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Abstract Temporal patterns in otolith Sr:Ca and Ba:Ca
ratio values of American eels Anguilla rostrata from two
sites in western Newfoundland gave insight into the use
of freshwater and saline habitats. Mean Sr:Ca and Ba:
Ca values at the core zone did not differ between sites,
indicative of a common oceanic origin. At the otolith
edge, representing continental life, both Sr:Ca and Ba:
Ca values varied between sites consistent with ambient
element:Ca ratio values and salinity, with typically

higher Sr:Ca and lower Ba:Ca values in saline than in
fresh waters. Most eels (73%) from Muddy Hole, an
estuarine site, were evaluated as estuarine residents
while most (70%) eels from Castors River, a freshwater
site, were evaluated as freshwater residents, with the
remaining eels from each site evaluated as inter-habitat
migrants. An otolith element:Ca critical value appro-
priate for distinguishing between fresh and saline water
residence is fundamental for estimating the proportion
of eel residence in freshwater and their subsequent
classification into habitat residence groups. Such
classification is moderately robust to the critical value
selected. For inter-habitat migrants, moderate otolith Sr:
Ca values between the elver check and otolith edge
suggestive of estuarine residence may coincide with Ba:
Ca values suggestive of freshwater residence. No
general critical value for separating fresh and estuarine
habitats was found for otolith Ba:Ca. Otolith Ba:Ca
temporal patterns may assist the use of Sr:Ca in the
evaluation of historical habitat residence and inter-
habitat movement but the use of otolith Ba:Ca values
should be applied cautiously for American eels and
perhaps of other estuarine/freshwater migratory fishes.

Keywords American eel . Habitat use . Otolith
strontium and barium

Introduction

American eel Anguilla rostrata stocks have declined
in many regions of North America (Jessop 1997;
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Haro et al. 2000). The species has been designated as
of special concern in Canada by the Committee on the
Status of Endangered Wildlife in Canada (COSEWIC
2006) and its status has been reviewed by the U.S.
Fish and Wildlife Service (USFWS 2005) but has not
been placed under protection in Canada or the United
States (USFWS 2007). The complex life history and
wide geographic range of the American eel makes
the management of the population and of specific
fisheries difficult. The facultative catadromy of the
species (and of the European A. anguilla and
Japanese A. japonica) means that varying portions
of local and regional stocks may occupy freshwater,
estuarine, or marine habitats and engage in a degree
of inter-habitat migration (reviewed by Daverat et al.
2006; Jessop et al. 2008).

Chronological changes in the ratios of element:
calcium composition in the otolith e.g., Sr:Ca and Ba:
Ca along a growth axis have been used to reconstruct
the migratory history of diadromous and estuarine
fishes (reviewed by Elsdon et al. 2008). The ionic
radii of divalent metals such as Sr and Ba may
substitute for Ca in the orthorhombic aragonite lattice
of fish otoliths and element incorporation depends on
ambient element concentration (Campana 1999).
Although the absolute concentration of Sr is about
100× greater in marine than in fresh waters, the
approximately 4.8× greater difference in the molar
ratio of Sr:Ca between salt and fresh water is more
relevant to the relative degree of Sr biological uptake
between salt and fresh water (Campana 1999).

Positive relations varying from linear (Elsdon and
Gillanders 2005a,b; Walther and Thorrold 2006;
Bradbury et al. 2008; MacDonald and Crook 2010)
to curvilinear (Miller et al. 2010) have been found
between otolith Sr:Ca and ambient concentrations,
although no relation between otolith and ambient Sr:
Ca was found by Dorval et al. (2007) over a limited
ambient Sr:Ca range. For Ba:Ca, the positive relation
between otolith and ambient concentrations may
vary from linear (Bath et al. 2000; Elsdon and
Gillanders 2005a; Bradbury et al. 2008; Miller et al.
2010) to non-linear (logarithmic or exponential)
relations (Elsdon and Gillanders 2005a,b; Dorval et
al. 2007; Miller 2009; Macdonald and Crook 2010;
Miller et al. 2010), with little consistency between
laboratory and field settings. Variable relations be-
tween ambient element:Ca occur with salinity—
positive and linear for Sr:Ca (Tzeng 1996; Kawakami

et al. 1998; Secor and Rooker 2000), exponential
increase (Macdonald and Crook 2010), or no correla-
tion over limited salinity ranges (Elsdon and Gillanders
2005a; Dorval et al. 2007) and negative linear for Ba:
Ca (Elsdon and Gillanders 2005b; Dorval et al. 2007;
Bradbury et al. 2008) or non-linear (logarithmic,
exponential) (Elsdon and Gillanders 2005a; Martin
and Wuenschel 2006; Macdonald and Crook 2010).
The interaction of ambient element:Ca and salinity
results in otolith element:Ca relations with salinity that
may exponentially increase (Macdonald and Crook
2010) for Sr and decrease linearly (Dorval et al.
2007) or exponentially (Elsdon and Gillanders 2005a;
Macdonald and Crook 2010) for Ba. Both otolith Sr:Ca
and Ba:Ca may show no relation with salinity over a
limited salinity range (Dorval et al. 2007; Martin and
Wuenschel 2006). Ambient concentrations of dissolved
Ba vary in a more complex manner with salinity than
does Sr (Coffey et al. 1997). The non-linear relations
between otolith Sr:Ca (positive) and Ba:Ca (negative)
and ambient salinity makes the reconstruction of
historical habitat salinities more applicable to broad
classifications such as fresh, estuarine, and saltwater
than to detailed salinity levels (Kraus and Secor 2004;
Elsdon and Gillanders 2005a; Zimmerman 2005).

Water temperature may also influence element incor-
poration into otoliths, generally positively for Sr but
variably for Ba, and may differ among species (Elsdon
and Gillanders 2002, 2004; Elsdon et al. 2008; Miller
2009) as well as acting interactively with ambient
element concentration and salinity. However, the effect
of temperature is about an order of magnitude less than
that due to diadromy (Campana 1999) and may reflect
water chemistry more than temperature (Kraus and
Secor 2004). Although Kalish (1989) found a positive
relation between growth rate and otolith Sr:Ca, Bath et
al. (2000) concluded that the incorporation of Sr and Ba
in otoliths is uncorrelated with fish growth rate.

Inter-habitat movements by anguillid eels have
typically been examined via temporal patterns in
otolith Sr:Ca (reviewed by Daverat et al. 2006; Jessop
et al. 2008) and, less commonly, Ba:Ca (Arai and
Hirata 2006; Tabouret et al. 2010). Ideally, the use of
Ba:Ca data to assess fish habitat residence and inter-
habitat movement should provide categorizations
consistent with the use of Sr:Ca data. This study
compares life-history patterns in otolith Sr:Ca and Ba:
Ca and bivariate plots of element:Ca data to assess
habitat residence group (freshwater, estuarine/marine,
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and inter-habitat migrant), evaluates the effects of
different Sr:Ca critical values on the estimation of the
percentage of freshwater residence, and uses Sr:Ca
data and its critical value to estimate a putative Ba:Ca
critical value so as to evaluate whether Sr:Ca and Ba:
Ca are complimentary for evaluating estuarine habitat
residence for American eels Anguilla rostrata from a
freshwater and an estuarine site.

Materials and methods

Study sites

Muddy Hole (MH), a cove at the mouth of Flat Bay
Brook (48° 24′ 27″ N, −58° 34′ 41″ W) and Castors

River (CR) (50° 55′ 15″ N, −56° 57′ 07″ W) are on
the western coast of Newfoundland (Fig. 1) and have
watershed areas of 635.2 km2 and 544.2 km2,
respectively. Single, surface water samples were
collected in October 2005 from Muddy Hole and
Castors River and later laboratory analyzed. Muddy
Hole, a tidal, estuarine cove of about 17 ha in area at
the mouth of Flat Bay Brook that may become
entirely freshwater at high discharges from Flat Bay
Brook, had a pH of 6.8 and conductivity of
435 μS·cm−1, equivalent to a salinity of 0.20 (Table 1).
Castors River, at a site about 0.4 km upstream from
the limit of saltwater penetration, had a pH of 7.4,
conductivity of 179 μS·cm−1, and salinity of 0.09.
Water samples taken in the early 1970s indicate that
Flat Bay Brook had a pH of 6.5, standard conductivity

Fig. 1 Map of the mouths
of the Castors River and
Muddy Hole, Flat Bay
Brook in western
Newfoundland
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of 22 μS·cm−1, and total alkalinity of 4.0 ppm while
Castors River had a pH of 7.5, conductivity of
71 μS·cm−1, and alkalinity of 32.0 ppm (Porter et al.
1974). Elemental concentrations of strontium (Sr),
barium (Ba), and calcium (Ca) were measured in the
water samples from each study site by ICP-MS
(Maxxam Analytics Inc., Halifax, NS) and expressed
as element:Ca ratios expressed as mg·g−1 for Sr:Ca
and μg·g−1 for Ba:Ca; Table 1) because Sr and Ba in
otoliths vary relative to element:Ca ratios rather than
absolute concentration (Bath et al. 2000; Kraus and
Secor 2004).

Eel collection and measurement

American eels were collected from commercial fyke
net fisheries at Muddy Hole (N=57) on 28 September
2005 and at Castors River on 16 October 2005 (N=
10) and 24 October 2006 (N=49) at a site about
11 km upstream from the river mouth. Total lengths
(to 1.0 mm) and total body weights (to 0.1 g) were
measured fresh. Most eels from the Castors River
were silver phase while most from Muddy Hole were
yellow phase. Jessop et al. (2009) provides additional
details of the sampling, processing, and biological
characteristics of the eels.

Otolith ageing and microchemistry analysis

Sagittal otoliths for ageing and microchemical
analysis were extracted from 11 randomly selected
eels from Muddy Hole and 10 eels from Castors
River sampled in 2005. One otolith per pair was
prepared for analysis by grinding and polishing

along the sagittal plane until the primordium was
exposed. Polished otoliths were decontaminated by
immersion in 5% ultrapure hydrogen peroxide
(H2O2) for 10 min to oxidize all remaining organic
material from the otolith surface, ultrasonically
cleaned three times, each for 5 min, with de-ionised
water and then air-dried. Otolith elements were
measured along the growth axis from the primordium
to the otolith edge with a Merchantek LUV 266 Nd:
YAG UV laser microprobe (New Wave Research, Inc)
connected to a Finnigan MAT ELEMENT 2 high
resolution inductively coupled plasma mass spectrom-
eter (ICP-MS) (Thermo Electron corp., Bremen,
Germany). The otoliths were placed in a sealed
chamber and viewed through a microscope
connected to a computer monitor to program the
analyzing transects. The laser was pulsed at a
repetition rate of 20 Hz at a scan speed of
15 μm·sec−1 with an ablation beam diameter of
approximately 150 μm and a dwell time of 35 ms
and power of 3.5 J·cm2. For all eels from Castors
River and for three eels from Muddy Hole, each data
measurement represented a progressive otolith tran-
sect scan of 1.60 s while a scan of 2.13 s was made
for the remaining seven eels from Muddy Hole. The
beam diameter and scan distance were set originally
so as to provide adequate measurements for six otolith
elements. The elements measured and reported here
(44Ca, 88Sr, and 138Ba) remained constantly at least 10
times higher than background levels. Detection limits
were 840.0 μg·g−1 for Ca, 1.08 μg·g−1 for Sr, and
0.21 μg·g−1 for Ba. Standards (NIST 612) were
collected before each series, with each series com-
prising 2–3 otoliths. At the start of each otolith
analysis, background counts were collected for 30 s,
and the average was subtracted from sample counts to
correct for background levels. The ablation chamber
was purged for 60 s after sampling each otolith.
Calcium was used as the internal standard with an
otolith concentration of 40%wt (400 000 μg Ca g−1

otolith). All measurements were expressed as wt%
ratios of element to Ca concentrations (mg·g−1,
equivalent to × 10−3, for Sr:Ca and μg·g−1, equivalent
to × 10−6, for Ba:Ca) by estimating the relative
response factor of the instrument to the known
concentration in the standard (NIST 612). After
laser ablation ICP-MS analysis, the otoliths were
etched in 5% EDTA to enhance the annuli for
ageing (Tzeng et al. 1994).

Table 1 Water chemistry for the Muddy Hole and Castors
River sites in western Newfoundland

Muddy Hole Castors River

Conductivity (μS·cm−1) 435 179

Salinity 0.20 0.09

pH 6.8 7.4

Sr (μg·L−1) 200 35

Ba (μg·L−1) 5 15

Ca (μg·L−1) 25000 22000

Sr/Ca (mg·g−1) 8.0 1.59

Ba/Ca (μg·g−1) 200.0 681.8
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Data analysis

The environmental history of each eel was interpreted
by examining the temporal pattern of Sr:Ca and Ba:
Ca values along an otolith transect from primordium
to edge, with the assumption that the temporal pattern
reflects habitat salinity due to the positive relation
between otolith Sr:Ca value and ambient salinity
(Tzeng 1996; Kawakami et al. 1998; Secor and
Rooker 2000). Jessop et al. (2002) considered ratio
values of Sr:Ca ≤4×10−3 between the elver check and
the otolith edge as equivalent to freshwater residence
for American eels while Thibault et al. (2007)
considered the critical value to be between 3.5–4.0×
10−3. For European eels, the freshwater critical value
has ranged from <0.4×10−3 (Tzeng et al. 1997)
to <2.0–2.24×10−3 (Daverat and Tomás 2006; Shiao
et al. 2006; Tabouret et al. 2010) and for Japanese eels
from <2.5×10−3 (Tsukamoto and Arai 2001; Kotake
et al. 2005) to <4×10−3 (Tzeng et al. 2002). The
grand mean (± SD) Sr:Ca values between the elver
check and otolith edge for 7 eels from Castors River
considered to be freshwater residents from their
transect profile was 0.96 (± 0.75)×10−3 (means range
0.48–1.74×10−3). A conservative Sr:Ca critical value
of 3.5×10−3 (rounded up from 3.2×10−3) was chosen
based upon the grand mean + 3 SD.

Based upon this critical value, eels were classified
into fresh and salt (estuarine/marine) water residence
groups and an inter-habitat migrant group when Sr:Ca
values along the otolith transect varied across the
critical value, with freshwater being ≤3.5×10−3 and
saline water being >3.5×10−3. Coastal and marine, or
simply seawater residence, with no defining salinity,
has been defined for European eels at otolith Sr:Ca
values >6.0×10−3 (Daverat et al. 2005, 2006; Daverat
and Tomás 2006), and as >4.9×10−3 for a salinity >20
(Tabouret et al. 2010) and as >5.0 or 6.0×10−3 for
Japanese eels (Tsukamoto and Arai 2001; Kotake et
al. 2005; Arai and Hirata 2006), with values interme-
diate between freshwater and seawater being termed
estuarine. If the freshwater zone is defined as having a
salinity ≤0.5, estuarine zone as >0.5 to 30, and the
marine zone as >30 (Venice System; Bulger et al.
1993), then defining coastal/marine residence as
being represented by otolith Sr:Ca values >6.0×10−3

is plausible. Estuarine habitat residence has thus been
inferred from otolith Sr:Ca values >3.5 and <6.0×
10−3. A more biologically relevant salinity boundary

for coastal/marine residence might be >24 (Bulger et
al. 1993), with consequent reduction in the critical
otolith Sr:Ca value for the estuarine to marine
transition. Otolith Sr:Ca critical values for the broad
classifications of freshwater, estuarine, and marine
clearly vary among species and sites.

Otolith Ba:Ca values were assumed to decrease
from fresh to brackish to seawater because of the
decrease in otolith Ba:Ca value with increasing
environmental salinity (Elsdon and Gillanders
2005a, b; Dorval et al. 2007; Macdonald and Crook
2010), because salinity tends to increase with distance
downstream in an estuary, and because Ba is of
terrestrial origin (Coffey et al. 1997).

The effects of habitat residence (freshwater, estu-
arine, migrant) on otolith element:Ca values between
the elver check and otolith edge was examined by a
linear mixed effects model using package lme4 (R
Core Development Team 2010), with habitat group as
a fixed effect and fish as a random effect, followed by
a Tukey multiple comparison test of specific con-
trasts. Autocorrelation among adjacent element:Ca
values was accounted for by adjusting for a first order
autocorrelation within each fish.

The effects of ontogeny and site on otolith element:
Ca values were examined by a linear mixed effects
model, with site and otolith zone considered as fixed
effects and fish and fish × otolith zone interaction
considered as random effects followed by a Tukey
multiple comparison test of specific contrasts. The
mean element:Ca values were based on the first three
or four ablation spots, depending upon whether the
spot scan length was 32 or 24 μm (96 μm length in
total), beginning at the core (primordium) and elver
check and before the otolith edge (core, elver check,
and edge zones). Autocorrelation was low and of no
concern. The larval phase of the eel life history is
represented by the core zone, the newly-arrived glass
eel/elver in continental waters by the elver check zone,
and the continental juvenile stage at capture by the edge
zone. The 3–4 element:Ca spots comprising 96 μm on
the otolith transect represent about 1 year in the elver
check zone (mean distance between elver check and first
annulus = 106 μm) and about 1 year at the otolith edge
zone for eels of age 13–14 and 2 years for ages 17–
28 years. Logarithmic (base 10) transformation of the
element:Ca data was required to satisfactorily meet the
normality of distribution and homogeneity of variance
requirements of parametric statistics.
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The mean Sr:Ca and Ba:Ca values in the zone
between the elver check and the otolith edge and the
mean values for the elver check zone and otolith edge
zone were plotted to examine the relationship be-
tween these two parameters for insights into the
habitat use and inter-habitat movements of American
eels. Correlations between the mean Sr:Ca values
between the elver check and otolith edge and fish age
and their significance were adjusted for low sample
size bias (Olkin and Pratt 1958; Zar 1984).

The percentage (proportion) of residence in
freshwater (%fwr) was estimated for each fish based
on the percentage of Sr:Ca values between the elver
check and otolith edge based on an Sr:Ca critical
value ≤3.5×10−3 separating freshwater from estua-
rine/marine residence and is effectively equivalent to
the proportion of time resident in fresh water (Jessop
et al. 2007). The effect of different (2.5, 3.0, 3.5, 4.0,
4.5×10−3) Sr:Ca critical values on the estimation of
%fwr and the categorization of fish into habitat residence
group was evaluated by analysis of the mean difference
in %fwr estimated at each Sr:Ca critical value (with
3.5×10−3 as the standard) by paired sample t-test of
the arcsine transform of the square root of p estimates.
The Hedges’ g effect size statistic and associated 95%
CI was used as a measure of the magnitude of the
effect on %fwr estimates of changes in the critical

value, where: g ¼ tpaired

ffiffiffiffiffiffiffiffiffiffiffiffiffi

2ð1�r12Þ
n

q

and tpaired is the t

value from a paired t-test, r12 is the correlation
coefficient between the two groups and n = n1 = n2
(Nakagawa and Cuthill 2007). Effect sizes (g) of 0.2
are considered small, 0.5 are medium, and 0.8 are
large (Cohen 1988).

A review of the transect data plots and an iterative
fitting process was used to establish site- and habitat
group-specific Ba:Ca critical values for American eels
under the assumptions that an Sr:Ca critical value of
3.5×10−3 reliably separated freshwater from saltwater
residence and that each element:Ca relation should

produce similar estimates of %fwr. The relation
between Ba:Ca critical value and the estimation of
%fwr for each fish from each site (MH, CR) and
group (freshwater, inter-habitat migrant) was evaluat-
ed by varying the presumed Ba:Ca critical value over
the range 1, 2, 3, 5, 10, 20, 30, 40, 50×10−6 and
examining the similarity of the estimation of %fwr
estimated from Ba:Ca relative to that estimated from
Sr:Ca for each fish. The best Ba:Ca critical value for
each fish and site × group combination was deter-
mined by the smallest difference between the resultant
estimates of %fwr by Sr:Ca and Ba:Ca.

Results

Water and otolith element relations

The Sr:Ca ratio of the water sample from Muddy
Hole in the estuary of Flat Bay Brook was about 5.0×
greater than for the freshwater site in Castors River
while the Ba:Ca rato was 3.4× greater in Castors
River than in Muddy Hole (Table 1, Fig. 1). This
pattern is consistent with that for the element:Ca ratios
in the otolith edge, although the magnitudes differed—
the otolith Sr:Ca was 2.6× higher in Muddy Hole eels
than in Castors River eels while Ba:Ca was 9.7× higher
in Castors River than in Muddy Hole. However, the
conductivity/salinity values indicate that the surface
waters at both sites were fresh (salinity <0.5) when
sampled. The mean lengths, weights, and ages of the
subsamples of eels used for otolith element analysis did
not differ significantly (t-tests, all p>0.50) from that
of the total samples for each site (Table 2).

Habitat classification and otolith Sr:Ca and Ba:Ca

Of the 11 eels from Muddy Hole, 8 eels had mean
transect values of Sr:Ca between elver check and otolith
edge that averaged 5.07×10−3 and mean Ba:Ca values

TL (mm) Weight (g) Age (yr)
Site Group N Mean±SD Mean±SD Mean±SD

Muddy Hole Total 57 431 ±78 139.8±98.7 6.3±1.4

LA-ICPMS 11 447±91 154.0±93.2 6.3±1.4

Castors River Total 60 607±157 513.7±384.7 19.2±6.3

LA-ICPMS 10 583±143 381.7±259.7 18.6±4.9

Table 2 Sample sizes (N)
and means (± SD) of length
(TL), weight, and age of
American eels by sampling
site and microchemical
analysis subset
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that averaged 2.17×10−6 (Figs. 2A, B and 4), which
indicates primarily estuarine residence. Three eels
showed patterns of switching from relatively high Sr:
Ca and low Ba:Ca to low Sr:Ca and high Ba:Ca values,
suggestive of movement between saline and fresh water
habitats (Fig. 2C, D). Thus, the eel of Fig. 3C spent a
short time in estuarine waters before entering freshwater
and later returning to saline waters while the eel of
Fig. 3D briefly entered freshwater before returning to the
estuary for awhile before finally returning to freshwater.

Of the 10 eels from Castors River, 7 eels had mean
Sr:Ca values between the elver check and otolith edge
indicative of freshwater residence and higher Ba:Ca
values than did estuarine residents from Muddy Hole
(Figs. 3A, B and 4). Three eels had sections of otolith

transect with Sr:Ca values >3.5×10−3, suggesting a
movement from fresh to saline waters, but with Ba:Ca
values mostly >15×10−6 even in the putatively saline
portions of the transect (Fig. 3C, D) and were
categorized as inter-habitat migrants. Although the
Castors River eels were collected in fresh water well
upstream of the river mouth, two of the inter-habitat
migrants had Sr:Ca values at the otolith edge (4.2–
4.7×10−3) suggestive of estuarine residence (Fig. 3C).

Otolith element composition by site and habitat
residence

Mean element:Ca values between the elver check and
otolith edge differed significantly among habitat
groups (Muddy Hole estuarine and inter-habitat
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migrants, Castors River freshwater and inter-habitat
migrants: Sr:Ca—F=58.1, df=3, 17, p<0.001;
Ba:Ca—F=33.9, df=3, 17, p<0.001) (Fig. 4). The
number of element:Ca values for individual eels
ranged from 32 to 62, resulting in autocorrelation
estimates of 0.80 for Sr:Ca and 0.60 for Ba:Ca.
Estuarine resident eels from Muddy Hole had signif-
icantly (p<0.001) higher mean Sr:Ca values and
lower (p<0.001) Ba:Ca values than did freshwater
resident eels from Castors River. Inter-habitat
migrants from Muddy Hole had significantly (p=
0.033) lower Sr:Ca and higher (p<0.001) Ba:Ca than
did estuarine residents while inter-habitat migrants
from Castors River had significantly (p<0.001)
higher Sr:Ca and Ba:Ca (p=0.003) than did freshwa-
ter residents. Inter-habitat migrants from Castors
River had a mean Sr:Ca that did not differ signifi-
cantly (p=0.62) from that of estuarine residents from
Muddy Hole but had a higher (p<0.001) mean Ba:Ca.
Inter-habitat migrants from Muddy Hole had a mean
otolith Sr:Ca significantly higher (p<0.001) than did
freshwater residents from Castors River but Ba:Ca
means did not differ significantly (p=0.63). The
Akaike Information Criterion values for the models
used (−1317.0 for Sr:Ca data, 304.5 for Ba:Ca data)
indicated good support relative to null models that
omitted the random effects and correlation structure
(−698.2 for Sr:Ca data, 668.6 for Ba:Ca data).

Otolith transect (elver check to edge) mean Sr:Ca
was not significantly correlated with age for freshwater
resident eels from Castors River (N=7, age range = 13–
28 years, r=0.31, p=0.50) or for estuarine resident eels
from Muddy Hole (N=8, age range = 4–8 years, r=
0.56, p=0.15).

Otolith element composition by site and otolith
position

The mean otolith element:Ca ratios differed signifi-
cantly by site and otolith position for eels from
Muddy Hole and Castors River (Fig. 5). The
significant interaction effect between site and otolith
position (Sr:Ca: F=49.3, df=2, 143, p<0.001; Ba:Ca:
F=55.4, df=2, 143, p<0.001) indicated that main
effects should only be considered in relation to each
other. Mean Sr:Ca values decreased at each site from
the core to the elver check to the edge (multiple
comparison tests, all p<0.001) except for Sr:Ca
values between elver check and edge for eels from
Muddy Hole (p=0.13) (Fig. 5). Mean Ba:Ca ratios
varied in pattern among otolith zones, increasing
significantly from core to edge for Castors River and
decreasing for Muddy Hole (multiple comparison
tests, all p≤0.026). Neither Sr:Ca nor Ba:Ca ratios
in the otolith core differed between sites (Sr:Ca: p=
0.98; Ba:Ca: p=0.50). However, Sr:Ca values at the
elver check were higher at Muddy Hole than at
Castors River (p<0.001) and Ba:Ca values were
higher at Castors River than at Muddy Hole (p=
0.005). At both sites, Sr:Ca values were higher at the
core than at the elver check or edge while Ba:Ca
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values differed in pattern among otolith zones at each
site. At Muddy Hole, otolith edge Sr:Ca values were
higher (p<0.001) and Ba:Ca values were lower (p<
0.001) than at Castors River. The Akaike Information
Criterion values for the models used (−144.5 for Sr:Ca
data, −7.5 for Ba:Ca data) indicated good support
relative to null models that omitted the random effects
(0.87 for Sr:Ca data, 91.9 for Ba:Ca data).

Relation between otolith Sr:Ca and Ba:Ca values

Bivariate plots of the mean otolith Sr:Ca and Ba:Ca
values from the transects of 21 eels between the elver
check and edge revealed variable clustering that could
be related to eel residence by site, salinity of habitat
(freshwater, estuarine), and stage of life cycle (early
continental arrival, capture). For the elver check zone
(Fig. 6A), otolith edge zone (Fig. 6B), and total
transect (Fig. 6C), the element:Ca values for freshwa-
ter and estuarine resident groups were characteristical-
ly clustered but the distribution of inter-habitat migrant
values varied according to their life cycle stage and
particular life history e.g., short or long estuarine or
freshwater residence before a habitat change. For the
brackish Muddy Hole site, the transect element:Ca plot
tended to form a negative curvilinear relation while for
the freshwater Castors River the relation was positive
curvilinear, with the inter-habitat migrant fish driving
the relationship (Fig. 6C). Freshwater residents clus-
tered at low (<2×10−3) mean Sr:Ca and mostly
intermediate (5–15×10−6) Ba:Ca values, estuarine
residents clustered at high (>4.5×10−3) Sr:Ca and
low (<5×10−6) Ba:Ca, and inter-habitat migrants with
intermediate (about 2–4×10−3) Sr:Ca and a wide
range (3–63×10−6) of Ba:Ca values (Figs. 4, 6C).

Effect of critical value selection on estimation
of percent freshwater residence

For a given otolith Sr:Ca ratio, increasing the critical
value increased the estimated %fwr and vice versa
(Fig. 7A). For example, increasing the otolith Sr:Ca
critical value from 3.5 to 4.0×10−3 increased the
calculated %fwr values for all habitat groups except
the freshwater group, where the %fwr was already
100% at the 3.5 critical value, and when the saline
water group has no Sr:Ca values less than either
critical value e.g., wholly estuarine/marine residents.
The rate of change in estimated %fwr as the critical

value changed was lowest at the extremes of the Sr:
Ca range (freshwater and high salinity residents) and
greatest for intermediate Sr:Ca values (low salinity
residents and inter-habitat migrants). Thus, the single
freshwater resident from Castors River not at 100%
fwr went from 91.5 to 95.7 %fwr while inter-habitat
migrants increased by 20.2 %fwr (range 15.4–29.1%
fwr). For estuarine residents from Muddy Hole, the
mean increase in %fwr with the increased critical
value was 10.4 (range 2.3–18.9), to 13.1 (range 4.6–
25.7) for estuarine migrants. For a critical value of
3.5×10−3, the non-linear fit of a polynomial of degree
three (adjusted R2=0.962) was little better than for a
linear model (adjusted R2=0.955).

The number of fish reclassified as to habitat group
varied with the degree of error in the critical value
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used. Increasing the critical value from 3.5 to 4.0×10−3

produced a grand mean increase in %fwr of 8.9 (13.1
excluding freshwater residents) that was highly
significant (t=5.68, df=20, p<0.0001) but the in-
crease resulted in reclassifying only one fish from
estuarine resident to estuarine migrant. Decreasing the
critical value to 3.0 from 3.5 decreased significantly
(t=5.46, df=20, p<0.0001) the grand mean %fwr by
5.5 resulting in two fish being reclassified, one each
from freshwater resident to inter-habitat migrant and
from inter-habitat migrant to estuarine resident.
Hedges’ g effect size values were small for both the

CV 3.0–3.5 (g=0.16, 95% CI=0.081–0.241) and CV
3.0–4.0 (g=0.12, 95%CI=0.060–0.181) comparisons
and small-to-medium (g=0.27, 95% CI=0.124–
0.398) for the CV 3.0–4.0 comparison. At an Sr:Ca
critical value of 3.5×10−3, all eels classified as
freshwater resident had a %fwr value >90, estuarine
residents had a value <11, and inter-habitat migrants
had values >20 and <85 (Fig. 7B). If a Sr:Ca critical
value of 3.0 or 4.0 rather than 3.5×10−3 had been
used in conjunction with a habitat group classifica-
tion of freshwater as ≥88 %fwr, inter-habitat migrant
as <88 to >12 %fwr, and estuarine as ≤12 %fwr, few
(5–10%) fish would have been reclassified as to
habitat residence group.

Most (90% of 21 cases) estimates of %fwr by Sr:Ca
and, after the iterative process to select the best critical
value, Ba:Ca, were close (<10 %fwr difference), as
would be expected with a reasonable Ba:Ca critical
value selection (Table 3). Acceptance of the Sr:Ca
values and a critical value of 3.5×10−3 as the primary
standard for estimating %fwr for freshwater resident
eels required a Ba:Ca critical value of 1, 2, or 3 (1–
3)×10−6 for estimating %fwr at Castors River and 3,
5, or 10×10−6 at Muddy Hole. Inter-habitat migrants
from each site required different Ba:Ca critical values,
with 40 or 50×10−6 applicable at Castors River and
3–10×10−6 at Muddy Hole (Table 3).

Discussion

Habitat effects on otolith element:Ca values

The similar patterns in the Sr:Ca and Ba:Ca values in
the edges of American eel otoliths as in the ambient
water of the habitat of their collection site (freshwater
at Castors River, estuarine at Muddy Hole) and the
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Site Group Element:Ca N Mean Range Critical value

CR Fw Sr:Ca 7 98.8 91.4–100

Ba:Ca 7 98.5 89.4–100 1–3 (×10−6)

Migrant Sr:Ca 3 30.2 23.1–44.0

Ba:Ca 3 26.0 10.9–46.0 40–50 (×10−6)

MH Estuary Sr:Ca 8 3.9 0.0–10.8

Ba:Ca 8 4.6 0.0–18.9 3–10 (×10−6)

Migrant Sr:Ca 3 56.8 28.6–84.1

Ba:Ca 3 62.3 40.0–86.4 3–10 (×10−6)

Table 3 Percent freshwater
residence, by site (CR =
Castors River, MH =
Muddy Hole) and habitat
residence (Fw = freshwater),
estimated from otolith
element:Ca ratios for
American eels from
western Newfoundland.
Sr:Ca critical value≥
3.5×10−3
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estimated %fwr values for each habitat residence
group were consistent with the known relations
between otolith element:Ca values and ambient
water concentrations and salinity for Sr:Ca (higher
at higher salinity) and Ba:Ca (lower at higher
salinity) (Campana 1999; Bath et al. 2000; Elsdon
and Gillanders 2005a, b; Walther and Thorrold
2006). Freshwater concentrations of both Sr and Ba
depend largely on geomorphological conditions such
as catchment geology, weathering rates, and river
discharge and consequently may vary greatly among
river systems while estuarine concentrations depend
on river discharge, tidal stage, and the mixing pattern
in the estuary (Coffey et al. 1997; Kraus and Secor
2004) and, for Ba, the pH of river discharge and
extent of estuarine salt marsh (Coffey et al. 1997).
Unlike Sr, Ba is adsorbed onto riverborne suspended
particulate matter e.g. clays and released by ion-
exchange processes in exchange for more abundant
cations in estuarine and marine waters (Coffey et al.
1997) and the Ba is then removed to varying extent
by biological processes (Guay and Falkner 1998)
and, in some estuaries, by chemical processes
(Coffey et al. 1997). Thus, the magnitude and
location of peak dissolved Ba concentrations depend
on the density of riverine particulate matter and
hydrologic conditions.

Changes in otolith element:Ca values of sufficient
magnitude may reflect a change in habitat salinity
achieved either by eel movement between habitats or
changes in habitat salinity about a resident eel.
However, the approximately 30 days required to
incorporate an Sr signal into an American eel otolith
(Jessop et al. 2002), and perhaps a similar period for
Ba, and the relatively large analytical “spot” size
means that short-term fluctuations in ambient ele-
ment:Ca values are less relevant than seasonal or
annual patterns in ambient water chemistry, which are
often less variable. Otolith element:Ca value changes
of longer duration, say more than 2–3 values,
depending on “spot” size and interval, suggest a
movement between habitats because changes in
habitat salinity about a single location are rarely of
extended duration in open tidal estuaries such as the
study sites. The issue is not whether water chemistry
varies temporally or geographically but whether by
doing so it creates conditions, subsequently reflected
in otolith chemistry, that may make otolith element:Ca
data difficult to interpret when categorizing fish

habitat residence and inter-habitat movements into
broad categories such as freshwater, estuarine, and
marine residence and determining movements be-
tween these categories.

The significant interaction between site and otolith
transect zone indicated that element:Ca values at
different otolith zones varied by site, confounded by
salinity, as would be expected for the use of element:Ca
values to be used as geographic tags. The absence of any
significant difference between sites in the Sr:Ca and Ba:
Ca values in the otolith core of American eels was
expected given the general uniformity of oceanic
element:Ca values, relative to estuarine or freshwater
values (Campana 1999), over their oceanic migration as
larvae and arrival in continental waters. Marine
concentrations of Sr are relatively constant at about
8 mg·L−1 (Angino et al. 1966) while Ba ranges between
8 and 13 μg·L−1 in the Atlantic Ocean and increases in
concentration with depth (Neff 2002). High Sr:Ca ratios
in the otolith core area are an ontogenetic effect typical
of anguillid eels due to biological processes during the
oceanic leptocephalus stage, with values decreasing
after metamorphosis to the glass eel stage (Otake et al.
1994; Tzeng and Tsai 1994; Arai et al. 1997).

Ontogenetic effects on otolith Ba:Ca values

Whether Ba:Ca values in the otolith core zone are
influenced by ontogeny in a manner similar to that for
Sr:Ca is unknown. However, the significant decline in
otolith Ba:Ca between the core and edge for eels from
Muddy Hole is contrary to the expectation of an
increase as salinity decreases from marine to estuarine
values. Otolith element:Ca ratios are most influenced
by the molar ratios of the ambient elements not their
concentration ratios (Campana 1999). Consequently,
the occurrence of a molar element:Ca ratio in the core
zone that is 1.9 times the ambient oceanic molar ratio
for Ba and only 0.6 times for Ca suggests that Ba is
also influenced by ontogeny during the larval phase,
as is Sr (Otake et al. 1994). Unlike this study, Arai
and Hirata (2006) found higher Ba:Ca values before
the elver check (corresponding to the oceanic life
stage) for eels characterized as freshwater residents
than for seawater residents, leading them to hypoth-
esize that such different elemental signatures might
originate from different parental groups and that
populations that spawn at different times exist for
Japanese eels. Otolith Sr:Ca values are not influenced
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by ontogeny in the juvenile stage (Otake et al. 1994)
nor, apparently, are Ba:Ca values.

Inter-habitat migration effects on otolith element:Ca
transect patterns

Mean element:Ca values over an otolith transect from
elver check to edge may obscure the highly variable
patterns that can occur over segments of the transect,
particularly for inter-habitat migrants that transition
from one habitat to another, for example, early or later
in life. Inter-habitat movements are common by a
portion of the anguillid eel population in coastal zones
(reviewed by Daverat et al. 2006; Jessop et al. 2008)
and the three temperate-zone species are regarded as
facultatively catadromous. A high otolith mean Sr:Ca
and low Ba:Ca corresponded to estuarine residence
while low Sr:Ca and high Ba:Ca corresponded to
freshwater residence, consistent with patterns found
for other species and may be considered a habitat
effect (Arai and Hirata 2006; Crook et al. 2006; 2008;
Tabouret et al. 2010). The variable relations between
Ba:Ca and Sr:Ca for inter-habitat migrants moving
from fresh to estuarine (intermediate Sr:Ca, high Ba:
Ca) and estuarine to fresh waters (intermediate Sr:Ca,
intermediate Ba:Ca) demonstrate that Ba:Ca values
may be an inconsistent indicator of estuarine resi-
dence. Consequently, the migratory history of
anguillid eels should be considered when evaluating
otolith element:Ca values with respect to historical
habitat residence.

Habitat reconstructions from otolith Sr:Ca and Ba:Ca
patterns may differ

The occurrence of high Ba:Ca values in conjunction
with high Sr:Ca values for portions of the life history of
some inter-habitat migrant American eels requires
caution in concluding that Ba:Ca values alone, without
reference to Sr:Ca values, can be generally used to
determine residence in saline or fresh waters, as was
done, for example, for black bream (Acanthopagrus
butcheri) by Elsdon and Gillanders (2005b) based on
the occurrence of ambient Ba:Ca ratios that were higher
in fresh water than in salt water. Element incorporation
into otoliths is species specific (Zimmerman 2005;
Hamer and Jenkins 2007), illustrated by the difference
in Ba:Ca critical values for Japanese eels (≥6×10−6)
(Arai and Hirata 2006), black bream (Elsdon and

Gillanders 2005b), and American eels. The variability
in ambient Ba:Ca concentrations between river systems
due to differences in local geology, river discharge and
level of suspended particulate matter, estuarine salinity
gradients, and temperature (Coffey et al. 1997; Elsdon
and Gillanders 2005b; Dorval et al. 2007) may not
permit development of a general Ba:Ca critical value
for the freshwater to estuarine transition.

The occurrence of high Ba:Ca values in the
estuarine-resident portions of inter-habitat migrants
from both Muddy Hole and Castors River suggests
that these eels resided close to the river mouth in the
estuarine mixing zone. Barium is released from river-
borne suspended particulate matter during estuarine
mixing (Coffey et al. 1997). The desorption of Ba is
low at salinities <1 but is strong and rapid at salinities
of 1–2. The location of peak desorption is controlled
by hydrodynamic conditions, occurring at higher
salinities where river flows are low (Coffey et al.
1997). Thus, the greatest variation in ambient Ba:Ca
appears to occur at low salinities (0–10%) (Coffey et
al. 1997; Tabouret et al. 2010), as does the variation in
otolith Ba:Ca (Elsdon and Gillanders 2005b). Elsdon
and Gillanders (2004) caution that ambient Ba level
may have a greater influence on otolith concentration
than does salinity. Otolith Sr:Ca evidently has a more
consistent relation with ambient salinity than does Ba:
Ca, particularly at estuarine-level salinities.

Residence in and movement between fresh and
marine waters may be determined (Elsdon and
Gillanders 2005b; Macdonald and Crook 2010) if
only because the ambient level and variability of Ba:Ca
in marine waters is much less than in estuarine and fresh
waters. Otolith Ba:Ca values <3.2×10−6 at salinities >20
were considered to represent salt water residence for
European eels (Tabouret et al. 2010) while Arai and
Hirata (2006) considered sea eels to have a mean ± SD
of less than about 3.0×10−6 and a similar value might be
accepted as an estuarine-marine transition critical value.

The presence of downstream migrant eels with
otolith edge Sr:Ca values indicative of estuarine
habitat as opposed to the freshwater of their capture
has been noted in several studies but no clear
explanation is available (Jessop et al. 2008). Explan-
ations include edge artefact and a brief, unregistered
in the otolith, return to freshwater before migrating
downstream. The occurrence in Castors River of eels
with low and high mean lifetime Ba:Ca values in
freshwater suggests that they may have come from
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regional habitats within the river system that differ in
levels of suspended particulate matter or geological
content of Ba (Coffey et al. 1997; Crook et al. 2008).

Effect of Sr:Ca critical value selection

Appropriate selection of the critical value separating
fresh from saline water residence for element:Ca data
is important because it may significantly affect the
estimation of %fwr and result in incorrect categoriza-
tions of habitat residence/migratory group. A higher
than justified critical value may push estuarine
residents into the low %fwr inter-habitat migrant
group but does not greatly affect those categorized
as fully freshwater while a lower than justified critical
value little affects fish already categorized as estua-
rine residents and pushes freshwater residents towards
the high %fwr inter-habitat migrant group, high %fwr
inter-habitat migrants towards low %fwr, and low
%fwr inter-habitat migrants to the fully estuarine
resident group. The broad categorization of habitat
residence group may be fairly robust to some error in
the selection of Sr:Ca critical value. The biological
importance is uncertain of mean differences of about
10% in %fwr in response to a change in critical value
of about 0.5×10−3 and resulting in a small effect size.
Medium to large effect sizes have been classified as
biologically important (Arnqvist and Wooster 1995)
and effect size may be positively associated with
biological importance but the biological importance
of an effect size may ultimately be determined by the
nature of the study and the researcher’s judgement
(Cohen 1988). The %fwr boundaries for each primary
habitat residence group considered here (freshwater,
estuarine) are based on observed patterns, with the
objective that a residence group, say freshwater,
should maximize the freshwater characteristic and
minimize the estuarine characteristic so commonly
observed for eels resident in near-coastal fresh waters
(Jessop et al. 2008).

Optimal management requires a better understand-
ing of the proportions of an eel stock occupying a given
habitat type and of the frequency and duration of inter-
habitat movements. Such estimates depend upon the
correct classification of individual eels into habitat
residence groups, usually via the inspection of otolith
element:Ca transect patterns and specification of a
critical value for otolith element:Ca values signifying
the boundary between habitat residence groups. The

use of Ba can assist the use of Sr in the evaluation of
the environmental history of habitat residence and
inter-habitat movement of anguillid eels via temporal
patterns in otoliths but the complexity of eel life history
and the wide range of habitats occupied can present
difficulties of interpretation for the sole use of Ba,
particularly for inter-habitat migrants.
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