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ABSTRACT: Trace elements incorporated into the growing surface of the fish otolith {ear stone) reflect
the physical and chemical characteristics of the ambient water, although not necessarily in a simplistic
manner. Since otoliths grow continuously without resorption throughout the life of the fish, fish popu-
lations growing up in different water masses should produce otoliths of different elemental composi-
tion. The otolith elemental composition (‘fingerprint’) determined with isotope dilution - inductively
coupled plasma mass spectroscopy (ID-ICPMS) proved to be an effective discriminator of adjacent pop-
ulations of Atlantic cod Gadus morhua off the coast of eastern Canada, with sufficient accuracy as a
natural tag to determine population identity in a mixed population fishery. Classification of samples
collected from the winter cod fishery on the eastern Scotian Shelf indicated that the annual winter
migration out of the Gulf of St. Lawrence is more extensive than was previously believed.
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INTRODUCTION

Measures of growth, survival, and reproductive suc-
cess in marine fishes, as well as much of the basis of
modern fisheries management, assume that a single
population is being monitored. Unfortunately, there
are few natural markers, whether genetic or morpho-
logical, which can be used to consistently differentiate
among adjacent populations. Recent studies have
pointed to the potential of the otoliths (ear stones),
found in all fishes, as natural population markers
(Edmonds et al. 1989, Kalish 1990, Campana & Gagné
1994). While otoliths are well known for the formation
of the annual (Casselman 1987) and daily growth rings
(Pannella 1971, Campana & Neilson 1985) used in their
age determination, it is their elemental composition
which has recently attracted attention as a potential
means to track and identify fish populations. The
potential is based on 2 observations: (1) otoliths grow
throughout the life of the fish, and unlike bone, are
metabolically inert (Campana & Neilson 1985); once
deposited, otolith material is unlikely to be resorbed or
altered; and (2) the calcium carbonate and trace ele-
ments that make up 90% of the otolith appear to be
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mainly derived from the water (Simkiss 1974, Cam-
pana unpubl.}, as modified by ambient temperature.
Accordingly, the elemental composition of the otolith
reflects that of the water in which the fish lives,
although not necessarily in a simplistic fashion (Kalish
1989, Fowler et al. 1995). Since the physical and
chemical characteristics of seawater vary from place to
place (Johnson et al. 1992), fish populations occupying
different water masses should contain otoliths with
different exposure histories to the ocean environment,
despite any periodic intermixing. The objective of this
study was to test this hypothesis on adjacent cod
Gadus morhua populations at a time of complete sepa-
ration and then use the results to discriminate between
the 2 populations during a time of mixing.

Various workers have reported sample-specific dif-
ferences in elemental concentration in tissues other
than otoliths, but the implications of their findings are
somewhat unclear. Analyses of bone (Behrens Yamada
et al. 1987), scales (Johnson 1989), and various soft tis-
sues (Calaprice 1971, Hellou et al. 1992) must reflect
composition during growth, but the signal is distorted
by metabolic reworking after initial deposition as well
as short-term changes due to effects such as starvation.
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As a result, assays of such tissues are not particularly
appropriate for population discrimination. On the other
hand, the acellular otolith is ideally suited as a storage
site for trace elements after incorporation.

Site-specific differences in otolith elemental compo-
sition have been reported previously, but interpreta-
tion has generally been confounded by ontogenetic
effects, assay limitations, and unexpected differences
among samples (Papadopoulou et al. 1980, Edmonds et
al. 1989, 1992, Grady et al. 1989, Gunn et al. 1992, Sie
& Thresher 1992, Campana & Gagné 1994, Campana
et al. 1994). It may be that the choice of elements, more
than anything, has limited the value of these studies.
For instance, most of the 6 minor elements detectable
with the commonly used electron microprobe are
under physiological control (Kalish 1989, Fowler et al.
1995) and, thus, are relatively poor indicators of popu-
lation identity. A far larger suite of trace elements can
be detected with inductively coupied plasma mass
spectroscopy (ICPMS), but instrument artifacts and the
relative purity of the fish otolith have limited past
attempts to detect what are expected to be relatively
small differences among popilations {Edmonds et al.
1992, Campana & Gagné 1994}. Yet it is these trace
elements which appear to be least regulated during
uptake and, therefore, most reflective of the environ-
ment (Fowler et al. 1995). For this reason, we decided
to adopt the use of isotope dilution ICPMS (ID-ICPMS)
for our assays, to take advantage of its reputation for
extreme accuracy, precision and sensitivity (Fassett &
Paulsen 1989).
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MATERIALS AND METHODS

The timing of sample collection was designed in
light of the annual winter migration of cod from the
southern Gulf of St. Lawrence (NAFO Division 4T)
onto the area of the Scotian Shelf occupied by the
NAFO Division 4VsW cod stock (Fig. 1) (Hanson &
Nielsen 1992). Reference samples of Gulf cod were
collected by fisheries observers in June (Table 1),
which is around the time of spawning, and a time
when no other cod stocks are known to be in the
southern Gulf (Templeman 1962). Reference samples
of Scotian Shelf cod were sampled in 2 consecutive
years (1992 and 1993); in each year samples were
taken in mid-late summer, when the shelf is pre-
sumed to be clear of all other stocks. Peak stock mix-
ing is believed to occur in late winter (Templeman
1962), which is when our samples of unknown stock
identity were collected from the Scotian Shelf. All cod
samples were drawn from several independent collec-
tions at each site in each year, and all were restricted
to sexually mature fish between the lengths of 44 to
85 cm. Immediately after capture, sagittal otoliths
were removed from each fish, cleansed of adhering
tissue, and stored dry in paper envelopes until they
could be examined further. In preparation for ID-
ICPMS, otoliths were decontaminated in a Class 100
clean room (Campana & Gagné 1994), weighed to the
nearest mg, dissolved in 5 ml sub-boiling distilled
nitric acid, and brought to 250 ml with Super-Q water.
Enriched isotopic spikes for all elements were added
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Fig. 1. Gadus morhua. Principal resi-
dence grounds and overwintering
grounds for two of the major cod
stocks off of the eastern coast of
Canada. Cod in the southern Gulf of
St. Lawrence (yellow) overwinter and
mix with Scotian Shelf cod (red)
through the period December to May.
Numbered sampling sites correspond
to those listed in Table 1
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Table 1. Gadus morhua. Sample collection information. Each sample repre-
sents several independent collections made within a 5 km radius. Sample

locations are mapped in Fig. 1

fingerprints represented a sample site
and not just a school of fish.
Our primary interest was in the differ-

entiation of the western Gulf cod stock
Sample Location Date Fish length Otolith weight (Sample 1) from that of the Scotian Shelf
no. (mean £ SE, cm)  (mean x SE, g) (Samples 3 and 4), since these 2 stocks
1 Western Gulf  Jun 1992 522:1.0 0.40 £ 0.02 represent the main aggregations of cod
2 Eastern Gulf Jun 1992 53.7 1.1 0.40 £ 0.01 off the southeastern coast of Canada. Cod
3 Scotian Shelf Aug 1993 57.1x14 0.39+0.02 from the eastern Gulf (Sample 2) form a
4 Scot%an Shelf Jul 1992 533+1.2 0.36 + 0.02 smaller, more localized aggregation, with
5 Scotian Shelf Mar 1993 55.1+14 0.38 £+ 0.02 L
6 Scotian Shelf ~ Feb 1992 596+ 1.5 0.44 + 0.02 unknown affinities to the western Gult
cod (Templeman 1962). Using principal

to each otolith prior to acid dissolution, except for Sr
and Mg which were added after digestion. The assay
sequence was systematically mixed by sample site to
avoid the possibility of instrument drift (Campana &
Gagné 1994), although none was later observed.

RESULTS

Of the 28 elements known to be present in the otolith
(Campana & Gagné 1994), 6 elements featured the
multiple isotopes free of spectral interferences which
are required by ID-ICPMS. Detection limits (3¢ in ppm
per otolith weight) for Li (0.007), Mg (0.05), Zn (0.05),
Sr (0.12), and Ba (0.004) were all well below observed
concentrations in the otolith; that for Pb (0.007) was not
significantly less than 44 % of the observations. Coeffi-
cients of variation for replicate assays were less than
3% for all elements except Pb, which was 8%. Mg, Pb
and Zn were heteroscedastic and thus were trans-
formed (In, In and square root, respectively) prior to
analysis. Three of the elements (Li, Mg, and Sr)
showed small but statistically significant relationships
with otolith weight (ANCOVA, p < 0.05); Li and Mg
were negatively related to otolith weight, while Sr
showed a positive relationship. The effect of otolith
weight was subsequently removed using the common
within-group slope, although this procedure did not
modify any of the results; all subsequent statistical
analyses were repeated using both detrended and
undetrended data, and in all cases, the conclusions
were identical. The same results were observed if the
analysis was restricted to otoliths in the range 0.35 to
0.45 g without detrending.

All 6 of the elements differed significantly among
sample sites (ANOVA, p < 0.05) (Table 2); inter-site dif-
ferences were even more pronounced when analyzed
as a multivariate fingerprint, rather than as individual
elements (MANOVA, p < 0.001). On the other hand,
the elemental fingerprints within sites, drawn from
multiple independent collections within a given year,
were not significantly different. Thus, the elemental

component analysis (PCA) to describe the
elemental fingerprint, discrimination between the
Scotian Shelf and western Gulf cod was virtually com-
plete (Fig. 2A) (Table 3). Stepwise discriminant analy-
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Fig. 2. Gadus morhua. Elemental fingerprints characteristic of
cod otoliths from the southern Gulf of St. Lawrence and east-
ern Scotian Shelf. (A) Plot of the first 2 principal components
corresponding to cod from the western Gulf (Sample 1) and
Scotian Shelf (Samples 3 and 4). (B} Plot of the first 2 discrim-
inant functions for each of the 4 reference samples. Separa-
tion of the western Gulf and Scotian Shelf samples is virtually
complete (Table 3), but the sample from the eastern Gulf
lies in between the two, albeit with significant separation
from both. The first discriminant axis corresponds to an envi-
ronmental gradient, while the second axis corresponds to a
year effect
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Table 2. Gadus morhua. Elemental concentrations (mean + SE, in ppm) in otoliths collected from each of the 6 sample sites, before
adjustment for otolith weight effects (n = 33 for each site, except for Site 5 where n = 31)

Sample site Ba Li Mg Pb Sr Zn
1 3.72+0.13 0.61+0.02 136+ 0.5 0.0105 + 0.0014 3394 + 82 1.75+0.18
2 3.49+0.25 0.55 +0.03 169+ 0.9 0.0106 + 0.0021 2969 + 80 0.58 + 0.06
3 4.59 +0.24 0.56 + 0.03 186+ 1.4 0.0107 £ 0.0014 2541 + 46 0.33+0.02
4 5.40+0.28 0.42 + 0.02 17.0+ 0.5 0.0155 + 0.0016 2621 + 53 0.44 £ 0.04
5 3.85+0.19 0.65 + 0.04 15804 0.0090 £ 0.0013 2865 + 56 0.49 + 0.04
6 3.52+0.17 0.60 + 0.07 16.1 £ 1.1 0.0094 + 0.0010 2864 + 82 0.31+0.02

sis of all 4 reference sample sites (Sample Sites 1 to 4)
resulted in a pattern of discrimination for the 2 major
cod stocks similar to that of the PCA, with highly sig-
nificant inter-site differences (p < 0.001). The elemen-
tal fingerprint of the sample from the eastern Gulf
(Sample 2) was significantly different from both the
western Gulf sample and those from the Scotian Sheif
(p < 0.01), but lay in between the two in discriminant
space (Fig. 2B). The 2 sample collection years from the
eastern Scotian Shelf (Sample Sites 3 and 4) also dif-
fered significanily. Disciimination among all sites was
based on 4 elements, with Zn and Sr, and Li and Ba,
being the major contributors to the first and second dis-
criminant function, respectively. Virtually all of the
explained variance was accounted for by the first 2
discriminant functions (88 and 10%, respectively),
with the stock discrimination resulting from separation
along the first discriminant axis and the second axis
serving to differentiate between the different years
of sample collection (Fig. 2B). Since temperature and
salinity both increase between the Gulf of St
Lawrence and the Scotian Shelf, the first discriminant
axis appeared to correspond to an environmental gra-
dient.

Using the discriminant functions developed from the
reference samples (Samples 1 to 4), Samples 5 and 6
from the winter Scotian Shelf fishery were classified as
to most likely sample site origin. Less than 7 % of either
sample was classified as being from the western Gulf

Table 3. Gadus morhua. Jack-knifed classification accuracy of cod samples
identified through discriminant function analyses of otolith elemental finger-
prints. Samples 5 and 6 comprised fish of unknown origin collected during

the winter fishery for cod on the Scotian Shelf

(Table 3). However, 33 to 65% of each sample was
identified as being from the eastern Gulf, the remain-
der being from the Scotian Shelf (Table 3). When plot-
ted in the same discriminant space as the reference
samples, both of the unknown samples were character-
ized by distributions in keeping with an eastern Gulf -
Scotian Shelf mixture.

DISCUSSION

The otolith elemental fingerprints associated with
the western Gulf and eastern Scotian Shelf cod stocks
were sufficiently distinct to serve as natural tags in
monitoring their relative distribution and are among
the most powerful stock discriminators yet reported for
these stocks. Such complete discrimination between
adjacent cod stocks is unusual, whether based on mor-
phometric (Templeman 1962) or genetic (Mork et al.
1985, Smith et al. 1989) indicators. Cod are known to
spawn on dozens of offshore banks and in many
coastal regions throughout the NW Atlantic, with each
spawning aggregation assumed to represent a distinct
population (Templeman 1962). However, cod are
highly migratory and many populations intermix at
times other than spawning (Templeman 1962, Wise
1963, McKenzie 1956). Since even anadromous fish
like salmon are known to stray to alternate spawning
sites at rates of up to 40% yr~! (Quinn 1993), it is not
surprising that gene mixing rates and
other factors have confounded past
attempts at distinguishing among stocks.
Elemental fingerprints are not genetic
markers and cannot be used to distinguish

am opulations in terms of genetic
Actual group No. of Predicted group membership (%) . ong popuiah .g .
(sample no. and location)  cases 1 9 3 4 differences. However, our results indicate
2= that elemental fingerprints can discrimi-
1 Western Gulf 33 70 30 0 0 nate between aggregations of fish which
2 Eastern Gulf 33 18 61 12 9 have lived the greater part of their lives in
3 Scotian Shelf (1993) 33 0 J 64 27 separate water masses, thus complement
4 Scotian Shelf (1992) 33 0 9 21 70 sepa : _ e ge ef )
5 Unknown ) 5 65 23 6 ing 1@ ormation available from NA( 1'n-
6 Unknown 33 3 33 33 30 gerprints. Both temperature and salinity

are known modifiers of otolith elemental
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composition (Fowler et al. 1995). Thus, the observed
discrimination was consistent with expectations based
on the response of otolith trace element composition to
the ambient environment (Fowler et al. 1995). In the
current study, the difference in temperature and salin-
ity between the western Gulf and the eastern Scotian
Shelf was sufficiently large (approximately 2°C and
3%0) to enhance the potential for stock separation
based on elemental fingerprints.

Elemental fingerprints of whole dissolved otoliths
represent the lifelong integration of an individual fish's
exposure to the environment. Thus the modest ob-
served difference between the 1992 and 1993 eastern
Scotian Shelf samples was expected based on their
slightly different exposure history to the environment.
However, they are not sensitive to short-term effects.
This point was highlighted by the similarity of the mul-
tiple independent samples used to characterize each
sample site. Fingerprints based on the commonly
assayed otolith elements such as Na, K, S, and Cl have
not always shown such within-site consistency (Ed-
monds et al. 1992, Gunn et al. 1992, Thresher et al.
1994), presumably due to physiological regulation
(Kalish 1989, 1990, Sie & Thresher 1992). Thus, the fact
that samples from the western and eastern Gulf of St.
Lawrence had very different fingerprints indicates that
the 2 groups of fish lived apart throughout much of
their 6 to 10 yr lifetime (Hanson & Nielsen 1992). While
segregation such as this does not necessarily imply
that the 2 groups constitute separate stocks, it does
point to a significant heterogeneity within the Gulf.
Studies based on morphometrics, meristics and tag
returns have also suggested that eastern Gulf cod are
more closely allied with fish off the northeastern coast
of Nova Scotia than with the western Gulf fish with
which they are now managed (Templeman 1962, Mar-
tin & Jean 1964).

Fishermen have long been aware of the 'river of fish’
which exits the Gulf of St. Lawrence each fall to over-
winter with the resident stock on the Scotian Shelf
edge. However, fishing effort on the overwintering cod
has increased substantially in the past 5 yr as cod
abundance in the northwest Atlantic has plummeted
(FRCC 1993). By taking advantage of the difference in
size at age of the 2 cod stocks, Hanson & Nielsen (1992)
used Kimura-Chikuni analysis of length-frequency
mixtures to conclude that the majority of the Gulf cod
migrated no further than the location indicated by
Sample 6. Our findings that western Gulf cod were
minimally represented in the mixed fishery samples
was in keeping with Hanson & Nielsen'’s (1992) conclu-
sions. However, 33 to 65 % of each sample was identi-
fied as being from the eastern Gulf, the remainder
being Scotian Shelf fish. There are 2 possible explana-
tions for these somewhat unexpected results: (1) Cod

migration out of the Gulf is not targeted at a common
site as it is in many pelagic fishes and birds (Quinn &
Brodeur 1991), but rather the extent of migration is lim-
ited on an individual basis by energetic considerations.
This would imply that eastern Gulf cod would migrate
considerably further out along the Shelf than would
those from the western Gulf. Hanson & Neilsen's
inability to identify the former (Hanson & Nielsen
1992) would then stem from the relatively small repre-
sentation of eastern Gulf cod in their reference Gulf
cod sample. (2) The cod in Samples 5 and 6 classified
as being from the eastern Gulf were misclassified and
actually originated off the northeastern tip of Nova
Scotia. Given the proximity and similar environmental
conditions of the latter to the eastern Gulf shore, it is
unlikely that cod living in the 2 locations could be dif-
ferentiated using otolith elemental fingerprints. How-
ever, under either of the above scenarios, the net effect
is the same: a significant proportion of the cod caught
on the northeastern Scotian Shelf in winter were not of
Scotian Shelf origin. Using otolith elemental finger-
prints as markers in individual fish, it should now be
possible to track the population movements of this and
other fish species, thus addressing one of the central
problems in fisheries management and studies of fish
populations.
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