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Abstract

:

The Japanese eel Anguilla japonica is an important aquaculture fish species in the East Asian countries of Japan, China, Korea, and Taiwan. All glass eel fry are captured from the wild and understanding the recruitment patterns of the glass eel is important. The larvae of A. japonica are passively transported to the East Asian Continental Shelf by the North Equatorial Current, the Kuroshio, the Kuroshio intrusion currents, and coastal currents. In each location, recruitment time is diverse: It is November in Taiwan and April in the Yalu River. How the glass eels reach recruitment areas remains poorly understood. Here, we combine information from larval ages based on otolith increments, simulated drifting paths on the East Asian Continental Shelf, and main fishing seasons in each location of East Asia. We identify five main recruitment blocks: (1) The main Kuroshio, (2) The Taiwan Strait Warm Current, (3) The Taiwan Warm Current, (4) The Yellow Sea Warm Current and (5) The branch of Yellow Sea Warm Current. The counted age of the glass eels is significantly underestimated for the later recruits, possibly due to the cessation of the otolith edge growth under low water temperatures. This study clarifies the eel’s larval characteristics and transport mechanisms in the East Asia Continental Shelf, providing important information for its recruitment dynamics in the marine stage.
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1. Introduction


The Japanese eel Anguilla japonica (Temminck & Schlegel) is a temperate catadromous fish mainly distributed in Taiwan, China, Korea, and Japan [1,2,3] and has been a commercially important freshwater fish in East Asia. Large-scale commercial artificial propagation of the glass eel is still unavailable, and so the fry used in aquaculture can only be obtained by capture in estuarine and coastal waters during their upstream migration. Japanese eel resources have been declining significantly since the late 1970s [4,5,6,7]. The mean annual catch of adult wild Japanese eel in Japan has declined from approximately 3000 tons in the 1970s to 71 tons in 2017 [8]. In response to this resource crisis, the Japanese eel was listed as an “endangered” species in 2013 by the Ministry of the Environment, Government of Japan [9]. In 2014, it was listed in the IUCN Red List of Threatened Species as an “endangered” species [10,11] then in 2017, the Japanese eel was listed as a “critically endangered” species in the freshwater Red List by the Forest Bureau of Council of Agriculture, Taiwan [12]. A combination of factors has caused this decline, including habitat degradation [7,13,14], overfishing [15,16,17], and fluctuations in oceanic condition [6,18,19,20,21,22]. In 2007, the European eel A. anguilla was listed in Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) [23]. CITES imposes controls on the international trade of selected species. Since that time, the exploitation of the European eel resource has significantly declined [24]. The trade of both glass eel and adults of Japanese eel is active in China, Japan, Korea and Taiwan and would be greatly impacted if the Japanese eel were to be listed in Appendix II of CITES. To ensure the sustainability of the Japanese eel, Taiwan, China, Korea, and Japan signed a voluntary informal agreement to co-operate on the management of the Japanese eel in 2013. For sustainable use of this species, better understanding of its early life history is necessary.



The spawning area of the Japanese eel was discovered near 12°–16° N, 141°–142° E in the North Equatorial Current (NEC) about 3000 km away from its habitat in East Asia [25,26]. Mature eels mainly spawn between May and August during the new moon period [27,28,29,30]. The synchronized spawning behavior of A. japonica during the new moon may form a batch containing individuals of the same cohort, which is transported to the East Asian Continental Shelf, forming approximately monthly arrival waves [30]. After hatching, the larvae (leptocephali) passively drift from the spawning sites on the North Equatorial Current (NEC) and then the Kuroshio and its branch waters for 4–6 months before metamorphosing into glass eels and reaching the East Asian coasts [1,25,26,29,31]. Glass eels transform into a benthic sheltering behavior and actively swim toward nearby estuaries and rivers for growth [2,29,32].



The NEC bifurcates into the south-flowing Mindanao Current (MC) and the north-flowing Kuroshio at its westernmost boundary off the coast of the Philippines [33,34]. In winter, strong northeast winds push cold coastal waters southward, while the Kuroshio moves the offshore warm waters northward [35,36,37,38]. The warm and cold waters mix in the East Asian Continental Shelf and form complex offshore and coastal currents that are affected by factors such as local wind, water temperature and salinity, seabed topography and tides (see Ye for a general review) [39]. For example, Kuroshio bifurcates approximately 28° N south of Kyushu to form the Tsushima Current and the left branch of the Kuroshio moves onto the shelf as the Yellow Sea Warm Current (YSWC) [40,41] (Figure 1). The Taiwan Warm Current (TWC) flows northward from northeastern Taiwan into the coasts of Fujian and Zhejiang Provinces, China [29] (Figure 1). The intrusion of the Kuroshio in the central region of the Luzon Strait flows into northeast of the South China Sea, with some flowing directly into the Taiwan Strait as the Taiwan Strait Warm Current (TSWC) [42,43,44] (Figure 1). Due to a paucity of assimilation data for the offshore currents around the continental shelf, the detailed transport pathway of the eel larvae in the East Asian Continental Shelf remains poorly known.



According to a previous study, every East Asian location has a different recruitment time and main fishing season for the Japanese glass eel [31]. Its recruitment begins in early-to-middle November in Taiwan with the main fishing season occurring between December and January. The latest recruitments occur on the northeastern coasts of China (Yalu River) in April. The main fishing season between southern and northern East Asia has a maximum time lag up to five months [4,31]. In theory, the duration that larvae have drifted for is proportional to the number of the increment in the otolith [1]. The first larvae to arrive should have fewer increments than the last to arrive. However, an analysis of otolith increments suggested a less than two-month difference in the mean age between low and high latitude samples [31]. These discrepancies are probably due to an underestimation of the otolith increments in the glass eel zone due to low water temperature [31,45]. If this is correct, then the later recruits should be the same, and age data alone may not be an appropriate method for investigating the dispersal time of glass eels. A combination analysis instead of the otolith increment counting may improve this shortcoming.



Due to the fragmented knowledge for the dispersal dynamics of the Japanese eel larvae in the East Asian Continental Shelf, larger-scale sampling, combined with multiple evidence are necessary to clearly construct the early life characteristics, as well as the dispersal routes of the Japanese glass eel. Based on the meta-analysis of the otolith age of the glass eels from the East Asian samples, it was found that the variations in the otolith increments of glass eels counted by different laboratories were large [31], possibly due to system error in the otolith increment counting. Thus, recounting age data by the same laboratory would effectively eliminate system errors and substantially improve the power of the analysis. This study combines information from (1) the otolith age investigation of glass eel samples in the East Asia range, (2) the detailed fishing seasons and size of glass eel at each catching sites and (3), particle tracking to simulate the eel larval migration routes in Kuroshio and its branch waters to reconstruct the early life characteristics and detailed transportation dynamics of Japanese eel larvae in the East Asian Continental Shelf.




2. Materials and Methods


2.1. Sample Collection


The A. japonica glass eel specimens were collected at night during the fishing season using a hand-trawling net, a fyke net or a boat net. They were collected from I-Lan in November 2010 and December 2011, Ping-Tung in December 1992 and January 2003 [46], Shang-Hai in February 2017, Wen-Zhou in February 2017, Ning-Bo in February 1993 [47], the Min River in March 1993 and March 2010 [46], Xiang-Shan in February 2017, the Yalu River in April 1992 [46] and April 2017, Tanegashima Island in December 2016, Mikawa Bay in February 2002, the Sagami River in February 2017, the Ichinomiya River (Chiba) in January 1994 [46], Je-Ju Island in January 2017 and the Geum River in Korea in March 2017 (Figure 1). After collection, the captured glass eels were immediately preserved in 95% ethanol. The scanning electron microscope (SEM) images for glass eel samples collected from previous studies were recalculated for the increments. The specimens were measured to the nearest 0.1 mm total length (TL) and their pigmentation stages were observed following Tesch & White [2]. To reduce the potential counting error due to the long glass eel duration, only new arrival samples (in Stages VA and VB with the youngest age) in each site were selected for analysis.




2.2. Otolith Preparation and Daily Increment Analysis


The otolith preparation was based on Tzeng [47]. Briefly, sagittal otoliths, the largest of the three pairs of otoliths in the inner ear, were extracted from each individual, embedded in epoxy resin (EpoxiCure®, BUEHLER) mixed with epoxy harder (EpoxiCure®, BUEHLER) with a ratio of 5:1, ground and polished to the near core using a grinding machine (mateServe®3000, BUEHLER), etched with 0.05M HCL for 5 s. The otoliths were vacuum coated with Au in an ion-sputter for observation with a scanning electron microscope (JSM-6360LV, JEOL) which was equipped with an energy dispersive X-ray spectrometer (EDS: Oxford EDS: Xmax 80) in the laboratory at the Institute of Earth Science, Academia Sinica. The images were photographed at 300 times magnification of the actual size to observe the entire otolith, and at 2000 times magnification of the actual size for the observation of daily increment analysis.



SEM photographs, taken at a 2000 times magnification, were combined together and used for the observation of otolith microstructure and for counting the number of daily increments. The otolith increments from the first feeding check to the edge were counted on the photographs. The information included age at metamorphosis of the leptocephali (larval duration, LD) and age at capture (age). The ten days of the preleptocephalus stage, during which no otolith ring is formed [48] were added to the age. The early growth rate (ERG) was calculated as (TL-3 mm)/LD [49] because a mean length of 3 mm TL at hatching stage was obtained for artificial fertilization of A. japonica [50].




2.3. Estimating Real Age and Glass Eel Size in the East Asian Areas


The glass eel fishing seasons and average sizes (pieces per kilogram) in each area were collected from multiple sources including published papers, Japan Aquaculture Information News [51], China Eel Information News [52], and glass eel traders of Taiwan and China. The theoretical real age of A. japonica glass eels in each location was based on the arrival date of glass eels. Given that I-Lan of Taiwan is the first location to collect glass eels in East Asia, their I-Lan arrival date was used as the reference to calculate the time lag from the first recruitment date in Taiwan and other sampling sites. Based on data from the Taiwan Japanese Glass Eel Reporting System [53], the first arrival time of the Japanese glass eel in I-Lan of Taiwan usually begins in approximately middle November. The eels spawned around the new moon period, and therefore, the estimated theoretical age of glass eel in I-Lan would be approximately 170–180 days [30]. The arrival dates of the glass eels in other sampling sites were calculated based on the time differences between the main fishing time of I-Lan and that of the other sampling sites.




2.4. Circulation Model and Particle-Tracking Scheme for Simulation of Larval Drifting Time and Route between Spawning Area and Recruitment Sites


In this study, the Japan Costal Ocean Predictability Experiment 2 (JCOPE2) was used for the circulation model, which was constructed from the Princeton Ocean Model with a generalized coordinate system [54]. The JCOPE2 system assimilates the satellite-derived sea surface height and SST data and in situ temperature and salinity to reproduce the ocean state as accurately as possible. The model domain of JCOPE2 contains the western North Pacific (10.5–62° N and 108–180° E), with a horizontal resolution of 1/12° (8–9 km) and 46 vertical layers [55]. The daily JCOPE2 reanalysis fields cover the period from January 1993 to the present [56]. The simulated trajectories of passive particles carried by JCOPE2 and observed trajectories have been compared [57], and the results showed a satisfactory performance of JCOPE2 in simulating the three-dimensional circulation across the western North Pacific Ocean.



A particle-tracking experiment was conducted to observe the distribution and transport process of the A. japonica larvae from the spawning area to their habitats along the East Asian coasts. A three-dimensional (3D) advection–diffusion scheme was used, as shown in Equations (1) and (2):


Xt+1=Xt+UΔt+SxΔt+Rx×(2KhΔt)−12



(1)






Yt+1=Yt+VΔt+SyΔt+Ry×(2KhΔt)−12



(2)







Here, Xt and Yt represent the horizontal position of the particle associated with a random walk toward lower salinity mass at time t; U and V represent the eastward and northward current velocities, respectively; Sx and Sy are the eastward and northward swimming speeds respectively, of the eel juveniles and Rx and Ry are normal random numbers with expected values of 0 and standard deviations of 1, which is multiplied by the diffusion rate in order to make sure that each particle is randomly diffused but not directional swimming toward a fixed compass direction. For the particle diffusion, 1 × 102 m2 s−1 was adopted as the horizontal eddy diffusivity (Kh) and the time step (∆t) was 1 h. According to previous studies, the body length of A. japonica is highly correlated with age (days) and demonstrates a linear relationship before metamorphosis into glass eels [25,58,59]. This study has established a growth model for the larvae (leptochepalus) and juveniles (glass eel) of this species to evaluate the swimming ability of A. japonica. This growth model set the expected metamorphosis timing of larvae (tmeta) to 115.2 ± 19.6 days and the expected maximum body length (TLmax) to 57.0 ± 2.6 mm [59] in order to construct a linear model to calculate body growth rate from hatching. The growth rate is based on Equation (3):


Growth=(TLmax−TL0)tmeta



(3)




where Growth represents the growth rate of Japanese eel larvae (mm day−1) and TL0 is the body length upon hatching (3 mm). After obtaining the growth rate, body length is calculated according to Equation (4):


{TLt=TL0+Growth×t, t≤tmetaTLt=TLmax ,t>tmeta



(4)




where TLt represents the body length of eel larvae or post-larval glass eels at time t (days), and we set conditions in which the eel larvae stop growing after they begin to metamorphose. It is known that Japanese eel larvae have poor swimming ability and thus we assumed that individuals are transported passively (0 TL s−1) during the leptocephalus stage. However, the swimming ability increases when the eel larvae metamorphose into the glass eel. In these cases, the swimming speeds were set at 2 TL s−1 based on the previous study [60], which best reflects the field observation than other swimming speeds. Moreover, the swimming direction in our simulation is affected by salinity because a previous study reported that A. anguilla juveniles appear to prefer swimming toward lower-salinity water [61]. The vertical distribution in the simulation of this study was fixed at a depth of 150 m during the day (6 a.m. to 6 p.m.) and 50 m at night (6 p.m. to 6 a.m.) [22].



Previous studies have shown that the spawning season of A. japonica occurs predominantly from May to August [47,62,63], and the migration period estimated from observations is approximately six to eight months [64]. In this study, we investigated the distribution of the A. japonica larvae among the East Asian coasts. From 1993 to 2018, 10,000 particles were released to simulate the eel larvae on two model dates, July 1, and August 1, and tracked for 240 days (eight months). The start location in the numerical simulations was set at latitude 14.5° N and longitude 142° E. At the end of the eight-month simulation, the location of each particle was categorized as follows: (i) Recruited to Chiba prefecture, Japan (33–33.5° N, 140–140.5° E); (ii) recruited to the coast of Tanegashima Island, Japan (30–31° N, 130–132° E); (iii) recruited to west of Je-Ju Island, Korea (34–35° N, 124.5-125.5° E); (iv) recruited to eastern Yangtze River, China (30–31° N, 123.5–124.5° E); (v) recruited to northeastern Taiwan (crossed 24–26° N, 122–123° E); or (vi) recruited to southwestern Taiwan (crossed 21–22° N, 120–122° E).




2.5. Data Analysis


Total length, larval duration, age, and early growth rate data for each location were checked first by Kolmogorov-Smirnov tests. All data set were fitted to the normal distribution. Thus, differences in the mean total length, larval duration, age, and early growth rate among sites were tested using the One-Way Analysis of Variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) multiple-comparison test. For the statistical analysis, the SPSS (ver. 16, IBM, NY USA) software was used. Differences were considered significant at p < 0.05. Linear regression analyses were tested for LD and total length, and for LD and early growth rate.





3. Results


3.1. The Mean Total Length, Body Weight, Larval Duration and Counted Ages of Glass Eels at Sampling Sites


The glass eel samples from I-Lan, Ping-Tung, Yalu-River, and Min-River were composed of samples from different years. However, there were no significant differences between the mean total length, body weight, larval duration and counted ages in each location (p > 0.05 for all). Therefore, the different batches of samples from each site were pooled together for analysis. The mean total length of glass eels ranged from 55.1 to 56.8 mm, with no significant differences found among sampling sites (F = 1.396, d.f. = 13, p = 0.164) (Table 1). The mean body weight was largest (5000–5500 pieces per kg) for glass eels from Taiwan and southern Japan, with 5500–6000 pieces per kg from middle and eastern Japan and the Min River, 6000–7000 pieces per kg from Je-Ju Island and central and southern China, and the smallest was 8000–9000 pieces per kg from the Yalu River (Table 2). The mean larval duration of glass eels ranged from 139.4 to 182.0 days, with significant differences found among sampling sites (F = 43.038, d.f. = 13, p < 0.001) (Table 1). I-Lan and Ping-Tung of Taiwan had the lowest mean increments and Yalu River of China had the largest. The number of increments trended upwards along the larvae’s expected drifting paths. Significant differences were found between Yalu River and the other 15 sample sites and between the samples from Taiwan and other sites (Figure 2). The mean counted ages of glass eels ranged from 188.6 to 241.8 day, with significant differences found among sampling sites (F = 37.162, d.f. = 13, p < 0.001) (Table 1).




3.2. The Estimated Real Age of Glass Eels on Sampling Sites


The glass eel recruitment in East Asia first begins in early-to-middle November in Taiwan, with the main fishing season occurring between December and January [31]. Three to four weeks later, the recruitment occurs in the Pacific coast of southern Japan (Kyushu) and the northern Fujian Provinces of China (around Xiapu), with the main fishing season between January and February. Soon after, the southern Zhe-Jiang and Fujian and northern Guang-Dong Provinces of China, Jeju Island of Korea, and Pacific coast of central and east Japan start their main fishing seasons between January and March. From February to April, the recruitments occur in the Jiangsu Province of China, mainly around the Yangtse River estuary, northern Zhe-Jiang around Ning-Bo and the southern coasts of Korea. In the northern Jiangsu Province of China and the west coasts of Korea, the main fishing seasons are mainly between March and May. The latest recruitments occur at the northwestern coasts of Korea and Yalu River between April and June [31]. By combining multiple information sources, the theoretical real age of A. japonica glass eels in each location was estimated based on the time differences between the main fishing time of I-Lan and those of other sampling sites (Table 2).



The time lags between theoretical ages and mean counted otolith ages of glass eels ranged from 0 to 100 day (Table 2). In early recruitment sites, the estimated real age and mean counted otolith age were close, with time differences within 10 days. However, the time differences in later recruitment sites were between 20–30 days in the Geum River, 30–40 days in Shang-Hai, and 50–60 days in Ning-Bo. In the Yalu River, they were as high as between 90–100 days (Table 2).




3.3. The Relationship between Mean Larval Duration and Total Length/Early Growth Rate


The linear regression analysis revealed that the mean LD and TL of A. japonica showed no significant correlation (R2 = 0.014, p = 0.057) (Figure 3). In contrast, the mean early growth rate of glass eels ranged from 0.29 to 0.39 mm/day (Table 1), with significant differences found among sampling sites (F = 29.941, d.f. = 13, p < 0.001). The regression analysis showed that the mean LD and EGR of larval A. japonica had a strong negative correlation (R2 = 0.861, p < 0.001) (Figure 4).




3.4. The Simulated Dispersal Pathways and Time of Japanese Glass Eel from Spawning Area to Sampling Sites in the East Asian Continental Shelf


For the 240-day simulation, the transport process of the A. japonica larvae from the spawning areas to the habitats along the East Asian coasts was mainly along five routes (Figure 5). These were, i & ii: Main Kuroshio pathway in Tanegashima Island (206.6 ± 17.5 days) and Chiba (223.3 ± 12.0 days); iii: Branch waters of YSWC in west Je-Ju Island (227.8 ± 15.9 days); iv: Branch waters of YSWC in east Yangtze River (220.2 ± 10.2 days); v: TWC in northeastern Taiwan (192.0 ± 20.5 days); vi: TSWC in southwestern Taiwan (182.1 ± 23.8 days) (Table 3).





4. Discussion


4.1. The Total Length Variation of A. japonica at Different Sites


The mean total length of A. japonica collected from the 14 estuaries ranged from 55.1 to 56.8 mm. This result was consistent with the mean total length among A. japonica glass eels reported in previous studies [1,65]. The mean total lengths of A. japonica were not statistically different among the 14 sampling sites (Table 1), and there were no significant correlations between LD and TL (Figure 3). This infers that the metamorphosis of Anguilla leptocephali may be TL-dependent but not LD-dependent, which occurs when the TL reaches the maximum of leptocephalus size. Previous studies have suggested that the A. japonica leptocephali metamorphosed until the TL reached above 55 mm [25]. The TL-dependent metamorphosis may be because the energy stored by the leptocephali is required for the metamorphosis and metabolism of the subsequent glass eel stage. All anguillid and other leptocephali species have laterally compressed bodies that contain transparent energy-storage compounds, glycosaminoglycan (GAG), and lipids in their body, which are used to overcome starvation during metamorphosis [66,67]. Furthermore, glass eels of early recruitment (with lower LD and age) have higher growth rates than those of later recruitment (with lower LD and age) (Table 1, Figure 4). It is suggested that the age of glass eels upon arrival at the estuary was susceptible to larval growth rate, and this was supported by Tzeng [47] who found that the time taken for migration from the oceanic spawning ground to the estuary was shorter for the fast-growing larvae than for the slow-growing larvae. Therefore, the fast growing larvae takes a shorter time to reach a fixed maximum size, and thus metamorphose into glass eels at an earlier age and enter nearby estuaries and rivers in southern areas of East Asia. In contrast, the slow growing larvae take longer to reach a fixed maximum size, and thus metamorphose into glass eels at a later age and enter nearby estuaries and rivers in northern areas of East Asia.




4.2. The Under-Estimated Age of A. japonica Glass Eel in Later Recruits


A previous study indicated that the age composition of glass eel arrival batches in the three consecutive year classes in I-Lan of Taiwan showed comparable differences in the mean ages [30]. In the present study, the glass eel samples from I-Lan, Ping-Tung, Yalu-River, and Min-River composed of samples from different years. However, there were no significant differences between the mean total length and ages in each location, suggesting the generally stable age variations among year class samples. The recruitment season generally starts in I-Lan, Taiwan in November and in Yalu River, China in April of the following year, with a time lag of about 150 days. Increments in the otolith show, however, only an approximately 50-day difference in the mean otolith counted age between the I-Lan and Yalu River samples, which is considerably less than the expected recruitment time difference. Furthermore, the mean counted age of glass eels from some sampling sites was less than the theoretical age (Table 2). The later the fishing season of glass eels starts, the higher the age difference that would occur. Therefore, the true age of glass eels appears to be under-estimated for later recruits. After the larvae metamorphosed into glass eels, the otolith increments were deposited at the outermost part of the otolith, known as the glass eel zone. Previous studies found no discernible increments in this part [63,68]. Furthermore, the otolith growth in glass eels was found to cease at between 10 °C and 15 °C [69,70]. Starvation [71], and possible re-absorption of marginal otoliths [45] may also contribute to the underestimation of increments in the outer part of the otolith of the glass eel. Furthermore, the back-calculated timing of spawning by otolith increments does not fit well with field observations of the spawning period as well as the spawning times estimated from leptocephalus samples [31]. This apparent mismatch has also been reported for the American eel (A. rostrata) with moderate discrepancy and European eel (A. anguilla) with large discrepancy [63,72]. The discrepancies are probably due to the methodological artefacts such as the resolution limit of microscopy [72]. The underestimation of the otolith increments in the glass eel zone would occur when the otolith growth rate is low, particularly for samples from high-latitude regions.



The spawning dates calculated from otolith increments of glass eels in Taiwan and Japan occur between May and August, which agree with the observed spawning periods. Since the leptocephali that metamorphose near the coastal waters of Taiwan and Japan could quickly approach estuaries due to the suitable migration temperature, the estimated glass eel age at these sites does not show underestimation. In contrast, the later recruits of glass eels from high latitude sites (northern China and Korea), with a longer glass eel stage due to the low water temperature in the winter [31], may have significantly underestimated post-leptocephalus duration, which has given rise to a marked inconsistency between counted age and real age.




4.3. The Metamorphosing Location of Japanese Eel Larvae in East Asia Continental Shelf


The mean larval duration of glass eels from Taiwan was approximately 140 days, whereas those from China, Japan, and Korea were approximately 153–182 days, meaning a difference of 13–42 days. This suggests that most leptocephali may metamorphose during their transport from Taiwan to Japan along Kuroshio [1], and some of them may metamorphose in the branched currents of the Kuroshio. Field studies support that the leptocephalus metamorphoses into the glass eel either along the Kuroshio between Taiwan and Japan [61], or through the mesoscale eddies to the east of Taiwan [65,71,73]. Although no metamorphosing leptocephali have as yet been found in the field investigation in the continental shelf, it is very possible that some leptocephalus may metamorphose into glass eels at the early time in the branched currents of the Kuroshio, and keep approaching the coasts by the glass eel stage. Interestingly, the mean body weight was found largest (5000–5500 pieces per kg) for glass eels from Taiwan and smallest (8000–9000 pieces per kg) for glass eels from the Yalu River (Table 2). The later recruits were of smaller body weights. This may reflect starvation during their movement in the seawater, or wintering at low temperatures for a period of time [31]. More field surveys in the East Asian continental shelf are necessary to further clarify the migratory characteristics of the leptocephalus and glass eel.




4.4. The Possible Dispersal Pathways of Japanese Eel Larvae Along East Asia Continental Shelf


Based on of the synthesized information from (1) particle tracking test to simulate the eel larval migration routes in Kuroshio, its branch waters and coastal currents, (2) the arrival time and size of glass eels at each sites and (3), the otolith age determination of glass eel samples, the detailed transportation pathways of the A. japonica larvae in the East Asian Continental Shelf could be constructed. In the Kuroshio pathway, the theoretical and simulated ages of glass eels in I-Lan were close. Based on the speed of Kuroshio (around 77–116 km/d) [1] and the difference in transported distance of glass eels between I-Lan and Tanegashima Island (1630 km), Mikawa Bay (2330 km), the Sagami River (2530 km), and the Ichinomiya River (2630 km), the expected differences in mean age of glass eels between I-Lan and Tanegashima Island, Mikawa Bay, Sagami River and Ichinomiya River should range between 14–21, 20–30, 22–33, and 23–34 days more than those in I-Lan, respectively. The age differences in glass eels between Taiwan and the sampling sites in Japan matched the expected differences (Table 2). Furthermore, the tracer simulation test suggested that Japanese eel larvae migrating from the spawning ground to Tanegashima Island and Chiba take approximately 206.6 ± 17.5 days and 223.3 ± 12.0 days, respectively (Table 3). This corresponds with the estimated real age of the glass eel samples (Table 2). Taken together, the mean age of glass eels shows an increasing trend from I-Lan to Ichinomiya River (Figure 2), suggesting that the primary Kuroshio transports glass eels from Taiwan to Japan in a single direction. According to the long-term statistics of the Japan Aquaculture Information News, the average recruitment abundances of the Japanese glass eel in China, Japan, Taiwan, and Korea are 50–60%, 30–40%, 5–10%, 5–10%, respectively. In Japan, more than 90% of glass eels are caught along the Pacific coast, meaning that approximately one-third of all Japanese glass eels are transported by the primary Kuroshio pathway each year.



In the Taiwan Strait Warm Current pathway, the tracer simulation test suggested that Japanese eel larvae migrating from the spawning ground to southwestern Taiwan Island takes approximately 182.1 ± 23.8 days (Table 3), which matches the estimated real age of the glass eel samples in Ping-Tung (190.4 ± 12.4 days). The estimated real age of glass eels in Xiang-Shan should be 30 days more than that of Ping-Tung (Table 2). The supposed migratory path from Ping-Tung to Fujian was approximately 320 km in distance by TSWC, and around 220 km from Fujian to Xiang-Shan by the coastal current (Figure 1). Based on the velocity of the Taiwan Strait Warm Current, which ranged from 1.1 to 1.6 km/h and the East China Sea Coastal Current (0.9 km/h) [39], the expected time difference in the mean age of glass eels between Ping-Tung and Xiang-Shan was 19–22 days, which generally corresponds with the estimated real age difference between these two sites (30 days). However, the mean recruitment time difference of glass eels between Ping-Tung and Xiang-Shan was 19 days only, suggesting that the otolith counted ages of glass eel samples from Xiang-Shan are likely to be underestimated for around 10 days.



In the Taiwan Warm Current pathway, the tracer simulation test suggested that Japanese eel larvae migrating from spawning grounds to northeastern Taiwan Island takes around 192.0 ± 20.5 days (Table 3), which generally matched the estimated and counted mean ages of glass eels in I-Lan. The estimated real age of glass eels in Min-River and Wen-Zhou should be 20 and 30 days more than that of I-Lan, respectively (Table 2). The mean counted otolith ages of glass eels in Min-River and Wen-Zhou were 17.5 and 26.8 days higher than those of glass eels in I-Lan, respectively (Table 2), which correspond with the expected recruitment time differences. The shortest transported distances of glass eels between I-Lan, Min-River and Wen-Zhou along the TWC were around 330 and 380 km, respectively (Figure 1). Based on the speed of TWC (0.97–1.87 km/h) [39], if eel larvae were transported by TWC from I-Lan to Min-River and Wen-Zhou by the shortest paths, about 7–15 and 8–16 more days were needed, respectively. The estimated real mean age for glass eels in Min-River and Wen-Zhou were slightly higher than the estimated time, suggesting that glass eels may disperse by a curved path or partly by the coastal currents. In China, northern Fujian was the first recruitment place of the Japanese glass eel, suggesting that the TWC may transport glass eels from I-Lan to northern Fujian and southern Zhejiang by TWC, followed by the ECSCC to disperse glass eels southwards.



In the Yellow Sea Warm Current pathway, the tracer simulation test suggested that Japanese eel larvae migrating from spawning grounds to west Je-Ju Island takes approximately 227.8 ± 15.9 days (Table 3). This corresponds with the estimated and counted mean ages of glass eels in Je-Ju Island (Table 2). If larvae from I-Lan were transported to Je-Ju Island by the Kuroshio followed by the YSWC, the transport distance was about 1460 km. Based on the speed of Kuroshio and YSWC (0.18–0.36 km/h) [39], the eel larvae needed approximately 30–40 days to be transported from I-Lan to Je-Ju Island, which is close to the expected mean time differences between these two sites (40 days). This suggests that glass eels in Je-Ju Island were probably being transported by Kuroshio and YSWC pathways (Figure 5). The counted otolith mean ages of glass eels in Je-Ju Island, however, were only 22.9 days higher than those of glass eels in I-Lan (Table 2). The lower mean counted age differences between I-Lan and Je-Ju Island may be due to a slight underestimation of the otolith increments for glass eel samples from Je-Ju Island. The glass eels of the Geum and Yalu Rivers were located along the extensive pathway of YSWC, with expected mean ages of 90 and 150 days more than that in I-Lan, respectively (Table 2). As indicated above, the significantly lower mean counted age differences between I-Lan and these two sites may be due to an underestimation of the otolith increments for glass eel samples. The coastal water temperature of western Korea was less than 5 °C in winter, which was unsuitable for glass eel upstream migration [31]. The glass eels that migrate to the Geum and Yalu Rivers may winter in the estuary for 1–3 months, until the water temperature rises.



A previous study has suggested that, with the western branch of the Yellow Sea Warm Current that has an eastward branch near Zhejiang waters [39] and converges with the southward Yellow Sea Coastal Current (YSCC) to form a small counterclockwise circulation current, the glass eel of Shang-Hai and Ning-Bo may possibly be transported by pathways of YSWC followed by YSCC. The tracer simulation test suggested that the Japanese eel larvae migration from spawning grounds to the east Yangtze River takes approximately 220.2 ± 10.2 days (Table 3), which is less than the estimated mean ages of glass eels in these two sites (Table 2). The dispersal of glass eel from offshore to estuaries of Shang-Hai and Ning-Bo could explain the time lag. Again, the lower mean counted age differences between estimated and counted age of glass eel samples from Shang-Hai and Ning-Bo may be due to the underestimation of the otolith increments for glass eel samples from these two sites. Interestingly, the mean estimated and counted age differences of glass eel samples from Ning-Bo were unusually high, suggesting that another possible transport distance by TSWC, which disperses glass eels from northern Taiwan to Ning-Bo, might exist. Based on the speed of TWC (0.97–1.87 km/h), if glass eels were dispersed by this path, the recruitment time differences between Wen-Zhou and Ning-Bo was about 5–10 days only, which is significantly lower than the expected time difference between them (40 days). Thus, glass eels from Shang-Hai and Ning-Bo are more likely to be transported by YSWC than TWC.




4.5. Problems of the Present Modeling Approach


The present modeling study has successfully demonstrated a considerable contribution of the transport success to the catch of A. japonica. However, there are some limitations to simulating the transport of A. japonica larvae and juvenile. This study considered only the salinity preference of this species while simulating its horizontal swimming direction, which might not be sufficient to accurately reflect the actual conditions. In addition, since this study aimed primarily to observe the transport process of this species, the potential high mortality of the larvae and juvenile was not considered [74]. On the other hand, although the JCOPE2 circulation model has been verified with observation data and showed well correspondence, the present simulation model is lack for a full-scale sensitivity analysis. For future research, more larval behavior should be investigated and applied to the simulation experiment in order to obtain a comprehensive understanding of the migration process of this species with accuracy and credibility.





5. Conclusions


The I-Lan county of Taiwan is the first recruitment place for Japanese glass eels and has the lowest mean LD and age when compared with glass eels from other sites. In general, the counted otolith age of the glass eel is proportional to the transportation distance, although with certain underestimations, especially for the later recruits. In this study, at least five main expected routes were proposed after the comprehensive analysis. These five blocks constitute the main recruitment dynamics of the Japanese eel in the East Asian Continental Shelf. Nevertheless, more sampling sites and sampling number from the same year cohorts may improve the age data resolution, which would help to better understand the dispersal mechanism of the Japanese eel larvae in East Asia Continental Shelf in detail.
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Figure 1. Sampling sites and oceanic currents in the East Asian Continental Shelf. (A) I-Lan; (B) Ping-Tung; (C) Tanegashima Island; (D) Mikawa Bay; (E) Sagami River; (F) Ichinomiya River; (G) Je-Ju Island; (H) Geum River; (I) Yalu River; (J) Shang-Hai; (K) Ning-Bo; (L) Wen-Zhou; (M) Min River; (N) Xiang-Shan. TWC: Taiwan Warm Current, YSWC: Yellow Sea Warm Current, TSWC: Taiwan Strait Warm Current. 
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Figure 2. Comparison of the age of Japanese glass eel among Taiwan, Japan, Korea, and China. Different letters represent significant difference, p < 0.05. 
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Figure 3. The regression of total length on larval duration of the Japanese glass eel (n = 211). 
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Figure 4. The regression of early growth rate on larval duration of Japanese glass eel (n = 211). 
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Figure 5. The simulated transport pathways and times of larval Japanese eel from spawning site to East Asia continental shelf. (i) recruited to Chiba prefecture, Japan (i.e., 33–33.5° N, 140–140.5° E); (ii) recruited to the coast of Tanegashima Island, Japan (i.e., 30–31° N, 130–132° E); (iii) recruited to west of Je-Ju Island, Korea (i.e., 34–35° N, 124.5-125.5° E); (iv) recruited to eastern Yangtze River, China (i.e., 30–31° N, 123.5–124.5° E); (v) recruited to northeastern Taiwan (i.e., crossed 24–26° N, 122–123° E); or (vi) recruited to southwestern Taiwan (i.e., crossed 21–22° N, 120–122° E). 
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Table 1. Sampling location, time, sample number (N), mean total length (TL), mean larval duration (LD), mean age, and mean early growth rate (EGR) of A. japonica in this study.
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	County
	Sampling Sites (Code)
	Sampling

Time
	N
	TL * (mm)
	LD * (day)
	Total Age * (day)
	EGR * (mm/day)





	Taiwan
	I-Lan (A)
	November 2010/December 2011
	26
	55.7 ± 2.6

(51.5–61.0)
	140.1 ± 5.8 a

(132–155)
	188.6 ± 9.3 a

(172–204)
	0.38 ± 0.02 e

(0.31–0.41)



	Taiwan
	Ping-Tung (B)
	December 1992/January 2003
	29
	56.7 ± 2.1

(52.8–61.1)
	139.4 ± 8.7 a

(125–157)
	190.4 ± 12.4 a

(154–212)
	0.39 ± 0.03 e

(0.34–0.44)



	Japan
	Tanegashima Island (C)
	December 2016
	17
	56.8 ± 1.7

(54.0–61.0)
	154.1 ± 4.9 bc

(147–164)
	207.7 ± 6.9 b

(197–223)
	0.35 ± 0.02 d

(0.32–0.39)



	Japan
	Mikawa Bay (D)
	February 2002
	14
	56.8 ± 2.1

(54.0–60.5)
	156.6 ± 6.4 bcd

(143–166)
	209.0 ± 6.2 b

(194–214)
	0.34 ± 0.02 cd

(0.31–0.39)



	Japan
	Sagami River (E)
	February 2017
	11
	55.1 ± 2.9

(50.0–59.0)
	161.4 ± 4.4 bcd

(155–167)
	215.4 ± 6.5 bc

(208–225)
	0.32 ± 0.02 bcd

(0.29–0.36)



	Japan
	Ichinomiya River (F)
	January 1994
	8
	56.1 ± 1.4

(54.0–58.0)
	163.8 ± 4.5 cd

(155–170)
	216.7 ± 5.3 bc

(209–223)
	0.32 ± 0.01 bcd

(0.31–0.34)



	Korea
	Je-Ju Island (G)
	January 2017
	11
	56.6 ± 1.5

(53.5–59.5)
	153.4 ± 4.4 b

(145–159)
	211.5 ± 4.9 bc

(203–220)
	0.35 ± 0.01 d

(0.33–0.38)



	Korea
	Geum River (H)
	March 2017
	10
	56.4 ± 1.7

(54.0–59.5)
	173.7 ± 6.1 e

(165–184)
	241.8 ± 7.0 d

(233–255)
	0.31 ± 0.02 ab

(0.28–0.33)



	China
	Yalu River (I)
	April 1992/April 2017
	22
	56.3 ± 2.1

(52.5–61.0)
	182.0 ± 8.3 f

(164–195)
	240.0 ± 11.2 d

(213–260)
	0.29 ± 0.02 a

(0.27–0.33)



	China
	Shang-Hai (J)
	February 2017
	12
	55.7 ± 1.9

(54.0–60.2)
	166.0 ± 11.1 de

(152–188)
	223.2 ± 19.4 c

(199–263)
	0.32 ± 0.02 abc

(0.27–0.35)



	China
	Ning-Bo (K)
	March 1993
	10
	55.9 ± 1.9

(51.5–58.5)
	157.3 ± 6.7 bcd

(150–169)
	209.8 ± 8.0 bc

(199–220)
	0.34 ± 0.02 cd

(0.29–0.36)



	China
	Wen-Zhou (L)
	February 2017
	14
	55.1 ± 1.3

(52.0–57.0)
	158.7 ± 11.3bcd

(134–172)
	215.4 ± 13.9 bc

(186–234)
	0.33 ± 0.03 bcd

(0.30–0.40)



	China
	Min River (M)
	February 1993/March 2010
	15
	55.6 ± 1.6

(51.6–58.0)
	157.2 ± 9.4bcd

(145–177)
	206.1 ± 10.9 b

(192–220)
	0.34 ± 0.03 bcd

(0.29–0.37)



	China
	Xiang-Shan (N)
	February 2017
	12
	55.0 ± 2.8

(51.0–62.0)
	153.2 ± 11.6 b

(134–167)
	209.4 ± 14.3 b

(185–228)
	0.34 ± 0.03 cd

(0.31–0.41)







* Unit: Mean ± SD; parenthesis: range; different letters beside Mean ± SD Different letters represent significant difference, p < 0.05.
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