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Relationship of otolith strontium-to-calcium ratios
and salinity: experimental validation for juvenile
salmonids

Christian E. Zimmerman

Abstract: Analysis of otolith strontium (Sr) or strontium-to-calcium (Sr:Ca) ratios provides a powerful tool to
reconstruct the chronology of migration among salinity environments for diadromous salmonids. Although use of this
method has been validated by examination of known individuals and translocation experiments, it has never been
validated under controlled experimental conditions. In this study, incorporation of otolith Sr was tested across a range
of salinities and resulting levels of ambient Sr and Ca concentrations in juvenile chinook salmon (Oncorhynchus
tshawytscha), coho salmon (Oncorhynchus kisutch), sockeye salmon (Oncorhynchus nerka), rainbow trout (Onco-
rhynchus mykiss), and Arctic char (Salvelinus alpinus). Experimental water was mixed, using stream water and seawa-
ter as end members, to create experimental salinities of 0.1, 6.3, 12.7, 18.6, 25.5, and 33.0 psu. Otolith Sr and Sr:Ca
ratios were significantly related to salinity for all species (r*> range: 0.80-0.91) but provide only enough predictive reso-
lution to discriminate among fresh water, brackish water, and saltwater residency. These results validate the use of
otolith Sr:Ca ratios to broadly discriminate salinity histories encountered by salmonids but highlight the need for fur-
ther research concerning the influence of osmoregulation and physiological changes associated with smolting on otolith
microchemistry.

Résumé : L’analyse des concentrations de strontium (Sr) et des rapports strontium:calcium (Sr:Ca) dans les otolithes
est un outil puissant pour la reconstitution de la chronologie de la migration dans des environnements de salinité diffé-
rente chez les samonidés diadromes. Bien que la méthode ait été validée par I’examen d’individus connus et des expé-
riences de translocation, elle ne I’a jamais été dans des conditions expérimentales contrdlées. La présente étude vérifie
I’incorporation du Sr dans les otolithes sur une gamme de salinités et mesure les concentrations ambiantes de Sr et de
Ca qui en résultent chez de jeunes saumons quinnat (Oncorhynchus tshawytscha), saumons coho (Oncorhynchus ki-
sutch), saumons rouges (Oncorhynchus nerka), truites arc-en-ciel (Oncorhynchus mykiss) et ombles chevaliers (Salveli-
nus alpinus). L'eau utilisée dans les expérience est un mélange d’eau de ruisseau et d’eau de mer de maniére a obtenir
des salinités de 0,1, 6,3, 12,7, 18,6, 25,5 et 33,0 ups. Chez toutes les especes, il y a une relation significative entre la
concentration de strontium et le rapport Sr:Ca des otolithes d’une part et la salinité d’autre part (étendue de r%: 0,80—
0,91); cependant, la relation n’est suffisamment prédictive que pour permettre de discriminer entre les séjours en eau
douce, en eau saumatre et en eau salée. Ces résultats permettent de valider 1’utilisation des rapports Sr:Ca pour distin-
guer grossierement les séjours passés des saumons dans des milieux de différentes salinités; ils démontrent cependant
I’importance de recherches futures sur I’influence de 1’osmorégulation et des changements physiologiques associés a la
transformation en saumoneau sur la microchimie des otolithes.

[Traduit par la Rédaction]

Introduction

Otolith microchemistry is proving to be a powerful tool in
reconstructing the chronology of migration by diadromous
teleosts among fresh water, estuarine, and saltwater habitats
(Campana 1999). Otolith Sr or Sr:Ca ratios have been used
to describe migration in many species, ranging from Ameri-
can eel (Anguilla rostrata) (Casselman 1982) to striped bass
(Morone saxatilis) (Secor 1992). Given the occurrence of
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anadromy within the Salmonidae, the method has been par-
ticularly useful in studying migration in this family. For ex-
ample, otolith Sr or Sr:Ca ratios have been used to describe
diadromous migrations in Arctic char (Salvelinus alpinus)
(Radtke et al. 1996; Babaluk et al. 1997), brown trout (Salmo
trutta) (Limburg et al. 2001), Atlantic salmon (Salmo salar)
(Friedland et al. 1998), rainbow trout (Oncorhynchus
mykiss) (Zimmerman and Reeves 2000), chinook salmon
(Oncorhynchus tshawytscha) (Zimmerman et al. 2003), and
inconnu (Stenodus leucichthys) (Howland et al. 2001). In ad-
dition to describing migration, increased Sr:Ca ratios in
otolith primordia have been used to identify the progeny of
anadromous salmonids (Kalish 1990;Volk et al. 2000;
Zimmerman and Reeves 2002). Use of otolith micro-
chemistry to reconstruct the chronology of migration among
salinity environments, determine the presence of anadro-
mous phenotypes, and identify maternal origin (i.e., anadro-
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mous versus nonanadromous) offers significant opportunities
in the study of life history variation and the evolution of
diadromous migration in salmonids.

In spite of general acceptance of the use of otolith Sr:Ca
ratios to describe migration in salmonids, the method has
never been validated through controlled rearing studies un-
der laboratory conditions. Radtke et al. (1996), Limburg et
al. (2001), and Zimmerman et al. (2003) used transplantation
studies to ensure that otolith Sr:Ca ratios associated with
growth in various habitats were as expected (i.e., low in
fresh water and higher in salt water). In each case, use of
otolith Sr:Ca ratios was supported by the results of the trans-
plantation experiment. In a more direct investigation of the
relationship between ambient water chemistry and otolith
composition in a salmonid, Wells et al. (2003) compared wa-
ter chemistry and otolith composition in westslope cutthroat
trout (Oncorhynchus clarki lewisi) collected from throughout
the Coeur d’Alene watershed in northern Idaho and found a
linear relationship between water Sr:Ca and otolith Sr:Ca ra-
tios. In that case, Sr:Ca ratios were not meant to be a corre-
late for salinity but, rather, represented varying ambient water
chemistries resulting from variation in lithology and hydrol-
ogy among watersheds.

In the absence of controlled rearing studies with salmonids,
researchers have relied on results from other species. Several
studies have examined the relationship of ambient Sr:Ca or
salinity and otolith Sr:Ca ratios from fish reared in con-
trolled laboratory conditions. Secor et al. (1995) reared juve-
nile striped bass at six different salinities ranging from 0 to
30 ppt (in this paper, salinity units are presented as reported
in each study and ppt and psu are equivalent). Secor et al.
(1995) found a positive linear relationship between salinity
and otolith Sr:Ca ratios. Results from wild-caught adult striped
bass indicated a logistic relationship between ambient salin-
ity and otolith Sr:Ca ratios in subadult and adult striped bass
(Secor et al. 1995). Tzeng (1996) captured elvers of the Jap-
anese eel (Anguilla japonica) in an estuary and reared them
in the laboratory for 7 months in salinities of 0, 10, 25, and
35 ppt. Mean Sr:Ca ratios in otolith regions associated with
the laboratory rearing were highly correlated with salinity.
Farrell and Campana (1996) reared Nile tilapia (Oreochromis
niloticus) in fresh water and artificially enhanced Sr:Ca con-
ditions to compare the incorporation of Sr and Ca from
radioisotope-labeled food and water. Strontium and Ca in the
otolith were primarily derived from water (through gill up-
take), with 75% of Ca and 88% of Sr derived from water
rather than from food. It was not clear, however, whether
otolith Sr varied directly with Sr availability in the water or
was a function of water Sr:Ca ratios (Farrell and Campana
1996). Bath et al. (2000) reared spot (Leiostomus xanthurus)
in artificial seawater with Sr:Ca ratios corresponding to
1.2x, 1.4%, and 1.8x ambient seawater Sr and Ca levels and
found that otolith Sr:Ca ratios were deposited in proportion
to Sr:Ca ratios in the ambient water. Kraus and Secor (2003)
tested the response of otolith Sr:Ca ratios to variation in sa-
linity (0.5, 5, 10, 15, and 25 psu) and temperature in elvers
of American eel. They concluded that broad-scale inference
of fresh water, brackish, and ocean migrations was valid, but
finer scale estuarine movements among intermediate salini-
ties were not supported by their results. In contrast, Chesney
et al. (1998) found no significant relationship between Sr or
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Sr:Ca ratios and salinity in juvenile gulf menhaden (Brevo-
ortia patronus) reared in experimental salinities of 20, 26,
and 33.4 psu. Elsdon and Gillanders (2002) tested the inter-
action of salinity and temperature on otolith Sr:Ca ratios in
juvenile black bream (Acanthopagrus butcheri) in salinities
ranging from 5.5 to 30 ppt and temperatures ranging from
12 to 28 °C. In single-factor experiments, temperature sig-
nificantly affected otolith Sr:Ca ratios but there was no rela-
tionship between salinity and otolith Sr:Ca ratios (Elsdon
and Gillanders 2002). In two-factor experiments, however,
temperature and salinity interacted to significantly affect
otolith Sr:Ca ratios. When considered together, the above
studies indicate that use of otolith Sr and Sr:Ca ratios can be
an appropriate tool for describing migration across signifi-
cant salinity gradients.

Because all of the validation studies to date have been
conducted on single species, it is difficult to assess the appli-
cability of results for other species. As a result, interspecific
variation in Sr incorporation can only be surmised based on
comparisons between studies. Secor and Rooker (2000) con-
ducted a metaanalysis of the relationship between otolith
Sr:Ca ratios and ambient salinity for 27 species and found a
positive relationship. Relatively few intermediate salinity
(estuarine) examples were available and Secor and Rooker
(2000) suggested that it was “remarkable” that a positive re-
lationship emerged given the diversity of taxa included and
range of methods contained in the data set. Ultimately, they
suggested that “rigorous empirical testing” is needed to vali-
date the use of otoliths as “faithful environmental chronome-
ters”. In this study, I examined the response of otolith Sr:Ca
ratios to salinity in five species of anadromous salmonids to
calibrate otolith Sr:Ca ratios across the range of salinities
typically encountered by juvenile salmonids and assess inter-
specific variation in otolith Sr and Ca incorporation.

Materials and methods

Juvenile chinook salmon (n = 100), coho salmon (Onco-
rhynchus kisutch) (n = 125), sockeye salmon (Oncorhynchus
nerka) (n = 125), rainbow trout (n = 125), and Arctic char
(n = 125) were obtained from local hatcheries (Alaska De-
partment of Fish and Game, Fort Richardson Hatchery and
Cook Inlet Aquaculture Corporation, Trail Lakes Hatchery)
and transported to the Alaska Sealife Center in Seward,
Alaska. After collection and transportation, all fish were al-
lowed to acclimate in fresh water for at least 7 days prior to
initiation of the experiment. Fish were held in an array of six
200-L circular fiberglass tanks with one species in each tank.
Fresh water and seawater collected from local sources were
used as end members for mixing to produce experimental
water representative of the range of salinities encountered in
the environment. Fresh water and seawater were continu-
ously supplied from a small stream and from two seawater
intake structures located in Resurrection Bay (90 m offshore,
23 m deep), respectively. Fresh water and seawater were
continuously mixed and aerated in a 300-L tank and gravity
fed to the rearing tanks through a single distribution pipe.
Inflow to each rearing tank was 6 L-min~! resulting in a
turnover rate of 1.8 times-h™!. Since water was only used
once and turned over rapidly, it was assumed that Sr and Ca
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were continuously replenished and not diluted through up-
take as seen in experiments using recirculated water.

After initiation of the experiment, salinity was increased
by proportionally increasing the ratio of seawater to fresh
water by 20% every 14 days (Fig. 1) resulting in 14-day ex-
perimental salinity periods of 0.1, 6.3, 12.7, 18.6, 25.5, and
33.0 psu. Fish were fed commercial salmon feed (1.2 mm
and No. 1 Crumble; Moore-Clark, Vancouver, British Co-
lumbia) equal to 5% of fish weight and distributed through-
out the day from belt feeders placed above each tank.
Mortalities were removed and counted each day.

Water samples were collected from the distribution line at
the beginning, middle, and end of each 14-day experimental
salinity period. Strontium and Ca concentrations were deter-
mined using atomic absorption spectrometry (Laboratory for
Oceanographic and Environmental Research, Texas A&M
University, Galveston, Texas). Salinity in each tank was moni-
tored on a weekly basis with an electronic salinity meter and
temperature was continuously measured in each tank with
temperature recording data loggers. To ensure that water
samples collected at the distribution line were representative
of each rearing tank, I also collected additional samples
from all tanks on two occasions (at the midpoint of the 12.7-
and 25.5-psu experimental periods). Coefficients of variation
were calculated to determine the magnitude of differences in
salinity, Ca, Sr, and Sr:Ca molar ratios among tanks.

To identify the beginning of the experiment, I marked oto-
liths by the immersion of fish in 50 ppm alizarin complexone
for 4 h (Thomas et al. 1995; Beckman and Schulz 1996).
Between experimental salinity periods, thermal or stress
marks were induced on otoliths based on the methods of
Letcher and Terrick (1998). Fish were held in 60-L tanks
and allowed to warm at least 6 °C before being returned to
the rearing tank at the next salinity level. The combination
of temperature manipulation and stress associated with in-
creased osmotic demands created a mark evident on the
otolith (Fig. 2). Along with the alizarin complexone mark
signifying the start of the experiment, the thermal marks
were used to guide analysis of otolith microchemistry.

At the conclusion of the experiment, sagittal otoliths were
removed from each fish, rinsed, and stored dry in plastic vi-
als. Otoliths, for analysis, were collected from 22 coho
salmon, 12 chinook salmon, 12 sockeye salmon, 22 rainbow
trout, and 15 Arctic char. Otolith preparation and analyses
followed the methods of Zimmerman and Reeves (2000, 2002)
and Zimmerman and Nielsen (2003). One sagittal otolith
from each fish was mounted sulcus side down with Crystal
Bond 509 on a microscope cover slip attached on one edge
to a standard microscope slide. The otolith was then ground
with 1200-grit sandpaper in the sagittal plane to the level of
the nucleus. The mounting medium was heated and the
otolith turned sulcus side up. The otolith was then ground
with 1200- and 2000-grit sandpaper in the sagittal plane to
the level of the primordia and polished with a slurry of 0.054um
alumina paste. The cover slip was then cut with a scribe so
that several prepared otoliths could be mounted on a petro-
graphic slide for microprobe analysis. The slide containing
several otoliths was rinsed with deionized water, air dried,
and coated with a 400-A (40-nm) carbon layer.

Elemental analysis was conducted with a Cameca SX-50
wavelength dispersive electron microprobe (Cameca,
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Fig. 1. Proportion of seawater to fresh water used to create ex-
perimental salinity levels and resulting salinity (psu) of inflow to
tanks during the rearing study.
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Courbevoie, France). A 15-kV, 50-nA, 7-um-diameter beam
was used for all analyses. Strontiantite and calcite were used
as standards for Sr and Ca, respectively. Each element was
analyzed simultaneously and a counting time of 40 s was used
to maximize precision (Toole and Nielsen 1992). Using the
alizarin complexone and thermal marks to guide sampling,
Sr and Ca were measured within each experimental growth
region (Fig. 2). One point was measured in each experimen-
tal region for each fish.

Differences in mean otolith Sr:Ca ratios (atomic ratio),
otolith Sr (weight percent), and otolith Ca (weight percent)
among treatments were tested by one-way ANOVA and
Tukey—Kramer multiple comparisons (o0 = 0.05). With the
exception of the rainbow trout treatment, all comparisons
were tested using a balanced ANOVA design. Because only
four of the 22 rainbow trout analyzed survived to the 33.0-
psu salinity treatment, the analysis of this species was unbal-
anced. The relationship of otolith Sr:Ca ratios to salinity was
tested using least-squares linear regression for each species.
To examine if Sr and Ca incorporation rates differed among
species, I tested homogeneity of the regression lines (slopes)
using ANCOVA, and one-way ANOVA was used to test for
significant differences in otolith Sr:Ca ratio among species
within each salinity treatment. To assess the predictive
power of otolith Sr:Ca ratio of salinity, I applied the meth-
ods of Prairie (1996) to determine the categorical resolution
of otolith Sr:Ca ratio on salinity. This method essentially de-
fines the predictive power of a regression model as the num-
ber of separate classes into which the dependent variable can
be divided. In addition, the 95% confidence interval of indi-
vidual measurements was determined to gauge the resolution
in terms of salinity units. To compare incorporation rates of
otolith Sr among treatments and species, I calculated the dis-
tribution coefficient of Sr (Dg,) according to the equation
presented by Campana (1999).

Sr:C .
(1) DSr — [ r a]otollth
[Sr:Calyaier
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Fig. 2. Photomicrograph of a coho salmon (Oncorhynchus kisutch) otolith depicting otolith growth regions associated with experimen-
tal salinity levels. ALC indicates the location of the alizarin complexone mark. Scale bar = 100 um.
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This relationship considers the otolith as a calcium carbon-
ate system with dissolved and solid phases and a propor-
tional relationship is expected between the otolith and
dissolved Sr in the water (Morse and Bender 1990). The Dy,
provides an estimate of rates of strontium incorporation and
was calculated to compare with previously published values.
A distribution coefficient of 0 would indicate that an element
available in the ambient water is not incorporated into the
otolith and a value of 1 would indicate that an element is in-
corporated directly into the otolith with no discrimination
(Campana 1999).

The relationship of fish size to otolith Sr:Ca ratio was
tested using least-squares linear regression. Fork length at
the conclusion of the experiment was tested against otolith
Sr:Ca ratio at each salinity level across all species and within
each species. Fork length at the conclusion of the experi-
ment was used as a measure of size across all treatments as-
suming that growth was constant for all fish throughout the
experiment.

Results

Strontium and Ca were positively correlated with salinity in
the experimental mixtures of seawater and fresh water (Ca:
P <0.0001; Sr: P <0.0001) (Fig. 3). Ambient Sr ranged from
0.21 to 7.02 ppm and Ca from 35.4 to 386.8 ppm. Although
the mixing curves for Sr and Ca were conservative, the
Sr:Ca mixing curve was not conservative (Fig. 3). The rela-
tionship of Sr concentration and salinity was similar to that
presented by Ingram and Sloan (1992) for San Francisco
Bay (Sr =0.051 + 0.23(salinity)) (Fig. 3). Strontium concen-
trations were highly correlated with those of Ca (r = 0.99,

n =18, P <0.0001). Similarly, Sr:Ca ratio in water samples
was correlated with the concentrations of Ca (r = 0.83, n =
18, P < 0.0001) and Sr (r = 0.83, n = 18, P < 0.0001).

Water temperature in the rearing tanks ranged from 4.86
to 10.74 °C and was positively correlated with the propor-
tion of seawater and hence salinity (» = 0.85) (Table 1). On
the two occasions when synoptic samples were collected
from all five rearing tanks and the inflow, there was little to
no variation in salinity, Ca, Sr, and Sr:Ca molar ratios as in-
dicated by low coefficients of variation for each parameter
(Table 2). As a result, water samples collected from the in-
flow appear to represent conditions in each rearing tank.
Diel temperature variation was low in the fresh water treat-
ment and increased as the proportion of salt water increased.

Survival to completion of the experiment was 100% in
chinook salmon, coho salmon, and sockeye salmon. Survival
of rainbow trout was 100% until the 18.8-psu salinity treat-
ment and declined to 2% at the conclusion of the experi-
ment. Similarly, survival of Arctic char was 100% through
the 25.5-psu salinity treatment and declined to 65% at the
conclusion of the experiment.

Within each species, otolith Sr:Ca ratios increased signifi-
cantly with ambient salinity (Fig. 4). Mean otolith Sr:Ca ra-
tios were significantly different among salinity treatments
within each species (Table 3). As indicated by Tukey—Kramer
multiple range tests, there were significant pairwise differ-
ences (P < 0.05) in otolith Sr:Ca ratios between all treat-
ments in rainbow trout (Fig. 4d) and Arctic char (Fig. 4¢). In
chinook salmon (Fig. 4a), coho salmon (Fig. 4b), and sock-
eye salmon (Fig. 4c¢), however, mean otolith Sr:Ca ratios
were not significantly different among all treatments. Mean
otolith Sr:Ca ratios between the otolith growth regions asso-

© 2005 NRC Canada



92

Fig. 3. (a) Ca concentration, (b) Sr concentration, and (c) Sr:Ca
molar ratio in water versus salinity in the inflow to rearing tanks.
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ciated with the 12.7- and 18.6-psu growth regions were not
significantly different in chinook salmon (Fig. 4a) and sock-
eye salmon (Fig. 4c). Similarly, mean otolith Sr:Ca ratios
between the otolith growth regions associated with the 18.6-
and 25.5-psu growth regions were not significantly different
in coho salmon (Fig. 4b) and sockeye salmon (Fig. 4c).
Mean otolith Sr (weight percent) also varied significantly

Can. J. Fish. Aquat. Sci. Vol. 62, 2005

Table 1. Mean, SD, minimum, and maximum water temperature
in rearing tanks during each salinity treatment.

Experimental salinity period (psu)
Temperature (°C) 0.1 6.3 127 186 255 33.0

Mean 5.13 548 576 627 17.19 7.79
SD 0.10 0.11 0.17 0.17 043 0.93
Minimum 486 502 533 595 6.26 6.26
Maximum 579 672 611 688 996 10.74
among salinity treatments (Table 3). Tukey—Kramer

pairwise comparisons of otolith Sr were identical to those
reported for otolith Sr:Ca ratios. Mean otolith Ca (weight
percent) did not vary greatly among salinity treatments (Ta-
ble 3). Only one pairwise comparison of otolith Ca was sig-
nificant and that was between the fresh water treatment and
the 33.0-psu treatment in sockeye salmon.

Otolith Sr:Ca ratios were positively correlated with salin-
ity in each species: chinook salmon =084, n=77,P<
0.0001), coho salmon (¥* = 0.81, n = 126, P < 0.0001),
sockeye salmon (r* = 0.86, n = 73, P < 0.0001), rainbow
trout (2 = 0.80, n = 109, P < 0.0001), and Arctic char (% =
0.91, n = 90, P < 0.0001). The slopes of these regressions
were not homogeneous (ANVOVA test for homogeneity of
slopes, F = 56.10, P < 0.001), indicating that the rate of Sr
incorporation varied among species. The predictive resolu-
tion (Prairie 1996) of salinity based on otolith Sr:Ca ratios
ranged from 2.35 to 2.88 categories, suggesting that, at best,
two or three salinity environments can be predicted based on
this relationship. Similarly, the 95% confidence intervals for
individual prediction ranged from 14 to 18 psu.

Differences among species were suggested by the lack of
homogeneity of the slopes of the otolith Sr:Ca ratio to salin-
ity relationship reported above. There were significant dif-
ferences in otolith Sr:Ca ratios among species in the fresh
water treatment (salinity = 0.1; Fy 7¢; = 4.45, P = 0.005) and
differences in otolith Sr:Ca ratios among species increased
as salinity increased: 6.3 salinity (F475 = 6.01, P < 0.001),
12.7 salinity (Fi47) = 18.63, P < 0.0001), 18.6 salinity
(Fla78) = 36.19, P < 0.0001), 25.5 salinity (F|473 = 50.55,
P <0.0001), and 33.0 salinity (F4 55 = 33.92, P <0.0001).

Estimates of Dg, ranged from 0.16 to 0.60 and varied
among salinity treatments and among species (Fig. 5). Gen-
erally, Dg, was greatest in the fresh water treatment, declined
to a minimum in the 6.3-ppt salinity treatment, and gradu-
ally increased, thereafter, with increasing salinity. For all
species, estimates of Dg, during the fresh water treatment
were similar to values reported by Wells et al. (2003) for
westslope cutthroat trout in fresh water. For chinook salmon
and coho salmon, estimates of Dg, during the salinity treat-
ments were similar to those reported for marine species
(Campana 1999; Bath et al. 2000). In the sockeye salmon,
Arctic char, and especially rainbow trout treatments, Dg,
continually increased with increasing salinity.

Mean fork length of fish varied among species at both the
beginning and the end of the experiment (Table 4). Because
the species were of different ages, they varied in size at the
start of the experiment. The chinook salmon were over
1 year old and the other species were under 1 year old.
When all species were pooled, otolith Sr:Ca ratios within
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Table 2. Synoptic results of salinity, Ca, Sr, Sr:Ca ratios, and coefficient of variation (CV) in each tank and the inflow measured dur-
ing the midpoint of the 12.7- and 25.5-psu experimental salinity periods.

12.7-psu salinity period

25.5-psu salinity period

Sr:Ca ratio Sr:Ca ratio
Salinity (psu) Ca (ppm) Sr (ppb) (mmol-mol ) Salinity (psu) Ca (ppm) Sr (ppb) (mmol-mol ™)
Inflow 12.7 173 2828 7.49 25.5 312 5273 7.74
Tank 1 12.7 171 2753 7.36 25.5 300 5317 8.11
Tank 2 12.7 172 2823 7.50 25.5 306 5190 7.77
Tank 3 12.7 172 2815 7.49 25.5 312 5204 7.64
Tank 4 12.7 172 2775 7.39 25.5 306 5248 7.85
Tank 5 12.7 172 2802 7.46 25.5 306 5302 7.93
CV (%) 0.0 0.2 1.0 0.84 0.0 1.37 1.08 2.27

Fig. 4. Mean (+SE) otolith Sr:Ca ratios verses ambient salinity
of (a) chinook salmon (Oncorhynchus tshawytscha) (n = 12),

(b) coho salmon (Oncorhynchus kisutch) (n = 22), (c) sockeye
salmon (Oncorhynchus nerka) (n = 12), (d) rainbow trout
(Oncorhynchus mykiss) (n = 22), and (e) Arctic char (Salvelinus
alpinus) (n = 15). Graphs with lines above the bars indicate sim-
ilarity between treatments according to Tukey—Kramer multiple
range tests.
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each salinity treatment (>0.1 psu) were negatively correlated
with fork length at the conclusion of the experiment and this
relationship became stronger as salinity increased: 0.1 salin-
ity (r =-0.07, n = 74, P = 0.55), 6.3 salinity (r =-0.32, n =
76, P < 0.01), 12.7 salinity (r = -0.67, n = 74, P < 0.0001),
18.6 salinity (r = =0.77, n = 75, P < 0.0001), 25.5 salinity
(r=-0.82,n =73, P <0.0001), 33.0 salinity (r =-0.83, n =
58, P < 0.0001).

Discussion

Use of otolith Sr or Sr:Ca ratios to describe migration
among fresh water, brackish, and saltwater habitats by
salmonids is supported by the results of this study. Otolith Sr
and Sr:Ca ratios were linearly related to salinity and hence
ambient Sr. Given the magnitude and variability of otolith
Sr:Ca ratios observed, however, predictive capabilities pro-
vide only enough sensitivity to discriminate between fresh
water, brackish water, and seawater. Kraus and Secor (2003)
similarly concluded that inference from otolith Sr:Ca ratios
was only sensitive enough to discriminate between periods
of fresh water and saltwater occupation in elvers of the Amer-
ican eel. Because they reared elvers to approximately 22 ppt
salinity, they suggested that extrapolation to 25 or 30 ppt
might support discrimination between brackish and ocean
occupation. In spite of this lack of sensitivity, the method
will remain a powerful tool in the study of diadromous fishes
as long as this sensitivity is considered. Depending on the
question, this resolution may be adequate to describe migra-
tion and aid in the study of sympatric life history types. For
example, Zimmerman et al. (2003) were able to confirm ma-
rine migration in precocious chinook salmon based on in-
creases in otolith Sr:Ca ratios. Although it would have been
beneficial to identify the extent of that migration in terms of
salinity, identifying that these fish migrated to salt water at
all was significant. More detailed analysis of the range of sa-
linity encountered by these fish would require methods with
a greater sensitivity and hence predictive capabilities.

Because this study did not include replicates for each spe-
cies, it is inappropriate to draw too much from the compari-
sons among species. It does suggest, however, that there may
be differences among species. Although the linear relation-
ship of increasing otolith Sr:Ca ratios with salinity was true
for all species, incorporation of Sr varied among even closely
related species in the same genus. As a result, it may not be
adequate to use the results from other species as reference
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Table 3. Summary of ANOVA results for otolith Ca, otolith Sr, and otolith Sr:Ca ratios measured in otolith growth regions associated

with experimental salinity treatments.

Ca (weight %) Sr (weight %) Sr:Ca ratio
Species F ratio  df P F ratio  df P F ratio df P
Chinook salmon (Oncorhynchus tshawytscha) — 0.80 5,71 0.55 80.12 5,71 <0.0001 7991 571 <0.0001
Coho salmon (Oncorhynchus kisutch) 2.25 5,120  0.05 218.06 5,120 <0.0001 214.35 5,120 <0.0001
Sockeye salmon (Oncorhynchus nerka) 2.33 5,67 0.05 94.33 5,67 <0.0001 93.64 5,67 <0.0001
Rainbow trout (Oncorhynchus mykiss) 0.76 5,103  0.26 79.53 5,103  <0.0001 79.27 5,103  <0.0001
Arctic char (Salvelinus alpinus) 0.87 5,84 0.50 158.60 5,84 <0.0001 168.09 5,84 <0.0001

Fig. 5. Mean (+SE) distribution coefficients of Sr (Dg,) versus
salinity for (a) chinook salmon (Oncorhynchus tshawytscha),

(b) coho salmon (Oncorhynchus kisutch), (c) sockeye salmon
(Oncorhynchus nerka), (d) rainbow trout (Oncorhynchus mykiss),
and (e) Arctic char (Salvelinus alpinus).
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points when determining migrations among salinity environ-
ments based on otolith Sr. Howland et al. (2001), for exam-
ple, suggested that otolith Sr levels observed across otolith
transects of inconnu were similar to those measured in ana-
dromous Arctic char held in salt water, thus indicating that

the inconnu had migrated to salt water. They warned, how-
ever, that rather than suggesting residence in salt water, these
results could mean that Sr is incorporated at different rates
by these two species. The variation among species observed
in this study indicates that this warning is well founded and
results from other species should be used as benchmarks
with caution.

Although the results from this study followed the expected
trend of increasing otolith Sr:Ca ratios with increasing salin-
ity, results from the rainbow trout treatment lead to further
questions. For example, the mean otolith Sr:Ca ratios ob-
served in the 12.7-, 18.6-, 25.5-, and 33.0-ppt salinity treat-
ments were all higher than values typically observed in the
ocean growth region of wild steelhead (assumed salinity
>32 ppt). Mean otolith Sr:Ca ratio in the saltwater growth
region of steelhead (C.E. Zimmerman, unpublished data)
from the Deschutes River, Oregon, was 0.0021 (SD =
0.0003, n = 31), from the Babine River, British Columbia,
was 0.0021 (SD = 0.0004, n = 20), and from the Saichek
River, Kamchatka, was 0.0024 (SD = 0.0003, n = 8), whereas
in the rainbow trout in this study, mean otolith Sr:Ca ratio in
the 25.5-ppt salinity treatment was 0.0031 (SD = 0.002, n =
18) and in the 33.0-ppt salinity treatment was 0.0038 (SD =
0.0004, n = 4). The reason for this is unclear but may be re-
lated to population-specific differences in Sr incorporation at
higher salinity or to ontogenetic-related changes in osmo-
regulatory capabilities. The hatchery population of rainbow
trout used in this study was originally founded from a resi-
dent population and therefore may exhibit different osmotic
capabilities and associated otolith incorporation processes
than populations characterized by anadromous phenotypes
(steelhead). Boula et al. (2002) showed that even sympatric
resident and anadromous brook trout (char) (Salvelinus fon-
tinalis) were characterized by physiological differences re-
lated to saltwater adaptability. Resident char did not show
the same Na*/K* ATPase activity observed in anadromous
char and anadromous char were characterized by higher plasma
osmolality and CI and Na concentrations. In this study, rain-
bow trout experienced increasing mortality as salinity in-
creased in this experiment, suggesting that they were not
capable of dealing with the saltwater transition. If the rain-
bow trout are not capable of dealing with increasing osmo-
regulatory demands associated with transfer to salt water,
changes in blood chemistry and ion balance may result in
changes in otolith incorporation rates. In addition, steelhead
juveniles typically do not migrate to sea until at least age 1.
In this experiment, the rainbow trout were transferred into
seawater at least a year earlier, and at a much smaller size
than that observed in wild steelhead populations. Since osmo-
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Table 4. Mean (+SD) fork length and sample size (in parentheses) for fish at the start and end of

the experiment.

Fork length (mm)

Species Start End

Chinook salmon (Oncorhynchus tshawytscha) 114.4+5.3 (34) 130.8+6.5 (13)
Coho salmon (Oncorhynchus kisutch) 80.1x4.7 (24) 96.4+7.6 (22)
Sockeye salmon (Oncorhynchus nerka) 40.0+4.4 (24) 65.7+4.8 (12)
Rainbow trout (Oncorhynchus mykiss) 34.0+£3.9 (24) 43.4+5.6 (22)
Arctic char (Salvelinus alpinus) 56.0+£2.2 (24) 74.8+6.3 (15)

regulation related to smolting is seasonal and related to fish
size (Clarke and Hirano 1995), these fish may have been
transferred to salt water at an age or size where smolting is
not feasible. Further work is needed to elucidate the impacts
of smolting and associated changes in osmoregulation and
blood chemistry on otolith growth and incorporation of Ca
and Sr. For example, calcitonin, a hormone that appears to
regulate Ca exchange in gills and bones, increases following
the transfer from fresh water to salt water in rainbow trout,
during the upstream migration of adult sockeye salmon, and
in relation to maturation (Watts et al. 1975; Fouchereau-
Peron et al. 1986; Clarke and Hirano 1995). Kalish (1989)
hypothesized that seasonal variation in otolith Sr:Ca ratios
was largely the result of changes in the proportion of free
and bound Ca and Sr present in the blood plasma. Kalish
(1989) argued that an increase in Ca-binding proteins, such
as albumin or vitellogenin, in the blood would result in re-
duced Ca in the endolymph and hence in the otolith. Given
the potential role of calcitonin in regulating Ca and its fluc-
tuation during the fresh water to marine transition and matu-
ration of salmonids, its relationship to otolith formation should
be investigated.

Along with the findings of Wells et al. (2003), this study
suggests that further work is needed to examine the kinetics
of Sr incorporation in fresh water and diadromous species.
The Dyg, values for all species in the fresh water treatment of
this study were similarly high and comparable with that re-
ported by Wells et al. (2003) for cutthroat trout in fresh-
water. The Dg, values associated with the salinity treatments,
however, were similar to values reported for marine fishes
(Kalish 1989, 1991; Bath et al. 2000). However, Dg, values
were consistently high in rainbow trout, Arctic char, and
sockeye salmon across the range of salinity treatments. The
Dy, values were similar among species at the 6.3-ppt salinity
treatment but diverged as salinity increased. The Dg, in chi-
nook salmon was similar to values reported for marine fishes
across the range of salinity treatments. The Dg, in rainbow
trout, however, steadily increased as salinity increased. Simi-
larly, Arctic char and sockeye salmon exhibited higher than
expected Dg, as salinity increased. Perhaps increased Dy, in
these cases reflects ontogenetic variation in seawater adapta-
tion or population-level differences in seawater adaptability
as discussed above. Wells et al. (2003) suggested that the
elevated value observed in fresh water cutthroat trout re-
flected the difference between Sr and Ca uptake in fresh wa-
ter versus marine environments. They suggested that this
difference was the result of the different pathway of elemen-
tal uptake between marine and fresh water environments
(through intestinal walls for marine fishes and through chlo-

ride cells in the gills for fresh water fishes) (Wells et al.
2003).

Geographic and seasonal variation of ambient Sr in fresh
waters should be considered in all studies examining migra-
tion among salinity environments. Ambient concentrations
of Sr and Ca should be determined among the habitats to be
studied (Rieman et al. 1994; Wells et al. 2003; Zimmerman
et al. 2003). Given the potential variability of ambient Sr re-
sulting from differing lithology and hydrology, it is critical
that analysis of ambient water chemistry be a part of all
studies using otolith Sr:Ca ratios to reconstruct movements
among salinity environments to ensure that fresh waters con-
form to the assumption of low Sr. Several questions remain
concerning the application of otolith Sr and Sr:Ca ratios in
the study of fresh water and marine migrations of salmonids.
These questions include uncertainty concerning the role of
smolting and maturation on incorporation of Ca and Sr in
otoliths. This is especially critical, since these are processes
occurring as fish make the transition between salinity envi-
ronments (the very thing that we are seeking to identify us-
ing otolith Sr:Ca ratios). In addition, the roles of temperature
(Elsdon and Gillanders 2002) and dietary Sr are still unre-
solved.

In spite of limited resolution in terms of predicting salinity,
otolith Sr concentrations or Sr:Ca ratios provide an important
tool in the study of migration in diadromous salmonids. Con-
tinued utility of the method, however, will require further re-
finement, validation, and research concerning the interactive
effects of ambient water chemistry, temperature, and physi-

ology.

Acknowledgements

Richard Hocking, Mark Kansteiner, Jared Guthridge,
Jamie Thomton, Denise Lopez, and Brian Moore from the
Alaska Sealife Center assisted with day-to-day fish care and
feeding. Kendall Mashburn and Brian Mulally of the Alaska
Sealife Center helped arrange use of the Sealife Center facil-
ities. Thor Tingey assisted with preparation of otoliths. Jeff
Milton of the Alaska Department of Fish and Game Fort
Richardson Hatchery and Gary Fandrei of Cook Inlet
Aquaculture Association kindly provided the fish used in
these experiments. Peter Santschi and Kim Edwards con-
ducted the water analyses at the Laboratory for Oceano-
graphic and Environmental Research at Texas A&M
University at Galveston. Otoliths were analyzed at the Oregon
State University Electron Microprobe Laboratory. Thanks go
to Roger Nielsen for providing assistance, guidance, and pa-
tience as this “fish ear researcher” used the probe. Jim Finn,

© 2005 NRC Canada



96

Randy Brown, Charlie Bacon, Jennifer Nielsen, and an
anonymous reviewer provided comments that improved this
manuscript.

References

Babaluk, J.A., Halden, N.M., Reist, J.D., Kristofferson, A.H., Camp-
bell, J.L., and Teesdale, W.J. 1997. Evidence for non-anadromous
behaviour of Arctic charr (Salvelinus alpinus) from Lake Hazen,
Ellesmere Island, Northwest Territories, Canada, based on scan-
ning proton microprobe analysis of otolith strontium distribution.
Arctic, 50: 224-233.

Bath, G.E., Thorrold, S.R., Jones, C.M., Campana, S.E., McLaren,
J.W., and Lam, JJW.H. 2000. Strontium and barium uptake in
aragonitic otoliths of marine fish. Geochim. Cosmochim. Acta,
64: 1705-1714.

Beckman, D.W., and Schulz, R.G. 1996. A simple method for
marking fish otoliths with alizarin compounds. Trans. Am. Fish.
Soc. 125: 146-150.

Boula, D., Castric, V., Bernatchez, L., and Audet, C. 2002. Physio-
logical, endocrine, and genetic bases of anadromy in the brook
charr, Salvelinus fontinalis, of the Laval River (Québec, Can-
ada). Environ. Biol. Fishes, 64: 229-242.

Campana, S.E. 1999. Chemistry and composition of otoliths: path-
ways, mechanisms, and applications. Mar. Ecol. Prog. Ser. 188:
263-297.

Casselman, J.M. 1982. Chemical analyses of the optically different
zones in eel otoliths. /n Proceedings of the 1980 North Ameri-
can Eel Conference. Edited by K.H. Loftus. Ontario Ministry of
Natural Resources, Peterborough. Ont. Fish. Tech. Rep. Ser.
No. 4. pp. 74-84.

Chesney, E.J., McKee, B.M., Blanchard, T., and Chan, L. 1998.
Chemistry of otoliths from juvenile menhaden Brevoortia
patronus: evaluating strontium, strontium:calcium and strontium
isotope ratios as environmental indicators. Mar. Ecol. Prog. Ser.
171: 261-273.

Clarke, W.C., and Hirano, T. 1995. Osmoregulation. /n Physiologi-
cal ecology of Pacific salmon. Edited by C. Groot, L. Margolis,
and W.C. Clarke. University of British Columbia Press, Vancou-
ver, B.C. pp. 319-377.

Elsdon, T.S., and Gillanders, B.M. 2002. Interactive effects of tem-
perature and salinity on otolith microchemistry: challenges for
determining environmental histories of fish. Can. J. Fish. Aquat.
Sci. 59: 1796-1808.

Farrell, J., and Campana, S.E. 1996. Regulation of calcium and stron-
tium deposition on the otoliths of juvenile tilapia, Oreochromis
niloticus. Comp. Biochem. Physiol. A Comp. Physiol. 115: 103—
109.

Fourchereau-Peron, M., Arlot-Bonnemains, Y., Moukhtar, M.S., and
Milhaud, G. 1986. Adaptation of rainbow trout (Salmo gairdneri)
to sea water: changes in calcitonin levels. Comp. Biochem.
Physiol. A Comp. Physiol. 83: 83-87.

Friedland, K.D., Reddin, D.G., Shimizu, N., Haas, R.E., and
Youngson, A.F. 1998. Strontium:calcium ratios in Atlantic salmon
(Salmo salar) otoliths and observations on growth and matura-
tion. Can. J. Fish. Aquat. Sci. 55: 1158-1168.

Howland, K.L., Tonn, W.M., Babaluk, J.A., and Tallman, R.F. 2001.
Identification of freshwater and anadromous inconnu in the Mac-
kenzie River system by analysis of otolith strontium. Trans. Am.
Fish. Soc. 130: 725-741.

Ingram, B.L., and Sloan, D. 1992. Strontium isotopic composition
of estuarine sediments as paleosalinity—paleoclimate indicator.
Science (Wash., D.C.), 255: 68-72.

Can. J. Fish. Aquat. Sci. Vol. 62, 2005

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

Kalish, J.M. 1990. Use of otolith microchemistry to distinguish the
progeny of sympatric anadromous and non-anadromous salmonids.
Fish. Bull. 88: 657-666.

Kalish, J.M. 1991. Determinants of otolith chemistry: seasonal varia-
tion in the composition of blood plasma, endolymph, and otoliths
of bearded rock cod Pseudophycis barbatus. Mar. Ecol. Prog. Ser.
74: 137-159.

Kraus, R.T., and Secor, D.H. 2003. Response of otolith Sr:Ca to a
manipulated environment in young American eels. Am. Fish.
Soc. Symp. 33: 79-85.

Letcher, B.H., and Terrick, T.D. 1998. Thermal marking of Atlantic
salmon otoliths. N. Am. J. Fish. Manag. 18: 406—410.

Limburg, K.E., Landergren, P, Westin, L., Elfman, M., and
Kristiansson, P. 2001. Flexible modes of anadromy in Baltic sea
trout: making the most of marginal spawning streams. J. Fish
Biol. 59: 682-695.

Morse, J.W., and Bender, M.L. 1990. Partition coefficients in cal-
cite: examination of factors influencing the validity of experi-
mental results and their application to natural systems. Chem.
Geol. 82: 265-277.

Prairie, Y.T. 1996. Evaluating the predictive power of regression
models. Can. J. Fish. Aquat. Sci. 53: 490-492.

Radtke, R.L., Svenning, M., Malone, D., Klementsen, A., Ruzicka,
J., and Fey, D. 1996. Migrations in an extreme northern popula-
tion of Arctic charr Salvelinus alpinus: insights from otolith
microchemistry. Mar. Ecol. Prog. Ser. 136: 13-23.

Rieman, B.E., Myers, D.L., and Nielsen, R.L. 1994. Use of otolith
microchemistry to discriminate Oncorhynchus nerka of resident
and anadromous origin. Can. J. Fish. Aquat. Sci. 51: 68-77.

Secor, D.H. 1992. Application of otolith microchemistry analysis
to investigate anadromy in Chesapeake Bay striped bass Morone
saxatilis. Fish. Bull. 90: 798-806.

Secor, D.H., and Rooker, J.R. 2000. Is otolith strontium a useful
scalar of life cycles in estuarine fishes? Fish. Res. 46: 359-371.

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

Thomas, L.M., Holt, S.A., and Arnold, C.R. 1995. Chemical marking
techniques for larval and juvenile red drum (Sciaenops ocellatus)
otoliths. In Recent developments in fish otolith research. Edited by
D.H. Secor, J.M. Dean, and S.E. Campana. Belle W. Baruch Libr.
Mar. Sci. No. 19. pp. 703-717.

Toole, C.L., and Nielsen, R.L. 1992. Effects of microprobe preci-
sion on hypotheses related to otolith Sr:Ca ratios. Fish. Bull. 90:
421-427.

Tzeng, W.-N. 1996. Effects of salinity and ontogenetic movements on
strontium:calcium ratios in the otoliths of Japanese eel, Anguilla
Jjaponica Temminck and Schlegel. J. Exp. Mar. Biol. Ecol. 199:
111-122.

Volk, E.C., Blakley, A., Schroder, S.L., and Kuehner, S.M. 2000.
Otolith microchemistry reflects migratory characteristics of Pa-
cific salmonids: using otolith core chemistry to distinguish mater-
nal associations with sea and freshwaters. Fish. Res. 46: 251-266.

Watts, E.G., Copp, D.H., and Deftos, L.J. 1975. Changes in plasma
calcitonin and calcium during the migration of salmon. Endocri-
nology, 96: 214-218.

Wells, B.K., Rieman, B.E., Clayton, J.L., Horan, D.L., and Jones,
C.M. 2003. Relationships between water, otolith, and scale chem-
istries of westslope cutthroat trout from the Coeur d’Alene River,

© 2005 NRC Canada



Zimmerman

Idaho: the potential application of hard-part chemistry to describe
movements in freshwater. Trans. Am. Fish. Soc. 132: 409-424.

Zimmerman, C.E., and Nielsen, R.L. 2003. Effect of analytical
conditions in wavelength dispersive electron microprobe analy-
sis on the measurement of strontium-to-calcium (Sr/Ca) ratios in
otoliths of anadromous salmonids. Fish. Bull. 101: 712-718.

Zimmerman, C.E., and Reeves, G.H. 2000. Population structure of
sympatric anadromous and nonanadromous Oncorhynchus mykiss:
evidence from spawning surveys and otolith microchemistry. Can.
J. Fish. Aquat. Sci. 57: 2152-2162.

97

Zimmerman, C.E., and Reeves, G.H. 2002. Identification of steel-
head and resident rainbow trout progeny in the Deschutes River,
Oregon, revealed with otolith microchemistry. Trans. Am. Fish.
Soc. 131: 986-993.

Zimmerman, C.E., Stonecypher, R.W., and Hayes, M.C. 2003. Migra-
tion of precocious male hatchery chinook salmon in the Umatilla
River, Oregon. N. Am. J. Fish. Manag. 23: 1007-1015.

© 2005 NRC Canada



