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Abstract — Determining the timing or frequency of movement of fish and the relative importance of different habitats
is difficult. Advances in otolith chemical techniques and interpretations (including elemental ratios and stable isotopes)
suggest that this is a powerful method for determining movement of fish. To date, the majority of applications have in-
volved marine fish, however, otolith chemistry has the potential to determine movements of diadromous and freshwater
fish; I therefore review freshwater applications of otolith chemistry in this paper. Despite some limitations regarding
strontium:calcium (Sr:Ca) ratios (e.g. Sr concentration of the water is not always measured, Sr:Ca ratios in freshwa-
ter can exceed marine waters, and mixed results for the relationship between otolith Sr and salinity), they have been
widely used for a variety of applications involving diadromous species and more recently freshwater fish. In addition,
barium:calcium (Ba:Ca) ratios have recently been used to determine movements of diadromous and estuarine species,
as ambient ratios are possibly linked to environmental flows. Several studies have also investigated the use of multiele-
mental otolith composition to discriminate between groups of fish collected from different lake or river systems, but a
wider range of applications are possible. Several applications of Sr isotopes have also been investigated, most of which
is focused on salmonids (e.g. distinguishing fish from different river systems, determining movement history of indi-
vidual fish). Relatively few studies have investigated the use of other isotopes (e.g. oxygen, sulphur) for determining
movements. Otolith elemental ratios and stable isotopes have great potential to determine movements of freshwater
species, with possible applications likely to increase as analytical technology improves.

Key words: Otolith chemistry / Fish / Trace element / Sr isotopes / Sr:Ca / Freshwater / Diadromous / Flow / Review

Résumé — Déterminer les déplacements des poissons diadromes et d’eau douce par la chimie de I’otolithe.
Déterminer le moment ou la fréquence des déplacements des poissons et I’'importance relative de différents habitats
est difficile. Le progres dans les techniques de la chimie de ’otolithe et les interprétations (rapports des éléments
chimiques élémentaires et ceux des isotopes stables) suggerent qu’il s’agit de méthodes performantes pour déterminer
les déplacements des poissons. La majorité des applications a été développée chez les poissons marins ; cependant, la
chimie de I’otolithe a la capacité potentielle de déterminer les mouvements des poissons diadromes et d’eau douce.
Ainsi, j’ai donc fait la synthese des applications de la chimie de I’otolithe en milieu dulgaquicole. Malgré quelques
limites concernant les rapports strontium:calcium (Sr:Ca) (la concentration en Sr dans I’eau n’est pas toujours mesurée,
les rapports Sr:Ca en eau douce peuvent excéder ceux en eau de mer, avec divers résultats pour les relations entre
le Sr de I'otolithe et la salinité), ils ont été largement utilisés pour une grande variété d’applications relatives aux
especes diadromes, et plus récemment aux poissons d’eau douce. De plus, les rapports barium:calcium (Ba:Ca) ont été
récemment utilisés pour déterminer les déplacements des especes diadromes et estuariennes, en tant que rapports li€s au
débit et donc a I’environnement. Plusieurs études présentent 1’utilisation de la composition chimique pluri-élémentaire
de I’otolithe pour différencier des groupes de poissons capturés dans différents lacs ou bassins hydrographiques mais
I’étendue des applications est plus large. Plusieurs applications des isotopes du Sr ont été étudiées ; la plupart porte
sur les salmonidés (distinction des poissons de différents fleuves, détermination des déplacements au cours de la vie
d’un poisson). Relativement peu d’études portent sur les autres isotopes (oxygene, sulfure) pour la détermination
des déplacements. Les rapports des éléments chimiques et ceux de leurs isotopes stables ont un grand potentiel pour
déterminer les déplacements des especes d’eau douce, avec 1’augmentation probable des possibilités d’applications
conjointement avec I’amélioration des techniques analytiques.
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1 Introduction

Ecology aims to determine the causes of the distribution
and abundance of organisms. Two processes that potentially
contribute to differences in distribution and abundance are
movement and dispersal. Fundamental to the study of animal
ecology is an understanding of movement patterns of animals,
in both space and time (Pittman and McAlpine 2003). Such in-
formation is important in designing effective conservation and
management strategies.

Diadromous fishes are important coastal and inland
species, and comprise those species that move across salin-
ity gradients as a routine part of their life history (McDowall
1988). Catadromous species spend most of their life in fresh
water, but breed in saltwater, whereas anadromous species
migrate from saltwater to freshwater to breed (see Table 1
for examples of diadromous species). In contrast, amphidro-
mous species migrate from fresh water to the sea or vice
versa, but the movement is not for the purpose of breeding
(McDowall 1988) (Table 1). Many freshwater species also un-
dergo some form of migration entirely within freshwater habi-
tats (Reynolds 1983; Northcote 1997).

Although life histories of fish typically involve movement
among spawning, growth, and refuge habitats, recent stud-
ies suggest that the life cycles of many species of fish have
been over simplified and that considerable variability may ex-
ist within and among species and populations (Kennedy et al.
2002; Tzeng et al. 2002; Wells et al. 2003). For some species
where diadromy was thought to be obligate, it may in fact
be facultative (e.g. Pender and Griffin 1996; Tsukamoto et al.
1998; Katayama et al. 2000; Howland et al. 2001; Closs et al.
2003; Kotake et al. 2004). Paradigms of predictability and
restricted movement of fish are likely to reflect the use of
conventional tagging techniques for determining movement
(Kennedy et al. 2002). Studies that show limited movement
focus on the non-mobile part of the population that has been
recaptured or on larger individuals (e.g. Gillanders et al. 2001).
In addition, conventional tagging studies provide no data on
the timing or frequency of movement and the relative impor-
tance of different habitats (Milton and Chenery 2003).

The best evidence for movement of fish is observing recog-
nizable or tagged fish shifting from one place to another; how-
ever, such data are difficult to obtain for multiple life history
stages. Alternative methods for determining origins and move-
ments of fish are therefore required. One of the most rapidly
growing fields of fisheries science is the use of elements in cal-
cified structures, such as ear-bones (otoliths), to answer eco-
logical questions related to movement. Two features of otoliths
make them particularly amenable for recording aspects of the
environment in which the fish have lived. First, the acellu-
lar and metabolically inert structure of otoliths ensures that
any chemicals accreted onto the growing surface are perma-
nently retained (Campana 1999). Second, the otolith contin-
ually grows (from prior to hatching to time of death) ensur-
ing that the entire life of the fish is recorded (Campana 1999).
Otoliths therefore record an accurate chronology of exposure
to environmental conditions, including salinity, temperature,
and composition of ambient water. Information on environ-
mental conditions that the fish has lived in can then be cou-
pled with the age (either annual or daily) of the fish to provide

unprecedented information on the timing and frequency of
movement, as well as the relative importance of different
habitats.

Analysis of strontium concentrations has been widely used
for tracing salinity history and reconstructing past environ-
mental histories of fish. Other elements and isotopes within
otoliths are also influenced by environmental variables and
may be useful to answer ecological questions similar to stron-
tium. The objective of this paper is to investigate the use of
otolith chemistry to determine movements of diadromous and
freshwater fish across salinity or other chemical gradients in
freshwater-estuarine systems. Although otolith chemistry has
been widely used in marine applications (see for example
Gillanders 2005), it has only recently been applied to fresh-
water systems, therefore the focus will be on freshwater and
diadromous fish. Specifically, I will review past research using
(1) Sr:Ca ratios, (2) other elemental ratios, (3) multielement
signatures, (4) Sr isotopes, and (5) other isotopes (e.g. O, C,
and S) to determine population structure, natal, juvenile and
adult habitats, as well as movement throughout the entire life
history.

2 Material and methods

A literature search was used to investigate studies us-
ing otolith chemistry to determine movements of diadro-
mous and freshwater fish and whether any studies had at-
tempted to link otolith chemistry to changes in freshwater
flow. For this, I searched Aquatic Sciences and Fisheries
Abstracts (Cambridge Scientific Abstracts) for the period
1971 to September 2004 using a combination of keywords:
(1) otolith and (2) movement, migration, flow, or chemistry.
From these searches and my personal library, relevant publica-
tions that dealt with otolith chemistry and either diadromous or
freshwater fish were examined. I do not purport to have exam-
ined all of the many studies that report changes in Sr:Ca ratios
of otoliths of diadromous species, but rather have provided
examples of the types of studies conducted.

3 Results and discussion
3.1 Sr:Ca ratios

Otolith Sr has been widely used to determine past environ-
mental histories of fish (Kalish 1990; Limburg 1995; Kimura
et al. 2000; Secor and Rooker 2000; Rooker et al. 2004); in
particular, it is widely assumed that there is a positive rela-
tionship between otolith Sr and ambient salinity (see review:
Secor and Rooker 2000). Thus, differences in otolith Sr have
been widely used to infer movement between freshwater and
marine waters (e.g. Limburg 1995, 1998; Secor et al. 1995;
Tzeng et al. 1997), because concentrations of ambient Sr can
be up to 8 times higher in marine waters than freshwater.
Thus, parts of the otolith formed when the fish was in ma-
rine waters typically exhibit higher Sr:Ca ratios than layers
deposited when the fish was resident in fresh waters (Fig. 1).
Secor and Rooker’s (2000) review of the literature (between
1982 and 1997) found a positive relationship between otolith
Sr and salinity for a diverse range of species from different en-
vironmental conditions. However, many of the studies did not
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Table 1. Examples of catadromous, anadromous and amphidromous species from within Australia. # Australian populations are sustained by
annual stocking and no part of the natural life cycle is spent at sea (Allen et al. 2002); * introduced species; T marginally catadromous;
maybe catadromous; § amphidromy uncertain. Further information on the taxonomic and world-wide geographic distribution of diadromy can

be found in McDowall (1988).

Type Family Species Common name

of diadromy

Anadromous Geotriidae Geotria australis Pouched lamprey
Mordaciidae Mordacia mordax Short-headed lamprey
Salmonidae Oncorhynchus mykiss Rainbow trout*
Salmonidae Oncorhynchus tshawytscha Chinook salmon*
Salmonidae Salmo salar Atlantic salmon#*
Salmonidae Salmo trutta Brown trout*
Retropinnidae Retropinna tasmanica Tasmanian smelt
Galaxiidae Lovettia sealii Tasmanian whitebait

Catadromous Anguillidae Anguilla australis Short-finned eel
Anguillidae Anguilla reinhardtii Marbled eel
Galaxiidae Galaxias maculatus Common jollytail T
Clupeidae Potamalosa richmondia Freshwater herringa
Centropomidae Lates calcarifer Barramundi
Percichthyidae Macquaria novemaculeata Australian bass T
Mugilidae Mugil cephalus Sea mullet
Bovichtidae Pseudaphritis urvillii Congoli, tupong 7

Amphidromy Galaxiidae Galaxias brevipinnis Climbing galaxias
Galaxiidae Galaxias cleaveri Tasmanian mudfish
Galaxiidae Galaxias truttaceus Trout minnow
Gobiidae Pseudogobius olorum Swan River goby
Eleotridae Gobiomorphus australis Striped gudgeon 8
Eleotridae Gobiomorphus coxii Cox’s gudgeon 8

measure Sr concentration of ambient water and therefore it is
not clear whether such a relationship would exist after factor-
ing out the effects of ambient water. It would, however, seem
plausible that the effect of ambient Sr outweighs that of salinity
in influencing otolith chemistry given the inconsistent experi-
mental results observed for the relationship between salinity
and otolith Sr (see below) and the strong positive associations
found between ambient Sr and otolith Sr (Bath et al. 2000;
Milton and Chenery 2001; Elsdon and Gillanders 2003). To
interpret otolith Sr:Ca data it would be beneficial to know the
concentration of the water (see also Martin et al. 2004).

Many studies assume that ambient environmental concen-
trations of Sr vary between fresh water and sea water because
it is widely accepted that Sr is higher in sea water than fresh
water. However, a recent study suggested that the range of Sr
values in fresh waters was extensive, with some values exceed-
ing those in marine waters (see Fig. 2 in Kraus and Secor
2004). If the ambient Sr:Ca is the primary determinant of
otolith Sr:Ca, then for fish reared in fresh water with ambi-
ent Sr:Ca values greater than marine values (i.e. greater than
9 mmol Srmol~! Ca) the otolith Sr:Ca may exceed that of fish
reared in seawater (Kraus and Secor 2004). I am not aware of
similar data for other freshwater systems, but it would be valu-
able to investigate these. By comparison, in oceanic waters am-
bient Sr and Sr:Ca varies by only 2—3% globally (de Villiers
1999).

Although Secor and Rooker (2000) found an over-
all positive relationship between otolith Sr and salinity
when many studies were combined, individual studies have
found mixed results including no relationship (e.g. Fowler
et al. 1995; Hoftf and Fuiman 1995; Chesney et al. 1998;

Elsdon and Gillanders 2002; Rooker et al. 2004), a negative
relationship (e.g. Radtke et al. 1988; Elsdon and Gillanders
2002) and a positive relationship (e.g. Tzeng 1996; Kawakami
et al. 1998). In addition, an interaction between salinity and
temperature has also been found, such that the response be-
tween otolith Sr and salinity depended on the temperature
(Secor et al. 1995; Elsdon and Gillanders 2002).

Despite the potential difficulties of reconstructing envi-
ronmental histories of fish using otolith Sr:Ca researchers
have used this methodology in a wide range of applications,
especially for diadromous fish (Table 2). Besides inferring
fish movement, including timing, between fresh water and
sea water, otolith Sr:Ca ratios can determine the contribu-
tion of diadromous versus non-diadromous recruitment to
coastal populations (e.g. giant kokopu, Galaxias argenteus,
David et al. 2004). Profiles of Sr:Ca ratios were determined
from the edge through the core of transverse sections of
otoliths, using micro-PIXE (particle induced X-ray emission).
Relatively low and constant Sr:Ca ratios were suggestive of
recruitment from a freshwater environment, whereas high
Sr:Ca ratios at the core of the otolith suggested recruitment
from a marine environment (Fig. 1) (David et al. 2004). Al-
though a relatively small number of fish were examined from
each site (n = 1-10 fish/site), the majority of fish had re-
cruited to either freshwater or estuarine environments, sug-
gesting that non-diadromous recruitment was important, even
where there was direct access to the sea (David et al. 2004).
Diadromous recruitment may, however, be important in main-
taining populations across large spatial scales (e.g. colonizing
new streams).
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(@)
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Freshwater
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Fig. 1. Hypothetical diagrams showing Sr:Ca ratios in fish otoliths
from the core to the edge of the otolith. (a) Fish moving from fresh-
water to marine waters, (b) fish remaining in fresh water and (c) fish
moving from marine to fresh waters.

Many studies have investigated diadromous migratory pat-
terns using Sr:Ca ratios (e.g. Kotake et al. 2004). Anguillid
eels, in particular, are one group in which many studies
have shown that catadromy is facultative rather than obligate
(Tsukamoto et al. 1998; Tsukamoto and Arai 2001; Jessop
et al. 2002; Kotake et al. 2004). One study suggested that bays
may provide better feeding and growth conditions than fresh-
water habitats, although a latitudinal cline may also be found
(Kotake et al. 2004). Thus, if feeding and growth conditions
are better in bays than freshwater habitats, few fish may be
catadromous, whereas if conditions are better in fresh water,
then larger numbers may be catadromous.

By combining Sr:Ca ratios with fish age, additional in-
formation can be obtained. For example, Chang et al. (2004)
found that habitat use changed with the age of mullet (Mugil
cephalus), such that 26.7% and 10.5% of age 1* and 2* mul-
let respectively inhabited fresh water and that no fish 3* or
older inhabited fresh water. In contrast, the number of mullet
that migrated offshore from freshwater and estuarine areas
increased with age (Chang et al. 2004). Based on temporal
changes in otolith Sr:Ca ratios of individual fish, two types
of migratory history were identified (Type 1: fish migrating

between estuary and offshore waters, but rarely entering fresh
waters; Type 2: fish migrating between fresh waters and off-
shore waters). Growth of fish, however, was not affected by
migratory type (Chang et al. 2004).

In a novel application, natural chemical markers (Sr:Ca ra-
tios) in otoliths were used to identify the probable source and
date of introduction of exotic lake trout (Salvelinus namay-
cush) into Yellowstone Lake, Wyoming, USA (Munro et al.
2005). This application was possible because the water and
otolith chemistry of trout differed among the three large lakes.
Resident lake trout reared in different lakes showed little vari-
ation along the otolith growth axis, whereas suspected trans-
plants showed a large and rapid increase in otolith Sr:Ca,
which indicated a marked shift in water chemistry beyond any
natural variation. Timing of the abrupt otolith Sr:Ca shift sug-
gested that trout were introduced in the late 1980s, although
more recent introductions had occurred. This is one of the few
published studies to use Sr:Ca ratios in a solely freshwater
application.

3.2 Other elements

Most studies on fish otoliths have focused on using Sr:Ca
ratios as a proxy for salinity. However, other elements, such
as Ba:Ca, may also be useful indicators of salinity, but have
been largely unexplored. Relationships between riverine input
to marine waters and trace elements in corals have recently
been examined (e.g. Alibert et al. 2003). Peaks in Ba:Ca ratios
of inshore corals were strongly correlated with flood events,
which carried fresh water to the site (see Fig. 5 in Alibert
et al. 2003). In low salinity areas (0-5 ppt), Ba is desorbed
from fine-grained suspended particles and is then advected
with riverine plumes to offshore areas where it behaves as an
essentially conservative tracer (McCulloch et al. 2003). Ba:Ca
ratios of corals have therefore been used to record sediment
flux to coastal waters and were correlated with maximum river
flow (McCulloch et al. 2003).

In otoliths, ambient Ba:Ca concentrations positively influ-
ence Ba:Ca concentrations of fish otoliths (Bath et al. 2000;
Elsdon and Gillanders 2003; Wells et al. 2003) and scales
(Wells et al. 2000, 2003). Partition coeflicients (which are use-
ful for comparing elemental discrimination) indicated that am-
bient Ba:Ca levels had a greater effect on otolith chemistry
than either salinity or temperature (see Fig. 1 in Elsdon and
Gillanders 2004). Ba concentrations are high in freshwater es-
tuaries, largely because these estuaries receive inputs of sedi-
ment from land runoff and Ba is closely bound to sediments (Li
and Chan 1979) and bioavailability of Ba is higher in freshwa-
ter than saltwater (Turner et al. 1981). Since barium exhibits
estuarine release, with peak Ba concentrations depending on
salinity, hydrodynamics and transport of riverine suspended
particulate matter (SPM), a relationship often exists between
Ba in the water and salinity (Coffey et al. 1997). After the Ba
maxima, a negative linear relationship is found between Ba
in the water and salinity (see figures in Coffey et al. 1997).
The Ba maxima occurs at different salinities in different estu-
aries depending on discharge volume which is related to time
of year, therefore, seasonal differences within an estuary are
also found (Coffey et al. 1997). Salinity-Ba relationships may
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Table 2. Applications of Sr and Sr:Ca in freshwater and diadromous fish. There may be some overlap among applications, although slightly

different questions are addressed.

Application

Example

Related to diadromy

The contribution of diadromous versus non-diadromous recruitment to

populations

When individual fish moved between marine and freshwater environments

during their life history

Sr-salinity relationship used to determine age- and sex-dependent move-

ments

Otolith Sr contrasted among different life history (amphidromous, marine,

freshwater) types within a family

Reconstruct migratory history of past environments inhabited by fish (e.g.
freshwater, estuarine and marine) or examine variation in migratory

history

Discriminate progeny of anadromous and freshwater resident females

Clarify use of freshwater habitat

Not necessarily linked to diadromy
Identify source and timing of introduction of an exotic species
Timing and duration of metamorphosis

Stock or population discrimination

Rieman et al. 1994; Arai et al. 2003b; David et al. 2004

Radtke et al. 1988; Howland et al. 2001

Secor 1992; Secor et al. 1995; Secor and Piccoli 1996; Chang
et al. 2004

Radtke and Kinzie 1996

Kafemann et al. 2000; Secor and Rooker 2000; Tsukamoto
and Arai 2001; Jessop et al. 2002; Arai et al. 2003a; Kotake
et al. 2003; Shiao et al. 2003; Tzeng et al. 2003; Zlokovitz
et al. 2003; Chang et al. 2003

Kalish 1990; Rieman et al. 1994; Volk et al. 2000
Chang et al. 2004

Munro et al. 2005
Otake et al. 1994; Arai et al. 1999
Babaluk et al. 2002

also be estuarine dependent as Guay and Falkner (1998) found
several negative correlations. Studies of the environmental his-
tory of fish could take advantage of the natural distribution of
Ba in the water. The freshwater occupancy of fish, for example,
could be determined including timing of movements between
freshwater and marine waters and amount of time spent in each
habitat (see below).

Black bream (Acanthopagrus butcheri) caught in fresh wa-
ter had approximately double the otolith Ba:Ca of those from
saltwater estuaries, therefore, fish with otolith Ba:Ca concen-
trations < 5 umol mol~! were classified as resident to saltwa-
ter, and those with > 6 umol mol~! resident to fresh water
(Elsdon and Gillanders 2005). The amount of time that fish
spent in fresh water ranged between 0% (Port Adelaide, SA)
and 95% (Ewens Ponds, SA) with individual fish moving be-
tween freshwater and marine waters up to 6 times (Elsdon and
Gillanders 2005). In addition, multiple types of migratory be-
haviour occurred in fish collected from the same estuary, sug-
gesting far more complex behaviours than previously known.
In a similar study, barramundi (Lates calcarifer) stocked into
weirs also showed a complex pattern of Ba:Ca throughout the
life of the fish (Mike Cappo, Australian Institute of Marine
Science, Townsville, Australia, personal communication). Be-
cause movement was limited, changes in Ba:Ca were thought
to correspond to dam overflow and suburban storm-water
runoff, but Ba may also have been mobilized from sediment
resuspension resulting from sand mining (Cappo, personal
communication). Thus, Ba:Ca ratios of territorial fish or fish
showing limited movement may be used to indicate freshwater
flow within a river system.

Pender and Griffin (1996) found that Ba (and Sr) in scales
could be reliably used to differentiate barramundi reared in
freshwater and saltwater, because these elements were re-
lated to environmental histories. Their analyses indicated three
groups of fish (marine, mixed, and freshwater), and that some
fish did not occupy fresh water. This application used whole
scales which represented a life-time integrated signature, and
was therefore not able to determine the timing or frequency of
movements.

Milton et al. (2000) investigated whether heavy metals
(e.g. Cu, Pb, Zn) in fish otoliths of barramundi could be used to
infer movement into waters that were contaminated by heavy
metals. Their results suggested that Cu was not a good indica-
tor of a fish’s exposure to heavy metals since Cu concentration
in the otoliths did not rise during freshwater residency. Fresh-
water concentrations of elements appear reasonably similar to
seawater, with the exception of the common marine salts and
therefore a range of other elements may be useful (see Fig. 5
in Campana 1999).

3.3 Multielement signatures

Several studies have investigated the use of multielemen-
tal composition to distinguish groups of fish collected in lakes
(Bronte et al. 1996; Brazner et al. 2004), or from different river
systems (e.g. Thorrold et al. 1998; Morris et al. 2003; Wells
et al. 2003), with most studies of this type conducted on fish
that spend at least part of their life cycle within marine waters.
The elements analysed in the freshwater studies largely depend
on the instrumentation used. For example, studies utilizing
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ICP-MS instruments generally analyse Mg, Mn, Sr, and Ba,
although K, and Pb have also been analysed. In contrast, parti-
cle induced X-ray emission (PIXE) studies have also analysed
Fe and Br in addition to some of the other elements. Many
marine applications of multielemental composition have been
published (e.g. Gillanders and Kingsford 1996; Campana et al.
2000; Thorrold et al. 2001; Gillanders 2002), and it is only a
matter of time before similar applications are utilized in fresh-
water systems (e.g. determining the contribution of different
river systems to adult populations, and estimates of life history
diversity within and among streams).

3.4 Srisotopes

Another approach for evaluating origins and migration of
fish is the use of Sr isotopes in otoliths. The 87Sr/*Sr ratio
of seawater has essentially remained the same for the past
400000 years (0.70918) and is similar across the world’s
oceans, whereas the Sr isotopic composition of river water
reflects the 87Sr/3¢Sr ratio of the rocks in the catchment area
(average for major rivers emptying into San Francisco Bay
0.7065) (Ingram and Sloan 1992). If there are differences in
geology of the catchment then natural geographic differences
in Sr isotopes of river waters would be expected. Since the
otolith 87Sr/8Sr ratio is primarily determined by ambient wa-
ter chemistry, otoliths from fish collected from river systems
with different geology should differ (Kennedy et al. 1997,
2000; Ingram and Weber 1999). Isotope ratios are not influ-
enced by temperature and salinity or biological factors (e.g.
growth, maturation) therefore they are likely to be more useful
as an environmental tracer (Kennedy et al. 2000).

Strontium isotopes have been used to distinguish ju-
venile salmon from different tributaries of the Connecticut
River (Vermont, USA) (Kennedy et al. 1997, 2000), and the
Sacramento-San Joaquin system (California, USA) (Ingram
and Weber 1999). The overall objective of these studies was
to determine the rearing stream from which adult salmon orig-
inated, based on the freshwater signature. Prior to achieving
such an objective, it was necessary to demonstrate that dif-
ferent populations of juvenile salmon could be distinguished
(Table 3). Following this, the ocean-derived Sr signature in re-
turning salmon was separated from the freshwater signature
since there was limited spatial and temporal variability in the
marine 6%Sr. The freshwater signature of adult fish was then
used to estimate the contribution of different tributaries to pro-
duction of adult salmon (and smolts). Further work is under-
way in Central Valley rivers (California, USA) to determine
the contribution of salmon from these rivers and hatcheries to
the fishery (Rachel Barnett-Johnson and others, University of
California Santa Cruz, California, USA, unpublished data).

The movement history of individual fish can be constructed
using Sr isotopes. Two different approaches have been used,
namely (1) using a micromill to drill small amounts of otolith
material (<25 pg) and analyzing Sr isotopes using a ther-
mal ionization mass spectrometer (TIMS) (Kennedy et al.
2002), and (2) analyzing Sr isotopes in a transverse section
of the otolith using a laser ablation multi-collector induc-
tively coupled plasma mass spectrometer (LA-MC-ICPMS)
(Milton and Chenery 2003). Kennedy et al. (2002) were able to

characterize the Sr isotopic signatures in four major stages in
the life cycle of Atlantic salmon (Salmo salar), including pre-
feeding hatchery development, rearing stream growth, smolt
out-migration, and ocean residence (see Fig. 2 in Kennedy
et al. 2002). Analysis of an adult salmon that lived exclu-
sively at the hatchery showed little variation in 7Sr/30Sr ratio,
whereas significant variation in 8’ Sr/8Sr ratio was found in re-
turning adult salmon (Table 3) (Kennedy et al. 2002). Milton
and Chenery (2003) analysed the Sr isotope ratio for the entire
life history of 13 fish collected from 4 sites; fish ranged in age
from 190 to 667 days. The age at which fish migrated to the sea
from a remote population varied from 2 to 5 months, with most
fish spending about 3 months in the sea before migrating back
to the upper river. In contrast, fish collected from the lower
estuary and from the sea spent most of their life in marine wa-
ters. Tagging studies are unable to provide the level of infor-
mation obtained using Sr isotopes, since tagging data provides
no information on the timing or frequency of movements. Sr
isotopes may, however, only detect movements at low salini-
ties. For example, salinities greater than 5%o were difficult to
distinguish in one study (Milton and Chenery 2003), whereas
another found Sr isotopes were particularly sensitive for salin-
ities up to 25%o (Ingram and Sloan 1992); sensitivity may be
dependent on geology. The Sr isotope mixing curve will de-
termine the salinities for which Sr isotopes will provide useful
information (see Fig. 3 in Ingram and Sloan 1992; and Fig. 6
in Milton and Chenery 2003), and may need to be determined
for each system.

Since Sr isotopic signatures depend on the bedrock ge-
ology, it should be possible to predict from geological maps
whether sites are likely to show sufficient geochemical vari-
ation (Kennedy et al. 2000). Rocks containing calcium car-
bonate, such as limestones and evaporites, which are easily
eroded, have high Sr concentrations (up to 1000 ppm) and low
87Sr/%Sr ratios (Palmer and Edmond 1992). By comparison,
silicate rocks (e.g. schist), which are more resistant to weather-
ing, have lower Sr contents and higher 8 Sr/3°Sr ratios (Palmer
and Edmond 1992). In addition, rocks with higher Rb:Sr ratios
will also have higher Sr/*0Sr ratios, since *’Sr is produced
through radioactive decay of ¥’Rb (Kennedy et al. 2000). Thus,
older rocks tend to have higher ’Sr/%¢Sr ratios and younger
rocks tend to have lower 7 Sr/®0Sr ratios; these differences may
alter isotope signatures between regions. Kennedy et al. (2000)
found that Sr isotopic values of 29 sampling locations in the
Connecticut River (USA) were consistent with geological pre-
dictions. In the Murray Darling River system (MDRS) dramat-
ically different ranges of 8’Sr/%Sr were found in suspended
particulate matter between the Murray and Darling River sys-
tems, due to differences in the composition and ages of rocks in
their catchment (Douglas et al. 1995). Carbonates are of lim-
ited extent in the MDRS and there is minor basaltic material
within some catchments (e.g. Mclntyre River), but not others
(e.g. Ovens River) (Douglas et al. 1995); these rocks would
contribute to low 37Sr/30Sr. In contrast, granitic and metased-
imentary rocks of the Murray River system may contribute to
high 37 Sr/%Sr ratios (Douglas et al. 1995). Thus, the variability
in geology of an area will determine the spatial limitations
of using Sr isotopes as geochemical markers (Kennedy et al.
2000).
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Table 3. Studies using Sr isotopes to investigate ecological questions related to freshwater and estuarine fish.
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Species

Objective Method

Results

Reference

Atlantic salmon
Salmo salar

Atlantic salmon
Salmo salar

Atlantic salmon
Salmo salar

Collected fish & water from 10 salmon
stocking sites in two major watersheds of
Connecticut River (USA); analysed 87r/86Sr
ratio

Determine whether
juveniles from different
rearing sites can be
differentiated

Determine whether
populations of juveniles
can be distinguished

Sampled juvenile salmon vertebrae &
otoliths, & water from 29 study sites in two
major watersheds of Connecticut River
(USA) across 4 years (1995-1998); analysed
8751/898r ratio using TIMS

Measured age-specific 873r/80Sr ratios in
otoliths of 4 adult fish which were captured
as they returned to spawn in the Connecticut
River (USA); otolith subsamples drilled using
micromill and Sr isotopes measured using

Reconstruct the
environmental history of
individuals

Using 8%7Sr values in salmon
vertebrae & water fish from 10
rearing sites were separated
into 8 distinct groups

Sr isotopes distinguished all 8
regions in one basin & 7 of the
10 regions in the other basin;
Sr isotopes in water are stable
across seasons and years

Found little variability in 873r/
86Sr ratio for adult fish that
lived in hatchery, but
significant variability in 8751/
86Sr ratio for returning adult

Kennedy et al.
1997

Kennedy et al.
2000

Kennedy et al.
2002

TIMS salmon
Chinook salmon Determine the degree of Sampled juvenile fish otoliths reared at or All 5 sites significantly Ingram and
Oncorhynchus variation in the 37Sr/3°Sr  near 5 hatchery sites in the Sacramento-San  different Weber 1999
tshawytscha composition of otoliths Joaquin system (USA); analysed 875r/865r
from known locations ratio using TIMS
Hilsa Determine whether Otoliths of fish collected from coastal, Fish born in all main rivers in ~ Milton and
Tenualosa ilisha transects of Sr isotope estuarine & freshwater reaches of major Bangladesh, all fish moved Chenery 2003
ratios can be used to infer rivers in Bangladesh; transverse sections of ~ widely and entered marine
movement between rivers  otoliths analysed by LA-MC-ICPMS waters by 1 year of age; most
and the sea for different fish returned to freshwater after
stages of the life history sexual maturity, but not
necessarily to natal region
Common galaxiid Investigate Sr-isotopic Ground otolith analysed by LA MC-ICPMS  Clear shift in 87St/3%Sr ratio Woodhead et al.
Galaxias maculatus variations on the scale of  using slit approx. 147 x 3 um in size slowly  between core (identical to 2005
10 um traversed across the otolith modern seawater value) and
edge (period of growth in
freshwater environment) of
otolith
Arctic char Investigate whether LA MC-ICPMS on polished surface of Marked change in 875r/805r Waight et al.
Salvelinus alpinus  differences in life history  otolith composition across otolith, but 2002

were recorded in the Sr
isotopic signature

possibly fractionation
problems

Thermal ionization mass spectrometer (TIMS).

Sr isotope ratios hold great promise for providing an ac-
curate environmental history that each fish has experienced.
The approach will have limited application for marine fishes
or fishes living in the lower estuary, since Sr isotope ratios
are stable in marine waters. The greatest application will be
for species that move across strong salinity gradients (e.g.
diadromous species) or between rivers with vastly different ge-
ology (Milton and Chenery 2003). Coupled with age estimates,
and the use of micromilling or laser ablation enabling fine spa-
tial resolution along the otolith growth axis (see for example
Woodhead et al. 2005), Sr isotopes will provide increasing de-
tail about movement of individuals between bodies of water.

3.5 Other isotopes

Oxygen and carbon isotopes have also been used to deter-
mine the migratory behaviour of fish, although this application
has mostly been applied to species other than freshwater fishes
(but see Nelson et al. 1989; Northcote et al. 1992). Typically,
depleted values of ¢'3C and ¢'30 have been found in the head-
waters and enriched values in the coastal seawater, with §'30
values of fish otoliths following those of their rearing waters
(Peterson and Fry 1987; Northcote et al. 1992). The 6'3C val-
ues of fish otoliths also followed those of the rearing waters,
but were offset by approximately 5-9%o. Fish that had more
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positive values of §'80 than their capture locations were as-
sumed to have migrated from coastal seawaters. Where there
was a disparity between otolith and capture water §'80 val-
ues, it was assumed that these fish were not long-term resi-
dents at their capture site (Northcote et al. 1992). The 680
of surface waters changes in response to the freshwater bud-
get, namely evaporation, precipitation and runoff, as well as
advection (Rohling and Bigg 1998). Thus, §'30 values will be
enriched by evaporation and depleted by freshwater input. In
addition, the isotopic composition of river waters also covers
a wide range of values reflecting precipitation over the entire
catchment area, as well as contributions from melt-water (e.g.
from glaciers and snow) (Rohling and Bigg 1998). Significant
variation in §'80 values in coastal waters are therefore likely.
Temporal variation is also possible, unlike for Sr isotopes. If
actual salinities are to be calculated then the effect of tempera-
ture will need to be removed (e.g. see Hendy et al. 2002 for an
example using corals).

Sulphur isotopes may also show a strong marine-
freshwater gradient (Limburg 1998). Few studies have utilized
sulphur isotopes (**S /328) of otoliths to determine movements
and life history parameters (but see Weber et al. 2002), al-
though several have investigated sulphur isotopes of fish tissue
(e.g. muscle) (e.g. Hesslein et al. 1991). Weber et al. (2002)
found that hatchery raised and naturally spawned juvenile Chi-
nook salmon (Oncorhynchus tshawytscha) varied in §>*S in
both muscle and otoliths by 13%o. These differences reflected
dietary differences, because hatchery fish were raised on com-
mercial feeds that consisted of 80-90% protein from marine
sources, whereas wild salmon had a freshwater diet (Weber
et al. 2002). This method could be useful for identifying hatch-
ery fish, but only where the hatchery feed has a marine-based
isotopic signal, significant growth and feeding has occurred in
the hatchery which outweighs the bedrock geology and signa-
ture of the wild population (Weber et al. 2002). Similar appli-
cations to Sr isotopes could then be utilized.

4 Conclusion

Although a large number of studies of otolith chemistry
have been made on diadromous species, there are relatively
few published studies on solely freshwater species. The ma-
jority of the research has focused on Sr:Ca ratios with fewer
studies utilizing other individual elements (e.g. Ba, Cu) or
multielemental composition. For species where movement is
minimal or in enclosed systems, Ba:Ca ratios of otoliths may
provide information on freshwater flows to the system. Ba:Ca
ratios may provide similar information to that of Sr:Ca ratios,
although distinguishing between movement and freshwater in-
put will be necessary. Sr isotopes have largely been used on
salmonids but show great promise for reconstructing the tim-
ing of movements in other freshwater and diadromous species.
Relatively few studies have investigated the use of other iso-
topes for determining movements. There is great scope for
using elemental ratios and stable isotopes for determining
movements of freshwater species. The possible applications
are likely to increase as analytical technology improves.
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