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This study presents the first investigation into the oceanic spawning migrations of Australian long-finned eels (Anguilla reinhardtii), a critical and previously undocumented stage in their life cycle. In autumn 2024, twenty adult eels were collected from two estuaries in southern Australia and tagged with pop-up satellite archival tags. Individuals were successfully tracked up to five months, with some migrating as far as ~2,500 km from their release sites to the tropical Coral Sea. Migration trajectories revealed relatively consistent and direct movement pathways, with eels remaining several hundred kilometers offshore for much of their journey before venturing farther offshore during later stages. Tag data provided clear evidence of predation events, indicating that escapement to the sea does not guarantee successful spawning and highlighting the potential ecological role of eels within marine food webs. Approximately 40% of migrations were prematurely terminated due to predation, with sharks likely responsible in nearshore environments and marine mammals in offshore regions. Additionally, consistent observations of diel vertical migration, characterized by nocturnal ascents toward the surface and diurnal descents to deeper waters, offer valuable insights into behavioral adaptations during the oceanic migration phase of this enigmatic life history. Tag endpoints and reconstructed migratory trajectories generally aligned with a region between the East Australian Current and the Lord Howe Seamount Chain. Several endpoints clustered within a small region of the northeastern Coral Sea, south of the Solomon Islands. These locations align with historical leptocephali collection sites, strengthening the hypothesis that the spawning area of long-finned eels lies in the northeastern Coral Sea.
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Introduction

Animal migrations for breeding are among the most ecologically significant and enigmatic natural phenomena. These migrations can involve transitions between vastly different environments, such as from temperate to tropical regions, span immense distances and durations, and expose organisms to considerable natural risks and anthropogenic threats (Chapman et al., 2014; Dingle, 2014). Detailed knowledge of this crucial life-history stage is essential for understanding population dynamics, effects of changing environmental conditions, and informing conservation efforts (Lennox et al., 2016).

Among the most remarkable examples are the oceanic spawning migrations of anguillid eels (Tsukamoto, 2009). Following an extended growth phase in freshwater and estuarine habitats, adults migrate to offshore marine spawning grounds in tropical waters. These migrations can span thousands of kilometers across open ocean, culminating in a once-in-a-lifetime reproductive event (i.e., semelparity). Recent advances in biotelemetry, particularly the use of pop-up satellite archival tags, have significantly advanced our understanding of these migrations in species like the European eel (A. anguilla) (Aarestrup et al., 2009), American eel (A. rostrata) (Béguer-Pon et al., 2015), Japanese eel (A. japonica) (Manabe et al., 2011), New Zealand long-finned eel (A. dieffenbachii) (Franklin et al., 2023) and tropical Pacific eels (Anguilla spp.) (Schabetsberger et al., 2021). Nevertheless, for many other anguillid species, the oceanic spawning phase remains largely undocumented.

The Australian long-finned eel (A. reinhardtii) is broadly distributed along Australia’s east coast and also occurs in New Zealand, Lord Howe Island, Papua New Guinea, New Caledonia, and Vanuatu. Commonly exceeding one meter in length, this species is both commercially harvested and culturally significant. Kuroki et al. (2020) hypothesized that their spawning area lies in the northeastern Coral Sea, based on the collection of small numbers of long-finned eel leptocephali in this region (i.e., ~14–15.5°S, 160°E) (Kuroki et al., 2008, 2020). However, the oceanic migratory behavior, pathways, and spawning destinations of adults have remained unknown.

Here, we conducted the first direct investigation of the oceanic migrations of long-finned eels using pop-up satellite archival tags. Our findings provide novel insights into migratory routes, behavioral adaptations, threats encountered, and potential spawning areas in the western South Pacific, thereby advancing understanding of this species’ reproductive ecology.





Methods




Fish collection and tagging

In April and May 2024, twenty adult migrant long-finned eels (mean length: 1250 mm, range 1030–1390 mm; mean weight: 5990 g, range 2986–8155 g) were collected near the mouths of Lake King and Tamboon Inlet in southern Victoria, Australia using overnight-set fyke nets (Table 1, Figure 1). For tagging, eels were transferred to a 150 L aerated container filled with estuarine water and individually anaesthetized (0.09 mL AQUI-S per liter water) (AQUI-S, Lower Hutt, New Zealand), with induction times of approximately 8–10 minutes. Pop-up satellite archival tags (PSATs), either Microwave Telemetry X-tags or Wildlife Computers mrPATs, were externally attached using a three-point stainless steel wire configuration inserted dorsally beneath the skin, following the Westerberg method (Økland et al., 2013). The X-tags recorded depth and temperature at 15-minute intervals, with data transmitted via the Argos satellite system after the tag detaches from the eel and floats to the surface. In contrast, the mrPAT tags recorded only daily maximum and minimum temperatures. Throughout the tagging procedure, the head and gill regions of each eel remained submerged in aerated anesthetic solution. The entire tagging process, including biometric measurements, was completed within approximately six minutes per individual.


Table 1 | Biological data for tagged adult long-finned eels from Gippsland Victoria, Australia.
	Tag ID
	Length (mm)
	Weight (g)
	Release date
	Capture location
	Tag type
	Programmed pop-up time (months/days)



	197994
	1270
	6490
	09-Apr-24
	Lake King
	X-tag
	5 mo


	197995
	1380
	7860
	09-Apr-24
	Lake King
	X-tag
	5 mo


	197996
	1270
	6262
	08-Apr-24
	Lake King
	X-tag
	5 mo


	198002
	1300
	6460
	09-Apr-24
	Lake King
	X-tag
	5 mo


	198004
	1260
	5720
	08-Apr-24
	Lake King
	X-tag
	6 mo


	210546
	1360
	8155
	08-Apr-24
	Lake King
	X-tag
	6 mo


	261322
	1340
	7007
	09-Apr-24
	Lake King
	X-tag
	6 mo


	261323
	1065
	4120
	09-Apr-24
	Lake King
	X-tag
	6 mo


	261324
	1190
	4808
	09-Apr-24
	Lake King
	X-tag
	6 mo


	261325
	1390
	7290
	09-Apr-24
	Lake King
	X-tag
	6 mo


	261326
	1260
	7053
	09-Apr-24
	Lake King
	X-tag
	6 mo


	261327
	1340
	7935
	09-Apr-24
	Lake King
	X-tag
	6 mo


	262009
	1030
	2986
	09-Apr-24
	Lake King
	mrPAT
	100 d


	262010
	1150
	4800
	10-Apr-24
	Lake King
	mrPAT
	100 d


	262011
	1270
	5420
	07-May-24
	Tamboon Inlet
	mrPAT
	100 d


	262012
	1080
	3450
	07-May-24
	Tamboon Inlet
	mrPAT
	100 d


	262013
	1185
	4710
	10-Apr-24
	Lake King
	mrPAT
	100 d


	262014
	1300
	7200
	10-Apr-24
	Lake King
	mrPAT
	100 d


	262015
	1330
	6850
	10-Apr-24
	Lake King
	mrPAT
	100 d


	262016
	1240
	5225
	07-May-24
	Tamboon Inlet
	mrPAT
	100 d







[image: Map of the southwest Pacific region, including Australia, New Zealand, and surrounding seas. Depth is indicated with a gradient from light blue (0 meters) to dark blue (8000 meters). Various locations are marked with numbered dots, some in green and others in red, over regions like the Tasman Sea, Coral Sea, Vanuatu, New Caledonia, the Solomon Islands, and Lord Howe Seamount Chain. Land areas are shown in gray with labeled countries and geographical features. A scale bar indicates 600 kilometers for distance reference.]
Figure 1 | Pop-up locations (coloured circles) of tagged long-finned eels. White squares: release locations. Red circles: mammal predation, pink circles: non-mammal predation. Grey triangles: historical leptocephali collection sites (from Kuroki et al., 2008, 2020).

Following tagging, eels were placed in a 150 L recovery container with estuarine water. Once they regained equilibrium and began to swim freely, they were released either from a nearby beach or offshore via boat. The mrPAT tags were programmed to detach and surface 100 days after release, reflecting the maximum number of days for which data can be recorded. In contrast, X-tags were programmed to detach and surface five to six months post-release. This staggered approach enabled a broad tracking window, which was deemed important due to uncertainty surrounding the duration of migration to the spawning grounds.





Mapping migrations

Diel vertical migration (DVM) is a widespread behavioral pattern among migrating anguillid eels, characterized by nocturnal ascent to shallower depths and descent to deeper waters during daylight hours. This behavior is closely synchronized with local sunrise and sunset times and has been utilized to estimate the position of the eels, particularly daily longitude, by identifying the timing of local noon (Righton et al., 2016; Chang et al., 2020).

In Australian long-finned eels, DVM is marked by rapid vertical transitions, which can introduce distortion in depth profiles due to the data compression algorithms used by X-tags. Actual measured values of temperature and depth are replaced by approximations, called delta limited values, which give underestimates of the increase or decrease between successive datapoints. This distortion results in a systematic westward bias in the estimated longitudes when the sunrise and sunset times are calculated from the time of crossing of a depth or temperature reference level. Different reference levels were tried but all were unable to converge to the known popup longitude. The method adopted was to use the daily mean depth of the eel as a reference level. To correct for the bias, daily longitude estimates were first smoothed using a locally weighted scatterplot smoothing (LOWESS) approach (Cleveland and Devlin, 1988). Typical differences between the daily estimates and the smoothed values were less than 1° longitude. If DVM is a stereotype behavior triggered by light the longitude bias will be constant once the eel has left the shelf and settled with a constant DVM amplitude. With this assumption, the difference between the smoothed longitude estimate at the start and popup longitudes was used as a fixed number correction on the smoothed time-series. This procedure was applied to tag 198002, 261323 and 261325. The correction varied between the individual eels from 2 to 7° longitude. The fourth eel with a long travel distance, tag 261324, had very low data return (Tabel 2) and just 6 randomly distributed days with hourly data was available. In this case the uncorrected estimates based on temperature data was used.

Given temporal variation in sunrise and sunset over the study period, fixed time windows were defined for analysis: 00:00–06:00 UTC as “day” and 12:00–18:00 UTC as “night.” During those periods the vertical activity of the eels is low, and measurements are not distorted by delta limited values. Mean swimming depth and ambient temperature were calculated daily for each period and used to estimate latitude. Oceanographic reference data were obtained from the Copernicus Global Ocean Physics Reanalysis product (1/12° horizontal resolution, 50 vertical levels; Copernicus Marine Service). These data were visualized using Ocean Data View (Schlitzer, 2015; https://odv.awi.de). Modelled ocean temperature profiles were extracted at 10-day intervals following tag deployment, covering the region from 40°S to 10°N and 145°E to 170°E. Latitude estimates were derived by comparing observed night-time mean temperatures and depths with the modelled temperatures at corresponding depths along the corrected longitude. A second latitude estimate was obtained using daytime averages. When the two estimates differed by less than 1°, their mean was taken as the final latitude estimate for that day.

All field work was performed in accordance with the relevant guidelines and regulations under Victorian Flora and Fauna Guarantee Permit 10005451 and Fisheries Victoria Research Permit RP-827. This study was approved and conducted under ethics permit 18-006 (Arthur Rylah Institute for Environmental Research Animal Ethics Committee).






Results

Data were obtained from 14 of the 20 eels tagged (Table 2). Only one mrPAT tag (262011) reached its programmed release date. Of the 14 tags that returned data, the average deployment duration was 60 d (maximum 164 d), and the average data return (i.e., amount of data transmitted) was 66% (range 2–100%).


Table 2 | Summary of data for the 14 tags attached to long-finned eels that returned data.
	Tag ID
	Surfacing date
	Deployment duration (d)
	Pop-off location (°S) (°E)
	% data returned
	Distance travelled (km)
	Average speed (km d−1)
	Max depth (m)
	Temp range (°C)
	Fate



	197994
	28-Apr-24
	19.2
	38.0
	147.9
	99%
	15.1
	0.8
	42
	16.6–18.3
	non-mammal predation


	197995
	22-Apr-24
	13.0
	34.7
	151.3
	100%
	485.0
	37.2
	204
	16.2–23.4
	non-mammal predation


	198002
	18-Aug-24
	131.3
	16.3
	160.6
	72%
	2570.0
	19.6
	947
	4.5–26.0
	 


	198004
	26-Apr-24
	18.2
	38.0
	147.8
	96%
	21.8
	1.2
	46
	16.4–18.4
	non-mammal predation


	261322-1
	30-Apr-24
	21.9
	26.2
	153.7
	100%
	1302.5
	59.5
	194
	16.2–25.8
	non-mammal predation


	261322-2
	14-May-24
	6.2
	23.4
	152.0
	N/A
	258.9
	41.5
	81
	23.9–25.8
	N/A


	261323
	17-Sep-24
	161.7
	15.5
	157.8
	87%
	2464.9
	15.2
	947
	4.5–24.8
	 


	261324
	26-Jun-24
	78.0
	22.2
	156.8
	2%
	1822.9
	23.4
	823
	6.3–21.0
	 


	261325
	02-Jul-24
	84.5
	17.6
	158.6
	97%
	2332.6
	27.6
	861
	4.8–23.0
	 


	262009
	09-May-24
	30.0
	35.4
	150.5
	28%
	364.2
	12.1
	na
	no temp data
	 


	262011
	15-Aug-24
	100.0
	19.3
	157.5
	63%
	2050.5
	20.5
	na
	5.0–23.5
	 


	262012
	09-May-24
	2.0
	35.8
	150.2
	58%
	222.6
	111.3
	na
	14.5–19.5
	non-mammal predation


	262013
	07-Jun-24
	58.0
	22.9
	158.4
	44%
	1887.2
	32.5
	na
	6.0–22.5
	mammal predation


	262014
	05-Jun-24
	56.0
	25.4
	159.4
	36%
	1777.2
	31.7
	na
	5.0–21.5
	mammal predation


	262016
	23-Jun-24
	47.0
	22.6
	157.9
	35%
	1793.9
	38.2
	na
	6.0–22.5
	mammal predation





261322 – following surfacing the tag drifted before being ingested again, N/A – not applicable






Pop-off locations and fate

Eight tags showed signs of predation: three by mammalian predators and five by non-mammalian predators (see below). Two X-tags (197994 and 198004) surfaced within 25 km of their release site, approximately 20–21 days after deployment (Figure 1). Tag 197994 remained at shallow depths (<50 m) and exhibited irregular movement patterns (Figure 2). Tag 198004 also stayed near the surface but displayed a DVM pattern, typically descending to 40–50 m below surface during the day and ascending to 5–10 m below surface at night. A combination of near-constant temperatures (17–18°C) and absence of light during daytime suggests that both eels were ingested by an ectothermic predator, such as a shark (Figure 2).

[image: Four line graphs showing depth in meters over time from April 8 to May 15. Each graph is labeled with a number: 197994, 197995, 198004, and 261322. Temperature, indicated by color gradient from yellow to red, ranges from zero to thirty degrees Celsius. Lines vary in color, showing temperature fluctuations at different depths and times.]
Figure 2 | Daily depth and temperature profiles of individual tagged eels, indicating predation events shortly after deployment.

Three tags (197995, 262009, and 262012) surfaced off the southern coast of New South Wales, 230–550 km from their release sites, between 2 and 30 days after deployment (Figure 1). The mrPAT 262012 recorded a displacement of 230 km in just two days, an implausible migration rate for an anguillid eel (e.g., Aarestrup et al., 2009; Righton et al., 2016), strongly suggesting predation and subsequent northward transport before surfacing.

The X-tag 197995 remained near the surface and exhibited a shallow diel vertical movement pattern, descending to 100–150 m during the day and ascending to 10–30 m at night (Figure 2). Over time, recorded temperatures increased from 17 to 23 °C, consistent with a northward movement into progressively warmer waters (Figure 2). An absence of deep dives and light data suggests this eel was ingested by a predator shortly after deployment; however, the tag returned insufficient data to identify the predator (Figure 2). The mrPAT 262009 also returned insufficient data to determine the fate of the eel.

The X-tag 261322 surfaced on the continental shelf near Brisbane, approximately 1,357 km from its release site, just 23 days after deployment (Figure 1). This corresponds to an average displacement rate of 62 km d−1, which is inconsistent with anguillid eel movement rates. The rapid transit suggests the tag was ingested by a predator and transported northward. During this period, there was no light recorded during daytime, while recorded temperatures gradually increased from 17°C to 25°C, consistent with the tag being inside an ectothermic predator, likely a non-lamnid shark, shortly after deployment (Figure 2). Depth data revealed an irregular vertical movement pattern, lacking the DVM typically observed in anguillid eels. Following surfacing, the tag drifted for approximately one week before being ingested again and transported for an additional six days (Figure 2).

Eight tags surfaced in the Coral Sea region, around the northern and northwestern flank of the Lord Howe Seamount Chain, between 1,666 and 2,567 km from their release locations (Figure 1). Of these, four tags were mrPATs (261324, 262013, 262014, and 262016) and surfaced in June, 47–78 days post-release, approximately 500 km west/southwest of New Caledonia. Three of these tags (262013, 262014, 262016) exhibited clear signs of mammalian predation with a distinct temperature spike to 36.5°C prior to surfacing (Figure 3). Without detailed depth data the species cannot be determined, but the high temperature precludes an endothermic fish. The remaining four tags were X-tags (262011, 261323, 261325, and 198002) and surfaced between July and September, 85–162 days post-release, 600–700 km northwest of New Caledonia (Figure 1). Three of these tags (261323, 261325, and 198002) surfaced in close proximity to one another (i.e., within 200–300 km) in the northeastern Coral Sea (15.5–17.6°S; 157.8–160.6°E), south of the Solomon Islands. All those tags surfaced prematurely, without sign of predation. Track reconstructions indicated that the eels were actively migrating northward at the time of tag release. Migration speeds during the final 10–20 days prior to surfacing were consistent with the overall average speeds, and no significant changes in DVM behavior were observed.

[image: Three line graphs show maximum and minimum temperatures over time for different days in April to June. Each graph represents a different data set labeled 262013, 262014, and 262016. The red solid lines depict maximum temperatures and blue dashed lines depict minimum temperatures. All graphs display a rising trend in maximum temperatures towards June 15, while minimum temperatures remain relatively stable.]
Figure 3 | Minimum and maximum daily temperatures profiles showing examples of predation (likely by a whale) characterized by a distinct temperature spike to 36.5°C.

Reconstructed trajectories from the X-tag data revealed total migration distances ranging from approximately 2100 to 3400 km, with a mean trajectory length of 2900 km. The average migration speed across all individuals was 19.6 km d-1. However, migration speed between reconstructed positions exhibited substantial variability, with coefficients of variation ranging from 0.6 to 0.8, reflecting inherent uncertainties in geopositioning estimates. Migration speeds for two individuals (X-tags 261323 and 261325) decreased notably around 25–27°S, potentially corresponding to the region where the South Caledonian Jet intersects the Lord Howe Seamount Chain (Kessler and Cravatte, 2013, Oke et al., 2019).

Reconstruction of migratory pathways suggests that eels travelled several hundred kilometers offshore from the Australian coastline throughout much of their oceanic migration, venturing even farther offshore during the later stages of their journey (Figure 4). The reconstructed trajectories from two eels (198002 and 261323) suggest that they crossed or navigated around the Bellona Platform, a submarine carbonate platform located approximately 600 km west of New Caledonia, approximately 100 to 120 days after their release.

[image: Map showing the Coral Sea and Tasman Sea regions, highlighting ocean depths with a gradient from light blue to dark blue for 0 to 8000 meters. Key locations include Solomon Islands, Vanuatu, New Caledonia, and Australia. Labeled points and lines indicate specific maritime features such as the Bellona Platform and Lord Howe Seamount Chain. A scale bar and depth legend are included.]
Figure 4 | Reconstructed migratory pathways (dashed lines) and pop-up locations (coloured circles) of tagged long-finned eels.





Vertical movement behavior

Data from four of the eels (198002, 261323, 261324, and 261325) equipped with X-tags showed rapid descents to depths exceeding 650 meters within 1–5 days post-release (Figure 5). Shortly thereafter, they began exhibiting consistent DVM behavior, which characterized their oceanic journey. This pattern involved ascents to shallower depths (100–300 m) around sunset and descents to deeper waters (700–900 m) at sunrise (Figure 5). The duration of DVM ranged from 65 to 160 days, with a median of 106.5 days (Table 2). Daily maximum and minimum temperatures recorded by the tags attached to these eels closely align with data from individuals equipped with mrPAT tags (262011, 262013, 262014, and 262016), revealing highly similar thermal patterns (Figure 6). This consistency suggests that the tagged eels likely exhibited similar DVM behavior and followed comparable movement.

[image: Three temperature-depth profile graphs from sensors 198002, 261323, and 261325 show data from April to October 2024. Depth ranges from 0 to 750 meters, with temperatures from 0 to 30 degrees Celsius indicated by a color gradient from blue to red.]
Figure 5 | Examples of daily depth and temperature profiles of individual tagged long-finned eels, showing alternation between the warmer euphotic zone at night and the cooler mesopelagic zone during the day. Values around ‘0’ m depth indicate tag drifting on the surface.

[image: Two line graphs compare temperature data from May to September. The top graph, labeled “mrPAT,” shows multiple data lines with varying temperature trends, ranging from 5 to 25 degrees Celsius. The bottom graph, labeled “X-tag,” shows similar temperature fluctuations. Each line represents a different ID, indicated by a color key on the right.]
Figure 6 | Daily maximum and minimum temperatures recorded by long-finned eels equipped with X-tags and mrPAT tags showing highly similar thermal patterns.

Mean night-time (2100−0400 h) swimming depth across eels equipped with X-tags (i.e., 198002, 261323, 261324, and 261325) was 194.0 ± 117.2 m (SD), and ranged from 168 m (261324) to 209 m (261325). Mean daytime (0800−1500 h) depth was 751.2 ± 158.3 m (SD) and ranged from 709 m (261324) to 797 m (261323) (Figure 7). Mean night-time temperature was 18.1 ± 4.3°C and ranged from 17.6°C (261325) to 19.2°C (261323). Mean daytime temperature was 6.7 ± 2.4 °C and ranged from 6.1 °C (261323) to 7.2°C (261324). Night-time temperatures increased as the eels migrated northward, whereas daytime temperatures typically show little variation regardless of location (Figure 5). Night-time swimming depth of long-finned eels increased with increased moonlight (Figure 8). For example, mean nighttime depth across eels 198002, 261323, and 261325 was 236.3 ± 83.2 m (SD) during the full moon compared to 184.3 ± 78.6 m (SD) during the new moon. The deepest recorded depth was 952 m by eel 198002. This individual also exhibited a notable shift in night-time swimming depth coinciding with its crossing of the Bellona Platform, occupying shallower depths (~600 m) during the final 50 days of its journey compared to the earlier phase (~800–900 m) (Figure 5).

[image: Box plot showing ocean depth versus time of day with temperature as a color gradient. Depth ranges from 0 to 1000 meters, and time spans 0 to 24 hours. Temperature varies from 0 to 30 degrees Celsius, displayed with a color gradient from blue (cold) to red (warm). Depth is shallowest at midday, forming a U-shape.]
Figure 7 | Diel depth and temperature data for tagged long-finned eels, showing occupation of warmer shallower environments at night and cooler deeper environments during the day. Plot shows raw values (dots), median (midline), lower and upper quartiles (ends of the box), and 1.5 x interquartile range (whiskers).

[image: Three boxplot panels compare depth in meters across lunar phases: New, Waxing, Full, Waning, and New, labeled 198002, 261323, and 261325. Depth varies, with outliers scattered.]
Figure 8 | Examples of depth data for tagged long-finned eels as a function of lunar phase, showing use of deeper environments at night with increasing moonlight. Refer to Figure 7 for legend.






Discussion

This study has, for the first time, documented the long-distance migrations of Australian long-finned eels, from continental habitats in southern Australia to the tropical Coral Sea, located approximately 2,500 km away. Notably, the tags from the individuals that travelled the furthest surfaced within a relatively confined region in the northeastern Coral Sea (15.5–17.6°S; 157.8–160.6°E), south of the Solomon Islands. These tag endpoints align with the location of leptocephali collected by Kuroki et al. (2008, 2020), strengthening the hypothesis that the northeastern Coral Sea serves as a spawning area for this species. Reconstructed migratory trajectories indicate that long-finned eels follow a relatively consistent and predominantly direct route, generally tracking along the western slope of the Lord Howe Rise. The study also highlights the substantial risks encountered during migration, with tag data providing clear evidence of predation, underscoring that escapement to the sea does not necessarily equate to successful spawning. Furthermore, the consistent observation of DVM, characterized by nighttime ascents toward the surface and daytime descents to deeper waters, yields valuable information on behavioral adaptations during the oceanic phase of migration. This behavior, observed across all studied anguillid species during their spawning migrations, is likely a deeply rooted evolutionary trait.




Tag endpoints

The tags from the three eels that migrated the greatest distances (198002, 261323, 261325) surfaced between July and September 2024, clustering within a confined region of the northeastern Coral Sea (15.5–17.6°S; 157.8–160.6°E), south of the Solomon Islands. The estimated spawning period for long-finned eels is mid-June to August, based on back-calculated hatching dates derived from otolith analyses of leptocephali collected in a nearby region (~14–15.5°S, 160°E) during September 1995 and July 2016 (Kuroki et al., 2008, 2020). Although the precise timing and location of spawning remain unresolved, the spatial and temporal alignment of tag endpoints with historical leptocephali collection sites suggest that the probable spawning area of long-finned eels is located east of the tag endpoints in the north-eastern Coral Sea (Kuroki et al., 2020). Nevertheless, further research, including additional data from pop-up satellite archival tags and larval distribution surveys, are needed to delineate the precise spawning sites of long-finned eels. For example, the tags from the eels that travelled the furthest surfaced prematurely, suggesting they had not yet reached their final destinations.





Migratory pathways

The reconstructed paths of the X-tagged eels suggest that individuals travel several hundred kilometers offshore from the Australian coastline, generally following the western slope of the Lord Howe Rise. The surfacing positions of the mrPAT tags support this pattern. Upon reaching the Bellona Platform, the eels appear to disperse northward into the deeper waters of the Coral Sea. Consequently, the reconstructed trajectories of long-finned eels place them well east of the main axis of the southward-flowing East Australian Current (EAC). A recent study on the oceanic migration of short-finned eels (Anguilla australis) similarly found that individuals travelled east of the EAC en route to their presumed spawning grounds, although their migratory paths exhibited greater individual variability, particularly during the early stages of migration (Koster et al., 2021). More broadly, the migratory routes of anguillid eels toward their spawning areas appear to span a spectrum from relatively direct paths to more meandering trajectories, as documented in other species and regions (Righton et al., 2016, e.g., Chang et al., 2020; Franklin et al., 2023).

Tag endpoints and reconstructed migratory trajectories generally align with a region between the EAC and the Lord Howe Seamount Chain. Although this study did not identify a direct association with specific seamounts, their potential influence on migratory behavior and spawning site selection remains plausible. In the Japanese eel, seamounts have been linked to spawning activity, with eggs, leptocephali, and adults in spawning-condition collected near the West Mariana Ridge (Chow et al., 2009; Tsukamoto et al., 2011; Aoyama et al., 2014). Seamounts may act as navigational landmarks or aggregation points during migration (Righton et al., 2012), although their possible role in the spawning migrations of long-finned eel remains unresolved.





Migration speeds

The migration speeds of the eight long-finned eels with a long travel distance before premature loss or predation was 29 ± 6.5 km d-1. The coefficient of variation of the individual daily displacement rate was between 0.6 and 0.9. The average migration speed, and the degree of variation, are broadly consistent with those reported for other anguillid species (e.g., Aarestrup et al., 2009; Béguer-Pon et al., 2015; Righton et al., 2016; Franklin et al., 2023). Apart from the uncertainty in geolocation, which is reflected in the daily displacement data, the variability may also reflect factors such as physiological differences among individuals (e.g., body size or condition), as well as environmental factors encountered during migration, including ocean currents (Béguer-Pon et al., 2015; Righton et al., 2016). Notably, two individuals (261323 and 261325) showed a marked decrease in migration speed near 27°S, potentially corresponding to the interaction zone between the South Caledonian Jet and the Lord Howe Ridge, a region characterized by complex oceanographic dynamics (Kessler and Cravatte, 2013; Oke et al., 2019). A more detailed understanding of the factors influencing migration speed would be valuable, particularly in the context of environmental change. These include shifts in ocean circulation patterns and stressors in freshwater environments, such as habitat degradation, pollution, diseases and migration barriers that may impair body condition (Durif et al., 2006; Belpaire et al., 2009; Fenkes et al., 2016), and consequently affect swimming performance during the marine migration phase.





Vertical movement behavior

Long-finned eels exhibited regular DVM in deep oceanic waters. At night, they ascend to the warmer euphotic zone (~100–300 m, 17–19 °C), while during the day, they descend into the cooler mesopelagic zone (~700–900 m, 6–8 °C). DVM behavior is characteristic of Anguilla species and may serve multiple ecological functions. The daytime descent may reduce exposure to visual predators (Jellyman and Tsukamoto, 2005, Aarestrup et al., 2009). Alternating between shallow, warm waters and deeper, cooler waters has been hypothesized to influence thermal regulation and the timing of sexual maturation (Jellyman and Tsukamoto, 2005; Aarestrup et al., 2009; Jellyman and Tsukamoto, 2010). However, the significance of these factors in driving DVM remains undetermined (Righton et al., 2021).

The night-time swimming depth of long-finned eels increased with increased moonlight. As the water column becomes more brightly illuminated, the risk of detection by nocturnal predators may increase, prompting eels to descend to deeper waters during these periods (Schabetsberger et al., 2013). Similar lunar-associated increases in swimming depth have been observed in other anguillid species, including the giant mottled eel (A. marmorata) (Schabetsberger et al., 2013), Japanese eel (Chow et al., 2015), and New Zealand long-finned eel (Franklin et al., 2023). However, this behavior is not consistent across the genus; for instance, no significant correlation between depth and moonlight has been reported in the American eel (Béguer-Pon et al., 2015).

The depth and temperature ranges observed during DVM in long-finned eels were comparable to those reported for other anguillid species (e.g., Aarestrup et al., 2009; Schabetsberger et al., 2013; Béguer-Pon et al., 2015; Watanabe et al., 2020). However, one individual (198002) exhibited a distinct pattern in the later stages of migration, characterized by shallower daytime depths (approximately 500–600 m) and associated elevated temperatures (approximately 8–10°C). The sudden shift in DVM range and amplitude for this individual appears to coincide with crossing the Bellona Platform. Further telemetry data would be valuable to assess whether this pattern is more widespread among migrating eels. Such changes in vertical movement and thermal exposure for instance may have implications for reproductive maturation and spawning (Dou et al., 2008).





Predation of migrating eels

This study demonstrates that the oceanic migration of long-finned eels entails substantial predation risk. Almost half (8 out of 20) of the tagged eels showed signs of predation, and we cannot exclude that others were predated given the nature of the satellite telemetry data. Moreover, our findings reveal that these risks vary spatially and temporally, with different predators prevalent at distinct stages. In nearshore environments, sharks appear to be the primary predators. As the eels move into offshore waters, the nature of predation shifts, with whales emerging as a significant threat during the later stages of migration. Similar patterns of high and variable predation pressure have been reported in other anguillid eel species (e.g., European eel, New Zealand long-finned eel) (Righton et al., 2016; Westerberg et al., 2021; Jellyman et al., 2024). It is acknowledged pop-up satellite archival tags may increase susceptibility to predation or impair swimming performance (Burgerhout et al., 2011; Methling et al., 2011; Verhelst et al., 2022). However, a comparison of average migration speeds from geolocation data across the first and second halves of the three longest tracks revealed no decline in migration speed (28.2 ± 6.1 and 31.3 ± 8.7 km d-1 respectively). It can also be noted the average migration speed of eight A. australis tracked in the same area was essentially the same (29.3 ± 13 km d-1) (Koster et al., 2021) in spite of the fact that the tag to bodyweight ratio of A. australis was three times larger than that of the A. reinhardtii eels. This and the observation that many individuals travelled over 1500 km prior to predation suggests that swimming performance was not significantly impaired.

Despite these insights, our broader understanding of the ecological consequences of eel predation during oceanic migration remains limited. For example, to what extent does marine predation influence spawning stock size and reproductive success of anguillid eels (Righton et al., 2021; Stuart et al., 2024)? Could the recovery of marine mammal populations (e.g., whales) from historical over-exploitation (Whitehead and Shin, 2022) lead to increased predation on eels? Does mortality risk differ among eels migrating from different geographic regions, and could such variation inform the spatial prioritization of conservation efforts in continental habitats? Addressing such knowledge gaps is essential for developing more comprehensive and effective conservation strategies. The predation of ocean-migrating eels also illustrates their potential importance within marine food webs and raises additional ecological questions. For example, white sharks are known to undertake seasonal migrations to exploit temporally abundant prey resources (Semmens et al., 2013; Lipscombe et al., 2024). Whether the foraging behaviors of predators such as sharks are influenced by the timing and distribution of migrating eels is unknown.






Conclusions

This study provides the first direct evidence of the long-distance oceanic migrations of Australian long-finned eels. The convergence of tag endpoints within a confined area south of the Solomon Islands, closely aligned with historical leptocephali collections, supports the hypothesis that their probable spawning area lies in the northeastern Coral Sea (Kuroki et al., 2020). However, additional data are needed to delineate the precise spawning sites of the species. The findings highlight substantial and variable predation risks during migration and underscore the potential ecological role of eels in marine food webs. Observed diel vertical migration patterns, including lunar influences, provide insight into behavioral adaptations during the oceanic phase. Collectively, these results advance our understanding of anguillid eel migrations and underscore the critical importance of continued research into this crucial life-history stage. Such insights are vital for informing effective conservation strategies for this enigmatic and globally threatened genus (Jellyman, 2022).
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