
1.  Introduction
Antarctic toothfish (Dissostichus mawsoni) is one of the few commercially exploited notothenioid species 
endemic to the seas around Antarctica. In the northern Ross Sea region (Figures 1a and 1b), it spawns on 
bathymetric features, such as seamounts and ridges during winter between early July and late August (Han-
chet et al., 2008, 2015; Parker et al., 2019, 2021). Spawning and spent fish have been observed spanning from 
150°W to 150°E longitude at latitudes near 65°S (Parker et al., 2019), while juveniles (50–100 cm size class) 
are abundant on the shelf and slope between the Ross and Amundsen Sea. However, much of the adult 
population is likely further south along the continental slope and under sea-ice during winter. The exact ge-
ographic distribution of depths of spawning of D. mawsoni is still unknown. Based on the observations from 
the Ross and Amundsen Sea, and from the South Sandwich Islands, D. mawsoni likely spawns in the Ross 
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we investigate how ocean currents and sea-ice drift influence their journey by using data from a high-
resolution ocean model. Simulations with different particle behaviors reveal that their recruitment success 
is around 70% lower if juveniles would continue to drift with sea-ice instead of following ocean currents as 
juveniles. In particular, the modeled sea-ice drift during the second winter season carries many juveniles 
away from the shelf break. Results suggest that the advantage of sea-ice, providing food and shelter, 
diminishes as toothfish grow.
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Figure 1.
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Sea region, the region between Cape Adare and Cape Colbeck (Orsi & Wiederwohl, 2009), and in the South-
east Pacific Basin at depths of 1,000–2,000 m (Parker & Di Blasi, 2020; Parker et al., 2019; Roberts, 2012).

The Southeast Pacific Basin extends to the north of the Ross Sea into the Southern Ocean (Gouretski, 1999). 
The circulation in the Southeast Pacific Basin is characterized by the wind-driven cyclonic Ross Gyre, which 
extends from 160°E to 140°W and is largely restricted to the deep (>4,000 m) western region of the South-
east Pacific Basin (Carter et al., 2008). The Ross Gyre comprises the Antarctic Circumpolar Current to the 
north and the Antarctic margin, including the narrow, westward flowing Antarctic Slope Current to the 
south (Roach & Speer, 2019). The Antarctic Slope Current encircles the Antarctic continental shelf with 
sustained along-slope velocities of 10–30 cm/s (Thompson et al., 2018). The Ross Gyre can be divided into 
two cyclonic gyres (Figure 1c): the main, central Ross Gyre, and the Balleny Gyre, a secondary gyre centered 
on the Balleny Islands (Armitage et al., 2018).

The incubation time of D. mawsoni eggs as well as the period of passive drift is also not known precisely, 
largely due to the lack of winter plankton samples from the region. Nevertheless, hatching dates for D. maw-
soni were estimated (La Mesa, 2007) from juvenile specimens collected around the South Shetland Islands 
by counting micro-increments between presumed hatching checks and sampling date identified in the core 
region of sagittal otoliths. Using this technique, it was estimated that hatching of D. mawsoni eggs takes 
place between November and February with a peak in December. Combined with developmental informa-
tion from D. eleginoides (Mujica et al., 2016), a winter spawning period followed by a 3–4 months incubation 
and larval period in early spring is likely in the Ross Sea, Southeast Pacific Basin, and Amundsen Sea re-
gions (Hanchet et al., 2008; Parker et al., 2019). The larval period is expected to be short (a few weeks) before 
an extended pelagic feeding phase as juveniles. Based on the lack of demersal juveniles smaller than 30 cm, 
it was hypothesized that D. mawsoni juveniles are likely to spend 1–2 years living in the plankton (Hanchet 
et al., 2008). It is likely that swimming abilities of larval and juvenile toothfish would increase during this 
period (Hanchet et al., 2008). Although no studies have been conducted linking toothfish juveniles and 
sea-ice, an association has been hypothesized based on the strongly buoyant eggs, timing of spawning, and 
likely locations of spawning (Parker et al., 2021).

Based on a combination of biological data, spatial distribution data, and Lagrangian particle tracking using 
hydrodynamical data from Hi-GEM (Shaffrey et al., 2009), a previous modeling study concluded that adult 
Antarctic toothfish move northwards from the Ross Sea to spawn on the banks and ridges of the Pacif-
ic-Antarctic Ridge during austral winter and spring (Hanchet et al., 2008). The Lagrangian particle tracking 
simulations suggest that the pathways and destination of juveniles depend on the exact spawning location 
and depth of transport (Ashford et al., 2012; Hanchet et al., 2008). The findings led to the hypothesis that 
eggs, larvae, and juveniles entrained in the Ross Sea gyres are transported eastwards and then southwards 
within the eastern Ross Gyre to settle out along the continental shelf and slope between the eastern Ross 
Sea and Amundsen Sea. Eggs from some possible spawning areas may be transported westward, from the 
Iselin Bank and seamounts north of it, to settle in the western Ross Sea, around the Balleny Islands, and the 
adjacent Antarctic continental shelf. In the hypothesized life cycle, the juveniles, once demersal, move back 
toward the northern Ross Sea shelf as they grow, eventually moving into deeper water as they mature over 
the ensuing decade (Hanchet et al., 2008).

In the present study, a series of Lagrangian particle tracking simulations based on ocean and sea-ice veloc-
ities obtained from a high-resolution ocean model hindcast is used to determine the pathways of particles 

Figure 1.  (a) Ocean bathymetry shown by the color shading over the Southwest Pacific Ocean. Locations of Cape Adare (CA), Balleny Islands (BI), Ross 
Sea (RS), Iselin Bank (IB), Southeast Pacific Basin (SEPB), Cape Colback (CC), and Amundsen Sea (AS) have been labeled. (b) Particles were seeded in five 
clusters (R1–R5) located in the western and northern Ross Gyre illustrated by modeled (2011–2016) sea surface height (gray area) between −1.9 and −1.5 m. 
The 1,000 m isobath of the continental shelf is shown by the black dashed contour line and the target region is indicated by the blue shaded polygon. Mean 
(2011–2016) sea surface height from (c) Cryosat and (d) ROAM15 are shown in color and gray contours (interval is 0.1 m). The −1.9 and −1.5 m contour lines 
have been highlighted in black for a better comparison between observations and model results. Two inner gyres, the Balleny Gyre (BG) and the inner Ross 
Gyre (iRG), are contained within the Ross Gyre. The dashed orange line in (b), (d), and (f) illustrates the boundaries of the high-resolution nest (1°/15°) within 
the 1°/5° nest which covers the Southwest Pacific. Mean June–September (2010–2017) sea-ice motion shown by the blue color shading from (e) Pathfinder 
satellite product and (f) ROAM15 in cm/s. Every 10th or 30th velocity vector is drawn for Pathfinder and ROAM15, respectively. The green shading in (e) and 
(f) represents mean (2010–2017) surface ocean speeds from satellites (Copernicus Marine Services) and ROAM15, respectively. Model data outside of the high-
resolution (1°/15°) region is based on data from the 1°/5° southwest Pacific nest. The black contour lines show the highlighted sea-surface height contours from 
(c) and (d) to illustrate the Ross Gyre.
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from five spawning regions within the Ross Gyre (Figure 1b) under different advection schemes, which 
mimic different hypothetical juvenile behaviors. The present study builds on and expands the previous work 
by investigating how certain juvenile behaviors and spawning regions influence particle trajectories and re-
cruitment success using empirical data on buoyancy and timing of spawning (Parker et al., 2019, 2021). The 
various advection schemes were designed to explore the impact of ocean circulation and sea-ice drift as well 
as various biological strategies of toothfish (i.e., active swimming and diel vertical migration [DVM]) on the 
trajectories and variability in recruitment success of particles in reaching the “target region.” The main aim 
of this study is to explore how certain juvenile behaviors impact the particle trajectory, travel times, and 
overall recruitment success, to better understand the likely toothfish behavior during the juvenile period. 
Information about the spatial distribution of the population and the factors that affect recruitment are need-
ed for management of this species in the Ross Sea and around the Antarctic Continent.

This article is structured as follows. Section 2 describes the model, advection schemes, and provides de-
tails around the diagnostics deployed in this article. Section 3 presents the results for particle trajectories, 
recruitment success rates, and travel time. Section 4 provides a discussion and conclusion of this article.

2.  Methods
2.1.  Model Setup

This Lagrangian dispersal study uses ocean and sea-ice data from a high-resolution ocean model hindcast. 
The ocean model is based on Nucleus for European Modeling of the Ocean (NEMO, Madec et al., 2017) 
version 3.6 and is fully coupled to the Louvain-la-Neuve Sea Ice Model (LIM 2, Fichefet &Maqueda, 1997) 
sea-ice model. A hindcast was generated for the period of 1958–2019 using atmospheric boundary con-
ditions from JRA-55-DO v1.3 (Tsujino et al., 2018). The oceanic model grid is based on a global eORCA1 
configuration, which has also been used for New Zealand’s Earth System Model (Behrens et al., 2020) and 
recent scientific studies to investigate marine heat waves in the Tasman Sea (Behrens et al., 2019). In this 
global non-eddy resolving grid an eddy-permitting (1°/5°, first nest) nested grid, spanning the Southwest 
Pacific between 130°E–86°W and 81°S–25°S, was embedded using the Adaptive Grid Refinement in Fortran 
(AGRIF, Debreu et al., 2008) nesting capabilities of NEMO.

To get to eddy resolving scales, a second nest, with a resolution of 1°/15°, was embedded inside the first nest. 
This second nest, hereafter called ROAM15 (“Ross Amundsen Sea 1°/15°”), spans the Ross and Amundsen 
Sea between 143°E–95°W and 80°S–57°S (Figure 1). The nests and global model are coupled via a two-way 
nesting scheme and share the same vertical model grid with 75 vertical z-levels. The top level is 1 m thick, 
while the thickness increases to around 200 m below depths of 4,000 m. A partial cell parameterization 
(Barnier et al., 2006) was applied to improve the representation of the bottom topography and overflows. 
The timestep for the global model is 30 min but is reduced to 10 and 5 min for the Southwest Pacific and 
ROAM15 nests, respectively. Viscosity varies between 1 × 104 m2/s (Laplacian), 5 × 1010 m2/s (bi-Laplacian), 
and 1 × 109 m2/s (bi-Laplacian) for the global eORCA1, the Southwest Pacific, and ROAM15 nests, respec-
tively. Horizontal lateral Laplacian diffusivity for tracer was set to 1,000, 200, and 66 m2/s, respectively.

The hindcast was started from rest with climatological values for temperature and salinity based on EN4 
(Good et al., 2013) fields generated over the period 1995–2014. Ice-shelf cavities were not explicitly simu-
lated but meltwater fluxes were prescribed at the front of the ice-shelf edge and freshwater entered at the 
ocean surface. Due to the incompatibility of the Lagrangian iceberg scheme with AGRIF, meltwater fluxes 
from icebergs were prescribed, based on a climatology of a hindcast without AGRIF nests. Tidal flows have 
not been included in this model setup, while the tidal mixing has been taken into account.

2.2.  Model Evaluation

Due to the dominance of sea-ice in the Ross and Amundsen Seas, winter observations are sparse or come with 
caveats reducing the ability to use them for model validation. However, progress has been made to produce 
satellite derived dataset allowing insights into the ocean dynamics of this region. Sea surface height charac-
terizes the near-surface ocean circulation, represented by gradients in the sea surface height, and therefore 
can be used to visualize the Ross Sea gyre circulation (Armitage et al., 2018; Behrens et al., 2016; Kwok & 
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Morison, 2015; Meijers, 2014). Under idealized conditions particles would follow the sea surface height 
contour lines which can be interpreted as particles streamlines (Sokolov & Rintoul, 2009). Here we used the 
CryoSat-2 based product provided by Ron Kwok (https://swot.jpl.nasa.gov/documents/1541/?list=projects) 
which detects sea surface height in leads in the sea-ice pack and covers the period 2011–2016 (Kwok & Mor-
ison, 2015). In addition to the satellite product for sea-surface height, sea-ice velocities from the Pathfinder 
mission (https://nsidc.org/data/NSIDC-0116) were used for model validation.

The upper-ocean circulation in the northern Ross Sea is dominated by the Antarctic Slope Current, which 
forms the southern boundary of the cyclonic Ross Gyre. The Ross Gyre is bounded in the north by the Ant-
arctic Circumpolar Current. Strong flows of the Antarctic Circumpolar Current are reflected in this region 
by densely packed sea surface height contour lines. The Ross Gyre is characterized by lower sea-surface 
height values and is clearly visible in the CryoSat-2 sea-surface height product (Figure 1c). The Ross Gyre 
comprises two cyclonic inner gyres, an inner “Balleny Gyre” in the north-western part, and an “inner Ross 
Gyre,” which occupies the eastern part. Both gyre centers only show very small changes in sea surface 
height, which indicates little flow compared to the outer regions of the gyre, where sea surface height gra-
dient is larger. In the remainder of the manuscript, we use the term Ross Gyre to describe the overall Ross 
Gyre circulation, which includes both inner gyres.

The modeled sea surface height pattern shows similar patterns to the observations (Figure 1d). The −1.9 m 
contour is used to illustrate the larger Ross Gyre. Note, that the −1.9 m contour does not reflect the Ross 
Gyre boundary. In general, the −1.9 m contour of the modeled Ross Gyre agrees well with the observations 
but expands too far south in the western Ross Sea and along the Oates Land coast, whereas the observed 
contour only touches the Antarctic Coast near Cape Adare. In addition, the modeled Ross Gyre does not 
extend far enough into the Southern Ocean at the north eastern boundary as suggested by the observations. 
Factors which potentially contribute to this discrepancy are the different horizontal resolutions of the satel-
lite product (∼25 km) and the model (<3 km) as well as the different reference levels, a WGS84 ellipsoid for 
CryoSat-2 and a sphere for the model. However, the good alignment of contour lines over the wider region 
into the Southern Ocean between both data sources indicates that the model is able to represent the large-
scale circulation in agreement with observations. The overall Ross Gyre transport, based on the barotropic 
streamfunction in the Ross Gyre center, is 27.8 Sv, which is within the range of estimates of 20–30 Sv (Dotto 
et al., 2018; Roach & Speer, 2019).

The satellite derived wintertime (June–September) sea-ice drift shows a northward drift over the western 
Ross Gyre (Figure 1e). East of 170°W and north of around 70°S sea-ice is deflected to the east due to the 
prevailing westerly winds. The sea-ice drift east of 150°W is perpendicular to the −1.9 m sea surface height 
contour and causes sea-ice to be carried across the Ross Gyre into the Southern Ocean. The model results 
show the same characteristics but with more detailed structure due to the finer model grid (∼3 km; Fig-
ure 1f) compared to the satellite product (25 km) and resolved mesoscale activity. In the northeastern Ross 
Gyre, the modeled sea-ice motion is more zonally directed than the observations, which means modeled 
sea-ice is not being carried as far north as the observations suggest. In addition, the model shows stronger 
sea-ice flow along the coast and within the model’s energetic Antarctic Slope Current, which is not present 
in the satellite derived sea-ice drift. Reasons for the larger sea-ice flows in this region could be a case of a too 
strong coupling between ocean momentum and sea-ice drift in the model. Overall, the model appears to ef-
fectively capture the large-scale sea-ice drift. North of the sea-ice covered region the imprint of the easterly 
flow of the Antarctic Circumpolar Current (green shading) is present. The model sea surface ocean speed 
pattern is very similar to that obtained from satellites (https://marine.copernicus.eu/, SEALEVEL_GLO_
PHY_L4_REP_OBSERVATIONS_008_047), suggesting a good fit between observed and modeled surface 
ocean currents.

2.3.  Particle Release Strategy and Tracking

Particles were seeded over five distinct regions within the Ross Gyre where mature female toothfish are 
prevalent and likely spawn (R1–R5, Figure 1b; Hanchet et al., 2015). These regions are associated with sea-
mounts in the Southeast Pacific Basin and the shelf break around the Iselin Bank area (seeding region R1). 
Regions R3–R5 are within the sea surface height range that connects the northern rim of the Ross Gyre with 
the shelf of Antarctica (gray shaded area). Sea-ice drift from the southern spawning regions R1 and R2 will 
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transport the eggs north into the Ross Gyre boundary into the sea level range which would connect them 
with the Antarctic shelf and provides a potential pathway. Furthermore, R1 and R2 are regions with high 
toothfish abundance and where adolescent and adult fish are observed (Hanchet et al., 2015). Empirical in-
formation on the timing of spawning or depth of transport was absent and plausible values were determined 
by finding spawning times and locations that resulted in successful transport to putative recruitment areas 
(Ashford et al., 2012; Hanchet et al., 2008).

Parcels (Delandmeter & van Sebille, 2019), an open-source Python based Application Programming Inter-
face for Lagrangian ocean analysis, was used to simulate the transport of virtual toothfish eggs, larvae, and 
juveniles using environmental variables (ocean current velocities and sea-ice motion) from ROAM15. Par-
cels was chosen as it allows for flexible and modular particle advection and supports the NEMO ocean grids.

Every day between the 15th July and 15th September—the likely spawning season of toothfish in the region 
(Parker et al., 2019)—411 particles spanning the five spawning regions were released and advected for up 
to 3 years using the ocean and sea-ice fields from ROAM15. The number of particles released at each seed-
ing location was scaled according to the size of the seeding location. This seeding procedure, with a total 
of 25,893 particles for each year, was repeated for every year from 2002 to 2016. The particle seeding was 
stopped in 2016 to allow for a 3-year particle advection. If particles reached the model domain boundary 
during that timeframe the tracking was stopped, and particles removed from the point in time. Particles 
were advected using five-daily averaged hydrodynamic fields from ROAM15 and the locations and veloci-
ties of each particle were archived as daily snapshots.

2.4.  Particle Advection Schemes

The general particle advection is based on a Runge-Kutta fourth order advection with a timestep of 1 h, 
following previous studies with a similar setup (Daher et al., 2020). Five variations to this general advection 
scheme were implemented to test the sensitivity of dispersal to assumptions about sea-ice advection (SA), 
ocean advection (OA), advection at depth, DVM, and active southward movement/velocity (SV) toward the 
Antarctic shelf (Figure 2).

Particles were seeded 50 m above the seamounts, which were typically at depths of 1,300 m, and floated 
to the surface with an average vertical velocity of 0.311 cm/s consistent with recent measurements of egg 
buoyancy (Parker et al., 2021). During the ascent through the water column particles were advected with 
the ocean currents. After 3.5–7.5 days the particles reach the surface. If the particles then encounter sea-
ice they move with the sea-ice, otherwise they are advected with the ocean velocity in the surface layer 
(Figure 2a), which is 1 m thick in ROAM15. The toothfish eggs are assumed to hatch into non-feeding and 
passive larvae 100 days after spawning. Then, after 2 weeks, the larvae become motile and feeding juveniles 
(Mujica et al., 2016). From this point of a transition from non-motile larvae to motile juveniles, a set of nine 
advection schemes (some with additional variations) are applied for the remaining 995 days.

The nine advection schemes are graphically illustrated in Figure 2 with the variations applied to some of the 
advection schemes. Below follows a brief description of the nine advection schemes:

1.  Particles subjected to the SA scheme (Figure 2b), were transported with sea-ice if it was encountered, 
otherwise they drifted with the ocean surface velocity.

2.  The SA or advection at depth scheme (Figure 2c), 200 and 400 m, follows: (1) but if no sea-ice was pres-
ent the juveniles moved to a prescribed depth (the deep scattering layer for a food source and protection 
from predators) instead of staying at the surface and ocean velocities at this depth were used for the 
particle advection. We used depths of 200 or 400 m here to explore how variations of ocean currents with 
depth impact the dispersal. Particles move within 1-h timestep between sea-ice and the prescribed depth, 
which effectively results in a 5 or 11 cm/s migration velocity for 200 and 400 m, respectively.

3.  The SA or advection at depth and 12-h DVM scheme (Figure 2d), 200 and 400 m DVM, is similar to (2) 
but instead of staying at a fixed depth the juveniles performed a DVM between the prescribed depth and 
the surface when no sea-ice was present. Toothfish vertical migration velocities are still unknown and 
thus this advection scheme was set-up so that particles moved between the surface and prescribed depth 
within 1-h. This effectively results in a 5 or 11 cm/s migration velocity for 200 and 400 m, respectively. 
Similar to (2), a maximum depth of 200 or 400 m was used.
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4.  The SA with active southward swimming scheme (Figure  2e), hereafter SA southward velocity (SV) 
of 500 and 1,000 m/day, is similar to the advection scheme in (1) but an additional SV of either 500 or 
1,000 m/day (based on assumed sustained swimming capabilities of juvenile toothfish) was applied to 
the particle velocities after hatching to simulate active swimming toward the Antarctic coast.

Figure 2.  Advection schemes for the Lagrangian particle tracking: Every particle (red dots) is seeded 50 m above the sea floor at sites R1–R5. (a) Particles 
ascend to the surface with a vertical velocity of 0.311 cm/s and are advected with ocean currents until they reach the surface. When the particles have reached 
the surface the Sea-ice advection (SA) scheme is used. After hatching (100 days) each particle is assigned one specific advection scheme (b–i) for the remaining 
time. The ocean advection (OA) schemes are counter parts to the SA, where the presence of sea-ice is ignored. Diel vertical migration, labeled DVM, is where 
the juveniles migrated between the surface and a specific depth. Southward active swimming (SV) is indicated by the green circles with a dot in the middle. The 
SA 180 days advection scheme is illustrated at the bottom, where juveniles change their behavior from SA to OA after 180 days.
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5.  In the OA scheme (Figure 2f), the presence of sea-ice was ignored, and the particles were advected with 
the surface ocean velocities regardless of whether sea-ice was present or not.

6.  The OA at depth scheme (Figure 2g) of 200 and 400 m, is the same as (5), however, particles were ad-
vected at a prescribed depth of 200 or 400 m. The particles moved between the surface and prescribed 
depths as in (2).

7.  The OA at depth and DVM scheme (Figure 2h) of 200 and 400 m, is similar to (6) but instead of staying 
at a fixed depth the juveniles performed a 12-h DVM between either 200 or 400 m. The particles moved 
between the surface and prescribed depth as described in (3).

8.  The OA at the surface with active southward swimming scheme (Figure 2i), 500 and 1,000 m, is similar 
to (5) but an additional southward motion of 500 or 1,000 m/day was applied to the particle velocities to 
simulate active swimming toward the Antarctic coast.

9.  The SA until 180 days of spawning, is a special case to test the importance of sea-ice during the second 
winter season. After 180 days of SA (bottom of Figure 2) particles switch to OA for the remaining period.

The general lack of knowledge around the toothfish behavior after hatching motivated the above described 
advection schemes and seeks to explore how sensitive their recruitment success is to these different behav-
iors. The advection schemes which ignore sea-ice presence (OA) seeks to explore how sea-ice drift in general 
impacts the particle trajectories and recruitment success. As sea-ice cover might decline in a warmer cli-
mate in this region, the OA advection schemes provide some first insights on the impact of climate change 
on toothfish recruitment. The advection schemes where juveniles show a preference to a certain depth or 
perform a DVM are motivated by the assumption that toothfish near the surface without sea-ice would be 
more exposed to predators which is considered unfavorable and a reason to avoid the surface. However, 
currents at depth differ compared to the surface currents in magnitude and direction, which will have an 
impact on the particle’s trajectory with unknown consequences for their recruitment success. The advection 
schemes which impose a southward swimming aim to explore juvenile toothfish’s growing swimming po-
tential to reach the Antarctic coast faster. That would decrease juvenile toothfish’s exposure to open ocean 
predators. However, active swimming is physically demanding which could reduce the benefit of reaching 
the Antarctic coast earlier. The above schemes seek to explore how sea-ice drift versus ocean velocity affect 
the recruitment success.

The SA 180 days scheme was developed to test for the importance of sea-ice drift during the second winter 
season, when particles are found in the north eastern Ross Gyre, and sea-ice drift tends to carry particles 
away from the shelf break into the Southern Ocean. This scheme is very similar to OA, but the transition 
between SA and OA is not motivated by presumed hatching dates (100 days) but timed to align with the 
middle of summer (180 days). This is the period when sea-ice concentration is lowest, and particles should 
be transported by ocean currents.

2.5.  Particle Separation, Diagnostics, and Target Region

For analysis, particles were separated into successful and unsuccessful particles. Successful particles were 
defined as particles which entered the target region within 3 years of being released. The target region has 
been defined as the stretch of ocean between the shelf and slope east of 155°W and 95°W and 100 km north 
of the 1,000 m isobath (and shown as the blue shaded polygon in Figure 1b), based on locations where the 
smallest demersal toothfish (∼30 cm in length) have been observed (Hanchet et al., 2008). Although the 
areas around the Balleny Islands and west of Cape Adare have been identified as regions for settling, they 
have not been explored in this study due to the lack of information about both the adults and juveniles 
in these areas. Particles did not have to remain in the target region to be classified as successful. Particles 
which never entered the target region were identified as unsuccessful.

To illustrate the dispersal of all released particles, two-dimensional (longitude vs. latitude) particle proba-
bilities were calculated to illustrate the overall path of particles and their spread. The daily particle location, 
binned onto a regular 0.5° × 0.5° grid over each 3-yr long simulation from 2002 to 2016, showed the total 
number of particles which passed through this grid box over the entire time. If particles remained in the 
same grid box over time or re-entered, they were counted again. This diagnostic was applied to successful 
and unsuccessful particles separately to illustrate differences in the specific pathways. Once particles have 
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entered the target region or left the model domain their locations were excluded from the calculations. 
Furthermore, the longitude where particles enter the target region was recorded to identify certain spatial 
recruitment preferences and longitude bins of 0.5° width were used for this diagnostic.

Mean trajectories were computed for the individual seeding regions R1–R5 for successful and unsuccessful 
particles to illustrate the individual pathways. Here, all particle locations for a certain day after spawning 
were averaged together to obtain a mean location. These daily mean locations form the mean particles 
trajectory for each seeding region. The particle spread increases with time which can result in mean loca-
tions which have never been occupied by any particle. We tried to reduce this unwanted representation by 
grouping similar particles together, by the same seeding location and by separating them in successful and 
unsuccessful particles. The latter leads to the largest bifurcation in the particle pathways. Particles which 
left the modeling domain were truncated from that point in time as well as particle locations after they have 
entered the target region.

The influx of particles into the target region was computed for each seeding region over time, providing the 
total number of particles which enter the target region every day. This metric also allows the particle age 
and the time of first arrival into the target region for a certain seeding region to be determined. In addition, 
the cumulative influx was computed over all seeding regions relative to the total number of successful 
particles.

3.  Results
3.1.  Success Rate, Travel Times, and Seeding Location Dependency

The time-averaged (2002–2016) recruitment success rates of successful particles over all seeding regions 
(R1–R5) are shown in Figure 3a. There is a clear distinction in the success rates of particles which use sea-
ice motion versus particles which ignore its presence (Figure 3a). Particles drifting with sea-ice and without 
any active southward swimming have a relatively low success rate (<8%, gray bars) in reaching the Antarctic 
continental shelf within a period of 3 years. On the other hand ocean advected particles show success rates 
of 12%–24% (dark blue bars) suggesting a doubling to tripling of the success rate. The error bars (10th and 
90th percentile) show that success rates can drop to values below 1% for individual years for SA schemes. 
For some years and seeding regions the recruitment success is intermittent (not shown).

SA combined with either advection at a fixed depth or DVM under ice free conditions has no obvious impact 
on the success rate and shows similar success rates to the SA schemes where particles stay at the surface. In 
contrast, simulations where an active swimming toward the Antarctic coast is incorporated show a signifi-
cant increase in success rates. The mean success rate in these active swimming schemes increases from ∼8% 
to ∼25% with a swimming speed of 500 m/day and to nearly 50% if juveniles were to maintain a speed of 
1,000 m/day after hatching. While the range increases in these simulations the trend toward higher success 
rates with increased southward swimming appears to be robust, with success rates only dropping below 10% 
for a few individual release years (2004, 2013, and 2015, not shown).

In the OA schemes, the recruitment success is not intermittent between years, but the range is larger than in 
the SA schemes. OA at a fixed depth results in a slight decrease in success rates (∼18% and 12% for advection 
at 200 and 400 m, respectively), compared to the success rate of the ocean surface advection scheme (24%). 
The addition of DVM has no significant impact on the success rate and both simulations show recruit-
ment success rates between 24% and 21% similar to the success rate of the ocean surface advection scheme. 
Comparable with the SA schemes, the OA schemes with active swimming toward the Antarctic coast have 
significantly higher success rates compared to the other OA schemes. A swim rate of 500 and 1,000 m/day 
increases the success rate to more than 30%. However, the success rate does not increase with increased 
swimming rates (the relationship is nonlinear).

In addition, the scheme where particles were subjected to SA for the first 180 days followed by OA for the 
remaining period (cyan bar) shows a success rate slightly higher (29%) than the recruitment success rate of 
the ocean surface advection scheme (24%). At the same time the range has increased from ±12% to ±18%, 
but results are very similar to the OA scheme. This suggests that the particle drift during the second winter 
seasons is important for the overall recruitment success rate.
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The time-averaged (2002–2016) travel times for all successful particles from all seeding locations are shown 
in Figure 3b. Like with the recruitment success rate, there is a clear contrast in the travel times between 
SA schemes and OA schemes. Although the recruitment success rates for sea-ice advected particles are 
relatively low, they reach the Antarctic shelf 100–200 days earlier than the ocean advected particles. The 

Figure 3.  (a) Time-averaged (2002–2016) recruitment success rates: Fraction of particles seeded in regions R1–R5 that made their way into the target region 
(blue shaded region in Figure 1b) within 3 years. SA refers to sea-ice advected particles, while OA refers to ocean advected particles, SV to southward velocity, 
and DVM to diel vertical migration. (b) Time-averaged (2002–2016) travel times in days for successful particles. The gray bars show results for experiments 
which are based on SA while the blue bars are based on OA. The cyan bar is the SA 180 days simulation. Error bars show the 10th and 90th percentile for the 
yearly recruitment success rates over all seeding locations. Panels (c and d) show time-averaged (2002–2016) recruitment success rates and travel times of 
successful particles, respectively, from the different advection schemes in relation to the seeding locations (R1–R5).
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shorter travel times of particles subjected to the SA schemes apply regardless of the particle release location 
(Figure 3d). The shorter travel time of SA particles can be attributed to larger sea-ice velocities compared 
to the surface ocean velocities and a slightly more direct and shorter pathway toward the target region for 
successful particles.

The time-averaged (2002–2016) travel time for successful sea-ice advected particles is around 650 days with 
a range (10th–90th percentile) of around 100 days (Figure 3b). There is no clear travel time dependency 
among the different SA schemes, even for the schemes with active swimming that have higher recruit-
ment success rates. The travel times for the OA schemes vary between 650 and 850  days. The range is 
reduced (<100 days except for OA) compared to the SA schemes. Particles subjected to OA at a fixed depth 
or performing a DVM take longer (>800 days) to reach the Antarctic shelf compared to all other advection 
schemes. The addition of active swimming toward the Antarctic coast shortens the travel time by around 
50–130 days, compared to the ocean surface advection scheme. The travel time of the simulation where SA 
is applied for the first 180 days and OA for the remaining period (cyan bar) shows a travel time very similar 
to the surface OA schemes.

The results above summarize the trajectories for particles released over all seeding locations (R1–R5). A 
more detailed breakdown of recruitment success rates and travel times for the five individual seeding re-
gions is provided in Figures 3c and 3d. For the SA schemes without active swimming, regions R3 and R5 
show, in general, slightly higher (>7.5%) recruitment success rates compared to the other seeding regions. 
For SA at a fixed 200 m depth, higher recruitment success rates are also seen for R1. Irrespectively of ad-
vection scheme, the “distance to the target region”—measured in terms of clockwise circulation around 
the inner Ross Gyre—is not the primary factor controlling the recruitment success rate. In other words, 
success rates of R5 are not necessarily higher than success rates of R1, which is further away from the target 
region. For the SA schemes with an active southward swimming, the recruitment success rates increase for 
all seeding regions, although not uniformly. With swimming speeds of 500 and 1,000 m/day, the increase 
in recruitment success rates is higher for R1 (by 200% and 700%) and R2 (by 150% and 750%) than for R3 
(by 50% and 325%), R4 (by 50% and 400%), and R5 (by 30% and 360%), respectively. This demonstrates the 
non-linear nature of these spatial and temporal dependencies for the particle trajectory.

The OA schemes show higher recruitment success rates (>20%) for R2, R3, and R5, compared to R1 and R4. 
Similar to the SA schemes, the OA schemes with active swimming show a non-uniform increase in recruit-
ment success rates. The increase in recruitment success rates for R4 (233% and 350%) and R5 (133% and 
233%) are higher than for R1 (100% and 100%), R2 (100% and 75%), and R3 (100% and 100%) for swimming 
speeds of 500 and 1,000 m/day, respectively. For the SA schemes the regions R1 and R2, furthest in distance 
from the target region, show the largest increase in recruitment success rate while for the OA schemes the 
regions closer to the target region (R4 and R5) show a larger increase. The SA 180 days scheme shows very 
similar success rates to the OA scheme.

For the individual seeding locations (Figure 3d), a coherent increase in travel times with increasing distance 
from the target region is visible for all scenarios (R1 > R2 > R3 > R4 > R5).

The travel times are relatively insensitive to the choice of the SA scheme. As seen in Figure 3b, the travel 
times of the OA schemes are more variable than those of the SA schemes. This is also evident for the indi-
vidual seeding locations, which show a longer spread among the OA schemes. In the schemes with active 
southward swimming, the travel time reduced for all seeding locations except for R4 and R5 in the SA 
schemes.

3.2.  Particle Probabilities and Mean Pathways

The daily recorded particle positions (2002–2018) for selected advection schemes were used to compute 
particle probabilities. The particle probabilities and average particle trajectories were computed for unsuc-
cessful (Figure 4) and successful (Figure 5) particles separately. The particle probabilities are only presented 
for a subset of schemes, since the differences between the individual schemes are minor.

The unsuccessful particles in the three SA schemes (Figures 4a, 4d, and 4f) are zonally transported out of 
the influence of the Ross Gyre at a latitude of around 65°S, with a small number of particles circling in the 
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Figure 4.  Particle probabilities (gray shading, release years 2002–2016) for unsuccessful particles from different 
advection schemes. Unsuccessful particles are defined as particles that fail to reach the target region (dark blue 
polygon) within 3 years. Note the non-linear scale. Solid lines represent the mean trajectories of the unsuccessful 
particles released from R1 (purple), R2 (light blue), R3 (green), R4 (orange), and R5 (red). (a) Sea-ice advection (SA); 
(b) Ocean advection (OA); (c) SA 180 days; (d) SA or OA at depth (200 m); (e) OA at depth (200 m); (f) SA + SV (500 m/
day); (g) OA + SV (500 m/day). The black contour line marks the 1,000 m isobath. The “+” markers on top of the 
trajectories are 90 days apart. The colored dots indicate the seeding locations.
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Figure 5.  The same as Figure 4 but for successful particles. Successful particles are defined as particles that reach 
the target region (dark blue polygon) within 3 years of their release. Note the non-linear scale and particle trajectories 
have been truncated after they reached the target region. Solid lines represent the mean trajectories of the successful 
particles released from R1 (purple), R2 (light blue), R3 (green), R4 (orange), and R5 (red). The red lines indicate the 
number of particles which enter the target region at this longitude. (a) Sea-ice advection (SA); (b) Ocean advection 
(OA); (c) SA 180 days; (d) SA or OA at depth (200 m); (e) OA at depth (200 m); (f) SA + SV (500 m/day); (g) OA + SV 
(500 m/day). The black contour line marks the 1,000 m isobath. The “+” markers on top of the trajectories are 90 days 
apart. The colored dots indicate the seeding locations.
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Ross Gyre but not advected far enough south into the target region. In addition, some particles from R1, 
R2, and R3 are entrained into the Balleny Gyre, to the west of the mean trajectory. In the OA scheme (Fig-
ure 4b), the mean pathways of R2–R5 for the unsuccessful particles are very similar to the sea-ice schemes 
but differs for particles from R1. In fact, more particles from R1 in the OA scheme enter the Balleny Gyre 
and continue within the Antarctic Slope Current further west. In addition to the elevated westward prop-
agation, more particles are circling in the Ross Gyre compared to the sea-ice schemes. In the OA 200 m 
scheme (Figure 4e), the fraction of particles carried westward, particularly from R1, continues to increase 
and results in the distorted mean trajectory. In this scheme, more particles from R2 and R3 circulate in the 
Ross Gyre and do not leave the Ross Gyre like in the SA scheme. In both schemes with active swimming 
(Figures 4f and 4g), the trajectories show a slight southward shift compared to the schemes without active 
swimming. The SA 180 days scheme shows very similar results to the OA scheme.

Successful particles from the selected SA schemes all follow approximately the same trajectory (Figures 5a, 
5d, and 5f). Over the first 100 days, the successful trajectories are very similar to the trajectories of the 
unsuccessful particles; however, the successful particles are then deflected southward and do not continue 
along the zonal path. After their southward deflection, the particles then veer to the east and enter the tar-
get region between 130 and 100°W. Only between 3% and 10% of particles enter the target region west of 
130°W. The southward deflection of successful particles tends to occur further west for particles released 
from R1, whereas particles released from R4 and R5 change direction further to the east. Particles released 
at the southernmost release locations (R1 and R2) tend to follow a more direct route across the Ross Gyre 
toward the target region.

The distribution of successful particles from the selected OA schemes is more gradual (Figures  5b, 5e, 
and 5g) when approaching the target region compared to their SA counterparts. In the SA schemes, the 
spread, shown by the area which particles occupy, is larger and horizontal gradients smaller. On the other 
hand, OA particles enter the target region over a larger longitude range. Here the OA schemes show a larger 
number of particles to enter the target region west of 130°W compared to the SA schemes. This is particu-
larly evident in the advection at depth scheme (Figure 5e). The trajectories of successful particles from the 
OA schemes seeded from R4 and R5 are similar to those from the SA schemes. However, after turning south-
ward, the successful particles from the OA schemes continue to the target region along a more southward 
trajectory compared to a more eastward pathway of the SA schemes. The trajectories from R1 to R3 reach 
around 1° further north compared to the sea-ice advected particles. The particle flux into the target region 
and the mean trajectories suggest a separation into two clusters, a cluster where particles enter east and a 
cluster where particles enter west of 130°W. Particles from R1 to R3 account for most of the western clus-
ter, while particles from R4 and R5 show a preference for the eastern cluster. Results from the SA 180 days 
scheme are similar to OA, but show higher particle influxes in the target region, as suggested by the overall 
higher recruitment success rate.

3.3.  Variations in the Particle Arrival Age and Particle Influx Into the Target Region

Particles seeded closer to the target region reach the target region earlier, with timings of the first arrival 
very similar for sea-ice advected particles versus ocean advected particles (Figure 6). The influx of particles 
from the SA schemes shows a bimodal distribution with a higher influx than OA schemes. The bimodal 
peaks in the SA schemes are a year apart and occur during winter season, which suggests that sea-ice drift 
close to the target region causes the larger influx of particles during that period. The consequence of the 
lower but more continuous influx in the OA schemes is that, averaged over all particles, the arrival time 
in the OA schemes, is around 100 days longer. In the SA schemes the influx of particles decreases after 
800 days while in the OA that occurs only after 1,000 days. Little change is seen between SA and SA 200 m 
(Figures 6a and 6d) while the influx of particles in OA 200 m up until 600 days (Figure 6e) is reduced com-
pared to OA. Here, advection at depth delays the arrival of particles. In contrast, particles in schemes with 
active swimming arrive around 20 days earlier in the target region. The influx of particles into the target 
region and the arrival times from the SA 180 days scheme are very similar to that from the OA schemes.
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4.  Discussion and Conclusion
The current knowledge about the early life history of Antarctic toothfish (D. mawsoni) life cycle is limited, 
and several key questions are still not fully understood: How do eggs and juveniles manage to get from the 
known spawning grounds to the shelf region? What role does sea-ice drift and ocean currents play?

This article used a number of different advection schemes to investigate how potential spawning grounds 
could be connected to the shelf regions where the juvenile toothfish are found. The results from this study 
provide some insights about the recruitment success for certain spawning regions and how that is influ-
enced by sea-ice drift and ocean currents. Incorporating sea-ice drift in such a connectivity study is novel 
and could be of importance to other species. In addition, the potential role of juvenile behavior impacting 
the recruitment success was investigated. While this paper covers a large set of schemes, it could not explore 
all the variability within a scheme and other possible schemes. As our knowledge advances with time, these 
scenarios will be revised, refined, and even potentially falsified.

Tracking the juveniles into adulthood was not carried out because there is scarce information when and if 
toothfish become bottom dwelling (e.g., see the discussions and modeling in Ashford et al., 2017). Similarly, 
restrictions apply to Patagonian toothfish and Lagrangian modeling studies have not progressed beyond 
the recruitment stage yet (Mori et al., 2016). The relatively high horizontal and vertical resolution of the 
ROAM15 grid (but presently without tides and the Ross Ice Shelf) suggests that we could continue to track 
toothfish development onto and then presumably off the Ross Sea continental shelf as they mature, poten-
tially enabling a complete hypothetical life history using the model hydrodynamics, and particle tracking. 
This comes with caveats and challenges (Abras et al., 2021) and as before, more complete toothfish life cycle 
observational data would make testing such juvenile to adult toothfish tracking more tractable.

Figure 6.  The age at first arrival for successful particles from selected sea-ice (SA) and ocean advection (OA) schemes versus influx rate (%). The area under 
the color shaded area is 100%. (a) Sea-ice advection (SA), (b) OA, (c) SA 180 days, (d) SA or advection at 200 m, (e) OA at 200m, (f) SA and active swimming of 
500 m/day, and (g) OA and active swimming of 500 m/day. Age bins are 20 days apart. The color-coding represents the contribution from the individual release 
regions. The black line shows the cumulative percentage of particles which have reached the target region.
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The particle tracking presented here uses hydrodynamic data from a high-resolution ocean model, 
ROAM15. The fine model mesh of ROAM15 allows for mesoscale eddies to be explicitly resolved, while in 
coarser models parameterizations are used to incorporate the effect of mesoscale eddies (Gent & McWil-
liams, 1990). Alternatively, some Lagrangian studies incorporate a “random walk” to introduce additional 
diffusivity to account for unresolved processes (Faillettaz et al., 2018; Huret et al., 2010; Siegel et al., 2003). 
The modeled sea surface height, a measure for the geostrophic flow (Behrens et al., 2020; Mori et al., 2016), 
and sea-ice drift compares well to observations, which is essential for Lagrangian studies (Van Sebille 
et al., 2018). However, there are model biases in both ocean circulation and sea-ice drift which will impact 
the dispersal of particles. For example, observed sea-ice drifts along the northern Ross Gyre show a more 
northward directed drift while the modeled sea-ice drift suggests a more eastward direction. Therefore, 
particles advected with the observed fields would be carried into the Antarctic Circumpolar Current while 
particles based on the modeled field would stay closer to the Antarctic coast, which increases their recruit-
ment success potential. Some uncertainties also exist around the observational datasets because measuring 
sea-surface height during winter, when sea-ice is present, is difficult (Armitage et al., 2018; Kwok & Mori-
son, 2015). On the other hand, the large number of released particles and a release period over consecutive 
years (2002–2016) will act to reduce some of the model uncertainties and increase confidence in the model 
results, since averaging statistics could be applied.

A diagnostic which measures the recruitment success rate of particle arrival at the continental shelf be-
tween the Ross and Amundsen Sea was used to argue that some juvenile behaviors (OA schemes and/or 
schemes with active swimming) are more beneficial for recruitment to the toothfish population in the Ross 
Sea. However, even very small recruitment success rates, as estimated for particles advected with sea-ice 
drift (∼7%), could be sufficient to sustain a stable population (Cowen et al., 2006). The conducted simula-
tions revealed that sea-ice advected particles reach the target region on average around 100 days earlier than 
ocean advected particles. This poses potentially an advantage against ocean advected particles, which ex-
poses juveniles to open ocean predators for longer. However, SA schemes without active swimming showed 
intermittent recruitment success for certain years, which would be disadvantageous for a stable population. 
This suggests that juveniles transported with sea-ice drift require an additional behavior change to success-
fully reach the target region every year.

Observations and model results from the hindcast (Figure 1) show a coherent pattern regarding sea-ice drift 
in the northern and eastern Ross Gyre, where sea-ice drift is directed away from the target region. When 
juveniles pass through this region and follow the sea-ice drift they are likely to be carried away from the tar-
get region into the open ocean. It is therefore concluded—despite uncertainties around the modeling—that 
sea-ice drift in this region reduces the recruitment success. Modeled particles typically pass through this re-
gion and experience these conditions during their second winter season. However, the modeling has shown 
that a southward swimming or using ocean currents instead of sea-ice drift could mitigate this issue. Here, 
the simulation which used ocean currents after 180 days, before the onset of second winter season, showed 
a recruitment success rate of 29% compared to 7% if particles would continue following the sea-ice drift.

The modeling results show that the recruitment success rate is sensitive to the spatial extent of the target re-
gion. A very general and inclusive approach has been used in this study to define a “target region” compris-
ing the shelf region between the eastern Ross and Amundsen Sea based only on the locations of the smallest 
(and therefore youngest) toothfish observed in fishery data (Hanchet et al., 2015). The recruitment success 
rates and related pathways change if the target region is modified; a target region located further north leads 
to generally higher recruitment success rates due to the recirculation of particles in the Ross Gyre; a more 
southern target region reduces the overall success rate accordingly. The change in the overall recruitment 
success rate is spread relatively evenly over the different seeding regions. Restricting the region further to 
the east of 155°W leads to a reduction in the overall recruitment success rates, evenly spread over all seeding 
regions. We outline the fact that the eastern extension of the target region is limited by the boundary of the 
nested model domain, which lies at 95°W. In addition, settling regions further west of the spawning region, 
around the Balleny Islands and west of it, have also been identified. However, this settling process has not 
been explored further due to the proximity to the target region, hampering the ability to link certain larval 
behavior, and recruitment success.
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The presented recruitment success rates are only based on dispersal by physical variables using particles 
with some simple assumed behaviors. Juveniles in the real ocean are affected by additional factors, which 
have been neglected, but will impact the survival. One missing aspect is the food availability (Fiksen & 
Jorgensen, 2011) for the larvae and juveniles during their journey, which depends on various bio-physical 
properties (e.g., temperature, chlorophyll-a concentration, and zooplankton abundance) and varies in space 
and time. This is one of the proposed benefits of sea-ice, as the productivity derived from melting sea-ice 
(Duprat et al., 2016, 2020; Eicken, 1992) could provide a predictable and rich food source for juveniles. It 
is possible that the higher recruitment success rates with ocean advected particles could be impacted and 
reduced by lower food availability and longer exposure to open ocean predators. Reaching the target region 
early could be beneficial since the continental shelf could provide a rich food source and shelter. Also, 
the advection schemes with active swimming and DVM did not take into account the additional energy 
required in this process, which could lead to reduced recruitment success rates in reality. The advection 
schemes with DVM used here perform a repetitive 12-h cycle between surface and a given depth, but at 
these high latitudes there is a large seasonal cycle in daylight length. In which way this simplification af-
fects the results is unknown and should be considered in future studies. However, it remains still unknown 
whether toothfish execute a form of DVM and how DVM is impacted by polar nights (Berge et al., 2009).

In conclusion, results of the SA schemes without active swimming challenge the current hypotheses on the 
juvenile toothfish life cycle, where the dispersal throughout egg and juvenile phase is thought to be highly 
associated with sea-ice drift. The low and intermittent recruitment success in these advection schemes pro-
motes a behavior change after the eggs hatch, disconnected from passively drifting with sea-ice. In particu-
lar the sea-ice drift in the northern and eastern Ross Gyre during the second winter season, away from the 
Antarctic shelf, reduces the recruitment success. Instead, using ocean currents or actively swim toward the 
Antarctic shelf could offset this effect. Furthermore, a future decline of sea-ice in this region, might have 
only a limited impact on the toothfish recruitment success, since more ice-free conditions tend to result in 
higher recruitment success. In addition, observations of larvae and juvenile toothfish vertical distribution 
and swimming abilities would greatly improve the ability to model the trajectories and reconfirm our find-
ings. Results of this study show a high sensitivity of the recruitment success to their behavior during that 
phase. An overall improved understanding about Antarctic toothfish early life history is essential for devel-
oping accurate population dynamics models used to ensure a sustainable fishery and also has implications 
for the effectiveness of the Ross Sea Marine protected area, which includes areas designated to protect key 
spawning locations, and locations to protect key juvenile recruitment and migration corridors.

Data Availability Statement
Model and trajectory data can be freely obtained via https://doi.org/10.5281/zenodo.4570967, https://doi.
org/10.5281/zenodo.4574388, and https://doi.org/10.5281/zenodo.4574418.
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