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Abstract—The trace elemental composition of calcified larval hard parts may serve as useful tags of natal
origin for invertebrate population studies. We examine whether the trace metal barium (Ba) deposits into the
calcium carbonate matrix of molluscan larval statolith and protoconch in proportion to seawater Ba concen-
tration at two temperatures (11.5 and 17°C). We also examine strontium (Sr) uptake as a function of
temperature. Using encapsulated larvae of the marine gastropod,Kelletia kelletii, reared in the laboratory
under controlled conditions, we demonstrate a significant inverse effect of temperature and a positive effect
of seawater Ba/Ca ratio on Ba incorporation into larval carbonates. Ba/Ca partition coefficients (DBa) in
protoconch were 1.13 at 11.4°C and 0.88 at 17.1°C, whileDBa in larval statolith measured 1.58 at 11.4°C and
1.29 at 17.1°C. Strontium incorporation into statoliths is also inversely affected by temperature, but there was
a significant positive effect of temperature on Sr incorporation into protoconch. These data suggest larval
statoliths and protoconchs can meaningfully record variation in seawater physical and chemical properties,
and, hence, have potential as natural tags of natal origin.Copyright © 2003 Elsevier Ltd

1. INTRODUCTION

Examination of the trace metal content of biogenic carbon-
ates (e.g., foraminiferal shell calcite, coral aragonite) provides
a wealth of information about the chemistry of both historic and
modern oceanic seawater. Historic information about climate
change (Lea et al., 2000), oceanic nutrient geochemistry (Lea et
al., 1989), deep-ocean circulation patterns (Adkins et al., 1998;
Boyle, 1990), histories of anthropogenic metal pollution
(Schettler and Pearce, 1996; Price and Pearce, 1997), and
reconstructed patterns in El Nin˜o Southern Oscillations (Shen
and Sanford, 1990; Tudhope et al., 2001) can all be elucidated
from carbonate-bound trace metals.

Recently, fish biologists have found that the trace element
composition of aragonitic fish otoliths (ear stones) is also useful
for reconstructing fish environmental history. As fish migrate or
disperse across gradients in seawater temperature, salinity, or
elemental composition, their travels can be ‘recorded’ as
changes in the chemical composition of their hard parts. Fish
scientists have examined trace elements present in the otolith to
track migration and dispersal patterns, and to identify spawning
grounds and juvenile nursery habitats (Gillanders and Kings-
ford, 1996; Campana, 1999; Swearer et al., 1999; Thorrold et
al., 2001). Perhaps most useful from a fisheries perspective is
that larval otoliths formed at the source of production poten-
tially carry a natural chemical tag of their origin in their
elemental composition. This natural tag can represent a per-
manant record of a fish’s natal origin, and can later be sampled
in juvenile and adult individuals by laser ablation techniques.
Analogous tools exist for identifying invertebrate larval natal

origin, yet their utility has only recently been investigated
(Dibacco and Levin, 2000; Zacherl, 2002; Zacherl et al., 2003).
Larval invertebrate molluscs, for example, form aragonitic sta-
toliths and protoconchs (larval shells) that might also record a
natural natal tag. For both fishes and invertebrates, develop-
ment of this tool, leading to identification of source popula-
tions, would greatly enhance the ability of resource managers to
effectively manage fishery resources (Crowder et al., 2000;
Warner et al., 2000).

Using the trace elemental composition of larval aragonitic
otoliths, statoliths, and protoconchs as a proxy for natal source
relies on the assumption that spatial variation in seawater
physical and chemical properties will somehow be reflected in
the elemental composition of the larval hard part. The extent of
trace metal substitution into otolith, statolith, and protoconch
aragonite structures could be influenced by a host of potential
factors including dissolved ion concentrations in seawater, ther-
modynamic constraints on ion substitution, temperature, salin-
ity, and precipitation rate. Further, potential fractionation of
ions as they move across interfaces from water to gills, and
from blood to extrapallial or endolymph fluid, can complicate
correlations between water and carbonate chemistry (Campana,
1999).

The mechanism of metal substitution into calcified structures
is understood as follows: divalent metals like Sr 2�� and Ba
2�� have ionic radii similar to Ca 2�� and can therefore be
incorporated into calcified structures such as aragonite through
substitution reactions, e.g.,

CaCO3 � Ba2�3 BaCO3 � Ca2� (1)

Given the long list of factors potentially affecting the incorpo-
ration of metals into aragonite, the most parsimonious way to
relate seawater metal/Ca (Me/Ca) directly to aragonite Me/Ca
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is to determine it empirically. Lea and Spero (1992) discuss a
method to relate seawater Me/Ca to carbonate Me/Ca by the
expression

[Me/Ca]carbonate � DMe[Me/Ca]H2O (2)

where DMe is an empirical partition coefficient that directly
relates observed carbonate Me/Ca to the total ion ratios in
seawater.

In some biogenic carbonates, and for some elements, the
relationship between seawater metal/Ca and carbonate met-
al/Ca has been validated empirically. For example, Lea and
Spero (1992, 1994) and Mashiotta et al. (1997) determined
partition coefficients for Ba and Cd in shell calcite of plank-
tonic Foraminifera via controlled lab culturing experiments.
Bath et al. (2000) and Wells et al. (2000) completed culturing
experiments on fishes to determine partition coefficients of
trace metals in otolith aragonite (Sr, Ba) and scale apatite (Sr,
Cd, Ba).

For ocean dwelling species forming calcified structures, vari-
ations in Sr/Ca and Mg/Ca cannot easily be explained by
examining variations in seawater Me/Ca because Sr/Ca and
Mg/Ca ratios are nearly constant in oceanic seawater (i.e., Sr
and Mg are generally considered conservative elements, but see
de Villiers, 1999). Environmental factors such as temperature
likely explain much of the Mg/Ca variation seen in biogenic
carbonates (Nürnberg et al., 1996; Lea et al., 1999). However,
there is a rich history of contradiction in the literature concern-
ing Sr incorporation into biogenic carbonates as a function of
temperature. Lea et al. (1999) provide empirical evidence that
Sr/Ca increases with temperature in foraminiferal calcite. How-
ever, correlative field studies on coral aragonite generally dem-
onstrate an inverse effect of temperature (de Villiers et al.,
1995; Shen et al., 1996; Marshall and McCulloch, 2002). This
inverse effect of temperature on Sr/Ca in aragonite concurs
with thermodynamic predictions (Appendix 1) and with studies
on inorganic precipitation of aragonite (Kinsman and Holland,
1969). It is not alarming that metal incorporation into calcite
versus its polymorph, aragonite, shows differing responses to
temperature. However, contradictions exist even within arago-
nite studies. Empirical laboratory studies have reported positive
(Bath et al., 2000), negative (Smith et al., 1979; Secor et al.,
1995), nonlinear (Kalish, 1989; Elsdon and Gillanders, 2002)
and nonexistent (Gallahar and Kingsford, 1996) relationships
between temperature and Sr/Ca in aragonite coral and otolith.

To date, only one study has examined factors influencing
trace metal uptake into statolith aragonite (Ikeda et al., 2002);
no study has examined factors influencing trace metal uptake
into protoconch aragonite. In this study, we test the assumption
that spatial variation in the physical and chemical properties of
seawater can be reflected in the elemental composition of
aragonitic statoliths and shells from marine invertebrates. Un-
der controlled culturing conditions, we examine the incorpora-
tion of Ba and Sr into the protoconch and statolith aragonite of
encapsulated Kelletia kelletii larvae as a function of tempera-
ture, and further examine the incorporation of Ba as a function
of seawater Ba/Ca. We comment upon the utility of these
invertebrate hard parts as markers of natal origin.

2. EXPERIMENTAL METHODS

2.1. Study Organism

Kelletia kelletii is a common predatory buccinid gastropod in rocky
subtidal habitats from Baja California, Mexico to central California,
USA. Juveniles and adults generally occupy a vertical distribution from
2 to 70 m in depth (Rosenthal, 1970) and typically occur on rocky reefs
and cobble-sand interfaces in kelp forests. This whelk is a generalist
predator that feeds on a variety of mobile and sessile invertebrates.

Kelletia kelletii reproduce annually, with egg laying restricted to late
spring and summer (late May through August). The females lay egg
capsules in masses on benthic hard substrate where embryos develop
into encapsulated veliger larvae for a period of approximately 30–34 d.
Each egg capsule contains approximately 400–2000 larvae. The
hatched veliger larvae are pelagic; the length of this life stage is
unknown (Rosenthal, 1970; Morris et al., 1980).

2.2. Larval Culturing

SCUBA divers collected egg capsules from masses produced by
Kelletia kelletii at Isla Vista Reef, Santa Barbara, CA, in early July
2000. We rinsed egg capsules with 0.2 �m filtered seawater to remove
sand fragments and algal growth, then added 4 egg capsules each to 24
culture flasks, randomizing brood stock identification. Groups of three
flasks were randomly assigned to each of four levels of seawater Ba/Ca
at two treatment temperatures. The Ba/Ca treatment groups included a
baseline treatment at ambient coastal seawater Ba/Ca, and then 2�,
4�, and 6� ambient levels (see Table 1 for Ba/Ca values). Ba con-
centrations ranged from � 35 nmol/L (ambient) to 176 nmol/L, ap-
proximating the actual range present in the world oceans (Chan et al.,
1977; Ostlund et al., 1987). Sr concentrations were not manipulated
because this species inhabits oceanic waters, where Sr varies by only
2–3% globally (de Villiers, 1999). The temperature treatment groups
(11.4 and 17.1°C) reflected the average extremes in temperature
throughout K. kelletii’s range during larval development periods in
June through August. Seawater temperature was controlled by partially
immersing culture flasks into water baths equipped with heaters and
chillers. Tidbit temperature loggers recorded water temperature within
each water bath every 14 min throughout the entire experiment (Table
2). For the culturing water source, 100 L of 0.2 �m filtered ambient
seawater (collected from running seawater pipes at University of Cal-
ifornia, Santa Barbara) were archived into acid leached carboys. The
Ba spiked seawater was prepared by adding appropriate amounts of a
stock solution of BaCl2 into acid leached Nalgene bottles and then
adding these prepared treatments to the culturing flasks. We collected

Table 1. Summary of average seawater Ba/Ca �mol/mol �1 stan-
dard error for each seawater Ba/Ca treatment group. N � 6 water
samples per treatment.

Treatment level
Avg. seawater Ba/Ca
(�mol/mol) � 1 SE

Ambient 3.47 � 0.03
2� 6.31 � 0.02
4� 11.78 � 0.10
6� 17.49 � 0.08

Table 2. Summary of temperature (T) conditions for cultures in the
warm and cold temperature treatment groups.

Variable
Warm

treatment
Cold

treatment

Mean T (°C) 17.1 11.4
Standard deviation 0.2 0.2
Minimum T 16.5 10.9
Maximum T 17.6 12.2
Count 3393 3393
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water samples from each prepared treatment level every fourth day of
the experiment just before introduction into culturing flasks. Samples
were filtered through 0.2 �m membrane filters, acidified with trace
metal grade 12 N HCL to � pH2, and then stored for analysis (Table
1). We changed 50% of the volume of each culture flask every other
day to maintain water quality. The culturing experiment ran until larvae
were near hatching for a total of 30 d. At termination, we collected
water samples from each culturing flask to ensure that seawater Ba and
Sr concentrations remained constant among culture flasks within a
treatment group. In all cases, there were no significant differences in
seawater Ba/Ca or Sr/Ca among flasks. Further, the Sr concentrations
remained constant among all treatment groups.

2.3. Protoconch, Statolith, and Water Analyses

At termination of the experiment, we isolated larval statoliths and
protoconchs for analysis. All of the isolation steps were performed in
a clean laboratory equipped with class 100 laminar flow hoods. All of
the glassware used in the isolation steps was first cleaned using Cit-
ranox soap, rinsed 5 times with distilled water (resistivity �2 M� · cm)
and then rinsed 5 times with ultra pure water (resistivity �18.1 M� ·
cm).

To isolate protoconchs from the encapsulated veliger larvae, we
removed the larvae from the capsules and dissolved all visible organic
tissue away from the shells in an acid rinsed glass beaker using a
peroxide cleaning solution of an equal volume mixture of 30% H2O2

buffered in 0.1 N NaOH. Protoconch and statolith material could be
separated using a 50�m mesh filter, and the protoconchs were then
rinsed 5 times with ultra pure water (resistivity �18.1 M� · cm). To
ensure sufficient shell material for trace element analysis, protoconchs
from individual larval snails within a capsule were pooled into groups
of 50 and then dry stored in ultra pure H2O rinsed polyethylene vials.
To remove any remaining organics from the protoconchs, we cleaned
each sample using 250 �L 15% H2O2 in 0.05 N NaOH for 20 min at
65°C, then rinsed each sample 4 times with ultra pure H2O, heat rinsed
them with ultra pure H2O for 20 min at 65°C, and then rinsed them
again with ultra pure H2O. Using a small amount of ultra pure H2O, we
transferred samples into acid-leached polyethylene vials, and com-
pletely dissolved the samples in 400 �L 0.1 N nitric acid spike solution
containing enriched 135Ba, scandium 45 (45Sc) and yttrium 89 (89Y).
These isotope spikes are used to quantify the concentrations of Ba by
isotope dilution analysis (Lea and Martin, 1996), and Ca and Sr by
means of internal standardization equations. Samples were blocked by
treatment group, such that one sample from each treatment comprised
a block within which samples were randomized. These samples were
introduced into a Finnigan Element 2 sector field inductively coupled
plasma mass spectrometer (ICP-MS) using a microflow nebulizer at 20
�L/min. Sensitivity measured 106 cps for 1 ppb indium. We formulated
a mock shell solution that mimicked the Ba/Ca and Sr/Ca ratios
expected in molluscan aragonite (� 2 �mol/mol and � 9 mmol/mol,
respectively). This reference material could then be used to determine
the precision of the solution-based analysis. The mock shell consis-
tency standard was analyzed twice at the beginning of the experimental
run and twice at the termination of the run. The reproducibility of the
mock shell consistency standard during the experimental run was
0.71% for Ba and 0.94% for Sr (n � 6). Detection limits were
calculated for each isotope by calculating the standard deviation of the
intensities of representative isotopes present in 1% nitric acid
(HNO3)instrument blanks, and then multiplying the standard deviation
by three. Intensities of blank subtracted samples were �2000 times the
detection limit for Ba and �1000 times the detection limit for Ca and
Sr. Ba and Sr concentrations were standardized to Ca. We compared
larval protoconch Ba/Ca and Sr/Ca using ANOVA to test for the
hypotheses of no overall effect of seawater Ba/Ca on Ba incorporation
into protoconch aragonite, no overall effect of temperature on Ba and
Sr incorporation into protoconch aragonite, and no interaction effect
between temperature and seawater Ba/Ca on Ba incorporation into
protoconch aragonite.

We collected water samples for each treatment every 4 d and
additionally collected water samples from randomly selected culture
bottles when changing seawater, for a total of 6–8 seawater samples
per treatment. Water samples were analyzed using isotope dilution
ICP-MS for Ba and internal standardization procedures for Sr and Ca.

To isolate larval statoliths from the egg capsules, we removed the
larvae from the capsules and released the statoliths by immersing the
larvae into a peroxide cleaning solution of 15% H2O2 in 0.05 N NaOH.
Released statoliths would fall to the bottom of the glass beaker. After
vigorously swirling the beaker to concentrate the statoliths in the
center, they were collected with a pipette. We pipetted statoliths into a
glass beaker containing 15–20 mL ultra pure H2O to rinse the cleaning
solution away, then repeated this rinse step. Statoliths were again
collected into the center of the glass beaker, and then pipetted onto an
ultra pure H2O rinsed 20�20 mm plastic slide. We used an acid rinsed
pipette tip to draw off excess water, and allowed the remaining water
to evaporate in a class 100 clean hood. Statoliths were mounted onto
double-sided tape (Scotch) for laser ablation ICP-MS analysis. To
measure Ba/Ca and Sr/Ca ratios in larval statoliths, we analyzed 10
individual larval statoliths per culture. We introduced samples into the
ICP-MS using a VG-UV microprobe Nd:YAG laser ablation system,
frequency-quadrupled to 266 nm with a crater diameter of 20 �m. Each
statolith was completely consumed in ablation. In our system, we
directly connected the carrier gas line from the laser sample cell to the
nebulizer system of the ICP-MS. When samples were being ablated by
the laser and transferred to the spray chamber, the nebulizer was
aspirating a 1% HNO3 solution. Similarly, when standard solutions in
a 1% HNO3 matrix and 1% HNO3 instrument blanks were aspirated
through the nebulizer, the carrier gas from the sample cell flowed. In
this manner, the plasma conditions were kept constant during analysis
of standards, instrument blanks and samples. The Me/calcium ratio was
determined using matrix matched solution based standards of known
Me/calcium ratio and applying a mass bias correction (Rosenthal et al.,
1999). We used National Institute of Standards and Technology (NIST-
612) glass standards as reference materials from which we could
estimate the precision of the laser ablation method. The reproducibility
of the Ba/Ca ratios in the NIST-612 standard for this study was 3.3%.
We chose to quantify elemental concentrations using our matrix
matched standard solution instead of the NIST standard, since the NIST
glass lacks the aragonite-dominated matrix of statoliths. This semi-
quantitative approach is not without its limitations. Despite evidence of
good quantitative agreement between aragonite-dominated matrix
matched materials analyzed in solution versus laser-based modes
(Thorrold et al., 1997), which would suggest that our use of solution
based standards is robust, the continued lack of certified matrix
matched solid reference materials means that comparisons among other
published studies should be interpreted with caution (Campana, 1999).
We again determined detection limits for each element using the
method described above. Intensities of blank subtracted samples were
�45 times the detection limit for Ba and �165 times the detection limit
for Ca and Sr. We compared larval statolith Ba/Ca ratios using a nested
ANOVA (statoliths nested within cultures, with statoliths assigned a
random effect) to test for the hypotheses of no overall effect of
seawater Ba/Ca on Ba incorporation into statolith aragonite, no overall
effect of temperature on Ba incorporation into statolith aragonite, and
no interaction effect between temperature and seawater Ba/Ca on Ba
incorporation into statolith aragonite. Larval statolith Sr/Ca ratios were
compared using a nested ANOVA (statoliths nested within cultures,
with statoliths assigned a random effect) to test for the hypothesis of no
overall effect of temperature on Sr incorporation into statolith arago-
nite.

3. RESULTS

3.1. Ba/Ca in Protoconchs

The Ba/Ca ratios in protoconchs from encapsulated Kelletia
kelletii larvae were directly proportional to the Ba/Ca in the
culturing seawater (Fig. 1, Table A1). We log normalized the
Ba/Ca protoconch data to correct for heteroscedasticity in error
variance, and then analyzed the data by ANOVA. The ANOVA
showed a significant temperature effect and a significant effect
of seawater Ba/Ca on log Ba/Ca in protoconch (Table A2 for
test statistics details).

At 11.4°C, least squares regression describes a tight linear

4093Barium and strontium in protoconch and statolith



relationship (r2 � 0.94, p � 0.0001) between [Ba/Ca]protoconch

and [Ba/Ca]H2O as:

[Ba/Ca]protoconch � 1.11 � 0.23 [Ba/Ca]H2O � 0.22 � 2.33 (3)

At 17.1°C, the linear relationship (r2 � 0.98, p � 0.0001) was:

[Ba/Ca]protoconch � 0.76 � 0.10 [Ba/Ca]H2O � 1.41 � 1.02 (4)

The errors associated with the regression coefficients reported
above (and hereafter) represent 95% confidence intervals.

To calculate partition coefficients (DBa), the convention is to
force the regression lines through the zero intercept (Lea and
Spero, 1992, 1994), with the assumption that larval molluscs
developing in Ba free seawater would be expected to have no
Ba in their statoliths and protoconchs. This convention makes
the assumption that [Ba/Ca]protoconchs reflects only Ba contri-
butions from seawater and precludes the potential for maternal
Ba contributions in yolk. In fish otoliths, the majority of Sr and
Ca in the carbonate crystal are thought to be derived from water
(Farrell and Campana, 1996); for Ba, the relative contributions
from environment versus diet are unknown. Nonetheless, for
the purposes of comparison with other studies, we proceeded
with the convention of forcing the regression lines through the
zero intercept to calculate DBa. Estimates of DBa were 1.13 �
0.11 (95% CI) at 11.4°C and 0.88 � 0.07 (95% CI) at 17.1°C.

3.2. Ba/Ca in Statoliths

The Ba/Ca ratios in statoliths from encapsulated Kelletia
kelletii larvae were, like protoconch Ba/Ca, directly propor-
tional to the Ba/Ca in the culturing seawater (Fig. 2, Table A1).
Treatment group variances violated the ANOVA assumption of
heteroscedasticity of variances; therefore, we log normalized
the Ba/Ca protoconch data to complete the ANOVA. The
ANOVA showed a significant temperature effect and a signif-

icant effect of seawater Ba/Ca on log Ba/Ca in statoliths (Table
A3).

At 11.4°C, least squares regression describes a linear rela-
tionship (r2 � 0.93, p � 0.0001) between [Ba/Ca]statolith and
[Ba/Ca]H2O

as:

[Ba/Ca]statolith � 1.43 � 0.27 [Ba/Ca]H2O � 1.91 � 3.01

(5)

At 17.1°C, the linear relationship (r2 � 0.95, p � 0.0001) was:

[Ba/Ca]statolith � 1.25 � 0.20 [Ba/Ca]H2O � 0.43 � 2.24

(6)

The errors associated with the regression coefficients reported
above represent 95% confidence intervals. To calculate parti-
tion coefficients (DBa), we constrained the regression lines
through the zero intercept (see section 3.1.) to calculate DBa.
Estimates of DBa were 1.58 � 0.13 (95%CI) at 11.4°C and
1.29 � 0.09 (95% CI) at 17.1°C.

3.3. Sr/Ca in Protoconchs and Statoliths

Results from ANOVA demonstrate a positive effect of tem-
perature on strontium incorporation into protoconch (p �
0.0004, Table A4). Protoconch Sr/Ca increased from 2.73 �
0.06 (SE) mmol/mol at 11.4°C to 3.08 � 0.06 mmol/mol at
17.1°C (Fig. 3).

For statoliths, treatment group variances violated the
ANOVA assumption of heteroscedasticity of variances; there-
fore, we log normalized the Sr/Ca statolith data to complete the
ANOVA. The ANOVA showed a significant inverse tempera-
ture effect on Sr incorporation into statoliths (p � 0.001, Table
A5). Statolith Sr/Ca decreased from 10.16 � 0.09 mmol/mol at
11.4°C to 9.11 � 0.09 (SE) mmol/mol at 17.1°C (Fig. 3).

Fig. 1. Mean Ba/Ca ratios ([Ba/Ca]protoconch � SE) in protoconchs of
laboratory-reared larval Kelletia kelletii versus Ba/Ca ratios of cultur-
ing water ([Ba/Ca]H2O � SE) at 11.4°C (o, solid line) and at 17.1°C
(solid square, dashed line). Lines show linear least squares regressions
for both temperature treatments. At 11.4°C, the linear relationship (r2 �
0.94, p � 0.0001) is [Ba/Ca]protoconch � 1.11 � 0.23 [Ba/Ca]H2O �
0.22 � 2.33. At 17.1°C, the linear relationship (r2 � 0.98, p � 0.0001)
is [Ba/Ca]protoconch � 0.76 � 0.10 [Ba/Ca]H2O � 1.41 � 1.02.

Fig. 2. Mean Ba/Ca ratios ([Ba/Ca]statoliths � SE) in statoliths of
laboratory-reared larval K. kelletii versus Ba/Ca ratios of culturing
water ([Ba/Ca]H2O � SE) at 11.4°C (o, solid line) and at 17.1°C (solid
square, dashed line). Lines show linear least squares regressions for
both temperature treatments. At 11.4°C, the linear relationship (r2 �
0.93, p � 0.0001) is [Ba/Ca]statolith � 1.43 � 0.27 [Ba/Ca]H2O � 1.91
� 3.01. At 17.1°C, the linear relationship (r2 � 0.95, p � 0.0001) is
[Ba/Ca]statolith � 1.25 � 0.20 [Ba/Ca]H2O � 0.43 � 2.24.
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4. DISCUSSION

4.1. Ba Partition Coefficients in Biogenic Aragonitic
Structures

Calculated partition coefficient values for Ba, ranging from
0.88 for protoconchs at 17.1°C to 1.58 for statoliths at 11.4°C,
bracket DBa values previously calculated for the aragonitic
skeletons of hermatypic corals (�1.3; Lea et al., 1989). How-
ever, these DBa values differ dramatically from those reported
by Bath et al., (2000) in their culturing study examining Ba
uptake into the aragonitic otoliths of estuarine fish larvae
(�0.06). A partition coefficient less than 1.0, such as in the
Bath et al., (2000) study, indicates that Ba is discriminated
against during precipitation. This discrimination is probably not
due to thermodynamic constraints, as Ba is readily incorporated
into aragonite (Speer, 1983). Rather, the discrimination may be
due to physiologic fractionation of ions as they move across
fish membrane interfaces (Campana, 1999). The difference in
their reported DBavalue versus that for aragonitic structures in
our study may simply reflect variation in physiologic fraction-
ation of Ba ions.

Linear least squares regressions (as depicted in Figs. 1 and 2
for protoconchs and statoliths, respectively) indicate a lack of a
convincing fit of the data through the origin. This nonzero value
for protoconch and statolith Ba/Ca with zero Ba/Ca in seawater
has also been observed in fish otolith culturing studies (Bath et
al., 2000), but does not seem to be indicated by foraminifera
culturing studies (e.g., Lea and Spero, 1992). There are several
possible explanations for the observed pattern. First, these data
might indicate a nonlinearity between seawater Ba/Ca and
protoconch or statolith Ba/Ca at low seawater Ba concentra-
tions. Alternatively, an additional source (e.g., yolk) besides
seawater might contribute Ba to the developing larva as it
builds its calcified larval structures. Last, while cleaning ex-
periments using the methods described for this study suggest
effective removal of the organic components of these carbonate
materials (D. Zacherl, unpublished data), the possibility re-
mains that some residual organic component of the pro-
toconchs/statoliths contribute to the measured Ba/Ca ratio. Fu-

ture studies aimed at measuring maternal contributions (i.e.,
from yolk) of elements may help account for this observed
elevated Ba/Ca in larval calcified structures.

4.2. Temperature Effects on Ba and Sr Incorporation

Our results represent the first conclusive demonstration of a
temperature effect on DBa into an aragonitic structure. Lea et
al., (1989) speculated that temperature effects likely influenced
quasiperiodic oscillations in coral aragonite Ba/Ca, but other
studies do not appear to support this influence (e.g., Sinclair et
al., 1998). In particular, Bath et al. (2000) examined Ba uptake
into the aragonitic otoliths of marine fish under controlled
laboratory culturing conditions, yet found no temperature ef-
fect. One possible explanation for the temperature effect found
in K. kelletii aragonitic hard parts could be reflected in the
partition coefficients that hover near the calculated thermody-
namic distribution coefficient for Ba in aragonite (�1.3, Shen
and Sanford, 1990). In other words, Ba/Ca in aragonitic K.
kelletii structures appears to closely reflect seawater Ba/Ca,
making Ba incorporation largely under the control of thermo-
dynamic constraints. Thermodynamic calculations also predict
a temperature effect. The reaction

Ba2� � CaCO33 BaCO3 � Ca2� (7)

has a negative enthalpy (i.e., exothermic; Appendix 1); it
should be favored at colder temperatures. Our higher DBa

values at lower temperatures qualitatively fit predictions im-
posed by thermodynamic considerations.

Another explanation for our observed temperature effect on
DBa may be related to aragonite crystal precipitation rate. The
relationship between precipitation rate and barium incorpora-
tion into biogenic aragonite is relatively unexplored. The Bath
et al. (2000) study suggests barium incorporation into arago-
nitic otoliths is unrelated to precipitation rate. Studies of syn-
thetic aragonite growth concur with this notion that rate effects
are not involved (Zhong and Mucci, 1989). In the absence of
growth rate data from this culturing experiment and an exper-
imental design that could decouple the effects of temperature
and growth rate, the role of aragonite precipitation rate in
determining Ba/Ca ratios in our statoliths and protoconchs is
undetermined. We plan future culturing experiments aimed at
teasing apart temperature effects and aragonite precipitation
rate.

It was difficult to predict if we might expect a Sr-temperature
relationship in this culturing experiment because of the history
of contradiction in the literature concerning Sr incorporation
into aragonite as a function of temperature. The opposite rela-
tionships found in this experiment are perplexing. Thermody-
namic parameters predict a negative temperature dependence
on Sr incorporation into aragonite structures (Appendix 1),
which might explain the results for Sr in statoliths. However,
protoconch Sr/Ca is clearly not under thermodynamic control.

What other factors could influence Sr/Ca in such a way as to
reverse the Sr-temperature relationship observed in protoconch
versus statolith? In coral aragonite studies, there is evidence
that Sr incorporation is inversely proportional to coral exten-
sion (growth) rate (de Villiers et al., 1995). Stecher et al. (1996)
reported opposing Sr-temperature relationships in studies of the

Fig. 3. Mean Sr/Ca ratios ([Sr/Ca]hard part � SE) in protoconchs and
statoliths of laboratory-reared larval K. kelletii at 11.4°C (open square)
and at 17.1°C (solid square).
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aragonite layers of shells of two mollusk species. One species
exhibited greatest growth during warm summer months, while
the other exhibited greatest growth during cold winter months.
Stecher et al. concluded that differences in growth rate pro-
vided a more parsimonious explanation than temperature for
the differential patterns of Sr incorporation. To test whether
that explanation could explain our pattern, we reared larvae at
three temperatures and measured the growth rates of statolith
and protoconch. Temperature had a positive effect on growth
rates of both materials and the relationship between statolith
and protoconch growth rates was strongly linear (Fig. 4). This
evidence strongly suggests that the opposite Sr-temperature
relationships we observed were not due to differences in the
response of growth rate to temperature. However, the growth
rates of these two materials did differ by more than an order of
magnitude, with protoconch growing � 20 times faster than
statolith (Fig. 4). The possibility remains that the slope of the
temperature effect reverses as growth rate increases. This ex-
planation seems unlikely but cannot be ruled out without fur-
ther experimentation.

Last, the absolute value of Sr/Ca in protoconchs is �1/3 that
for Sr/Ca in statoliths (Fig. 3). Incorporation of Ba into pro-
toconch versus statolith shows the same qualitative effect,
where the absolute value of Ba/Ca in protoconch is �1/2 to 2/3
that for statoliths (at 11.4°C, compare DBa protoconch � 1.13
to DBa statolith � 1.58; at 17.1°C, compare DBa protoconch �
0.88 to DBa statolith � 1.29). This pattern, coupled with the
observation of a positive temperature dependence for Sr/Ca
into protoconch, which contradicts the thermodynamic predic-
tions for Sr incorporation into aragonite, suggests possible
strong biological control on protoconch Me/Ca. Elements fol-
low dissimilar transport pathways from seawater to protoconch
versus statolith. The pathway to statolith carries elements from
seawater to blood plasma to statocyst endolymph. In contrast,
the pathway to protoconch moves elements from seawater to
blood plasma to the extrapallial fluid in the mantle. Differential
Sr discrimination across dissimilar biological membranes in

mantle versus statocyst may play a role in determining the
opposing responses to temperature observed in protoconch
versus statolith.

4.3. Statoliths and Protoconchs as Markers of Natal
Origin

To utilize the larval portion of aragonitic structures as mark-
ers of natal origin, it is important to demonstrate that variation
in seawater physical and chemical properties will be reflected
in the elemental composition of the protoconch or statolith. In
the case of Ba incorporation into K. kelletii larval hard parts, we
demonstrated that Ba/Ca ratios would vary in a predictable way
as a function of both seawater Ba/Ca and temperature.

The combined effect of colder temperatures and higher sea-
water Ba/Ca leading to higher aragonite Ba/Ca is the best
possible outcome for this tool in the California borderland
waters. The range of K. kelletii extends from Baja California,
Mexico to Monterey, California, USA, a span where coastal
oceanic conditions are characterized by dramatic shifts in up-
welling and temperature regimes. Cold-water regions, such as
those in the northern part of this species’ range, are character-
ized by more frequent upwelling. Ba follows a nutrient-like
profile in the oceans, and therefore will be enriched in upwelled
waters (Chan et al., 1977). Larvae developing in the northern
portions of the range should have enriched Ba/Ca ratios in
protoconch and statolith relative to those formed in the warmer,
more nutrient poor regions of the range. This prediction relies
on the assumption that other factors that could affect Ba incor-
poration do not override the effects of seawater Ba/Ca and
temperature. Preliminary survey work on K. kelletii pro-
toconchs and statoliths from encapsulated veliger larvae col-
lected from throughout the range of this species lends support
to this prediction, with significantly higher Ba/Ca ratios at sites
in the colder upwelling region of the north versus warm water
sites (Zacherl, 2002).

Variation in temperature will also be reflected in the Sr/Ca
ratios of the protoconch and statolith, but the Sr-temperature
relationship is opposite for the two aragonite materials. We
predict that statoliths formed in cold-water regions will show
enriched Sr/Ca relative to those formed in warmer regions. The
opposite pattern is predicted for protoconchs. As with the
Ba/Ca patterns, preliminary survey work on K. kelletii pro-
toconchs and statoliths from field-collected encapsulated larvae
concurs with these predictions. Statoliths formed at sites in the
colder region of the north showed significantly higher Sr/Ca
versus those formed at warm water sites. Warm-water pro-
toconchs has significantly higher Sr/Ca than cold-water pro-
toconchs (Zacherl, 2002). While the mechanism controlling
this pattern remains inexplicable, the pattern itself appears
predictable.

5. SUMMARY

Kelletia kelletii larval statolith and protoconch Ba/Ca ratios
vary positively with seawater Ba/Ca and inversely with tem-
perature. Sr/Ca ratios in protoconch vary positively with tem-
perature, while Sr/Ca ratios in statolith vary inversely with
temperature. Our estimates of DBa for statoliths and pro-
toconchs are close to Ba partition coefficient values for other

Fig. 4. Protoconch growth rate (�m/d) versus statolith growth rate
(�m/d) in laboratory-reared larval K. kelletii, including linear regres-
sion line (y � 0.05x 	 0.09, r2 � 0.99).
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invertebrate aragonitic structures, such as coral skeletons. Be-
cause of the evident temperature effect, future studies with
biogenic aragonite should focus on carefully calibrating the
DBa values with respect to temperature. Our results suggest that
trace elements in invertebrate statoliths and protoconchs reflect
seawater chemical and physical properties and, hence, hold
promise as tags of natal source.
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APPENDIX 1
Exothermic reactions are favored at colder temperatures. For the

reaction

Ba2� � CaCO33 BaCO3 � Ca2� (01)

we calcuated the enthalpy change (
H°) using the formula:


H°(kJ/mol) � H products 	 H reactants
� 
H° (Ca2� � BaCO3) 	 
H° (Ba2� � CaCO3)
� (	542.8 � 	1210.9) 	 (	1206.4 � 	532.5)


H° � � 14.8 kJ/mol

We obtained 
H° values for Ba2� and BaCO3 from (Busenberg and

Plummer 1986). The Ca2� and CaCO3 (aragonite)
H° values came
from Drever (1997).

For any reaction with an associated enthalpy change, there will be
temperature sensitivity, as shown by the van’ t Hoff equation (Garrels
and Christ, 1965):

dlnK/[d(1/T)] � 	
H/R (02)

where T is temperature in Kelvin, R the gas constant, and K the
equilibrium constant for the reaction. This equation predicts that the
Ba/Ca content of a thermodynamically ideal aragonite will decrease by
�2.2% per degree between 0° and 30°C as determined by fitting an
exponential relationship to the predicted relationship between K and T.

The difference in average temperature between treatment groups
equals 5.7°C (17.1–11.4, from Table 1). A 5.7°C decrease in temper-
ature predicts a �13% increase in Ba/Ca. Results from this study
demonstrate that with the 5.7°C decrease in temperature, Ba/Ca in-
creased between 17 and 30% for both protoconch and statolith, except
for protoconch at ambient Ba/Ca levels, where the increase measured
only 1.4%. Overall, these results suggest at least partial thermodynamic
control on protoconch and statolith Ba/Ca.

Using the same equation as above for the reaction

Sr2� � CaCO33 SrCO3 � Ca2� (03)

we again calculated the enthalpy change (
H°) as 
H° � 	11.3
kJ/mol. The van’ t Hoff equation predicts that the Sr/Ca content of a
thermodynamically ideal aragonite will decrease by �1.7% per degree
between 0° and 30°C. Note that both inorganic experiments (Kinsman
and Holland, 1969) and calibrations of Sr dependence in reef corals
(Gagan, 2000) indicate a significantly weaker dependence on temper-
ature of � 0.4–0.9% per degree.

The difference in average temperature between treatment groups
equals 5.7°C (17.1–11.4, from Table 1). A 5.7°C decrease in temper-
ature predicts a 9.7% increase in Sr/Ca. Results from this study dem-
onstrate that with the 5.7°C decrease in temperature, Sr/Ca increased �
10% for statolith, suggesting the possibility for thermodynamic control
on statolith Sr/Ca. However, protoconch Sr/Ca exhibited the opposite
Sr-temperature relationship, implying that protoconch Sr/Ca is proba-
bly not under thermodynamic control.

Using thermodynamic constants to calculate the temperature depen-
dency of metal incorporation provides a starting point that can be
compared to experimentally determined results. However, equilibrium
thermodynamic calculations do not take into account kinetic processes
that affect trace element incorporation in precipitated calcite and ara-
gonite (Rimstidt et al., 1998). For example, because trace metals are
incorporated into aragonite at a different rate than calcium, a solution
boundary layer results, with enrichment or depletion of the trace
element in the boundary layer dependent upon the rate of transport of
ions from the surrounding solution to the crystal surface. This can result
in oscillatory zoning within the growing crystal. A second important
kinetic process is due to different adsorption sites on the crystal face
having differing energies, which results in different tendencies for trace
metals to attach at kink sites located along the growing surface of the
crystal. This causes sector zoning within the growing crystal. Both of
these processes can influence the temperature dependence of trace
metal incorporation (Rimstidt et al., 1998) and may help to explain the
differences in temperature dependence observed between our results in
statoliths and those seen in inorganic experiments and coral. The
positive temperature dependence observed for Sr incorporation into
protoconch (see Discussion), which is opposite to the thermodynamic
prediction, suggests that biologic and/or kinetic processes have the
potential to overwhelm the thermodynamic tendency.
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APPENDIX 2

Table A1. Ba/Ca (�mol/mol) for protoconch and statolith per treat-
ment per flask from encapsulated lab cultured Kelletia kelletii larvae.
Statolith values are averages (�1 standard error) of ten laser-ablated
statoliths per flask. Asterisks indicate samples lost during cleaning
preparation steps.

Flask

Ba/Ca
(�mol/mol)

seawater Temp (°C)

Ba/Ca
(�mol/mol)
protoconch

Average Ba/Ca
(�mol/mol) statolith

�1 SE

1 3.47 11.4 4.36 6.46 � 0.21
2 3.47 11.4 4.32 7.99 � 0.39
3 3.47 11.4 3.70 6.91 � 0.22
4 3.47 17.1 3.94 4.34 � 0.10
5 3.47 17.1 4.23 5.61 � 0.17
6 3.47 17.1 4.05 4.79 � 0.12
7 6.31 11.4 7.61 8.51 � 0.31
8 6.31 11.4 6.74 8.78 � 0.55
9 6.31 11.4 7.06 13.74 � 0.53

10 6.31 17.1 —* 7.59 � 0.13
11 6.31 17.1 6.01 8.27 � 0.27
12 6.31 17.1 5.54 7.75 � 0.24
13 11.78 11.4 12.68 16.08 � 0.58
14 11.78 11.4 13.28 18.41 � 0.38
15 11.78 11.4 13.88 23.56 � 1.06
16 11.78 17.1 11.08 14.03 � 0.33
17 11.78 17.1 11.67 16.84 � 0.67
18 11.78 17.1 10.18 16.52 � 0.83
19 17.49 11.4 16.46 26.28 � 0.76
20 17.49 11.4 22.78 26.65 � 0.54
21 17.49 11.4 19.62 27.28 � 1.31
22 17.49 17.1 14.93 20.69 � 0.58
23 17.49 17.1 —* 25.76 � 0.83
24 17.49 17.1 13.77 19.87 � 0.72

Table A2. ANOVA table and test statistics on log transformed larval
protoconch Ba/Ca ratios testing the hypotheses of no effect of seawater
(SW) Ba/Ca, no effect of temperature (T), and no interaction effect
between seawater Ba/Ca and temperature on Ba incorporation into
protoconch aragonite.

Source SS DF MS F ratio Prob � F

Ba/Ca SW 5.89 3 1.96 235.83 �0.0001
T 0.15 1 0.15 18.38 0.0011
T � Ba/Ca SW 0.06 3 0.02 2.29 0.1303
Error 0.10 12 0.01
Total 6.10 19

Table A3. Nested ANOVA table and test statistics for log trans-
formed larval statolith Ba/Ca ratios testing the hypotheses of no effect
of seawater (SW) Ba/Ca, no effect of temperature (T), and no interac-
tion effect between seawater Ba/Ca and temperature on Ba incorpora-
tion into statolith aragonite. Statoliths were nested within cultures (C),
within seawater Ba/Ca, and within temperature.

Source SS DF MS F ratio Prob � F

Ba/Ca SW 72.99 3 24.33 115.69 �0.0001
T 3.74 1 3.74 17.80 0.0007
T � Ba/Ca SW 0.30 3 0.10 0.48 0.7031
C (Ba/Ca SW, T) 3.37 16 0.21 16.03 �0.0001
Stato (C,Ba/CaSW,T) 2.82 215 0.01
Total 83.17 238

Table A4. ANOVA table and test statistics on larval protoconch
Sr/Ca ratios testing the hypothesis of no effect of temperature (T) on Sr
incorporation into protoconch aragonite.

Source SS DF MS F ratio
Prob
� F

Model 0.60 1 0.60 18.42 0.0004
Error 0.59 18 0.03
Total 1.19 19

Table A5. Nested ANOVA table and test statistics for log trans-
formed larval statolith Sr/Ca ratios testing the hypothesis of no effect of
temperature (T) on Sr incorporation into statolith aragonite. Statoliths
were nested within cultures (C) and within temperature.

Source SS DF MS F ratio Prob � F

T 0.69 1 0.69 74.08 0.001
C (T) 0.04 4 0.01 1.51 0.213
Stato (C, T) 0.33 54 0.01 0.62 0.981
Total 2.86 238
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