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ABSTRACT: The influence of cross-shelf gradients, within and among distance strata, on the otolith
chemistry of the non-dispersing reef fish Acanthochromis polyacanthus was examined on the Great
Barrier Reef. Most of the variation in elemental ratios (Mg/Ca, Cu/Ca, Sr/Ca, Ba/Ca) was at the level
of sites within reefs; some broad patterns of otolith chemistry were found cross-shelf. Sr/Ca and
Ba/Ca ratios increased with distance from shore. Highest ratios of Mn/Ca and Cu/Ca were found at
the outermost shelf sites at Myrmidon Reef, but Mn levels were generally greatest within 45 km of
shore. Elevated ratios of Ba/Ca at Myrmidon Reef were persistent over 3 yr and are likely indicative
of upwelling, which is known to occur in the area. The Ba/Ca ratios were the highest ever reported
in marine fish otoliths, and accuracy of our estimates was confirmed in a paired laboratory test. The
robustness of reef-wide chemical signatures in fish was weak, but unique signatures were found
within reefs. High resolution elemental records could help to identify sites affected by upwelling and
the periodicity of upwelling events.
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INTRODUCTION

Understanding patterns of dispersal is critical for
population studies of fishes. Dispersal during the pre-
settlement phase is particularly important for reef
fishes, the majority of which are small and sedentary
once they settle (Munday & Jones 1998). Knowing the
source of juveniles is critical for environmental man-
agers who deal with numerous impacts on reefs,
including sedimentation and pollution (McCulloch et
al. 2003), disease (Harvell et al. 2002), over-harvesting
(Jackson et al. 2001, Myers & Worm 2003, Pandolfi et
al. 2003) and climate change (Gardner et al. 2003,
Hughes et al. 2003). Such threats have serious ramifi-

*Email: michael . kingsford@jcu.edu.au

cations for the sustainability of fish populations and
entire coral reef systems (e.g. Bellwood et al. 2004,
2006, Berkes et al. 2006, Mora et al. 2006). One man-
agement option, which is widely advocated as the best
conservation tool for coral reef systems, is to imple-
ment marine protected areas (MPAs; e.g. Lubchenco et
al. 2003). MPAs have a demonstrated utility in promot-
ing increases in biodiversity, organism size and bio-
mass for a range of species (Halpern 2003). However,
effective MPA establishment requires empirical data
on the dispersal potential of marine organisms, and
thus the connectivity of marine populations (Botsford
et al. 2001, Hughes et al. 2005). Such data are lacking
for nearly every reef fish species.

© Inter-Research 2009 - www.int-res.com



280 Mar Ecol Prog Ser 377: 279-288, 2009

Otolith chemistry has been widely employed to
quantify larval dispersal and estimate population con-
nectivity in reef fishes. As water masses vary both spa-
tially and temporally in their chemical composition
(Mann & Lazier 2003), so will the chemistry of the
otolith, with some mitigating factors (Campana 1999,
Bath et al. 2000, Walther & Thorrold 2006). Thus,
otolith chemistry can provide a chemical record of the
spatial life history of a fish and has been used to esti-
mate natal homing (Thorrold et al. 2001) and larval
retention (Swearer et al. 1999).

Critical for the success of this technique is an envi-
ronmental mosaic of different water chemistries that
allows fishes to be classified by location (Gillanders
2002). This mosaic is well established in coastal sys-
tems, where variation in water chemistry among estu-
aries can produce highly accurate classifications (e.g.
Thorrold et al. 2001). In environments with a predomi-
nantly oceanic influence, spatial variation in elemental
signatures can be reduced and some approaches, such
as isotope analyses (e.g. McCulloch et al. 2005), may
not be applicable, as there is little or no spatial varia-
tion in isotopic ratios. Critical to our present study was
identifying spatial scales of variation in elemental
chemistry that could assist in connectivity and environ-
mental studies on the Great Barrier Reef (GBR). Envi-
ronmental signals are often well recorded in carbon-
ates, such as the aragonite of coral skeletons and the
otoliths of fishes (e.g. McCulloch et al. 2003).

Despite recent work on reef systems (Swearer et al.
1999, Patterson & Swearer 2007), including the GBR
(Patterson et al. 2004a,b, 2005, Bergenius et al. 2005,
Patterson & Kingsford 2005), to our knowledge, no
study has examined otolith chemistry across the conti-
nental shelf. The GBR is characterised by strong cross-
shelf gradients in salinity, turbidity and temperature
(McCook 1996, Wolanski 2001). The physical environ-
ment of the reef ranges from the near-shore waters of
low salinity, high turbidity and high temperature to the
high-salinity, clear and cool waters typical of the outer
shelf. It is also known that the outer shelf is periodically
immersed in upwelled waters (Wolanski 2001) that
could also contribute to spatial variation in aragonite
chemistry.

The objective of the present study was to use a hier-
archical approach and a relatively rapid liquid-based
method (solution-based ICP-MS [inductively coupled
plasma-mass spectrometry]) to test hypotheses relat-
ing to the otolith chemistry of Acanthochromis poly-
acanthus across the shelf of the central GBR, using
multiple reefs within distance strata and sites within
reefs. We predicted that fish from different shelf strata
would vary in their otolith chemistry. This variation
could then be used to examine dispersal and connec-
tivity in reef fish populations according to clusters of

reefs or even individual reefs. The findings would also
provide a focus for studies that measure environmental
records in aragonite using laser techniques.

Acanthochromis polyacanthus is a widespread and
abundant damselfish that is sedentary and lacks a dis-
persive larval stage (Robertson 1973, Williams 1982).
These characteristics made it an ideal model species,
as elemental signatures observed in the otoliths must
have been acquired from waters that had bathed the
reefs where fish were collected. Specific hypotheses
were as follows: (1) there would be differences in
otolith signatures from fish collected among 3 distance
strata (inner, mid and outer shelf) across the con-
tinental shelf that would be greater than variation
within shelf strata; and (2) as the width of the continen-
tal shelf varies by latitude, some variation in otolith
chemistry would be explained with absolute distance
across the continental shelf. Very high concentra-
tions of some elements were detected, and the accu-
racy of these data was cross-checked with another
laboratory.

MATERIALS AND METHODS

Sample collections. Fish were collected from 3 repli-
cate sites within reefs (100s of meters to kilometers
apart), and 3 replicate reefs (10s of kilometers) were
sampled within each of 3 distance strata (inner, mid and
outer shelf), spanning the width of the continental shelf
of the central GBR, Australia (Fig. 1, Table 1). Fish were
collected using hand spears during September and Oc-
tober 2001. They were immediately stored on ice after
collection before being frozen for transport back to the
laboratory. Additional collections (n = 10 fish per reef)
were made at several of the reefs (Orpheus, Pandora,
Havannah and Myrmidon) in October 2004 and 2005 to
examine the temporal persistence of elemental pat-
terns. All fish were >1 yr or older (Table 1) and were
therefore adults (Munday et al. 2008).

Sample analysis. All fish were measured (standard
length [SL], fork length [FL] and total length [TL] to
the nearest millimeter) and weighed (to the nearest
0.01 g). The largest pair of otoliths (sagittae) were
removed, cleaned in Milli-Q water to remove the sagit-
tal membrane and allowed to dry overnight. It has
been well demonstrated that there are no differences
in elemental chemistry between sagittae of the same
fish (e.g. Rooker et al. 2001, Miller & Shanks 2004) and
therefore only 1 otolith was sampled for elements; the
other sagitta was sectioned and used for aging. One
otolith from each pair was selected at random and
weighed using a Sartorius Genius microbalance to the
nearest 0.00001 g. The otoliths were then cleaned in
1% HNO3 (65 % Merck Suprapure) for 5 to 10 s, rinsed
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Fig. 1. Reefs in the central Great Barrier Reef where sampling was conducted.
Distance strata from the mainland (inner, mid and outer shelf) are indicated.
Black: reefs that were sampled; white: reefs that are submerged at high tide

made up to a final volume of 10 ml using
a dilution solution containing internal
standards (10 ppb Ga and In), HNO;
and Milli-Q H,O. Blank samples were
prepared in the same manner, but con-
tained no otolith and were used for
blank corrections and to calculate limits
of detection (LODs).

Preliminary analyses indicated that
BMg, 3Ca, >Mn, Cu, #Sr, !'Cd and
137Ba were detectable in the otoliths.
High concentrations of “*Ca and #Sr in
the samples required further (100x)
dilution and separate analysis. Sample
analysis was conducted using a Varian
Ultra Mass 700 inductively coupled
plasma-mass spectrometer (ICP-MS).
Calibration solutions were prepared
from a 32 element ICP-MS standard
(Alpha Resources). Calibration solu-
tions also included a matrix-matching
component made from crushed, acid-
washed sparid otoliths (family Spari-
dae) obtained from NSW Fisheries (e.g.
Gillanders 2002, Patterson & Kingsford
2005). Although not made from Acan-
thochromis polyacanthus otoliths, the
addition of otolith material to the cali-

3 times in Milli-Q H,O and allowed to dry inside a pos-
itive flow Class-100 laminar flow cabinet (AS 180%).

Otoliths for analysis (n = 8 fish per site) were ran-
domly selected from the total sample and analysed in
blocks of 50. Samples were dissolved in 500 pl of HNOg;
the solution was then made up to a final volume of 5 ml
with Milli-Q H,O. A subsample of this solution was
taken (1 or 2 ml, depending on sample weight) and

bration solutions provided a robust
method of tracking signal drift, and standard addition
calibration is a common technique for samples with a
heavy matrix.

LODs were calculated from the concentration of
analyte yielding a signal equivalent to 3 times the
standard deviation (30) of the blank signal for each of
the elements analysed (in ppb): Mg (1.02), **Ca (41),
55Mn (0.086), *Cu (0.007), %Sr (0.074), '*'Cd (0.76) and

137Ba (0.012). Analyses were
terminated and the instrument

Table 1. Acanthochromis polyacanthus. Collection data (n = 24 fish per reef), including

distance strata, reef, dates sampled, standard length (SL, mean + SE) and age (mean +
SE); distance from shore was measured along lines of latitude from the nearest point

on the eastern coast of Australia

recalibrated if recovery of the
internal standards (Ga and In)
fell outside 30% of their ini-

tial values, implying excessive

Distance Reef Date(s) SL Age Distance instrument drift. Relative stan-
strata (mm) (yr)  from shore dard deviation (RSD) was used
(km) . .
as an estimate of instrument
Inner shelf  Pandora Reef ~ 3Sep2001 8521+1.40 517035 16 precision for each element, and
Havannah Island 3 & 4 Sep 2001 77.54 +0.84 4.29 +0.41 29 values were considered un-
Orpheus Island 4 & 5 Sep 2001 83.38 +1.01  4.29 + 0.32 16 reliable if variation in rep]jcate
Mid shelf Bramble Reef 15 Oct 2001 90.00 + 0.69 4.33 +£0.35 43 measurements (n = 3) within
Britomart Reef 16 Oct 2001  94.88+0.81 521+0.30 41 otolith samples exceeded 10%.
The Slashers 20 Oct 2001 103.25+1.79 4.38 +0.47 97
O helf B Patch 17 Oct 2001 99.33+1.28 4.75+0.44 88 Cd values were usually below
uter she arnett Patches ct 33+ 1. 75 +0.
Pith Reef 18 Oct 2001  99.13+1.35 4.83+041 84 the calculated LODs and were
Myrmidon Reef 19 Oct 2001 100.88 + 1.16 4.54 +0.49 124 therefore discarded from fur-
ther analysis. The values ob-
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tained for Mg were also regarded as unreliable due to
high variability among all samples and were also dis-
carded.

Statistical analyses. Elemental concentrations were
converted to molar concentrations and expressed as a
ratio to Ca as the elements are considered to substitute
for calcium within the crystalline lattice of the otolith.
Linear regression determined that otolith weight was
positively correlated with fish length for fish from all
distance strata (r2 = 0.74, n = 216). The relationship
between age and otolith weight was also positive and
significant using analysis of variance (ANOVA: F; 4 =
134, p < 0.001; 2 = 0.387), and, therefore, otolith
weight is a proxy for age. A similar age range of fish
was sampled at each reef (Table 1), and ANOVA
demonstrated that there were no significant differ-
ences in age at the levels of distance strata (F, ¢ = 0.07,
p > 0.05), reefs nested within each distance stratum
(F615 = 0.97, p > 0.05) and sites nested within reefs
(Fis189=1.14, p > 0.05). Correlations were done at each
distance stratum to determine if otolith weight and ele-
mental concentration were related. Significant rela-
tionships existed only for Sr. We adjusted for these
relationships by multiplying the otolith weight by the
slope of the regression and subtracting this value from
the elemental concentrations (Gillanders 2002). All
analyses of Sr were carried out using this corrected
data (the results of which we note differed little from
analyses using uncorrected Sr data).

Spatial variation was examined using a fully nested
3-factor (distance strata, reefs within distance strata,
and sites within reefs within distance strata) ANOVA
for each element, and variance components were
calculated for each factor; all factors were treated as
random. Pearson's correlations were used to test the
relationship between elemental ratios and distance
from shore. An additional orthogonal ANOVA, includ-
ing the factors of year and reef, both treated as random
factors, was used to test the consistency of Ba/Ca con-
centrations at several reefs (Myrmidon, Orpheus, Pan-
dora and Havannah) over several years (2001, 2004
and 2005). The assumption of homogeneity of variance
was tested prior to analysis using Cochran's C-test, and
ANOVAs were conducted on non-transformed data.
All analyses were carried out using SYSTAT Ver. 10.

Data were In(x + 1) transformed prior to multivariate
analysis to reduce heterogeneity of the within-group
variance—covariance matrices (Quinn & Keough 2002).
Multi-element signatures were analysed by multivari-
ate analysis of variance (MANOVA) using the same
design as for the univariate ANOVAs, but including all
elements. We used Pillai's trace as the test statistic, as
it is robust to deviations from multivariate normality
(Quinn & Keough 2002). Quadratic discriminant func-
tion analysis (DFA) was used to determine the ability of

cross-shelf elemental signatures to correctly assign a
fish to a reef on the inner, mid, or outer shelf, as well as
to reefs within a shelf and sites within a reef. Fish were
classified using a jackknife method. Similar methods
were used to examine the separation of otoliths by
shelf position and reef over time.

Inter-laboratory comparison. After analysing the
data it was apparent that the values for Ba/Ca in fish
from different sites were falling out into groups of low,
medium and very high. We wanted, therefore, to verify
our findings for Ba, an important element in otolith
studies. We randomly chose sample groups consisting
of 5 otoliths from sites that corresponded to the 3 con-
centration groups identified (low: Ba/Ca < 20 pmol
mol!; medium: Ba/Ca ca. 20 to 40 pmol mol™}; high:
Ba/Ca > 40 pmol mol™!) and analysed the chemistry of
the otoliths in 2 laboratories (our laboratory at James
Cook University and one at the University of Ghent,
Belgium). The laboratory in Ghent was given coded
samples only, and did not know the concentration
grouping or the collection location of the samples.

Samples in Belgium were prepared as noted above
for Australia and in an identical manner. Sample ana-
lyses (**’Ba and **Ca) were conducted using a Perkin
Elmer Sciex Elan 5000 ICP-MS in Belgium, and stan-
dard solutions were prepared from commercially
available 10 mg 1! multi-element standards by appro-
priate dilution with 1% HNOj Suprapure 65 % HNO;
(Merck). The dilution factors used in both laboratories
were the same, and all other analytical procedures
used in the laboratory in Belgium were the same as
noted above. For the laboratory comparison, an
ANOVA was used with the fixed factors of laboratory
and concentration group to test for differences. If
there were differences between laboratories we ex-
pected a significant laboratory x concentration group
interaction.

RESULTS
Cross-shelf comparisons

There were no consistent patterns of elemental ratios
among distance strata across the shelf. Despite strong
trends for differences among reefs within distance
strata (e.g. Ba/Ca for the outer shelf, Myrmidon Reef),
there were no significant differences. Great differ-
ences, however, were found for all elemental ratios
among sites within reefs (Table 2, Fig. 2). Variance
components indicated that sites within reefs accounted
for most of the variation in Cu/Ca and Sr/Ca (80 to
85 %); for Mn/Ca most of the variation was at the resid-
ual level. Variation in Ba/Ca ratios was explained by
differences between reefs and sites within reefs.
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Table 2. ANOVA for elemental ratios. *p < 0.05; **p < 0.01; %: variance components for each factor expressed as a percentage
of the total variation

— Mn/Ca Cu/Ca Sr/Ca Ba/Ca
df MS F % MS F % MS F % MS F %
Shelf 2 8.07 0.82 0 1.51 0.71 0 0.68 1.22 6.88 13244.72  0.96 0
Reef(Shelf) 6 9.86 1.14 1.35 2.12  0.46 0 0.56 0.34 0 13802.94 2.06 51.39
Site(Reef[Shelf]) 18 8.66  4.23** 19.25 4.63 5.04* 80.17 1.64 11.45** 84.99 6709.34 15.14** 45.52
Residual 189 2.95 79.40 0.92 19.83 0.14 8.13 440.37 3.19

There were significant relationships with absolute
distance from shore for some elements (Fig. 3). There
was a positive relationship between distance from
shore and Cu/Ca, Sr/Ca and Ba/Ca. There was no sig-

Ratio (umol~' mol-)

Ratio (mmol mol-7)

nificant relationship for Mn/Ca (Fig. 3, Pearson's corre-
lations on mean values for all sites—Mn: 0.017; p >
0.05; Cu: 0.364; p < 0.05; Sr: 0.419; p < 0.05; Ba: 0.651;
p < 0.01). Residual variation was largely due to varia-
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Fig. 2. Acanthochromis polyacanthus. Elemental ratios in pmol mol~! (or mmol mol~! for Sr/Ca) + standard error for otoliths. Ratios
are given by distance strata and 3 reefs within each stratum, the mean for each reef is based on 3 separate sites
(n = 8 fish). OR: Orpheus; PD: Pandora; HV: Havannah; BR: Bramble; BT: Britomart; SL: The Slashers; BP: Barnett Patches;
PT: Pith; MY: Myrmidon
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Fig. 3. Acanthochromis polyacanthus. Elemental ratios in pmol mol™! (or mmol mol™! for Sr/Ca) + standard error for otoliths. Ratios
are given for all sites (sites = 27) at multiple reefs at different distances from shore (see Table 1 for average distance by reef); the
mean for each site is based on n = 8 fish

tion among sites. High values at Myrmidon Reef domi-
nated these relationships; for this reason, analyses
were repeated without the sites at this reef. The rela-
tionship was still positive for Sr/Ca and Ba/Ca, while
Cu/Ca was not significant (n = 24; Ba: 0.559; p < 0.01;
Cu: 0.096; p > 0.05; Sr: 0.270; p > 0.05). The removal of
Myrmidon Reef resulted in a negative relationship
with distance for Mn/Ca; the highest ratios were found
near the mainland (Mn: —-0.387; p < 0.05).

A DFA indicated there was a significant separation
in multi-element signatures by shelf position (n = 72;
Pillai's trace, Fy 490 = 7.66, p < 0.001; Fig. 4), although
the classification accuracies were generally low with
only 42, 53 and 65 % of the fish correctly classified to
inner, mid and outer shelf, respectively. DFAs of reefs
across the shelf indicated significant separation in both
the inner and mid shelf reefs, but not in outer shelf
reefs (Table 3), with classification accuracies similar to
those determined for shelf position, ranging from 29 to
67 %. Classification accuracies were the highest for
sites within reefs, ranging from 38 to 88 %. Myrmidon

Reef had the highest classification accuracies, ranging
from 75 to 88% for the 3 sites, largely due to high
values of Cu/Ca and Ba/Ca.

Significant differences in Ba/Ca were found among
reefs, and these results were consistent among years,
largely due to high Ba ratios at Myrmidon Reef
(ANOVA: reef: F; 195 = 118.835, p < 0.001; year: F, ¢ =
0.124, p > 0.05; reef x year: Fg 105 = 0.852, p > 0.05). A
DFA by shelf position using just Ba/Ca indicated that
93 and 98% of the outer and inner shelf otoliths,
respectively, collected from all years (n = 10 otoliths
reef! yr'!) were classified correctly (Fig. 5; Pillai's
trace, Fy 133 = 309.846, p < 0.001). Classification accura-
cies by individual reef were not high, with the excep-
tion of Myrmidon Reef, with 13, 20, 63 and 90 % of the
otoliths from Pandora, Orpheus, Havannah and Myr-
midon, respectively, classified correctly (Pillai's trace,
F;116=102.264, p < 0.001). DFA scores from outer reefs
that overlapped with inner reefs were from a sheltered
lagoonal site at Myrmidon Reef, where exposure to
upwelling was low.
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DISCUSSION

Elemental signatures varied little
with shelf position. This result was sur-
prising given the strong environmental
gradients found across the shelf in our
o study area, as differences in otolith
chemistry have commonly been found
over much smaller spatial scales along
coastlines. For example, several studies
have indicated that riverine or lagoonal
plumes can influence otolith Ba concen-
o trations (Kingsford & Gillanders 2000,
Patterson et al. 2004a), as well as coral
chemistry (McCulloch et al. 2003).
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Fig. 4. Acanthochromis polyacanthus. Plot of fish by distance strata using
canonical variates derived from the quadratic discriminant function analysis.
Ellipses indicate 95% confidence levels. Elemental ratios on axes indicate

positive or negative loadings

Table 3. Results of the jackknife cross validation classification procedures from

different reefs within shelf position (n = 24; df = 8,134), with the percent correct

and sites within reefs (n = 8; df = 8,38). Results are given as a percentage of the
total number classified correctly. *p < 0.05; **p <0.01

Ba/Ca, Sr/Ca

However, it appears that these gradi-
ents were not strong enough across the
shelf to produce significant differences
when averaged over the life of fish (up
to 12 yr for Acanthochromis polyacan-
thus; Kingsford & Hughes 2005).

There were significant linear relation-
ships with actual distance from shore as
opposed to shelf position. This trend
was particularly clear for Sr/Ca, which
increased with distance from shore.
Sr/Ca was also the only elemental ratio
for which shelf position accounted for

Distance Reef Reefs within shelf Sites within reefs some of the variation noted, albeit a
strata % F Site 1 Site2 Site 3 F small amount (6.9 %). This pattern was
correct (%) (%) (%) likely related to a freshwater influence
near shore. Evaporation can also influ-

Inner shelf Pandora 54 3.73** 63 50 50 0.95 .. .
Havannah 67 63 25 50 298* ence salinity and otolith Sr concentra-
Orpheus 63 38 75 50 1.89 tions (Martin & Wuenschel 2006), al-
Mid shelf ~ Bramble 50  2.25° 75 50 75 2.32° though inner shelf reefs are often
Britomart 46 75 75 75  2.89* exposed to warmer waters and there-
Slashers 25 75 63 63 0.54 fore higher evaporation than outer shelf
Outer shelf Barnett 46 1.49 63 50 75 0.68 reefs (Wolanski 2001), which would
Pith 29 63 63 63  2.40* tend to elevate the Sr. Otolith Sr/Ca ra-
Myrmidon 55 75 88 88  3.60"" tios are also known to be influenced by

Inter-laboratory comparison

Mean Ba/Ca ratios measured were similar be-
tween laboratories for low, medium and high concen-
tration groups (Fig. 6). Both laboratories measured a
mean Ba/Ca ratio of ~80 pmol mol™' in the high Ba
group, and some replicates were >100 pmol mol ™.
The ANOVA indicated that there were signifi-
cant differences in Ba/Ca by concentration group
(Table 4); there was no significant laboratory effect
that would also indicate differences between labora-
tories. We are confident, therefore, that our results
are accurate.

temperature (e.g. Bath et al. 2000), al-
though the relationship is not necessar-
ily straightforward (Elsdon & Gillanders 2002). Cu/Ca
varied little by shelf position, but peaked noticeably at
Myrmidon Reef. Several studies have linked increased
Cu levels to upwelling (Boyle et al. 1981, Jones & Mur-
ray 1984). As will be discussed below, Myrmidon Reef
is an area of known upwelling, and this oceanographic
feature likely contributed to the elevated Cu levels
noted at this location. Similarly, Mn/Ca was high on the
inner shelf reefs and highest at Myrmidon Reef, with
low levels at the mid shelf range. This pattern is more
difficult to explain, but could potentially be related to
riverine input near shore and upwelling at Myrmidon
Reef (Jones & Murray 1985).
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the 3 concentration groups (n = 5 per laboratory per concen-
tration group)

Table 4. ANOVA results for otolith Ba/Ca concentration
groups (low, medium, high) as determined by 2 laboratories
(n = 5 laboratory™! concentration group™?). **p < 0.001

Source Ba/Ca

df MS F
Laboratory 1 247.78 1.04
Concentration group 2 10825.52 835.75**
Laboratory x concentration group 2 12.95 0.055
Residual 24 237.42

There was great variation at the level of sites within
reefs for all elements and, in some cases, within dis-
tance strata. The most noticeable trend in the data was
the striking difference in the Ba/Ca ratios of otoliths
from Myrmidon Reef and all the other reefs sampled;
the difference was strongest between Myrmidon Reef
and inshore reefs. Indeed, the mean Ba/Ca ratio at
Myrmidon Reef was more than twice the ratio mea-
sured for inshore reefs, with some values being the
highest levels ever measured in marine fish otoliths;
these results were confirmed in our paired laboratory
tests.

Myrmidon Reef is the outermost reef from the main-
land in our study area and is at the edge of the conti-
nental shelf. The reef is subjected to persistent
upwelling via internal tides and wind effects (Wolanski
& Pickard 1983). Upwelled waters are known to be
enriched in trace elements (e.g. Ba, Cu, Cd), which can
then be incorporated into calcified structures such as
corals (e.g. Lea et al. 1989) and, as otolith chemistry is
primarily the product of water chemistry (Campana
1999, Bath et al. 2000, Walther & Thorrold 2006), likely
otoliths (Patterson et al. 1999, 2004a,b, Patterson &
Kingsford 2005). This influence of upwelling was also
persistent over 3 yr among reefs, with otoliths from
Myrmidon Reef consistently and distinctly higher in
Ba/Ca than those from inshore reefs.

Despite the strong upwelling signature at Myrmidon
Reef, it was difficult to discriminate among individual
reefs within a group or distance stratum using otolith
chemistry. This is likely because reefs in close proxim-
ity are sharing water masses and thus do not have
discrete elemental signatures. In addition, the lack of a
robust reef signature may be due to localised up-
welling of different chemistry that only affects parts of
reefs and lagoonal waters and thus introduces further
variance (Kingsford et al. 2008). A similar conclusion
was reached by Patterson & Kingsford (2005) and Pat-
terson et al. (2004b), who sampled juvenile reef fish
otoliths, including Acanthochromis polyacanthus, from
reefs of both the northern and southern GBR and were
unable to detect convincing differences in otolith
chemistry at intermediate spatial scales. In contrast,
Bergenius et al. (2005) found differences in the otolith
chemistry of the serranid Plectropomus leopardus from
reefs within regions of the GBR, although they used
adult fish that may have migrated from different reefs
or regions. Moreover, no measure of variation at the
level of site was used in their study.

There was significant variation in the individual
otolith chemistry of Acanthochromis polyacanthus at
the level of sites for each element, and site had higher
classification accuracies than either shelf position or
reef. Variation in the otolith chemistry of reef fishes has
previously been detected on small spatial scales in
coral reef systems. For example, Patterson & Kingsford
(2005) found significant variation in the otolith chem-
istry of A. polyacanthus collected from different sites
within a reef (100s of meters), as well as broods within
each site (1 to 10 m). Lo-Yat et al. (2005) also found dif-
ferences among sites separated by 200 m in French
Polynesia. The classification accuracies in our study
were highest for the sites at Myrmidon Reef. Given the
oceanography of this reef, it seems likely that the high
classification accuracies were again generated by
upwelling, as 1 site was on the lagoonal side of the reef
and had lower Ba/Ca levels (Site 1; Table 3), while
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2 sites were located on the ocean side of the reef where
exposure to cool, high-density, upwelled waters was
greatest.

Our research using whole otoliths indicates that
many reefs are unlikely to have a unique water chem-
istry for the whole reef. This has also been found in
studies using laser ablation ICP-MS (LA-ICP-MS; Pat-
terson et al. 2004a) and poses a problem for connectiv-
ity studies. Our approach has identified areas where
more detailed studies could be conducted on larval
sources with distinct chemistries (e.g. Myrmidon Reef),
perhaps augmented by batch tagging (e.g. Almany et
al. 2007). Combining natural signatures with artifi-
cially induced signatures may prove to be a robust
strategy for investigating larval dispersal and popula-
tion connectivity.

Solution-based analyses are of high utility for identi-
fying robust spatial patterns of elemental variation in
otoliths, because large numbers of otoliths can be
assayed faster than with LA-ICP-MS. LA-ICP-MS has
greater chronological resolution of differences within
individuals, but all otoliths must be sectioned and mul-
tiple elemental counts related to the position of annual
or daily increments. Liquid-based analyses, therefore,
combine well with an LA-ICP-MS approach for more
focused studies, be they on connectivity or on environ-
mental variation.

In conclusion, the present study is the first to exam-
ine otolith chemistry across the continental shelf of the
GBR. Given the significant results of previous studies
on otolith chemistry at similar spatial scales along the
coast, combined with the strong gradients known
to occur across the shelf, our largely non-significant
cross-shelf results were surprising. In general, we
found that variation in otolith chemistry was greater on
smaller spatial scales than on larger spatial scales. The
lack of robust reef-wide elemental signatures is prob-
lematic for connectivity studies that use natural tags
(e.g. Swearer et al. 1999). However, otolith chemistry
can be a useful discriminator on smaller spatial scales,
and particularly in areas of unique or distinctive
chemistries (e.g. with upwelling or discrete lagoonal
waters). MPA designs, for example, may be able to
incorporate areas of distinct chemistry into their
boundaries to facilitate tracking of larval dispersal and
connectivity, at least in some instances. Now that we
have identified large elemental anomalies, high-
resolution analyses with LA-ICP-MS could provide
records of the frequency of events such as upwelling.
Future studies may further elucidate the utility of
otoliths to act as environmental recorders.
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