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ABSTRACT: The fish otolith (earstone) has long been known as a timekeeper, but interest in its use as a metabolically inert
environmental recorder has accelerated in recent years. In part due to technological advances, applications such as stock
identification, determination of migration pathways, reconstruction of temperature and salinity history, age validation, detection of
anadromy, use as a natural tag and chemical mass marking have been developed, some of which are difficult or impossible to
implement using alternative techniques. Microsampling and the latest advances in beam-based probes allow many elemental assays to
be coupled with daily or annual growth increments, thus providing a detailed chronological record of the environment. However, few
workers have critically assessed the assumptions upon which the environmental reconstructions are based or considered the possibility
that elemental incorporation into the otolith may proceed differently than that into other calcified structures. This paper reviews
current applications and their assumptions and suggests future directions. Particular attention is given to the premises that the
elemental and isotopic composition of the otolith reflects that of the environment, and the effect of physiological filters on the
resulting composition. The roles of temperature, elemental uptake into the fish and the process of otolith crystallization are also
assessed. Drawing upon recent advances in geochemistry and paleoclimate research as points of contrast, it appears that not all
applications of otolith chemistry are firmly based, although others are destined to become powerful and perhaps routine tools for the
mainstream fish biologist.
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INTRODUCTION Fossum et al. 1999). In addition to the continued and
widespread use and research on the timekeeping properties
of the otolith, a new and largely independent sub-
discipline of otolith chemistry has emerged which
promises to address a suite of questions which have
proven difficult or impossible to resolve through other
means. Discussed in only 6 papers prior to 1980, the
otolith chemistry field has since entered a period of
exponential growth, resulting in 157 papers on the topic
having been published by the end of 1998. It is the
objective of this review to highlight the basis for this
rapidly growing interest, and to critically assess the
emerging suite of applications involving otolith
composition and chemistry.

The same two properties of the otolith which allow it to
form and retain daily growth increments are also

Otoliths (earstones) are paired calcified structures used for
balance and/or hearing in all teleost fishes. While they are
clearly more important to the fish than to the fish
biologist, that point is easily forgotten. The use of otoliths
as indicators of fish age has now reached the century
landmark, starting with Reibisch’s observations of otolith
annuli in 1899. In 1971, Pannella’s discovery of daily
growth increments helped propel the interpretation of
otolith microstructure into the mainstream of fish biology.
Since that time, interest in the otolith as a metabolically
inert timekeeper and environmental recorder has
accelerated, culminating in two recent international
symposia devoted solely to fish otoliths (Secor et al. 1995;



responsible for its ability to record aspects of the
environment to which the fish is exposed. The fact that
the otolith is acellular and metabolically inert means that
any elements or compounds accreted onto its growing
surface are permanently retained, whereas the continued
growth of the otolith from before the time of hatch to the
time of death implies that the entire lifetime of the fish has
been recorded (Campana and Neilson 1985). In principle
then, the otolith may contain a complete record of
exposure to both the temperature and composition of the
ambient water. When coupled with age- or date-structured
examination of otolith growth increments (either annual or
daily), the potential for a detailed chronological record of
the environment to which the fish was exposed is obvious.
In practice, the assay and interpretation of this chemical
record is less than clear-cut, in part due to physiological
filters between the water and the otolith (Kalish 1989) and
in part due to technical difficulties. Nevertheless, there
are numerous examples to date of successful
reconstructions of the fish’s life history, ranging from
temperature history (Patterson et al. 1993), detection of
anadromy (Secor 1992), determination of migration
pathways (Thresher et al. 1994), age validation (Kalish
1993), stock identification (Edmonds et al. 1989), use as a
natural tag (Campana et al. 1995) or metabolic indicator
(Schwarcz et al. 1998), and for rapid, inexpensive mass
marking (Tsukamoto 1985). Other applications exist, and
many others have been proposed. Several are not
currently possible using other approaches.

This review begins with current hypotheses concerning the
pathways and mechanisms underlying the incorporation of
natural and anthropogenic elements and isotopes into the
otolith. Subsequent sections deal with the extent to which
environmental effects (primarily temperature and water
composition) are reflected in otolith composition. In light
of the fact that otolith assays often require sophisticated
instrumentation, some attention is given to the diversity,
advantages and disadvantages of the suite of available
methodologies. Much of the latter half of the review is
then devoted to otolith chemistry applications, both
successful and unsuccessful, concluding with speculations
concerning future directions. Wherever possible, recent
developments in allied fields, particularly geochemical
and paleoclimate studies, have been discussed as points of
contrast. The overall intent is not only to review existing
and potential applications of otolith chemistry to fisheries
biology and management, but to critically assess how well
otolith composition reflects and records the environmental
exposure history of the fish.

COMPOSITION OF THE OTOLITH

Otolith composition is relatively pure compared to most
biological and mineralogical structures, being dominated
by calcium carbonate in a non-collagenous organic matrix.
A total of 31 elements have been detected in otoliths to
date, not including radioactive elements such as Th and
Ra. The elemental composition is dominated by the major
elements calcium, oxygen and carbon, which make up the
calcium carbonate (CaCO;) matrix. However, the
majority of the elements are present at the minor (> 100
ppm) and trace (< 100 ppm) level, with many more trace
elements presumably awaiting detection. The minor
elements are represented by Na, Sr, K, S, N, Cl and P,
while the bulk of the trace elements are present at
concentrations of less than about 10 ppm (Fig. 1).
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Summary of published elemental concentrations (ppm or
ng/g) in fish otoliths across all species. Not included are
the major elements C, O and N, as well as the trace
radioactive elements Ra and Th.

Fig. 1.

On the basis of a comprehensive suite of assays, Campana
et al. (1997) reported that otoliths of Atlantic croaker
(Micropogonias ungulatus) were composed 96.2% by
weight of calcium carbonate, with an additional 0.73%
present as non-organic trace impurities. By differencing,
the organic matrix made up the remaining 3.1%. Other
broad spectrum elemental assays of otoliths have also
resulted in trace and minor element concentrations of less
than 1% (Edmonds et al. 1992; Sie and Thresher 1992;
Proctor et al. 1995; Severin et al. 1995) and protein
concentrations of about 3-4% (range of 1-8%) (Degens et
al. 1969; Asano and Mugiya 1993; Hoff and Fuiman
1993). While the relative purity of the otolith poses some
analytical problems, it also highlights the fact that
elemental incorporation into the otolith is not a simple
function of environmental availability.
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OTOLITH MINERALOGY AND
CRYSTALLIZATION

A mechanism for otolith growth is beyond the scope of
this review, but some details are important for
understanding the incorporation of trace elements. In
brief, biomineralization of otoliths differs somewhat from
that of vertebrate bone, molluscan shell and coral skeleton
in that the otolith epithelium is not in direct contact with
the region of calcification. As a result, the calcification
process is heavily dependent upon the composition of the
endolymphatic fluid surrounding the otolith, and to a
certain extent, can be described on the basis of purely
physical principles. The key physical regulating factor
appears to be the pH of the endolymph, which is
determined by the concentration of bicarbonate ions in the
endolymph (bicarbonate is one of the ion products of
carbon dioxide in solution) (Romanek and Gauldie 1996;
Payan et al. 1997, 1998). Reduced alkalinity in the
endolymph is regulated by proton secretion through the
saccular epithelium, which then reduces the rate of
calcification (Payan et al. 1997). Temperature influences
calcification rate as well. By itself however, a solely
inorganic process cannot account for many of the features
of biomineralization in general, or otolith growth in
particular (Wheeler and Sikes 1984), suggesting that the
small percentage of the otolith composed of proteins plays
a pivotal role in otolith calcification.

Recent findings suggest that the composition and
orientation of otolith proteins conform to those in other
biomineralized structures, including squid statoliths
(Morris 1991). Approximately half of the otolith proteins
are water-insoluble (Asano and Mugiya 1993), and
presumably make up the structural framework for
subsequent calcification. These proteins are characterized
by a high abundance of acidic amino acids, and were
termed ‘otolin’ by Degens et al. (1969). However, it is the
more recently characterized water-soluble proteins which
appear to be the most influential in regulating the rate of
calcification. These calcium-binding glycoproteins are
also characterized by acidic amino acids, and appear to
serve as regulators of calcification rate (Asano and
Mugiya 1993), perhaps through inhibition of crystal
nucleation (Wright 1991). Support for this suggestion
comes from observations of molluscan shell formation, in
which a soluble matrix rich in acidic amino acids binds
calcium and forms an anti-parallel B-pleated sheet in the
polymerized state (Morris 1991). In such a conformation,
all of the amino acid side chains lie on one side of the
corrugated layer and project in the same direction; the
spacing between these side chains closely matches that of
the calcium atoms in aragonite crystals, suggesting that the
soluble matrix could act to either encourage or inhibit

crystal nucleation (Morris 1991; Falini et al. 1996). While
the linkage between the soluble and insoluble proteins
needs to be clarified, periodic secretion of the soluble
proteins to the mineralization front could result in an
association which would then either initiate or inhibit
crystal growth (Wheeler and Sikes 1984).

Calcium carbonate can crystallize as any one of three
crystal polymorphs: calcite, aragonite or vaterite.
Aragonite and vaterite are normally considered to be
crystallographically unstable, reverting to the calcite
polymorph, although the transformation of aragonite to
calcite is slow (Carlstrdm 1963). Yet unlike the calcitic
otoconia of mammals, X-ray diffraction has confirmed
that the vast majority of sagittal otoliths are composed of
polycrystalline aragonite (Irie 1955; Carlstrom 1963;
Degens et al. 1969; Mann et al. 1983; Morales-Nin 1986;
Maisey 1987; Lecomte-Finiger 1992; Oliveira et al. 1996).
The orientation of the individual crystal faces is
sometimes referred to as being twinned (Degens et al.
1969; Gauldie and Nelson 1988). Until recently, an
explanation for the overwhelming predominance of
aragonite over calcite in otoliths was unclear; despite the
fact that calcite is rhombohedral and aragonite is
orthorhombic, the two polymorphs have very similar
crystal structures, differing primarily in the organization
of the carbonate molecules sandwiched between layers of
calcium (Falini et al. 1996). Small quantities of divalent
ions such as Sr and Mg favour formation of aragonite over
calcite (Carlstrom 1963), but it was not clear that such
conditions were by themselves sufficient to explain the
aragonitic otolith. However a recent study indicates that
selection of the polymorph of calcium carbonate to be
precipitated is mediated, and perhaps controlled, by
organic molecules (Falini et al. 1996). Under identical
experimental conditions, macromolecules extracted from
aragonitic shell layers induced aragonite formation, while
macromolecules extracted from calcitic shell layers
induced calcite formation (Falini et al. 1996). These
results provide the best evidence to date for organic
control of crystal formation in organisms, and suggest that
both the rate and type of calcium carbonate crystals
formed in otoliths is regulated by proteins.

Curiously, different polymorphs of calcium carbonate
appear to be linked to the different otolith organs. While
aragonite is the norm for sagittae and lapilli, most
asteriscii are made of vaterite, thus accounting for their
glassy appearance (Lowenstam and Weiner 1989; Oliveira
et al. 1996). Vaterite is also the principal polymorph in
many aberrant, or “crystalline”, otoliths (Mugiya 1972;
Gauldie et al. 1997; but see Strong et al. (1986)). There is
no accepted explanation for the formation of vateritic
regions within a largely aragonitic otolith (Strong et al.
1986), but vaterite is known to precipitate in
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supersaturated solutions which are far from equilibrium
(Carlstrom 1963). Alternatively, vaterite formation may
be mediated by matrix proteins in the same way described
earlier for calcite and aragonite (Falini et al. 1996).
Calcitic regions in otoliths are much rarer (Davies et al.
1988), and are probably a product of anomalous inorganic
precipitations or slip planes (Oliveira et al. 1996).

The exact location of elemental impurities in the otolith
matrix has not been studied, but would be expected to be
similar to that of other aragonitic carbonates. Three sites
are possible: within the crystal lattice as a substitute for
calcium, as an inclusion in the interstitial spaces, or in
association with the proteinaceous matrix. The first of the
three (the within-lattice inclusion) can occur through a
simple ion substitution for Ca or through co-precipitation
of another carbonate (eg-MgCOs). High correlations
(positive or negative) among elements such as Sr, Mg, Li
and Ba suggest a common mode of inclusion, while
uncorrelated elements such as Mn and Zn probably differ
in their inclusion site. Of the three possible sites, the
calcium substitution/co-precipitation is most studied, and
appears directly applicable to divalent metal ions of
comparable size. Strontium carbonate is virtually
isostructural with aragonite, thus explaining strontium’s
affinity for aragonite, but in light of the lower Sr
concentration in otoliths compared to corals, substitution
of Sr ions for Ca may be more likely than co-precipitation
of SrCO; (Greegor et al. 1997). lons slightly larger than
calcium (such as Ba and Pb) can also be expected to be
substituted or co-precipitated (Morse and Mackenzie
1990). For such elements, the extent of incorporation can
often be predicted with temperature-sensitive partition
coefficients, although the rate of precipitation can also be
influential. Anions such as chloride and sulfate can also
be co-precipitated, but less predictably. The spacing
between calcium ions in the crystal lattice is important to
both substitution and co-precipitation, explaining the very
different affinities of vateritic otoliths for some elements
compared to aragonitic otoliths (Gauldie 1996b). In
contrast, ions such as those of sodium do not behave as
normal co-precipitants and are probably found at crystal
defects (Morse and Mackenzie 1990). In general, ion
impurities trapped in interstitial spaces are difficult to
predict or model in terms of partition coefficients.
Otoliths are well known for their micro-channel
architecture (Gauldie et al. 1998), and the presence of
poorly-bound elemental inclusions in these interstitial
regions could well explain why elements such as Na, Cl,
Zn and K are so easily leached out (Proctor and Thresher
1998; Campana et al. 1999a).

Elements incorporated into a calcium carbonate matrix as
a result of covalent bonding or other associations with
organic molecules are virtually unstudied, but are

expected to be present. Aside from the major (C, H, O, N)
and minor elements (S) that make up the constituent
amino acids, it is not clear what other elements might be
so included. However, the rate of otolith precipitation
might have a different influence on these elements than
those more directly associated with calcium carbonate
crystals. Perhaps more importantly, to the extent that a
change in temperature changes the balance between
organic matrix and calcium carbonate formation, it might
also be expected to change the ratio of elements which is
incorporated.

PATHWAYS AND BARRIERS OF ELEMENTS
INTO THE OTOLITH

The pathway of any given element or ion from the
environment into the otolith is a multi-stage process, and
is characterized by a sequence of more or less independent
barriers. Elemental and ionic barriers are an obvious
prerequisite of a highly-osmoregulated organism such as a
fish, but the pathway into the otolith is even more
regulated than is the case for other tissues. For example,
calcified tissues such as bone (Ishikawa et al. 1991;
Schmitz et al. 1991; Miller et al. 1992) and scale (Johnson
1989; Pender and Griffin 1996) contain higher
concentrations of most elements than do otoliths (Sr is a
conspicuous exception), while uncalcified structures such
as the eye lens are often characterized by a different suite
of elements altogether (Dove and Kingsford 1998). This
high degree of regulation is most evident in a phylogenetic
comparison, in which the aragonitic skeleton of the most
primitive animals (eg- corals) tends to reflect the
composition of the ambient water, while animals of
increasing complexity show increasing discrimination
against the most abundant elements (Table 1).

Table 1. Phylogenetic comparison of representative trace
element concentrations in marine biogenic aragonite of corals,
bivalves, squid statoliths and fish otoliths. Elemental
discrimination tends to be least for the most primitive animals
(eg- corals) and for physiologically-unimportant trace elements
(eg- Ba). All concentrations (in pmol/mol) are approximate,
and are for illustration only.

Element Coral Bivalve Squid Otolith
skeleton shell statolith
Mg/Ca 4400 1750 38 114
Sr/Ca 8750 2200 1800 2500
Ba/Ca 2.7 3.0 2.8 2.8

Interestingly, there appears to be relatively little
discrimination against the incorporation of at least some of
the trace elements into the otolith.
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The basic pathway of the bulk of inorganic elements into
the otolith is from the water into the blood plasma via the
gills or intestine, then into the endolymph, and finally into
the crystallizing otolith. Water passing over the gills
(branchial uptake) is the primary source of most elements
in freshwater fish, while the continual drinking of marine
fish is the main source of water-borne elements for
assimilation via the intestine (Olsson et al. 1998). A small
but unknown proportion of elements is undoubtedly
assimilated from food sources; for example, at least some
of the Sr in the diet can be incorporated into the otolith
(Limburg 1995; Farrell and Campana 1996; Gallahar and
Kingsford 1996). However other experiments suggested
that otolith uptake of a suite of minor elements from food
was minimal (Hoff and Fuiman 1995). The majority of
the inorganic otolith elements are probably derived from
the water: 80-90% in the case of Ca and Sr, respectively,
in freshwater fishes (Simkiss 1974; Farrell and Campana
1996).

As shown schematically in Fig. 2, elemental
discrimination can occur at any or all of the three
interfaces: water-gill, blood-endolymph and endolymph-
crystal.

ndolymph Otolith

Fig. 2. Overview of elemental pathways and barriers
between salt water and the otolith, with coarse estimates of
transfer rates (distribution coefficients) for selected elements
at each physiological barrier. Elemental concentrations have
been referenced to calcium concentration, since the initial
uptake of many elements is often inversely proportional to
the relative calcium concentration. Elemental discrimination
is greatest for major and physiologically regulated ions, and
least for trace elements, but the site of maximum
discrimination is often unpredictable.

For most elements, the element:Ca ratio in the otolith is
far lower than that in the blood plasma or ambient water,
but there are large differences in the degree of
discrimination among elements, and where that
discrimination occurs. Using the distribution coefficient

between water and otolith as a measure of elemental
discrimination (where D = (element/Ca),, /
(element/Ca) ), values of D=1 would be expected when
there is no elemental discrimination, and values of D=0
when none of the element is incorporated into the otolith.
Observed values for many of the major ions (eg- Na, K,
Cl) are less than 0.05, while that for Sr is about 0.14.
Distribution coefficients for many of the trace elements
exceed 0.25, and may even approach 1.0.

Undoubtedly, one of the biggest barriers to elemental
uptake occurs at the gill-water (in freshwater fishes) or
intestine-water (in saltwater fishes) interface, where
osmoregulation regulates movement of water-borne ions
into the fish. Plasma concentrations of Ca and other major
ions are approximately one third of that of marine waters,
but flux rates between water and blood are even lower,
since only excreted ions are replaced. In saltwater fishes,
trace elements are probably assimilated from the intestine
in direct proportion to their relative concentration in the
water, albeit with low efficiency (Olsson et al. 1998).
Salinity, pH, dissolved oxygen concentration and other
factors can also influence elemental uptake into the fish
(Mayer et al. 1994). In freshwater fishes however, it is
calcium concentration, or water hardness, which has one
of the largest effects on elemental uptake through the gills.
While the mechanism remains unclear, it appears that
quite a few elements (particularly the divalent elements)
are taken up through chloride cell calcium channels in the
gill McKim 1994). The net result is that branchial uptake
of metals generally decreases as the relative concentration
of calcium in the water increases (Mayer et al. 1994).
Where the ambient calcium concentration is low, a greater
proportion of both the calcium and the other elements will
be taken up. For this reason, the absolute concentration of
a dissolved element is often an unreliable indicator of
environmental availability to the freshwater fish; the
element:Ca ratio is more relevant for such elements. In
the case of salt water, Ca concentration is highly
correlated with salinity, implying that either the
element:Ca or element:salinity ratio can be used as an
indicator of environmental availability. This effect is
shown in Fig. 2, in which the concentration of major ions
(such as Na and K) in the water differs substantially
between estuarine and marine environments, yet uptake
into the blood is constant in the two environments due to
the fact that the ion:Ca ratio in the water remains
unchanged. Such is not the case for trace elements such as
Pb, whose ratio with Ca varies widely among locations or
with salinity.

Elemental discrimination also occurs during the movement
from plasma to endolymph (Fig. 2), resulting in an
endolymph composition which is depleted in all major
ions other than K (Fange et al. 1972; Mugiya and
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Takahashi 1985; Kalish 1991a; Gauldie and Romanek
1998). In general, the composition of the endolymph
appears to be closer to the composition of the otolith than
is the water or blood plasma. While the factors
influencing endolymph composition remain poorly
understood, the transfer of calcium and other ions into the
endolymph may occur via a transcellular route, thus

insuring significant regulation of both the selection of
elements and their concentrations in the endolymph
(Mugiya and Yoshida 1995). Recent experiments by
Payan et al. (1998) indicate that the elemental composition
of the endolymph is less affected by starvation than is the
plasma.

Fig. 3. Examples of otolith trace
elements unlikely to be influenced by
concentrations in the water, as indicated
by inconsistencies between the
published composition of the water (top
panels), blood plasma (middle panels),
or otolith (bottom panels). All elemental

concentrations other than that of Ca are
in units of pmoles element per mole Ca.
o = freshwater species; 0 = marine
species. Error bar = 1 SE. Numbers
below X axis indicate number of papers
upon which the elemental concentration
was based.
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The final stage of the elemental pathway from
environment to otolith occurs during the otolith
crystallization process, as discussed in the section Otolith
Mineralogy and Crystallization. Even without regulation
by otolith proteins, significant discrimination against some
elements could be expected at this stage. For example, the
distribution coefficient of Sr:Ca between water and coral
or inorganic aragonite is typically between 1.06-1.15 (de
Villiers et al. 1994; Stecher et al. 1996). However, the Dy,
between endolymph and otolith is close to 0.25 (Kalish
1989). In light of the similarity between the coefficients
for water-otolith and endolymph-otolith (Fig. 2), it
appears that most of the discrimination against Sr occurs
during otolith crystallization, rather than during Sr uptake
into the blood plasma from the water. A similar argument
may explain the observed discrimination against Sr in
bivalves (Stecher et al. 1996).

The extent to which otolith trace element concentration
reflects (or fails to reflect) that of the ambient water can be
inferred from a comparison of water, blood and otolith
composition from two very different chemical
environments: fresh water and salt water. For example,
the concentrations of many of the most common elements
(eg- Ca, Na, K, Mg, Cl) differ substantially between fresh
and salt water, even when normalized to Ca concentration,
yet those differences do not appear to be reflected in the
otolith (Fig. 3). Other physiologically important elements,
such as P, Cu and S, also appear to remain uninfluenced
by the relative concentration in the environment (Fig. 3).
The lack of correspondence between environmental and
otolith differences in fresh and saltwater fishes becomes
more understandable when the corresponding blood
concentrations are examined (Fig. 3). For most of the
elements noted above, the concentrations in the plasma
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differ little or not at all between freshwater and marine
fishes. This stability in blood plasma composition is well
documented in the physiological literature (Evans 1993),
and is completely consistent with the strict osmoregulatory
control required of the fish’s survival. Since the elements
deposited in the otolith are derived penultimately from the
blood plasma, it is clearly unrealistic to expect the otolith
content of physiologically regulated elements to reflect
environmental abundance.

Based on differences in concentration between fresh water

concentration of trace elements such as Sr, Zn, Pb, Mn, Ba
and Fe in freshwater and marine otoliths is consistent with

an environmental effect (Fig. 4). These are also
elements whose uptake is more likely to be unregulated
compared to those of the common salts. Other trace
elements such as Li, Cd, Ni and the less abundant

elements may well fall into this category as well, although

data for these elements is even more scarce (Table 2).
Note however that the element:calcium ratios in the
plasma (excluding Sr) tend to be much higher than in the

and salt water, there are several elements whose
environmental abundance may well be reflected in the
otolith. Although the data are limited, the relative
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otolith (Figs. 4 and 5), indicating that otolith composition
is not merely a passive reflection of plasma composition,
even if correlated.

Fig. 4. Examples of otolith trace
elements which are probably
influenced by concentrations in the
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Table 2. Summary of published otolith trace element compositions (ng/g) from three major habitat types.

Element Marine Species Freshwater Species Estuarine Species
Mean SE N Mean SE N Mean SE N
Ag 0.16 1
Al 2.0 . 1
As 0.3 0.2 2 . . . . . .
B 7.3 2.2 2 0.20 . 1 5.0 . 1
Ba 3.7 0.60 14 11.0 2.8 3 8.2 2.7
Br 14 0.6 2 . . .
Ca 380176 4981 17 407232 18232 2
Cd 0.18 0.17 2
Cl 231 27 4 . . .
Co 0.5 0.2 4 0.10 . 1
Cs 0.003 . 1 . . . . . .
Cu 4.0 1.9 7 1.0 . 1 2.6 1.5 2
Fe 640 396 8 30.0 . 1
Hg 2.7 1.7 3 . .
K 571 55 13 . . 1105 415 2
Li 1.0 0.3 6 0.05 . 1 1.0 . 1
Mg 27 5.8 15 32 9.2 3 33 7.5 4
Mn 9.6 5.8 9 11.1 7.5 3 8.8 7.3 2
Na 2859 178 14 3900 1 1866 285 3
Ni 9.5 3.3 6 . . 2.0 1
P 610 464 4 846 . 1 50.0 1
Pb 0.6 0.2 11 0.32 0.27 2 . . .
S 379 70 10 290 . 1
Se 0.15 1 . .
Si 15.0 . 1 . . . 8.0 . 1
Sr 2137 127 43 698 111 17 1937 70 4
U 0.024 . 1 . . . . . .
Zn 15.6 5.8 15 45.8 18.3 5 9.1 1.1 2

BASIS FOR TRACE ELEMENT VARIATIONS IN
THE OTOLITH

Environmental Availability

For those elements where the composition of the otolith
reflects the elemental composition of the water, a broad

range of otolith concentrations can be expected (Johnson
et al. 1992). Elemental concentrations in seawater range g
over at least 16 orders of magnitude for the 78+ elements B
that have been quantified (Fig. 5). g
[=]
[&]
Fig. 5. Mean elemental composition (moles/litre) of sea 8.
water (SW) and fresh water (FW) as drawn from the &
literature. Only recent (1987-present) publications (n=80) =
were used so as to take advantage of improvements in " TT’TTT TTTTTTTT HTTTT TTTTTT TTT TT TT 2
analytical accuracy. Elements which have been reported as " GNCaN B SUP TibT AR U 3;“‘3"““1'1*’(*I.ﬁ2h:.. ALy E ROt LE 11 P
being detected in otoliths are indicated by an arrow. Hement
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With the exception of the common marine salts,
freshwater concentrations are reasonably similar (Fig. 5);
the apparent abundance of the rarer elements in fresh
water compared to seawater may reflect recent advances in
marine analytical procedures more than true differences
(Benoit et al. 1997). Many of the more abundant elements
have also been detected in otoliths (Fig. 5), suggesting that
the less common elements simply await detection in the
otolith. For those otolith elements which have already
been detected, the variance around the mean values is
reasonably large (Table 2), suggesting the presence of
inter-specific differences, methodological problems and
heterogeneity in environmental concentrations. Of course,
it is the geographic variation in waterborne concentrations
which is of greatest interest to those using otolith
composition as an indicator of past location. Such
geographic variations in water concentration are the norm
for many elements (Balls et al. 1993; Benoit et al. 1997),
although variability in coastal and inland waters is often
much larger than that of the open ocean. With elements
such as Ca, Sr and Mg showing conservative profiles
(reflecting salinity) and others such as Ba, Zn and Cd
showing nutrient-type profiles (surface depletion with
enrichment at greater water depths), broad patterns of
relative concentration are often predictable (Bruland
1983). Elements such as Hg and Pb are more generally
associated with anthropogenic activity. However, regional
variability associated with river discharge, upwelling,
volcanic activity, pollution, biological activity and inter-
annual differences can all interact to confound any
expected relationship. Variability of a factor of 10 or
more is not unusual when comparing aqueous elemental
concentrations among locations (Balls et al. 1993; Benoit
etal. 1997).

It is important to note that the ambient concentration of an
element, even when referenced to calcium, is not
necessarily a good indication of its availability to either
the otolith or the fish. In general, dissolved ions which are
free of ligands are the only chemical species available for
uptake by the gills (Knezovich 1994). Elemental
concentrations referenced to calcium concentrations are
most relevant for such elements. As an example, the
absolute concentration of Sr ranges from about 9 x 107 M
in fresh water to about 8.7 x 10 M in salt water, a
difference of almost 100 times. However, the molar ratio
of Sr:Ca in fresh water (1.8 x 107) is only 4.8 times less
than that of salt water (8.6 x 107). It is this latter ratio that
is more relevant to the question of relative rates of Sr
uptake in fish between fresh water and salt water.

Do the elemental concentrations in the otolith reflect the
elemental concentrations of the ambient water? The
answer is an unequivocal “sometimes”. While several

experiments have been carried out to test the response of
otolith composition to the composition of the water, the
majority have been limited to simple dilutions of seawater
so as to modify absolute elemental concentrations. These
experimental salinity treatments have resulted in modest
changes in the otolith composition (somewhat greater for
Sr), but not of the scale which might have been expected
based on the change in absolute concentration (Fowler et
al. 1995a; Hoff and Fuiman 1995; Secor et al. 1995, 1998;
Tzeng 1996). In retrospect, this is not surprising given
that the element:Ca ratio in the experimental water did not
differ among treatments. Experiments which have
manipulated ambient elemental concentrations
independent of Ca have largely been restricted to Sr, but
have shown much more pronounced effects on otolith
composition (Ennevor and Beames 1993; Brown and
Harris 1995; Schroder et al. 1995; Farrell and Campana
1996; Gallahar and Kingsford 1996; Dove 1997; Geffen et
al. 1998). Increased concentrations of trace elements such
as La, Sm, Ce, Ba, Hg and Mn have all been reported in
the otolith after exposure to elevated concentrations in
fresh water (Ennevor and Beames 1993; Dove 1997,
Geffen et al. 1998). Single-element additions of Sr, Cd
and Ba to salt water also resulted in significant
incorporation into the otolith (S.R. Thorrold, G. Bath, C.
Jones and S.E. Campana, unpublished). Similarly Sr
isotope ratios in the otolith increased with the ratios
present in the surrounding water (Kennedy et al. 1997). In
each of 5 independent experiments which manipulated
Sr:Ca ratios in the water, ambient Sr:Ca was well
correlated with otolith Sr:Ca (Brown and Harris 1995;
Schroder et al. 1995; Farrell and Campana 1996; Gallahar
and Kingsford 1996; Dove 1997). When the data from all
of these studies are pooled, the overall relationship also
shows a significant positive relationship between ambient
and otolith Sr:Ca (Fig. 6); this experimental relationship is
consistent with observed differences between freshwater
and saltwater fish otoliths (Fig. 6). However, the linear
increase in the otolith Sr:Ca ratio relative to the ratio in
ambient water is not proportional; the distribution
coefficient, Dy, of 0.14 from Fig. 6'is significantly less
than 1, in keeping with the earlier discussion of
physiological discrimination. Distribution coefficients
between water and otolith have not yet been calculated for
elements other than Sr. Otolith calcium however, does not
respond to variability in water concentrations, at least

" The Dy, reported here, as well as that of Kalish (1989), is
based on the slope of the relationship between ambient and
otolith Sr:Ca, since the regression intercept was significant.
However, D is usually calculated as (element/Ca),, /
(element/Ca)gojuion-
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under normal conditions (Ichii and Mugiya 1983; Farrell
and Campana 1996).

005

g

Otolith SrCa
g

Water Sr:Ca

Fig. 6. Summary of published molar Sr:Ca values as a function
of the Sr:Ca ratio in the water (o). The fitted regression is
statistically significant. Also shown are the mean (+ 95% CI)
ratios for freshwater (FW) and saltwater (SW) otoliths/water as
drawn from the literature.

The presence of geographic variations in water chemistry,
combined with partial correspondence between
environmental availability and the incorporation rate into
the otolith, bodes well for those applications of otolith
elemental analysis that reconstruct environmental history.
However, there are caveats to this statement. The first
such caveat is that 5 of the 6 minor elements which are
most easily measured with the widely-available electron
microprobe (Gunn et al. 1992) are likely to be under strict
physiological regulation, and thus unsuitable for use as
environmental indicators. The only exception is Sr. The
second caveat concerns the analysis of the less abundant
trace elements, which appear to be more suitable as
environmental indicators. While their lower
concentrations makes them less likely to be osmoregulated
by the fish, it also makes them more difficult to assay with
accuracy and without contamination during handling.
Finally, few if any trace elements (even when normalized
to Ca) are likely to be incorporated into the otolith in
direct proportion to availability in the environment. Both
temperature and growth rate are known to be at least as
influential as ambient concentration in modifying otolith
elemental composition, as is discussed in the following
section.

Temperature

Perhaps more than any other variable, the influence of
temperature on the rate of trace element incorporation into
calcified tissues has been studied and debated. The
driving force behind much of this interest is the potential
application of trace element concentrations as
paleoindicators of oceanographic conditions and for
reconstructing the temperature exposure history of

individual organisms. Several elements have been
reported to vary systematically with temperature in
aragonitic corals, including Mg (Mitsuguchi et al. 1996)
and U (Shen and Dunbar 1995). But aside from '*0:'°0
ratios (which are discussed under Stable Isotopes), it is
Sr:Ca ratios that have been been considered to be the most
promising. The underlying basis of the Sr:Ca temperature
dependence is presumed to be a kinetic effect, since the
rate of Sr:Ca incorporation into inorganic aragonite varies
inversely with temperature according to the following
equation (Kinsman and Holland 1969):

(Sr/Ca) (in mmol/mol) = 10.66 - 0.039 x Temperature

This equation does not apply to aragonitic corals, where
some form of biological fractionation is presumed to
influence the underlying kinetic relationship.
Nevertheless, some form of temperature dependence in
coral Sr:Ca seems to be well accepted, despite concerns
over the nature of the Sr incorporation (Greegor et al.
1997) and the likelihood of confounding physiological
effects (de Villiers et al. 1994; Hart and Cohen 1996).
Shen et al. (1996) presented the following equation for
generalized use with the Porites genus of aragonitic
corals:

Sr/Cay (in mmol/mol) = 10.286 - 0.0514 SST

where SST = sea surface temperature and N = Sr/Ca
normalized to that of Hawaii seawater. Note that here, as
in all published temperature calibrations for corals, the
Sr/Ca of the coral is directly proportional to that of the
seawater, independent of any temperature effect. Even in
the open ocean, variability in the Sr/Ca of the water
among locations or throughout the year can introduce
variability in the Sr/Ca of the coral equivalent to
temperature variations of 0.2-0.7 °C (de Villiers et al.
1994; Shen et al. 1996). Variability in coastal waters
would, of course, be much larger.

In light of the strong correlation between temperature and
element:Ca concentrations in corals, it is understandable
that similar relationships were expected to be uncovered
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Fig. 7. Relationship between marine otolith Sr:Ca (umoles/mole) and
temperature. Each point represents the results of an experimental
treatment, as drawn from the literature. Neither relationship is
statistically significant. (Top) Observed values. (Bottom) Within-
study change in Sr:Ca across within-study temperature treatments

in otoliths. Indeed, significant and often substantial
temperature effects have been reported in many otolith
studies, although the relationships have not necessarily
been consistent among studies. Examples of otolith
elements influenced by temperature include Mg (Fowler et
al. 1995a; Hoff and Fuiman 1995), K (Hoff and Fuiman
1995), Na (Kalish 1989; Hoff and Fuiman 1995), Mn and
Zn (Arai et al. 1995; Fowler et al. 1995a), and Fe (Gauldie
et al. 1980; Arai et al. 1995; Fowler et al. 1995a).
However, particular attention has been focused on Sr:Ca,
in which positive (Kalish 1989; Arai et al. 1995, 1996;
Fowler et al. 1995a; Hoff and Fuiman 1995; Limburg
1996), negative (Townsend et al. 1989, 1992, 1995;
Radtke et al. 1990; Sadovy and Severin 1992; Secor et al.
1995), and nonexistent (Gallahar and Kingsford 1996;
Tzeng 1996) correlations with temperature have been
reported. A meta-analysis of the existing literature does
not support an overall relationship between otolith Sr:Ca
and temperature for either saltwater or freshwater fish
(Fig. 7a). Of course, interspecies differences could mask
such a relationship. Therefore, the analysis was repeated
using only the within-study difference in Sr:Ca ratio
versus the within-study difference in temperature, so as to
maximize statistical power (Fig. 7b). Once again, no
relationship was evident. While this result does not prove
that temperature-dependent Sr:Ca fractionation in otoliths

is absent, it does indicate that it is not a generalized
phenomenon.

Townsend et al. (1992) postulated that temperature-
dependent Sr:Ca fractionation may only occur at low
temperatures, perhaps because of some reduced ability to
discriminate against Sr during entry into the endolymph.
To test this hypothesis, the slopes of all published Sr:Ca
versus temperature relationships were regressed against
the median temperature of the study (Fig. 8), with the
expectation that fractionation (negative slopes) would only
be apparent at low temperatures. The slope in Fig. 8 is
significant (p=0.03), although only those experiments
carried out below 10° produced temperature coefficients
significantly different from zero. If real, such a
relationship suggests that Sr:Ca ratios decrease with
increasing temperature at low temperatures, but the ratios
increase with temperature at high temperatures. As will be
seen later however, there is an alternative explanation for
these results.
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Fig. 8. Temperature sensitivity of the Sr:Ca ratio in otoliths as a
function of mean experimental temperature. Temperature
sensitivity was defined as the slope of the within-study regression
of Sr:Ca on temperature, as determined from published values.
The regression is significant (p=0.03), suggesting that temperature
sensitivity declines with increasing temperature. Also shown are
the temperature coefficients for inorganic aragonite (Kinsman and
Holland 1969) and an aragonitic coral (Shen et al. 1996).

Given the controversy in the literature concerning the
utility of otolith Sr:Ca ratios as indicators of either salinity
(Kalish 1990; Halden et al. 1995; Secor et al. 1995) or
temperature (Radtke 1989; Townsend et al. 1992, 1995),
there has been disagreement over which of the two
environmental factors would be expected to be most
influential in modifying otolith composition. Simple
calculations however, suggest that changes in salinity
would generally be more detectable than would changes in
temperature. On the basis of the observed difference in
otolith Sr:Ca ratios (shown in Fig. 6) between fresh water
and salt water, each 1%, increase in salinity would be
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expected to produce a 0.05 x 107 increase in the otolith
Sr:Ca molar ratio. Given the 30-35 difference in
salinities between marine and riverine waters,
corresponding to a 1.5 x 10 change (or 3-fold) in the
otolith Sr:Ca ratio, it is obvious why otolith Sr:Ca is such
an effective indicator of anadromy in fishes. Mean
observed Sr:Ca-temperature slopes of about -0.1 x 10~ per
degree for Clupea (Fig. 8) are twice those observed in
corals (Shen et al. 1996) and nearly three times that
observed in inorganic aragonite (Kinsman and Holland
1969), and thus are somewhat larger than would otherwise
be expected. Even if accepted as given, a slope of -0.1 x
107 implies that each degree of rising temperature would
only result in a 0.1 x 10~ decline in the otolith Sr:Ca ratio.
Thus a 15° temperature shift would be required to produce
a change in otolith composition equivalent to that
produced by anadromy. Using the temperature effect
observed in corals, a 30° shift would be required. Note
however that a temperature effect has only been observed
in otoliths at median temperatures of less than 10° (Fig. 8).

Integrated Effects on Otolith Sr:Ca

Notwithstanding the controversial effects of temperature
on otolith Sr:Ca, it is clear that there is a wide range of
observed Sr:Ca ratios among species, habitats and studies,
even within a given salinity regime. Thus any generalized
hypothesis for Sr:Ca incorporation into the otolith must
reconcile the following apparently-unrelated observations:
1) abroad tendency towards lower Sr:Ca ratios in the
faster growing individuals of a species (Sadovy and
Severin 1994); 2) the apparent temperature effect in low-
temperature larvae, but not in mid- and high-temperature
larvae (Fig. 8); 3) the very high Sr:Ca ratio in larvae of
eels, Anguilla species, even at high temperatures (Otake et
al. 1994; Tzeng 1996); 4) the commonly-observed
increase in otolith Sr:Ca with fish age (Radtke and Targett
1984; Radtke 1987; Sadovy and Severin 1992; Proctor et
al. 1995); and 5) annular variations in Sr:Ca which are in
phase with, but not necessarily correlated with,
temperature cycles (Sadovy and Severin 1992, 1994;
Fuiman and Hoff 1995). The common factor among all of
these observations is variability associated with the rate of
protein synthesis in relation to the crystallization rate of
the otolith.

The rate of calcium carbonate crystallization would
normally be considered a major source of Sr:Ca variability
in fish otoliths, just as it is in calcite (Lorens 1981),
bivalves (Stecher et al. 1996), and corals (de Villiers et al.
1994). However, various studies have failed to find a
relationship between Sr:Ca and otolith increment width
(Kalish 1989; Gallahar and Kingsford 1992), indicating
that otolith Sr:Ca is not a simple function of calcification

rate. To some extent, this may be explained by the fact
that otolith and endolymph composition appear to be more
tightly regulated than are the same processes in other taxa.
In addition, the role of water soluble, calcium binding
proteins in regulating otolith growth appears to be
substantial (Wheeler and Sikes 1984; Wright 1991; Asano
and Mugiya 1993). Therefore, while the rate of
crystallization may well be one of the factors influencing
Sr:Ca incorporation into the otolith, it seems likely that the
crystallization rate is controlled by the formation rate of
proteinaceous matrix on the growing otolith surface. The
rate of matrix formation in turn is highly correlated with
the rate of somatic growth, since the latter reflects the rate
of net protein synthesis.

Our current understanding of the otolith mineralization
process is too scanty to allow the development of a
detailed hypothesis to explain otolith Sr:Ca ratios.
However, a crystallization process which is controlled by
the rate of matrix protein formation, and inversely
proportional to otolith Sr:Ca, is consistent with most of the
observations. Since the rate of protein synthesis is often
highly correlated with metabolic rate, temperature and
somatic growth rate, explanations for presumed
temperature (Radtke 1989; Townsend et al. 1989, 1992,
1995) and growth rate effects (Sadovy and Severin 1992,
1994) on otolith Sr:Ca become readily apparent.
However, the link between temperature and protein
synthesis often fails at higher temperatures, due to higher
metabolic losses. Such losses would explain the absence
of Sr:Ca temperature sensitivity in fish maintained at
higher temperatures (Fig. 8). By corollary, both Sr:Ca
ratios and their sensitivity to temperature should be
maximal in otoliths with low protein synthesis (growth)
rates. This prediction of the hypothesis is consistent with
the elevated Sr:Ca ratios in eel leptocephalus otoliths,
which exhibit extremely low growth rates even at high
temperatures (Otake et al. 1994; Tzeng 1996). It also
explains, for the first time, the peak in the Sr:Ca ratio at
the time of metamorphosis from the larval stage, since
metamorphosis is a life history stage with markedly
curtailed growth (Toole et al. 1993; Otake et al. 1994;
Tzeng 1996). Similarly, protein synthesis and otolith
growth tend to decline with age in adult fish (Mulcahy et
al. 1979; Schwarcz et al. 1998), which is consistent with
the observed long-term increase in Sr:Ca (Radtke and
Targett 1984; Radtke 1987; Sadovy and Severin 1992;
Proctor et al. 1995). Even otolith checks, which are
regions of reduced otolith growth (Campana and Neilson
1985), are characterized by elevated Sr:Ca levels (Kalish
1992). Thus it appears that variations in the rate of otolith
matrix formation are at least partially responsible for the
observed range of Sr:Ca ratios across species within a
given salinity regime, with temperature and/or growth
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being occasional, and often frequent, correlates. Of
course, Sr incorporation into the accreting otolith is also a
function of the Sr:Ca ratio in the endolymph (Kalish
1989). Since the latter varies with the salinity of the
ambient water, variation in otolith Sr:Ca due to protein-
regulated crystallization would overlay, not replace,
variation due to salinity effects.

The key to testing the hypothesis linking otolith Sr:Ca
with the rate of proteinaceous matrix formation would
appear to lie with experiments in which otolith Sr:Ca,
matrix formation and calcification rate are simultaneously
monitored. In light of the “uncoupling’ of fish and otolith
growth noted in many studies, it is quite possible that the
rate of matrix formation provides threshold limits for
calcification rate, but that the effect of temperature on
calcification rate is additive within those limits
(Mosegaard et al. 1988). If such a mechanism exists, it is
not at all obvious how otolith Sr:Ca might respond.
Further research in this area is clearly required.

STABLE ISOTOPES

Stable isotopes are neutral, non-radioactive variants of an
element whose relative uptake can be modified by the
environment or biological activity due to their slightly
different atomic mass. Processes that enhance the uptake
of one isotope over another thus result in an isotopic ratio
which differs from that of the source. Accordingly, stable
isotope ratios have a long history of use as geological and
biological tracers, recorders of temperature, salinity and
pH, and indicators of feeding history, trophic level and
metabolic rate (Peterson et al. 1985; Hesslein et al. 1991).
Carbon and oxygen are the two elements with the most
extensive history of interpretation, although stable isotope
ratios of nitrogen, sulfur, lead, strontium and boron are
increasingly being used (Vogel et al. 1990; Spivak et al.
1993; Gannes et al. 1997). In otoliths, stable isotope
ratios have been used to reconstruct temperature history
(Devereux 1967; Mulcahy et al. 1979; Kalish 1991b;
Patterson et al. 1993; Thorrold et al. 1997b), differentiate
among groups of fish (Edmonds and Fletcher 1997;
Kennedy et al. 1997; Dufour et al. 1998; Thorrold et al.
1998b), infer metabolic history (Radtke et al. 1987; Kalish
1991c¢; Gauldie 1996a; Schwarcz et al. 1998), and
reconstruct migration history (Northcote et al. 1992).

The source of stable isotopes incorporated into the otolith
varies with the element. Elements such as oxygen and
strontium appear to be incorporated into the otolith with
isotopic ratios which are nearly identical to that expected
of crystallization from the ambient water (Kalish 1991c;
Kennedy et al. 1997; Thorrold et al. 1997b), suggesting
that the water is their primary source. In contrast,
approximately 10-30% of otolith carbon may be derived

from metabolic sources (Kalish 1991c¢; Schwarcz et al.
1998), suggesting a dietary origin. The remainder of the
otolith carbon would presumably come from dissolved
inorganic carbon (DIC) in the water.

The chemical processes that lead to isotopic enrichment or
depletion in biogenic carbonates have been carefully
described elsewhere (Leder et al. 1996; Swart et al. 1996),
and do not bear repeating here. In brief, thermodynamic
principles (eg- solution concentration and temperature)
regulate the degree of isotopic fractionation in inorganic
aragonite; where these principles are the only ones
influencing fractionation in a biological system, the
system is said to be in equilibrium. The effect of these
purely physical factors is easily predicted when the
temperature and the isotopic composition of the
precipitating solution (eg- ambient water) is known. Thus
carbonates precipitated under equilibrium conditions are
often used to estimate past temperatures and/or water
composition (Kim and O’Neil 1997). However, many
biogenic carbonates undergo additional fractionation due
to “vital effects”, which includes both kinetic and
metabolic effects (Kalish 1991c; Thorrold et al. 1997b).
These effects have been carefully studied in corals and
bivalves, but recent studies have indicated that
fractionation in corals and otoliths differ in some key
respects. For example, corals are often isotopically
depleted (typically -3 to -5 “/g0) in 8O relative to marine
fish otoliths (-2 to +4 0/00) from comparable habitats. For
this reason, corals are probably a poor model for isotope
fractionation in otoliths.

Oxygen isotopes in otolith aragonite are deposited in, or
very near to, equilibrium with the ambient water (Kalish
1991b,c; Patterson et al. 1993; Radtke et al. 1996;
Thorrold et al. 1997b), suggesting similar behaviour to
that of inorganic aragonite. Inorganic aragonite
fractionation has not been studied at more than one
temperature, but the recent study of Kim and O’Neil
(1997) rigorously quantified the temperature dependence
of the oxygen isotope fractionation factor in calcite. Since
a 0.6 °/ enrichment in aragonite relative to calcite has
been well documented (Tarutani et al. 1969; Grossman
and Ku 1986; Kim and O’Neil 1997), the fractionation
equation for aragonite can be calculated. A comparison
between the resulting inorganic aragonite fractionation
relationship and that estimated in several otolith studies
shows a striking resemblence (Fig. 9). Nor is there any
evidence of a relationship between precipitation rate and
fractionation (Thorrold et al. 1997b). Deviations among
studies in the intercept of the fractionation relationship
shown in Fig. 9 are unlikely to be biologically significant,
since some studies inferred, rather than measured, the
isotopic composition of the water (Radtke 1984; Kalish
1991b).
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Fig. 9. Relationship between the estimated oxygen isotope
fractionation factor (1000 In o) and temperature for inorganic
aragonite (heavy solid line = calcite of Kim and O’Neil 1997,
enriched by 0.6 %/, for aragonite). Also shown are the published
otolith relationships of Kalish 1991b (long-short dash) and
Thorrold et al. 1997b (long dash); the otolith-based relationships
of Patterson et al. (1983), Kalish (1991c) and Radtke et al. (1996)
are also shown, but are indistinguishable from that of inorganic
aragonite. The overall relationship of aragonitic forams and
molluscs studied by Grossman and Ku 1986 (short dash) has been
commonly used for otoliths in the past, but no longer seems
appropriate.

An additional report of nonequilibrium deposition was
probably the result of a calculation error (Radtke et al.
1996). Most of the remaining studies show good
agreement with the equation for inorganic aragonite
(Kalish 1991c (across all species); Patterson et al. 1993;
Radtke et al. 1996), but differ slightly from that based on
aragonitic foraminifera and molluscs which was
previously applied to otoliths (Grossman and Ku 1986).
In light of the close similarity of the recent experimental
results on otoliths with the theoretical expectation, there is
no reason to continue to use the Grossman and Ku (1986)
equation with otoliths. Therefore, the relationship
between temperature and the oxygen isotopic ratio is best
described by that of inorganic aragonite (calcite equation
from Kim and O’Neil (1997) applying their revised acid
fractionation factor, enriched by 0.6 %0 for calcite-
aragonite):

1000 In o = 18.03 (1000 TK'l) -31.82
where a = the fractionation factor = (84 + 1000)/(d,, +

1000)
or approximately:

Soto - Ow = 3.71 - 0.206 T°C

Normally, the temperature term would refer to the
temperature of the ambient water, but in thermo-regulating
fishes such as tuna, must be referred to the internal
temperature of the fish (Radtke et al. 1987). As is clearly
evident from both of the above equations, it is not possible
to estimate temperature from otolith oxygen isotopic ratios
unless the isotopic composition of the water at the time of
otolith formation is known (or can be estimated). Broad
correlations between the isotopic composition of water
and salinity exist, but these often vary substantially with
water depth, latitude and other factors (Tan et al. 1983).
As a result, interpretation of otolith oxygen isotopic ratios
can be dangerous in the absence of independent
information on the isotopic composition of the water
(Thorrold et al. 1998b).

There is broad agreement that carbon isotopes are
deposited in otoliths under non-equilibrium conditions,
probably due to metabolic generation of the carbonate ion
incorporated into the endolymph from the blood plasma
(Kalish 1991¢; Gauldie 1996a; Thorrold et al. 1997b;
Schwarcz et al. 1998). Reported values for otolith 8"°C
range from -9 to +1, and are typically 5 %, more depleted
than inorganic aragonite (Romanek et al. 1992). In
contrast, blood and other fish tissues are highly depleted in
8'"°C due to their metabolic origin, with values of about -
17 %/ (Fry 1983). The large discrepancy in the 5"°C
composition between otolith and blood is attributable to
the fact that only 10-30% of the otolith carbon is derived
from metabolic sources (Kalish 1991c¢; Schwarcz et al.
1998); the remainder probably comes from DIC which is
typically about 1 %y in marine surface waters (Schwarcz
et al. 1998). Overlying all of these effects is a weak
positive relationship between otolith precipitation rate and
8"3C, further evidence of a metabolic influence on
fractionation (Thorrold et al. 1997b).

Interpretation of the otolith 8'°C signal is complicated by
more than just metabolic fractionation. As noted by
Schwarcz et al. (1998), the metabolic component of otolith
8'"°C is in turn influenced by the 8'°C of the diet and the
metabolic rate of the fish. In general, the 8"°C of the diet
can be expected to increase with trophic level, whereas the
metabolic rate (and metabolic contribution) would be
expected to decrease with age. These two processes are
probably responsible for the oft-observed increase in
otolith 8"°C until the age of maturity (Mulcahy et al. 1979;
Kalish 1991c; Gauldie 1996a; Schwarcz et al. 1998), since
both would result in an increase in otolith 8'°C with age.
Temperature effects on otolith 8'°C appear to be small,
resulting in a decline of 0.2 %/, for each degree of
warming (Kalish 1991c¢; Thorrold et al. 1997b). A
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previous report of no temperature effect appears to be
based on an error in calculation (Radtke et al. 1996).
Variations in the 8"°C of DIC due to water depth are
slightly larger, declining by about 2 %/oy over the upper 300
m of the water column (Schwarcz et al. 1998).

RADIOISTOPES

Radiochemical dating of calcified structures has a long
history in corals and molluscs (Moore and Krishnaswami
1972; Druffel and Linick 1978; Turekian et al. 1982;
Cochran and Landman 1984). The same underlying
concepts apply to fish otoliths, and are based on well
established physical principles governing radioactive
decay. Radioisotopes are incorporated into fish otoliths in
exactly the same way as are stable isotopes of any given
element. Once incorporated into the otolith, the
radioisotopes decay into radioactive daughter products,
which are themselves retained within the acellular
crystalline structure. Since the half-lives of the parent and
daughter isotopes are known (and fixed), the ratio between
them is an index of elapsed time since incorporation of the
parent isotope into the otolith. In the case of man-made
radioisotopes (eg- those from nuclear explosions), an
additional application is possible; the presence of the
parent isotope can be used as a dated marker in the
calcified structure, taking advantage of independent
knowledge of the year of introduction of the radionuclide
into the fish’s environment. Since natural radioisotopes
are generally interpreted in terms of the extent of
radioactive decay, while radioisotope products of nuclear
explosions are used as dated marks, they will be treated
separately in the following discussion.

Natural Radioisotopes

Given their extremely low concentrations in both the
environment and the fish, only a handful of natural
radioisotopes have been detected in otoliths (eg- '*C, **°Ra
and **Ra, *'°Pb, ?'°Po, **Th, ** SU). Other radioisotopes
such as *°Sr and "*’Cs have been detected in fish tissues
(Beddington et al. 1989; Forseth et al. 1991), suggesting
that they may also be incorporated into the otolith.
Nevertheless, the only attention which has been given to
otolith radioisotopes has been in the context of age
determination and validation, and virtually all of that
attention has been focused on only 2 isotope pairs:
219pp:22Ra (Bennett et al. 1982; Campana et al. 1990;
Fenton et al. 1990, 1991; Kastelle et al. 1994; Milton et al.
1995) and **Th:***Ra (Smith et al. 1991; Campana et al.
1993). A third isotope pair, *'°Po:*'°Pb, has been used to
age molluscs (Cochran and Landman 1984; Fabry and
Delaney 1989), but has not yet seen use in otoliths.

All radioisotopes have characteristic half-lives which
reflect their exponential decay rates and the rates at which
they approach secular equilibrium (when the rate of loss
(through decay) of the daughter comes to equal the rate of
loss of the parent). The radiometric equations describing
their decay and interpretation in otoliths have been
described elsewhere (Campana et al. 1993; Kimura and
Kastelle 1995). It is the rate at which secular equilibrium
is approached which determines the preferred age range
for any given isotope pair. For example, *'°Pb:**°Ra
activity ratios, where the half-lives of *'°Pb and **°Ra are
22.3 yr and 1600 yr respectively, approach a secular
equilibrium of 1 over a period of more than 100 years
(Fig. 10). Yet the activity ratio changes more and more
slowly as the equilibrium is approached, limiting the
useful range of *'°Pb:***Ra to about 0-40 yr. For example,
a 0.1 uncertainty in the activity ratio may correspond to an
uncertainty of just over 3 yr in a young otolith core, but
would correspond to 20 yr in a core from a 50-yr old fish.
Similar principles control the useful age range of both the
19po:21%p (0-1 yr) and the **Th:***Ra (0-8 yr) isotope
pairs (Fig. 10).
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Fig. 10. Relationship between the activity ratio of **Th:***Ra,
219po:219ph and '°Pb:?*°Ra as a function of fish age when the
radiochemical assay is restricted to an otolith core (age 0) with an
initial activity ratio of 0. Since age categories become increasingly
difficult to separate as the activity ratio approaches secular
equilibrium, Po:Pb, Th:Ra and Pb:Ra ratios are best suited for age
determinations of 0-1, 0-8 and 0-50 years, respectively. Insert
shows full age range for the 2'°Pb:***Ra activity ratio.

Unlike many other aspects of otolith science, the
assumptions central to radiochemical dating in otoliths
have been given careful attention by a number of authors
(Fenton et al. 1990; Fenton and Short 1992; Campana et
al. 1993; Kastelle et al. 1994; West and Gauldie 1994,
Francis 1995; Kimura and Kastelle 1995). Some
problematic assumptions must be made to interpret
radioisotope ratios in whole otoliths. However, since the
otolith core was formed when the fish was very young, the
age of the extracted otolith core is very similar to the age
of the fish (Campana et al. 1990; Smith et al. 1991;
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Kimura and Kastelle 1995). Thus interpretation of the
otolith core avoids the problematic assumptions, and is
widely acknowledged to provide more reliable results than
would the whole otolith (Kimura and Kastelle 1995). The
assumptions for dating otolith cores are as follows:

1) The otolith consitutes a closed chemical system, such
that radionuclides are neither gained nor lost after
incorporation, except through decay. Furthermore, there
is no appreciable migration of radionuclides within the
otolith (eg- into or out of the core region). Clear
violations of this assumption have been observed in shark
vertebrae (Weldon et al. 1987), in which remobilization of
calcified material distorted the expected daughter gradient
between the older centre and the younger edge. However,
such remobilizations do not occur in otoliths, since they
are both acellular and metabolically inert (Campana and
Neilson 1985). The possibility of loss of **Rn, the
gaseous intermediate of the **°Ra — *'°Pb decay chain,
through the channel architecture of the otolith has been
vigorously debated in the literature (Fenton et al. 1990,
1991; Gauldie et al. 1992; Campana et al. 1993; West and
Gauldie 1994), although neither side has presented
experimental evidence in support of their position.
Nevertheless, there is compelling empirical evidence in
support of a closed system: if **’Rn is lost during decay,
age estimates based on daughter:parent isotope ratios
should be skewed towards lower ratios, and hence younger
ages. Yet all published *'’Pb:**°Ra ratios to date have
resulted in extremely old age estimates, some of which
have exceeded 100 yr (Campana et al. 1990; Fenton et al.
1991; Francis 1995). Therefore, if Rn emanation is
occurring in these otoliths, it must be occurring at very
low levels.

2) Uptake of daughter isotopes from external sources
(allogenic) is small compared to that of the parent. Where
this uptake is non-zero, it must be known or measured. An
otolith core can be dated even if allogenic uptake of the
radioisotopic daughter is large during the period of core
formation, as long as the initial daughter:parent ratio is
known. Moderate uncertainty (eg- 10%) around some
mean value of the ratio will have little influence on the
predicted decay curve if the allogenic daughter:parent
ratio is small (eg- < 0.2). However, the same relative
uncertainty can introduce serious error into age estimation
if the mean ratio is high, since the ability to discriminate
among adjacent age groups decreases as secular
equilibrium is approached (Fig. 10). The initial value of
the daughter:parent ratio can be inferred using otoliths of
young fish (of the same age as the core) from several
yearclasses from an appropriate location. Where these
measurements have been made, 2'°Pb:**°Ra ratios have

generally been less than 0.2 (Bennett et al. 1982; Campana
et al. 1990; Fenton et al. 1990, 1991, Kastelle et al. 1994;
Milton et al. 1995). However, large variations in the first
few years of life have been noted (Milton et al. 1995),
suggesting that significant uptake of allogenic Pb or *'°Po
(the intermediate daughter) is quite possible (Fabry and
Delaney 1989; Fenton et al. 1990).

Radiochemical dating of whole otoliths makes the same
two assumptions listed above, although the assumption
dealing with negligible internal migration of radioisotopes
within the otolith does not apply. However, assays of
whole otoliths make the following two additional
assumptions, both of which can be troublesome:

3) The rate of uptake of both the parent and daughter
isotopes remains in constant proportion to the mass
accumulation rate of the otolith. As was the case with the
otolith cores, the initial daughter:parent ratio must either
be low or known. The additional constraint with the
interpretation of whole otoliths is that this ratio must
remain constant, and remain in fixed proportion with
calcium deposition, as the otolith grows. Otherwise, it is
impossible to know the proportion of the decay which
occurred in each year of growth. Only Fenton et al. (1990,
1991) have tested this assumption, but they documented
age-dependent trends in the ***Ra:Ca ratio, thus
invalidating the assumption. As well, Fowler et al.
(1995a) demonstrated that the rate of Pb incorporation into
the otolith increased with decreasing growth rate,
suggesting that Pb incorporation probably increases with
fish age.

The assumption associated with a fixed rate of
radioisotope uptake can be relaxed if stable, more easily
measured proxies can be found for the parent and daughter
radioisotope (Fenton and Short 1992). The use of stable
Pb as a proxy for >'°Pb seems reasonable, since there is
little reason to expect age-related fractionation between
*19pp and the far more abundant stable isotopes of Pb.
However, the application of Ba as an analog of Ra
assumes that the chemical behaviour of Ba in the water
column is similar to that of Ra. There is no evidence to
suggest that this is the case (Bruland 1983). Re-analysis
of the data of Milton et al. (1995) showed no significant
correlation between Ba and Ra concentrations, whether
within otolith cores or the whole otolith. Therefore it is
premature to consider Ba as a stable equivalent of ***Ra.

4) The mass growth rate of the otolith is either constant
or its rate of change is known. Since the otolith core
decays at a fixed and known rate over a length of time
almost equivalent to the age of the fish, it is independent
of any subsequent otolith growth. However, when the
entire otolith is analyzed, the outer layers of the otolith
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will have been more recently deposited and hence will
have experienced less radioactive decay than the inner
growth layers. Modification of the decay equations to
accommodate variable otolith growth rates are straight
forward and uncontested as long as the relative otolith
growth rate is known (Bennett et al. 1982; Campana et al.
1993; Francis 1995; Kimura and Kastelle 1995).
However it is circular reasoning to use annulus counts to
calculate the growth rate required of the decay equation,
which is then used to validate the annulus counts (West
and Gauldie 1994; Francis 1995; Kimura and Kastelle
1995). In a simulation study of the effect of ageing error
on the calculated radiochemical age, Kimura and Kastelle
(1995) demonstrated that incorrect annulus-based ages
readily translated into incorrect radiochemical ages, with
each supporting the “accuracy” of the other. Francis
(1995) also recognized this problem, and proposed the use
of two alternate approaches which provide most-probable
and/or minimum age estimates, thus avoiding the need for
annulus-based ages. While a notable improvement over
previous whole-otolith equations, these alternate
approaches still assume two-stage linear otolith growth, an
assumption whose validity remains to be tested.

Radioisotopes from Nuclear Explosions

The widespread atmospheric testing of atomic bombs in
the 1950's and 1960's released more than a dozen
radioactive isotopes into the environment. Isotopes such
as *°Sr and *’Pu tended to be associated with particulates
(nuclear “fallout”), and thus were most concentrated in the
vicinity of the bomb site. On the other hand, radiocarbon
("C or carbon-14) was introduced as carbon dioxide gas,
spread rapidly throughout the atmosphere, and soon
resulted in a doubling of background atmospheric
radiocarbon levels (Nydal and Lovseth 1983). Rain and
atmosphere-ocean gas exchange quickly introduced the
radiocarbon into the surface layer of the world’s oceans in
a manner which has been well described at large spatial
scales (Broecker et al. 1985; Duffy et al. 1995). Through
analysis of annular growth rings in coral, various workers
demonstrated that bomb radiocarbon was incorporated
into the accreting coralline skeleton in concentrations
proportional to those present in the water column at the
time (Nozaki et al.1978; Druffel and Linick 1978). Thus
the time series of bomb radiocarbon in the coral was
shown to reflect that present in the marine environment,
which increased by about 20% between 1950 and 1970.
During the same time period, radionuclides such as *’Sr
suddenly appeared in bones, antlers and other calcified
structures (Beddington et al. 1989; Schonhofer et al.
1994). In the case of both radiocarbon and the other
bomb-produced radionuclides, the period corresponding to

their sudden increase in the environment serves as a dated
marker for those calcified tissues in which they were
incorporated.

Kalish (1993) was the first to demonstrate that fish otoliths
also incorporated bomb '*C, and that the time series of
radiocarbon reconstructed from presumed otolith annuli
was similar to that present in nearby corals. Thus he was
able to infer that the otolith annuli had been interpreted
and aged correctly, because systematic under- or over-
ageing would have resulted in a phase shift between the
otolith A'C and the coral A'C time series. Subsequent
work (Kalish 1995a, b; Kalish et al. 1996,1997; Campana
1997; Campana and Jones 1998) has confirmed the value
of the bomb radiocarbon technique for solving problems
of age validation in a variety of fish species. A similar
approach has been used by workers in other disciplines to
infer age and the frequency of growth ring formation in
both bivalves (Turekian et al. 1982; Peck and Brey 1996)
and mammals (Bada et al. 1990). Note that this approach
is unlike traditional radiocarbon dating, since there is no
appreciable radiocarbon decay over periods of less than
100 years.

The synchrony in the appearance of the bomb A'*C

signal in surface waters throughout the global ocean is
striking, particularly since it has been observed in a
diverse array of organisms (Fig. 11).

200
E
E
H
100 ’ :;Tﬂ:dd o
i g
| L P
[e) . ‘J -
s
g /
(&
0
-100

1940 1950 1960 1970 1980 1990

Year

Fig. 11. Time series of bomb A'*C uptake into Bermuda coral
(solid line), South Pacific coral (heavily dashed line) and Georges
Bank bivalve (dashed line), as well as known-age Melanogrammus
aeglefinus (M) otoliths from the NW Atlantic and Pagrus auratus
(®) otoliths from the South Pacific. Note the synchrony in the
timing of the bomb A'*C signal increase among the diverse taxa
and locations, but the differences in pre- and post-bomb levels due
to differences in water residence times. Insert shows typical
relationship between depth and A'C (data drawn from Peng et al.
1998). The Bermuda and South Pacific coral chronologies are
drawn from Druffel (1989) and Guilderson et al. (1998),
respectively, while the bivalve time series is from Weidman and
Jones (1993). The Melanogrammus and Pagrus data are from
Campana (1997) and Kalish (1993), respectively.
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Corals, bivalves and fish otoliths from the north
Atlantic (Druffel 1989; Weidman and Jones 1993;
Campana 1997) through to the south Pacific (Kalish
1993; Guilderson and Schrag 1998; Peng et al. 1998)
all recorded a sharp increase in A'*C between the late
1950’s and early 1970’s. Such large-scale
synchronicity implies that the A'*C time series
reconstructed from the otolith cores of old fish can
safely be compared (and validated) against a baseline
chronology from any other species in the region from a
comparable habitat. As will be discussed later, subtle
differences in the phase of the various A'*C
chronologies may exist, attributable primarily to depth
(Fig. 11) and water source (Kalish 1995b; Campana
and Jones 1998). However, the most substantial
differences are associated with the post-bomb A'*C
history, which is strongly influenced by water mixing
times (Weidman and Jones 1993; Guilderson and
Schrag 1998). For this reason, the post-bomb A'*C
level requires more careful interpretation than does the
period of increase, although it can be valuable when
used as a tracer of upwelling and circulation (Kalish
1995b). In contrast, the phase (rather than the
magnitude) of the chronology is of greater importance
for age validation.

Three assumptions underlie the use of the A'*C
chronology for the validation of otolith annuli: 1) the
extracted otolith core must not be contaminated with
material of more recent origin; 2) annulus
interpretations and any associated errors must be made
consistently across all ages examined; 3) the period of
increase in the A"*C ‘reference’ chronologies must be
synchronous with that of the fish species under study.
The first assumption has been both modelled (Kalish et
al. 1996) and tested (Campana 1997). In the latter
study, intact age 1 otoliths and the extracted otolith
core of older fish from the same year-class were similar
but not identical. Since the cores from the older fish
contained somewhat more recent A'*C values, there
may have been limited contamination of the cores with
more recently-deposited otolith (and A'“C) material.
The second assumption is implicit in all ageing studies,
since it implies that a given growth increment is
interpreted in the same way, whether observed in a
young or an old fish. However, the third assumption,
that of synchronicity among the A'*C chronologies, is
more interesting. This assumption has been tested and
confirmed in all reported bomb radiocarbon otolith
ageing studies on marine fishes living in the surface
mixed layer, whether in the south Pacific (Kalish 1993;

1995a) or the north Atlantic (Campana 1997).
However, lack of synchrony has been reported in both
estuarine (Campana and Jones 1998) and deep-sea
(Kalish et al. 1997) fishes. In the case of the estuarine
fish, the A'*C chronology reconstructed from otolith
cores was phase shifted 2-4 years towards earlier years,
consistent with an atmospheric rather than a marine
input. Because estuaries are shallow, well mixed areas
with strong riverine input, there is a rapid and
relatively complete exchange of radiocarbon between
the atmosphere and the water. As a result, the A'*C
chronology of an estuary is a much closer reflection of
the atmospheric chronology (which started to increase
in the mid 1950’s) than of the marine chronology
(Erlenkeuser 1976; Spiker 1980; Tanaka et al. 1986).
The opposite is true of deep-sea waters, which were
much slower to mix with surface waters containing the
bomb A'C signal, and thus were characterized by a
delayed A"C chronology. As a result, interpretation of
the A'*C signal in the otolith core of a deep-sea fish can
be problematic, and must be carefully interpreted
according to depth unless the fish’s juvenile phase
(corresponding to the otolith core) was spent in near-
surface waters (Kalish 1995b; Kalish et al. 1997).

Interpretation of an otolith-based chronology will not
generally be influenced by the magnitude of the pre-
and post-bomb A'*C levels, since it is the period of
increase that is of interest for age determination.
However, calibration of individual A'*C values against
the year of formation is also possible as long as
additional information is available. Post-bomb, and to
a lesser extent pre-bomb A'*C values vary significantly
and substantially with latitude, upwelling, circulation,
depth and any other factor influencing the mixing of
sub-surface, 14C—poor waters with surface waters
(Druffel 1989; Toggweiler et al. 1991; Peng et al.
1998). The variation typically associated with water
depth is shown in the insert of Fig. 11. In the absence
of information on the fish’s habitat at the time of
otolith annulus formation, it would be difficult to
assign a year of formation to an individual A"*C value.
Additional variability due to diet might be expected, in
light of the fact that about one third of otolith carbon is
metabolically derived (Kalish 1991c; Schwarcz et al.
1998). However, diet is unlikely to be a significant
modifier as long as the prey live in a comparable water
mass to that of the fish. Examples of habitats where
diet might be expected to be a confounding issue
would include deep-sea habitats, where fish could feed
on dead prey sinking from surface waters above, and
estuarine habitats where otolith composition could
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reflect a combination of terrigenous food sources
(which tend to be enriched in "*C, similar to the
atmosphere) and '*C-depleted marine sources. In such
environments, the A'*C signal would be expected to be
more variable than in a more homogeneous
environment like the open ocean (Campana and Jones
1998).

Sampling and Analyses

A distinctive and powerful feature of the field of otolith
chemistry is that the assays can either be restricted to some
portion of the fish’s life history or integrated across the
entire lifetime of the fish. In other words, the scale of

sampling can be modified to address the hypothesis being

tested, through analysis of either the entire otolith or
through a targeted assay of a specific region. In general,
analyses of whole otoliths are best suited to questions of
stock discrimination, since the primary question is one of
overall differences between groups of fish, integrated
across their lifetimes. In contrast, microsampled or beam-
based assays can target a particular range of ages or dates,
and thus take advantage of the chronological growth
sequence recorded in the otolith. Currently, bulk and/or
solution-based elemental assays are capable of better
accuracy, precision and/or sensitivity than are most beam-
based assay techniques, a factor that must be considered
given the exceedingly low concentrations of many otolith
trace elements.

Table 3. Summary of the most frequently measured otolith elements which can be detected and quantified by each of the most popular analytical
instruments. Mean limits of detection (LOD in pg/g) are listed where available, as drawn from unpublished data and the literature. Values in
brackets represent elements with a record for both reliable and unreliable quantification, while blank entries are either unreliable or unmeasured.
A= reliable quantification, but with an unknown LOD. Elements are listed in declining order of relative abundance. Since there is no established
equation for ED-EM LODs, the listed LODs for ED-EM are approximate only.
Beam Element
Type Instr- Diam- Ca Na Sr K S Cl P Mg Zn B Fe Mn Ba Ni Cu Li Pb
of ument eter
assay (pm)
Whole AAS - 0.5 0.2 2 2 0.1
otolith
ICP- - A 50 1 150 90 10 20 (@) 5) 5)
AES 0
ICPMS - 43 0)) 0.3 0.06 0.0 A (4 0.00 0.00 0.00 0.0 0.00 0.00
5 2 5 6 3 7 9
Beam- ED-EM 2-20 A (12,000) (6,000) (2,000
based
WD-EM 2-20 525 240 300 220 20 20 60  (300)
0 0 0
PIXE 3-20 0.8 0.5 5 (8 15 13 )
LA- 5-30 A 1.3 0.1 02 (A 0.04  (0.3) (A)
ICPMS*

*

LODs based on Ar gas blank, with no attendant laser pulse.

Assays of whole dissolved otoliths have become popular

for differentiating among stocks and tracking migrations,

since the elemental composition can be used as a natural
tag even without knowledge of the original source of the
component elements (Edmonds et al. 1989, 1995;
Campana et al. 1995, 1999b; Gillanders and Kingsford
1996). Advantages of whole-otolith assays include ease of

preparation, absence of error associated with sampling or

identifying growth increments, and the availability of
accurate and precise assay protocols. The major
disadvantage is associated with the inability to take

advantage of the chronological growth sequence recorded

in the otolith. Atomic absorption spectrometry (AAS)
(Grady et al. 1989; Hoff and Fuiman 1995), inductively-

coupled plasma atomic emission spectroscopy (ICP-AES)
(Edmonds et al. 1995), neutron activation analysis
(Papadopoulou et al. 1980), Raman spectroscopy (Gauldie
et al. 1994) and inductively-coupled plasma mass
spectrometry (ICPMS) (Edmonds et al. 1991; Dove et al.
1996) are among the techniques which have been used to
analyze otoliths. However, it is ICPMS which has
emerged as the instrument of choice for such assays, due
largely to its capability for rapid and accurate isotopic and
elemental assays over a wide range of elements and
concentrations (Table 3). Isotope dilution ICPMS (ID-
ICPMS), a variant of ICPMS often used to certify
reference materials (Fassett and Paulsen 1989), is the most
accurate of the otolith analytical techniques currently
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available (Campana et al. 1995). Sample sizes required
for most of the above assays are on the order of 5-10 mg
of otolith material, although ICPMS units outfitted with
high efficiency nebulizers are capable of handling otolith
weights as low as 0.3 mg (Thorrold et al. 1998a).

With analytical sensitivity comes the potential for
contamination. Factors such as the the mode of fish or
otolith preservation, composition of the instruments used
to remove the otolith from the fish, cleaning methods,
handling and even dust are all potentially major modifiers
of the perceived trace element composition. Preservation
fluids such as ethanol and formalin appear to have the
greatest potential for contamination, given the
microchannel architecture of the otolith and the relative
impurity of most preservatives (Milton and Chenery 1998;
Proctor and Thresher 1998). Small but significant effects
due to freezing have been observed in one study (Milton
and Chenery 1998), but not in another (Proctor and
Thresher 1998). Therefore, trace element analysis of
otoliths removed from fish shortly after capture and stored
dry appears to be safest. Current protocols for handling
and preparing otoliths are drawn from the water analysis
literature (Benoit et al. 1997), and always involve isolation
from skin, metallic instruments, and solutions which are of
other than trace metal grade. In general, decontamination
based on brushing and sonification in a series of distilled,
deionized, reverse osmosis water baths (Super Q or Milli
Q water) in a positive flow, laminar flow fume hood
(Class 100), followed by storage in dry, acid-washed
polyethylene vials, results in minimal contamination.
Minor elements such as Na, K, Cl, and S are likely to be
affected by the water sonification stage (Proctor and
Thresher 1998), perhaps because these elements are
incorporated by occlusion and are not lattice bound.
However, it is equally probable that such poorly bound
elements would be severely affected by exposure to any
fluid, including the endolymph if it shifts its composition
during the death of the fish. As a result, such elements
would probably not be well suited for use as stable
biological tracers. Acid washing of otoliths does not
appear to be necessary for elements such as Ba, Mg, Sr,
and Li (Campana et al. 1999a), despite the fact that it is an
important step in the decontamination of sediment-laden
forams (Boyle 1981).

Of particular relevance to ICPMS, but applicable to all
analytical techniques, is the likelihood of instrument drift
(change in sensitivity) during the analysis of large
numbers of samples or between analysis sessions. Since
the estimated elemental concentration can be significantly
affected by this drift, despite the analysis of analytical
standards, it is important that the analysis sequence be
blocked and randomized so that the order of analysis for
any one sample group is spread over the entire analysis

sequence. Use of ID-ICPMS minimizes (although it may
not eliminate) the effects of instrumental drift.

Assays for bomb radiocarbon and stable isotope ratios are
examples of applications where a particular age or date
range in the otolith is required, but beam-based assay
techniques are either inappropriate or insufficiently
sensitive. For these applications, the best alternative often
involves microsampling or coring techniques which
physically remove a portion of the otolith for subsequent
analysis. Computerized micromilling machines have
proven effective in stable isotope studies, whereby
seasonal or annual growth zones visible in otolith cross-
sections are milled to a discrete depth and the powder
collected for assay (Prezbindowski 1980; Patterson et al.
1993; Schwarcz et al. 1998). Earlier studies used hand-
held dental drills for the same purpose (Meyer-Rochow et
al. 1992). Where coarser sampling is adequate, otolith
cores (eg- first year of growth) can be extracted using
either a stepwise grinding (Campana et al. 1990), drilling
(Campana 1997) or sculpturing (Kalish 1995a) approach.
Controlled acid dissolution of overlying material has also
been reported, although the acid apparently leached some
material from the core (Dove et al. 1996). The advantages
of microsampling or coring include access to bulk
analytical techniques of high sensitivity and accuracy:
accelerator mass spectrometry (AMS) in the case of '*C
(Kalish 1993), mass spectrometry for '*0:'°0 and "*C:'*C
ratios (Patterson et al. 1993), and ICPMS for trace element
assays (Campana and Gagné 1995). The disadvantage is
one of limited sampling resolution, since the temporal
resolution of the extracted sample is seasonal at best
(Campana et al. 1990; Patterson et al. 1993). This limited
resolution is in part a constraint of the physical sampling,
since it is extremely difficult to trace the three
dimensional, nonlinear form of otolith growth zones.
However, a more telling limitation is that of the sample
size required for the assays: current limitations for stable
oxygen isotope and radiocarbon assays are about 30 pg
(Schwarcz et al. 1998) and 5 mg (Kalish 1995b),
respectively. It appears unlikely that microsampling or
coring would introduce contaminants which would
confound stable isotope or radiocarbon assays, as long as
the extracted samples were treated carefully. On the other
hand, there is potential for contamination from the
sampling process associated with trace element assays,
despite the fact that Dove et al. (1996) reported no
artifacts due to sectioning with an Isomet saw.
Beam-based assays target a particular age or date range in
the sectioned otolith, and thus take advantage of the
chronological growth sequence recorded in the otolith.
These types of targeted assays have been used to
reconstruct migration histories (Secor et al. 1995;
Thorrold et al. 1997a), identify nursery areas (Thresher et
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al. 1994; Milton et al. 1997), and determine Sr:Ca ratios in
order to infer temperature history (Radtke et al. 1990;
Townsend et al. 1995). The advantages of an age-
structured approach are obvious, particularly since the
beam sizes of the current generation of instruments
approach the width of a typical daily increment (Table 3).
As a result, the assay can be limited to the time scale of
interest, whether it is weekly, annual or at an intermediate
scale. Disadvantages of the approach include the
requirement for sectioning to expose the growth sequence,
the potential for contamination from the sectioning and
polishing procedure, and some degree of beam penetration
into underlying growth layers. The method also makes
two significant assumptions: firstly, that there is no
ageing error, and that the probe assays have been correctly
aligned with the appropriate growth increment; and
secondly, that the estimated elemental concentration in
any given growth increment is independent of the growth
axis that is sampled. This latter assumption is an
interesting one, since it implies that the rate of elemental
incorporation is independent of the rate of calcification,
contrary to our current understanding of trace element
incorporation. The few studies that have examined these
assumptions in otoliths reported varying levels of
consistency in minor element concentrations along a
variety of transects within an otolith, or between paired
otoliths (Gallahar and Kingsford 1992; Gunn et al. 1992;
Secor 1992; Thresher et al. 1994). It was not clear from
these studies whether the variation was real, or if it merely
reflected difficulties in aligning the microprobe beam to
the appropriate increment. Trace element concentrations,
in which an effect of calcification rate might be expected
to be more pronounced, have not yet been examined in
this manner. However, there are reports of extension rate
along a given growth layer influencing trace element
concentrations in coral (de Villiers et al. 1994). Until this
issue is examined in further detail, the selection of
standardized otolith growth axes for probe assays appears
wise.
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Fig. 12. Superior sensitivity and precision (CV) of solution-based over
laser-based ICPMS assays in a matched comparison of otolith pairs reared
under a constant environment. LA-ICPMS assays for Li and Mn were not
significantly above the limit of detection. All precision values include
variability among fish, and thus are not measures of analytical precision.
Data are drawn from Fowler et al. (1995a,b).

There are a wide variety of sophisticated instruments
available for probed assays of the otolith (Coutant
1990; Jackson et al. 1993; Gauldie et al. 1994; Jambers
et al. 1995), but the most frequently used include the
energy-dispersive (ED-EM) and wavelength-dispersive
(WD-EM) electron microprobes (Gunn et al. 1992),
proton-induced X-ray emission (PIXE) (Sie and
Thresher 1992), and laser ablation ICPMS (LA-
ICPMS) (Campana et al. 1994). In a detailed
experimental comparison among the above
instruments, Campana et al. (1997) noted that no one
instrument type was sensitive to each element, nor was
any one instrument preferred for use in all assays. In
general however, the minor elements such as Na and K
could only be measured accurately with an electron
microprobe, while the trace elements required PIXE or
LA-ICPMS. Sr was measured accurately and precisely
with either WD-EM, PIXE or LA-ICPMS. An
overview of the capabilities of the most popular
instrumentation is presented in Table 3. Also evident
from Table 3 is the reduced range or sensitivity of most
beam-based assays compared to their solution-based
counterparts, in part due to the much lower sample
weights being analyzed. This difference becomes even
more apparent in a matched comparison of otolith pairs
analyzed with two complementary techniques:
solution-based ICPMS and LA-ICPMS (Fig. 12). Not
only did the sensitivity of the solution-based assays
extend over a broader range of elements, the precision
of those assays was significantly better than those of
the laser-based assays. Of course, such a comparison
of precision is not strictly valid, since the probed
assays incorporate within-otolith heterogeneity which
is not present in the solution-based assays. However
such a caveat does not apply to the comparison of
sensitivity.

The absence of an otolith reference material has
undoubtedly hindered progress in otolith trace element
analyses, both solution-based and probe-based. While
analytical standards are used routinely with all instrument
types (Campana et al. 1997), they lack the aragonite-
dominated matrix of an otolith, and thus do not provide
the matrix matching so important to quantitative assays.
The result is often an assay which is accurate relative to
other samples being analyzed at the same time, but
quantitatively in error (Campana et al. 1997). Pressed
carbonate pellets (Perkins et al. 1991; van Heuzen and
Morsink 1991; Pearce et al. 1992) and otolith powder
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fused into glass beads (Campana et al. 1997) have both
been used for beam-based assays, but neither completely
addresses the requirements for matrix matching or surface
smoothness. Homogeneous otolith powders have been
developed to insure comparability among solution-based
assays (Campana et al. 1999a), but are not available in
quantities suitable for broad distribution. Until such time
as a certified otolith reference material is developed,
analogous to those used by analytical chemists in other
fields (Beauchemin et al. 1988), comparability among
published otolith trace element studies is likely to be
suspect.

Applications
Stock Identification

To the extent that groups of fish inhabit different
environments, the otolith elemental composition should
serve as a natural marker or tag of those groups. Two
assumptions underlie the use of the otolith elemental
composition as a marker: 1) material deposited on the
otolith is metabolically inert after deposition, and is not
susceptible to resorption; and 2) the physical and
chemical environment influences the rate of trace element
incorporation into the growing otolith surface. Elements
under strong physiological regulation (eg- Na, K, S, P, Cl)
probably do not meet the second assumption, and thus are
of limited value for tracking or stock identification studies
(Thresher et al. 1994; Proctor et al. 1995). However, both
assumptions appear to be met with respect to elements
such as Sr, Ba, Mn, Fe and Pb (and perhaps Li, Mg, Cu
and Ni), in which both ambient element:Ca concentrations
and temperature produce significant effects on otolith
composition (Fowler et al. 1995a; Farrell and Campana
1996; Dove 1997). Similar effects of environmental
availability and temperature apply to isotopic ratios of
elements such as strontium (Kennedy et al. 1997) and
oxygen (Thorrold et al. 1997b). Environmental responses
such as these, recorded permanently in the otolith, imply
that the otolith concentrations of selected elements and
isotopes (the “elemental fingerprint™) can be used as a
biological tag to discriminate among groups of fish which
have spent at least part of their lives in different
environments. While the application of otolith
composition as a natural tag appears to be relatively well
founded, use as a stock or population marker requires
considerably more assumptions (Campana et al. 1999a).

It is probably inappropriate to refer to the use of elemental
fingerprints as stock discriminators, since genetic
differences are not implied and spatial heterogeneity in the
stock environment can result in different fingerprints for
different stock components (Campana et al. 1999a;

Thorrold et al. 1998b). Perhaps more importantly,
ontogenetic effects and age-related differences in exposure
history can result in very different fingerprints for fish of
different size classes from the same population
(Papadopoulou et al. 1980; Edmonds et al. 1989; Grady et
al. 1989; Hoff and Fuiman 1993; Campana et al. 1995,
1999a; Begg et al. 1998). Since the elemental fingerprint
reflects the exposure of the individual fish to both the
environment and its own physiology, it would be expected
to differ among any groups of fish which have
experienced different histories, whether or not the groups
come from the same population. Logically, the presence of
different fingerprints could not be used to infer the length
of time that the groups of fish remained separate, since
even occasional residency in a different environment
would have the potential to introduce a detectable
difference in the elemental composition. By corollary, the
absence of differences would not necessarily imply that
the groups of fish are of common origin. As a result, it is
fair to categorize otolith elemental fingerprints as
powerful discriminators of groups when differences exist,
but of negligible value when differences cannot be
detected. Where differences are detected, additional
information would be required to determine if the groups
actually corresponded to stocks or populations.

Two types of elemental fingerprinting are in general use:
one based on whole dissolved otoliths, and the other based
on analysis of the otolith core. Since the otolith grows
continually throughout the life of the fish, the whole-
otolith fingerprint integrates across the entire lifetime, and
thus serves as a marker for groups of fish which have
experienced different overall environmental exposures
(Edmonds et al. 1989, 1991, 1992, 1995; Northcote et al.
1992; Campana and Gagné 1995; Campana et al. 1995,
1999a,b; Bronte et al. 1996; Gillanders and Kingsford
1996; Edmonds and Fletcher 1997; Kennedy et al. 1997,
Thorrold et al. 1998a; Begg et al. 1998; Dove and
Kingsford 1998; Secor and Zdanowicz 1998). While the
elemental fingerprint of a group of fish may or may not be
characteristic of a stock or population, use of the
fingerprint as a long-term stock discriminator may be
justified in instances where environmental differences
among stock areas are larger than those within areas or
across year-classes, and where differences in the
fingerprint due to fish size have been statistically
removed. The assumption of long-term stability in the
fingerprint is probably met in some, but not all, stocks
(Campana et al. 1999a).

Analysis of the otolith core is generally intended as a more
direct measure of stock origin than is the analysis of the
whole otolith. As is the case with whole-otolith elemental
fingerprints, the presence of fingerprint differences
implies differences in the history of environmental
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exposure which may or may not correspond to genetic
differences. In this application however, the
environmental exposure is limited to the period of growth
represented by the otolith material which is assayed,
whether that is the period around hatch, the first few
months of life, or some other period. The subsequent life
history is not sampled, and therefore is irrelevant. To the
extent that spawning grounds are characterized by
different temperature or chemical environments, this
approach has proven effective in distinguishing among
groups of fish with different origins (Kalish 1990; Sie and
Thresher 1992; Campana et al. 1994; Thresher et al. 1994;
Proctor et al. 1995; Severin et al. 1995; Dove et al. 1996;
Gillanders and Kingsford 1996; Milton et al. 1997;
Thorrold et al. 1997a).

The most robust application of whole-otolith fingerprints
is one which is targeted at questions of stock mixing or for
tracking stock migrations, in which the fingerprints are
used as natural tags of pre-defined groups of fish
(Campana et al. 1995, 1999a,b; Gillanders and Kingsford
1996; Kennedy et al. 1997). Use of an elemental
fingerprint as a natural tag takes advantage of the fact that
otolith size and composition cannot change appreciably in
a brief time period. Once the elemental fingerprint of all
potential source groups has been determined, fish should
remain identifiable as to their source group, despite any
mixing with other groups, until the elemental composition
of later otolith growth has significantly altered overall
elemental composition. An appealing feature of this
application is that the elemental fingerprint need not be
linked to potential sources or locations in the environment.
Use of otolith elemental fingerprints as natural tags makes
three central assumptions: /) There are characteristic and
reproducible markers for each group. 1If the elemental
fingerprints of the groups of interest do not differ
significantly, little more can be accomplished. However,
group-specific variation in elemental composition appears
to be common (Edmonds et al. 1989, 1991, 1992, 1995;
Northcote et al. 1992; Campana and Gagné 1995;
Campana et al. 1995, 1999a; Bronte et al. 1996; Thorrold
et al. 1998a). Since smaller fish seem far more likely to
contain elevated (or depressed) concentrations of any
given element than larger fish (Papadopoulou et al. 1980;
Edmonds et al. 1989; Grady et al. 1989; Hoff and Fuiman
1993), it is important that differences in elemental
concentration among groups not be confounded by size
differences among groups. Statistical removal of the
effect of otolith weight on elemental concentration is a
ready solution to this problem (Campana et al. 1999a); 2)
All possible groups contributing to the group mixture have
been characterized. This assumption applies as much to
genetic studies as it does to otolith elemental fingerprints,
with the implication being that uncharacterized groups of

fish present in the mixture could be mistakenly interpreted
as one or more of the reference groups (Wood et al. 1987,
1989; Wirgin et al. 1997). Careful selection of reference
groups can help minimize this problem, particularly if they
are sampled at a time when the groups are known to be
discreet (eg- on the spawning or nursery grounds);

3) The marker remains stable over the interval between
characterization and mixing. Long-term stability of an
environmentally-induced marker would not be expected,
nor has it been observed (Edmonds et al. 1995; Campana
et al. 1999a). However, short-term stability over the
interval between characterization (eg-spawning group) and
mixing is both expected and observed, particularly with
respect to differences among groups (Campana et al. 1995,
1999a; Kennedy et al. 1997; Thorrold et al. 1998a; but see
Edmonds et al. 1995). In the case of Atlantic cod (Gadus
morhua), this interval was less than 6 months, and thus
much less than the period required for a noticeable change
in the elemental fingerprint (Campana et al. 1999b).
Longer intervals may be possible in some instances, but
the potential for drift in elemental composition becomes
greater as the interval length is extended (Edmonds et al
1995). By corollary, shorter interval lengths would
presumably be required in analyses of young fish, in
which the proportional annual change in otolith weight
(and potentially, composition) would be more marked.

Migration History

Reconstruction of migration histories using the elemental
or isotopic composition along an otolith growth axis is
similar in many respects to stock discrimination based on
analysis of the otolith core, and shares many of the same
assumptions. However, migration analysis expands the
scope of the interpretation, by linking a series of elemental
assays along an otolith transect to the growth chronology
recorded in the otolith, thus allowing the reconstruction of
migration pathways structured by age or date. An
additional assumption of this application is that there is
negligible ageing error and that growth increments have
been accurately linked to assay locations. In principle,
migration analysis is one of the most powerful
applications of otolith microchemistry, although its
successes to date have been largely limited to the detection
of anadromy (Kalish 1990; Meyer-Rochow et al. 1992;
Secor 1992; Halden et al. 1995, 1996; Limburg 1995;
Secor et al. 1995; Tzeng et al. 1997; Otake and Uchida
1998; Tsukamoto et al. 1998). Subtler migration patterns
are now being detected with instrumentation such as PIXE
and LA-ICPMS (Proctor et al. 1995; Blaber et al. 1996;
Halden et al. 1996; Thorrold et al. 1997a), which are more
sensitive to non-physiologically regulated trace elements
(Campana et al. 1997). Past difficulties in interpreting
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migration histories may have been due to the use of the
electron microprobe, which is more suited to assays of
physiologically-regulated elements.

Several forms of migration analysis have been reported.
One of the most successful has been the comparison of
elemental trajectories among fish in search of a common
history, or alternatively, the determination of the age or
date at divergence (Thresher et al. 1994; Limburg 1995;
Proctor et al. 1995; Thorrold et al. 1997a). This is a
particularly robust application, since it requires no
knowledge of the fish’s past environment, and is relatively
insensitive to any ontogenetic shifts in otolith elemental
composition which may have occurred. In many respects,
this comparative approach is analogous to the use of
elemental fingerprints as biological tracers, as described
earlier. A potentially more powerful approach is one in
which the otolith elemental trajectory is linked to shifts in
temperature and water chemistry along possible migratory
routes. Such an approach is the basis for the detection of
anadromy using Sr:Ca ratios, in which the shift between
freshwater and saltwater environments is clearly evident in
the otolith (Kalish 1990; Secor 1992; Halden et al. 1995,
1996; Limburg 1995; Secor et al. 1995; Tzeng et al. 1997;
Otake and Uchida 1998; Tsukamoto et al. 1998).
Migration through a more homogeneous environment
should also be detectable. However, interpretation of such
subtle shifts in composition is complicated by the
assumption that a given elemental concentration reflects
the same environmental condition at different points along
an otolith transect. In other words, ontogenetic changes in
otolith elemental composition are assumed not to exist.
Yet such changes have been clearly documented, even in
fish held under constant environmental conditions
(Gallahar and Kingsford 1992; Fowler et al. 1995b;
Fuiman and Hoff 1995; Hoff and Fuiman 1995). As a
result, observed trends in concentration across an otolith
could reflect either a shift in the fish’s environment, an
age-related change in incorporation rate independent of
the environment, or both. With further experimentation, it
may be possible to factor out ontogenetic shifts in
elemental composition, thus simplifying the interpretation
of possible migration pathways. To date however, it is not
always clear from published reports whether reconstructed
distributions have been adjusted for ontogenetic effects
(Townsend et al. 1992, 1995; Blaber et al. 1996).

Age Determination

Age determination studies based on elemental or isotopic
concentrations in the otolith are motivated by the ongoing
requirement for accurate age-structured information in
support of many fish studies. The objectivity of elemental
assays is appealing in light of the subjectivity that can

confound or invalidate the interpretation of annuli in
otoliths or other structures. As a result, all chemically-
based age determination studies to date have focused on
the yearly scale, and virtually all have been used to
validate more traditional, less expensive methods of age
determination.

The incorporation of at least some isotopes and elements
into the otolith is likely to vary with a yearly periodicity,
but studies to date have provided mixed results. Annular
Sr:Ca ratios in particular might be expected based on
yearly cycles in temperature, migration patterns,
distribution, sexual maturation, growth rate or other
physiological variables. Indeed, clear periodicity in Sr:Ca
ratios, inferred to be annual, have been reported in several
studies (Radtke and Targett 1984; Gauldie et al. 1991,
1992; Sadovy and Severin 1992; Secor 1992; Toole et al.
1993; Halden et al. 1995). However, other studies
reported no consistent correlation between the Sr:Ca value
and the annuli visible in the otolith (Fuiman and Hoff
1995; Gauldie et al. 1995). Oxygen isotope cycles are
evident in both freshwater and saltwater otoliths, due to
annual patterns in temperature and/or distribution
(Tacumin et al. 1992; Patterson et al. 1993). Annual cycles
in elements such as Na, K and S, out of phase with
temperature cycles and perhaps due to seasonal
reproductive activity, have also been reported (Kalish
1989; Fuiman and Hoff 1995). While annual isotopic and
elemental cycles undoubtedly occur in some species, the
environmental (and therefore transient) basis for their
formation suggests that their use for age validation is no
more firmly grounded than are the annuli which are visible
in otoliths.

Radiochemical dating of otoliths is based on the
radioactive decay of naturally occurring radioisotopes
which are incorporated into the otolith during its growth.
As discussed under Natural Radioisotopes, assays of the
extracted otolith core appear to provide objective, accurate
age estimates (Bennett et al. 1982; Campana et al. 1990,
1993; Fenton et al. 1990, 1991; Smith et al. 1991; Kastelle
et al. 1994; Milton et al. 1995). Nevertheless, the isotopic
concentrations requiring measurement are exceedingly
low, resulting in assay precisions which are often less than
optimal. Current discriminatory power is on the order of 5
yr for *'°Pb:***Ra and 1-2 yr for ***Th:***Ra, over age
ranges of 0-40 and 0-8 yr, respectively. Therefore, this
approach is best suited to species where the candidate age
interpretations are widely divergent, such as in Sebastes or
Hoplostethus (Campana et al. 1990; Fenton et al. 1991).
Age validation on the basis of radiocarbon derived from
nuclear testing is currently one of the best age validation
approaches available (Kalish 1993, 1995a,b; Kalish et al.
1996, 1997; Campana 1997; Campana and Jones 1998).
As described under Radioisotopes from Nuclear
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Explosions, marine waters with A'*C values greater than
0°/00 did not generally exist prior to the onset of nuclear
testing in the late 1950’s. Even otolith contamination with
material of more recent origin could only increase the
A™C value, not decrease it. Thus the otolith A'*C value
sets a minimum age to the sample, and the years 1958-
1965 become the most sensitive years for A'*C-based
ageing. For fish born during this time period, bomb
radiocarbon can be used to confirm the accuracy of more
traditional ageing approaches with an accuracy of at least
* 1-3 yr; the discriminatory power of samples collected
before or after this period is more than an order of
magnitude lower. Since the '*C signal recorded in deepsea
and freshwater environments is different from that of
surface marine waters (deepsea=delayed; fresh
water=advanced), reference chronologies appropriate to
the environment experienced during the period of otolith
core formation must be used (Kalish 1995b; Campana and
Jones 1998).

Reconstruction of Environmental History

Otolith-based reconstruction of individual temperature
histories is now possible, albeit with some caveats.
Despite the initial promise, otolith Sr:Ca ratios do not
appear to reflect temperature in a consistent manner. As
noted in a previous section, temperature reconstructions
based on Sr:Ca have performed well in only a handful of
coldwater examples (Townsend et al. 1989, 1992, 1995;
Radtke et al. 1990), and are readily confounded by
changes in salinity. However, oxygen isotope ratios do
not appear to suffer the same constraints, and their
relationship to temperature has been experimentally
validated in several fish species (Kalish 1991c; Thorrold
et al. 1997b). Temperature reconstructions based on
oxygen isotope ratios have been reported for both
freshwater (Patterson et al. 1993) and saltwater (Mulcahy
et al. 1979; Kalish 1991b; Iacumin et al. 1992) fishes, and
have been based both on whole otoliths (to derive a mean
temperature) and microsamples taken along an otolith
transect (to derive a temperature history). These
successful applications are in keeping with the extensive
literature on the use of oxygen isotopes to reconstruct the
temperature history of corals, bivalves and other calcified
poikilothermic aquatic organisms (Weidman and Jones
1994; Leder et al. 1996). However, oxygen isotopes in the
otoliths of temperature-regulating fish such as tuna appear
to reflect body temperature more than that of the ambient
water (Radtke et al. 1987).

The accuracy of oxygen isotope-based temperature
reconstructions can be limited by insufficient information
concerning the 8'°0 of the water. Since otolith 5'°0 is
deposited in equilibrium with that of the water, variations

in the latter must be accounted for before the temperature
at deposition can be calculated. Where the composition of
the water is unknown but is believed to have been
constant, the difference between two isotopic assays can
be used to estimate the temperature differential, but not the
absolute temperature (Thorrold et al. 1997b).

Temperature reconstructions made without any knowledge
of water composition necessarily assume some given
value (Edmonds and Fletcher 1997), although variations in
salinity are sometimes used as a proxy for variations in
5'80 (Tan et al. 1983).

Otolith-based reconstructions of recent salinity history
have generally been restricted to anadromous migrations
on the basis of Sr:Ca ratios (Kalish 1990; Secor 1992;
Halden et al. 1995, 1996; Limburg 1995; Secor et al.
1995; Tzeng et al. 1997; Otake and Uchida 1998) or stable
oxygen isotopes (Meyer-Rochow et al. 1992; Northcote et
al. 1992), although Dufour et al. (1998) were able to
distinguish between hypersaline lagoonal water and that of
the open ocean using stable oxygen and carbon isotopes.
Detection of the fine-scale salinity differences evident in
coralline Sr:Ca ratios (de Villiers et al. 1994) are likely to
be more difficult in otoliths given the other factors that are
known to influence Sr:Ca deposition in otoliths.

Strontium isotope ratios have been used to reconstruct
salinity history in fish bones and other taxa (Schmitz et al.
1991; Holmden et al. 1997), but have not yet been tested
for this purpose in otoliths.

Paleoclimate reconstructions take advantage of the same
suite of temperature and salinity indicators noted above,
but require additional assumptions concerning the §'*0
and trace element composition of the water at the time.
Nevertheless, there is a long history in reconstructing past
temperature regimes on the basis of calcified invertebrate
tests (Rye and Sommer 1980; Weidman and Jones 1994),
and initial results on fossil otoliths promise similar
conclusions (Devereux 1967; Elder et al. 1996).
Reconstruction of paleosalinity on the basis of strontium
isotopes has not yet been attempted with otoliths, despite
reports of their use in other structures (Schmitz et al. 1991;
Holmden et al. 1997). However, Sr:Ca ratios in fossil
otoliths have been used to reconstruct flooding events in
inland lakes (Kalish 1999). Of course, attention must
always be given to possible diagenetic shifts in fossil
composition, although Gauldie et al. (1991) noted that
such changes were often visually obvious.

Pollution
Trace elements are often considered to be excellent
pollution indicators, given their relatively high

concentrations in industrial effluent (Phillips and Rainbow
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1993). Accordingly, the trace element composition of soft
tissues of aquatic organisms is used routinely to monitor
pollution (Cutshall et al. 1978; Settle and Patterson 1980).
Calcified tissues in organisms such as bivalves and corals
preserve a longer, less refractory record of exposure, and
thus are preferred for use where available (Brown and
Luoma 1995; Scott 1990). In fish, there is a similar
precedent for use of calcified structures such as scales and
bones (Moreau et al. 1983; Johnson 1989). Yet initial
reports suggest that the otolith is not an obvious indicator
of pollution (Geffen et al. 1998; Hanson and Zdanowicz
1999; but see Dove and Kingsford 1998). Since the
partition coefficients for most pollution-related metals into
the otolith are much lower than those into other calcified
tissues, the otolith is probably less than ideal for use as a
proxy for pollution.

Physiological Indicators

Although there are several physiologically-important life
history events that can influence elemental or isotopic
uptake into the otolith, not all can be interpreted as such in
the absence of supporting information. The most robust of
the physiological indicators is the generalized increase in
otolith 8"°C with declining metabolic rate (Mulcahy et al.
1979; Kalish 1991c; Gauldie 1996a; Schwarcz et al.

1998). This pattern has been observed in a variety of taxa,
across a range of habitats, and appears to be indicative of a
reduced contribution of metabolic carbon associated with
increased age and declining growth rate (Kalish 1991c¢;
Schwarcz et al. 1998). Peak or asymptotic 8'"°C levels
appear to be indicative of the onset of sexual maturity
(Gauldie 1996a; Schwarcz et al. 1998). While diet and
ambient 5'"°C may also influence otolith 8"°C, the
relationship with metabolic rate appears to be sufficiently
strong so as to provide a relatively clear signal over the
lifetime of the individual.

Metamorphosis of an eel leptocephalus to a juvenile glass
eel also leaves a clear signal in the otolith, in this case in
the form of an elevated Sr:Ca ratio (Otake et al. 1994,
1997; Tzeng et al. 1997). However, metamorphosis in
other taxa will not necessarily leave an elemental mark:
Toole et al. (1993) could find no elemental evidence of
metamorphosis in 5 flatfish otoliths, and flatfish settlement
was often associated with depressed, rather than elevated,
Sr:Ca ratios. Further studies on other species are clearly
required, but the unambiguous Sr:Ca peak deposited in the
eel otolith may in part reflect the unusual and extreme
nature of metamorphosis in this group of fishes.

Other physiological processes which may leave a chemical
mark on the otolith include stressful events (Kalish 1992)
and reproductive activity (Kalish 1989), both in the form
of elevated Sr:Ca ratios. In light of the other factors

which can result in increased Sr:Ca ratios, it would
probably be difficult to attribute a particular Sr:Ca peak to
a stressful event without prior knowledge of the event. In
principle, reproductive events should be easier to
reconstruct, since the increase in calcium-binding proteins
(and concomittant decrease in free calcium) associated
with spawning would be expected to occur over the entire
spawning season (Kalish 1989). In practice however, the
generalized increase in the Sr:Ca ratio might be difficult to
disentangle from background variability. For example,
Friedland et al. (1998) were not able to discriminate
between mature and immature sea-run Atlantic salmon
(Salmo salar) based on otolith Sr:Ca ratios.

Chemical Marking

Chemicals incorporated into otoliths have been used as
dated markers or as batch markers of groups of fish for at
least 30 years (Kobayashi et al. 1964; Meunier and Boivin
1978). When chemically-tagged individuals are
recaptured, time at liberty can be compared with the
number of growth increments deposited distal to the
chemical check (Casselman 1983). This approach to age
validation has proved effective at both the yearly (Fowler
1990; McFarlane and Beamish 1995) and the daily (Wild
and Foreman 1980; Campana and Neilson 1982) level.
The objective of batch or mass marking is completely
different, in that it is intended as a rapid, cost-effective
means of tagging large numbers of fish for subsequent
identification (Secor and Houde 1995; Tsukamoto 1985).
Batch markers are generally applied through immersion,
although incorporation into the diet has also proven
successful. In many ways, this method of marking is
analogous to thermal marking of otoliths, although
thermal marking leaves a visual, rather than a chemical
mark (Mosegaard et al. 1987; Hagen et al. 1995). An
advantage of chemical marks is that they can be applied at
any life history stage, including that of the embryo
(Geften 1992).

Fluorescent calcium-binding chemicals are among the
most popular of the chemical markers, since they are
easily introduced into the fish and produce clear
fluorescent marks in the otolith and other calcified
structures when viewed with ultraviolet light.
Oxytetracycline hydrochloride has the longest history of
use with otoliths, and has been administered through
injection (Wild and Foreman 1980; Campana and Neilson
1982; Geffen 1992; Lang and Buxton 1993), feeding
(Pedersen and Carlsen 1991; Thomas et al. 1995) and
immersion (Hettler 1984; Schmitt 1984; Tsukamoto 1985;
Muth et al. 1988; Secor et al. 1991; Nagiec et al. 1995).
Alizarin red and alizarin complexone have a shorter
history of use, but are generally considered to produce a
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mark superior to that of oxytetracyline when applied
through immersion (Tsukamoto 1988; Blom et al. 1994;
Nagiec et al. 1995; Secor and Houde 1995; Szedlmayer
and Howe 1995; Thomas et al. 1995; Beckman and Schulz
1996). Alizarin incorporated into feed tended to produce a
less visible mark (Lang and Buxton 1993; Takahashi
1994; Thomas et al. 1995), while injected alizarin resulted
in poor marking success (Thomas et al. 1995; but see
Geffen et al. 1998). In contrast, the mark quality of
injected calcein is reported to be very good (Monaghan
1993; Thomas et al. 1995), although calcein application
through immersion has also been successful (Wilson et al.
1987; Alcobendas et al. 1992). Irrespective of the mode
of application, there have been no reports of mark loss
from the otolith through the lifetime of the fish, nor would
any be expected based on the chemical stability of the
otolith.

Elemental supplements incorporated into the otolith have
also been used as chemical tags or as dated markers,
although detection is necessarily limited to analytical
methods. Immersion of fish in strontium-enhanced
solutions has been used sucessfully in several studies,
either to leave a dated mark on the otolith detectable with
an electron microprobe (Proctor et al. 1995; Schroder et al.
1995) or as a batch marker of groups of fish (Brown and
Harris 1995). Strontium-enhanced checks may even form
in wild fish in response to stress (Kalish 1992),
presumably in response to abruptly lower calcification
rates. Indeed, Mugiya and Muramatsu (1982) used the
calcium antagonist acetazolamide to produce a visual
check on the otolith, although there was no report of a
matching elemental mark having been formed. However,
a dated mark detectable with autoradiography was
produced after fish were exposed to a radioactive isotope
of calcium (Yoklavich and Boehlert 1987). Mass marking
with other elements is also possible (Ennevor and Beames
1993), although given the selectivity of the otolith to
specific elements, certain elements might be expected to
be incorporated more easily than others.

Future Directions

Many of the applications described in the previous
sections have not yet reached their full potential. For
example, age-structured assays which take advantage of
the otolith growth sequence have not developed as quickly
as anticipated, in part due to methodological limitations.
This in turn has slowed research on problems such as
reconstruction of migration pathways, which requires trace
elements and isotopes other than those accessible to the
commonly-used electron microprobe. Progress has been
made in integrating trace element and stable isotope assays
for stock identification purposes (Thorrold et al. 1998b)

and further developments are expected. Nevertheless,
there remain applications of otolith chemistry which have
received little or no attention from otolith researchers to
date, and some of these areas are described below.
Methodological advances will continue to play a pivotal
role in this field in light of the continued requirement for
improvements in assay accuracy, sensitivity and spatial
resolution. High-resolution magnetic sector ICPMS
systems already offer more precise isotopic ratios and
significant improvements in assays of elements subject to
isobaric interference (eg- Fe, Sn, As) (Moens and
Jakubowski 1998). When coupled with UV lasers, or
alternatively, using the new generation of ion
microprobes, beam-based assays of a broader suite of
elements and more precise isotope ratios in otolith growth
increments are likely (Christensen et al. 1995). Initial
demonstrations of laser-based *C:'*C assays (Murnick
and Peer 1994), laser-based Sr isotope assays (Christensen
et al. 1995) and ion microprobe-based '*0:'°O assays
(Saxton et al. 1995) in minerals and bivalves have already
been reported, suggesting that age-structured metabolism,
salinity and temperature reconstructions at the weekly or
even daily level may soon be possible. In the interim,
computer-controlled microsamplers have been developed
for fine-scale collection of otolith material for stable
isotope and radioisotope assays (Dettman and Lohmann
1995).

The interpretation of isotopic ratios other than C and O
provides many useful insights in geochemical studies, but
is largely unknown to fisheries science. Examples of
potentially valuable otolith applications include assays of
Sr isotopic ratios as indicators of proximity to land, use of
U isotopes as salinity indicators, and interpretation of Pb
isotopes as proximity indicators for pollution. The
isotopes of many elements are fractionated on the basis of
temperature: can the isotopes of the predominant element
in otoliths, Ca, be used as a temperature indicator which is
insensitive to salinity variations? What about temperature
reconstructions based on otolith oxygen isotopes using an
independent salinity indicator as a proxy for the oxygen
isotopic composition of the water? These and other
applications remain to be developed.

Our current understanding of the factors influencing the
composition of the otolith is constraining our progress in
several areas. For example, the influence of otolith
proteins on trace element incorporation has not yet been
studied, but may explain the affinity (or lack thereof) for
certain elements. Similarly, a better understanding of the
uptake dynamics of many elements is required to
determine which might serve best as environmental
indicators, and which serve only to confuse our
interpretations.
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As with any ecological methodology, applications based

on otolith chemistry are often used to best advantage when

combined with other, complementary tools. Examples of

such a multidisciplinary approach might include the use of

both otolith elemental fingerprinting and microsatellite
DNA for stock identification, or use of both externally-
attached tags and laser-based otolith assays for

reconstruction of migration routes. Here as in other fields,

multiple independent approaches to a problem will often
yield the best results, and are to be encouraged.

Acknowledgements

Discussions with Cynthia Jones, John Kalish, Bill
Patterson, Simon Thorrold and Ron Thresher helped me

crystallize my thoughts for this paper. I also thank Joanne

Hamel and Linda Marks for their expert technical

assistance. The constructive comments of Karin Limburg
and two anonymous referees were very helpful in revising

the manuscript.

LITERATURE CITED

Alcobendas M, Lecomte F, Francillon-Vieillot H, Castanet J,
Meunier FJ, Maire P (1992) Marquage vital en masse chez
l'anguille (Anguilla anguilla) a 'aide d'une technique de
balneation rapide. In: Bagliniére JL, Castanet J, Conand F,
Meunier FJ (eds) Tissus durs et age individuel des vertébrés.
ORSTOM Editions, Paris, p 93-101

Arai N, Sakamoto W, Maeda K (1995) Analysis of trace elements
in otoliths of red sea bream Pagrus major. Fish. Sci. 61:43-47

Arai N, Sakamoto W, Maeda K (1996) Correlation between
ambient seawater temperature and strontium-calcium
concentration ratios in otoliths of red sea bream Pagrus major.
Fish. Sci. 62:652-653

Asano M, Mugiya Y (1993) Biochemical and calcium-binding
properties of water-soluble proteins isolated from otoliths of
the tilapia, Oreochromis niloticus. Comp. Biochem. Physiol.
104B:201-205

Bada JL, Peterson RO, Schimmelmann A, Hedges REM (1990)
Moose teeth as monitors of environmental isotopic
parameters. Oecologia 82:102-106

Balls P, Cofino W, Schmidt D, Topping G, Wilson S, Yeats P
(1993) ICES baseline survey of trace metals in European shelf
waters. ICES J. Mar. Sci. 50:435-444

Beauchemin D, McLaren JW, Willie SN, Berman SS (1988)
Determination of trace metals in a marine biological reference
material by inductively coupled plasma mass spectrometry.
Anal. Chem. 60:687-691

Beckman DW, Schulz RG (1996) A simple method for marking
fish otoliths with alizarin compounds. Trans. Am. Fish. Soc.
125:146-149

Beddington JR, Mills CA, Beards F, Minski MJ, Bell INB (1989)
Long-term changes in strontium-90 concentrations within a
freshwater predator-prey system. J. Fish. Biol. 35:679-686

Begg GA, Cappo M, Cameron DS, Boyle S, Sellin MJ (1998)
Stock discrimination of school mackerel, Scomberomorus
queenslandicus, and spotted mackerel, Scomberomorus
munroi, in coastal waters of eastern Australia by analysis of

minor and trace elements in whole otoliths. Fish. Bull. 96:653-
666

Bennett JT, Boehlert GW, Turekian KK (1982) Confirmation of
longevity in Sebastes diploproa (Pisces: Scorpaenidae) from
Pb-210/Ra-226 measurements in otoliths. Mar. Biol. 71:209-
215

Benoit G, Hunter KS, Rozan TF (1997) Sources of trace metal
contamination artifacts during collection, handling, and
analysis of freshwaters. Anal. Chem. 69:1006-1011

Blaber SJM, Milton DA, Pang J, Wong P, Boon-Teck O, Nyigo L,
Lubim D (1996) The life history of the tropical shad
Tenualosa toli from Sarawak: first evidence of protandry in
the Clupeiformes? Env. Biol. Fish. 46:225-242

Blom G, Nordeide JT, Svasand T, Borge A (1994) Application of
two fluorescent chemicals, alizarin complexone and alizarin
red S, to mark otoliths of Atlantic cod, Gadus morhua. Aqua.
Fish. Manage. 25 (Suppl. 1):229-243

Boyle EA (1981) Cadmium, zinc, copper, and barium in
foraminifera tests. Earth Planet. Sci. Lett. 53:11-35

Broecker WS, Peng TH, Ostlund G, Stuvier M (1985) The
distribution of bomb radiocarbon in the ocean. J. Geophys.
Res. 90:6953-6970

Bronte CR, Hesselberg RJ, Shoesmith JA, Hoff MH (1996)
Discrimination among spawning concentrations of Lake
Superior lake herring based on trace element profiles in
sagittae. Trans. Am. Fish. Soc. 125:852-859

Brown CL, Luoma SN (1995) Use of the euryhaline bivalve
Potamocorbula amurensis as a biosentinel species to assess
trace metal contamination in San Francisco Bay. Mar. Ecol.
Prog. Ser. 124:129-142

Brown P, Harris JH (1995) Strontium batch-marking of golden
perch (Macquaria ambigua Richardson) and trout cod
(Maccullochella macquariensis) (Cuvier). In: Secor DH, Dean
JM, Campana SE (eds) Recent Developments in Fish Otolith
Research. University of South Carolina Press, Columbia, p
693-701

Bruland KW (1983) Trace elements in sea-water. In: Riley JP,
Chester R (eds) Chemical Oceanography. Academic Press,
NY, Vol. 8, p 157-220

Campana SE (1997) Use of radiocarbon from nuclear fallout as a
dated marker in the otoliths of haddock, Melanogrammus
aeglefinus. Mar. Ecol. Prog. Ser. 150:49-56

Campana SE, Chouinard GA, Hanson JM, Fréchet A (1999b)
Mixing and migration of overwintering cod stocks near the
mouth of the Gulf of St. Lawrence. Can. J. Fish. Aquat. Sci.
In press

Campana SE, Chouinard GA, Hanson M, Fréchet A, Brattey J
(1999a) Otolith elemental fingerprints as biological tracers of
fish stocks. Fish. Res. In press

Campana SE, Fowler AJ, Jones CM (1994) Otolith elemental
fingerprinting for stock identification of Atlantic cod (Gadus
morhua) using laser ablation ICPMS. Can. J. Fish. Aquat. Sci.
51:1942-1950

Campana SE, Gagné JA (1995) Cod stock discrimination using
ICPMS elemental assays of otoliths. In: Secor DH, Dean JM,
Campana SE (eds) Recent Developments in Fish Otolith
Research. University of South Carolina Press., Columbia, SC.
p 671-691

Campana SE, Gagne JA, McLaren JW (1995) Elemental
fingerprinting of fish otoliths using ID-ICPMS. Mar. Ecol.
Prog. Ser. 122:115-120

Campana SE, Neilson JD (1982) Daily growth increments in
otoliths of starry flounder (Platichthys stellatus) and the
influence of some environmental variables in their production.

290



Can. J. Fish. Aquat. Sci. 39:937-942

Campana SE, Jones CM (1998) Radiocarbon from nuclear testing
applied to age validation of black drum, Pogonias cromis.
Fish. Bull. 96:185-192

Campana SE, Neilson JD (1985) Microstructure of fish otoliths.
Can. J. Fish. Aquat. Sci. 42:1014-1032

Campana SE, Oxenford HA, Smith JN (1993) Radiochemical
determination of longevity in flyingfish Hirundichthys affinis
using Th-228/Ra-228. Mar. Ecol. Prog. Ser. 100:211-219

Campana SE, Thorrold SR, Jones CM, Gunther D, Tubrett M,
Longerich H, Jackson S, Halden NM, Kalish JM, Piccoli P, de
Pontual H, Troadec H, Panfili J, Secor DH, Severin KP, Sie
SH, Thresher R, Teesdale WJ, Campbell JL (1997)
Comparison of accuracy, precision and sensitivity in
elemental assays of fish otoliths using the electron
microprobe, proton-induced X-ray emission, and laser ablation
inductively coupled plasma mass spectrometry. Can. J. Fish.
Aquat. Sci. 54:2068-2079

Campana SE, Zwanenburg KCT, Smith JN (1990) *'°Pb/***Ra
determination of longevity in redfish. Can. J. Fish. Aquat. Sci.
47:163-165

Carlstrom D (1963) A crystallographic study of vertebrate otoliths.
Biol. Bull. 124:441-463

Casselman JM (1983) Age and growth assesment of fish from their
calcified structures -- techniques and tools. NOAA Tech. Rep.
NMES 8:1-17

Christensen JN, Halliday AN, Lee DC, Hall CM (1995) In situ Sr
isotopic analysis by laser ablation. Earth Planet. Sci. Lett.
136:79-85

Cochran JK, Landman NH (1984) Radiometric determination of
the growth rate of Nautilus in nature. Nature 308:725-727

Coutant CC (1990) Microchemical analysis of fish hard parts for
reconstructing habitat use: practice and promise. Am. Fish.
Soc. Symp. 7:574-580

Cutshall NH, Naidu JR, Pearcy WG (1978) Mercury concentration
in Pacific hake, Merluccius productus (Ayres), as a function
of length and latitude. Science 200:1489-1491

Davies NM, Gauldie RW, Crane SA, Thompson RK (1988) Otolith
ultrastructure of smooth oreo, Pseudocyttus maculatus, and
black oreo, Allocyttus sp., species. Fish. Bull. 86:499-515

de Villiers S, Shen GT, Nelson BK (1994) The Sr/Ca temperature
relationship in coralline aragonite: influence of variability in
(Sr/Ca) in seawater and skeletal growth parameters. Geochim.
Cosmochim. Acta 58:197-208

Degens ET, Deuser WG, Haedrich RL (1969) Molecular structure
and composition of fish otoliths. Mar. Biol. 2:105-113

Dettman DL, Lohmann KC (1995) Microsampling carbonates for
stable isotope and minor element analysis: physical separation
of samples on a 20 micrometer scale. J. Sediment. Res.
65A:566-569

Devereux I (1967) Temperature measurements from oxygen
isotope ratios of fish otoliths. Science 155:1684-1685

Dove SG (1997) The incorporation of trace metals into the eye
lenses and otoliths of fish. Ph.D. Thesis, University of
Sydney, Sydney, Australia

Dove SG, Gillanders BM, Kingsford MJ (1996) An investigation of
chronological differences in the deposition of trace metals in
the otoliths of two temperate reef fishes. J. Exper. Mar. Biol.
Ecol. 205:15-33

Dove SG, Kingsford MJ (1998) Use of otoliths and eye lenses for
measuring trace-metal incorporation in fishes: a biogeographic
study. Mar. Biol. 130:377-387

Druffel EM (1989) Decadal time scale variability of ventilation in
the North Atlantic: high-precision measurements of bomb

radiocarbon in banded corals. J. Geophys. Res. 94:3271-3285

Druffel EM, Linick TW (1978) Radiocarbon in annual coral rings
of Florida. Geophys. Res. Lett. 5:913-916

Duffy PB, Eliason DE, Bourgeois AJ, Covey CC (1995) Simulation
of bomb radiocarbon in two global ocean general circulation
models. J. Geophys. Res. 100:22545-22563

Dufour V, Pierre C, Rancher J (1998) Stable isotopes in fish
otoliths discriminate between lagoonal and oceanic residents
of Taiaro Atoll (Tuaotu Archipelago, French Polynesia). Coral
Reefs 17:23-28

Edmonds JS, Caputi N, Moran MJ, Fletcher WJ, Morita M (1995)
Population discrimination by variation in concentrations of
minor and trace elements in sagittae of two Western
Australian teleosts. In: Secor DH, Dean JM, Campana SE
(eds) Recent Developments in Fish Otolith Research.
University of South Carolina Press., Columbia, SC p 655-670

Edmonds JS, Caputi N, Morita M (1991) Stock discrimination by
trace-element analysis of otoliths of orange roughy
(Hoplostethus atlanticus), a deep-water marine teleost. Aust.
J. Mar. Freshwater Res. 42:383-389

Edmonds JS, Fletcher WJ (1997) Stock discrimination of pilchards
Sardinops sagax by stable isotope ratio analysis of otolith
carbonate. Mar. Ecol. Prog. Ser. 152:241-247

Edmonds JS, Lenanton RCJ, Caputi N, Morita M (1992) Trace
elements in the otoliths of yellow-eye mullet (Aldrichetta
forsteri) as an aid to stock identification. Fish. Res. 13:39-51

Edmonds JS, Moran MJ, Caputi N, Morita M (1989) Trace element
analysis of fish sagittae as an aid to stock identification: Pink
snapper (Chrysophrys auratus) in Western Australia waters.
Can. J. Fish. Aquat. Sci. 46:50-54

Elder KL, Jones GA, Bolz G (1996) Distribution of otoliths in
surficial sediments of the U.S. Atlantic continental shelf and
slope and potential for reconstructing Holocene fish stocks.
Paleoceanography 11:359-367

Ennevor BC, Beames RM (1993) Use of lanthanide elements to
mass mark juvenile salmonids. Can. J. Fish. Aquat. Sci.
50:1039-1044

Erlenkeuser H (1976) C-14 and C-13 isotope concentration in
modern marine mussels from sedimentary habitats.
Naturwissenschaften 63:338

Evans DH (1993) Osmotic and ionic regulation. In: Evans DH
(eds) Physiology of Fishes. CRC Press, London p 315-341

Fabry VJ, Delaney ML (1989) Lead-210 and polonium-210 in
pteropod and heteropod mollusc shells from the North Pacific:
evaluation of sample treatments and variation with shell size.
J. Mar. Res. 47:933-949

Falini G, Albeck S, Weiner S, Addadi L (1996) Control of
aragonite or calcite polymorphism by mollusk shell
macromolecules. Science 271:67-69

Fange R, Larsson A, Lidman U (1972) Fluids and jellies of the
acusticolateralis system in relation to body fluids in
Coryphaenoides rupestris and other fishes. Mar. Biol. 17:180-
185

Farrell J, Campana SE (1996) Regulation of calcium and strontium
deposition on the otoliths of juvenile tilapia, Oreochromis
niloticus. Comp. Biochem. Physiol. 115A:103-109

Fassett JD, Paulsen PJ (1989) Isotope dilution mass spectrometry
for accurate elemental analysis. Anal. Chem. 61:643A-649A

Fenton GE, Ritz DA, Short SA (1990) 210-Pb/226-Ra disequilibria
in otoliths of blue grenadier, Macruronus novaezelandiae:
problems associated with radiometric ageing. Aust. J. Mar.
Freshwater Res. 41:467-473

Fenton GE, Ritz DA, Short SA (1991) Age determination of orange
roughy, Hoplostethus atlanticus (Pisces: Trachichthyidae)

291



using Pb-210:Ra-226 disequilibria. Mar. Biol. 109:197-202

Fenton GE, Short SA (1992) Fish age validation by radiometric
analysis of otoliths. Aust. J. Mar. Freshwater Res. 43:913-922

Forseth T, Ugedal O, Jonsson B, Langeland A, Njastad O (1991)
Radiocaesium turnover in Arctic charr (Salvelinus alpinus)
and brown trout (Sa/mo trutta) in a Norwegian lake. J. Appl.
Ecol. 28:1053-1067

Fossum P, Kalish J, Moksness E (1999) Proceedings of the 2nd
International Symposium on Fish Otoliths. Fisheries Research.
In press

Fowler AJ (1990) Validation of annual growth increments in the
otoliths of a small, tropical coral reef fish. Mar. Ecol. Prog.
Ser. 64:25-38

Fowler AJ, Campana SE, Jones CM, Thorrold SR (1995a)
Experimental assessment of the effect of temperature and
salinity on elemental composition of otoliths using solution-
based ICPMS. Can. J. Fish. Aquat. Sci. 52:1421-1430

Fowler AJ, Campana SE, Jones CM, Thorrold SR (1995b)
Experimental assessment of the effect of temperature and
salinity on elemental composition of otoliths using laser
ablation ICPMS. Can. J. Fish. Aquat. Sci. 52:1431-1441

Francis RICC (1995) The longevity of orange roughy: a
reinterpretation of the radiometric data. N.Z. Fish. Assess.
Res. Doc. 95/2

Friedland KD, Reddin DG, Shimizu N, Haas RE, Youngson AF
(1998) Strontium:calcium ratios in Atlantic salmon (Salmo
salar) otoliths and observations on growth and maturation.
Can. J. Fish. Aquat. Sci. 55:1158-1168

Fry B (1983) Fish and shrimp migrations in the northern Gulf of
Mexico analyzed using stable C, N, and S isotope ratios. Fish.
Bull. 81:789-801

Fuiman LA, Hoff GR (1995) Natural variation in elemental
composition of sagittae from red drum. J. Fish Biol. 47:940-
955

Gallahar NK, Kingsford MJ (1992) Patterns of increment width and
strontium:calcium ratios in otoliths of juvenile rock blackfish,
Girella elevata. J. Fish Biol. 41:749-763

Gallahar NK, Kingsford MJ (1996) Factors influencing Sr/Ca ratios
in otoliths of Girella elevata: an experimental investigation. J.
Fish Biol. 48:174-186

Gannes LZ, O'Brien DM, Martinez del Rio C (1997) Stable
isotopes in animal ecology: assumptions, caveats, and a call
for more laboratory experiments. Ecology 78:1271-1276

Gauldie RW (1996a) Biological factors controlling the carbon
isotope record in fish otoliths: principles and evidence. Comp.
Biochem. Physiol. 115B:201-208

Gauldie RW (1996b) Effects of temperature and vaterite
replacement on the chemistry of metal ions in the otoliths of
Oncorhynchus tshawytscha. Can. J. Fish. Aquat. Sci. 53:2015-
2026

Gauldie RW, Coote GC, Mulligan KP, West IF (1992) A chemical
probe of the microstructural organization of fish otoliths.
Comp. Biochem. Physiol. 102A:533-545

Gauldie RW, Coote G, Mulligan KP, West IF, Merrett NR (1991)
Otoliths of deep water fishes: structure, chemistry and
chemically-coded life histories. Comp. Biochem. Physiol.
100A:1-31

Gauldie RW, Graynorth EJ, Illingworth J (1980) The relationship
of the iron content of some fish otoliths to temperature. Comp.
Biochem. Physiol. 66A:19-24

Gauldie RW, Nelson DGA (1988) Aragonite twinning and
neuroprotein secretion are the cause of daily growth rings in
fish otoliths. Comp. Biochem. Physiol. 90A:501-509

Gauldie RW, Romanek CR (1998) Orange roughy otolith growth

rates: a direct experimental test of the Romanek-Gauldie
otolith growth model. Compar. Biochem. Physiol. 120A:649-
653

Gauldie RW, Sharma SK, Volk E (1997) Micro-Raman spectal
study of vaterite and aragonite otoliths of the coho salmon,
Oncorhynchus kisutch. Comp. Biochem. Physiol. 118A:753-
757

Gauldie RW, Thacker CE, West IF, Wang L (1998) Movement of
water in fish otoliths. Comp. Biochem. Physiol. 120A:551-556

Gauldie RW, West IF, Coote G, Merrett N (1995) Strontium
variation and the oxygen isotope water temperature record in
the otoliths of the deep water fishes Trachyrincus murrayi and
Coryphaenoides mediterraneus. Comp. Biochem. Physiol.
110A:271-280

Gauldie RW, Xi K, Sharma SK (1994) Developing a Raman
spectral method for measuring the strontium and calcium
concentrations of fish otoliths. Can. J. Fish. Aquat. Sci.
51:545-551

Geffen AJ (1992) Validation of otolith increment deposition rate.
In: Stevenson DK and Campana SE (eds) Otolith
microstructure examination and analysis. Can. Spec. Publ.
Fish. Aquat. Sci. 117: 101-113

Geffen AJ, Pearce NJG, Perkins WT (1998) Metal concentrations
in fish otoliths in relation to body composition after laboratory
exposure to mercury and lead. Mar. Ecol. Prog. Ser. 165:235-
245

Gillanders BM, Kingsford MJ (1996) Elements in otoliths may
elucidate the contribution of estuarine recruitment to
sustaining coastal reef populations of a temperate reef fish.
Mar. Ecol. Prog. Ser. 141:13-20.

Grady JR, Johnson AG, Sanders M (1989) Heavy metal content in
otoliths of king mackerel (Scomberomorus cavalla) in relation
to body length and age. Contrib. Mar. Sci. 31:17-23

Greegor RB, Pingitore Jr. NE, Lytle FW (1997) Strontianite in
coral skeletal aragonite. Science 275:1452-1454

Grossman EL, Ku TL (1986) Oxygen and carbon isotope
fractionation in biogenic aragonite: temperature effects.
Chem. Geol. 59:59-74

Guilderson TP, Schrag DP (1998) Radiocarbon variability in the
western equatorial Pacific inferred from a high-resolution
coral record from Naura Island. J. Geophys. Res. 103:24641-
24650

Gunn JS, Harrowfield IR, Proctor CH, Thresher RE (1992)
Electron probe microanalysis of fish otoliths - evaluation of
techniques for studying age and stock discrimination. J. Exp.
Mar. Biol. Ecol. 158:1-36

Hagen P, Munk K, Van Alen B, White B (1995) Thermal mark
technology for inseason fisheries management: a case study.
Alaska Fish. Res. Bull. 2:143-155

Halden NM, Babaluk JA, Campbell JL, Teesdale WJ (1995)
Scanning proton microprobe analysis of strontium in an arctic
charr, Salvelinus alpinus, otolith: implications for the
interpretation of anadromy. Env. Biol. Fish. 43:333-339

Halden NM, Babaluk JA, Kristofferson AH, Campbell JL, Teesdale
W1J, Maxwell JA, Reist JD (1996) Micro-PIXE studies of Sr
zoning in arctic charr otoliths: migratory behaviour and stock
discrimination. Nucl. Instr. Meth. Phys. Res. B 109/110:592-
597

Hanson PJ, Zdanowicz VS (1999) Elemental composition of fish
otoliths and contaminant levels along an estuarine pollution
gradient. J. Fish Biol. 54:656-668.

Hart SR, Cohen AL (1996) An ion probe study of annual cycles of
Sr/Ca and other trace elements in corals. Geochim.
Cosmochim. Acta 60:3075-3084

292



Hesslein RH, Capel MJ, Fox DE, Hallard KA (1991) Stable
isotopes of sulfur, carbon, and nitrogen as indicators of trophic
level and fish migration in the Lower Mackenzie River Basin,
Canada. Can. J. fish. Aquat. Sci. 48:2258-2265

Hettler WF (1984) Marking otoliths by immersion of marine fish
larvae in tetracycline. Trans. Am. Fish. Soc. 113:370-373

Hoff GR, Fuiman LA (1993) Morphometry and composition of red
drum otoliths: changes associated with temperature, somatic
growth rate and age. Comp. Biochem. Physiol. 106A:209-219

Hoff GR, Fuiman LA (1995) Environmentally induced variation in
elemental composition of red drum (Sciaenops ocellatus)
otoliths. Bull. Mar. Sci. 56:578-591

Holmden C, Creaser RA, Muehlenbachs K (1997) Paleosalinities in
ancient brackish water systems determined by Sr-87/Sr-86
ratios in carbonate fossils: a case study from the western
Canada sedimentary basin. Geochim. Cosmochim. Acta
61:2105-2118

Tacumin P, Bianucci G, Longinelli A (1992) Oxygen and carbon
isotopic composition of fish otoliths. Mar. Biol. 113:537-542

Ichii T, Mugiya Y (1983) Effects of a dietary deficiency in calcium
on growth and calcium uptake from the aquatic environment
in the goldfish, Carassius auratus. Comp. Biochem. Physiol.
74A:259-262

Irie T (1955) The crystal texture of the otolith of a marine teleost
Pseudosciaena. J. Fac. Fish. Anim. Husb. Hiroshima Univ.
1:1-8

Ishikawa M, lida A, Ishii T, Hayakawa S, Okoshi K (1991)
Elemental distribution on the scale of the red sea bream
Chrysophrys major scanned by a synchrotron
monochromatized X-ray microbeam. Nipp. Suis. Gakk.
57:1813-1819

Jackson LL, Baedecker PA, Fries TL, Lamothe PJ (1993)
Geological and inorganic materials. Anal. Chem. 65:12R-28R

Jambers W, De Bock L, Van Grieken R (1995) Recent advances in
the analysis of individual environmental particles: a review.
Analyst 120:681-692

Johnson KS, Coale KH, Jannasch HW (1992) Analytical chemistry
in oceanography. Anal. Chem. 64:1065-1075

Johnson MG (1989) Metals in fish scales collected in Lake
Opeongo, Canada from 1939 to 1979. Trans. Am. Fish. Soc.
118:331-335

Kalish JM (1989) Otolith microchemistry: validation of the effects
of physiology, age and environment on otolith composition. J.
Exp. Mar. Biol. Ecol. 132:151-178

Kalish JM (1990) Use of otolith microchemistry to distinguish the
progeny of sympatric anadromous and non-anadromous
salmonids. Fish. Bull., U.S. 88:657-666

Kalish JM (1991a) Determinants of otolith chemistry: seasonal
variation in composition of blood plasma, endolymph and
otoliths of bearded rock cod Pseudophycis barbatus. Mar.
Ecol. Prog. Ser. 74:137-159

Kalish JM (1991b) Oxygen and carbon stable isotopes in the
otoliths of wild and laboratory-reared Australian salmon
(Arripis trutta). Mar. Biol. 110:37-47

Kalish JM (1991c) C-13 and O-18 isotopic disequilibria in fish
otoliths: metabolic and kinetic effects. Mar. Ecol. Prog. Ser.
75:191-203

Kalish JM (1992) Formation of a stress-induced chemical check in
fish otoliths. J. Exp. Mar. Biol. Ecol. 162:265-277

Kalish JM (1993) Pre- and post-bomb radiocarbon in fish otoliths.
Earth Planet. Sci. Lett. 114:549-554

Kalish JM (1995a) Application of the bomb radiocarbon
chronometer to the validation of redfish Centroberyx affinis
age. Can. J. Fish. Aquat. Sci. 52:1399-1405

Kalish JM (1995b) Radiocarbon and fish biology. In: Secor DH,
Dean JM, Campana SE (eds) Recent Developments in Fish
Otolith Research. University of South Carolina Press,
Columbia, SC p 637-653

Kalish JM (1999) A glance at 50,000 years of otoliths. Proceedings
of the 2nd International Symposium on Fish Otolith Research
and Application, Bergen

Kalish JM, Johnston JM, Gunn JS, Clear NP (1996) Use of the
bomb radiocarbon chronometer to determine age of southern
bluefin tuna Thunnus maccoyii. Mar. Ecol. Prog. Ser. 143:1-8

Kalish JM, Johnston JM, Smith DC, Morison AK, Robertson SG
(1997) Use of the bomb radiocarbon chronometer for age
validation in the blue grenadier Macruronus novazelandiae.
Mar. Biol. 128:557-563

Kastelle CR, Kimura DK, Nevissi AE, Gunderson DR (1994)
Using Pb-210/Ra-226 disequilibria for sablefish, Anoplopoma
fimbria, age validation. Fish. Bull. 92:292-301

Kennedy BD, Folt CL, Blum JD, Chamberlain CP (1997) Natural
isotope markers in salmon. Nature 387:766-767

Kim ST, O'Neil JR (1997) Equilibrium and nonequilibrium oxygen
isotope effects in synthetic carbonates. Geochim. Cosmochim.
Acta 61:3461-3475

Kimura DK, Kastelle CR (1995) Perspectives on the relationship
between otolith growth and the conversion of isotope activity
ratios to fish ages. Can. J. Fish. Aquat. Sci. 52:2296-2303

Kinsman DJJ, Holland HD (1969) The co-precipitation of cations
with CaCOj; - IV. The co-precipitation of Sr with aragonite
between 16° and 96° C. Geochim. Cosmochim. Acta 33:1-17

Knezovich JP (1994) Chemical and biological factors affecting
bioavailability of contaminants in seawater. In: Hamelink JL,
Landrum PF, Bergman HL, Benson WH (eds) Bioavailability:
physical, chemical and biological interactions. Lewis
Publishers, London p 23-30

Kobayashi S, Yiki R, Furui T, Kosugiyama T (1964) Calcification
in fish and shell-fish - I. Tetracycline labelling patterns on
scale, centrum and otolith in young goldfish. Bull. Jpn. Soc.
Sci. Fish. 30:6-13

Lang JB, Buxton CD (1993) Validation of age estimates in sparid
fish using fluorochrome marking. S. Afr. J. Mar. Sci. 13:195-
203

Lecomte-Finiger R (1992) The crystalline ultrastructure of otoliths
of the eel (4. anguilla). J. Fish Biol. 40:181-190

Leder JJ, Swart PK, Szmant AM, Dodge RE (1996) The origin of
variations in the isotopic record of scleractinian corals: 1.
Oxygen. Geochim. Cosmochim. Acta 60:2857-2870

Limburg KE (1995) Otolith strontium traces environmental history
of subyearling American shad Alosa sapidissima. Mar. Ecol.
Prog. Ser. 119:25-35

Limburg KE (1996) Growth and migration of 0-year American
shad (4losa sapidissima) in the Hudson River estuary: otolith
microstructural analysis. Can. J. Fish. Aquat. Sci. 53:220-238

Lorens RB (1981) Sr, Cd, Mn and Co distribution coefficients in
calcite as a function of calcite precipitation rate. Geochim.
Cosmochim. Acta 45:553-561

Lowenstam HA, Weiner S (1989) On Biomineralization. Oxford
University Press, NY 315 pp

Maisey JG (1987) Notes on the structure and phylogeny of
vertebrate otoliths. Copeia 2:495-499

Mann S, Parker SB, Ross MD, Scarnulis AJ, Williams RJP (1983)
The ultrastructure of the calcium carbonate balance organs of
the inner ear: an ultra-high resolution electron microscopy
study. Proc. R. Soc. Lond. B 218:415-424

Mayer Jr. FL, Marking LL, Bills TD, Howe GE (1994)
Physicochemical factors affecting toxicity in freshwater:

293



hardness, pH, and temperature. In: Hamelink JL, Landrum PF,
Bergman HL, Benson WH (eds) Bioavailability: physical,
chemical and biological interactions. Lewis Publishers,
London p 5-21

McFarlane GA, Beamish RJ (1995) Validation of the otolith cross-
section method of age determination for sablefish
(Anoplopoma fimbria) using oxytetracycline. In: Secor DH,
Dean JM, Campana SE (eds) Recent Developments in Fish
Otolith Research. University of South Carolina Press,
Columbia, SC p 319-329

McKim JM (1994) Physiological and biochemical mechanisms that
regulate the accumulation and toxicity of environmental
chemicals in fish. In: Hamelink JL, Landrum PF, Bergman
HL, Benson WH (eds) Bioavailability: physical, chemical and
biological interactions. Lewis Publishers, London p 179-201

Meunier FJ, Boivin G (1978) Action de la fluorescéine, de
I'alizarine, du bleu de calcéine et de diverses doses de
tétracycline sur la croissance de la truite et de la carpe. Ann.
Biol. anim. Bioch. Biophys. 18:1293-1308

Meyer-Rochow VB, Cook I, Hendy CH (1992) How to obtain clues
from the otoliths of an adult fish about the aquatic
environment it has been in as a larva. Comp. Biochem.
Physiol. 103A:333-335

Miller PA, Munkittrick KR, Dixon DG (1992) Relationship
between concentrations of copper and zinc in water, sediment,
benthic invertebrates, and tissues of white sucker (Catostomus
commersoni) at metal-contaminated sites. Can. J. Fish. Aquat.
Sci. 49:978-984

Milton DA, Chenery SR (1998) The effect of otolith storage
methods on the concentrations of elements detected by laser-
ablation ICPMS. J. Fish Biol. 53:785-794

Milton DA, Chenery SR, Farmer MJ, Blaber SJIM (1997)
Identifying the spawning estuaries of the tropical shad,
terubok Tenualosa toli, using otolith microchemistry. Mar.
Ecol. Prog. Ser. 153:283-291

Milton DA, Short SA, O'Neill MF, Blaber SIM (1995) Ageing of
three species of tropical snapper (Lutjanidae) from the Gulf of
Carpentaria, Australia, using radiometry and otolith ring
counts. Fish. Bull. 93:103-115

Mitsuguchi T, Matsumoto E, Abe O, Uchida T, Isdale PJ (1996)
Mg/Ca thermometry in coral skeletons. Science 274:961-963

Moens L, Jakubowski N (1998) Double-focusing mass
spectrometers in ICPMS. Anal. Chem. 70:251A-256A

Monaghan Jr. JP (1993) Comparison of calcein and tetracycline as
chemical markers in summer flounder. Trans. Am. Fish. Soc.
122:298-301

Moore WS, Krishnaswami S (1972) Coral growth rates using Ra-
228 and Pb-210. Earth Planet. Sci. Lett. 15:187-190

Morales-Nin B (1986) Chemical composition of the otoliths of the
sea bass (Dicentrarchus labrax Linnaeus, 1758) (Pisces,
Serranidae). Cybium 10:115-120

Moreau G, Bardeau C, Frenette JJ, Saint-Onge J, Simoneau M
(1983) Zinc, manganese, and strontium in opercula and scales
of brook trout (Salvelinus fontinalis) as indicators of lake
acidification. Can. J. Fish. Aquat. Sci. 40:1685-1691

Morris CC (1991) Statocyst fluid composition and its effects on
calcium carbonate precipitation in the squid 4/loteuthis
subulata: towards a model for biomineralization. Bull. Mar.
Sci. 49:379-388

Morse JW, Mackenzie FT (1990) Geochemistry of sedimentary
carbonates. Elsevier Pub, NY 580 pp

Mosegaard H, Steffner NG, Ragnarsson B (1987) Manipulation of
otolith microstructures as a means of mass-marking salmonid
yolk sac fry. Proc. V. Congr. Europ. Ichthyol., Stockholm

1985:213-220

Mosegaard H, Svedang H, Taberman K (1988) Uncoupling of
somatic and otolith growth rates in Arctic char (Salvelinus
alpinus) as an effect of differences in temperature response.
Can. J. Fish. Aquat. Sci. 45:1514-1524.

Mugiya Y (1972) On aberrant sagittas of teleostean fishes. Jpn. J.
Ichthyol. 19:11-14

Mugiya Y, M. Yoshida. (1995) Effects of calcium antagonists and
and other metabolic modulators on in vitro calcium deposition
in the rainbow trout, Oncorhynchus mykiss. Fish. Sci.
61:1026-1030

Mugiya Y, Muramatsu J (1982) Time-marking methods for
scanning electron microscopy in goldfish otoliths. Bull. Jpn.
Soc. Sci. Fish. 48:1225-1232

Mugiya Y, Takahashi. K (1985) Chemical properties of the
saccular endolymph in the rainbow trout, Salmo gairdneri.
Bull. Fac. Fish. Hokkaido Univ. 36:57-63

Mulcahy SA, Killingley JS, Phleger CF, Berger WH (1979)
Isotopic composition of otoliths from a benthopelagic fish,
Coryphaenoides acrolepis, Macrouridae: Gadiformes.
Oceanol. Acta 2:423-427

Murnick DE, Peer BJ (1994) Laser-based analysis of carbon
isotope ratios. Science 263:945-947

Muth RT, Nesler TP, Wasowicz AF (1988) Marking cyprinid
larvae with tetracycline. Am. Fish. Soc. Symp. 5:89-95

Nagiec M, Czerkies P, Goryczko K, Witkowski A, Murawska E
(1995) Mass-marking of grayling, Thymallus thymallus, larvae
by fluorochrome tagging of otoliths. Fish. Manage. Ecol.
2:185-195

Northcote TG, Hendy CH, Nelson CS, Boubee JAT (1992) Tests
for migratory history of the New Zealand common smelt
(Retropinna retropinna) using otolith isotopic composition.
Ecol. Freshw. Fish 1:61-72

Nozaki Y, Rye DM, Turekian KK, Dodge RE (1978) A 200 year
record of carbon-13 and carbon-14 variations in a Bermuda
coral. Geophys. Res. Lett. 5:825-828

Nydal R, Lovseth K (1983) Tracing bomb C-14 in the atmosphere
1962-1980. J. Geophys. Res. 88:3621-3642

Oliveira AM, Farina M, Ludka IP, Kachar B (1996) Vaterite,
calcite and aragonite in the otoliths of three species of piranha.
Naturwissen. 83:133-135

Olsson PE, Kling P, Hogstrand, C (1998) Mechanisms of heavy
metal accumulation and toxicity in fish. In: Langston WJ,
Bebianno MJ (eds) Metal Metabolism in Aquatic
Environments. Chapman and Hall, London, p 321-350

Otake T, Ishii T, Ishii T, Nakahara M, Nakamura R (1997)
Changes in otolith strontium:calcium ratios in
metamorphosing Conger myriaster leptocephali. Mar. Biol.
128:564-571

Otake T, Ishii T, Nakahara M, Nakamura R (1994) Drastic changes
in otolith strontium/calcium ratios in leptocephali and glass
eels of Japanese eel Anguilla japonica. Mar. Ecol. Prog. Ser.
112:189-193

Otake T, Uchida K (1998) Application of otolith microchemistry
for distinguishing between amphidromous and non-
amphidromous stocked ayu, Plecoglossus altivelis. Fish.
Science 64:517-521

Papadopoulou C, Kanias GD, Kassimati E (1980) Trace element
content in fish otoliths in relation to age and size. Mar. Poll.
Bull. 11:68-72

Patterson WP, Smith GR, Lohmann KC (1993) Continental
paleothermometry and seasonality using the isotopic
composition of aragonitic otoliths of freshwater fishes.
Geophys. Mono. 78:191-202

294



Payan P, Borelli G, Boeuf G, Mayer-Gostan N (1998) Relationship
between otolith and somatic growth: consequence of
starvation on acid-base balance in plasma and endolymph in
the rainbow trout Oncorhynchus mykiss. Fish Physiol.
Biochem. 19:35-41

Payan P, Kossman H, Watrin A, Mayer-Gostan N, Boeuf G (1997)
Ionic composition of endolymph in teleosts: origin and
importance of endolymph alkalinity. J. Exper. Biol. 200:1905-
1912

Pearce NJG, Perkins WT, Fuge R (1992) Developments in the
quantitative and semiquantitative determination of trace
elements in carbonates using laser ablation inductively
coupled plasma mass spectrometry. J. Anal. Atom. Spectro.
7:595-598

Peck LS, Brey T (1996) Bomb signals in old Antarctic
brachiopods. Nature 380:207-208

Pedersen T, Carlsen B (1991) Marking cod (Gadus morhua)

juveniles with oxytetracycline incorporated into the feed. Fish.

Res. 12:57-64

Pender PJ, Griffin RK (1996) Habitat history of barramundi Lates
calcarifer in a North Australian river system based on barium
and strontium levels in scales. Trans. Am. Fish. Soc. 125:679-
689

Peng TH, Key RM, Ostlund HG (1998) Temporal variations of
bomb radiocarbon inventory in the Pacific Ocean. Marine
Chem. 60:3-13

Perkins WT, Fuge R, Pearce NJG (1991) Quantitative analysis of
trace elements in carbonates using laser ablation inductively
coupled plasma mass spectrometry. J. Anal. Atom. Spectro.
6:445-449

Peterson BJ, Howarth RW, Garritt RH (1985) Multiple stable
isotopes used to trace the flow of organic matter in estuarine
food webs. Science 227:1361-1363

Phillips DJH, Rainbow PS (1993) Biomonitoring of trace aquatic
contaminants. Elsevier Applied Science., N.Y

Prezbindowski D (1980) Microsampling technique for stable
isotopic analyses of carbonates. J. Sed. Petrol. 50:643-644

Proctor CH, Thresher RE (1998) Effects of specimen handling and
otolith preparation on concentration of elements in fish
otoliths. Mar. Biol. 131:681-694

Proctor CH, Thresher RE, Gunn JS, Mills DJ, Harrowfield IR, Sie
SH (1995) Stock structure of the southern bluefin tuna
Thunnus maccoyi: an investigation based on probe
microanalysis of otolith composition. Mar. Biol. 122:511-526

Radtke RL (1984) Formation and structural composition of larval
striped mullet otoliths. Trans. Am. Fish. Soc. 113:186-191.

Radtke RL (1987) Age and growth information available from the
otoliths of the Hawaiian snapper, Pristipomoides filamentosus.
Coral Reefs 6:19-25

Radtke RL (1989) Strontium-calcium concentration ratios in fish
otoliths as environmental indicators. Comp. Biochem. Physiol.
92A:189-193

Radtke RL, D.W. Townsend, S.D. Folsom, M.A. Morrison. (1990)
Strontium:calcium concentration ratios in otoliths of herring
larvae as indicators of environmental histories. Envir. Biol.
Fish. 27:51-61

Radtke RL, Showers W, Moksness E, Lenz P (1996)
Environmental information stored in otoliths: insights from
stable isotopes. Mar. Biol. 127:161-170

Radtke RL, Targett TE (1984) Rhythmic structural and chemical
patterns in otoliths of the Antarctic fish Notothenia larseni:
their application to age determination. Polar Biol. 3:203-210

Radtke RL, Williams DF, Hurley PCF (1987) The stable isotopic
composition of bluefin tuna (Thunnus thynnus) otoliths:

evidence for physiological regulation. Comp. Biochem.
Physiol. 87A:797-801

Romanek CS, Gauldie RW (1996) A predictive model of otolith
growth in fish based on the chemistry of the endolymph.
Comp. Biochem. Physiol. 114A:71-79

Romanek CS, Grossman EL, Morse JW (1992) Carbon isotope
fractionation in synthetic aragonite and calcite: effects of
temperature and precipitation rate. Geochim. Cosmochim.
Acta 56:419-430

Rye DM, Sommer II MA (1980) Reconstructing paleotemperature
and paleosalinity regimes with oxygen isotopes. In: Rhoads
DC, Lutz RA (eds) Skeletal growth of aquatic organisms.
Plenum Press, NY p 169-202

Sadovy Y, Severin KP (1992) Trace elements in biogenic
aragonite: correlation of body growth rate and strontium levels
in the otoliths of the white grunt, Haemulon plumieri (Pisces:
Haemulidae). Bull. Mar. Sci. 50:237-257

Sadovy Y, Severin KP (1994) Elemental patterns in red hind
(Epinephelus guttatus) otoliths from Bermuda and Puerto Rico
reflect growth rate, not temperature. Can. J. Fish. Aquat. Sci.
51:133-141

Saxton JM, Lyon IC, Turner G (1995) High-precision, in situ
oxygen isotope ratio measurements obtained from geological
and extra-terrestrial materials using an Isolab 54 ion
microprobe. Analyst 120:1321-1326

Schmitt PD (1984) Marking growth increments in otoliths of larval
and juvenile fish by immersion in tetracycline to examine the
rate of increment formation. Fish. Bull. 82:237-242

Schmitz B, Aberg G, Werdelin L, Forey P, Bendix-Almgreen SE
(1991) Sr-87/Sr-86, Na, F, Sr, and La in skeletal fish debris as
a measure of the paleosalinity of fossil-fish habitats. Geol.
Soc. Amer. Bull. 103:786-794

Schonhofer F, Tataruch F, Friedrich M (1994) Strontium-90 in
antlers of red deer: an indicator of environmental
contamination by strontium-90. Sci. Total Environ. 157:323-
332

Schroder SL, Knudsen CM, Volk EC (1995) Marking salmon fry
with strontium chloride solutions. Can. J. Fish. Aquat. Sci.
52:1141-1149

Schwarcz HP, Gao Y, Campana S, Browne D, Knyf M, Brand U
(1998) Stable carbon isotope variations in otoliths of Atlantic
cod (Gadus morhua). Can. J. Fish. Aquat. Sci. 55:1798-1806

Scott PJB (1990) Chronic pollution recorded in coral skeletons in
Hong Kong. J. Exp. Mar. Biol. Ecol. 139:51-64

Secor DH (1992) Application of otolith microchemistry analysis to
investigate anadromy in Chesapeake Bay striped bass Morone
saxatilis. Fish. Bull., U.S. 90:798-806

Secor DH, Dean JM, Campana SE (1995) Recent Developments in
Fish Otolith Research. University of South Carolina Press,
Columbia, SC 735 pp

Secor DH, Henderson-Arzapalo A, Piccoli PM (1995) Can otolith
microchemistry chart patterns of migration and habitat
utilization in anadromous fishes? J. Exp. Mar. Biol. Ecol.
192:15-33

Secor DH, Houde ED (1995) Larval mark-release experiments:
potential for research on dynamics and recruitment in fish
stocks. In: Secor DH, Dean JM, Campana SE (eds) Recent
Developments in Fish Otolith Research. University of South
Carolina Press, Columbia, SC p 423-444

Secor DH, Ohta T, Nakayama K, Tanaka M (1998) Use of otolith
microanalysis to determine estuarine migrations of Japanese
sea bass Lateolabrax japonicus distributed in Ariake Sea.
Fisheries Science 64:740-743

Secor DH, White MG, Dean JM (1991) Immersion marking of

295



larval and juvenile hatchery-produced striped bass with
oxytetracycline. Trans. Am. Fish. Soc. 120:261-266

Secor DH, Zdanowicz VS (1998) Otolith microconstituent analysis
of juvenile bluefin tuna (Thunnus thynnus) from the
Mediterranean Sea and Pacific Ocean. Fish. Res. 36:251-256

Settle DM, Patterson CC (1980) Lead in albacore: guide to lead
pollution in Americans. Science 207:1167-1176

Severin KP, Carroll J, Norcross BL (1995) Electron microprobe
analysis of juvenile walleye pollock, Theragra
chalcogramma, otoliths from Alaska: a pilot stock separation
study. Env. Biol. Fish. 43:269-283

Shen CC, Lee T, Chen CY, Wang CH, Dai CF, Li LA (1996) The
calibration of D[Sr/Ca] versus sea surface temperature
relationship for Porites corals. Geochim. Cosmochim. Acta
60:3849-3858

Shen GT, Dunbar RB (1995) Environmental controls on uranium in
reef corals. Geochim. Cosmochim. Acta 59:2009-2024

Sie SH, Thresher RE (1992) Micro-PIXE analysis of fish otoliths:
methodology and evaluation of first results for stock
discrimination. Internat. J. PIXE 2:357-379

Simkiss K (1974) Calcium metabolism of fish in relation to ageing.
In: Bagenal TB (ed) The Ageing of Fish. Unwin Brothers Ltd.,
Surrey, England p 1-12

Smith JN, Nelson R, Campana SE (1991) The use of Pb-210/Ra-
226 and Th-228/Ra-228 dis-equilibria in the ageing of otoliths
of marine fish. In: Kershaw PJ, Woodhead DS (eds)
Radionuclides in the study of marine processes. Elsevier
Applied Science, NY p 350-359

Spiker EC (1980) The behavior of C-14 and C-13 in estuarine
water: effects of in situ CO, production and atmospheric
exchange. Radiocarbon 22:647-654

Spivak AJ, You CF, Smith HJ (1993) Foraminiferal boron isotope
ratios as a proxy for surface ocean pH over the past 21 Myr.
Nature 363: 149-151

Stecher III HA, Krantz DE, Lord III CJ, Luther III GW, Bock KW
(1996) Profiles of strontium and barium in Mercenaria
mercenaria and Spisula solidissima shells. Geochim.
Cosmochim. Acta 60:3445-3456

Strong MB, Neilson JD, Hunt JJ (1986) Aberrant crystallization of
pollock (Pollachius virens) otoliths. Can. J. Fish. Aquat. Sci.
43:1457-1463

Swart PK, Leder JJ, Szmant AM, Dodge RE (1996) The origin of
variations in the isotopic record of scleractinian corals: II.
Carbon. Geochim. Cosmochim. Acta 60:2871-2885

Szedlmayer ST, Howe JC (1995) An evaluation of six marking
methods for age-0 red drum, Sciaenops ocellatus. Fish. Bull.
93:191-195

Takahashi Y (1994) Otolith staining by oral administration of
alizarin complexon for juveniles of the Japanese flounder
Paralichthys olivaceus. Nipp. Suis. Gakk. 60:611-615

Tan FC, Dyrssen D, Strain PM (1983) Sea-ice meltwater and
excess alkalinity in the East Greenland current. Oceanol. Acta
6:283-288

Tanaka N, Monaghan MC, Rye DM (1986) Contribution of
metabolic carbon to mollusc and barnacle shell carbonate.
Nature 320:520-523

Tarutani T, Clayton RN, Mayeda TK (1969) The effect of
polymorphism and magnesium substitution on oxygen isotope
fractionation between calcium carbonate and water. Geochim.
Cosmochim. Acta 33:987-996

Thomas LM, Holt SA, Arnold CR (1995) Chemical marking
techniques for larval and juvenile red drum (Sciaenops
ocellatus) otoliths using different fluorescent markers. In:
Secor DH, Dean JM, Campana SE (eds) Recent Developments

in Fish Otolith Research. University of South Carolina Press,
Columbia, SC p 703-717

Thorrold SR, Jones CM, Campana SE (1997a) Response of otolith
microchemistry to environmental variations experienced by
larval and juvenile Atlantic croaker (Micropogonias
undulatus). Limnol. Oceanog. 42:102-111

Thorrold SR, Campana SE, Jones CM, Swart PK (1997b) Factors
determining delta C-13 and delta O-18 fractionation in
aragonitic otoliths of marine fish. Geochim. Cosmochim. Acta
61:2909-2919

Thorrold SR, Jones CM, Campana SE, McLaren JW, Lam JWH
(1998a) Trace element signatures in otoliths record natal river
of juvenile American shad (4losa sapidissima). Limnol.
Oceanogr. 43:1826-1835

Thorrold SR, Jones CM, Swart PK, Targett TE (1998b) Accurate
classification of juvenile weakfish Cynoscion regalito
estuarine nursery areas based on chemical signatures in
otoliths. Mar. Ecol. Prog. Ser. 173:253-265

Thresher RE, Proctor CH, Gunn JS, Harrowfield IR (1994) An
evaluation of electron probe microanalysis of otoliths for
stock delineation and identification of nursery areas in a
southern temperate groundfish, Nemadactylus macropterus
(Cheilodactylidae). Fish. Bull. 92:817-840

Toggweiler JR, Dixon K, Broecker WS (1991) The Peru upwelling
and the ventilation of the South Pacific thermocline. J.
Geophys. Res. 96:20467-20497

Toole CL, Markle DF, Harris PM (1993) Relationships between
otolith microstructure, microchemistry, and early life history
events in Dover sole, Microstomus pacificus. Fish. Bull.
91:732-753

Townsend DW, Radtke RL, Corwin S, Libby DA (1992)
Strontium:calcium ratios in juvenile Atlantic herring Clupea
harengus otoliths as a function of water temperature. J. Exp.
Mar. Biol. Ecol. 160:131-140

Townsend DW, Radtke RL, Malone DP, Wallinga JP (1995) Use of
otolith strontium:calcium ratios for hindcasting larval cod
distributions relative to water masses on Georges Bank. Mar.
Ecol. Prog. Ser. 119:37-44

Townsend DW, Radtke RL, Morrison MA, Folsom SD (1989)
Recruitment implications of larval herring overwintering
distributions in the Gulf of Maine, inferred using a new otolith
technique. Mar. Ecol. Prog. Ser. 55:1-13

Tsukamoto K (1985) Mass-marking of ayu eggs and larvae by
tetracycline-tagging of otoliths. Bull. Jap. Soc. Sci. Fish.
51:903-911

Tsukamoto K (1988) Otolith tagging of ayu embryo with
fluorescent substances. Nipp. Suis. Gakk. 54:1289-1295

Tsukamoto K, Nakai [, Tesch WV (1998) Do all freshwater eels
migrate? Nature 396:635-636

Turekian KK, Cochran JK, Nozaki Y (1982) Determination of shell
deposition rates of Arctica islandica from the New York Bight
using natural Ra-228 and Th-228 and bomb-produced C-14.
Limnol. Oceanogr. 27:737-741

Tzeng WN (1996) Effects of salinity and ontogenetic movements
on strontium:calcium ratios in the otoliths of the Japanese eel,
Anguilla japonica. J. Exp. Mar. Biol. Ecol. 199:111-122

Tzeng WN, Severin KP, Wickstrom H (1997) Use of otolith
microchemistry to investigate the environmental history of
European eel Anguilla anguilla. Mar. Ecol. Prog. Ser. 149:73-
81

van Heuzen AA, Morsink JBW (1991) Analysis of solids by laser
ablation - inductively coupled plasma - mass spectroscopy
(LA-ICP-MS) - II. Matching with a pressed pellet.
Spectrochim. Acta 46B:1819-1828

296



Vogel JC, Eglington B, Auret JM (1990) Isotope fingerprints in
elephant bone and ivory. Nature 346:747-749

Weidman CR, Jones GA (1993) A shell-derived time history of
bomb C-14 on Georges Bank and its Labrador Sea
implications. J. Geophys. Res. 98:14577-14588

Weidman CR, Jones GA (1994) The long-lived mollusc Arctica
islandica: a new paleoceanographic tool for the
reconstruction of bottom temperatures for the continental
shelves of the northern North Atlantic Ocean. J. Geophys.
Res. 99:18305-18314

Weldon BA, Cailliet GM, Flegal AR (1987) Comparison of
radiometric with vertebral band age estimates in four
California elasmobranchs. In: Summerfelt RC, Hall GE (eds)
Age and growth of fish. lowa State University Press, Ames,
Iowa p 301-315

West IF, Gauldie RW (1994) Determination of fish age using Pb-
210:Ra-226 disequilibrium methods. Can. J. Fish. Aquat. Sci.
51:2333-2340

Wheeler AP, Sikes CS (1984) Regulation of carbonate calcification
by organic matrix. Amer. Zool. 24:933-944

Wild A, Foreman TJ (1980) The relationship between otolith
increments and time for yellowfin and skipjack tuna marked
with tetracycline. Inter-Amer. Trop. Tuna Comm. 17:509-560

Wilson CA, Beckman DW, Dean JM (1987) Calcein as a
fluorescent marker of otoliths of larval and juvenile fish.
Trans. Am. Fish. Soc. 116:668-670

Wirgin II, Waldman JR, Maceda L, Stabile J, Vecchio VI (1997)
Mixed-stock analysis of Atlantic coast striped bass (Morone
saxatilis) using nuclear DNA and mitochondrial DNA
markers. Can. J. Fish. Aquat. Sci. 54:2814-2826

Wood CC, McKinnell S, Mulligan TJ, Fournier DA (1987) Stock
identification with the maximum-likelihood mixture model:
sensitivity analysis and application to complex problems. Can.
J. Fish. Aquat. Sci. 44:866-881

Wood CC, Rutherford DT, McKinnell S (1989) Identification of
sockeye salmon (Oncorhynchus nerka) stocks in mixed-stock
fisheries in British Columbia and southeast Alaska using
biological markers. Can. J. Fish. Aquat. Sci. 46:2108-2120

Wright PJ (1991) Calcium binding by soluble matrix of the otoliths
of Atlantic salmon, Salmo salar. J. Fish Biol. 38:625-627

Yoklavich MM, Boehlert GW (1987) Daily growth increments in
otoliths of juvenile black rockfish, Sebastes melanops: an
evaluation of autoradiography as a new method of validation.
Fish. Bull., U.S. 85:826-832

297



