently 76 

describe tidal currents, temperature, salinity, and wave conditions in the releasing area, 77 

to determine suitable areas for larval survival. 78 

In the turn of the century, the fishing industry and researchers made easier to 79 

identify environmental characteristics of fish culture and release areas by using 80 

remote monitoring systems with integrated temperature and salinity sensors  81 

(Laroche et al., 2016; Lee et al., 2022; Skålvik et al., 2023). However, when faced 82 

with the need to understand the environmental features of larger oceanic areas, this 83 

technology becomes increasingly difficult to implement, as larger areas require more 84 

equipment and personnel investment, leading to a significant growing in production 85 

costs. In recent years, with the continuous development and improvement of ocean 86 

mathematical models, an increasing number of researchers utilized numerical 87 

simulation techniques to estimate the environmental characteristics of large marine 88 

areas  (Karydis and Kitsiou, 2013; Ma et al., 2023; Uzun et al., 2022). The 89 

advantages of mathematical models lie in their ability to provide rapid feedback of 90 

environmental features over a large area at a low cost. Therefore, this enabled the 91 

selection of suitable areas for stock enhancement through numerical modeling of basic 92 

environmental variables. 93 

This study focused on the stock enhancement population, through the release of 94 

Portunus trituberculatus larvae (PTL) as a case of study. Firstly, a comprehensive 95 

numerical model of the water environment in the Liaodong Bay was developed, which 96 

took into account physical factors such as tidal currents, water temperature, salinity, 97 

and waves. Based on this, an environmental suitability model and migration model of 98 

PTL were established, aiming to identify through the assess suitable areas for the 99 

stock enhancement of PTL in the Liaodong Bay. The results of this study are expected 100 
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to provide effective guidance for the selection of stock enhancement and release areas, 101 

thereby facilitating the management, conservation, and sustainability of regional 102 

fisheries resources. 103 

2 Materials and Methods 104 

2.1 Study area 105 

The study area is located in the Liaodong Bay, China (Figure 1. (a)), one of the 106 

main areas for stock enhancement in the Bohai Sea, with a sea area of 18,784.53 km2. 107 

The Liaodong Bay is situated in the northern part of the Bohai Sea, with an average 108 

water depth of 18 m. The bay is influenced by irregular semidiurnal tides, with an 109 

average tidal range of 2.7 m. It is one of the most important spawning and breeding 110 

grounds for many commercially valuable marine species, such as Portunus 111 

trituberculatus and Penaeus orientalis  (Wang et al., 2013; Xu et al., 2010). The 112 

average annual water temperature in the bay ranges from 8 to 10℃. The sea-ice 113 

season typically begins in December and ends in March of the following year, with an 114 

average duration of 112 days per year  (Hou et al., 2020; Wang et al., 2021). The 115 

main species for aquaculture release in Liaodong Bay are Portunus trituberculatus, 116 

Chinese shrimp and Paralichthysolivaceus. Taking the PTL as an example, the 117 

window for stock enhancement and release is from June to July each year. This is 118 

because the larvae are prone to freeze and die before this period, while later releases 119 

may not be harvested before the onset of the ice season. In addition, the stock 120 

enhancement and release is usually carried out during the neap tide period due to the 121 

relatively stable marine environment compared to the spring tide period. With this in 122 

mind, this study focuses primarily on four neap tide periods occurring in June and 123 

July of 2019, namely, early June, late June, early July, and late July. 124 
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in the Liaodong Bay was developed in this study. The general model consisted of a 131 

three-dimensional hydrodynamic model to reproduce the tidal characteristics of the 132 

Liaodong Bay, a three-dimensional temperature and salinity model to simulate the 133 

distribution of water temperature and salinity in the Liaodong Bay, and a wave model 134 

to reflect the wave propagation characteristics in the Liaodong Bay. The 135 

hydrodynamic model was based on the Reynolds-averaged Navier-Stokes equations 136 

(RANS) simplified under the assumption of static water. The governing equations of 137 

the hydrodynamic model are as follows:  138 

 u v w S
x y z

∂ ∂ ∂+ + =
∂ ∂ ∂
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 (3) 141 

where t is the time; x, y are Cartesian coordinate system coordinates; η is the surface 142 

elevation; d is the still water depth; h = η + d is the total water depth; u, v and w are 143 

the velocity components in x, y and z directions respectively; f is the Coriolis force 144 

coefficient, f = 2ωsinφ (ω is the angular rate of revolution, φ is the local latitude); g is 145 

the acceleration of gravity; ρ is the density of water; Sxx, Sxy and Syx are components of 146 

the radiation stress tensor; vt is the vertical turbulent (or eddy) viscosity; pa is the 147 

atmospheric pressure; ρ0 is the reference density of water. S is the magnitude of the 148 

discharge due to point sources and (u௦, vs) is the velocity by which the water is 149 

discharged into the ambient water. 150 
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The model presented in this study utilized a non-structured triangular mesh 151 

(Figure 1 (b)), consisting of 14,002 grid elements with a minimum resolution of 100 152 

meters for nearshore areas. The depth and shoreline data used in the model were 153 

obtained from the ETOPO1 database provided by the National Oceanic and 154 

Atmospheric Administration (NOAA). In addition, the model accounted for four 155 

major rivers (the Liao River, the Daliao River, the Daling River, and the Xiaoling 156 

River) flowing into the Liaodong Bay, with monthly discharge data provided for each. 157 

The predicted tidal level obtained through harmonic analysis was used to provide the 158 

open boundary tidal condition. 159 

Apart from the influence of current, water temperature and salinity are also 160 

significant factors that cannot be ignored in the growth of PTL  (Dai et al., 2014; Xu 161 

and Liu, 2011). Based on the validated hydrodynamic model, another model was 162 

established to simulate the temperature and salinity distribution characteristics of the 163 

Liaodong Bay. The temperature and salinity boundary conditions were provided by 164 

monthly average data from the Copernicus Marine Environment Monitoring Center 165 

website (https://marine.copernicus.eu/). The model control equations are as follows: 166 

 T v s
T uT vT wT T ˆF D H T S
t x y z z z

∂ ∂ ∂ ∂ ∂ ∂ + + + = + + + ∂ ∂ ∂ ∂ ∂ ∂ 
 (4) 167 

 s v s
s us vs ws sF D s S
t x y z z z

∂ ∂ ∂ ∂ ∂ ∂ + + + = + + ∂ ∂ ∂ ∂ ∂ ∂ 
 (5) 168 

where Dv is the vertical turbulent (eddy) diffusion coefficient. Ĥ  is a source term 169 

due to heat exchange with the atmosphere. Ts and ss are the temperature and the 170 

salinity of the source. 171 

On the basis of temperature and salinity, the food source depletion and flow field 172 

heterogeneity caused by wave breaking are potential factors affecting the migration 173 

and distribution of marine organisms  (Hou et al., 2022). Therefore, the MIKE21-SW 174 



9 
 

model was used to calculate the wave characteristics in the Liaodong Bay, which 175 

takes into account meteorological conditions such as wind speed and provides the 176 

distribution of the significant wave height in the Liaodong Bay, which is widely used 177 

for wave characteristics simulation. The background wind field used meteorological 178 

data from the Copernicus Marine Environment Monitoring Officer website 179 

(https://marine.copernicus.eu/). The model control equations are as follows: 180 

 N SVN
t

( )
σ

∂ + ∇ ⋅ =
∂


 (6) 181 

where N (xሬ⃗ , σ, θ, t) is the action density, t is the time, xሬ⃗  = (x, y) is the Cartesian 182 

co-ordinates; vሬ⃗  = (cx, cy, cθ, cσ) is the propagation velocity of a wave group in the 183 

four-dimensional phase space xሬ⃗ , σ, θ and S is the source term for the energy balance 184 

equation. 185 

The energy source term, S, represents the superposition of source functions 186 

describing various physical phenomena. 187 

 in 1 ds bot surf nS S S S S S= + + + +  (7) 188 

where in S  represents the transmission of energy by wind, 1nS  is the wave energy 189 

transfer due to non-linear wave-wave interaction, ds S  is the dissipation of wave 190 

energy due to whitecapping, bot S  is the dissipation due to the bottom friction and 191 

surf S  is the dissipation of wave energy due to the depth-induced breaking. 192 

2.3 Habitat suitability model for Portunus trituberculatus larvae (PTL) 193 

Previous studies have shown that fluid shear stress caused by waves and tides 194 

affects the transport, attachment and recruitment of marine organism larvae  (Bolle et 195 

al., 2009; Hou et al., 2022; Reidenbach et al., 2009; Shanks et al., 2003; Whitman and 196 

Reidenbach, 2012), while water temperature and salinity directly affect larval feeding 197 
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and development  (McGeady et al., 2021; Nurdiani and Zeng, 2007; Zimmerman and 198 

Pechenik, 1991). Existing research and the Chinese technical specifications for the 199 

stock enhancement indicate the appropriate growth conditions for PTL  (China, 2014; 200 

Ge, 2019; Wang et al., 2022), as shown in the Table 1 below. 201 

Table 1. Suitable growth conditions for PTL 202 

Environmental factors Suitable range 

Water temperature (℃) 16 ~ 28 

Salinity (‰) 20 ~ 32 

Velocity (m/s) < 1.0 

Significant wave height (m) < 0.5 

In the suitability model for the habitat of PTL, it is initially believed that flow 203 

velocity, water temperature, salinity, and significant wave height are the main limiting 204 

factors for the habitat of PTL. The single-factor Habitat Suitability Index (HSI) was 205 

used to quantify the suitability of the target organism in a particular factor. The HSI 206 

ranges from 0 (least suitable) to 1 (most suitable), indicating that the factor has no 207 

restriction on the survival of the target organism when the HSI index is 1. The 208 

Comprehensive Suitability Index (CSI) was calculated based on the HSI of each 209 

habitat factor and the main limiting factors for the survival of the organism. The CSI 210 

ranges from 0 to 1. In this assessment, it was considered that larvae could settle and 211 

survive when the CSI was greater than 0.95. The single-factor habitat suitability index 212 

(HSI) and the comprehensive suitability index (CSI) of the larvae on the day of stock 213 

enhancement can be expressed as: 214 

 ( ) ( )
24

i i i i i
i i i i

t V Tem Sat SWH
HSI V Tem Sa W

, , ,
, , ,t S H =  (8) 215 
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( ) ( )1
i i i i i i i iv Tem Sat SWH v Tem Sat SWHCSI HSI ,HSI ,HSI ,HSI HSI HSI HSI HSI

n
= + + +  (9) 216 

where i is the i-th grid cell, 𝑡௜ is the total time in the i-th grid cell that a single 217 

suitable condition is met within a day; n is the number of habitat factors that affect the 218 

growth of individual organisms; iV , iTem , iSat  and iSWH  are the flow velocity, 219 

water temperature, salinity and significant wave height, respectively, which are 220 

environmental factors characterizing the unit i. These features are calculated by the 221 

habitat environment model. 
ivHSI , 

iTemHSI , 
iSatHSI  and 

iSWHHSI are the habitat 222 

suitability index based on flow velocity, water temperature, salinity and significant 223 

wave height at unit i, respectively. 224 

The Weighted Usable Area (WUA) is calculated by simulating the suitability of 225 

larvae to hydrological factors. Specifically, WUA is defined as the summation of the 226 

product of the area of each control unit ( ia ) and the CSI within the study region. 227 

 
1

           >0.)( 95
i i i i

n

v Tem Sat SWH i
i

WUA CSI HSI ,HSI ,HSI ,HSI CSIa
=

=  (10) 228 

2.4 Migration model of Portunus trituberculatus larvae (PTL) 229 

During the early stage of stock enhancement and release, the movement of PTL 230 

is largely determined by ocean currents, due to their small size and weak 231 

self-swimming ability (Ge, 2019; Ma et al., 2021). To predict the migration and 232 

distribution of the larvae, we developed a particle tracking numerical model. This 233 

model considers the larvae as particles (600 in total) moving in dependence on the 234 

water mass points. After being released within the initial suitable area identified by 235 

the habitat suitability model, the transport and diffusion of the larvae follows the 236 

following principles: 237 

 ( ) ( )t t t tdX a t,X dt b t ,X ξ= +  (11) 238 
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where a is the drift term; b  is the diffusion term; ξ  is the random number. To 239 

compute the trajectory of Y for a given time discretization, we set the initial value as 240 

0 0Y X=  and recursively solve for Y  using the following equation. 241 

 ( ) ( )1n n t n n t n ndtY Y a t,X Y b t,X Y WΔ Δ+ = + +  (12) 242 

where n=1, 2, 3,…,the value of n is contingent upon the Euler drift coefficient a  and 243 

the diffusion coefficient b . WΔ = tW − sW  ∈N (μ = 0, σ2 = Δn) is within the 244 

continuous time period ( nτ ≤ t ≤ 1nτ + ), based on the Gaussian increment of the Wiener 245 

process. 246 

We utilized a particle tracking model to assess the migration characteristics of 247 

larvae and the likelihood of their persistence within suitable habitats during a 248 

specified duration following their release. 249 

2.5 Error statistics 250 

The root mean square error (RMSE) is a commonly used evaluation metric for 251 

testing the reliability of models.  252 

 ( )2

1

1 N

i i
i

RMSE S O
N −

= −  (13) 253 

where iS  is the modeling series, iO  is the observation series, and N is the total 254 

number of data in the series. Given that error measures may not always be indicative 255 

of optimal performance for numerical models that simulate natural phenomena such 256 

as atmospheric dynamics, ocean circulation, or wave generation and propagation, the 257 

concept of the skill model has been introduced to enhance evaluation  (Hou et al., 258 

2021). 259 
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where M is the modeling series, D is the observation series, D  is the average of the 261 

observation data, and N is the total number of data in the series. Performance levels 262 

are categorised as: larger than 0.65 excellent; between 0.65 and 0.5 very good; 263 

between 0.5 and 0.2 good; smaller than 0.2 poor. 264 

3 Results 265 

3.1 Model validation and results analysis 266 

A series of field data were initially collected for the validation of the model 267 

reliability, which included tide gauge data from two stations (S1, and S2) obtained 268 

from continuous 25-hour measurements on May 25, 2022, provided by the China 269 

National Marine Information Center; current data from three stations (C1, C2, and C3) 270 

measured using a current meter on September 18, 2021; water temperature and 271 

salinity from monthly average data from two stations (T1 and T2) for 2021, obtained 272 

from the Copernicus Marine Service website (https://marine.copernicus.eu/); and 273 

wave data from one station (W1), obtained from a fixed acoustic wave gauge over a 274 

30-hour continuous observation period on May 14, 2016.  275 

Based on the comparison between the on-site observation data and the results 276 

obtained from model calculations (Figure 2 and Figure 3), it can be concluded that the 277 

modeled tidal flow values are consistent with the characteristics of tidal propagation 278 

under natural conditions. The simulated results of sea water temperature, salinity, and 279 

waves were also found to be in good agreement with the measured data. 280 
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established habitat environment model. Consequently, we conclude that the 295 

established numerical model was capable of describing the water environment 296 

characteristics (tidal flow, water temperature, salinity, and waves) in the Liaodong 297 

Bay. 298 

Table 2. Statistical analysis of model errors 299 

Item Stations RMSE skill 

Water level (m) 
S1 0.07 0.94 

S2 0.09 0.92 

Velocity (m/s) 

C1 0.10 0.85 

C2 0.05 0.93 

C3 0.06 0.92 

Direction (°) 

C1 17.21 0.89 

C2 13.25 0.92 

C3 16.36 0.91 

Temperature (℃) 
T1 0.91 0.92 

T2 1.18 0.88 

Salinity (‰) 
T1 1.20 0.92 

T2 1.22 0.90 

Significant wave hight (m) W1 0.11 0.88 

Significant wave period (s) W1 0.08 0.90 

3.2 Habitat characteristics of Portunus trituberculatus larvae (PTL) 300 

 According to the joint calculation results of the numerical model of water 301 

environment and the habitat suitability model in the Liaodong Bay (Figure 4), the 302 
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habitat suitability index of flow velocity ( vHSI ) in the Liaodong Bay during the four 303 

neap tide periods showed a gradual increase from the sea to the land. Among them, 304 

the flow velocity suitability index of the coastal waters on the north side of Liaodong 305 

Bay was generally above 0.95, and other suitable areas were sporadically distributed 306 

in shallow waters on both sides of Liaodong Bay, where the flow velocity was 307 

relatively low due to the dumpening effect of topographical factors. In the 308 

southeastern waters of Liaodong Bay, the flow velocity suitability index was less than 309 

0.20. This was mainly due to the large flow velocity caused by the water depth 310 

exceeding 30 meters and the tortuous coastline. The habitat environment model 311 

results showed that the maximum flow velocity in this area during the four periods is 312 

1.87 m/s, which occured in early June. 313 

Under flow velocity constraints, the optimal growth area for PTL in late June 314 

was found to be the largest, approximately 1488.06 km2, accounting for 7.92% of the 315 

total area of Liaodong Bay. Conversely, the optimal area was found to be the smallest 316 

in early June, at approximately 1337.49 km2, accounting for 7.12% of the total area. 317 

The suitable area in early July was 1371.96 km2 and in late July was 1472.04 km2, and 318 

the flow rate suitable area accounted for about 7.30% and 7.84% of the whole 319 

Liaodong Bay area, respectively. It is evident that under the influence of tidal current 320 

stress, the habitat in late June is relatively more conducive to the growth of PTL. 321 
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during various periods in the Liaodong Bay. (a) Early June. (b) Late June. (c) Early 348 

July. (d) Late July. 349 

According to the distribution of the suitability index for salinity ( SatHSI ), the 350 

majority of the areas in the Liaodong Bay were highly suitable for the growth of PTL. 351 

The areas with lower suitability were mainly located in the coastal waters on the north 352 

and south sides of the Liaodong Bay. In the nearshore areas on the northern side of the 353 

Liaodong Bay, the influx of freshwater from rivers resulted in localized areas of water 354 

with a salinity of less than 20‰. On a temporal scale, the SatHSI  was inversely 355 

proportional to the river discharge (Table 3). In early June, the relatively low river 356 

discharge led to relatively high salinity levels in the estuarine area. In early June, the 357 

relatively small river discharge resulted in relatively higher salinity in the estuarine 358 

area. However, with the onset of the rainy season, the increasing river discharge 359 

gradually reduced the salinity in the nearshore estuarine area, with the maximum river 360 

discharge in late July resulting in the lowest SatHSI  in the northern nearshore area of 361 

Liaodong Bay. In contrast, on the southern side of Liaodong Bay, due to the deeper 362 

water depth, the salinity exceeds 32‰, which limited the growth of PTL. 363 

Table 3. Multi-year monthly average runoff of four major rivers in Liaodong Bay 364 

 Liao River Daliao River Daling River Xiaoling River 

Early June 1.85×108 m³ 1.88×108 m³ 0.28×108 m³ 0.02×108 m³ 

Late June 2.43×108 m³ 2.10×108 m³ 0.31×108 m³ 0.03×108 m³ 

Early July 2.01×108 m³ 3.16×108 m³ 0.25×108 m³ 0.24×108 m³ 

Late July 2.17×108 m³ 3.34×108 m³ 0.28×108 m³ 0.25×108 m³ 

Under salinity restriction, the optimal growth area of PTL was largest in late June 365 
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that wave conditions in the entire Liaodong Bay are suitable for larval growth during 379 

these four periods. Therefore, we regarded waves as a non-primary limiting factor 380 

when calculating the comprehensive suitability index (CSI). 381 

3.3 Suitable growth areas for Portunus trituberculatus larvae (PTL) 382 

The results of the habitat suitability model (Figure 7) showed that under the 383 

combined effects of flow velocity, water temperature, salinity, the suitable areas for 384 

the stock enhancement of PTL were mainly distributed in the north of Liaodong Bay. 385 

In both June and July, the CSI  of PTL showed a trend of gradually increase from sea 386 

to land. The CSI  of nearshore areas generally exceeded 0.85, indicating that the 387 

milder natural conditions in nearshore areas were adequate for the survival of PTL. 388 

Based on the results of the CSI , the suitable growth area (CSI>0.95) for the PTL was 389 

more concentrated in late June, mainly in the northern waters of the Liaodong Bay. 390 

In terms of suitable PTL growth area, it was largest in late June, reaching 391 

3217.77 km2, while the suitable areas in early June, early July, and late July were 392 

2503.89 km2, 2253.51 km2, and 2121.73 km2, respectively. Therefore, it can be 393 

inferred, based on the consideration of the operational space for stock enhancement, 394 

the best period for stock enhancement is during the neap tide of late June because it 395 

presents the largest suitable area for such a purpose. Subsequently, we initially 396 

identified suitable area by determining those with a CSI  greater than 0.95 in late 397 

June. 398 
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larvae on the 10th, 20th, and 30th days (Figure 8. (b), (c) and (d)). It should be noted 412 

that each larva represents the migratory characteristics within a range of 2400m x 413 

2400m around its initial location. The results indicate that 10 days after release, the 414 

suitable area decreased, with 26.35% of PTL located outside the suitable area. The 415 

overall depth of larvae decreased compared to the initial time, with an average depth 416 

of about -2.12 m. After 20 days of release, PTL tended to aggregate in the nearshore 417 

area, with an average depth of about -0.89 m; approximately 32.67% of the larvae 418 

were located outside the suitable area at this time. When the larvae were released for 419 

30 days, with the shrinking of the suitable area, more larvae were detached from it, 420 

accounting for approximately 46.81% of the total number of larvae. 421 

The aforementioned observation implies that despite having selected regions 422 

with superior environmental suitability for stock enhancement and initial release, 423 

dynamic fluctuations in environmental conditions may cause the PTL to struggle to 424 

survive outside the favorable area. Therefore, our initial estimation of the suitable area 425 

may have been overestimated. In the light of this, we evaluated the actual available 426 

area for stock enhancement of PTL. 427 
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enhancement. If the larvae stay in the suitable area for more than 95% of the time 440 

within 30 days after release, the area of 5.76 km2 represented by the initial release 441 

location is considered as the true available area for natural proliferation of larvae and 442 

release of additionally reared ones. 443 

For the purpose of quantification, we tabulated the total initial areas that can be 444 

utilized for larval stock enhancement when the proportion of time that larvae spend 445 

within the suitable area during a 30-day period reaches 50%, 75%, 95%, and 100%, 446 

respectively (Figure 9). The results indicate that a total of 424 larvae satisfied the 447 

condition of spending 50% of their time in the suitable area, corresponding to a viable 448 

area for growth and release of approximately 2442.24 km2, which represents 75.89% 449 

of the initial suitable area and 13.00% of the entire Liaodong Bay area. When the 450 

percentage of time spent in the suitable area was 75%, the available area for stock 451 

enhancement decreased to about 2004.48 km2, accounting for 62.29% of the initial 452 

suitable area and 10.67% of the entire Liaodong Bay. Nevertheless, when the 453 

percentage of time spent in the suitable area reached 95%, only 33.67% of larvae (202 454 

individuals) met the conditions, and the actual available area for stock enhancement 455 

decreased to 1163.52 km2, which accounted for 36.16% of the initial suitable area and 456 

6.19% of the entire Liaodong Bay. After being released at their initial area, 147 larvae 457 

remained within the suitable area throughout the entire observation period. The actual 458 

available area for stock enhancement was only 846.72 km2, accounting for 26.31% of 459 

the initial suitable area and 4.51% of the entire Liaodong Bay.  460 
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Teodosio et al., 2016). Generally, water temperature in summer is significantly higher 479 

near the coast than in the open sea  (Han and Wang, 2022; Yang et al., 2004). This 480 

study also confirms that suitability of water temperature in June and July exhibits 481 

different spatial distributions, with relatively higher temperature near the coast. 482 

Meanwhile, tidal and ocean currents are affected by the coastline and seafloor 483 

topography, showing considerable spatial variations. 484 

Based on considerations of the success rate of the stock enhancement, this study 485 

employed a combination model to reveal the environmental suitability of PTL. 486 

Specifically, the study provides a reference for the suitable area and time for 487 

proliferation and release activities in the Liaodong Bay. In accordance with the results 488 

of this study, the optimal time for stock enhancement was found to be late June, when 489 

the largest area for implementation was available. The recommended stock 490 

enhancement sites were primarily concentrated in the northern waters of the Liaodong 491 

Bay and the coastal waters, with the areas near Jinzhou, Panjin, and Yingkou were 492 

identified as the best release locations within the study area  (Ge, 2019; Wang et al., 493 

2013). Additionally, it should be noted that different species have varying degrees of 494 

adaptability to environmental factors, thus suitable stock enhancement timing and 495 

locations should be selected based on the specific species in question. 496 

Hydrodynamic models based on individual behavioral characteristics are widely 497 

used to predict larval transport  (Christensen et al., 2008; Kim et al., 2010; Metaxas 498 

and Saunders, 2009; Zhong et al., 2023). The results of the migration model for PTL 499 

suggested that during their migration process, they move out of suitable areas and do 500 

not survive. This migration loss is inferred based on the assumption that the larvae 501 

lack autonomous swimming ability. As the larvae grow, they gradually acquire the 502 

ability to swim autonomously. Swimming behaviors could contribute significantly to 503 
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the overall larval transport potential since they are always responding to the stimuli 504 

provided by changes in depth  (Baptista et al., 2019; Gallager et al., 1996; Silva et al., 505 

2016). Therefore, when considering the growth model of the larvae, it is necessary to 506 

take into account a certain period of time after they are released, which is one of the 507 

reasons why our migration trajectory model does not simulate a longer period of time. 508 

In addition, considering the characteristics of the larvae behaviour in pursuing food 509 

sources  (Feehan et al., 2018; Fenaux et al., 1994), the abundance of food in the 510 

marine environment is a factor worth to be refined some time after the larvae were 511 

released. This study did not take into account the potential effects of food limitation 512 

on larvae, as food is generally abundant during the early stages of larval development. 513 

Rational stock enhancement of aquatic organisms facilitate rebuilding 514 

conservation of fishery resources. The results of this study held significant 515 

implications for the management of offshore aquatic resources and ecological 516 

conservation. Furthermore, the proposed model and evaluation methods presented in 517 

this paper provided valuable references for the research of stock enhancement in other 518 

marine areas, and the selection of suitable habitats for marine organisms in general. 519 

These results contribute to the achievement of sustainable utilization of aquatic 520 

resources, and ecological conservation. 521 

5 Conclusions 522 

The focus of this study identify the suitable environment stock enhancement of 523 

PTL in the Liaodong Bay. Firstly, the HSI of the basic environment factors (including 524 

tidal current, temperature, salinity and waves), was identified by combining the 525 

habitat environmental model and the habitat suitability model. The results indicated 526 

that the main limiting factors for the stock enhancement of PTL were flow velocity 527 

and water temperature, while waves were considered as a non-primary limiting factor 528 
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and were not considered in the calculation of the CSI. Secondly, the habitat suitability 529 

model showed that late June was the most suitable time to carry out the stock 530 

enhancement of PTL by considering multiple factors. The preliminary estimated 531 

suitable habitat area was 3,217.77 km2. Finally, based on the migration model of PTL, 532 

the deviation position of larvae leaving the suitable area and the actual available area 533 

for stock enhancement were further determined after releasing larvae within the initial 534 

suitable area. Only 33.67% of the larvae fulfilled the criteria of remaining within the 535 

suitable habitat for 95% of the time, resulting in an effective available area of 536 

1,163.52 km2 for stock enhancement purposes. This area accounts for 36.16% of the 537 

initial suitable habitat and 6.19% of the entire Liaodong Bay. This means that the 538 

actual area available for stock enhancement is likely to be a very small portion of the 539 

entire bay, and more precise release of larvae will be necessary to ensure survival 540 

rates after release. Based on these results, our study actually provides a 541 

methodological framework for the identification of suitable environment of stock 542 

enhancement as well. This methodology can provide technical guidance for the stock 543 

enhancement of marine larvae with same applicability for other bays, which in turn 544 

contributes to the sustainable use of marine ecosystem services and fisheries 545 

resources. 546 

Data Availability Statement 547 

The MIKE21-SW model is available due to the fact that Dalian Ocean University has 548 

purchased the rights to the software. Tide level data from two stations (S1, and S2) 549 

obtained from continuous 25-hour measurements on May 25, 2022, provided by the 550 

China National Marine Information Center; current data from three stations (C1, C2, 551 

and C3) measured using a current meter on September 18, 2021; water temperature 552 

and salinity from monthly average data from two stations (T1 and T2) for 2021, 553 

obtained from the Copernicus Marine Service website (https://marine.copernicus.eu/) 554 

product  is:  https://doi.org/10.48670/moi-00021; and wave data from one station 555 
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(W1), obtained from a fixed acoustic wave gauge over a 30-hour continuous 556 

observation period on May 14, 2016. Figures and analysis of the data were made with 557 

MATLAB  version: 9.14.0 (R2023a). Water depth data can be download the 558 

International Bathymetric Chart of the Bohai sea Version 2 (IBCSO v2) ( Ma et al., 559 

2021, https://doi.org/10.1016/j.aquaculture.2021.736598) 560 
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