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a b s t r a c t

We used a wind-driven global circulation model to build spatially explicit predictions from rival hypothe-
ses concerning advective supply of Patagonian toothfish (Dissostichus eleginoides) to a trawl fishery around
the Falkland Islands, and tested the predictions using chemistry recorded in the otoliths of fish caught in
the fishery. Model simulations indicated transport pathways from spawning aggregations off southern
Chile to both the north and south of the fishing area. In contrast, simulated particles released from spawn-
ing aggregations around Burdwood Bank were transported to the south of the fishing area but not to the
north, becoming fully entrained in the Subantarctic Front instead. Spatial heterogeneity in the chemistry
atagonian toothfish
atagonian Shelf
ember-vagrant hypothesis

ntarctic Circumpolar Current
ubantarctic Front

laid down in the otolith nuclei during early life discounted the hypothesis of a single population with
a spawning area on Burdwood Bank, and indicated that fish assemblages are structured by large-scale
transport from both southern Chile and Burdwood Bank. By linking fish explicitly to their physical envi-
ronment, the two techniques can help distinguish the life cycle trajectories necessary for populations
to persist, and elucidate the interactions between hydrography and life history that structure the fish
assemblages on which marine fisheries depend.
. Introduction

.1. Competing life history hypotheses

Many marine fisheries target fish stocks that are structured by
heir physical environment; as a result, the spatial relationships
etween physical and biological processes are potentially key to
nderstanding their distribution and abundance. In populations
hat are geographically contained by barriers like oceanic fronts
r deep water (e.g. Kingsford, 1993; Loeb et al., 1993), the dynam-
cs are defined by births and deaths of inter-breeding fish isolated

ithin discrete domains that can be managed independently, and
he life-cycle is closed through local retention and self-recruitment
e.g. Almany et al., 2007). However, dispersal and movement can
onnect geographically distant areas, giving coherence to life his-
ory cycles in which life stages take advantage of different habitats
e.g. Harden Jones, 1968; Cushing, 1981; Thorrold et al., 2001).
oreover, immigration from outside sources can subsidize popula-
ions in which low self-recruitment relative to mortality otherwise
eads to extinction (Pulliam, 1988). Since dispersal often occurs
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during early life before active movement is well developed, the
large-scale circulation can strongly influence the direction and
extent of connections between habitats and populations, and hence
the spatial composition of the fish assemblages which fisheries
harvest.

Around the Falkland Islands off south-eastern South America,
a longline fishery harvests adult Patagonian toothfish (Dissostichus
eleginoides) along the continental slope (e.g. Laptikhovsky et al.,
2006). Greater numbers, however, are caught as juveniles in a
trawl fishery in the Falkland Islands Interim Conservation and Man-
agement Zone (FICZ) on the Patagonian Shelf (Laptikhovsky and
Brickle, 2005). Evidence from genetics (Shaw et al., 2004; Rogers
et al., 2006) indicates that toothfish off South America are sep-
arated from those in the Antarctic, by a population boundary in
the vicinity of the Polar Front in the Antarctic Circumpolar Cur-
rent (ACC) (Fig. 1). Equatorward of the Polar Front, spawning adults
have historically been found only in an area on the Burdwood Bank
and western North Scotia Ridge, suggesting that fisheries around
the Falkland Islands are supplied by a single discrete population
(Laptikhovsky et al., 2006).

Toothfish are slow-growing and live to 50+ years (Ashford, 2001;

Horn, 2002). Exceptionally fecund for notothenioids, the females
produce up to 250,000 large eggs of ca. 1 mm diameter during
spawning (e.g. Nevinski and Kozlov, 2002). The eggs and larvae
are pelagic (Evseenko et al., 1995; North, 2002): egg develop-

dx.doi.org/10.1016/j.fishres.2012.01.023
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
mailto:jashford@odu.edu
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Fig. 1. Study area. Grey circle shows boundary of Falkland Islands Interim Conser-
vation and Management Zone (FICZ). Continuous dark lines mark the mean position
of major fronts: SAF, Subantarctic Front; PF, Polar Front; SACCF, Southern Antarc-
tic Circumpolar Current Front; Bndry, southern boundary of the ACC (shown as a
dashed line). All fronts after Orsi et al. (1995). Thin lines mark the 2000 m isobar.
Abbreviations: BB—Burdwood Bank; NFICZ—North FICZ; SFICZ—South FICZ. Sym-
bols mark drifter release sites corresponding to observed spawning locations off
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established in the literature (e.g. Dorval et al., 2005; Ashford et al.,
outhern Chile (�), and Burdwood Bank of first (�) and second (�) peak spawning
ites after Laptikhovsky et al. (2006). Scale bar shows distance at 45◦ S.

ent lasts up to ca. 90 days (Evseenko et al., 1995) and the larval
eriod spans ca. 230 days (Krusic-Golub et al., 2005). In contrast,

uvenile toothfish are negatively buoyant (Eastman, 1993) and
ove demersally in shelf habitats on scales of only ca. 25 km

Williams et al., 2002). Ontogenetic movement to adult feeding
rounds in deeper water along continental slopes (e.g. Agnew et al.,
999) is associated with a change to neutral buoyancy around
aturity (Eastman, 1993), which considerably reduces the energy

eeded to move using currents in the ACC (Ashford et al., 2005). As
result, toothfish life history is marked by important ontogenetic

hanges in the spatial scales of movement, with the potential for
onnectivity on scales of 1000s of kilometres through advection of
oung stages, and also adults.

Circumpolar flow in the Southern Ocean, concentrated in jets
ssociated with the frontal systems in the ACC (e.g. Orsi et al.,
995), passes through a constriction between South America and
he Antarctic Peninsula in the Drake Passage. Equatorward of the
olar Front, the Subantarctic Front (SAF) passes south of Cape Horn
nd Burdwood Bank and north through a trough 2000 m deep in
he North Scotia Ridge, to align subsequently with the 2000 m iso-
ath along the Patagonian Shelf slope (Fig. 1) (Arhan et al., 2002).
fter spawning during May–July, spent female toothfish are found
long the slope south of the Falkland Islands (Laptikhovsky et al.,
006), consistent with advection from the Burdwood Bank along
he SAF to feeding areas downstream (Ashford et al., 2007). More-
ver, larvae found north of the Burdwood Bank during December
North, 2002), 100–200 days after spawning, suggest a connection
ia advection to juvenile areas exploited by the trawl fishery in the
ICZ.

A single discrete population recruiting from the spawning
ggregation around Burdwood Bank implies that all fish on the
atagonian Shelf share a common early life history. However, while
vidence from otolith chemistry successfully confirmed the popu-
ation boundary in the vicinity of the Polar Front, it also suggested

ixing along the Patagonian Shelf slope between two South Amer-
can source populations (Ashford et al., 2006). Researchers have
ecently found a second area with fish spawning in June–July near

he SAF but upstream of Burdwood Bank along the south-west
helf-slope off Cape Horn in the Chilean Exclusive Economic Zone
Arana, 2009). If young stages spawned there as well as the Burd-
ch 121-122 (2012) 144–152 145

wood Bank supply the FICZ, changes in the position and intensity
of the SAF, and in spawner abundances at considerable distances
from the Falkland Islands, may directly impact local recruitment
and subsequent catches in the trawl fishery.

1.2. Testing using a spatially explicit approach

Mounting evidence that fish otoliths record hydrographic expo-
sures (e.g. Bath Martin and Thorrold, 2005; Walther and Thorrold,
2006), combined with the chronology delineated in growth incre-
ments, makes otolith chemistry a particularly powerful technique
for testing population hypotheses that involve a strong physical
component. Previous studies of Patagonian toothfish indicated that
the concentration of Mg Ca−1 laid down in the otolith was related
to spatial differences in fish activity, most likely in response to
fast-moving currents and eddies. Otolith Mn Ca−1, on the other
hand, appeared related to resuspension or authigenic activity on
the Patagonian Shelf, whereas Sr Ca−1 distinguished growth medi-
ated by temperatures characteristic of different water masses, and
Ba Ca−1 reflected ambient concentrations of dissolved Ba associated
with nitrate-fueled production in open water (Ashford et al., 2005).
Based on concentrations of these markers, toothfish caught along
the Patagonian Shelf re-assigned to region with 94–95% accuracy
(Ashford et al., 2005, 2007), and between areas separated at scales
of 100s of kilometers along the shelf with a success rate of between
57 and 83% (Ashford et al., 2007).

Exposure to hydrographic properties characteristic of water
masses and circulation therefore leaves a record that fish carry
with them, which can be used retrospectively to detect connectiv-
ity and examine the spatial composition of harvested fish. Despite
these physically based response variables, however, fisheries
researchers have to date rarely tested hypotheses that incorporate
an explicit oceanographic context. Typically, tests are between
a null hypothesis of spatial homogeneity in the chemistry laid
down in the otolith nuclei, consistent with a common early life
history, and an alternative hypothesis of heterogeneity indicative
of geographically discrete populations. But fish from several
populations mixing in different proportions can also generate
spatially heterogeneous distributions, and the approach gives
little insight into the complex physical–biological interactions
that can underly the population dynamics supporting fishing
activity.

A more spatially sensitive approach that incorporates the large-
scale circulation is to test hypotheses using particle simulations
(e.g. Fach and Klinck, 2006; Thorpe et al., 2007). Inputs and assump-
tions are rigorously specified but nonetheless, the uncertainties
involved in reproducing physical processes often undermine con-
clusions from these tests. Combined with otolith chemistry,
however, particle simulations provide a quantitative means of con-
structing spatially explicit hypotheses that incorporate the physical
circulation, with well-defined predictions of expected trajectories
that can be empirically tested against observed distributions in the
otolith chemistry (Ashford et al., 2010, 2011b).

In this study therefore, we simulated pelagic transport path-
ways along the SAF to build spatially explicit predictions that
distinguished the rival hypotheses of a single discrete toothfish
population versus mixing between fish from two populations, using
easily accessible and widely used current velocity fields taken from
the OCCAM global circulation model (Webb et al., 1998; Saunders
et al., 1999; Webb and de Cuevas, 2003). We used chemistry
recorded in the otolith nuclei of toothfish caught in the fishery
to test between the predictions, following methodology now well
2011a). We also measured the chemistry along the otolith edges
to examine empirically how recently laid down material varies
spatially within the FICZ.
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. Methods and materials

.1. Developing predictions using particle simulations

To simulate particle transport in the southern Atlantic, we
sed velocity fields available as output from the global, primitive
quation model OCCAM based on the Bryan-Cox ocean general
irculation model. The state of the ocean can be modeled with
emperature, salinity and the three components of velocity using
momentum equation to give the time change in velocity, and an
dvection-diffusion equation for changes of temperature and salin-
ty (Webb et al., 1998). In the model, the ocean is divided into a
arge number of boxes along lines of constant latitude, longitude
nd depth, forming a three-dimensional grid with average values
f ocean properties specified for each box. Topography used by
CCAM is Digital Bathymetric Data Base 5-min (DBDB5) from the
.S. Naval Oceanographic Office which has a 5-min spatial resolu-

ion.
Unlike the Bryan-Cox model, OCCAM includes a free surface and

s eddy permitting. The version we used has a horizontal resolution
f 1/12◦ × 1/12◦, the highest available, with 66 depth levels. It is
orced by 6 hourly wind stress data from the European Centre for

edium-Range Weather Forecasts, and includes a sea-ice model
s described by Askenov (2002). We computed particle trajecto-
ies from OCCAM velocity fields using Lagrangian particle tracking
ith a first-order accurate scheme. The scheme integrates d�x/dt =

�(�x, t) where the left-hand side is the rate of change of the parti-
le location over time and the right-hand side is the velocity field
hat changes in space and time, provided monthly by OCCAM. The
ight-hand side is computed by interpolating linearly in time and
pace between mean OCCAM velocity fields. We chose a very small
ime step (dt = 1 min) making this particle tracking scheme compa-
able to a second-order accurate scheme and ensuring appropriate
ccuracy.

Using the Lagrangian tracking code, we simulated the trajec-
ories of particles released from observed spawning locations for
atagonian toothfish on the Burdwood Bank (�) and western North
cotia Ridge (�) and the south-western slope off Chile (�) (Fig. 1).
elagic toothfish eggs and larvae have been found in surface waters
North, 2002) and therefore particles were tracked in the surface
ayer of the model. To catch seasonal transport changes during and
fter the time of observed spawning periods (May and July for Bur-
wood Bank, Laptikovsky et al. (2006); and June to July for the
outh-western slope off Chile; Arana, 2009), they were released in
onthly cohorts on Day 15 of each month from May to November.

imulations were repeated for different years (1996–2000) to
ssess interannual variability. Because the pelagic period for tooth-
sh consists of 90 days of egg development and a larval period of
30 days, particles were always tracked for 320 days after release.

.2. Testing predictions using otolith chemistry

Scientific observers placed on commercial trawlers fishing in
he FICZ (Fig. 1) sampled juvenile toothfish taken at depths of
00–250 m during austral winter–spring of 2001 to the north
n = 42) and south (n = 36) of the Falkland Islands. At each sampling
rea, toothfish were taken from the catch, and total length, weight,
ex and maturity stages recorded for each fish. Otoliths were
xtracted using plastic forceps, and stored dry in paper envelopes.
e estimated age for each fish using techniques given in Ashford

t al. (2007), and measured concentrations of trace and minor ele-
ents using the Finnegan Mat Element 2 double-focusing sector-
eld Inductively Coupled Plasma Mass Spectrometer (ICP-MS)
ocated at the Laboratory for Isotope and Trace Element Research
LITER) at Old Dominion University. Samples were introduced on
etrographic slides into ICP in automated sequence (Chen et al.,
ch 121-122 (2012) 144–152

2000) using a combination of laser ablation by a New Wave
Research EO LUV 266 laser ablation system and solution nebu-
lization using a PFA microflow nebulizer (50 �L min−1, Elemental
Scientific Inc., Omaha). Full details are given in Ashford et al. (2007).

For quality control, we used dissolved otolith reference mate-
rial obtained from the National Research Council of Canada, and
a randomized blocks design to control for operational variabil-
ity in the laser-ICP-MS, in which otoliths from each sampling
area, considered a fixed treatment, were randomly assigned to
each petrographic slide as the blocking factor considered ran-
domly drawn. To sample material laid down during early life,
we placed a grid raster type 150 �m × 200 �m over the nucleus
to include the primordium and material surrounding the pri-
mordium, with a laser beam of diameter 20 �m, frequency at
10 Hz, and power at 60%, traveling ca. 900 �m at 6 �m s−1 and
giving a predicted mean crater width of 17 �m, and crater depth
of approximately 100 �m (Jones and Chen, 2003, Eq. (3)). Mate-
rial was analyzed for 48Ca, 25Mg, 55Mn, 88Sr, and 138Ba, with
counts averaged over the length of the line for each marker, and
reported as ratios to 48Ca, the internal standard. We also exam-
ined material laid down just prior to capture, by placing a line
raster type along the proximo-dorsal edge of the otolith corre-
sponding to approximately the 2001 annulus, and using the same
settings.

Multivariate outliers were identified for both edge and nucleus
data by plotting robust squared Mahalanobis distances of the
residuals (D2

i
) against the corresponding quantiles (Q–Q plot) of

the chi-square distribution (Khattree and Naik, 1999). Based on
tests using Mardia’s multivariate skewness and kurtosis measures
(˛ = 0.05), and Q–Q plots of squared Mahalanobis distances (d2

i
),

edge and nucleus data conformed to multivariate normality after
variance-stabilizing transformation using the ladder of powers
(Kuehl, 1994, p. 121; Ashford et al., 2007). The transformations
for the nucleus data were y−0.8 for Mg Ca−1, y−1 for Mn Ca−1,
y0.5 for Sr Ca−1, and y−1 for Ba Ca−1. For edge data, they were
y−0.5 for Mg Ca−1, ln(y) for Mn Ca−1, y−1 for Sr Ca−1, and y−3 for
Ba Ca−1.

Variance–covariance matrices were still not equal accord-
ing to Bartlett’s modification (edge data: �2 = 39.1, df = 15,
p > �2 = 0.0006), so multivariate ANOVA was inappropriate, and
we used univariate ANOVA to examine differences. The nucleus
data showed equality of variances for all transformed Me Ca−1

ratios (Fmax test; ˛ = 0.01), and residuals were normally dis-
tributed (Kolmogorov–Smirnov test; ˛ = 0.05). Residuals for edge
data showed homogeneity of variances (Fmax test; ˛ = 0.01),
except Sr Ca−1 which departed marginally from homogeneity (Fmax

test = 2.85; Fmax 0.01,2,35 = 2.5). All residuals were distributed nor-
mally except Mn Ca−1 in fish caught north of the Falkland Islands
(Kolmogorov–Smirnov test; p = 0.047).

Effects due to age and sex were tested for both nucleus and
edge data for each Me Ca−1 using ANCOVA models with age as
a covariate and sex as a blocking factor. Interaction effects were
insignificant. For the nucleus data, there was no temporal effect for
the southern FICZ, but we found some evidence in fish from the
northern FICZ of temporal trends for Mg Ca−1 (ANCOVA; p = 0.023)
and Ba Ca−1 (ANCOVA; p = 0.005). However, age accounted for little
variance (R2

mg = 14.6%; R2
ba = 17.2%) and the effect was due to data

points at the extremes of the distribution. For edge data, Sr Ca−1

showed no significant effects due to sex and the block was dropped;
Ba Ca−1 showed no significant effect due to age or sex, so both
covariate and block terms were dropped from the model. For both
edge and nucleus data, we used Student t statistics t0 calculated for

each comparison within a family of four comparisons, and adjusted
for the experiment-wise �-level using Bonferroni t with a criti-
cal value of t˛e/2,k,v for k two-sided comparisons and v degrees of
freedom.
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Fig. 2. Simulations of surface particle trajectories released from Burdwood Bank of
first (red, �) and second (red, �) peak spawning sites in (A) May, (B) June, and (C)
July 1998 and tracked for 320 days (endpoints green (�) and (�), respectively). Grey
circle shows boundary of Falkland Islands Interim Conservation and Management
Zone (FICZ). Thin lines mark the 2000 m isobar. Abbreviations: BB—Burdwood Bank;
NFICZ—North FICZ; SFICZ—South FICZ. Ocean velocity fields taken from OCCAM
(Webb et al., 1998; Saunders et al., 1999; Webb and de Cuevas, 2003); the mode
output (run 401) has a horizontal resolution of 1/12◦ × 1/12◦ and is forced by the
European Centre for Medium-Range Weather Forecasts 6 hourly wind stress data.
Scale bars shows distance at 45◦ S.
J.R. Ashford et al. / Fisheries R

To quantify differences in otolith chemistry laid down between
ampling areas, we estimated contrasts for each edge Me Ca−1 ratio,
ith standard errors and confidence intervals, and comparison-
ise power 1 − ˇ > 0.99 (Kuehl, 1994). We calculated the number

f standard deviations (SD) between the means, a function of the
ontrast relative to within-area variability, as an index of relative
ower to resolve areas (Ashford et al., 2007).

Because variance–covariance matrices were not equal, we could
ot use Canonical Discriminant Analysis, and we used non-metric
ultidimensional scaling (nMDS) instead to illustrate graphically

he differences found (Kruskal and Wish, 1978; Schiffman et al.,
981). Transformed edge data were detrended for age. Because the
ariables had different absolute magnitudes and ranges, they were
tandardized to the same scale for both edge and nucleus data. Con-
tructing a dissimilarity matrix based on Euclidean distances, we
reated two-dimensional projections of distance between individ-
al fish using convergence criteria of stress < 0.01.

. Results

.1. Predictions from particle simulations

Particles released from the western North Scotia Ridge dur-
ng the spawning season were entrained directly into the SAF and
wept rapidly north, away from the Falkland Islands and eventually
ut into the Atlantic. Trajectories are illustrated in Fig. 2 for exem-
lar year 1998. Particles released directly from Burdwood Bank
ere often not entrained in the fast flowing SAF currents until much

ater. Instead, some were retained initially in eddy systems south of
he bank, to its north, and between it and the southern Patagonian
helf; and remained 100–200 days in eddy systems south and east
f the Falkland Islands (Fig. 2b and c). In contrast, when particles
ere released in the months after the spawning season, they were
ot retained as long: by 100 days, almost all were entrained in the
AF well north of the Falkland Islands. Similarly, even during the
pawning season, particles released on the far north-east side of
urdwood Bank were also quickly entrained into the SAF, although

ess rapidly than those from the North Scotia Ridge.
Nevertheless, many of the particles released from the Burdwood

ank during the spawning season reached the FICZ. On average
etween May and July, 15–17% were present in the southern FICZ
fter 50 days, 7–11% after 100 days, and up to 2% remained after 300
ays (Table 1a). However, much fewer reached the northern FICZ
ith an average of 0.5–3% present after 100 days, and none after 250
ays. The eddy systems persisted throughout the years simulated
ut their extent and exact location varied from year to year: in
ears when the eddy forming south of Burdwood Bank grew more
ersistent, it enabled particles to stay in the area for up to 250 days,
efore becoming entrained in a second eddy north of Burdwood
ank (Fig. 2c). In 1998 in particular, 8–10% of the particles released

n June and July were located in the southern FICZ after 300 days.
ven in 1998 however, no particles were present in the northern
ICZ after 250 days. These simulations indicated that the large-scale
irculation could retain early stages south of the Falkland Islands
uring the pelagic period after spawning and transport them to the
outhern Patagonian Shelf. By the time they reached areas north of
he islands, however, the young fish were already entrained in the
AF and unlikely to be deposited over the shelf.

Simulations from the shelf slope south-west of Cape Horn
howed a different pattern. Some particles were retained over the
helf south of Tierra del Fuego, mainly because of stable eddy sys-

ems forming at the shelf edge. These systems changed position
lightly with season but persisted during the entire simulation
eriod from May to November (Fig. 3). However, many particles
rom the south-western slope passed very close by the Falkland
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Table 1
Mean percentage (range) of drifters released between May and June 1996–2000 from (a) Burdwood Bank and (b) southern Chile, present in the northern and southern FICZ
at 50–300 days.

(a)

Month Destination Mean % in FICZ at day

50 100 200 250 300

May North 2.6 (0–5) 3 (0–8) 0 0 0
South 17 (0–38.5) 11 (0–26) 1.5 (0–5) 1.5 (0–5) 1.5 (0–5)

June North 1 (0–2.6) 1 (0–5) 1 (0–5) 0 0
South 16 (5–26) 7 (0–23) 0.5 (0–2.5) 1 (0–5) 1.5 (0–8)

July North 3.6 (0–13) 0.5 (0–2.6) 0 0 0
South 15 (5–20.5) 11 (5–15) 3 (0–10) 1.5 (0–8) 2 (0–10)

(b)

Month Destination % in FICZ at day

50 100 200 250 300

May North 1.8 (0–4) 7.5 (3–11) 13 (6–22) 3 (1.5–6) 1.5 (0–3)
South 17 (4.5–31) 27 (16–44) 5 (0–10) 2 (0–3) 2.3 (0–6)

June North 0.8 (0–4) 10 (1.5–25) 10 (6–17) 2 (0–6) 1.8 (0–4)
South 14.5 (3–26) 22.5 (10–40) 3 (0–4) 3 (0–10) 2 (0–4)

(3–24
5 (15–
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one full SD for Mn Ca , over 1.7 SD for Mg Ca and Ba Ca , to
nearly 1.9 SD for Sr Ca−1. These data indicated strong differences
in environmental exposure between fish north and south of the
Falkland Islands.

Table 2
Nucleus chemistry: mean square estimates from 1-way ANOVA for Mg Ca−1, Mn
Ca−1, Sr Ca−1, and Ba Ca−1, between northern and southern FICZ.

df Mg Ca−1 Mn Ca−1 Sr Ca−1 Ba Ca−1

Sampling area 1 0.00425*** 1.267*** 5.61 × 10−7*** 0.0086
July North 2.4 (0–4) 12
South 11 (3–25) 28.

slands, following transport pathways through both the northern
nd southern FICZ. Some crossed on to the shelf near Tierra del
uego (Fig. 3), west and east of Staten Island: of these, most were
dvected quickly northwards but some took as long as 320 days,
eaching the FICZ coinciding with the end of their pelagic period.
ther particles followed the SAF before moving onto the shelf west
nd north of Burdwood Bank. However, these particles were trans-
orted much more quickly and arrived south of the Falkland Islands
y 50–100 days before being entrained northwards in the fast SAF
urrents. Overall, more particles from south-west of Cape Horn
eached the south FICZ than the north: on average between May and
uly, 22.5–28.5% were present in the south after 100 days, compared
o 7.5–12% for the north (Table 1b). Nevertheless, the disparity in
hose remaining in each area reduced steadily over 300 days, to an
verage of 2–3.5% in the south after 300 days and 1.5–3.5% in the
orth.

Variability between years was important, but affected advection
rom the two spawning areas differentially. The proportion of parti-
les released from south-west of Cape Horn after 300 days reached
maximum of 10% in both the northern and southern FICZ; how-

ver, this maximum occurred in 1996, and did not coincide with
he one in 1998 from Burdwood Bank to the south FICZ. After the
pawning season, fewer particles were retained off Cape Horn, and
ransport to the FICZ was faster, so that almost all were advected
orthwards out of the FICZ before 320 days.

.2. Tests using otolith chemistry

The mean age of fish taken north of the Falkland Islands was
.3 (SD ± 1.8) years, corresponding to the cohort spawned in 1996,
hereas the mean age of fish taken south of the islands was 3.2

SD ± 1.00) years, corresponding to the cohort spawned in 1998.
ish from the north FICZ showed strong differences from those from
he south FICZ in their otolith chemistry as well. In material laid
own in the nuclei during early life, northern fish had lower mean
oncentrations of Mg Ca−1 than southern fish (mean ± SD; x̄NFICZ =

20.5 ± 9.5 �mol mol−1; x̄SFICZ = 163.1 ± 8.6 �mol mol−1) and
igher Mn Ca−1 (x̄NFICZ = 3.84 ± 0.19 �mol mol−1; x̄SFICZ = 2.7 ±
.09 �mol mol−1). Northern fish also had lower mean concentra-
ions of Sr Ca−1 than southern fish (x̄NFICZ = 868 ± 24 �mol mol−1;
) 9 (4–19) 3.5 (1.5–9) 3.5(3.5–10)
46) 3.3 (1.5–10) 3.5(1.5–12) 3.5(1.5–10)

x̄SFICZ = 1040 ± 41.2 �mol mol−1) and higher Ba Ca−1 (x̄NFICZ =
0.66 ± 0.18 �mol mol−1; x̄SFICZ = 0.55 ± 0.04 �mol mol−1). These
differences were significant for Mg Ca−1, Mn Ca−1 and Sr Ca−1

(Table 2), exceeding the Bonferroni t critical value (t˛e/2,4,79 =
2.54), but not for Ba Ca−1 (ANOVA; d.f. = 1, 79; F = 0.54; p = 0.46).
Multidimensional scaling illustrated the differences found (Fig. 4)
and indicated that, while fish with similar chemistry were found
north and south of the islands consistent with origin from south-
ern Chile, the heterogeneity was generated by fish in the south with
nucleus chemistry that was not found to the north, consistent with
predicted trajectories from Burdwood Bank.

The chemistry at the otolith edge, laid down during the year
prior to capture, also showed strong heterogeneity. Fish north of
the Falkland Islands had lower mean concentrations of Mg Ca−1

than fish to the south (x̄NFICZ = 66.9 ± 2.9 �mol mol−1; x̄SFICZ =
139.6 ± 13.8 �mol mol−1) and lower Mn Ca−1 (x̄NFICZ = 0.34 ±
0.04 �mol mol−1; x̄SFICZ = 0.77 ± 0.14 �mol mol−1). Northern fish
showed higher mean concentrations of Sr Ca−1 at the otolith
edge than southern fish (x̄NFICZ = 2548 ± 107 �mol mol−1; x̄SFICZ =
1644 ± 45 �mol mol−1), and higher Ba Ca−1 (x̄NFICZ = 0.90 ±
0.04 �mol mol−1; x̄SFICZ = 0.55 ± 0.02 �mol mol−1). Multidimen-
sional scaling illustrated the strong separation between NFICZ and
SFICZ (Fig. 5). The differences were significant for all element ratios
(Table 3), exceeding the Bonferroni t critical value (t˛e/2,4,79 =
2.54), and contrasts between north and south of the FICZ estimated
from the transformed data were large (Table 4), ranging between

−1 −1 −1
Residual 74 0.00019 0.049 0.43 × 10−7 0.0157

*p < 0.05.
**p < 0.01.

*** p < 0.001.
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Fig. 3. Simulations of surface particle trajectories released from south-west of Cape
Horn (red, �) in (A) May, (B) June, (C) July 1998 and tracked for 320 days (endpoints
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Fig. 4. Otolith nucleus chemistry, using non-metric multi-dimensional scaling
(nMDS) based on Euclidean distances. Symbols: NFICZ (+), SFICZ (©). Note: the axes
in nMDS do not bear a direct relation to ordinations.
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Fig. 5. Otolith edge chemistry, using non-metric multi-dimensional scaling (nMDS)
based on Euclidean distances. Symbols: NFICZ (+), SFICZ (©). Note: the axes in nMDS
do not bear a direct relation to ordinations.

Table 3
Edge chemistry: mean square estimates from: (a) 1-way ANCOVA for Mg Ca−1 and
Mn Ca−1, using age as covariate and blocked by sex; (b) 1-way ANCOVA for Sr Ca−1,
using age as covariate; (c) 1-way ANOVA for Ba Ca−1, between northern and southern
FICZ.

(a) df Mg Ca−1 Mn Ca−1

Sampling area 1 0.00117*** 0.416*

Age 1 0.00053** 0.896**

Sex 1 0.00030* 0.389*

Residual 74 0.00004 0.086

(b) df Sr Ca−1

Sampling area 1 394***

Age 1 639***

Residual 75 23

(c) df Ba Ca−1

Sampling area 1 0.912***

Residual 76 0.016
reen, �). Grey circle shows boundary of Falkland Islands Interim Conservation and
anagement Zone (FICZ). Thin lines mark the 2000 m isobar. BB—Burdwood Bank.

cale bar shows distance at 45◦ S.

. Discussion

.1. A single population does not account for the data
By pairing particle-tracking simulations and otolith chem-
stry, we created spatially explicit hypotheses and tested them
mpirically using response variables that reflected hydrographic
roperties. Strong heterogeneity in the nucleus chemistry of fish

* p < 0.05.
** p < 0.01.

*** p < 0.001.



150 J.R. Ashford et al. / Fisheries Research 121-122 (2012) 144–152

Table 4
Contrasts between sampling areas (C = x̄NFICZ − x̄SFICZ ), using chemistry from otolith
edges of juvenile Dissostichus eleginoides. sc—SE of the contrast; CI—confidence
interval; SD—standard deviation. FICZ—Falkland Islands Inner Conservation Zone;
NFICZ—north FICZ; SFICZ—south FICZ.

Me/Ca C sc 95% CI Upper/lower No. SD

Mg/Ca 0.013 0.0015 0.016/0.010 1.71
Mn/Ca 0.332 0.0667 0.464/0.200 1.02
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Fig. 6. Life history cycle hypothesized for toothfish off southern Chile and on
the Patagonian Shelf, showing trajectories (i) retaining membership in spawning
populations (in green) and (ii) leading to vagrancy and loss of population member-
ship (in blue). Note crossing over south of the Falkland Islands from a trajectory
Sr/Ca 9.6 1.081 10.7/8.5 1.88
Ba/Ca 0.217 0.0289 0.0274/0.1600 1.75

aught north and south of the Falkland Islands discounted the
ypothesis of a single population with a spawning area on Bur-
wood Bank that exclusively supplies the trawl fishery around the
alkland Islands. Instead, our data was consistent with the alterna-
ive hypothesis that spawning areas off both southern Chile and the
urdwood Bank supply the trawl fishery, structuring assemblages
f juvenile fish through a combination of large-scale transport and
etention in eddies south of the Falkland Islands.

Like all global circulation models, OCCAM has certain strengths
nd weaknesses associated with its ability to resolve the flow in
ifferent areas of the global ocean. Validated for the Scotia Sea and
he Weddell Sea regions, it has been found to represent the circu-
ation in the Drake Passage reasonably well (Thorpe et al., 2005)
nd has been used successfully in other particle tracking studies
n the Southern Ocean (Ward et al., 2002; Murphy et al., 2004;
horpe et al., 2007; Ashford et al., 2010, 2011b). Although the res-
lution used here (1/12◦ × 1/12◦) has been found to produce flow
ith high mesoscale variability that represents the Southern ACC

ront (Fig. 1) and the Weddell Front (both in the Antarctic outside
he current study area) as too weak, it resolves the flow of the SAF
ccording to observations (Renner et al., 2009). Model resolution
s not fine enough to resolve small-scale features like coastal cur-
ents around islands and landmasses that may also retain particles,
nd the simulations do not include any fish behavior. However,
he empirical data validated the simulations, indicating that trans-
ort by the large-scale circulation accounted for the distributions
f nucleus chemistry, without need to invoke either small-scale
rocesses or behavior.

Moreover, consistent with influx of water predicted by the sim-
lations, the chemistry laid down along the otolith edges just before
apture also showed strong heterogeneity. Physical transport that
upplies the trawl fishery in the FICZ from spawning areas around
ape Horn and Burdwood Bank, appears to influence the properties
f shelf water as well. South of the Falkland Islands, fish showed
igh Mg Ca−1 consistent with activity previously associated with
irculation between the Burdwood Bank and southern Patagonian
helf, while Mn Ca−1, at lower concentrations north of the Falkland
slands, was consistent with depletion found previously along the
orthern slope (Ashford et al., 2005, 2007). Sr Ca−1, linked previ-
usly to water temperature, and Ba Ca−1, linked to nitrate-fuelled
roduction in the ACC, were depleted in both sampling areas; how-
ver, concentrations of both element ratios remained higher north
f the Falkland Islands, consistent with simulations showing influx
f water over the shelf from oceanic areas in the ACC.

Thus, the simulations allowed us to explore each population
ypothesis for sharply contrasting and mutually exclusive pre-
ictions (Popper, 1959). Because these were spatially specific,
hey could be examined in a cost-effective and powerful design
hat minimized sampling effort and laboratory analysis while
imultaneously enhancing discrimination between the compet-
ng hypotheses. Consequently, we were able to test between two

patially sophisticated scenarios with a power greater than 95%,
sing otoliths from only 78 fish divided between two treatments.
eyond these logistical and statistical advantages, the spatially
xplicit approach gave rich insight into the ways physical forcing
from southern Chile to the membership trajectory for Burdwood Bank. Thin lines
mark the 2000 m isobar. Abbreviations: BB—Burdwood Bank; NFICZ—North FICZ;
SFICZ—South FICZ.

potentially influences the abundance and distribution of fish avail-
able to the fishery, which in turn can be used to develop new
hypotheses to incorporate complex interactions between the large-
scale circulation and life history.

4.2. A spatially explicit hypothesis incorporating hydrography
and life history

Physical features are potentially key to understanding the
population processes that structure toothfish assemblages. Our
simulations suggest that stable eddy systems off southern Chile
and Burdwood Bank can promote self-recruitment by retention,
while those south and east of the Falkland Islands can also retain
young fish long enough for them to settle as juveniles in the south-
ern FICZ. Similarly stable eddies increase the residence time of
entrained water north of the Falkland islands, often corresponding
to areas of marine life accumulation (e.g. Glorioso, 2002; Upton and
Shaw, 2002) As a result, water transported and entrained in these
eddies may not only structure assemblages of juveniles by supply-
ing early stages from southern Chile, but also position them where
production and marine life accumulation promote food availabil-
ity, reinforcing the limited movement subsequently shown during
the demersal juvenile stage.

Once toothfish become neutrally buoyant at maturity, however,
the large-scale circulation in the north FICZ is northwards, towards
the northern shelf-slope. Ontogenetic movement to depth exposes
fish arriving on the slope to fast northward flow along the SAF
(Fig. 6), as well as Antarctic Intermediate Water (AAIW) where
it sinks north of the Polar Front (Arhan et al., 2002). In the south
FICZ, ontogenetic movement to depth has a similar effect initially,
but Lower Circumpolar Deep Water occupies the deep layer below
AAIW over the Falkland Plateau, where it is associated with south-
ward flow (Arhan et al., 2002). Unlike adult toothfish to the north,
those moving to depth from the south FICZ would potentially be
advected toward the North Scotia Ridge. Distributions of nucleus
chemistry in adults along the northern and southern Patagonian
shelf slope support this divergence (Ashford et al., 2006; Fig. 7),
showing extensive heterogeneity between sampling areas north of

the Falkland Islands and those to the east and south.

Interactions between the large-scale circulation and life history
may help account for other features of population distribution.
Along the North Scotia Ridge, an anomalous low-oxygen type of
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Fig. 7. Relationships between adult Patagonian toothfish in the south-western
Atlantic Ocean, using non-metric multidimensional scaling based on Euclidean dis-
tances obtained from nucleus chemistry. Data from Ashford et al. (2006, Fig. 3;
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pper Circumpolar Deep Water (UCDW) from the Chilean conti-
ental slope is found at stations along the equatorward flank of the
olar Front (Naveiro-Garabato et al., 2002), downstream of south-
rn Chile where warm-core eddies forming on the poleward side
f the SAF follow a trajectory aligned with the ACC flow (Sprintall,
003). Adult movement off southern Chile and exposure to warm-
ore eddy activity, with subsequent transport along the ACC (Fig. 6),
ould explain similarities in nucleus chemistry of fish caught along

he eastern North Scotia Ridge to those along the slope north of the
alkland Islands (Ashford et al., 2006). Moreover, the Polar Front
ivides into two full-depth currents north of the North Scotia Ridge,
roviding a transport pathway along the western branch that con-
ects to the northern slope of the Patagonian Shelf. The highest
elocities in the western branch are at depths of 1500 m (Arhan
t al., 2002), within the depth range targeted by longliners fishing
n adults.

.3. Complex population structure on the Patagonian Shelf

Spawning aggregations off southern Chile and Burdwood Bank
hat supply juvenile feeding areas in the FICZ are consistent with
ife history cycles in which life stages take advantage of different
abitats (e.g. Harden Jones, 1968). For a population to persist, how-
ver, at least some fish must close their life cycle by returning to
pawn successfully. In this way, a life cycle can be considered as
continuity solution linking areas within a physical system that

mposes spatial constraints (Sinclair and Iles, 1989). For the juve-
ile areas in the FICZ to be part of the solution for either population,
owever, there must be at least one trajectory by which the juve-
iles can return as spawning adults to Cape Horn and the Burdwood
ank, upstream in the ACC.

Deep southward currents over the Falkland Plateau may rep-
esent such a trajectory, linking adult feeding grounds on the
outhern Patagonian slope to spawning areas around Burdwood
ank. However, it is more difficult to see how fish advected north
f the Falkland Islands can return to spawning areas south of Cape

orn. Adult toothfish are not physiologically capable of sustained
ounter-current migration and, although neutrally buoyant, there
re no return pathways in the large-scale circulation. Instead, pop-
lation persistence may depend on the small proportion of young
ch 121-122 (2012) 144–152 151

fish retained off southern Chile, which subsequently supply juve-
nile areas on the shelf south of Tierra del Fuego and return to depth
as adults to feed and spawn along the continental slope (Fig. 6).
Only fish that are positioned to continue through their life cycle in
this way remain as members of the population. In contrast, juve-
nile areas in the FICZ reflect the prevailing transport of larvae (e.g.
Beck et al., 2003), but fish advected there are lost from the popu-
lation off southern Chile: even though they can survive and grow
successfully, they become non-breeding vagrants (Sinclair, 1988).
Similarly, fish advected from southern Chile to the eastern North
Scotia Ridge are probably rendered incapable of returning to their
parental spawning areas; instead, they are also eventually trans-
ported to the northern slope of the Patagonian Shelf along the
western branch of the Polar Front.

However, transport trajectories from southern Chile intersected
those from the Burdwood Bank in juvenile areas south of the Falk-
land Islands, potentially enabling some fish to switch between
populations. A small proportion of adults along the southern
shelf-slope, and on the Burdwood Bank and western North Scotia
Ridge (Ashford et al., 2006), showed nucleus chemistry suggest-
ing immigration from southern Chile, consistent with ontogenetic
movement from the southern FICZ and subsequent transport south-
wards to the North Scotia Ridge. As a result, forcing around Cape
Horn may not only drive the distribution and abundance of juve-
niles in the FICZ, but also subsidize the Burdwood Bank population
if immigrants spawn successfully.

These results illustrate the importance of distinguishing areas
critical to the life cycle trajectory necessary for population member-
ship from those that represent dead-ends (Sinclair and Iles, 1989)
or pathways supporting immigration (Pulliam, 1988). In the case of
toothfish, spawning off southern Chile supplies the trawl fishery in
the FICZ. However, juvenile areas north of the Falkland Islands may
be unimportant to the persistence of any population, whereas those
south of the Falkland Islands form a critical link in the life cycle
trajectory associated with spawning on the Burdwood Bank. The
southern areas, moreover, may be important by supporting immi-
gration: if population persistence on the Burdwood Bank relies on
a subsidy from southern Chile to offset mortality, declines in sup-
ply may quickly lead to extinction. If so, local variability in physical
processes and distributions of toothfish south of Cape Horn may
have cascading impacts on much larger spatial scales, destabilizing
fisheries downstream. Particle tracking simulations can be used to
examine these effects, generating predictions that can be empir-
ically tested using otolith chemistry. By linking fish explicitly to
their physical environment, the two techniques can help eluci-
date how hydrography and life history interact to structure the fish
assemblages on which marine fisheries depend.
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