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Otolith chemistry indicates population structuring 
by the Antarctic Circumpolar Current 

Julian R. Ashford, Cynthia M. Jones, Eileen E. Hofmann, Inigo Everson, 
Carlos A. Moreno, Guy Duhamel, and Richard Williams 

Abstract: Large-scale transport of seawater in ocean currents may generate spatially complex population structure 
through the advection of life stages of marine fish species. To test this, we compared the chemistry of otolith nuclei 
from Patagonian toothfish (Dissostichus eleginoides), presently managed as spatially discrete populations corresponding 
to fishing management areas along the Antarctic Circumpolar Current (ACC), which transports water eastward around 
the Southern Ocean. The chemistry of otolith nuclei, laid down during early life, differed significantly between fishing 
areas off South America and the Antarctic and between some Antarctic areas. However, we found significant discrepan
cies from expectation for a population structure corresponding to fishing areas. We also found evidence of four groups 
of fish with different early life chemistry: one associated with South America and three Antarctic groups showing mix
ing consistent with advective transport along the ACC. These results suggest that toothfish populations are structured 
by their physical environment; population abundance and persistence may rely on a restricted number of breeding 
members with access to spawning grounds, whereas fisheries may rely substantially on nonbreeding vagrants trans
ported from fishing areas upstream. 

Resume : Le transport a grande echelle de l'eau de mer par les courants oceaniques peut produire des structures de 
population complexes par advection des differents stades vitaux des especes de poissons marins. Pour tester cet enonce, 
nous avons compare la chimie des noyaux des otolithes chez la legine australe (Dissostichus eleginoides), une espece 
qui est actuellement geree comme etant formee de populations discontinues dans l 'espace et correspondant aux unites 
de gestion de la peche le long du courant circumpolaire antarctique (ACC) qui transporte l'eau vers l'est dans !'Ocean 
austral. La chimie des noyaux des otolithes, determinee tot dans le cycle biologique, differe significativement dans les 
zones de peche au large de I' Amerique du Sud et dans celles de I' Antarctique, ainsi que dans certaines zones de 
l' Antarctique. Nous trouvons cependant d'importantes discordances par rapport a la structure de population a laquelle 
on pourrait s' attendre si celle-ci etait reliee aux zones de peche; il y a des indications de l' existence de quatre groupes 
de poissons avec une chimie differente au cours des premiers stades, un associe a I' Amerique du Sud et trois groupes 
antarctiques qui presentent des melanges compatibles avec le transport advectif le long de ACC. Ces resultats indiquent 
que les populations de legines sont structurees par leur environnement physique; l' abondance et la persistance des po
pulations doit peut-etre alors dependre d'un petit nombre de reproducteurs qui ont acces aux lieux de reproduction, 
alors que la peche depend de maniere importante de poissons errants non reproducteurs qui sont transportes dans le 
courant a partir des zones de peche. 

[Traduit par la Redaction] 

Introduction deep water and oceanic fronts (e.g., Kingsford 1993; Loeb et 
al. 1993). Yet fronts are often associated with fast-moving 
currents capable of transporting fish between habitats and 
across deep water. Where these currents result in movement 
to incompatible habitat, life stages are lost to the source pop
ulation through advective mortality. Where currents connect 
to appropriate habitat, advection can structure marine popu-

Population structure and advection 
Managers of oceanic fisheries frequently rely on stock 

assessment models that assume a randomly mixing, closed 
population delineated by barriers that curtail exchange with 
neighbouring populations. Physical barriers cited in~lude 
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lations in spatially complex ways (e.g., Harden Jones 1968; 
Cushing 1981), promoting overlapping distributions of older 
stages that were nevertheless spawned on separate grounds. 

Advection can connect these different populations geneti
cally if transported fish remain to breed in their new area 
rather than returning to where they were spawned. This con
nectivity can be important to the persistence of populations; 
migration from source populations, where high recruitment 
relative to mortality allows emigration, can maintain sink 
populations, where low recruitment relative to mortality may 
otherwise lead to extinction (Pulliam 1988; Polachek 1990). 
If harvest interrupts the supply of migrants by source popu
lations, it will reduce abundance over an extended area. 

Even when advected fish do not breed or return to their 
original population, they can remain as nonbreeding va
grants (Sinclair 1988; Sinclair and Iles 1989). Population 
persistence may then depend on only those fish that have ac
cess to their spawning grounds, whose fecundity and rate of 
survival is capable of off setting the loss of vagrants through 
advection. If so, harvest of these breeding members can in
terrupt the supply of vagrants, like the harvest of source pop
ulations supplying migrants, with a disproportionate impact 
on abundance over a wide area. 

To examine population structure, researchers have used 
approaches such as artificial tags, population vital rates, and 
genetics (e.g., Ihssen et al. 1981). Although these approaches 
are generally efficient at testing whether fish are from a sin
gle panmictic population or not, they are less effective in 
telling whether spatial heterogeneity is due to discrete, 
closed populations or spatially complex structure, where fish 
come from more than one population. Success in assigning 
individual fish to a population using hyper-variable genetic 
markers nevertheless requires that the underlying popula
tions have been identified and the multilocus genotypes of a 
representative sample are known ( e.g., Comuet et al. 1999). 
A more recent approach in oceanic fisheries is the use of 
natural chemical markers in otoliths, which show character
istic properties related to the environment to which fish are 
exposed (e.g., Edmonds et al. 1991). Growth increments in 
otoliths, used for aging fish, provide a chronology covering 
the life history to capture. One consequence is that the 
chemistry of otolith nuclei, laid down during early life, can 
be used to detect early spatial separation resulting from seg
regation during spawning (e.g., Campana et al. 1994) and 
hence population structure. 

Physical structuring of populations in the Southern 
Ocean 

The Polar Front (PF), one of several within the Antarctic 
Circumpolar Current (ACC), separates regions around South 
America and the Antarctic into different hydrographic 
regimes, and frontal currents may disperse life stages into 
deep water away from suitable habitat (e.g., Rogers et al. 
2006). Recently, genetic data indicated a sharp population 
boundary in the vicinity of the PF between Patagonian tooth
fish (Dissostichus eleginoides) along the Patagonian Shelf 
and around South Georgia in the Southwest Atlantic (Fig. 1) 
(Shaw et al. 2004 ), corroborating evidence from length-at
age data (Ashford 2001). 

Can. J. Fish. Aquat. Sci. Vol. 65, 2008 

Yet the ACC also connects the major southern hemisphere 
continents and islands and banks around the Antarctic and 
may promote ecologically important linkages (Hofmann and 
Murphy 2004). There is strong evidence that another front in 
the ACC, the Southern ACC Front, transports Antarctic krill 
(Euphausia superba) from the western Antarctic Peninsula 
and southern Scotia Sea to supply nonbreeding stocks off 
South Georgia on a time scale of 2-12 months (Hofmann et 
al. 1998; Murphy et al. 2004; Fach et al. 2006). Fronts in the 
ACC penetrate the entire water column (e.g., Nowlin and 
Clifford 1982) and are identifiable around the Antarctic 
(Hofmann 1985; Orsi et al. 1995) associated with biological 
production due to upwelling. Under these conditions, marine 
organisms dispersed by frontal currents may survive, like 
krill from the Antarctic Peninsula, to be advected to appro
priate habitat downstream, structuring populations in spa
tially complex ways. 

Population connectivity and Patagonian toothfish 
In contrast with krill, the otoliths in marine fish provide a 

way to test directly for physical structuring of populations. 
Recently, chemistry in the otolith nuclei of toothfish have 
detected the population division between the Patagonian 
Shelf and South Georgia (Ashford et al. 2006; Ashford and 
Jones 2007). Toothfish are managed off South America within 
national Exclusive Economic Zones (EEZs) and in the Ant
arctic by the Commission of the Convention for the Conser
vation of Antarctic Marine Living Resources (CCAMLR) as 
spatially discrete stocks corresponding to fishing areas 
around islands and seamounts. This assumes no movement 
between fishing areas, yet available data indicate young 
stages of toothfish are pelagic (North 2002), and mature 
adults are inferred to be neutrally buoyant (Oyarzun 1988; 
Eastman 1993), considerably reducing the energetic cost of 
dispersal. They live up to 50+ years (Ashford 2001; Hom 
2002), substantially longer than krill, and have been recap
tured far from where they were tagged (e.g., Williams et al. 
2002) or spawned (Moller et al. 2003). 

Moreover, age-at-length frequencies, while varying between 
the Falkland Islands and South Georgia, showed no differ
ences between South Georgia and Kerguelen Island down
stream (Ashford 2001). These data suggest that the ACC 
provides opportunities to move along the current with little 
energetic cost, but constrains movement in other directions 
(Ashford et al. 2003). Evidence from genetic studies is 
mixed: (i) little heterogeneity between South Georgia and 
some habitats downstream, but differentiation with others 
(Rogers et al. 2006); (ii) little differentiation between Prince 
Edward Island in the Indian Ocean and Crozet and 
Kerguelen islands further downstream (Appleyard et al. 
2004), but heterogeneity among Heard Island on the 
Kerguelen Plateau, Macquarie Island in the Pacific Ocean, 
and South Georgia (Appleyard et al. 2002). 

These results may be explained by spatially complex pop
ulation structure, with heterogeneity resulting from fish mix
ing in different frequencies from more than one population. 
Similarities, on the other hand, may result from low levels of 
gene flow between populations that homogenize differences, 
rendering genetic markers incapable of distinguishing popu
lation structure. Otolith chemistry, in contrast, takes advan-
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Fig. 1. Detailed maps of the (a) Atlantic, (b) Indian, and (c) Pacific sectors of the Southern Ocean, showing mean position of major 
fronts and sampling areas. SAF, Subantarctic Front; PF, Polar Front; SACCF, southern Antarctic Circumpolar Current Front, southern 
boundary of the ACC is shown as a broken line (Orsi et al. 1995). Arrows show current direction. Sampling areas: 1, Chile 1996; 2, 
Falkland Islands 1997; 3, Kerguelen Island 1996; 4, Macquarie Island 1996; 5, South Georgia 1996; 6, South Georgia 1997; 7, South 
Georgia 1998. 
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tage of biogeochemical variation generated by oceanic 
environments (e.g., Ashford et al. 2005; Ashford and Jones 
2007). Where populations are discrete and exposed to differ
ent environments, the chemistry of otolith nuclei can be ex
pected to diverge strongly, reflecting early life separation. 
But where fish subsequently mix, the nuclei will show distri
butions corresponding to the early life exposures of the com
ponent populations. 

Otolith nuclei have already suggested population hetero
geneity in toothfish off the Patagonian Shelf, which was not 

detected by genetic approaches (Ashford et al. 2006). In this 
study, therefore, we used nucleus chemistry to test whether 
toothfish are distributed in spatially discrete, closed popula
tions that correspond to fishing areas or in a more complex 
structure resulting from advection along the ACC, in which 
sampling areas show mixing with fish carrying similar early 
life chemistry to those upstream. Sampling around the 
Southern Ocean and along the eastern boundary of the 
southern Pacific Ocean and western boundary of the south
ern Atlantic Ocean, we undertook the first integrated study 
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linking nucleus chemistry with the physical structuring of 
populations across the range of an oceanic species. 

Materials and methods 

Otolith analysis procedures 
Otoliths were collected between March and April 1996 

from commercial catches of Patagonian toothfish off the 
northern continental slope of South Georgia (United Nations 
Food and Agriculture Organization Statistical Sub-Area 
48.3); off the eastern continental slope of Kerguelen (Divi
sion 58.5.1); and off the west coast of the Macquarie Island 
EEZ (Fig. 1). Details of otolith collection are found in Ash
ford et al. (2005), and a brief summary is given here. For the 
region around South America, observers sampled fish from 
artesanal fishermen returning to Chiloe Island in the Chilean 
national EEZ. Between April and May 1997, observers 
collected a second set of samples off the slope of the 
Patagonian Shelf northeast of the Falkland Islands Conserva
tion Zone (FCZ) and off the eastern slope of South Georgia. 
At each collection, observers sampled female toothfish be
tween 90 and 110 cm to minimize effects due to sex and life 
stage. Off Chile, otoliths could not be collecteq. before re
moval of gonads by fishermen, and sex data were not re
corded. We also selected otoliths randomly from observer 
sample sets taken in 1998 off the southern shelf slope of 
South Georgia. All samples were taken from depths greater 
than 1000 m, except at Macquarie Island, where the depths 
were -400-500 m. 

Otoliths were dried and stored in envelopes and returned 
to the laboratory at Old Dominion University, Norfolk, Vir
ginia, USA. Preparation of otoliths for elemental analysis is 
outlined in Ashford et al. (2005). We used a Finnegan Mat 
Element 2 double-focusing sector-field inductively coupled 
plasma mass spectrometer (ICP-MS) located at the Labora
tory for Isotope and Trace Element Research (LITER) at Old 
Dominion University to examine otoliths for minor and trace 
element chemistry. Instrument details are given in Jones and 
Chen (2003). Samples were introduced in automated se
quence (Chen et al. 2000) using a New Wave Research EO 
LUV 266 laser ablation system and a PFA microflow 
nebulizer. Ablated otolith material from the sample cell was 
mixed in the spray chamber with aerosol of 1 % HN03 intro
duced by the nebulizer, and the mixture was then carried to 
the ICP torch. Laboratory calibration standards consisted of 
known-concentration, multi-element solutions synthesized 
from stock single element standards and were similarly in
troduced to the spray chamber by the nebulizer as an aerosol 
before being carried to the ICP torch. Blanks of 1 % HN03 
aerosol also were introduced to the chamber by the nebu
lizer. 

For quality control, we used dissolved otolith reference 
material obtained from the National Research Council of 
Canada. To control for operational variability in the laser
ICP-MS, a randomized blocks design was used with each 
petrographic slide as the blocking factor, considered ran
domly drawn, with each sampling area considered a fixed 
treatment. Blank and standard readings of count rate 
( counts·s-1) were obtained before and after random presenta
tion of the otolith sections in each block. Readings of refer
ence material were obtained before sample presentation. 

Can. J. Fish. Aquat. Sci. Vol. 65, 2008 

Otoliths were analysed for 48Ca, 25Mg, 55Mn, 88Sr, and 
138Ba and reported as ratios to 48Ca. To calculate element:Ca 
(Me·Ca-1) ratios, background counts were subtracted from 
otolith counts by interpolating between readings taken be
fore and after each block of otoliths, and the corrected 
otolith counts were converted to Me·Ca-1 concentrations 
using the standards. To sample the nucleus, we used a grid 
raster type 200 µm X 200 rm with a laser beam of diameter 
20 µm traveling at 6 µms- , set at 60% power and frequency 
at 10 Hz, giving a predicted crater depth of approximately 
100 µm (Jones and Chen 2003, eq. 3). Dwell time was 
15.0 ms. 

Statistical methods 
A spatially discrete population structure that corresponds 

to fishing areas implies fish in each area were spawned sepa
rately from those in other areas and therefore were exposed 
to different early life environments. This in tum would be 
recorded in their otolith chemistry. To test for these differ
ences, we applied analysis of variance (ANOVA), using 
separate univariate analyses to examine the behaviour of 
each element ratio. Multivariate outliers were identified by 
plottinf robust squared Mahalanobis distances of the residu
als (Di) against the corresponding quantiles (Q-Q plot) of 
the x2 distribution. 

The assumption of multivariate normality was checked an
alytically using tests (ex = 0.05) based on Mardia's multi
variate skewness and kurtosis measures (Khattree and Naik 
1999) and graphically using Q-Q plots of squared Maha
lanobis distances (d;). Data distributions were not normal, 
showing long tails instead. We used variance-stabilizing 
transformations from the ladder of powers (Kuehl 1994; 
Ashford et al. 2007), which also fulfilled the assumption of 
multivariate normality. The data transformations selected 
were y--0.i for Mg-ca-1, y0·25 for Mn·Ca-1, y0·8 for Sr-ca-1, 

and y--0.s for Ba·Ca-1, which reduced the tails of the distribu
tions in a similar way to standard lognormal transformations. 

Because variance-covariance matrices were not equal ac
cording to Bartlett's modification (X,2 = 96.7, df = 60, p > 
X,2 = 0.0019), multivariate ANOVA was inappropriate, and 
we used univariate ANOVA for each Me,ca-1 ratio instead. 
Residuals for each treatment were normally distributed 
(Kolmogorov-Smimov test; ex = 0.05), except for fish taken 
off Chile for Mg·Ca-1 only (Kolmogorov-Smimov test; p = 
0.034). All Me·Ca-1 ratios showed equality of variances 
<Fmax test; t = 7, v = 17; ex = 0.01). As a result, we used 
ANOVA to test between sampling areas separately for each 
trace element measured, with Student-Newman-K.euls 
(SNK) multiple range tests for pairwise comparisons be
tween sampling areas, adjusted for an experiment-wise ex= 
0.0125. We calculated power 1 - ~ in an a posteriori manner 
separately for each ANOVA test (Sokal and Rohlf 1995) and 
found 1 - ~ > 0.99 for all four elements. 

Spatial heterogeneity can also result when fish, though 
spawned separately, then disperse and mix in different propor
tions between sampling areas. Therefore, to examine whether 
spatial heterogeneity was due to discrete populations or mix
ing of more than one, we examined the data from individual 
fish graphically using nonmetric multidimensional scaling 
(NMDS) (Kruskal and Wish 1978; Schiffman et al. 1981). 
Because the variables had different absolute magnitudes and 
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Fig. 2. Elemental ratio (Me·Ca-1) concentrations found in the nuclei of otoliths from Patagonian toothfish (Dissostichus eleginoides) 
captured at sampling areas in the Southern Ocean between 1996 and 1997. Bars show standard error. C, Chile; FI, Falkland Islands; 
SG-N, north South Georgia; SG-E, east South Georgia; K, Kerguelen Island; M, Macquarie Island; SG-S, south South Georgia. 
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ranges, they were standardized to the same scale. Con
structing a dissimilarity matrix based on Euclidean distances, 
we created a two-dimensional projection of distance between 
individual fish using a convergence criterion of Stress< 0.01. 
We also employed cluster analysis to detect fish crossing 
between sampling areas using Ward's minimum variance 
hierarchical approach on the standardized data. To determine 
the quality of clustering, we used root mean square standard 
deviation, semipartial R2, R2, and between-cluster sum of 
squares to measure the loss of homogeneity through succes
sive merging of clusters. The appropriate number of clusters 
was taken as that below which the measures began to change 
markedly (Khattree and Naik 2000). 

Results 

Otolith nucleus chemistry showed significant heterogeneity 
between samples from South American and Antarctic fishing ar
eas (Fig. 2, Tables 1-4). Samples taken from the Chilean EEZ 
and north of the FCZ showed similar concentrations of all four 
element ratios, but both showed concentrations of Mg·Ca-1 

(ye = 79.3 µmol·mo1-1; YA = 83.6 µmol·mol-1) that were signifi
cantly higher than samples taken from north and east of South 
Georgia (ySGn = 47.2 µmol•mol-1; .YsGc = 54.6 µmol,mol-1) and 
significantly lower than the sample taken from south of South 
Georgia (ySGs = 131.9 µmol·mol-1). Mean concentrations of 
Mn-ca-1 off Chile (ye = 2.29 µmol·mol-1) and the FCZ (yFI = 
2.36 µmol·mol-1) were higher than all Antarctic areas, signifi
cantly so for Kerguelen and all South Georgia samples (rang
ing from YSGc = 1.28 µmol•moi-~ to YK = 1.63 rmol·m?1-1 

).:_ On 
the other hand, mean concentrations of Sr-ca- off Chile (5ie = 
1419.8 µmol·moJ-1) and the FCZ (yFl = 1274.7 µmol·mol-1) 

were lower than those in all Antarctic areas, significantly so for 

Kerguelen, Macquarie, and south of South Georgia (ranging 
from Ysas = 1657.1 µmol·mol-1 to Yf = 1907.6 µmol·mol-1

). 

Mean concentrations of Ba-ca- off Chile (ye = 
0.62 µmol·mol-1) and the FCZ (yFl = 0.44 µmol·moJ-1) were 
also significantly lower than those in all Antarctic areas (rang
ing from YK = 0.83 µmol·mol-1 to YsGs = 1.71 µmol·mol-1). 

Consistent with spatially discrete populations corre
sponding to fishing areas, the otolith nuclei showed further 
heterogeneity between samples from fishing areas within 
the Antarctic. Kerguelen and Macquarie had Mg·Ca-1 con
centrations (yK = 60.1 µmol·mo1- 1; YM = 80.9 µmol,mol- 1) 

that were significantly higher than samples from north and 
east of South Georgia and significantly lower than those 
south of South Georgia. Kerguelen also showed signifi
cantly higher concentrations of Sr-ca-1 than all South 
Georgia samples (ranging from .YsGc = 1547.5 µmol·mol- 1 to 
Ysas = 1657 .1 µmol•mo1-1 

); Macquarie showed mean con
centrations of Sr-ca-1 {yM = 1785.9 µmol·mol-1) that were 
higher than all South Georgia samples, significantly so 
compared with east of South Georgia. 

However, mean Me-ca-1 concentrations showed major dis
crepancies from expectation for a population structure corre
sponding to fishing areas. Despite coming from the respective 
eastern and western boundaries of separate ocean systems 
around South America, mean concentrations of samples taken 
from fishing areas off Chile and the FCZ showed no signifi
cant difference (Fig. 2, Tables 1-4). Similarly in the Antarc
tic, ANOVA detected no heterogeneity between samples taken 
from fishing areas around Kerguelen and Macquarie. In con
trast, within a single fishing area off South Georgia, samples 
were significantly different; the sample taken south of the 
island had significantly higher Mg·Ca-1 concentrations than 
those taken to the north and east. 

© 2008 NRC Canada 



140 Can. J. Fish. Aquat. Sci. Vol. 65, 2008 

Table 1. Results from analysis of variance (ANOVA) and Student-Newman-Keuls tests of 
Mg·Ca-1, showing differences in concentrations measured in the otolith nuclei of 
Patagonian toothfish (Dissostichus eleginoides) between sampling areas off South America 
and in the Antarctic. 

Sample 
Error 
Total 

SG-S 

Area 

FI 
SG-N 
SG-E 
SG-S 
K 
M 

df 

6 
123 
129 

FI 

C 

NS 

+ 
+ 
+ 
NS 
NS 

ss 
0.0765 
0.0957 
0.1722 

C 

FI 

+ 
+ 
+ 
NS 
NS 

MS 

0.0127 
0.0008 

M 

SG-N 

NS 

+ 
NS 

+ 

F 

16.38 

K 

SG-E 

+ 
NS 

+ 

p 

<0.0001 

SG-E SG-N 

SG-S K 

+ 
+ NS 

Note: Lines denote no significant difference; NS, no significant difference; +, significant difference 
(ex= 0.05); C, southern Chile (n = 19); FI, Falkland Islands (n = 19); SG-N, north of South Georgia 
(n = 17); SG-E, east of South Georgia (n = 17); K, Kerguelen Island (n = 20); M, Macquarie Island 
(n = 20); SG-S, south of South Georgia (n = 17). 

Table 2. Results from analysis of variance (ANOVA) and Student-Newman-Keuls tests of 
Mn·Ca-1, showing differences in concentrations measured in the otolith nuclei of 
Patagonian toothfish (Dissostichus eleginoides) between sampling areas off South America 
and in the Antarctic. 

Sample 
Error 
Total 

SG-N 

Area 

FI 
SG-N 
SG-E 
SG-S 
K 
M 

df 

6 
123 
129 

SG-E 

C 

NS 

+ 
+ 
+ 
+ 
NS 

ss 
0.5614 
1.2020 
1.7634 

SG-S 

FI 

+ 
+ 
+ 
+ 
NS 

MS 

0.0936 
0.0098 

K 

SG-N 

NS 
NS 
NS 
NS 

Note: Refer to Table 1 for explanation of lines and definitions. 

F p 

9.57 <0.0001 

M FI C 

SG-E SG-S K 

NS 
NS NS 
NS NS NS 

Examining the distribution of data graphically, multidi
mensional scaling corroborated the strong separation be
tween the FCZ and both western and eastern South Georgia 
sampling areas (Stress = 0.14; Fig. 3a). All three areas 
showed strong separation from southern South Georgia, 
which, although it included some fish similar to those taken 
north and east of the island, showed most fish to have a very 
different nucleus chemistry that implied a separate early life 
history. On the other hand, like the samples from western 
and eastern South Georgia, fish from west and east of South 
America showed similar nucleus chemistry distributions 
(Fig. 3b), indicating similar early life histories. Downstream 

of South Georgia along the ACC, samples from Kerguelen 
included fish similar to those taken north and east of South 
Georgia, but also included others with very different nucleus 
chemistry (Fig. 3c). Moreover, the nucleus chemistry distri
bution of these Kerguelen-caught fish was similar to that of 
those caught at Macquarie Island, and both showed similari
ties to fish taken from south of South Georgia. 

Examining this further, cluster analysis indicated that the 
distributions detected using NMDS resolved most appropri
ately into four clusters (Table 5, Figs. 4a, 4b); the statistical 
measures changed sharply when reducing to three clusters. 
Lower concentrations of Sr·Ca-1 and Ba,ca-1 and higher 
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Table 3. Results from analysis of variance (ANOVA) and Student-Newman-Keuls tests of 
Sr-ca-1, showing differences in concentrations measured in the otolith nuclei of Patagonian 
toothfish (Dissostichus eleginoides) between sampling areas off South America and in the 
Antarctic. 

Sample 
Error 
Total 

FI 

Area 

FI 
SG-N 
SG-E 
SG-S 
K 
M 

df 

6 
123 
129 

C 

C 

NS 
NS 
NS 

+ 
+ 
+ 

ss 
184 140 
216 839 
400 979 

SG-E 

FI 

+ 
+ 
+ 
+ 
+ 

MS 

30690 
1 763 

SG-N 

SG-N 

NS 
NS 
+ 
NS 

Note: Refer to Table I for explanation of lines and definitions. 

F p 

17.41 <0.0001 

SG-S M K 

SG-E SG-S K 

NS 
+ + 
+ NS NS 

Table 4. Results from analysis of variance (ANOVA) and Student-Newman-Keuls tests of 
Ba-ca-1, showing differences in concentrations measured in the otolith nuclei of Patagonian 
toothfish (Dissostichus eleginoides) between sampling areas off South America and in the 
Antarctic. 

df 

Sample 6 
Error 123 
Total 129 

M SG-S 

Area C 

FI NS 
SG-N + 
SG-E + 
SG-S + 
K + 
M + 

ss 
8.871 

11.512 
20.383 

SG-N 

FI 

+ 
+ 
+ 
+ 
+ 

MS 

1.479 
0.094 

K 

SG-N 

NS 

F 

15.8 

SG-E 

SG-E 

NS NS 
NS 
NS 

NS 
NS 

Note: Refer to Table l for explanation of lines and definitions. 

p 

<0.0001 

C 

SG-S 

NS 
NS 

FI 

K 

NS 
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concentrations of Mn·Ca-1 separated cluster 1 fish (n = 38) 
from cluster 2 (n = 52) and cluster 3 (n = 24) fish; whereas 
Mn·Ca-1 and Sr-ca-1 separated cluster 2 fish from cluster 3 
fish. Mg-ca-1 and Mn-ca-1 separated cluster 4 fish (n = 16) 
from the other clusters. Cluster 1 fish were mostly caught 
off South America (79% ). The other three clusters were as
sociated mostly with fish taken at sampling sites in the Ant
arctic (90% of cluster 2 fish; 83% of cluster 3 fish; 100% of 
cluster 4 fish). As indicated by multidimensional scaling, the 
percentage of fish from each cluster changed between Ant
arctic sampling areas. Off the north and east of South Geor
gia, almost all fish from Antarctic-associated clusters were 
from cluster 2 (93% ), whereas downstream at Kerguelen, 
58% were from cluster 2 and the rest from cluster 3. Further 

downstream still, off Macquarie Island, cluster 2 made up 
only 26% of the sample, and clusters 3 and 4 made up 53% 
and 21 %, respectively, of the sample. Off the south of South 
Georgia, 73% of fish from Antarctic-associated clusters 
were from cluster 4. 

Discussion 

Otolith chemistry and toothfish population structure 
The chemistry of otolith nuclei strongly suggested that 

toothfish population structure is considerably more complex 
than a series of spatially discrete populations corresponding 
to fishing areas. Samples taken off South America were very 
different from those caught in the Antarctic, independently 
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Fig. 3. Relationships between individual Patagonian toothfish 
(Dissostichus eleginoides) taken from sampling areas in the 
Southern Ocean, using nonmetric multidimensional scaling 
(NMDS) based on Euclidean distances. Stress = 0.14. 
(a) Falkland Islands (D); north South Georgia (A); east South 
Georgia(~); south South Georgia (+); (b) Chile (0), using 
Falkland Islands and north South Georgia as references; 
(c) Kerguelen (0) and Macquarie (x) islands, using north South 
Georgia as a reference. 
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Table 5. Summary of statistics measuring quality of clustering. 

Cluster No. RMS STD Semipartial R2 Rz BSS 

6 0.645 0.028 0.656 14.6 
5 0.650 0.037 0.619 19.3 
4 0.731 0.057 0.562 29.3 

3 0.843 0.097 0.465 50.1 
2 0.857 0.136 0.329 70.2 

1.000 0.329 0.000 169.6 

Note: RMSSTD, root mean square standard deviation; BSS, between 
sum-of-squares. Gap in table shows marked change in measures, indicating 
an appropriate number of four clusters. Data is from cluster analysis using 
Ward's minimum variance approach for standardized trace element ratio 
concentrations measured in the nuclei of Patagonian toothfish (Dissostichus 
eleginoides) captured across the Southern Ocean. 

Fig. 4. Allocation of Patagonian toothfish (Dissostichus elegi
noides) captured at sampling areas in the Southern Ocean to four 
clusters (Cl-C4) based on early life history similarities recorded 
in the chemistry of otolith nuclei. Cluster analysis is based on 
Ward's minimum variance approach. (a) Composite bar chart 
showing all data; and individual bar charts for (b) Chile (C), 
(c) Falkland Islands (Fl); (d) north South Georgia (SG-N); 
(e) east South Georgia (SG-E); (f) Kerguelen Island (K); 
(g) Macquarie Island (M); (h) south South Georgia (SG-S). 
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corroborating earlier results showing population isolation 
between fishing areas off the Patagonian Shelf and South 
Georgia (e.g., Shaw et al. 2004; Ashford et al. 2006; Rogers 
et al. 2006). However, in the first comparison between 
toothfish on either side of South America, we found no evi
dence of segregation during early life that would be consis
tent with spatially discrete populations; nucleus chemistry 
strongly suggested that toothfish had the same population 
structure. In contrast, at South Georgia, fish caught south of 
the island showed nucleus chemistry that was significantly 
different from those taken to the north and east, suggesting 
population heterogeneity within a single fishing area in the 
ACC. 

The north and east South Georgia samples were also 
different from those taken downstream along the ACC, at 
Kerguelen and Macquarie islands, consistent with previous 
genetic data (Appleyard et al. 2002), although in contrast 
with the genetic data, ANOVA showed little heterogeneity 
between Kerguelen and Macquarie islands. Unlike genetic 
approaches, however, which rely on discriminating genetic 
frequencies between sampling areas, otolith chemistry data 
are highly amenable to techniques capable of detecting 
grouping within and across samples. These analyses sug
gested two groups of fish mixing at Kerguelen, one of which 
had similar early life distributions to north and east South 
Georgia and the other to Macquarie Island. The analyses 
also suggested that there was indeed heterogeneity between 
Kerguelen and Macquarie islands, but that this was due to 
the proportions of fish mixing from the same two groups, as 
well as fish from a third group that were present at 
Macquarie and not at Kerguelen. This third group showed 
considerable similarity to fish found off southern South 
Georgia. 

Otolith chemistry and hydrography 
Otolith chemistry has successfully discriminated spatial 

heterogeneity in several exclusively marine fish species (e.g., 
Edmonds et al. 1991; Campana et al. 1994). Validations for 
Patagonian toothfish demonstrated that the characteristic 
spatial properties of otolith markers resulted in correct allo
cation of fish to South American and Antarctic regions 
(Ashford et al. 2005; Ashford and Jones 2007). The chemis
try of otolith edges, laid down immediately prior to capture, 
suggested that the distribution of otolith Sr·Ca-1 is related to 
temperature (Ashford et al. 2005), which in tum distin
guishes Circumpolar Deep Water, the largest water mass by 
volume transported by the ACC (Sievers and Nowlin 1984), 
from Antarctic Intermediate Water, formed to the north of 
the PF primarily in the southwest Atlantic (Molinelli 1981; 
Sievers and Nowlin 1984). Concentrations of Ba,ca-1 were 
associated with new production in the open ocean fueled by 
nitrate (Dehairs et al. 1992), as opposed to recycled nitrogen 
off continental shelves such as around South America. On 
the other hand, authigenic activity, particularly along the 
Patagonian Shelf, and resuspension from anoxic sediments 
(e.g., Bucciarelli et al. 2001) may explain enrichment of 
otolith Mn,ca-1, whereas physiology most likely accounts 
for otolith Mg·Ca-1 distributions (Ashford et al. 2005, 2006). 

Comparing fish from the Patagonian Shelf and the ACC in 
the Antarctic takes full advantage of the spatial properties of 
each of these markers. In the nucleus chemistry, all four 
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showed strong contrasts between fish caught off South 
America and in the Antarctic, on either side of a recognized 
population boundary, which corroborated earlier results 
(Ashford et al. 2006). Earlier results also showed that envi
ronmental conditions diverged on either side of South Amer
ica sufficiently to allocate fish with 79%-84% success using 
chemistry from their otolith edges (Ashford et al. 2005); 
even so, we found no evidence of early life segregation. 

Despite lying downstream of one another, and therefore 
receiving similar water after a time lag for transport, fish 
from South Georgia and Kerguelen and Macquarie islands 
were correctly classified to sampling area at rates of between 
50% and 67%, compared with an expected 14% by chance 
alone. Strong contrasts from our results in the nucleus chem
istry around South Georgia and between fish off north and 
east South Georgia and particularly Macquarie imply that 
spatial heterogeneity may be more strongly defined during 
early life because of the restricted area of spawning aggrega
tions and the constrained spatial scales at which young 
stages can move actively. The quality of clustering changed 
sharply when reducing from four to three clusters, consistent 
with strong spatial contrasts experienced by the four groups 
of fish. Indeed, there was some evidence that the South 
American-associated cluster contained a further division, 
supported by prior evidence of two mixing South American 
populations (Ashford et al. 2006). However, the two groups 
would have accounted for considerably less variation than 
the Antarctic-associated clusters. 

This heterogeneity is driven by physical and biogeo
chemical processes that continue within seawater during 
transport. Water continues to mix, substantially changing the 
biogeochemical properties of water around the ACC 
(Kroopnick 1985; Meredith et al. 1999a, 1999b). The physi
cal structure of the ACC exerts a dominant control on 
biogeochemical distributions in the Southern Ocean (Pollard 
et al. 2002). As a consequence, the chemistry recorded in an 
otolith reflects association with different water masses, 
zones, and fronts along the ACC, often at quite fine scales. 
Water, not food, contributes the majority of strontium and 
barium deposited in the otoliths of marine fish (Walther and 
Thorrold 2006), and recent evidence shows that,edge chem
istry distinguished areas downstream of each other along the 
Patagonian Shelf, separating with 68%-81% success at spa
tial scales down to 200 nm (Ashford et al. 2007). 

Are populations structured by the ACC? 
Such lines of evidence strongly suggest that physical and 

biogeochemical heterogeneity generate strong early life 
contrasts not only across frontal systems but also between 
sampling areas connected by hydrographic transport. Most 
tellingly, otolith chemistry corroborated heterogeneity where 
it was previously found by genetic approaches (Smith and 
Mc Veagh 2000; Appleyard et al. 2002; Shaw et al. 2004 ). 
But it went further, allowing us to directly examine data for 
evidence of population mixing between Antarctic sampling 
areas that can be explained by physical structuring through 
the ACC. 

Thus, the Subantarctic Front (SAF), the northern-most of 
the ACC fronts, flows northwards across the North Scotia 
Ridge and along the continental shelf off the Falkland Is
lands through an area noted for mesoscale eddy activity, 
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looping south and eastward. The PF turns eastward soon af
ter flowing north across the Scotia Ridge (Meredith et al. 
1999a; Arhan et al. 2002), and both fronts miss South Geor
gia. As a consequence, marine organisms from the Falkland 
Islands EEZ entrained in the northward-flowing SAF would 
be advected back over the continental shelf. Any remaining 
in the SAF or PF would be transported downstream without 
encountering South Georgia, providing a physical segregat
ing mechanism between South America and the Antarctic, 
but promoting movement along the ACC (Ashford et al. 
2003; Rogers et al. 2006). 

The prevailing current direction, water velocities, and spa
tial extent of the ACC make it unlikely that advected fish re
turn to the areas where they were spawned; although this 
could occur via a circum-Antarctic pathway, mesoscale gyre 
circulations, or by directed migration, our results suggest 
that in practise, their contribution is small, at least to struc
turing toothfish populations. On the other hand, advection 
would account for the nucleus chemistry distributions we 
found downstream of South Georgia. The SAF and PF trans
port water across the South Atlantic and into the Indian 
Ocean where, although the average position of the SAF lies 
north of the Kerguelen Plateau, the PF crosses immediately 
north of Kerguelen Island. As a result, life stages entrained 
in the PF at South Georgia could be advected directly to 
Kerguelen. Since the SAF frequently occupies a position 
over the Kerguelen Plateau, life stages so entrained could be 
advected to Macquarie Island and on to the southern Pacific. 
The staggered distribution found in toothfish suggested 
advection of this nature along the ACC; fish with early life 
histories similar to north and east South Georgia occurred in 
smaller proportions further downstream, while a new popu
lation at Kerguelen also occurred downstream at Macquarie, 
and another appeared first at Macquarie and then south of 
South Georgia. 

Complex population structure and management 
If life stages of marine fish are advected by fronts, then 

physical processes governing frontal position may drive the 
rate of entrainment and abundance at downstream fishing ar
eas. The proportions of fish mixing may be linked to frontal 
stability; for instance, if the proximity of the SAF to 
Kerguelen drives the supply of fish to Macquarie Island, 
their abundance at Macquarie may vary quite predictably, 
but lead to considerable temporal variability in mixing pro
portions as well as stock size. 

Such linkages can undermine management if it is not co
ordinated between fishing areas; reducing the size of inde
pendent fishing areas is often held to be conservative (e.g., 
Smith and Mc Veagh 2000), but the size of the management 
area on its own is likely to have limited benefit if important 
sources of recruitment lie outside. Genetic heterogeneity be
tween areas, however, as in the case of toothfish, implies 
that arriving fish do not breed with resident ones. Instead, 
advection may promote population structure consisting of 
members mixed with vagrants transported from spawning 
grounds upstream. Life history strategies to compensate for 
extensive losses of vagrants would explain the anomaly that 
some species have high fecundity rates like toothfish (e.g., 
Kock et al. 1985), an attribute associated with high mortal-
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ity, yet are long-lived and grow slowly, features more often 
associated with low natural mortality (e.g., Jones and Wells 
1998; Wells and Jones 2002). Moreover, restriction of the 
breeding population to a relatively small proportion of fish 
able to access spawning grounds would help account for 
cases where strong differentiation in mtDNA is not reflected 
in nuclear DNA (e.g., Appleyard et al. 2002; Shaw et al. 
2004). 

Even though they do not contribute reproductively, va
grants are important to fishermen. They may also mitigate 
fishing on adults that do spawn and form an important com
ponent of local ecosystems. As a result, interruption in the 
movement of fish, through fishing pressure upstream or 
changes in advection patterns driven by global warming 
(e.g., Hofmann and Murphy 2004), would have serious im
plications for productivity and conservation. By corollary, 
fishing effort directed on areas where breeding members 
concentrate may have disproportionate effects on abundance 
and genetic composition, locally and in fisheries down
stream. 

Identifying population structure correctly is therefore crit
ical for sustaining fisheries. Although only genetic ap
proaches can directly address gene flow, our results show 
that otolith chemistry can greatly illuminate the physical and 
population processes underlying genetic distributions and re
solve complex population structures involving mixing. Reso
lution in tum can provide important insights with which to 
refine management strategy. In the case of Patagonian tooth
fish, catch taken off South America may depend on fish 
recruiting from other fishing areas. In the Antarctic, it may 
depend in part on advection rates along the ACC. However, 
between the two regions, the chemistry strongly supports ex
change restricted by physical processes associated with the 
PF. By enabling new ways to detect mixing and separate 
populations, otolith chemistry can help managers resolve 
complex population structure driven by advection in oceanic 
systems. 
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