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Abstract 13 

 14 
 The biomass of the Japanese eel (Anguilla japonica) is generally determined by the 15 
recruitment of glass eels into freshwater habitats, but the behavioral biology of their inshore migration 16 
remains unknown. With the aid of an ocean prediction system, we elucidated a recruitment migration 17 
scenario that can quantitatively reproduce a regional difference in biomass in Japan, which was 18 
previously estimated by an environmental DNA sampling method. For their successful reaching shores, 19 
it is necessary to incorporate behavioral changes of glass eels within their migration on the Kuroshio 20 
Current, such as shallower depth preferences and horizontal swimming towards lower salinity water. 21 
In particular, the latter is essential for encouraging recruitment into both the Seto Inland Sea with a 22 
relatively high ratio (20–30%) of the total recruitment to Japan and the coasts in the central part of the 23 
Pacific side of northern Japan (i.e., the northern limit of the habitable distribution), manifesting that 24 
glass eels actively swim towards freshwater near coastal regions. In the subsurface layer, where glass 25 
eels mainly conduct diel vertical migration, there is a bifurcation path connecting the Kuroshio current 26 
to the second and third branches of the Tsushima Warm Current, restricting recruitment of glass eels 27 
into the Sea of Japan side of the main inland in Japan. The simulated recruitment validated that the 28 
eDNA acts as a proxy indicator for estimating the relative biomass in the regional scale. The simulation 29 
supported that the inshore migration of glass eels is determined by active horizontal swimming. 30 

1 Introduction 31 
 32 
 Catadromous fish breed in the sea but spend the majority of their adult lives in freshwater 33 
(Lalli and Parsons, 1997). Biomass is generally controlled by its recruitment to freshwater habitats 34 
during the pelagic larval stage. In general, larval dispersion from the spawning area to the nurseries is 35 
a major topic of fisheries management (Kasai et al., 1992; 2008), the details of which vary with species 36 
and remain mysterious. Since larvae have limited swimming ability, they are passively transported by 37 
oceanic currents at various temporal- and spatial-scales. However, they become active swimmers 38 
towards their preferred habitats after metamorphosing into juveniles. The dispersal patterns are 39 
essentially three-dimensional because of diel vertical migration (DVM), making larval sampling 40 
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difficult in the open ocean. Therefore, physical-biological numerical modeling approaches, in which 41 
the ocean general circulation model is coupled with a behavioral model of larvae and juveniles, are 42 
expected to reveal the role of each component and present a more plausible scenario for the recruitment 43 
process. In this study, attempts were made to address the return migration of the Japanese eel (Anguilla 44 
japonica) to the Japanese archipelago.  45 
 46 
 The Japanese eel is a catadromous fish that requires careful fishing management. Despite 47 
being designated as an endangered species, the Japanese eel is a commercially important fishery 48 
species in China, Taiwan, Korea, and Japan (Jacoby and Gollock, 2014). After the growth of Japanese 49 
eels in freshwater habitats of the eastern Asian-Pacific countries, mature adults conduct spawning 50 
migration for thousands of kilometers towards the southern part of the West Mariana Ridge, where the 51 
salinity front is established due to the Intertropical Convergence Zone (Tsukamoto, 1992, 2009; 52 
Kimura et al., 1994, 2001, 2006). Spawning of the Japanese eel likely occurs during the summer, with 53 
a peak between June and August (Ishikawa et al., 2001; Chow et al., 2009; Kurogi et al., 2011; 54 
Tsukamoto et al., 2011). Hatching and growth into larval fish (leptocephali) occur over several days 55 
(Tsukamoto, 2006). The leptocephali drift westward and northward by the North Equatorial and 56 
Kuroshio Currents, respectively and sequentially, although those entrained into the Mindanao Current 57 
flow towards the equator lapse into abortive migration (Kimura et al., 2006; Kim et al., 2007; Zenimoto 58 
et al., 2009). Metamorphosis into juvenile fish (glass eels) occurs near Taiwan (Shinoda et al., 2011; 59 
Fukuda et al., 2018), where glass eels generally arrive from November to February, with a sharp peak 60 
between December and January (Hsiung et al., 2022). The fishing season for glass eels in Japan is from 61 
December to April. The catch of wild glass eels has generally declined since the late 1970s (Kishida 62 
and Kanto, 2013; Kanto, 2015), indicating a decreasing trend in their recruitment. However, the 63 
specific cause is still unclear.  64 
 65 

Previous numerical studies applied a ~10 km resolution ocean model to the larval transport of 66 
the Japanese eel and investigated how larval dispersal pathways can respond to synoptic-scale ocean-67 
atmospheric changes. For example, virtual eels (v-eels) are more prone to entrainment into the 68 
Mindanao Current during El Niño events, in which a northward shift of the bifurcation latitude and a 69 
southward shift of the salinity front (i.e., spawning sea) simultaneously occur (Kim et al., 2007; 70 
Zenimoto et al., 2009; Lin et al., 2017; Hsiung et al., 2018). According to a forecast experiment (Hsiung 71 
and Kimura, 2019), abortive migration is more likely to occur due to global warming because it 72 
increases the frequency of El Niño events. Except for extreme El Niño events (e.g. 1997–98), 73 
realistically, they are not considerably correlated with the glass eel catches in Taiwan (Han et al., 2009). 74 
However, other climatic modes, such as the Quasi Biennial and Pacific Decadal Oscillations, do affect 75 
catches of glass eel in Taiwan (Tzeng et al., 2012). Recently, larval dispersal at low latitudes has been 76 
discussed from the viewpoint of a newly developed climate index known as the Philippines-Taiwan 77 
Oscillation (Chang et al., 2015, 2018a; Hsu et al., 2017). 78 

 79 
 Compared with the extensive knowledge of larval behaviors of glass eels in low latitudinal 80 
regions, the understanding of those in mid latitudinal regions, especially how they arrive in the 81 
freshwater habitats in East Asia, is limited due to the challenges in the study of glass eel migration. For 82 
example, glass eels gradually experience not only synoptic-scale circulations, such as the Kuroshio 83 
Current, mesoscale eddies, and shelf-break jets, but also smaller-scale phenomena, such as river plumes, 84 
bay circulations, and estuarine circulations. Numerically, dealing with these phenomena altogether 85 
requires a prohibitive running cost of the model with both a basin-scale domain and a fine horizontal 86 
resolution of less than 10 km. Observationally, the continuous monitoring of various rivers in East Asia 87 
seems impracticable because of the large survey areas and significant sampling efforts, although it is 88 
desirable to grasp an overall picture of glass eel recruitment.  89 
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Kasai et al. (2021), referred to as K21 hereafter, attempted to resolve these observational and 90 
numerical difficulties. K21 started with difficulties in monitoring the biomass of the Japanese eel. With 91 
the aid of the environmental DNA (eDNA) sampling method, K21 investigated the distribution of 92 
Japanese eels in rivers throughout Japan in a short period and found extremely low concentrations of 93 
their eDNA in Hokkaido (HK), the Sea of Japan side of northern Japan (JN), and northern part of the 94 
Pacific side of northern Japan (PN). The northern limit of eDNA detection (Fig. 1), though simply 95 
obtained by snapshot detections, was consistent with the natural distribution of Japanese eels as 96 
estimated using otolith stable isotope analyses and document investigations (Yoneta et al., 2019). In 97 
addition, the released number of farmed eels did not possess the same northern limit as the eDNA 98 
detection (see, Fig. 6 in K21). Although the eDNA concentration has still been an uncertain indicator 99 
of the biomass, it would be a good indicator for estimating the relative biomass, such as the regional 100 
difference in the abundance of the Japanese eel. 101 

For validating the inferred biomass of the Japanese eel based on the eDNA surveys, K21 tried 102 
to simulate the recruitment number of glass eels into the Japanese rivers with the aid of the newest 2 103 
km resolution ocean forecast system of the Japan Meteorological Agency (JMA), referred to as the 104 
JPN system (see the outlines in section 2). Here, the depth selected for v-eel migration was an important 105 
factor. For example, the arrival of glass eels in inland water areas requires their passage through 106 
shallow water areas above the coastal slope. Therefore, a well-known DVM model (e.g., Kim et al., 107 
2007; Chang et al., 2018a; Hsiung and Kimura, 2019), based on the biology of leptocephali around the 108 
spawning area (Otake et al., 1998), cannot be applied to the inshore migration of glass eels as it is 109 
established that v-eels flow at a depth of ~150 m during the day and 50 m at night (i.e., in the subsurface 110 
layer). Instead, K21 regularly employed a shallower DVM within the surface layer to enable v-eels to 111 
come ashore, and showed that recruitment of v-eels released from the east of Taiwan to the northern 112 
limits is also limited.  113 

 114 
However, the particle-tracking period of K21, corresponding with the fishing season for glass 115 

eels in Japan, was actually artificial and unnatural. As shown later in this study, in a longer tracking 116 
period, a regular application of the shallower DVM causes unrealistically high recruitment of v-eels 117 
into the Sea of Japan side of the main island of Japan. Hence, we hypothesized that glass eels exhibit 118 
a shift to a shallower layer in order to overcome the coastal slope, but behavioral change is limited near 119 
the coast. Furthermore, although the Seto Inland Sea (SI) yielded the highest detection rate of eDNA 120 
concentration among the respective composition ratios (~30% in Fig. 1b), v-eels without any horizontal 121 
swimming ability hardly entered there (see Fig. 4 in K21). Additionally, the particle-tracking 122 
simulation of K21 did not reproduce a higher eDNA concentration on the coast of PN (~14% in Fig. 123 
1b). A common feature between the SI and PN coasts is that they are not directly along the path of the 124 
Kuroshio Current, and therefore, passive transport by ocean currents may be insufficient to recruit glass 125 
eels into such frontier habitats.  126 
 127 

We hypothesized that active horizontal swimming plays an essential role in promoting inshore 128 
migrations. Yamada et al. (2009) conducted a laboratory study and reported that glass eels can swim 129 
at an average speed of ~5 cm s-1. However, the factors governing swimming direction remain unclear. 130 
Therefore, previous numerical studies considered several swimming scenarios: parallel swimming 131 
along background flow (Chang et al., 2015); fixed directional swimming towards the coast (Chang et 132 
al., 2018b); and flexible directional swimming towards lower salinity water (Hsiung and Kimura, 2019). 133 
The first scenario does not permit v-eels to swim against ocean currents, such as the outflow from the 134 
Seto Inland Sea. The application of the second scenario to the Japanese archipelago is not easy because 135 
of the complicated coastal topographies that are surrounded by different seas from all directions. For 136 
simplicity, we here adopted the last scenario based on the fact that the preference for lower-salinity 137 
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water of glass eels has been demonstrated through laboratory studies (Tosi et al., 1990; Fukuda et al., 138 
2019; Kumai et al., 2021).  139 
 140 
 Thus, numerical modelling approaches have not validated the spatial variations in biomass of 141 
the Japanese eel estimated by the eDNA surveys (Fig. 1) yet. Therefore, this study revisited the particle-142 
tracking simulation of K21, using a more plausible scenario on the migration biology of glass eels. The 143 
JPN system, which contains data on a detailed coastal topography around Japan and diluted water due 144 
to river runoff and resultant coastal salinity fields (Sakamoto et al., 2019), was found suitable for the 145 
examination of our hypotheses about eels’ shallower depth preference and active horizontal swimming 146 
towards lower salinity to reach shores. We first demonstrated the sensitivity of the passive transport of 147 
v-eels to water depth by applying different DVM scenarios. We then showed that a horizontal 148 
swimming model based on a preference for lower salinity water resulted in more quantitative 149 
reproducibility of regional differences in the eDNA detection rate of Japanese eels (Fig. 1). 150 

2 Materials and methods 151 
 152 
 The recruitment migration of Japanese eels was simulated using the output data of the JPN 153 
system (Formal name: MOVE/MRI.COM-JPN system) (see Sakamoto et al. (2019) and Hirose et al. 154 
(2019) for a more detailed explanation of the JPN system). The simulation results were validated using 155 
eDNA sampling data from Japanese eels (Fig. 1; see K21 for more detailed information). The core of 156 
the JPN system was a ~2 km horizontal resolution model with an analytical domain spanning from 157 
117–160 E and 20–52 N, covering the coastal seas around Japan. The core model was coupled to the 158 
parent models, whose domains were global and North Pacific, respectively, by double two-way nesting, 159 
so that the JPN system describes oceanic variations in coastal regions matching the basin scale. The 160 
JPN system was also assimilated into observational data concerning in-situ temperature and salinity, 161 
satellite sea surface temperature and height, and sea ice concentration based on a data assimilation 162 
method called incremental 4D-VAR. As a result, the JPN system provided a more reliable forecast of 163 
the behavior of mesoscale and fine-scale oceanic phenomena (e.g., coastal fronts and low-salinity river 164 
plumes) based on the realistic evolution of synoptic-scale phenomena (e.g., the Kuroshio Current and 165 
mesoscale eddies). The coastal topography around Japan, whose minimum depth is set to 8 m in the 166 
JPN system, was also well reproduced by the depth coordinates at 60 vertical levels with variable 167 
vertical resolutions from 2 m at the sea surface to 700 m at the sea floor. At the sea surface, 5 km of 168 
resolved wind and pressure forcing of the Meso-Scale Model reanalysis (JMA) and 55 km of resolved 169 
radiation, precipitation, temperature, and dew point temperature of JRA55do (Tsujino et al., 2018) 170 
were enforced at 1 and 3 h intervals, respectively. The introduction of the eight main tidal constituents 171 
(M2, S2, N2, K2, O1, K1, P1, and Q1 (Sakamoto et al., 2013)) and ~4,000 river inflows across Japan 172 
enable the JPN system to reproduce basic fields and short-term variations in coastal regions, especially 173 
in coastal areas such as the Seto Inland Sea (Sakamoto et al., 2019). 174 
 175 
 We analyzed the output data of the JPN system spanning 2008–2017 based on the assumption 176 
that glass eel recruitment during this period would cause regional differences in the eDNA detection 177 
rate of Japanese eels (Fig. 1). Similar to K21, larval pathways in this study were simulated from the 178 
daily averaged horizontal velocity field while applying linear interpolation in time and space. Therefore, 179 
tidal currents and resultant diffusions were not included explicitly in our particle-tracking simulations, 180 
although the influences on larval dispersal are discussed later. V-eels move based on the evolution 181 
equation 𝐷𝒙 𝐷𝑡⁄ = 𝒖 + 𝒖∗, where 𝒙 is the two-dimensional trajectory of a v-eel, 𝒖 represents the 182 
horizontal oceanic flow field, and 𝒖∗ represents the horizontal swimming of a v-eel as estimated by 183 
the surface salinity field. This equation was resolved using the fixed-step 4th-order Runge-Kutta 184 
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integration method. We tested the performances at different time intervals and found that 3 h was an 185 
appropriate choice in terms of sensitivity to v-eel pathways and numerical cost.  186 
 187 
 Our discussion first excluded horizontal swimming, 𝒖∗, to examine whether passive transport 188 
of v-eels by ocean currents can quantitatively reproduce the habitable distribution of Japanese eels (Fig. 189 
1). We employed two DVM scenarios, although concerning the DVM in shallower regions (e.g., the 190 
Yellow Sea with a maximum depth of ~150 m), an adjustment in which v-eels are transported by 191 
bottom currents was applied to all scenarios to prevent their subduction under the seafloor. In the first 192 
scenario (referred to as the CTRL scenario), v-eels flow at a depth of 150 m during the day (6 a.m.–6 193 
p.m.) and 50 m at night (6 p.m.–6 a.m.). Hence, v-eels in the CTRL scenario follow the conventional 194 
DVM model in the open ocean, whereas the inshore migration above the coastal slope occurs within 195 
the bottom boundary layer owing to the adjustment mentioned above. Second (referred to as the SURF 196 
scenario), a shallower DVM was imposed between depths of 50 m and 1 m. The purpose of the SURF 197 
scenario was to examine the possibility that glass eels were consistently within the surface layer during 198 
recruitment migration. Therefore, the SURF scenario was identical to the particle-tracking simulation 199 
of K21 in terms of the regular application of the shallower DVM. Although we conducted additional 200 
experiments with different reference depths (not shown), the results were similar to those of the CTRL 201 
and SURF scenarios. Consistently, a previous study has reported that v-eel migration is not sensitive 202 
to small changes in depth (Chang et al., 2016). 203 
 204 
 The third (COMB) and fourth (SWIM) scenarios emphasize the importance of behavioral 205 
changes in glass eels in addition to passive transport by ocean currents. In the COMB scenario, the 206 
DVM model was the same as that in the CTRL scenario in the open ocean but changed in the SURF 207 
scenario, where v-eels were within ~10 km of the coast (referred to as the near-coastal region). Unlike 208 
in the SURF scenario, in the COMB scenario, the application of the shallower DVM was limited near 209 
the coast. Therefore, the COMB scenario was used to evaluate a hypothesis concerning the inshore 210 
migration that glass eels exhibit shallower depth preference near the coast, thereby overcoming the 211 
coastal slope. In the SWIM scenario, the DVM model was the same as in the COMB scenario; however, 212 
active horizontal swimming was introduced only in the near-coastal region during the night, and v-eels 213 
swimmed along the sea surface. The SWIM scenario revealed the influence of active horizontal 214 
swimming on the inshore migration of glass eels. Each v-eel in the SWIM scenario could swim at a 215 
speed of 5 cm s-1 from the current position towards the lowest salinity point in the cardinal and 216 
intermediate directions (i.e., N, S, E, W, NE, SE, NW, and SW points). The determination of swimming 217 
direction was based on the daily average sea surface salinity field of the JPN system. In the JPN system, 218 
salinity grid points were not superimposed on the velocity points based on the Arakawa B-grid. 219 
Therefore, we calculated salinity at the velocity grid points by a 4-point area average. The minimum 220 
spatial resolution of the simulated eddy is generally 5–10 times the grid size (Levy et al., 2012). For v-221 
eels to easily transfer to a neighboring eddy, we assumed that they could recognize the surrounding 222 
salinity beyond five grids (~10 km). 223 
 224 
 Initially, there were ~300,000 particles set to the east of Taiwan (black parallelogram in Fig. 225 
2) with a spatial interval of 0.0025°. For the generality of the results, the tracking period after release 226 
was one year, which was approximately three times as long as that of the particle-tracking experiment 227 
of K21. The recruitment success of v-eels at each coastal point was estimated using the cumulative 228 
number of v-eels approaching the shore within a radius of ~2 km. The regional composition of the total 229 
recruitment number, divided into eight coasts (HK, PN, PE, PW, SI, KS, JW, and JN coasts; Fig. 1), 230 
was used for a direct comparison with those from eDNA detection (Fig. 1). Considering the arrival 231 
period of glass eels off Taiwan (Hsiung et al., 2022), we conducted ensemble experiments every year 232 
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during 2008–2017, where the release dates were November 15, December 1 and 15, January 1 and 15, 233 
and February 1 of every year, and discussed the composite results. 234 

3 Results  235 
 236 
 We outlined the simulation results for each scenario based on the visitation frequency of v-237 
eels in coastal seas around Japan (Fig. 3) and within the SI coast (Fig. 4), the recruitment success 238 
number at each coastal point (Fig. 5), and the regional compositional ratio of the total amount (Fig. 6), 239 
all of which are decadal mean descriptions. 240 
 241 
a. CTRL scenario: larval passive transport at 50–150 m depths 242 
 243 
 The major paths of v-eel recruitment migration in the CTRL scenario are described as regions 244 
with a higher visitation frequency (the red part in Fig. 3a). Most v-eels are transported northeastward 245 
by the Kuroshio Current from east of Taiwan and bifurcated into eastward and northward directions 246 
around 127° E and 30° N. The eastward bifurcation path accomplishes a relatively high recruitment 247 
success along the KS, PW, and PE coasts (red points in Fig. 5a) because v-eels continue to float on the 248 
Kuroshio Current. However, the number of v-eels reaching the PN coast and northward that are not 249 
along the path of the Kuroshio Current is approximately two orders of magnitude fewer (black points 250 
in Fig. 5a). In the northward bifurcation path, v-eels were entrained into the second and third branches 251 
of the Tsushima Warm Current after floating via Cheju Island and the western channel of the Tsushima 252 
Strait (Fig. 3a), thereby restricting recruitment success to the JW and JN coasts. Although v-eels can 253 
disperse to the HK coast far from the main paths, their recruitment success is relatively low. The 254 
recruitment distribution of the CTRL scenario (Fig. 5a) exhibited a similar northern limit for eDNA 255 
detection in Japanese eels (Fig. 1). More quantitatively (Fig. 6), minor composition ratios in the HK, 256 
JN, and JW coasts of eDNA concentration (black) were well reproduced by recruitment migration in 257 
the CTRL scenario (gray). 258 
 259 
 However, the CTRL scenario does not account for the migration biology of glass eels when it 260 
comes to their recruitment into the SI coast. The visitation frequency (Fig. 4a) of the SI coast is almost 261 
zero in the interior because v-eels in the CTRL scenario cannot pass through the Bungo and Kii 262 
channels. Recruitment success results in only ~5% of the total amount (Fig. 6), which is insufficient 263 
compared to the high eDNA concentration on the SI coast (~30%). In addition, the recruitment of v-264 
eels into the PN coast was restricted to the southern part (Fig. 3a and 5a), resulting in a lower 265 
recruitment success rate (~5%) than that of the eDNA concentration (~14%). On the other hand, the 266 
CTRL scenario led to an excessive recruitment success of over 50% on the KS coast, although the 267 
eDNA concentration was ~20% (Fig. 6). 268 
 269 
b. SURF scenario: larval passive transport at 1–50 m depths 270 
 271 
 The SURF scenario enables v-eels to penetrate the Bungo channel (Fig. 4b), resulting in their 272 
successful recruitment in the interior of the SI coast (Fig. 5b). The eastward dispersal of v-eels in the 273 
interior of the SI coast reflects the simulated throughflow passage from the Bungo to the Kii channels 274 
in the JPN system, which was consistent with previous numerical studies (e.g., Yoshinari et al., 2020). 275 
However, as shown by the green bars in Fig. 6, the composition ratio of the SI coast is still extremely 276 
low (~5%), as those of the JW and JN coasts dramatically increase by over 30%. In the SURF scenario, 277 
most v-eels that bifurcate from the Kuroshio Current pass through the eastern channel of the Tsushima 278 
Strait and board the first branch of the TWC (Fig. 3b), providing a clockwise migration passage along 279 
JW and JN along the northern part of the PN coast via the Tsugaru Strait. As a result, the geographical 280 
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distribution of recruitment success (Fig. 5b) does not satisfy the northern limits of the habitable 281 
distribution of Japanese eels (Fig. 1a).  282 
 283 
c. COMB scenario: same as the CTRL scenario, but for varying to the SURF scenario in the near-284 
coastal region 285 
 286 
 In the COMB scenario, the limitation of arrival at the HK, JN, and JW coasts and the 287 
penetration of v-eels into the SI coast through the Bungo Channel are reproduced altogether (Figs. 3c, 288 
4c, and 5c). This improvement in reproducibility is a result of the limited application of the shallower 289 
DVM only in the near-coastal region, implying that the migration biology of glass eels can be divided 290 
into pelagic and coastal stages. However, for promoting the shoreward migration, the daily mean 291 
surface current in the near coastal region seems insufficient because of the lower recruitment success 292 
on the SI coast (~10%: blue bars in Fig. 6). In addition, due to the lack of v-eel recruitment into the PN 293 
coast (Fig. 5c), the recruitment success at the PN coast becomes less than 3% (Fig. 6), widening the 294 
gap to the eDNA concentration (~14%) compared with that of the CTRL and SURF scenarios.  295 
  296 
d. SWIM scenario: same as COMB scenario, but for permitting active horizontal swimming 297 
 298 
 In the SWIM scenario, the visitation frequency in near-coastal regions generally increased by 299 
one order of magnitude compared to the COMB scenario (Fig. 3c and 3d). Remarkably, active 300 
horizontal swimming dramatically improved the penetration of v-eels into the SI coast (Fig. 4c and 4d). 301 
In particular, the inflow of v-eels occurs not only through the Bungo Channel but also through the Kii 302 
Channel, in which the simulated outflow from the SI coast to the Pacific Ocean is present. The 303 
comparison in recruitment success (Fig. 5c and 5d) also emphasizes the intensification of v-eel 304 
penetration into the bay areas on the Pacific side. In addition, many v-eels could move northward along 305 
the PN coast up to the middle point (Fig. 3d and 5d). Compared with these main habitats, the 306 
recruitment success to the JE and JN coasts seems to be one order of magnitude lower (Fig. 5d), 307 
whereas those to the HK coast and the northern part of the JN coast are further limited. As a result, the 308 
spatial distribution of the recruitment amount in the SWIM scenario (Fig. 5d) can consistently explain 309 
the eDNA detection in Japanese eels (Fig. 1a), including the northern limit on the Pacific side, both of 310 
which were consistent with the natural distribution (Yoneta et al., 2019). More quantitatively (red bars 311 
in Fig.6), the SI coast (~20%) is one of the major nursery habits, and the PE (~25%), PW (~15%), and 312 
KS (~25%) coasts, but the HK (~1%), JW (~5%), and JN (~1%) coasts do not. In terms of reproducing 313 
the eDNA concentration (~14%), the SWIM scenario (~8%) is the most plausible among the three 314 
scenarios for recruitment success at the PN coast.  315 
  316 
Discussion 317 
 318 
a. The best scenario in this study 319 

 320 
 The SWIM scenario led to the highest quantitative reproducibility in the regional composition 321 
ratios of eDNA concentration in Japanese eels, indicating that active horizontal swimming is essential 322 
for the inshore migration of glass eels. Three other scenarios result in apparent inconsistencies: v-eels 323 
in the CTRL scenario hardly entered the SI coast, which is one of the major nursery habits, whereas 324 
those in the SURF scenario unrealistically exceeded the northern limits of the habitable distribution. 325 
Although the COMB scenario that can reproduce both northern limits on the Sea of Japan side and 326 
recruitment migration into the SI coast was the best scenario among the passive larval transport 327 
simulations in this study, it performed worse in terms of reproducibility in the northern limit on the 328 
Pacific side. 329 
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 330 
 Major defects in the CTRL scenario indicate that the assumption that v-eels float along the 331 
seafloor (i.e., via the bottom boundary layer) when approaching a shore would be problematic. From a 332 
physical oceanographic point of view, the inshore bottom Ekman transport beneath the Kuroshio 333 
Current produces high recruitment success in the southeastern part of the KS coast (Fig. 5a). Although 334 
such Ekman transport effectively carries v-eels along the PN coast, the carriage is only up to the 335 
southern part and does not approach the northern limit. In the JPN system, the outflows from the SI 336 
coast mainly occur above the seafloor, as shown in previous studies (e.g., Uchiyama et al., 2012), 337 
obstructing the penetration of v-eels from the open ocean through the Bungo and Kii channels.  338 
 339 
 Consistent with the interpretations mentioned above, the inshore migration of v-eels in the 340 
SURF scenario shows different behavior from that in the CTRL scenario. For example, recruitment 341 
into the SI coast increased, whereas recruitment into the southeastern part of the KS coast and the 342 
southern part of the PN coast decreased (Fig. 5b). However, if the SURF scenario is correct, the Sea of 343 
Japan side of the main inland area in Japan has become the most commercial fishing ground, which is 344 
empirically wrong. Therefore, the recruitment migration of glass eels does not seem to follow the 345 
SURF scenario (i.e., regular application of a shallower DVM than at a depth of ~50 m). This implies 346 
that the vertical migration of glass eels into the surface layer may be minor in the open ocean. The 347 
particle-tracking simulation of K21, in which a similar shallow DVM was applied, will reach the same 348 
conclusion as our SURF scenario if their tracking period extends several months from the end of April. 349 
 350 
 A comparison between the CTRL and SURF scenarios (Fig. 3a and 3b) also clarifies how the 351 
Kuroshio Current bifurcates in the East China Sea. The bifurcation current in the CTRL scenario (i.e., 352 
through subsurface or bottom layers) flows along ~100 m isobath (the boundary between the blue and 353 
green colored shades in Fig. 2) and then circulates around the Korean Peninsula while seeing the left-354 
hand side of the coast, whereas that in the SURF scenario (i.e., through the surface layer) flows around 355 
the main island of Japan to the right-hand side. The adjustment process by topographic waves seems 356 
to play an essential role in setting the bifurcation currents; the former is established by shelf waves 357 
propagating southwestward along ~100 m isobath (Liu et al., 2021); the latter is done by coastally 358 
trapped waves propagating cyclonically around the main island of Japan that are excited at the Pacific 359 
side (Tsujino et al., 2008; Kida et al., 2016). Previous tracer experiments (Guo et al., 2006) also 360 
reported a similar sensitivity of bifurcation paths to depth. 361 
 362 
 The COMB scenario (i.e., shallower depth preference in the near-coastal region) does not 363 
quantitatively explain the behavioral change of glass eels when they reach coastal nursery habitats (Fig. 364 
6). Although this result suggests that passive transport through ocean currents is not the only factor 365 
that can control the recruitment migration of glass eels, our particle-tracking simulations do not 366 
explicitly include tides. Tidal currents and resultant horizontal mixing play a key role in exchanges 367 
between pelagic and coastal waters. This process could be another important environmental factor 368 
responsible for the onshore migration of glass eels. The JPN system includes tides; however, because 369 
of our limited numerical resources, we used the daily mean velocity fields in which tidal currents are 370 
nearly excluded except for residual currents. Instead, we showed a possible strategy for glass eels to 371 
reach the shore by introducing active horizontal swimming. Fukuda et al. (2016) observed an 372 
enhancement of glass eel recruitment during the flood tide in the new moon. Therefore, we hope that 373 
future work with plentiful numerical resources can numerically investigate the relationship between 374 
tides and glass eel recruitment, and that particle-tracking experiments, especially following the COMB 375 
scenario, may be useful as sensitivity experiments without tides. 376 
 377 
b. Comparison with previous studies 378 
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 379 
 Previous numerical studies (Rypina et al., 2014; Chang et al., 2018b) considered that the active 380 
horizontal swimming of glass eels would play a leading role in their escape from wind-driven 381 
circulation. On the other hand, in the SWIM scenario, v-eels can diffusively leave the Kuroshio Current 382 
first, despite excluding any diffusion terms (i.e., random walk) from the particle tracking scheme, and 383 
then swim towards freshwater habitats. This result is approximately unchanged if active horizontal 384 
swimming is imposed from the release, because their swimming speed (5 cm s-1) is much slower than 385 
the Kuroshio Current (> 100 cm s-1) and associated mesoscale eddies (10–40 cm s-1) in the open ocean 386 
(not shown). Thus, we consider that the horizontal swimming of glass eels would be an active 387 
adjustment to the recruitment distribution that could be passively determined by ocean currents 388 
beforehand. As a result, they can arrive at frontier habitats such as the SI and PN coasts.  389 
 390 
 In this study, the influence of salinity on the habitat selection of glass eels collected by 391 
laboratory studies (e.g., Tosi et al., 1990) was quantitatively evaluated in a more realistic situation. 392 
However, it has been unknown how far glass eels can detect the surrounding salinity in the ocean. The 393 
detection range depended on the horizontal grid of the JPN system and did not reflect the actual distance. 394 
Instead, we quantitatively clarified that whether glass eel recruitment is determined by ocean currents 395 
passively or horizontal swimming actively is an essential question in the inshore movement. Although 396 
the importance of the latter may be underlined by the SWIM scenario, it contained only part of the 397 
biology of glass eels. For example, neither the preference for water with a rich river-originated odor 398 
(Fukuda et al., 2019) nor locomotor activities promoted by higher water temperature (Kumai et al., 399 
2021) were included. The assessment of several biological models will make it easier to focus on the 400 
migration of glass eels from a near-coastal region to an estuary using a realistic estuary model with a 401 
finer horizontal resolution than the JPN system. 402 
 403 
 It is noteworthy that v-eels were zonally and meridionally well diffused in all scenarios (Fig. 404 
3) compared with previous numerical results (e.g., Zenimoto et al., 2009; Chang et al., 2015; Hsiung 405 
et al., 2018). This gap arises from the difference in the horizontal resolution of the ocean model and 406 
the resultant reproducibility in mesoscale eddies with a diameter of 10 km. Recently, Chang et al. 407 
(2017) argued the eddy trapping ability of v-eels using a ~10 km resolution ocean model and reported 408 
a negative relationship between glass eel catches in Taiwan and the abundance of eddies in the eastern 409 
sea, called the Subtropical Counter Current eddy zone. The application of a higher resolution model, 410 
such as the JPN system, may further support their arguments because the horizontal eddy diffusion is 411 
possibly intensified during the eddy-rich year, thereby preventing v-eels from going on board the 412 
Kuroshio Current.  413 
 414 
 Successful fishery management of Japanese eels should be established based on a reasonable 415 
prediction algorithm for glass eel catches and the high season of their arrival. As shown by Aoyama et 416 
al. (2016), a delayed peak in their arrival in several months occasionally obstructs the decision on the 417 
proper fishing season, possibly resulting in a poor catch of glass eels. Here, we briefly discuss possible 418 
causes. The best scenario in this study (i.e., the SWIM scenario) predicts that the arrival of glass eels 419 
in the main nursery habitats (i.e., the KS, JW, and JE coasts) will occur within ~1–2 months after they 420 
pass the eastern part of Taiwan (Fig. 7a), and that inter-annual variability in their arrival date would be 421 
within ~5–10 days (Fig. 7b). In terms of the arrival date, the recruitment migration of glass eels from 422 
Taiwan may inherently not possess major temporal variability. Therefore, it is reasonable that the 423 
fishing season of glass eels be regulated from December to April if their arrival in Taiwan ordinarily 424 
occurs from November to February. One drawback of our larval transport simulations is that the release 425 
of v-eels is temporally and quantitatively constant, although glass eel catches in Taiwan have exhibited 426 
multi-timescale variability (Tzeng et al., 2012). As a result, inter-annual variations in glass eel catches 427 
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in Japan, such as the year of the poor catch in 2013 (Fisheries Agency of Japan), were not reproduced 428 
in our numerical simulations (not shown). To reproduce these results, future numerical research should 429 
reflect inter-annual variations in glass eel catches in Taiwan as more realistic initial conditions. 430 
 431 
c. Validation of eDNA information 432 

 433 
According to Shelton et al. (2019), the eDNA information correlates highly with the biomass 434 

estimated by the seine survey on the population scale, although the correlation was reduced at the site 435 
scale. In this study, eight coasts (i.e., HK, PN, PE, PW, SI, KS, JW, and JN coasts in Fig. 1b) and 436 
individual rivers represent the population scale and the site scale, respectively. We estimated how the 437 
eDNA information reflects the true abundance from the viewpoint of the numerical modelling approach. 438 
As a result, it was found that at the population scale, the simulated recruitment numbers well reflect 439 
the spatial variations in the inferred biomass based on the eDNA surveys (Fig. 6). Therefore, as well 440 
as Shelton et al. (2019), we consider that the eDNA information possibly becomes a good indicator for 441 
estimating the relative biomass in the population scale. More concretely, a higher recruitment success 442 
of glass eels possibly produces a higher abundance of the Japanese eel, resulting in a higher eDNA 443 
concentration. Shelton et al. (2019) also indicated that the eDNA information may act to smooth 444 
otherwise patchy biological signals in space and time. This would be one possible reason that enables 445 
our direct comparison between the eDNA snapshot data and the decadal-mean simulation data. 446 
 447 
Conclusions 448 
 449 
 The recruitment process and biological change of the glass-eel stage in Japanese eels are 450 
essentially unknown. In this study, we presented a more plausible recruitment scenario of glass eels 451 
that can reproduce the spatial variations in biomass of the Japanese eel estimated by the eDNA surveys. 452 
The main finding of this study is that the subsurface-layer flow of the Kuroshio Current seems to lay 453 
the groundwork for the recruitment migration of glass eels into Japan. So, the coastal regions that are 454 
not along the path of the Kuroshio Current, such as the HK coast and the northern part of the PN coast, 455 
appear not to become the nursery habitats, and neither do those on the Sea of Japan side (JW and JN 456 
coasts), as a matter of course. We further found an additional factor possibly preventing glass eels from 457 
reaching the latter: in the subsurface layer, there is a bifurcation path from the Kuroshio Current to the 458 
eastern part of the Korean Peninsula through the western channel of the Tsushima Strait, resulting in 459 
less entrainment of glass eels into the first branch of the Tsushima Warm Current that flows 460 
northeastward along the main island of Japan. That is, the habitable distribution of Japanese eels in 461 
Japan, especially the northern limit on the Sea of Japan side (Fig. 1), is a result of glass eels passively 462 
transported by ocean currents while conducting the DVM within the subsurface layer. Therefore, the 463 
conventional assumption that leptocephali and glass eels conduct similar DVMs is validated, but the 464 
applicability coverage is possible during the pelagic stage. In the coastal stage of glass eels, biological 465 
changes such as changing depth preference and active horizontal swimming would play an essential 466 
role in their inshore migrations. In particular, the swimming model reflecting the preference for lower 467 
salinity water dramatically encouraged the inshore migration of glass eels, thereby improving the 468 
reproducibility of recruitment into the interior of the SI coast (i.e., one of the major nursery habits) and 469 
the southern and central parts of the PN coast (i.e., the northern limit of the habitable distribution of 470 
Japanese eels on the Pacific side). Conclusively, the simulation supported that the inshore migration of 471 
glass eels is determined by active horizontal swimming. 472 
  473 
 474 
 475 
 476 
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 477 
Figures 478 

 479 
FIGURE 1 480 
Map for detection of Anguilla Japonica eDNA in Japan (a); and the regional composition ratio to total 481 
eDNA concentration (b), from Kasai et al. (2021), though processed without loss of originality. HK, 482 
Hokkaido; PN, PE, and PW, Pacific side of northern, eastern, and western Japan, respectively; SI, Seto 483 
Inland Sea; KS, Kyushu; JW and JN, Sea of Japan side of western and northern Japan, respectively.  484 
 485 
 486 
 487 

 488 
FIGURE 2 489 
Model domain, bathymetry (yellow, green, blue, and white color shades), and geographical location of 490 
ocean currents (black thick arrows). Numbers 1, 2, and 3 indicate the first, second, and third branches 491 
of the Tsushima Warm Current, respectively. Near-coastal regions are exhibited by red color. The 492 
initial position of v-eels (black parallelogram) is located in the east of Taiwan.  493 
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 494 

 495 
FIGURE 3 496 
Decadal mean visitation frequency of v-eels in CTRL (a); SURF (b); COMB (c); and SWIM (d) 497 
scenarios, expressed on a log-scale.  498 
 499 

(a)	CTRL (b)	SURF

(c)	COMB (d)	SWIM
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 500 
FIGURE 4 501 
Decadal mean visitation frequency of v-eels at the Seto Inland Sea in CTRL (a); SURF (b); COMB 502 
(c); and SWIM (d) scenarios, expressed on a log-scale.  503 
 504 
 505 
 506 

 507 
FIGURE 5 508 
Decadal mean recruitment success number of v-eels at each coastal point in CTRL (a); SURF (b); 509 
COMB (c); and SWIM (d) scenarios, expressed in a log-scale. 510 
 511 

(a)	CTRL (b)	SURF

(c)	COMB (d)	SWIM

(a)	CTRL (b)	SURF (c)	COMB (d)	SWIM
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 512 

FIGURE 6 513 
Direct comparisons of the regional composition ratio to total eDNA concentration (from Fig. 1b) and 514 
those of total recruitment success number of v-eels in respective scenarios (from Fig. 5). HK, 515 
Hokkaido; PN, PE, and PW, Pacific side of northern, eastern, and western Japan, respectively; SI, Seto 516 
Inland Sea; KS, Kyushu; JW and JN, Sea of Japan side of western and northern Japan, respectively.  517 
 518 
 519 

 520 
FIGURE 7 521 
Decadal mean advection times of v-eels from the eastern part of Taiwan to respective grid points 522 
around Japan (a); and the standard deviation (b) in SWIM scenario. For simplicity, the calculations are 523 
done only at grid points where v-eels pass in the whole ensemble experiments. 524 
 525 
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