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Elemental fingerprints of otoliths of fish may
distinguish estuarine ‘nursery’ habitats
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ABSTRACT: The elemental fingerprints or composition of otoliths of fish may provide a natural tag of
the 'nursery’ habitat of juvenile fish. The natural tag could then be used to determine the 'nursery’
habitat of adult fish found on coastal reefs. We collected juvenile Pelates sexlineatus from 2 to 5 sites
within each of 7 estuaries to determine whether elemental composition of otoliths differed among
estuaries and among sites within estuaries. In addition, fish were collected in 2 successive years to
determine whether temporal differences may be found in elemental fingerprints that could then con-
found subsequent assignment of adults to ‘nursery’ estuaries. Significant differences in elemental
fingerprints (Sr, Ba and Mn) were found within and among estuaries, but there was often an inter-
action with time suggesting that there were differences among estuaries/sites but the difference
varied between times. Quadratic discriminant functions (QDFs) generated to discriminate among
estuaries suggested that the QDFs calculated from a single year class were more successful at assign-
ing fish to the correct estuary than either (1) QDFs based on both years combined or (2) using the
QDFs generated from the first year class to classify the second year class. Small-scale variability
among sites within an estuary suggested that for an estuarine fishery we may be able to classify fish
to their site of origin; this warrants further investigation. Adult fish from a coastal fishery can now be
assigned to their 'nursery’ estuary by analysing the juvenile region of their otoliths, provided that
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discriminant functions are generated from the appropriate year class of recruits.
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INTRODUCTION

Estuarine ‘nursery’ areas are thought to be of crucial
importance for sustaining stocks of fish. It is generally
argued that juvenile fish recruit to estuarine habitats
and then move to coastal reefs at greater sizes and
ages (Bell & Worthington 1993). Many studies have
shown that juveniles of a number of species occur in
large numbers in estuarine habitats (e.g. Pollard 1984,
Bell & Pollard 1989), but their adults are frequently
found in open coastal environments. Despite the occur-
rence of adults on coastal reefs and juveniles in estuar-
ies, there is little unequivocal evidence that estuarine
habitats sustain populations of coastal reef fishes,
especially given that many studies focus only on estu-
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aries with no sampling of open coastal environments.
We do not know the proportion of individuals in har-
vested populations that may have spent time in differ-
ent estuaries as juveniles and whether 1 or a few
estuaries are making substantial contributions to main-
taining local stocks of fish.

The best evidence for movement of fish has been
observations of recognisable or tagged fish shifting
from one place to another. Tagging of fish in estuarine
habitats is difficult due to the small size of fish in estu-
aries and the high rates of mortality during the early
life history stages. These logistical difficulties com-
bined with the possibility that tagging may influence
movements of fish has called attention to the need for
alternative methods. Recent studies suggest that the
elemental composition of the otoliths offers a powerful
approach to determining the movements of marine fish
(e.g. Campana et al. 1995, Gillanders & Kingsford
1996, Thorrold et al. 1997).
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Otoliths form by the addition of alternating layers of
protein and calcium carbonate (usually aragonite). As
these layers are deposited, it has been suggested that
ions, in the endolymph surrounding the otolith, may
substitute for Ca, bind to the protein or be trapped in
the spaces between the calcium carbonate and protein
matrices (Dove et al. 1996, Dove & Kingsford 1998).
Once the material in otoliths is deposited it is unlikely to
be resorbed or reworked, because otoliths are acellular
(Campana & Neilson 1985). The chemical composition
of the otolith is thought to reflect the physical and
chemical characteristics of the water mass in which the
fish is found, although it may not necessarily track am-
bient conditions directly (Kalish 1989, Fowler et al.
1995b). There is likely to be a closer relationship be-
tween ambient water chemistry and concentration in
the otolith for some elements than for others, due to the
properties of the element itself. Differences in water
chemistry between estuaries may occur due to differ-
ences in temperature, salinity, freshwater input and an-
thropogenic impacts, thereby enabling the chemical
composition of the juvenile portion of the otolith to
reflect the estuary in which the fish spent its juvenile
life. Differences in the chemical composition of layers
within the otolith will, therefore, indicate past environ-
ments inhabited by fish and patterns of movement that
could then be related to the age of the fish.

The chemical composition of otoliths has been used
to distinguish periods of freshwater and marine resi-
dence of individual diadromous fish, and to distinguish
freshwater and salt water fish from within the same
species (e.g. Kalish 1990, Secor 1992). Chemical analy-
ses of otoliths have also been used to distinguish stocks
or sub-populations of adult fish within marine species
(Edmonds et al. 1989, 1991, 1992, Campana et al. 1994,
Campana & Gagne 1995), but only recently have dif-
ferences in otolith chemistry been used to detect move-
ment in non-diadromous fish (e.g. Campana et al.
1995, Gillanders & Kingsford 1996). Recent studies
have focused on whether otolith chemistry of juvenile
fish varies between different juvenile habitats (e.g.
Gillanders & Kingsford 1996, Thorrold et al. 1997,
1998a,b). Few studies have determined whether ele-
mental fingerprints determined in one year are reflec-
tive of other years (but see Milton et al. 1997).

In this study we investigated the utility of trace ele-
ments in otoliths for determining the proportion of
adult fish in coastal environments that may have
recruited to adult populations from different estuaries.
The specific aims were to (1) determine if otoliths of
juvenile fish show differences in elemental composi-
tion or fingerprints (sensu Campana et al. 1994) among
estuaries and among sites within estuaries, (2) deter-
mine whether elemental fingerprints were similar in
the otoliths of fish collected in successive years. Based

on these data, we also wanted to determine whether
the elemental fingerprints of otoliths could subse-
quently be used to estimate the relative contribution of
different estuaries to the coastal fishery or of estuarine
sites to an estuarine fishery. The species chosen for this
study was the trumpeter Pelates sexlineatus (Terapon-
tidae), which is common in all of the estuaries we sam-
pled along the coast of New South Wales, Australia.
Adults are found in multiple environments including
estuaries, coastal reefs and the shelf.

MATERIALS AND METHODS

Juvenile trumpeter Pelates sexlineatus were col-
lected in each of the 2 years (1998 and 1999). Fish were
collected from 2 sites in each of 7 estuaries along the
east coast of Australia to determine variation in ele-
mental fingerprints among estuaries (Fig. 1). To deter-
mine variation in elemental fingerprints within estuar-
ies, 2 to 3 extra sites were also sampled within each
of 3 estuaries (Botany Bay, Brisbane Waters and Port
Stephens). Within each estuary, sites were separated
by hundreds of metres to 6 km. Fish were collected by
beach seine nets and were stored on ice in the field
before being frozen on return to the laboratory
(Table 1).

Pelates sexlineatus recruits to estuaries at a size of
10 to 20 mm SL, whereas the average length of fish used
in this study was 50 mm SL (Table 1). Based on cohort
analyses, it was estimated that fish of this size would
have spent 4 to 6 mo in the estuary. It was assumed that
this amount of time was sufficient for the incorporation
of an elemental signature from the estuarine environ-
ment. It was also assumed that fish of similar sizes from
different estuaries would have spent approximately
the same amount of time in estuaries. In addition, the
mean weight of otoliths used in the analyses (1.28 mg)
was approximately 10 times the mean weight of fish
that had recently settled (0.129 mg, n = 15), again sug-
gesting that there was sufficient incorporation of ele-
mental fingerprint since time of settlement.

In the laboratory, the standard length (SL) of each
fish was measured, and the sagittal otoliths were
removed, cleaned of adhering tissue in Milli-Q water,
air-dried and placed in eppendorf microcentrifuge
tubes. Otoliths were weighed on a microbalance (to
0.001 mg), cleaned in 1 % nitric acid for 5 to 10 s, rinsed
in Milli-Q water and placed in acid-washed polycar-
bonate tubes ready for analysis.

Samples were dissolved in nitric acid for at least 1 h
inside a laminar flow cabinet. They were then diluted
with Milli-Q water to 1% HNO;. Blank samples were
prepared in the same manner, but no otolith was pre-
sent; these were used for blank corrections and to cal-
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culate limits of detection. Spiked samples of otolith
were also analysed every 10 samples to assess instru-
ment drift and recovery. Samples were analysed by
solution-based inductively coupled plasma-mass spec-
trometry (ICP-MS; Perkin Elmer SCIEX ELAN 5000).
All elements were analysed using standards that were
matrix-matched (i.e. addition calibration), except Sr,
which was analysed using standards made up in 1%
HNO; (i.e. external calibration). Additional details
regarding ICP-MS analyses can be found in Gillanders
& Kingsford (1996). Preliminary analyses suggested
that 7 elements (Mg, Mn, Cu, Zn, Sr, Ba and Pb) were
detectable in otoliths of juvenile Pelates sexlineatus
using ICP-MS and these elements were chosen for
analyses.

Detection limits, which were calculated from the
concentration of analyte yielding a signal equivalent to
3 times the standard deviation of the blank signal, for
each of the elements were: 0.96 g~' (Mg), 0.04 ng g~}
(Mn), 1.05 pg g™* (Cu), 1.77 pg g~* (Zn), 0.21 pg g~* (S),
0.04 pg g! (Ba), and 0.24 pg g! (Pb). Cu, Zn and Pb
were frequently below detection limits for otolith sam-
ples and were, therefore, removed from subsequent
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Fig. 1. Location of estuaries where juveniles of Pelates sexlin-

eatus were collected. Total rainfall between November and

February of each recruitment season for each meteorological
region is shown

analyses. Mean estimates of precision (% RSD, relative
standard deviation) based on replicate measurements
within otolith samples were: 33.2% (Mg), 2.5% (Mn),
1.5% (Sr), and 2.1% (Ba). Mg showed poor precision
and was eliminated from subsequent analyses. Mean
recovery of spiked samples for the remaining elements
was: 88% (Mn), 106 % (S1), and 86 % (Ba).

Univariate and multivariate techniques were used to
test hypotheses concerning individual elements and
multi-element fingerprints of Pelates sexlineatus. Spa-
tial and temporal variation in otolith chemistry was
analysed by analysis of variance (ANOVA) for each
element (Mn, Sr and Ba). To determine whether sig-
nificant differences were found among estuaries,
each year of data was analysed separately (2-factor
ANOVA, site nested within estuary). The 2 yr of data
were then analysed by a 3-factor mixed model
ANOVA (year, estuary and site nested within estuary)
to determine whether significant differences were
found between years. In this design a test was not pos-
sible for estuary. Where there was a significant year x
estuary interaction this was not a problem, and if the
year x estuary interaction or site nested within estuary
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Table 1. Summary information for Pelates sexlineatus collected for comparisons of elemental fingerprints at (a) large-scale among
estuaries and (b) small-scale within estuary. Shown are the estuaries and sites where fish were collected, dates of collection
(mo/yr), mean standard length (SL + SE [mm]) and mean otolith weight (OW + SE [mg])

Estuary Site Date Mean SL Mean OW Date Mean SL Mean OW
(a) Large-scale among estuary (n = 5 fish per site)
Camden Haven (CH) 1 02/98 55.0+£54 1.58 £ 0.31 02/99 36.8+0.8 0.74 +0.04
2 02/98 54.2+29 1.39+0.12 02/99 51.0+7.7 1.41 +0.44
Port Stephens (PS) 2 02/98 47.2£3.2 1.27 £0.18 02/99 41.2+3.6 0.92 +0.18
3 02/98 454 +£4.3 1.09 £ 0.21 02/99 45.6 £ 2.7 1.04 £ 0.12
Lake Macquarie (LM) 1 02/98 36.0 0.7 0.64 + 0.03 02/99 37.8+2.4 0.66 + 0.08
2 02/98 54.8 +2.2 141 +0.11 02/99 54.6+4.9 1.30 £ 0.21
Tuggerah Lakes (TL) 1 02/98 56.8 £ 3.2 1.61 +0.16 02/99 36.0+1.0 0.78 + 0.06
2 02/98 41409 0.86 + 0.02 02/99 42.0x1.1 0.94 + 0.06
Brisbane Waters (BW) 2 03798 51.6 +4.7 1.55+0.29 02/99 40.2x1.5 0.84 + 0.06
4 03798 484 +1.8 1.16 = 0.08 02/99 43.8+0.5 0.88 +0.02
Botany Bay (BB) 2 02 & 03/98 52.0+1.2 1.40 £ 0.11 02 & 03/99 50.6 + 6.5 1.32 £ 0.31
4 02 & 03/98 53.6 +0.6 1.29 + 0.06 03799 50.2+1.0 1.31 £ 0.08
Jervis Bay (JB) 1 03 & 04/98 54.8+19 1.54 £0.11 03/99 29.0+1.1 0.40 +0.03
2 03 & 04/98 43.0+£3.3 1.03 £0.17 03/99 359+13 0.68 +0.05
(b) Small-scale within estuary (n = 5 for PS and BW and n = 7 for BB per site)
Port Stephens (PS) 1 02/98 61.2+6.5 2.20 £ 0.51 02/99 61.2+5.5 1.90 £ 0.31
2 02/98 47.2£3.2 1.27 £0.18 02/99 41.2+3.6 0.92 +0.18
3 02/98 454 4.3 1.09 £ 0.21 02/99 45.6 £ 2.7 1.04 £ 0.12
4 02/98 574 +1.7 1.99 £ 0.11 02/99 55.0+4.4 1.73 £ 0.25
Brisbane Waters (BW) 1 03798 59.6 +5.7 1.99 + 0.38 02/99 41.8+14 0.82 + 0.06
2 03798 51.6 +4.7 1.55+0.29 02/99 40.2+1.5 0.84 + 0.06
3 03798 61.0+3.5 2.08 +0.33 02/99 41.8+14 0.80 + 0.06
4 03798 484 +1.8 1.16 = 0.08 02/99 43.8+0.5 0.88 +0.02
Botany Bay (BB) 1 03798 47.3+0.7 1.03 £ 0.02 01 & 02/99 476+1.9 0.97 +0.08
2 03 & 04/98 50.9+1.1 1.31+£0.10 02 & 03/99 47.3+5.0 1.19 £ 0.23
3 02 & 03/98 54.0+1.0 1.48 £ 0.04 01 & 02/99 51.9+0.8 1.19 £ 0.06
4 02 & 03/98 51.7+1.3 1.25 + 0.06 03/99 49.4+0.8 1.27 £ 0.06
5 02 & 03/98 56.9 +2.1 1.84 £ 0.17 02 & 03/99 50.7 £ 0.7 1.31 £ 0.05

terms were not significant at p = 0.25, one of these
terms was eliminated from the model resulting in a test
for estuary (Underwood 1997). Analyses of small-scale
spatial variability were done on each of the 3 estuaries
separately (2-factor ANOVAs, site and year). All fac-
tors were treated as random terms in the ANOVA mod-
els. All analyses were made on In(x+1)-transformed
data. The assumption of homogeneity of variance was
tested prior to each analysis using Cochran's C-test
(Winer et al. 1991). When data remained heteroge-
neous after transformation, analyses were still per-
formed as ANOVA is robust to departures from
assumptions where data are balanced and samples are
relatively large (Underwood 1997).

Multi-element fingerprints were analysed by non-
parametric analysis of similarity (ANOSIM) permutation
tests (Clarke 1993). Separate analyses were performed
on each year of data for all 7 estuaries and on each of
the 3 estuaries for the small-scale spatial data. For the
7 estuaries it was not possible to have site nested within
estuary as a term in the model, because the small num-
ber of possible permutations did not allow strong infer-

ences to be made. These data were therefore analysed as
1-factor (estuary) designs. Two-factor (year and site) de-
signs were used for the individual estuaries but only the
main factors could be tested, i.e. it was not possible to
test for an interaction between year and site (Clarke
1993). Triangular dissimilarity matrices were calculated
using Euclidean dissimilarity measures on double square
root transformed data. The ANOSIM permutation test
was used to assess the significance of differences among
estuaries for each year of data, and between years and
among sites for each of the 3 estuaries. A Global R value
(= test statistic) was produced based on average dis-
similarities within replicate samples and average dis-
similarities between different samples. The Global R
value can be tested by evaluating random rearrange-
ments (permutations) of the data (see Clarke 1993); in
this case the procedure was repeated 5000 times. Multi-
ple comparisons on individual pairs were also carried out
in the same way. All analyses were performed using
PRIMER (Plymouth Routines in Marine Environmental
Research) programs (copyright M. R. Carr and K. R.
Clarke, Marine Biological Laboratory, Plymouth, UK).
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Non-metric multidimensional scaling (nMDS) plots
were used as the ordination method. The dissimilarity
matrix was calculated using Euclidean distances. The
goodness of fit of the data points in the nMDS was
measured by the stress coefficient, where stress tends
to zero when data are perfectly represented (Clarke
1993). The final nMDS plot is only determined to with-
in an arbitrary orientation, reflection, location and
scale, which explains the absence of axis scales and
labels in the figures (Clarke 1993).

Quadratic discriminant function analysis (DFA) was
used to determine the ability of elemental fingerprints
to correctly record the recruitment estuary or site
of juvenile Pelates sexlineatus. Quadratic DFA was
selected because it does not require the assumption of
equal covariance matrices (Engelman 1998). Quadratic
functions were determined in SYSTAT,; these functions
were then used to classify fish according to recruit-
ment estuary or site within an estuary using a jack-
knife (or leave-one-out) method and the accuracy
of these classifications determined as the percentage
correct.

RESULTS
Large-scale spatial variability among estuaries

Juvenile trumpeter collected from the 7 estuaries
ranged in size from 26 to 78 mm (Table 1). There were
no significant differences in either standard length
(ANOVA, Fg; = 0.898, p > 0.5) or otolith weight
(ANOVA, Fs; = 0.895, p > 0.5) among estuaries,
although there was a significant year X site nested
within estuary interaction (ANOVA, SL: F; 11, = 3.947,
p < 0.01; otolith weight: F; 1,5, = 3.175, p < 0.01), which
indicated that differences in standard length or otolith
weight occurred but they were not consistent between
years and among sites. The greatest difference in size
of fish or otolith weight was for fish collected from
Site 1 in Jervis Bay, where in the second year fish of a
similar size to that collected in the first year could not
be found (see Table 1). With the exception of Site 1 in
Jervis Bay, differences in standard length between
sites within an estuary or between years for the same
site were less than 21 mm (Table 1). We consider the
effect sizes to be so small and spatially inconsistent
that any differences in standard length or otolith
weight would not confound our interpretation of ele-
mental patterns.

Significant differences were found in the otolith
chemistry of juveniles collected from different estuar-
ies. Manganese showed significant differences among
estuaries in both years, although this was largely
attributable to high amounts of Mn in otoliths of fish

collected from Tuggerah Lakes in 1998 and Tuggerah
Lakes and Camden Haven in 1999 (Fig. 2a, Table 2a).
Significant differences were found between sites with-
in an estuary in both years. The magnitude of differ-
ences and in some cases rank concentrations of ele-
ments at sites within estuaries varied between years
leading to a significant year X site nested within estu-
ary interaction in the 3-factor ANOVA model that
incorporated the 2 years of data (Fig. 2a, Table 2b).
There was also a significant difference among estuar-
ies (Table 2b).

No differences in Sr and Ba concentration were
found among estuaries (Fig. 2b,c; Table 2a). Large
differences were, however, found between sites
within some estuaries resulting in a significant site
nested within estuary term (Fig. 2b,c; Table 2a). The
magnitude of differences in concentration, and some-
times rank concentration, varied between years at
sites within estuaries (Fig. 2b,c; Table 2b). There was
also a significant year x estuary interaction for Ba,
suggesting that there were differences among estuar-
ies but that magnitude varied between years (Fig. 2c,
Table 2b).

Elemental fingerprints of otoliths showed significant
variation among estuaries and at sites within estuaries
(Fig. 3). Non-parametric ANOSIMs detected signifi-
cant differences among estuaries for both years (1998
Global R = 0.374, p < 0.001; 1999 Global R = 0.464,
p < 0.001). Pairwise a posteriori tests showed that in
1998 Port Stephens was similar to Brisbane Waters
and Botany Bay was similar to Jervis Bay, but all other
estuaries differed (Fig. 3a). Tuggerah Lakes was
clearly separated from the other 6 estuaries in 1998
and also showed clear differences among sites (Fig.
3a). The nMDS plot showed that in 1998 the remain-
ing 6 estuaries could be grouped into northern (Cam-
den Haven), central (Port Stephens, Lake Macquarie
and Brisbane Waters) and southern (Botany Bay and
Jervis Bay) estuaries (Fig. 3a). In 1999, pairwise a pos-
teriori tests showed that Lake Macquarie was similar
to Brisbane Waters, but all other estuaries differed
(Fig. 3b). The nMDS suggested that Camden Haven
and Tuggerah Lakes showed some overlap but
remained separated from the other estuaries (Fig. 3b).
Individual sites from other estuaries could also be dis-
tinguished (Fig. 3b).

When both years of data were combined, the nMDS
plot showed separation between years for some estuar-
ies (e.g. Camden Haven, Port Stephens and Botany
Bay), but there was also overlap between years for
other estuaries (e.g. Lake Macquarie, Tuggerah Lakes
and Brisbane Waters) (Fig. 3c). These data suggest that
elemental fingerprints of juveniles need to be deter-
mined each year if the elemental fingerprints of adults
are to be used to determine the estuary in which they
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Fig. 2. Pelates sexlineatus. Mean (+SE) concentration of (a) Mn, (b) Sr and
(c) Ba in otoliths of juvenile trumpeter collected in 1998 and 1999 from 2 sites
within each of 7 estuaries along the coast of New South Wales, Australia. The
estuaries were Camden Haven (CH), Port Stephens (PS), Lake Macquarie
(LM), Tuggerah Lakes (TL), Brisbane Waters (BW), Botany Bay (BB) and

Jervis Bay (JB)

recruited. The year class of the adults will need to be
considered and adult fingerprints matched with juve-
nile fingerprints of the 0+ year.

Quadratic DFA was used to determine the ability of
elemental fingerprints to classify correctly juvenile fish
to their recruitment-estuaries. When elemental finger-
prints from individual years were used to classify fish,
success rates ranged from 50 to 100% (Table 3a,b).
Fish collected from Lake Macquarie were most diffi-
cult to classify as having come from Lake Macquarie in
both years (classification success 60 and 50 % for 1998
and 1999 respectively), although in 1998 two other
estuaries also had success rates of 60 %. Fish collected
from Tuggerah Lakes in 1998 were correctly classified
to that estuary. When data from fish collected in both
years were combined and a new classification matrix
determined, success rates generally decreased, sug-
gesting that fish from only 1 year class should be used
for determining classification matrices (Table 3c). Like-

wise, when the classification matrix from
fish collected during 1998 was used to
classify fish collected during 1999, suc-
cess rates were 0 to 90% (Table 3d). Fish
collected in Tuggerah Lakes were most
likely to be correctly classified and those
collected in Botany Bay were the least
likely to be correctly classified, suggest-
ing that Tuggerah Lakes showed least
variability in elemental fingerprints be-
tween years and Botany Bay showed most
variability.

Small-scale spatial variability within
estuaries

Juvenile fish were collected from addi-
tional sites (separated by hundreds of
metres to kilometres) in each of 3 estuar-
ies (Port Stephens, Brisbane Waters and
Botany Bay) to test for small-scale vari-
ability in otolith chemistry within an estu-
ary and to determine whether among-site
variability was sufficient to allow accu-
rate classification to their recruitment
sites. There was no significant difference
in standard length among sites or be-
tween years. Otolith weight did not vary
among sites or between years for 2 of the
3 estuaries (exception Brisbane Waters,
year X site interaction, F; 3 = 19.3, p <
0.05).

There was significant variability among
estuaries in terms of differences seen
within an estuary for the individual ele-
ments (Fig. 4). For example, Mn in otoliths of juvenile
fish in Brisbane Waters did not differ among sites or
between years, but in Botany Bay greater amounts of
Mn occurred in otoliths in 1999 compared to 1998, but
the magnitude of difference varied among sites (year x
site interaction, p < 0.05) (Fig. 4a, Table 4). Sr and Ba,
however, occurred in greater concentrations in otoliths
of fish collected from Port Stephens in 1998 than 1999,
but in the case of Ba the magnitude of variation
between years differed among sites (Fig. 4b,c). There
was a trend for greater amounts of Sr and Ba in otoliths
of fish from Brisbane Waters in 1998, but the difference
between years varied by site (year X site interaction,
p < 0.05) (Fig. 4b,c, Table 4). In Botany Bay, Ba was
always lowest for fish collected from Site 2 in both
years. Other sites showed no consistent pattern for
amounts of Ba in otoliths, although differences among
sites and between years were found (Fig. 4c, Table 4).
Lower levels of Srin otoliths of fish in 2 of the 3 estuar-
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Table 2. Results of ANOVA on individual elements in otoliths of juvenile

trumpeter for (a) each of 2 years and (b) both years combined for fish col-

lected from 2 sites in each of 7 estuaries. Cochran's tests were used to test

homogeneity of variances; the data remained heterogeneous after trans-

formation for all analyses involving Sr, and for Mn in 1999 and both years

combined. All analyses were made on In(x+1) transformed data. p-values
of 0.000 indicate p < 0.001
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1998 1999
Source df MS F P MS F P
(a) Each of two years
Mn
Estuary 6 4,958 15.15 0.001 6.486 5.75 0.019
Site (Estuary) 7 0.327 4.95 0.000 1.129 3.71 0.002
Error 56 0.066 0.305
Sr
Estuary 6 0.289 0.63 0.706 0.201 0.99 0.496
Site (Estuary) 7 0.460 12.58 0.000 0.203 24.36 0.000
Error 56 0.067 0.008
Ba
Estuary 6 0.693 0.35 0.889 4,511 1.83 0.225
Site (Estuary) 7 1.975 32.08 0.000 2471 18.27 0.000
Error 56 0.062 0.135
Source df MS F P
(b) Both years combined
Mn
Year 1 3.765 1.83 0.225
Estuary 6 9.388 4.57 0.044
Year x Estuary 6 2.056 3.22 0.076
Site (Estuary) 7 0.818 1.28 0.376
Year x Site (Estuary) 7 0.638 3.44 0.002
Error 112 0.185
Sr
Year 1 0.011 0.04 0.844
Estuary 6 0.234 0.60 0.728
Year x Estuary 6 0.256 0.95 0.517
Site (Estuary) 7 0.393 1.46 0.315
Year x Site (Estuary) 7 0.270 12.01 0.000
Error 112 0.022
Ba
Year 1 0.055 0.03 0.872
Estuary 6 3.287 No test
Year x Estuary 6 1.917 2.39 0.032
Site (Estuary) 7 3.645 4.55 0.139
Year x Site (Estuary) 7 0.801 8.14 0.000
Error 112 0.098
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ies during the second year were correlated with
increased rainfall, and therefore freshwater input, in
this year (Figs. 1 & 4b). Botany Bay, however, showed
increased Sr in otoliths of fish in the second year when
rainfall in this region was approximately double the
previous year, suggesting that other mechanisms may
also play a role, for example, depth of residency (see
Kingsford & Gillanders in press).

Elemental fingerprints of otoliths of juvenile trum-
peter varied between years and among sites for all 3
estuaries (Fig. 5, Table 5). nMDS plots showed some
separation of sites between years, suggesting that

Fig. 3. MDS ordinations of multi-element fingerprints for
Pelates sexlineatus collected at 2 sites in each of 7 estuaries
during (a) 1998, (b) 1999 and (c) both years combined. Closed
and open symbols are used to denote the 2 sites in (a) and
(b) and the 2 years in (c). Stress values are shown on each plot

there may be different elemental fingerprints between
years (Fig. 5). For Port Stephens individual sites were
difficult to separate based on nMDS plots. The other 2
estuaries showed greater separation of individual sites
within each year (Fig. 5).
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Table 3. Results of discriminant function analyses where juve-
nile trumpeter are classified to recruitment-estuary based on
elemental fingerprints (Mn, Sr, Ba) of otoliths. The percentage
of fish classified to each estuary are shown for collections
made in (a) 1998, (b) and (d) 1999, and (c) both years. The dis-
criminant functions were developed using a cross validation
approach for the fish being classified in (a) to (c), or a discrim-
inant function developed on fish collected in the previous
year (d). Juveniles were collected from Camden Haven (CH),
Port Stephens (PS), Lake Macquarie (LM), Tuggerah Lakes
(TL), Brisbane Waters (BW), Botany Bay (BB) and Jervis Bay
(JB). Bold values indicate percent of fish correctly classified to
their recruitment estuaries. Sample sizes were n = 10 for (a),
(b) and (d), and n = 20 for (c)

From estuary: CH PS LM TL BW BB JB
(@) CH 90 10 20 0 20 10 10
PS 0 90 10 0 10 0 0
LM 10 0 60 0 10 0 0
TL 0 0 0 100 0 0 0
BW 0 0 0 0 60 0 0
BB 0 0 10 0 0 80 30
JB 0 0 0 0 10 60
(b) CH 70 10 10 10 0 0 0
PS 0 70 0 0 0 0 0
LM 20 0 50 0 0 10 0
TL 0 0 0 90 0 0 0
BW 10 10 20 0 70 0 0
BB 0 0 20 0 20 90 20
JB 0 10 0 0 10 0 80
(c) CH 75 10 10 35 10 0 10
PS 0 70 10 0 0 0 0
LM 0 15 65 0 35 0 5
TL 0 0 0 65 5 0 0
BW 5 0 0 0 20 5 0
BB 0 0 5 0 30 60 5
JB 20 5 10 0 0 35 80
(d) CH 30 10 10 0 30 0 40
PS 0 70 10 0 0 0 0
LM 10 10 60 0 10 10 20
TL 60 0 0 90 0 0 0
BW 0 10 10 10 20 50 0
BB 0 0 10 0 40 0 20
JB 0 0 0 0 0 40 20

The ability to predict correctly the site that fish had
recruited to within an estuary varied among sites and
between years within each estuary (Table 6). Success
rates in Port Stephens ranged between 60 and 100 %.
When fish collected in both years from Port Stephens
were used in the DFA, the successful classification rates
decreased to 50 to 70 %. Brisbane Waters and Botany
Bay had success rates that averaged 82 and 79% re-
spectively when fish from individual years were used in
the analysis (Table 6). When fish from both years were
used in the analysis, both estuaries had 1 site where
classification success was relatively poor (Site 1 in Bris-
bane Waters and Site 1 in Botany Bay), but the remain-
ing sites showed good classification rates.

DISCUSSION

Spatial differences in elemental composition of
otoliths

The elemental composition of otoliths of juvenile
trumpeter varied both within and among estuaries, as
well as between the 2 years of sampling. The elemen-
tal signatures of otoliths of fish from each of the estuar-
ies showed some overlap among estuaries, although it
was generally possible to separate fish from 1 to 2 indi-
vidual estuaries, as well as to separate groups of estu-
aries within each year. Thorrold et al. (1998b) found
greater separation of individual estuaries than the cur-
rent study, but the estuaries in their study were sepa-
rated by distances in excess of 200 km. In contrast, the
minimum distance between any 2 estuaries sampled
in the present study was ~25 km and the maximum dis-
tance was ~140 km. Greater distances among estuaries
may result in greater environmental differences
between estuaries and therefore stronger differences
in elemental signatures.

Differences in the elemental composition of otoliths
of fish were also found at the spatial scale of sites
within an estuary. Variation among sites within an
estuary has been found in some studies (e.g. Thorrold
et al. 1998b), but not in others (e.g. Thorrold et al.
1997). Frequently, however, samples are pooled from
multiple sites and therefore variation at the smaller
spatial scale is unknown (e.g. Gillanders & Kingsford
1996).

Although few studies have determined whether dif-
ferences in elemental composition of otoliths of fish
occur among estuaries, many studies have found dif-
ferences in elemental composition among locations
and these have been used in infer differences in stock
structure (Edmonds et al. 1989, 1991, 1992, Campana
et al. 1994, 1995, Campana & Gagne 1995, Begg et al.
1998), pollution regimes (Dove & Kingsford 1998) and
natural tags of area of origin for juveniles (Gillanders &
Kingsford 1996, Thorrold et al. 1998a). Some of these
studies have also sampled at smaller spatial scales
(sites within a location usually separated by hundreds
of metres to kilometres), but results are mixed in that
some studies have found within location differences
(e.g. Kingsford & Gillanders in press), whereas others
have found little variation among sites within a loca-
tion (e.g. Dove & Kingsford 1998). A recent study also
found considerable variation in elemental composition
of otoliths among depth strata with concentrations
generally greatest in fish collected from shallow water
(Kingsford & Gillanders in press). Depth strata were
separated by tens of metres, suggesting there may be
variation in elemental composition across very short
distances. Spatial differences in elemental fingerprints



Gillanders & Kingsford: Fingerprints of fish otoliths as nursery identification

281

ug Mn g otolith

5000 [
4000
3000
2000
1000

ug Sr g1 otolith

ug Ba g otolith

1. 2 3 4 1 2 3 4

Port Stephens

Estuary and site

Brisbane Waters

1

2 3 4
Botany Bay

5

Fig. 4. Pelates sexlineatus. Mean (+SE) concentration of (a) Mn, (b) Sr and
(c) Ba in otoliths of juvenile trumpeter at multiple sites within each of 3 estu-
aries along the coast of New South Wales, Australia. Fish were collected

in 1998 and 1999

are likely to vary depending on the spe-
cies. For example, differences among sites
may be greater for fish that recruit well
into estuaries (e.g. Pelates sexlineatus)
than for fish which occur on reefs near the
entrance to estuaries (e.g. Parma micro-
lepis).

Despite differences in elemental compo-
sition of otoliths at a range of spatial scales,
the mechanisms generating these differ-
ences are not well understood. Water
chemistry is likely to vary considerably
among estuaries and may be influenced by
the presence of rivers and associated fresh-
water input, oceanography (e.g. estuarine
plumes and currents), topographic forcing
(of plumes and mixing), and the level of
industry and urban development (e.g. se-
wage outfalls, drainage) (Grimes & Kings-
ford 1996, Kingsford & Suthers 1996).
These factors are not only likely to influ-
ence the concentration of elements in the
water, but also the salinity and tempera-
ture of the water mass and may vary along
the length of an estuary. Few studies have
investigated the relationship between am-
bient levels of elements and concentration
in the otolith, particularly in marine sys-
tems. We have no information on ambient
concentrations of elements in different
estuaries for the current study. Thorrold et
al. (1998a) found that the ratio of metal:Ca

Table 4. Results of ANOVA for individual elements in otoliths of juvenile trumpeter collected in 2 years (1998 and 1999) at 4 to 5

sites within each of 3 estuaries. Each estuary was analysed separately. Cochran's tests were used to test homogeneity of vari-

ances; the data remained heterogeneous after transformation for Mn and Ba in Brisbane Waters, and Sr in all estuaries. Analyses
were made on In(x+1)-transformed data. p-values of 0.000 indicate p < 0.001

Source Port Stephens (PS) Brisbane Waters (BW) Botany Bay (BB)

df MS F P MS F p df MS F p
Mn
Year 1 0.012 2.85 0.190 0.387 3.33 0.165 1 6.404  19.58 0.012
Site 3 0.153  37.17 0.007 0.078 0.67 0.625 4 4.541  13.89 0.013
Year x Site 3 0.004 0.04 0.988 0.116 2.55 0.073 4 0.327 3.87 0.007
Error 32 0.098 0.046 60 0.084
Sr
Year 1 0.208  45.52 0.007 0.368 1.31 0.335 1 1.068 9.94 0.034
Site 3 0.007 1.55 0.364 0.427 1.52 0.369 4 0.718 6.68 0.047
Year x Site 3 0.005 0.89 0.459 0.280 5.24 0.005 4 0.107 3.17 0.020
Error 32 0.005 0.053 60 0.034
Ba
Year 1 8.654 11.27 0.044 7.045 2.92 0.186 1 1.166 0.86 0.407
Site 3 2.363 3.08 0.190 5.212 2.16 0.272 4 6.004 4.41 0.090
Year x Site 3 0.768 3.41 0.029 2411  13.39 0.000 4 1.362 7.75 0.000
Error 32 0.225 0.180 60 0.176
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Fig. 5. MDS ordinations of multi-element fingerprints for

Pelates sexlineatus collected from multiple sites in (a) Port

Stephens, (b) Brisbane Waters and (c) Botany Bay. Closed and

open symbols denote fish collected in 1998 and 1999 respec-
tively. Stress values are shown on each plot

of some elements (e.g. Ba, Mg and Sr) was correlated
with the metal:Ca ratios in ambient river water, but no
relationship was found for other elements (e.g. Mn).
Chemical marking studies using Sr have also found a
relationship between Sr concentration in otoliths (and
bone) and ambient Sr concentrations (Gallahar &

Table 5. Results of ANOSIM of Mn, Sr and Ba in otoliths of

juvenile Pelates sexlineatus collected at small scales (hun-

dreds of metres to 6 km) in each of 3 estuaries over 2 yr.
p-values of 0.000 indicate p < 0.001

Source Global R p
Port Stephens

Year 0.514 0.000
Site 0.356 0.000
Brisbane Waters

Year 0.588 0.000
Site 0.502 0.000
Botany Bay

Year 0.443 0.000
Site 0.519 0.000

Kingsford 1996, Pollard et al. 1999). Geffen et al.
(1998), however, found an inverse relationship
between exposure and rate of lead incorporation in
otoliths. These studies suggest that the relationship
between levels of elements in the surrounding water
and the concentration in the otolith appears to vary
greatly by element.

Salinity and temperature of ambient water may also
interact with levels of elements in the water to affect
otolith composition. Although relatively good positive
correlations exist between the amount of Sr in the
water and salinity, not all studies have found that fish
from different salinities show differences in otolith Sr.
For example, Chesney et al. (1998) found no relation-
ship between Sr concentration and either salinity (20,
26, 33.4 ppt) or temperature (18, 22, 26°C), whereas
Fowler et al. (1995a) found that differences in salinity
(26, 35 ppt) lead to subtle differences in the concentra-
tion of some elements, notably Mn. Relationships
between Sr in otoliths and salinity appear stronger
where lower ranges of salinity including freshwater
are used (Kalish 1990, Secor 1992), suggesting a possi-
ble threshold effect after which salinity has no effect
on levels of Sr in the otolith. Temperature effects on
elemental composition were stronger than salinity
effects in Fowler et al.'s (1995a) study, but because
both Sr and Ca levels in the otolith varied with temper-
ature it was suggested that Sr/Ca ratios would be poor
indicators of water temperature. Salinity and tempera-
ture are likely to vary within and among estuaries; fur-
ther research is needed in both controlled laboratory
studies and the field to determine possible effects on
otolith composition.

Other factors such as diet, growth rates, ontogenetic
and physiological effects have also been found to influ-
ence otolith composition in some species of fish (Kalish
1989, 1991, Sadovy & Severin 1992, Fowler et al. 1995b,
Limburg 1995). We cannot discount these factors as
possible determinants of otolith composition of trum-
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Table 6. Results of discriminant function analyses for which juvenile trumpeter are classified to their site of recruitment within

each of 3 estuaries based on elemental fingerprints (Mn, Sr, Ba) of otoliths. Each estuary was analysed separately. The percent-

age of fish classified to each estuary is shown for collections made in 1998, 1999 and both years. The discriminant functions were

developed using a cross validation approach for the fish being classified. Bold values indicate percent of fish correctly classified
to their recruitment sites

Port Stephens
1998 (n =9) 1999 (n=9) —— Both years (n=10) ——
S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4
S1 80 0 20 0 60 0 20 0 50 10 30 10
S2 0 100 0 20 0 80 0 40 30 70 10 30
S3 20 0 80 0 0 20 80 0 10 10 60 10
S4 0 0 0 80 40 60 0 60 10 10 0 50
Brisbane Waters
1998 (n =95) 1999 (n =9) Both years (n =10) ———
S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4
S1 100 60 0 0 80 0 20 20 30 20 0 10
S2 0 40 0 0 0 100 0 0 40 80 0 0
S3 0 0 100 20 0 0 80 0 20 0 90 20
S4 0 0 0 80 20 0 0 80 10 0 10 70
Botany Bay
1998 (n=7%) 1999 n=7%) Both years (n = 14)
S1 S2 S3 S4 S5 S1 S2 S3 S4 S5 S1 S2 S3 S4 S5
S1 100 14 0 0 0 14 0 57 0 0 50 0 0 21 0
S2 0 86 0 0 0 14 100 0 0 0 14 100 0 0 0
S3 0 0 86 29 0 57 0 43 0 0 29 0 86 7 14
S4 0 0 0 71 14 14 0 0 100 0 7 0 0 71 7
S5 0 0 14 0 86 0 0 14 0 100 0 0 14 0 79

peter, although ontogenetic effects were minimised by
analysing otoliths of fish of similar sizes. Physiological
effects resulting from reproductive activity are also
thought to be minimal because only juvenile fish were
analysed. Further work is needed to understand the
mechanisms that may lead to differences in element
composition of otoliths, but as noted by Thorrold et
al. (1998a), it is not necessary to fully understand
the mechanisms before using elemental fingerprints as
natural tags of 'nursery’ habitats (see also Campana et
al. 1994).

Temporal diiferences in elemental composition of
otoliths

The elemental composition of otoliths of fish varied
between years, suggesting that either the water chem-
istry (e.g. elements in the water, temperature and
salinity) or ontogenetic and physiological effects may
vary among years. We suggest that water chemistry is
most likely to vary among years, because all fish used
in the current study were immature and of a similar
size. The most dramatic variation between years was
seen for Mn in otoliths of fish collected from the north-

ernmost estuary, where a 20- to 30-fold increase was
seen in the second year. Although variation in elemen-
tal composition of otoliths on an annual basis has been
reported by Milton et al. (1997), many studies involve
no temporal sampling. Smaller scale temporal sam-
pling was done by Thorrold et al. (1998a), who sam-
pled sites in each of 2 months (August and October).
They found that a discriminant function generated
from the fish collected in August was able to classify
the fish collected in October with greater than 80 %
success, indicating little variation in elemental compo-
sition over a 2 mo time period. The lack of temporal
variation in elemental fingerprints found by Thorrold
et al. (1998a) should not be interpolated to longer time
scales. It is possible that conditions (e.g. rainfall etc.)
remained similar during their study and, therefore, a
lack of variation may be expected. Physical events of a
continuous or press nature (sensu Glasby & Under-
wood 1996) are more likely to vary among years, for
example, a change in southern oscillation (ENSO) con-
ditions can create wet or dry summer periods that may
influence estuarine waters and therefore otolith micro-
chemistry among years. Temporal variation in elemen-
tal composition of otoliths may pose problems for stud-
ies determining which estuary adult fish have come
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from, especially if juveniles are collected during a sin-
gle time period and adults do not come from the same
year class as the juveniles.

Changes in the amount of freshwater run-off within
and between years may influence elemental composi-
tion of otoliths of juvenile fish, particularly with respect
to elements such as Sr which are known to change
with salinity (Chesney et al. 1998). Freshwater input is
likely to have a major impact on estuarine systems, but
may have less of an impact on offshore locations, as the
depth of low salinity wedges in estuaries decreases
with distance from the riverine source (e.g. Botany
Bay, Kingsford & Suthers 1996). Local bathymetry
within estuaries may also influence plumes of water
associated with freshwater input. Milton et al. (1997)
considered that inter-annual differences in otolith
composition were unlikely to be related to seasonal
changes in freshwater input because fish were
spawned during the same season each year. Although
fish collected as part of our study were collected during
the same season each year, the amount of freshwater
run-off was considerably greater in the second year of
the study (Bureau of Meteorology Monthly Rainfall
Review, Canberra; Fig. 1) and therefore the concen-
tration of elements in the water may also vary among
years. Strontium, for example, was lower in otoliths
of trumpeter from 2 of the 3 estuaries in the second
year where freshwater input was greater than the
previous year. Again, the mechanisms generating tem-
poral differences are not well understood and require
further study.

Use of elemental fingerprints as natural tags to infer
‘nursery’ habitat of adults

Although many studies have shown that large num-
bers of juvenile fish are found in estuarine habitats,
and frequently refer to these as 'nursery’ habitats,
there are few studies that have shown direct links
between putative ‘nursery’ habitats and adult stocks.
Mark-recapture studies provide definitive patterns of
movement from nursery to adult habitats, but are
generally unfeasible due to the small size of fish in
‘nursery’ habitats and high mortality rates at early life
history stages meaning that large numbers of fish
would need to be tagged to ensure that adequate num-
bers survive to the adult population. There are addi-
tional problems concerning the recapture of tagged
fish in the adult population. A natural tag, such as the
elemental fingerprints of otoliths, ensures that all fish
are tagged and thus all adult fish that are recaptured
would represent a recovery. In practice, however, this
is likely to be complicated by both spatial and tempo-
ral differences in elemental fingerprints.

The discriminant functions developed on each year
class of recruits showed that on average 75% of fish
were correctly classified to their ‘nursery’ estuary,
whereas when both year classes were combined classi-
fication success decreased to 62 %, and when the 1998
year class was used to classify the 1999 year class, clas-
sification success decreased to less than 50%.
Although sample sizes were relatively small, these
results do suggest a cautious approach to using ele-
mental fingerprints of juveniles to classify adults that
may represent a different year class or to combining
multiple year classes of juveniles to determine discrim-
inant functions. There are some estuaries which have
higher success rates than others; for example, Tug-
gerah Lakes averages 95 % classification success over
the 2 years and clearly shows promise as an estuary
with a very strong elemental fingerprint due in part to
the consistently high amounts of Mn in this estuary.
The addition of further elements to the discriminant
function and the use of stable isotopes (e.g. Thorrold
et al. 1998b) may improve the accuracy of the dis-
criminant functions. Alternatively, the use of non-
parametric methods, such as artificial neural networks,
may improve the classification success (Thorrold et
al. 1998b).

It should also be possible to determine the estuary in
which adult fish spent their juvenile life by analysing
the juvenile core of adult otoliths (e.g. Gillanders &
Kingsford 1996). This may be done using either laser
ablation ICP-MS to sample the juvenile region or by
extracting the core from the rest of the otolith followed
by solution-based ICP-MS. Using this approach,
Gillanders & Kingsford (1996) suggested that 41 % of
blue groper on coastal reefs had spent time in estuaries
and moved to the reef, whereas 59 % had recruited to
the reef and remained there. Their study, however,
used 1 year class of recruits to generate discriminant
functions and then classified adult fish that had come
from multiple year classes; therefore, their results may
vary if adults from the same recruitment year class as
the recruits used to determine the discriminant func-
tion were used. Despite this, we are confident that
recruits that settle into reef habitats can be distin-
guished from those that settle into estuarine habitats.
As far as we are aware, this is the only study that has
tracked adult fish moving from estuaries to reef habitat
using elemental composition of otoliths. At the scale of
among estuaries it also appears that individual estuar-
ies can be distinguished, albeit some better than others
(e.g. Tuggerah Lakes). It now appears that adult fish in
a coastal fishery could be tracked to their ‘nursery’
estuary thus enabling numbers of fish originating from
different estuaries to be determined. With adequate
spatial sampling within an estuary it may also be pos-
sible to track adult fish to specific sites within an estu-



Gillanders & Kingsford: Fingerprints of fish otoliths as nursery identification 285

ary and to determine movement among sites for an
estuarine species.

In summary, the elemental fingerprints of otoliths of
trumpeter show promise as an indicator of the estuary
in which the fish spent its juvenile life, but we would
caution researchers to ensure that their sampling cov-
ers the range of estuaries in which the juvenile fish of
interest are found. It also appears necessary to build up
a ‘'library’ of elemental fingerprints for each year class
of fish or at least to show that there is no variation in
elemental composition of otoliths over time. We should
now be able to track movements of adults from puta-
tive 'mursery habitats’ to adult stocks by analysing
the juvenile portion of adult otoliths (e.g. Gillanders
& Kingsford 1996). In addition, we can calculate the
numbers of fish from a coastal fishery that have moved
out from different estuaries. This has major implica-
tions for not only fisheries management, but also for
the designation of possible marine protected areas.
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