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Abstract 

Rhinogobius brunneus is an amphidromous goby distributed in Japan and Korea, whose larvae drift to the 

sea after hatching and later return to freshwater habitats. Hachijo-jima Island, in the southern Izu Islands, lies 

immediately downstream of the Kuroshio and has recently yielded the first specimen-based records of R. 

brunneus. To evaluate whether larvae could realistically reach the island from mainland Japan, I conducted 

backward particle-tracking simulations using daily surface fields from FRA-ROMS II for the years 1993–

2025. Virtual particles released from Hachijo-jima during the assumed recruitment season were traced 

backward for up to 45 days, corresponding to the pelagic larval duration. Estimated coastal origins were 

classified into four source regions: Ryukyu, Kyushu, Shikoku, and Kii–Tokai. To address uncertainty in 

larval depth, I used the 0-m current field as the baseline and repeated the analysis with the 10-m current field. 

I also conducted a forward validation following the logic of two-way particle tracking, in which particles 

were re-released from backward-inferred coastal origins and tracked forward to test whether they could 

return to the Hachijo-jima target area. The 10-m analysis reduced absolute arrival ratios but retained the main 

interannual pattern observed at 0 m. Kyushu provided the most persistent background contribution, whereas 

Kii-Tokai provided episodic but efficient transport opportunities, including high two-way-supported 

connectivity in several years. These results support the hypothesis that the recent establishment of R. 

brunneus on Hachijo-jima reflects episodic long-distance transport from mainland Japan via the Kuroshio. 

More broadly, opportunities for immigration to oceanic islands may be temporally intermittent rather than 

continuous, even for amphidromous fishes with pelagic larval stages. 

 
Key words: amphidromy; Hachijo-jima Island; Kuroshio; larval dispersal; particle tracking; Rhinogobius 
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Introduction 

Hachijo-jima Island is a volcanic island located 

approximately 286 km south of mainland Tokyo in 

the southern Izu Islands. The island has an area of 

69.11 km2 and consists mainly of two volcanic 

mountains, Hachijo-Fuji and Mihara-yama; its 

climate is warm and humid under the influence of the 

Kuroshio (Hachijo Town 2023). Although the island 

is oceanic, small steep streams and ditches occur from 

the volcanic slopes to the coast and provide limited 

but potentially suitable inland-water habitats for 

diadromous fishes (Oyama et al. 2026). Hachijo-jima 

lies immediately downstream of the Kuroshio where 

the current approaches the Izu Ridge. The Kuroshio 

is a major western boundary current that transports 

heat, salt, larvae, and other propagules northward, and 

its path south of Japan fluctuates among nearshore 

non-large-meander, offshore non-large-meander, and 

large-meander states (Hirata et al. 2025). Because the 

current exits the Shikoku Basin either through the 

shallower channel near 34°N or through the deeper 

passage south of Hachijo-jima, the hydrographic 

setting around the island is expected to be especially 

important for mainland-island connectivity. 

Accordingly, the coastal and inland biota of 

Hachijo-jima and the Izu Islands has long been 

regarded as strongly influenced by Kuroshio-

mediated dispersal. Marine fish assemblages in the 
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Izu Islands include many tropical and warm-

temperate elements, and phylogeographic studies 

have shown that the Kuroshio can transport southern 

lineages into Japanese waters while also shaping 

regional breaks and connectivity (Donaldson et al. 

1994; Furuse et al. 1996; Senou et al. 2006; Kuriiwa 

et al. 2014). Comparable mainland–Izu links have 

also been reported outside fishes, for example in the 

Varied Tit, a terrestrial bird, and the coastal plant 

Angelica keiskei (Fujita et al. 2014; Tsutsumi et al. 

2024). These observations suggest that 

biogeographical exchange between the Japanese 

mainland and the Izu Islands is recurrent, but not 

necessarily constant through time. 

Amphidromous fishes are particularly suitable 

organisms for examining this process because their 

life history explicitly couples freshwater and marine 

environments. After hatching in rivers, larvae drift 

downstream to the sea, spend a pelagic period there, 

and subsequently recruit back to coastal fresh waters, 

where juveniles grow and reproduce (McDowall 

2007). As a result, their distribution and among-island 

connectivity depend not only on the availability of 

stream habitat, but also on the timing and geometry of 

ocean transport. For oceanic-island populations, this 

means that successful colonization can be highly 

sensitive to current structure, pelagic larval duration, 

larval vertical distribution, and rare transport events. 

Recently, the amphidromous goby Rhinogobius 

brunneus was confirmed from Hachijo-jima for the 

first time on the basis of specimens and was found to 

be already well established on the island (Oyama et 

al. 2026). Rhinogobius brunneus has been recorded 

from Honshu, Shikoku, Kyushu, several surrounding 

islands, the Osumi Islands, and the Ryukyu Islands, 

but the Izu Islands had no verifiable records of 

Rhinogobius before the Hachijo-jima records (Oyama 

et al. 2026). A distribution map for R. brunneus is 

provided by Oyama et al. (2026), and the present 

study therefore focuses on modelling possible 

transport routes from the mapped mainland and island 

range to Hachijo-jima. Field records alone cannot 

identify the source coasts of colonists or determine 

whether recruitment opportunity is chronically high 

or limited to exceptional years. Here, I address this 

gap using backward particle tracking, depth-

sensitivity analysis, and forward validation to 

estimate the likely source areas, interannual variation 

in transport opportunity, and the physical plausibility 

of inferred source sectors. 

 

Materials and Methods 

Biological assumptions for particle tracking 

The timing of larval drift and recruitment of 

Rhinogobius brunneus was estimated based on 

previous ecological reports, while noting that these 

observations were made outside Hachijo-jima and 

therefore introduce uncertainty. In Kochi Prefecture, 

Shikoku, newly hatched R. brunneus larvae have been 

observed drifting downstream to the sea between May 

30 and July 10 (Iguchi and Mizuno 1990). In the 

Arida River, Wakayama Prefecture, in the Kii region, 

Tanaka et al. (2020) reported that freshwater 

recruitment of R. brunneus occurred from June 1 to 

November 1, with a prominent peak from July 23 to 

August 21. Because larvae must first drift to the sea, 

be transported in the ocean, arrive near Hachijo-jima, 

and then recruit to streams, I used an arrival window 

at Hachijo-jima from June 2 to August 30 to include 

the period preceding and covering the reported 

recruitment peak. For the backward analysis, 

biologically plausible source dates were restricted to 

June 1–July 15, corresponding to the assumed period 

of initiation of pelagic life (Fig. 1). 

The exact pelagic larval duration (PLD) of R. 

brunneus has not been measured. I therefore used 45 

days as the maximum tracking duration, based on the 

upper estimate of PLD reported for the congeneric 

amphidromous goby R. nagoyae (29–45 days; Iida et 

al. 2021). Because Iida et al. (2021) studied a different 

species at Sado Island in the Sea of Japan, which is 

geographically distant and colder than the present  
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Fig. 1. Conceptual timeline of early life history information and simulation design used for backward particle 

tracking. Published information on downstream drift and pelagic larval duration was used to define the assumed 

drift window, arrival window at Hachijo-jima Island, and the maximum backward-tracking duration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

study area, this value was used only as a conservative 

congeneric reference for maximum PLD, not as direct 

evidence for R. brunneus around Hachijo-jima. 

Direct information on vertical migration or diel 

vertical behaviour of R. brunneus larvae in the open 

sea is not available. However, Oshiro and Nishijima 

(1978) reported that Rhinogobius juveniles in coastal 

sea waters were mainly observed at depths of 

approximately 1.5–5 m, swimming 20–50 cm above 

the bottom, and were also observed near a boulder-

sand boundary at depths of approximately 10–13 m. 

These observations do not describe the entire larval 

period of R. brunneus, but they indicate that the 

pelagic or marine juvenile phase of Rhinogobius can 

occur within the upper several to approximately 10 m 

of the water column. I therefore treated 0 m as a near-

surface baseline case representing newly exported 

larvae and added a 10-m sensitivity analysis to 

evaluate uncertainty associated with larval depth. 

 

Oceanographic data 

To simulate larval transport, I used daily mean 

current data from FRA-ROMS II (Fisheries Research 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Agency-Regional Ocean Modeling System version 2; 

Kuroda et al. 2017). FRA-ROMS II is a regional 

ocean data-assimilation and reanalysis/forecast 

system developed for Japanese fisheries and 

oceanographic applications by combining ROMS 

with observational data assimilation (Kuroda et al. 

2017). The data used here have a horizontal resolution 

of 0.1° × 0.1° and cover the seas around the Japanese 

archipelago. Daily velocity fields from June to 

August for 1993–2025 were extracted for the model 

domain 121.0–141.0°E and 22.0–35.5°N. The u 

component denotes east-west velocity, with positive 

values indicating eastward flow, and the v component 

denotes north-south velocity, with positive values 

indicating northward flow. The 0-m layer was used as 

the baseline simulation, and the native 10-m layer was 

used for the depth-sensitivity analysis because the 

available FRA-ROMS II output layers were 0, 10, 30 

m and deeper levels. 

 

Backward particle tracking 

A backward particle-tracking model was developed 

to estimate the coastal origins of larvae that could 



4 

 

Aquatic Animals 2026 | May 14 | Kunimatsu AA2026-33 

 

have arrived at Hachijo-jima (33.1°N, 139.8°E). For 

each year from 1993 to 2025, and each tracking depth 

z (0 or 10 m), virtual particles were released from 

Hachijo-jima on 90 arrival dates spanning June 2 to 

August 30. On each date, 100 virtual particles were 

released and tracked backward for 45 days. Thus, a 

total of 9,000 particles was simulated per year. 

The horizontal position of particle p was denoted by 

𝑥𝑦,𝑧,𝑎,𝑝ሺ𝑡ሻ = ቀ𝜆𝑦,𝑧,𝑎,𝑝ሺ𝑡ሻ, 𝛷𝑦,𝑧,𝑎,𝑝ሺ𝑡ሻቁ , where 𝜆  and 

𝛷  are longitude and latitude. FRA-ROMS II 

provides eastward and northward velocities 

𝑈𝑧ሺ𝜆,𝛷,𝑡ሻ =  ൫𝑢𝑧ሺ𝜆,𝛷,𝑡ሻ, 𝑣𝑧ሺ𝜆,𝛷,𝑡ሻ൯  in m s-1. These 

velocities were converted to angular displacements as 

𝐹𝜆,𝑧ሺ𝜆, 𝛷, 𝑡ሻ = 𝑢𝑧ሺ𝜆, 𝛷, 𝑡ሻ/111000 cosሺ𝛷𝜋/180ሻ , 

𝐹𝛷,𝑧ሺ𝜆, 𝛷, 𝑡ሻ = 𝑣𝑧ሺ𝜆, 𝛷, 𝑡ሻ/111000, 

where 111000 m was used as the approximate length 

of one degree of latitude and the length of one degree 

of longitude was corrected by cosሺ𝛷ሻ. The velocity 

vector in geographic coordinates is therefore 

𝐹𝑧ሺ𝑥, 𝑡ሻ = ቀ𝐹𝜆,𝑧ሺ𝑥, 𝑡ሻ, 𝐹𝛷,𝑧ሺ𝑥, 𝑡ሻቁ . For backward 

tracking, the sign of the velocity field was reversed: 

𝑑𝑥/𝑑𝑡 = −𝐹𝑧ሺ𝑥, 𝑡ሻ. 

Particle positions were integrated using a fourth-

order Runge-Kutta scheme with a daily time step 

𝛥𝑡 =  86400 𝑠. For a particle at position 𝑥𝑛 on day 

n, the deterministic advective displacement was 

calculated as 

𝑘1 = −𝐹𝑧ሺ𝑥𝑛 , 𝑡𝑛ሻ𝛥𝑡, 

𝑘2 = −𝐹𝑧ሺ𝑥𝑛 + 𝑘1/2, 𝑡𝑛ሻ𝛥𝑡, 

𝑘3 = −𝐹𝑧ሺ𝑥𝑛 + 𝑘2/2, 𝑡𝑛ሻ𝛥𝑡, 

𝑘4 = −𝐹𝑧ሺ𝑥𝑛 + 𝑘3, 𝑡𝑛ሻ𝛥𝑡, 

𝛥𝑥𝑎𝑑𝑣 = ሺ𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4ሻ/6. 

To represent unresolved horizontal mixing, an 

independent random-walk displacement 𝜂𝑛  was 

added at each daily step. The horizontal eddy 

diffusivity was set to 𝐾ℎ  = 50 m2 s-1, giving a 

random-walk standard deviation 𝜎𝑅𝑊 =

ඥሺ2𝐾ℎ𝛥𝑡ሻ = 2939 𝑚  per horizontal direction per 

daily step. The random displacement was generated 

independently in the east-west and north-south 

directions and converted to longitude and latitude 

units using the same metric conversion as above. The 

full daily update was therefore 

𝑥𝑛+1 = 𝑥𝑛 + 𝛥𝑥𝑎𝑑𝑣 + 𝜂𝑛. 

Tracking continued for up to 𝐷𝑚𝑎𝑥  = 45 days. 

During tracking, particles were stopped when they 

first contacted a land grid or moved outside the model 

domain. The first land-contact position was recorded 

as the estimated coastal origin, and the corresponding 

date was recorded as the estimated origin date. 

All particle-tracking simulations were implemented 

as a custom script in R version 4.5.3 (R Core Team 

2026). 

 

Classification of origins and arrival index 

Particles were considered biologically plausible 

immigrant trajectories only when they met all of the 

following conditions: (1) land contact occurred 

within 45 days, (2) the coastal contact position was 

within the Japanese coastal-origin domain considered 

here, (3) the estimated origin date fell within June 1-

July 15, and (4) the trajectory was not classified as 

local retention around Hachijo-jima. Particles that did 

not contact land within 45 days, contacted land west 

of 122.7°E, or contacted land locally around Hachijo-

jima were not counted as immigrant origins. These 

excluded trajectories were not removed from the 

denominator of the arrival ratio; rather, they were 

treated as unsuccessful immigrant trajectories. 

The remaining successful trajectories were 

classified into four source regions according to their 

stranding coordinates: Ryukyu, Kyushu, Shikoku, 

and Kii–Tokai. Annual connectivity was summarized 

by an arrival ratio, defined here as the proportion of 

particles released from Hachijo-jima that reached a 

Japanese coast within 45 days and on or before July 

15. Regional contributions were further partitioned by 

source area. 

The local Hachijo-jima box was defined as 𝐵𝐻 =

ሺ𝜆, 𝛷ሻ: 139.5 ≤ 𝜆 ≤ 140.2, 32.9 ≤ 𝛷 ≤ 33.3. Local 

retention within this box was excluded because the 

present study focuses on immigration from distant  
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Fig. 2. Spatial framework used to classify estimated coastal origins of successful particles reaching Hachijo-jima 

Island within 45 days. Stranding points were assigned to the Ryukyu, Kyushu, Shikoku, and Kii–Tokai sectors. 

Taiwan-derived trajectories and local retention around Hachijo-jima were counted as unsuccessful immigrant 

trajectories and were excluded from the numerator of the arrival ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Japanese coasts, and R. brunneus had not previously 

been recorded as a native Rhinogobius population of 

the Izu Islands. Taiwan-derived trajectories were also 

excluded because the confirmed distribution of R. 

brunneus does not include Taiwan. 

Successful immigrant trajectories were assigned to 

four source regions according to their estimated 

coastal-origin coordinates 𝑜 = ሺ𝜆𝑜, 𝛷𝑜ሻ : Ryukyu if 

𝛷𝑜 ≤ 29.7; Kyushu if 𝛷𝑜 > 29.7 and 𝜆𝑜 < 132.2; 

Shikoku if 𝛷𝑜 > 29.7  and 132.2 ≤ 𝜆𝑜 ≤ 134.9 ; 

and Kii-Tokai if 𝛷𝑜 > 29.7 and 𝜆𝑜 > 134.9 (Fig. 

2). 

Let 𝑆𝑦,𝑧,𝑎,𝑝 be an indicator equal to 1 when particle 

𝑝 released on arrival date 𝑎 in year 𝑦 and depth 𝑧 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was classified as a biologically plausible immigrant 

trajectory, and 0 otherwise. The total annual 

backward arrival ratio was defined as 

 

𝑅𝑦,𝑧
𝐵 = ሺ1/𝑁ሻ ෍ ෍ 𝑆𝑦,𝑧,𝑎,𝑝

𝑁𝑝

𝑝=1

𝑁𝑎

𝑎=1

 

 

where 𝑁 =  9000 . The source-region-specific 

backward arrival ratio was defined as 

 

𝑅𝑦,𝑧,𝑟
𝐵 = ሺ1/𝑁ሻ σ σ 𝑆𝑦,𝑧,𝑎,𝑝𝐼ൣ𝐶൫𝑜𝑦,𝑧,𝑎,𝑝൯ = 𝑟൧

𝑁𝑝
𝑝=1

𝑁𝑎
𝑎=1 , 

 

where r is one of Ryukyu, Kyushu, Shikoku, and Kii-

Tokai, and I[·] is an indicator function. By definition, 

𝑅𝑦,𝑧
𝐵 = σ 𝑅𝑦,𝑧,𝑟

𝐵
𝑟 . 
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Fig. 3. Representative examples of backward trajectories and origin density in selected years 

(1995, 2002, 2005, 2016, 2024, and 2025). The yellow triangle indicates Hachijo-jima Island. Red 

trajectories indicate particles with Japanese coastal origins. 

 

 

 

 

 

Depth sensitivity and forward validation 

 To evaluate the reliability of backward-inferred 

source regions, I conducted a forward validation 

following the concept of two-way particle tracking 

proposed by Isobe et al. (2009). For each biologically 

plausible immigrant trajectory inferred by the 

backward simulation, a particle was re-released from 

its estimated coastal origin 𝑜𝑦,𝑧,𝑎,𝑝 on the estimated 

origin date ℎ𝑦,𝑧,𝑎,𝑝 . Because the backward land-

contact point may fall on a coastal or land-adjacent 

grid, the forward release position was placed at the 

nearest available sea grid to the inferred origin. The 

particle was then tracked forward from ℎ𝑦,𝑧,𝑎,𝑝 to the 

original arrival date a using the same depth-specific 

velocity field, time step, integration scheme, and 

horizontal diffusivity as in the backward simulation, 

but xwith xthe xforward velocity sign:            

A forward validation was considered successful if the 

particle xentered xthe Hachijo-jima target box 𝐵𝐻  at 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

least once during the forward trajectory. The 

conditional forward return ratio for year y, depth z, 

and xsource xregion xr was defined as,  

where 𝑁𝑦,𝑧,𝑟
𝐵  is the number of backward-inferred 

immigrant particles assigned to source region r, and 

𝑁𝑦,𝑧,𝑟
𝐹  is the number of those particles that returned to 

𝐵𝐻  during forward validation. When 𝑁𝑦,𝑧,𝑟
𝐵 = 0 , 

𝐹𝑦,𝑧,𝑟 was undefined and the corresponding cell was 

displayed as having no backward arrivals. I also 

calculated a two-way-supported arrival ratio,  

This index represents the proportion 

of all released particles that were first assigned to a 

source region by backward tracking and then 

successfully returned to the Hachijo-jima target box 

in the forward validation. It should be interpreted as 

an index of physical transport opportunity supported 

by both backward and forward simulations, not as a 

realized recruitment probability or survival rate. 
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Fig. 4. Annual maps of backward trajectories from Hachijo-jima Island for 1993–2025. 

The yellow triangle indicates Hachijo-jima Island and red points indicate estimated 

Japanese coastal origins reached within 45 days. 

Results 

Backward particle tracking indicated pronounced 

interannual variability in the likelihood of 

biologically plausible transport to Hachijo-jima (Figs. 

3, 4, 5). The 0-m baseline simulation produced a mean 

annual arrival ratio of 0.116 across 1993–2025, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

whereas the 10-m sensitivity simulation produced a 

lower mean annual arrival ratio of 0.064. Thus, the 

absolute magnitude of estimated connectivity was 

sensitive to tracking depth. However, the interannual 

pattern was largely retained between depths: annual 

arrival ratios at 0 and 10 m were strongly rank- 
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Fig. 5. Interannual variation in source-region-specific backward annual arrival ratio at 0 m and 10 m. 

Stacked bars show the proportions of all released particles that reached each Japanese source region 

within 45 days and within the assumed origin-date window. The 0-m simulation was used as the baseline, 

and the 10-m simulation was used to evaluate sensitivity to larval depth. 

 

Fig. 6. Forward validation return ratio by source area, year, and tracking depth. Panels show the 0-m baseline and 10-

m sensitivity simulations. Bubble color indicates the conditional forward return ratio to the Hachijo-jima target box, 

and bubble size indicates the number of backward-inferred arrivals used for validation. Gray cells with crosses 

indicate year–area combinations with no backward-inferred arrivals, for which the forward return ratio was undefined. 
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correlated (Spearman rho = 0.83, n = 33 years). High-

connectivity years such as 1995 and 2016 remained 

evident in both depth settings, although their absolute 

values were generally lower at 10 m.  

Source contributions were not evenly distributed 

among regions (Fig. 5). In both the 0-m and 10-m 

simulations, Kyushu provided the most persistent 

background signal, accounting for 61.9 % and 62.6 % 

of all valid backward-inferred immigrant trajectories, 

respectively. Kii–Tokai accounted for 20.6 % at 0 m 

and 23.2 % at 10 m, and contributed more 

episodically, including several high-connectivity 

pulses. Shikoku contributed 9.0 % at 0 m and 5.5 % 

at 10 m, whereas Ryukyu contributed 8.4 % and 

8.7 %, respectively. Thus, the 10-m sensitivity 

analysis reduced absolute arrival ratios but did not 

qualitatively change the main source-sector 

inference. 

Forward validation showed that a non-negligible 

fraction of particles re-released from backward-

inferred origins returned to the Hachijo-jima target 

box (Fig. 6). The mean annual forward return ratio 

was 0.138 at 0 m and 0.145 at 10 m, and the 

corresponding particle-weighted return ratios were 

0.152 and 0.169. Return ratios varied substantially 

among years and source regions. Kii-Tokai showed 

relatively high particle-weighted forward return ratios 

(0.241 at 0 m and 0.304 at 10 m), whereas Kyushu 

showed lower values (0.130 at 0 m and 0.130 at 10 m) 

despite being the most frequent backward-inferred 

source. This contrast indicates that Kyushu represents 

a persistent but relatively dispersive long-distance 

source pathway, whereas Kii–Tokai represents a 

more episodic but dynamically efficient pathway 

when oceanographic conditions are favorable. 

The two-way-supported arrival ratio highlighted 

years and source regions supported by both backward 

source inference and forward validation (Fig. 7). 

Peaks were evident in several years, including 1995 

and 2016, and these peaks were generally associated 

with Kyushu and/or Kii–Tokai. Across all years, 

Kyushu remained the largest contributor to total two-

way-supported arrival at 0 m, whereas the relative 

contribution of Kii–Tokai increased when forward 

return efficiency was considered, especially in the 10-

m sensitivity analysis. 

 

Discussion 

The present particle-tracking analysis provides a 

physical oceanographic explanation for the recent 

establishment of Rhinogobius brunneus on Hachijo-

jima. The species is now represented on the island by 

numerous specimens collected over multiple years, 

including a broad size range and ovigerous females, 

indicating that the Hachijo-jima population is not 

merely transient but has already become established 

(Oyama et al. 2026). Within this context, my 

simulations support the hypothesis that larvae of an 

amphidromous goby can be transported from 

mainland Japan to Hachijo-jima within a realistic 

PLD, with the Kuroshio functioning as the principal 

dispersal corridor. 

A notable result of this study is that the most 

plausible source regions were concentrated mainly 

along the Kii–Tokai and Kyushu coasts rather than 

being distributed evenly across the Japanese 

archipelago. This geographic bias is biologically 

reasonable, because rivers in these regions lie close to 

the Kuroshio path and larvae exported from estuaries 

would therefore have a relatively high probability of 

being entrained into the main current. In contrast, 

larvae originating farther from the Kuroshio path 

would be less likely to reach Hachijo-jima within the 

assumed pelagic period. In this sense, the model 

suggests that the Hachijo-jima population is unlikely 

to have arisen from indiscriminate long-distance 

dispersal from throughout the species' range, but 

rather from a more restricted subset of mainland 

source areas that are physically well connected to the 

island by the Kuroshio system. This interpretation is 

broadly consistent with previous studies showing that 

the Kuroshio strongly influences dispersal pathways, 
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Fig. 7. Relationship between backward-inferred source frequency and forward return efficiency. Each point 

represents a year × source-area combination, shown separately for the 0-m baseline and 10-m sensitivity 

simulations. The x-axis shows the backward annual arrival ratio by source area, and the y-axis shows the 

conditional forward return ratio to the Hachijo-jima target box. Point color indicates source area, point size 

indicates the two-way-supported arrival ratio, T=RBF, and dashed curves show constant values of T. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

faunal similarity, and genetic connectivity in the Izu 

region and adjacent Japanese waters (Donaldson et al. 

1994; Senou et al. 2006; Kuriiwa et al. 2014). 

Another important implication is that successful 

transport to Hachijo-jima is likely to be episodic 

rather than constant (Fig. 5). The marked interannual 

variation in arrival probability indicates that 

colonization opportunities probably open only during 

particular oceanographic windows, when current 

structure favors export from mainland coasts and 

subsequent delivery to the island. Such intermittency 

is useful for interpreting the recent distributional 

pattern of R. brunneus on Hachijo-jima. The present 

abundance of the species suggests that colonization 

was not simply a transient occurrence xof a single va- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

grant, but the exact timing of initial establishment 

remains unresolved. Available records show that R. 

brunneus was already present on Hachijo-jima by 

2019 and has been repeatedly collected thereafter 

(Oyama et al. 2026). However, the present particle-

tracking analysis cannot determine whether 

colonization began only very recently or somewhat 

earlier and simply remained undocumented because 

of limited survey effort. This caution is important 

because previous inland surveys on the Izu Islands 

were not sufficiently intensive to exclude the 

possibility of earlier occurrence with confidence 

(Oyama et al. 2026). The recent records of 

catadromous Kuhlia species from Hachijo-jima may 

also be interpreted in this framework, in that episodic 
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oceanographic connectivity may periodically deliver 

coastal and diadromous fishes to the island, although 

not all such arrivals necessarily lead to establishment 

(Oyama and Fukatani 2025). 

A more specific scenario for the timing and source 

of establishment on Hachijo-jima can be proposed by 

combining the size composition of collected 

specimens with the interannual pattern of modelled 

connectivity, although several of the assumptions 

involved should be made explicit. Individuals 

exceeding 60 mm in standard length were already 

present in the 2019 collections of R. brunneus on 

Hachijo-jima (Oyama et al. 2026). Although age-at-

size data are not available for R. brunneus itself, 

growth studies on congeneric amphidromous gobies 

such as R. similis, R. flumineus, and R. nagoyae 

indicate that these species typically do not reach 60 

mm standard length by age 2 and attain this size only 

from age 3 onwards, even when individual variation 

is taken into account (Tamada 1986; Hayashi 1997; 

Hayashi and Nakazato Ikebe 2000). Because there is 

no published evidence that R. brunneus grows 

substantially faster than other members of the genus, 

the most parsimonious interpretation of the 2019 

collection is that it already included some individuals 

of age 3 or older, implying that at least part of the 

Hachijo-jima cohort hatched in or before 2016. This 

inference is necessarily indirect because it 

extrapolates from congeners, but it is unlikely to alter 

the qualitative inference given the broadly similar life 

histories among these species. 

A tentative upper bound on the age of the initial 

successful cohort is provided by earlier inland 

ichthyofaunal surveys on Hachijo-jima, the most 

recent of which, conducted around 2010, did not 

record R. brunneus (Senou 2014). As already noted, 

these earlier surveys were not sufficiently intensive to 

exclude cryptic occurrence entirely (Oyama et al. 

2026), and this constraint should therefore be 

regarded as provisional rather than definitive. If the 

2010 survey is nevertheless accepted as a rough lower 

bound on establishment, the initial successful 

recruitment event is most plausibly placed within the 

interval 2011–2016. Within this window, my 

backward-tracking simulations indicate that 2016 was 

a year of particularly strong connectivity from the 

Kii–Tokai sector, comparable to the prominent Kii–

Tokai pulse identified earlier in the time series in 

1995 (Figs. 3, 5). Moreover, within the 2016 

trajectories, the estimated coastal origins in the Kii–

Tokai sector were not distributed evenly along its 

entire coast but were concentrated along the southern 

Kii Peninsula, which further narrows the most 

plausible source area for a 2016 recruitment event 

(Fig. 3C). Combining the size-based inference above 

with this pattern of modelled connectivity, the most 

parsimonious scenario is that a founding cohort 

hatched in rivers of the southern Kii Peninsula in 

2016 and reached Hachijo-jima along a relatively 

direct eastward trajectory entrained in the Kuroshio. 

Two additional, though more speculative, 

considerations are consistent with a Kii–Tokai origin. 

First, my simulations indicate that transport from 

Kyushu is relatively persistent through time, yet R. 

brunneus was apparently not established on Hachijo-

jima during earlier decades. A possible reconciliation 

is that the model quantifies transport potential rather 

than realised survival: larvae entering the Kuroshio 

from Kyushu must traverse a substantially longer path 

to reach Hachijo-jima and may therefore experience 

higher cumulative mortality during advection. 

Second, because Kii–Tokai is geographically closer 

to Hachijo-jima, larvae originating there are expected 

to spend less time in the pelagic phase, which should 

also reduce cumulative mortality during transport. 

These arguments do not exclude alternative scenarios, 

such as colonization from Kyushu in an earlier year 

followed by an extinction–recolonization sequence, 

and the 2016/Kii–Tokai scenario should therefore be 

treated as a testable hypothesis rather than a 

confirmed conclusion. Independent evidence — in 

particular population genetic comparisons between 
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Hachijo-jima and candidate source populations along 

the Kii–Tokai coast — will be required to evaluate it 

rigorously. 

The sensitivity and validation analyses strengthen, 

but also qualify, the main inference of this study. The 

lower arrival ratios at 10 m indicate that the 

quantitative magnitude of connectivity depends on 

the assumed larval depth, which is expected given the 

lack of direct information on the vertical distribution 

of R. brunneus larvae in the sea. The available 

observations of marine Rhinogobius juveniles 

indicate occurrence mainly at approximately 1.5-5 m 

and also at approximately 10-13 m, but these records 

do not describe the entire larval period or diel vertical 

migration (Oshiro and Nishijima 1978). Therefore, 

the present 0-m and 10-m simulations should be 

regarded as near-surface and shallow-subsurface 

transport scenarios rather than direct reconstructions 

of larval behavior. Nevertheless, the strong rank 

correlation between 0-m and 10-m annual arrival 

ratios suggests that the main temporal pattern of 

connectivity was not an artefact of using the surface 

layer alone. 

The forward validation provides an additional check 

on the physical plausibility of the inferred source 

regions (Fig. 6). Because stochastic random-walk 

diffusion was included, individual backward 

trajectories are not exactly time-reversible, and 

forward return ratios were not expected to approach 

unity. Instead, the analysis asks whether backward-

inferred source regions can dynamically return 

particles to the Hachijo-jima area under the same 

oceanographic conditions. The contrast between 

backward source frequency and forward delivery 

efficiency is informative: Kyushu was frequently 

inferred as a source but showed moderate forward 

return ratios, consistent with a persistent but 

dispersive long-distance pathway; Kii-Tokai was less 

persistently inferred but showed higher return 

efficiency in several years, supporting its 

interpretation as an episodic but efficient source 

pathway (Fig. 7). 

Several limitations remain. The ocean model has a 

horizontal resolution of 0.1° × 0.1°, which is suitable 

for resolving broad regional circulation but cannot 

fully reproduce small-scale coastal retention, 

estuarine exchange, wave-driven nearshore flow, or 

larval behaviour near river mouths. The PLD of R. 

brunneus remains unknown and was approximated 

from R. nagoyae. Direct information on larval vertical 

movement, development-dependent depth distrib-

ution, and diel vertical migration is also lacking. 

Finally, the arrival and two-way-supported ratios are 

physical transport-opportunity indices, not estimates 

of realized recruitment, survival, or population 

growth. Future work should combine population 

genetic comparisons among Hachijo-jima and 

candidate mainland source populations, direct age 

estimation of Hachijo-jima individuals, and more 

detailed larval ecology to test the inferred 

colonization scenario. 

Direct age estimation would be especially useful. 

Although age has not yet been examined for R. 

brunneus from Hachijo-jima, related Rhinogobius 

studies have used calcified or bony structures for age 

determination (Tamada 1986; Hayashi 1997; Hayashi 

and Nakazato Ikebe 2000). Applying comparable age-

determination methods to Hachijo-jima specimens 

could help identify recruitment years more precisely 

and provide an independent test of the particle-

tracking inference. 

More broadly, the present study supports the view 

that the establishment of R. brunneus on Hachijo-jima 

can be understood as the outcome of stochastic but 

recurrent oceanographic connectivity between 

mainland Japan and the southern Izu Islands. The 

Kuroshio does not simply separate mainland and 

island systems; under favorable conditions, it also 

links them and creates opportunities for long-distance 

dispersal. This interpretation is consistent with 

broader biogeographic evidence showing that the Izu 

Islands, despite their isolation, maintain strong 



13 

 

Aquatic Animals 2026 | May 14 | Kunimatsu AA2026-33 

 

affinities with the Japanese mainland through 

repeated dispersal events in both aquatic and 

terrestrial organisms (Donaldson et al. 1994; Fujita et 

al. 2014; Tsutsumi et al. 2024). For amphidromous 

fishes, whose life history inherently couples riverine 

and marine environments (McDowall 2007), such 

intermittent physical connectivity may be especially 

important. The most defensible conclusion, therefore, 

is that broad-scale physical transport from mainland 

Japan to Hachijo-jima is clearly plausible and likely 

episodic, whereas finer-scale recruitment processes, 

the precise timing of colonization, and the 

demographic pathway from first arrival to 

establishment still require further study. 
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