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Abstract: Temperature dependence of strontium/calcium (Sr/Ca) ratios in foraminiferal calcite and coral aragonite is
well established; however, factors controlling Sr/Ca ratios in fish otoliths remain obscure. To assess temperature de-
pendence of Sr/Ca in marine fish otoliths, we reared spot (Leiostomus xanthurus) larvae under controlled temperature
(17–26 °C) and salinity (15‰ and 25‰). We found a significant linear relationship between temperature and Sr/Ca
ratios, with a sensitivity of approximately 5%·°C–1. Otolith Sr/Ca values were also significantly higher at a salinity of
25‰ vs. 15‰, after accounting for differences in dissolved Sr/Ca ratios in the ambient water, with a sensitivity of
approximately 1%/salinity (‰). These observations complicate the use of Sr/Ca ratios to determine temperature
histories of spot larvae, because accurate temperature reconstructions are possible only with a priori knowledge of both
ambient salinity and dissolved Sr/Ca ratios. Fully marine species residing in oceanic waters will not experience signifi-
cant salinity variations; therefore, otolith Sr/Ca ratios may be useful recorders of temperature exposure. Otolith Sr/Ca
thermometry in coastal fish species that make regular excursions into estuarine waters will be more problematic.
Multiple geochemical tracers, including oxygen stable isotopes and other trace elements, may be necessary to accu-
rately reconstruct temperature and salinity histories in these species.

Résumé : Il est bien démontré que les rapports strontium/calcium (Sr/Ca) dans la calcite des foraminifères et
l’aragonite des coraux sont dépendants de la température; cependant, les facteurs qui contrôlent les rapports Sr/Ca dans
les otolithes des poissons restent incertains. Afin d’évaluer le lien entre la température et les rapports Sr/Ca dans les
otolithes de poissons marins, nous avons élevé des larves du tambour croca (Leiostomus xanthurus) dans des conditions
contrôlées de température (17–26 °C) et de salinité (15 ‰ et 25 ‰). Il existe une relation linéaire significative entre la
température et les rapports Sr/Ca, avec une sensibilité d’environ 5 %/°C. Les valeurs de Sr/Ca sont aussi significative-
ment plus élevées à la salinité de 25 ‰ qu’à 15 ‰, une fois les différences des rapports de Sr/Ca dissous dans l’eau
ambiante prises en compte, avec une sensibilité d’environ 1 %/salinité (‰). Ces observations rendent plus complexe
l’utilisation des rapports Sr/Ca pour reconstituer l’histoire thermique des larves du tambour croca, parce que des re-
constitutions précises de la température ne sont possibles que si la salinité ambiante et les rapports de Sr/Ca de l’eau
sont connus d’avance. Puisque les espèces totalement marines habitant les eaux océaniques ne subissent pas de varia-
tions significatives de salinité, les rapports Sr/Ca de leurs otolithes peuvent être d’utiles témoins de leur exposition à la
température. La thermométrie à l’aide du rapport Sr/Ca des otolithes chez les espèces côtières de poissons qui font des
incursions régulières dans les eaux saumâtres pose plus de problèmes. L’utilisation de multiples traceurs géochimiques,
dont les isotopes stables d’oxygène et d’autres éléments traces, peut s’avérer nécessaire pour arriver à reconstituer
l’histoire de l’exposition à la température et à la salinité de ces espèces.

[Traduit par la Rédaction] Martin et al. 42

Introduction

Inspired by Odum’s (1951a, 1951b) and Turekian’s (1964)
pioneering work on the biogeochemical cycling of strontium
(Sr) in marine environments, scientists have used strontium
concentrations of marine-carbonate structures to infer tem-
peratures of present and past marine environments. Stron-

tium thermometry based on aragonite in coral skeletons may
reveal temperature variation in marine environments over
annual to millennial time scales (e.g., Beck et al. 1992;
Alibert and McCulloch 1997). Several studies have also sug-
gested that Sr deposition in the calcite tests of marine fora-
minifera may be temperature-dependent (e.g., Elderfield et
al. 1996; Lea and Martin 1996; Lea et al. 1999). Similarly,
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strontium/calcium (Sr/Ca) ratios in aragonite mollusc shells
have been used to discern temperature and salinity variabil-
ity in estuarine environments (Dodd and Crisp 1982; Stecher
et al. 1996).

The geochemistry of otolith aragonite may also record
temperature and elemental composition of ambient environ-
ments (Campana 1999). Otoliths are metabolically inert cal-
cium carbonate structures formed by concentric daily growth
increments in teleost fishes (Campana and Neilson 1985;
Jones 1986). The chemical composition of otoliths may, in
turn, reflect that of the surrounding water (Farrell and
Campana 1996; Milton and Chenery 2001), as modified by
temperature (Thorrold et al. 1997; Bath et al. 2000). This
observation has led to the development of applications using
otolith chemistry in conjunction with the chronological
properties of otoliths to retrospectively track larval-transport
pathways through time (Tzeng and Tsai 1994; Thorrold et
al. 1997). Otolith Sr/Ca values have also been used to exam-
ine transport pathways as a function of ambient temperature
(Radtke 1989; Townsend et al. 1989; Gallahar and Kingsford
1996) or salinity (Kalish 1990; Halden et al. 1995; Secor et
al. 1995).

Strontium ions have the same valence and a similar ionic
radius as calcium ions and are readily incorporated into ar-
agonite by solid substitution for Ca according to the follow-
ing equation:

(1) Sr2+ + CaCO3 → SrCO3 + Ca2+

The amount of substitution is a function of the partition co-
efficient between aragonite and the fluid from which the Ca
and Sr ions precipitate. In most otolith studies, the partition
coefficient is expressed relative to the ambient water because
of difficulties in measuring concentrations in the endolym-
phatic fluid surrounding the otolith (Bath et al. 2000; Milton
and Chenery 2001; but see Kalish 1991). Therefore,

(2) [Sr/Ca]otolith = DSr[Sr/Ca]water

where DSr is the partition or distribution coefficient repre-
senting the ratio between the Sr/Ca of the calcium carbonate
structure and ambient water (Morse and Bender 1990).

Strontium thermometry relies on the observation that the
Sr/Ca partition coefficient is temperature-dependent. Because
biogenic aragonite typically is not in thermodynamic equi-
librium, the exact form of the temperature dependence is
usually determined empirically. Laboratory and in situ stud-
ies have been used to validate the temperature dependence of
DSr in aragonitic coral skeletons (e.g., Smith et al. 1979;
Swart 1979; Shen et al. 1996). However, despite a number of
apparently successful validation studies, there remains vigor-
ous debate concerning the degree to which Sr levels in coral
skeletons are affected by temperature compared with biolog-
ical processes (e.g., presence of algal symbionts (Cohen et
al. 2002)).

The relationship between temperature and Sr/Ca ratios in
fish otoliths is likely to be even more complicated than in
coral skeletons because the otolith is isolated from seawater
by branchial, intestinal, and endolymphatic membranes. Pro-
posed relationships between Sr/Ca and temperature include
Sr/Ca ratios and temperature being positively correlated
(Fowler et al. 1995; Arai et al. 1996), negatively correlated

(Townsend et al. 1992), and uncorrelated (Gallahar and
Kingsford 1996). It is not clear if these inconsistencies are a
result of interspecific variations in Sr uptake as a function of
temperature or by unspecified methodological artifacts in
some or all of the experiments.

In one of the few studies to carefully constrain water
chemistry and temperature, Bath et al. (2000) found a posi-
tive relationship between DSr and temperature. However, their
experiment was designed to test the influence of water
chemistry on otolith composition and only consisted of two
temperature treatments at a constant salinity. The objectives
in the present study were to resolve the temperature depend-
ence of the Sr/Ca partition coefficient in larval spot (Leisto-
mus xanthurus) and to examine if the partition coefficient
was also influenced by ambient salinity. Based on the results
of Bath et al. (2000), we hypothesized that Sr/Ca ratios in
larval spot otoliths were a function of temperature but would
not be affected by salinity after appropriate correction for
the Sr/Ca ratio of the ambient water. If the relation between
Sr/Ca and temperature is sufficiently predictive, this would
allow for reconstruction of temperature histories from indi-
vidual spot larvae. Such reconstructions could, in turn, pro-
vide information on larval-dispersal pathways that would be
difficult, if not impossible, to gather using conventional ap-
proaches.

Materials and methods

Spot (Leiostomus xanthurus) were spawned and hatched
on 10 December 1999 at the NOAA, National Ocean Ser-
vice, Center for Coastal Fisheries and Habitat Research in
Beaufort, North Carolina. Larvae were reared in a common
tank in natural seawater at 34‰ salinity for 42 days, at
which time they were randomly distributed among 24 acid-
washed 20-L high-density polyethylene tanks at a density of
2 fish·L–1. Fish were acclimated to the experimental treat-
ments for a week before initiating the experiment to ensure
adequate survival of the experimental fish. The 12 h light –
12 h dark cycle was controlled for the duration of the experi-
ment. The fish were fed an artificial diet (Golden Pearls,
300–500 and 500–800 µm, Brine Shrimp Direct, Inc.,
Ogden, Utah) twice daily ad libitum.

Experimental tanks were randomly assigned two salinity
treatments (15‰ and 25‰) and four temperature treatments
(17, 20, 23, and 26 °C). Three replicate tanks were used for
each treatment combination (24 tanks in total). Room tem-
perature was maintained at 16 °C, and aquarium heaters
were used to regulate temperatures within individual tanks.
Artificial seawater (Instant Ocean®; Aquarium Systems Inc.,
Mentor, Ohio) mixed with deionized water was used to regu-
late salinity. Water was changed at 50% volume daily to
maintain water quality and salinity.

Water samples from each tank were collected every third
day and were filtered through 0.22 µm cellulose nitrate mem-
brane filters, acidified with 40% trace metal grade HCl to
pH 2, and then stored frozen for subsequent analysis. Water
temperature, salinity, and pH were also recorded daily (Ta-
ble 1). After termination of the experiment, all surviving fish
were measured and frozen in individual plastic bags.

Sagittal otolith pairs were removed from the fish and scraped
clean with acid-washed glass probes in a class-100 clean
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room. Otoliths were ultrasonically cleaned in Milli-Q water
(Millipore Corp., Billerica, Mass.) for 7 min and triple
rinsed with ultrapure H2O2 (Ultrex; J.T. Baker (Mallinckrodt
Baker, Inc.), Phillipsburg, N.J.), followed by three sequen-
tial rinses of Milli-Q water. Otoliths were then placed on
acid-washed glass slides to dry for 36 h under a class-100
laminar-flow hood. After drying, otoliths were individually
weighed to the nearest 10 µg and transferred to acid-washed
1.5-mL high-density polyethylene vials.

Otoliths from fish archived at the start of the experiment
(n = 12) were also removed and weighed to determine the
proportion of otolith material in the experimental fish depos-
ited during the initial larval rearing. Otoliths from two to
four fish were pooled for each of three samples to assure ad-
equate masses for analyses, decontaminated, and then as-
sayed using the approach outlined below. The mean Sr/Ca
ratio from the pooled samples (n = 3) of preexperimental
otoliths was 3.0 ± 0.2 mmol·mol–1.

Otoliths from a maximum of eight fish were randomly se-
lected from each tank and prepared for Sr/Ca analysis by in-
ductively coupled plasma mass spectrometry (ICP-MS). If
the total number of remaining fish in the tank after the ex-
perimental period was less than eight, all remaining fish in
the tank were used (see Table 1 for fish numbers per tank).
Otoliths were dissolved in 70% ultrapure nitric acid (Ultrex;
J.T. Baker) and then diluted to achieve a total dissolved solid
concentration of 0.1 mg·g–1 in a 1% nitric acid solution.
Otolith solutions were stored at 4 °C until the ICP-MS anal-
ysis. All analyses were run on a Thermo Finnigan Element 2
ICP-MS (Thermo Electron Corp., Waltham, Mass.) equipped

with a self-aspirating (20 µL·min–1) PFA nebulizer and a
dual-inlet quartz spray chamber. The method measured 48Ca
and 86Sr in low resolution (R = 300) during a 2-min acquisi-
tion time (a total of 126 passes). Quantification of Sr/Ca ra-
tios followed the procedure outlined by Rosenthal et al.
(1999). All samples were standardized to a dissolved solu-
tion (0.1 mg·g–1) of an otolith reference powder with a certi-
fied Sr/Ca ratio of 2.782 mmol·mol–1 (Yoshinaga et al.
2000). The matrix of the standard was therefore matched to
the dissolved Ca levels in the samples. An internal labora-
tory standard was run after each reference sample to esti-
mate precision of the Sr/Ca method. The reference material
was then treated as an unknown, and Sr/Ca values were de-
termined as for individual samples above. Measured preci-
sion (percent relative standard deviation (% RSD), n = 34)
of the Sr/Ca method was 0.06% (Fig. 1).

Analyses of water samples collected during the experi-
ment were also conducted using ICP-MS. Four samples were
run from each tank, including the start and end of the experi-
ment and two others at 11-day intervals. All samples were
spiked with Indium (In) (to 4.5 µg·g–1), which was used as
an internal standard. The solutions were then aspirated into a
Thermo Finnigan Element 2 ICP-MS, via a self-aspirating
nebulizer (50 µL·min–1) and Scott double-pass spray cham-
ber. Because of the presence of significant interferences on
most of the Ca isotopes, 44Ca, 88Sr, and 115In were measured
in medium resolution (nominal R = 4500). Four samples
from each tank were averaged and the mean values were
then used in all subsequent analyses. To estimate precision
of the water measurements, we determined Ca and Sr values
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Tank No. Temp. Sal. [Sr] [Ca] [Sr/Ca] n OM GR

9 17.5±0.1 15 7.87±0.43 234±16.9 15.5±0.35 7 0.95±0.23 0.47±0.04
11 18.1±0.1 15 6.92±1.73 199±49.4 15.8±0.28 7 0.99±0.19 0.46±0.03
20 18.5±0.1 15 6.89±0.54 188±15.6 16.8±0.85 8 0.62±0.08 0.31±0.02
24 20.1±0.1 15 6.72±1.68 200±50.5 15.6±0.43 8 0.71±0.21 0.36±0.02

5 20.8±0.1 15 7.25±0.79 203±23.8 16.5±1.02 7 0.99±0.29 0.45±0.04
18 21.2±0.2 15 8.57±0.50 253±11.8 15.5±0.30 8 0.88±0.14 0.42±0.02
10 22.7±0.3 15 6.87±0.42 199±14.2 15.9±0.44 8 1.21±0.18 0.52±0.02
21 23.4±0.2 15 8.10±0.58 235±15.3 15.8±0.41 8 1.13±0.23 0.48±0.03
22 23.8±0.4 15 7.33±0.22 216±11.9 15.6±0.39 8 0.79±0.27 0.37±0.03

4 26.1±0.2 15 7.81±0.45 223±10.8 16.1±0.69 8 1.21±0.29 0.50±0.04
14 26.2±0.2 15 8.42±0.47 246±12.3 15.6±0.21 8 0.96±0.23 0.42±0.03
16 26.8±0.2 15 7.36±1.05 215±31.1 15.7±0.16 8 1.24±0.20 0.50±0.02

1 17.5±0.1 25 10.33±0.91 334±39.1 14.4±0.67 8 0.61±0.26 0.32±0.02
7 17.8±0.1 25 11.23±0.68 366±14.2 14.0±0.65 4 0.79±0.20 0.31±0.03

15 18.7±0.1 25 10.25±1.04 332±41.9 14.3±0.60 8 0.54±0.13 0.28±0.02
2 19.9±0.1 25 12.12±1.32 382±52.8 14.7±0.62 8 0.69±0.24 0.30±0.02
8 20.2±0.0 25 10.89±1.01 356±27.2 14.0±0.71 8 0.63±0.22 0.26±0.03
6 20.3±0.0 25 10.68±0.25 349±22.8 14.1±0.78 8 0.70±0.19 0.34±0.02

23 23.2±0.0 25 11.53±0.83 376±20.5 14.0±0.70 8 0.94±0.36 0.43±0.05
12 23.3±0.4 25 12.19±0.41 382±17.0 14.7±0.54 7 1.03±0.36 0.43±0.05
13 23.5±0.3 25 13.17±0.66 410±21.1 14.7±0.37 8 0.88±0.18 0.39±0.02
19 25.6±0.2 25 12.60±0.69 406±14.0 14.2±0.45 8 0.91±0.31 0.39±0.05

3 25.8±0.4 25 10.44±1.64 321±40.8 14.7±0.55 1 0.88 0.33
17 26.3±0.1 25 11.58±1.36 371±34.9 14.2±0.52 6 1.06±0.27 0.44±0.04

Table 1. Summary of mean water temperature (Temp.,°C, ±standard error (SE)), salinity treatment (Sal., ‰), [Sr] (µg·g–1, ±SE), [Ca]
(µg·g–1, ±SE), dissolved Sr/Ca ([Sr/Ca]; mmol·mol–1, ±SE), number of otoliths analyzed (n), mean otolith mass (OM; mg, ±SE), and
somatic growth rate (GR; mm·day–1, ±SE) within each of the 24 tanks during the course of the experiment.
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in a seawater reference material (seawater certified reference
material (CRM); High Purity Standards, Inc., Charleston,
S.C.). Our estimates of precision for both Ca and Sr concen-
trations in the seawater CRM was less than 2% RSD (n = 8).
Partition coefficients (DSr) were calculated by dividing the
Sr/Ca ratio measured in an otolith by the Sr/Ca ratio mea-
sured in the treatment tank water. Otolith Sr/Ca values from
individual fish were averaged within tanks, and then the three
tank averages were used as replicates for each of the eight
treatments.

Analysis of covariance (ANCOVA) was used to test the
influence of otolith precipitation rate on [Sr/Ca]otolith. The
influence of otolith precipitation rate was also tested by cor-
relating otolith mass with Sr/Ca ratios within each of the
23 tanks of sufficient sample sizes. This provided a test of
rate effects on Sr/Ca ratios because all fish within the tanks
have experienced identical environmental conditions (Bath et
al. 2000). ANCOVAs were also used to test the influence of
somatic growth rate on [Sr/Ca]otolith. Finally, the influence of
somatic growth rate on otolith precipitation rate was tested
by correlating growth rate with [Sr/Ca]otolith within each of
the 23 tanks of sufficient sample sizes. Individual growth
rates were calculated as the difference between the mean
standard length (SL) of pooled fish at the beginning of the
experiment and the SL of individual fish at the end of the
experiment divided by the number of experiment days. The
means of fish growth rates were calculated for individual
tanks.

Two-way analysis of variance (ANOVA) was used to test
for significant differences in [Sr/Ca]otolith and DSr among
temperature and salinity treatments. Salinity and temperature
were treated as independent categorical variables, and
[Sr/Ca]otolith and DSr were treated as dependent variables in
the analyses. The assumptions of ANOVA were met: residu-
als were normally distributed and homogeneous among fac-
tor levels. Finally, because temperature was a quantitative
variable, we were able to test the significance of the relation

between both [Sr/Ca]otolith and DSr with temperature using
both linear and quadratic functions.

Results

We determined that conditions during the initial rearing pe-
riod had little effect on the resultant otolith chemistry of the
experimental fish because otoliths from these fish averaged
less than 50 µg compared with a mean value of 890 µg for
otoliths from fish at the end of the experiment. The Sr/Ca
ratios of otoliths from 175 juvenile L. xanthurus ranged from
3.05 to 6.08 mmol·mol–1, with an overall mean of
4.40 mmol·mol–1. Water Sr/Ca values ranged from 11.91 to
19.36 mmol·mol–1, with an overall mean of 15.09 mmol·mol–1.
Sr/Ca partition coefficients ranged from 0.20 to 0.43, with an
overall mean of 0.29.

Biomineralization and growth rate effects
Using otolith mass as a proxy for aragonite precipitation

rates, an ANCOVA demonstrated no significant effect of
mean otolith mass among tanks on [Sr/Ca]otolith (F = 0.021,
p > 0.05, n = 24). There was, however, significant variability
in [Sr/Ca]otolith among tanks that were functions of tempera-
ture and salinity treatments and considerable variations in
otolith mass among individual fish within tanks (Table 1).
Because individual fish within a tank had experienced iden-
tical conditions, we also ran Pearson correlations between
otolith mass and otolith Sr/Ca within each of 23 tanks. A to-
tal of 14 of 23 correlations were negative, but only three of
23 correlations were significant after Bonferroni correction
for multiple tests. Somatic growth rates were, as expected,
significantly affected by tank temperature (F = 4.52, p <
0.05, n = 24) and tank salinity (F = 11.43, p < 0.05, n = 24).
An ANCOVA also demonstrated no significant effect of mean
growth rates among tanks on [Sr/Ca]otolith (F = 0.016, p >
0.05, n = 24). Looking at the relation within tanks, Pearson
correlations between growth rate and [Sr/Ca]otolith demon-
strated that although 16 of 23 correlations were negative,
only two of 23 correlations were significant after Bonferroni
adjustment.

Water chemistry
Elemental concentrations of ambient water in the tanks

were significantly different between salinity treatments
(Fig. 2). As expected, both Ca and Sr were higher at 25‰
than at 15‰ ([Ca]water , |t|0.05,(2),22 = 14.62, p < 0.05; [Sr]water ,
|t|0.05,(2),22 = 11.85, p < 0.05). Water Sr/Ca ratios did not vary
among temperature treatments but were significantly differ-
ent between salinity treatments ([Sr/Ca]water, |t|0.05,(2),22 =
10.41, p < 0.05). Proportionately lower Ca concentrations
relative to dissolved Sr in 15‰ salinity tanks led to higher
Sr/Ca ratios in the low salinity treatment (Table 1; Fig. 2),
presumably because Sr/Ca ratios were higher in the de-
ionized water source than in the 25‰ salinity artificial sea-
water.

Otolith [Sr/Ca]
The two-way ANOVA model found a significant salinity

and temperature effect on [Sr/Ca]otolith (Table 2). The inter-
action term was not significant (Table 2). A post-hoc Tukey
multiple comparison showed significant differences among
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Fig. 1. Solution-based inductively coupled plasma mass spec-
trometer (ICP-MS) measurements of Sr/Ca values in an otolith
certified reference material ([Sr/Ca]ref. std.) plotted in run order
through the two days of sample analyses. Overall precision
across all runs (n = 34) was 0.06% relative standard deviation
(RSD) in the reference material with a certified value of
2.782 mmol·mol–1 (Yoshinaga et al. 2000).
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all temperature treatments. There was also a significant lin-
ear, but not quadratic, relation between [Sr/Ca]otolith and tem-
perature (Table 2; Fig. 3). At 25‰ salinity, the linear least-
squares regression equation between [Sr/Ca]otolith and tem-
perature (r2 = 0.95, n = 12) was

(3) [Sr/Ca]otolith = 0.154 ± 0.012(T (°C))

+ 1.16 ± 0.256 (95% confidence interval)

For 15‰ salinity, the linear equation (r2 = 0.92, n = 12) was

(4) [Sr/Ca]otolith = 0.179 ± 0.017(T (°C))

+ 0.348 ± 0.382 (95% confidence interval)

Sr/Ca partition coefficients
We detected significant salinity and temperature effects on

Sr/Ca partition coefficients (Table 2), with a nonsignificant
interaction between the two factors (Table 2). The linear
function between DSr and temperature was significant, but
the quadratic function was not (Table 2; Fig. 4). For 25‰ sa-
linity, the linear least-squares regression equation between
DSr and temperature (r2 = 0.90, n = 12) was

(5) DSr = 0.010 ± 0.001(T (°C))

+ 0.088 ± 0.025 (95% confidence interval)

For 15‰ salinity, the linear equation (r2 = 0.91, n = 12) was

(6) DSr = 0.012 ± 0.001(T (°C))

+ 0.013 ± 0.026 (95% confidence interval)

Discussion

Both [Sr/Ca]otolith and Sr/Ca partition coefficients increased
linearly as a function of temperature over the ranges ana-
lyzed (17–26 °C). The temperature effect was not a result of
differences in water chemistry among temperature treat-
ments, as elemental concentrations and Sr/Ca ratios did not
differ among temperature treatments. Presumably, there was
no effect of diet, as all fish were fed the same food. More-
over, several experimental studies have found little evidence
for an effect of diet on otolith Sr incorporation (Hoff and
Fuiman 1995; Farrell and Campana 1996; Milton and
Chenery 2001). We cannot eliminate physiological differ-
ences when such differences are correlated with growth be-
cause there was a significant effect of temperature on growth
rate. However, aragonite precipitation rates and larval growth
rates within individual tanks were in most cases not signifi-
cantly correlated with Sr/Ca ratios in otoliths. Temperature
was therefore the dominant variable controlling Sr/Ca ratios
in the otoliths of larval spot in our experiment.

Bath et al. (2000) provided a first-order approximation of
the temperature partition coefficient relation for larval
spot, L. xanthurus (18–32.6 mm SL, mean = 24.2 mm SL):

(7) DSr = 0.0046(T (°C) + 0.089 (r2 = 0.62)

Two points are worth noting with respect to the results of
our earlier study. First, Bath et al. (2000) reported Sr/Ca par-
tition coefficients that were significantly lower at a given
temperature (0.18 at 20 °C, 20‰) than what we found in the
present study (0.26 at 20 °C, 15‰; 0.30 at 20 °C, 25‰).
The intercept of the linear regression between DSr and tem-
perature (for the 20 and 25 °C treatments) was statistically
indistinguishable between the two experiments. However,
the temperature sensitivity of the relation between DSr and
temperature in the present study (�5%·°C–1) was approxi-
mately twice that reported by Bath et al. (2000) (�2%·°C–1).
Larvae were reared at two temperatures in the earlier study
(20 and 25 °C). It is possible, therefore, that Bath et al.
(2000) underestimated the temperature dependence because
of a lack of temperature treatments. It is more difficult to
reconcile the different estimates of DSr between the two
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Fig. 2. Measured tank water (a) Ca and (b) Sr concentrations
(µg·g–1, ± standard error (SE)) by sample date for the duration of
the experiment. (c) The calculated Sr/Ca ratio (mmol·mol–1) in
these water samples. The solid symbols represent the 25‰ salin-
ity treatment tanks, and the open symbols represent the 15‰ sa-
linity treatment tanks. Each of the four temperature treatments is
represented by a different symbol shape: 17 °C (circles), 20 °C
(triangles), 23 °C (squares), and 26 °C (diamonds).
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studies because both were based on multiple treatments with
adequate levels of replication. We conclude that there are
other factors influencing the magnitude of DSr in the otoliths
of larval spot that remain to be identified.

The effect of temperature on Sr/Ca ratios in the otoliths of
other fish species is ambiguous. Several studies have also
shown positive effects of temperature on Sr incorporation
into otoliths (Kalish 1989; Limburg 1995; Arai et al. 1996).
Other researchers have suggested an inverse correlation be-
tween temperature and Sr/Ca ratios in otoliths (Radtke 1989;
Sadovy and Severin 1992; Secor et al. 1995) or have been
unable to detect any temperature dependence of [Sr/Ca]otolith
(Gallahar and Kingsford 1996; Tzeng 1996; Chesney et al.
1998). Methodological problems may be responsible for at
least some of these discrepancies, as few studies have ade-
quately constrained [Sr/Ca]water. The choice of analytical in-

strumentation may also be a factor, as most studies have
used electron probe microanalysis (EPMA). The application
of Sr/Ca thermometry, at least in coral skeletons, generally
requires instrument precision of better than 0.5% RSD (Lea
and Martin 1996). However, instrument uncertainty of Sr/Ca
measurements in otoliths using EPMA is typically on the or-
der of 5–10% (RSD) (e.g., Gunn et al. 1992; Campana et al.
1997). Precision of the Sr/Ca method using sector-field ICP-
MS that we employed was 0.06% RSD, matching the best
precision reported for instruments routinely used to deter-
mine Sr/Ca ratios in biogenic carbonates (Rosenthal et al.
1999; Schrag 1999). The increased precision of our esti-
mates over earlier probe-based methods certainly increased
our ability to detect relatively subtle, but predictable, effects
of temperature on Sr/Ca ratios. We suspect that developmen-
tal stage may also influence Sr/Ca in otoliths. Kalish (1990)
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Source SS df MS F p < F

Otolith [Sr/Ca]
Salinity 0.241 1 0.241 7.42 0.015
Temp 6.20 3 2.1 63.6 <0.001
Salinity × temperature 0.068 3 0.023 0.695 0.569
Error 0.520 16 0.032
Linear 5.98 1 5.98 184 <0.0001
Quadratic 0.047 1 0.047 1.46 0.245

DSr

Salinity 0.011 1 0.011 61.8 <0.0001
Temperature 0.027 3 0.009 52.2 <0.0001
Salinity × temperature 0.0004 3 0.000 0.78 0.524
Error 0.003 16 0.000
Linear 0.026 1 0.026 151 <0.0001
Quadratic 0.0002 1 0.0002 1.17 0.295

Note: SS, sums of squares; df, degrees of freedom; MS, mean squares.

Table 2. Leiostomus xanthurus. Analysis of variance (ANOVA) table summarizing the effect of
salinity and temperature treatments on otolith [Sr/Ca] and the Sr distribution coefficient (DSr),
along with significance tests of linear and quadratic contrasts between temperature and otolith
[Sr/Ca] and temperature and DSr.

Fig. 3. Sr/Ca (mmol·mol–1) ratios in otoliths of laboratory-reared
Leiostomus xanthurus as a function of tank temperatures (°C) at two
salinity levels: 15‰ (�) and 25‰ (�). The lines were fitted by lin-
ear least-squares regression for each of the salinity treatments.

Fig. 4. Sr/Ca partition coefficients (DSr) for otoliths of laboratory-
reared Leiostomus xanthurus as a function of tank temperatures
(°C) at two salinity levels: 15‰ (�) and 25‰ (�). The lines
were fitted by linear least-squares regression for each of the sa-
linity treatments.
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suggested that variations in Ca-binding proteins caused by
changes in reproductive status influenced Sr/Ca ratios in
otoliths of adult fish. Such regulation may then be less im-
portant in the larval stages that we examined compared with
studies on older life history stages. Finally, it is likely that
Sr and Ca uptake in otoliths is species-specific, and there-
fore a single relationship between Sr/Ca and temperature
may not apply to all marine fish species.

Considerable debate also surrounds the temperature de-
pendence of Sr/Ca partition coefficients in other biogenic
carbonates. Most work has been conducted on the aragonite
skeletons of hermatypic corals that typically demonstrate an
inverse relation between DSr and temperature (Smith et al.
1979; Beck et al. 1992; Sinclair et al. 1998). Positive corre-
lations have been identified between DSr and temperature in
molluscs (Buchardt and Fritz 1978; Klein et al. 1996; Vander
Putten et al. 2000) and calcitic foraminifera (Elderfield et al.
1996; Lea et al. 1999). Interestingly, Sr/Ca ratios of the ar-
agonite from studies that documented a positive relation
between DSr and temperature were considerably lower
(<2.5 mmol·mol–1) than that found in coral or sclerosponge
aragonite (8–10 mmol·mol–1). There may, therefore, be fun-
damentally different mechanisms generating the temperature
dependence of Sr/Ca ratios between low Sr and high Sr ar-
agonite. Stecher et al. (1996) and Purton et al. (1999) sug-
gested that metabolic effects correlated with temperature led
to positive correlations between Sr/Ca and temperature in bi-
valve and gastropod shells. We have been consistently un-
able to find correlations between otolith Sr/Ca and several
proxies of metabolic rate (somatic and otolith growth) in in-
dividual spot larvae. Clearly more work in this area is needed,
although we believe that there is now sufficient evidence to
reject analogies between the temperature dependence of DSr
in coral skeletons and fish otoliths.

More Sr was incorporated into larval spot otoliths at sa-
linities of 25‰ than at 15‰, after accounting for differences
in the Sr/Ca ratios of the rearing water. Dietary effects were
unlikely to have caused the differences, following the argu-
ment outlined above for temperature. Rather, absolute Sr
levels appeared to influence otolith Sr/Ca values beyond that
predicted by [Sr/Ca]water. Recent studies by Chowdhury and
Blust (2001, 2002) provide a potential mechanism for our
observations. They found that dissolved Ca and Sr in fresh-
water carp mutually inhibited uptake of ions across branchial
and intestinal membranes. Positive, nonlinear inhibition of
Ca ions by Sr ions at uptake sites on these membranes would,
in turn, result in the observed effect of dissolved Sr on Sr/Ca
ratios in otoliths.

The observation that Sr/Ca ratios in otoliths depend on
temperature, [Sr/Ca]water, and [Sr]water raises a number of po-
tential problems for fish Sr thermometry. Both [Sr/Ca]water
and [Sr]water must be constrained before temperature can be
estimated from otolith Sr/Ca. Because Sr and Ca have long
(�106 years) residence times in the world’s oceans, fish that
spend their entire lives in shelf or oceanic water masses will
not experience significant variations in either [Sr]water or
[Sr/Ca]water. However, many fish species living in coastal
waters are estuarine-dependent and traverse waters of vari-
able water chemistry and temperature. Reconstruction of
temperature histories will therefore require independent esti-
mates of [Sr]water and [Sr/Ca]water. Temperature and salinity

are easy to measure and are frequently incorporated in sam-
pling designs. Water strontium and calcium concentrations
are rarely measured yet seem to be critical for the applica-
tion of strontium thermometry to field-collected fish.

In summary, Sr/Ca ratios in the otoliths of larval spot are
determined primarily by the physicochemical properties of
the ambient water. When combined with the results of our
earlier study (Bath et al. 2000), we conclude that tempera-
ture, [Sr/Ca]water, and [Sr]water all have significant effects on
otolith Sr/Ca ratios. In contrast, we saw no consistent evi-
dence for metabolic effects on Sr/Ca ratios in otoliths, at
least to the extent that metabolic rates are correlated with in-
dividual growth rates. Unfortunately, this does not mean that
otolith Sr/Ca thermometry will be easy in estuarine-dependent
fish species because independent geochemical tracers that
constrain both [Sr/Ca]water and [Sr]water will need to be devel-
oped. For instance, both stable oxygen (18O/16O) and stron-
tium (87Sr/86Sr) isotopes vary linearly with [Sr]water and
[Ca]water in estuarine systems (Chesney et al. 1998; Thorrold
et al. 1998). We suggest, however, that marine fishes that do
not experience significant variations in [Sr]water and [Ca]water
are logical species to test our ability to reconstruct tempera-
ture histories from Sr/Ca ratios in otoliths.
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