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Abstract Many applications of otolith chemistry use the ra-
tios of strontium (Sr) and barium (Ba) to calcium (Ca) as
indicators of salinity exposure, because typically, as salinity
increases, Sr concentration increases and Ba concentration
decreases. However, these relationships are nonlinear, can be
confounded by temperature, and investigations of salinity and
temperature effects on otolith chemistry produce varied re-
sults. To determine the relationships of temperature and salin-
ity on Sr:Ca and Ba:Ca in otoliths, we used free ranging Gulf
Killifish (Fundulus grandis) in the northern Gulf of Mexico.
This species is ideal because it is euryhaline and exhibits lim-
ited movements. Otolith edge Sr:Ca and Ba:Ca ratios were
related to the previous 30-day mean salinity and temperature
experienced by fish. The best model to describe otolith Sr:Ca
was one that included a positive asymptotic relationship for
both salinity and temperature. However, the salinity asymp-
totic maximum was reached at 10 psu and changes in otolith
Sr:Ca above 10 psu were indicative of temperature changes.
Otolith Ba:Ca exhibited an exponential decreasing relation-
ship with salinity, and an exponential increasing relationship
with temperature, and these two models combined best ex-
plained otolith Ba:Ca. Above 10 psu, the modeled Ba:Ca ratio
continued to decrease demonstrating that this ratio may be

indicative of salinity changes beyond this value. Therefore,
using both Sr:Ca and Ba:Ca could be beneficial in
reconstructing fish environmental histories. Temperature ef-
fects on otolith element ratios could confound past salinity
reconstructions as well and must be a result of endogenous
processes, given that no relationship between temperature and
water chemistry existed.
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Introduction

Otolith microchemical analysis has become a widely used
technique in fisheries science and has been used for a variety
of applications including nursery habitat classification
(Anstead et al. 2015; Fodrie and Herzka 2008; Vasconcelos
et al. 2007), identification of population contingents of fishes
(Kraus and Secor 2004a; Morissette et al. 2016; Nims and
Walther 2014), and retrospective tracking of fish movements
(Albuquerque et al. 2012; Gillanders et al. 2015). Otolith
microchemistry is particularly effective when tracking fish
movements and identifying population contingents of estua-
rine fishes, because strontium and barium commonly replace
calcium in the otolith matrix (Campana 1999) and co-vary
with salinity (Sturrock et al. 2012; Walther and Limburg
2012).

Strontium (Sr) concentrations and the Sr:Ca ratio in otoliths
typically increase with increasing salinity (Farmer et al. 2013;
Lowe et al. 2009; Walther and Limburg 2012). This relation-
ship exists because seawater typically has a higher concentra-
tion of Sr:Ca than freshwater (de Villiers 1999), and water
concentrations of Sr:Ca have been shown to have a direct
relationship to otolith concentrations (Kraus and Secor
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2004b; Walther and Thorrold 2006). However, this positive
relationship of salinity and otolith Sr:Ca can be affected by
temperature (Martin et al. 2004; Reis-Santos et al. 2013;
Townsend et al. 1992), physiological processes (Kalish
1991), and may become insignificant or negative depending
on the surrounding freshwater concentrations of Sr:Ca (Brown
and Severin 2009; Kraus and Secor 2004b). This increasing
relationship is also nonlinear, reaching an otolith Sr:Ca as-
ymptote at low-salinity to mid-salinity values (Walther and
Limburg 2012).

In contrast, barium (Ba) exhibits a negative relationship with
salinity given that Ba enters estuaries adsorbed on suspended
particulate matter, primarily clay in river outflows (Coffey et al.
1997; Hanor and Chan 1977). The decline in available Ba is due
to the dilution of river water and the flocculation and settling of
particulate matter as river waters mix with salt water. The rela-
tionship between dissolved Ba concentration and salinity is made
more complex because at low salinities, Ba desorbs from clay
increasing the amount of dissolved Ba in water (Coffey et al.
1997). Barium concentrations in estuaries are further complicated
through benthic Ba input (Joung and Shiller 2014), which can be
through groundwater discharge (Shaw et al. 1998), benthic dis-
solution of marine barite (Colbert and McManus 2005), and
desorption from previously deposited riverine sediment (Carroll
et al. 1993). In general, increasing salinity is negatively related
to Ba:Ca in fish otoliths (Lowe et al. 2011; Nims and
Walther 2014; Walther and Limburg 2012), although this rela-
tionship can be further complicated by temperature (DiMaria
et al. 2010; Elsdon and Gillanders 2002; Miller 2009), physio-
logical processes (Miller 2011), and surrounding water concen-
trations of Ba:Ca (Elsdon and Gillanders 2002; Reis-Santos et al.
2013; Walther and Thorrold 2006).

The effects of temperature and salinity on element incorpora-
tion into otoliths have been tested in the field and laboratory,
although such studies can be inconclusive and contradictory,
especially in regard to temperature. A positive relationship with
temperature has been found for both Sr:Ca (Bath et al. 2000;
Martin et al. 2004; Webb et al. 2012) and Ba:Ca (Miller 2009;
Reis-Santos et al. 2013; Webb et al. 2012) incorporation into
otoliths. However, negative relationships have also been found
for Sr:Ca (DiMaria et al. 2010; Radtke et al. 1990; Townsend
et al. 1992) and Ba:Ca (DiMaria et al. 2010), and non-significant
temperature relationships for both elements have been found as
well (Bath et al. 2000; López-Duarte et al. 2016; Martin and
Thorrold 2005). Field investigations of salinity and temperature
relationships with otolith chemistry are limited and typically con-
founded by the fact that temperature and salinity are highly cor-
related in estuarine systems. Furthermore, many fish are highly
mobile, making it difficult to know the temperatures and salin-
ities experienced by a fish at the time of otolith material deposi-
tion, and virtually impossible to disentangle the effects of tem-
perature and salinity on otolith chemistry in the field. To prevent
fish movement, many studies use caged fish placed in different

areas of an estuary to test salinity effects on otoliths (Kraus and
Secor 2004b; Rooker et al. 2004). Unfortunately, the relatively
short duration of these cage experiments limits the ability to test
the effect of temperature, given that temperatures do not vary
sufficiently over the experimental period. Although lab studies
and field caging experiments have proven useful to test the rela-
tionships of temperature and salinity on Sr and Ba incorporation
into fish otoliths, an in situ field study using a non-caged fish
would provide a better test of these relationships. Elements and
their concentrations would vary naturally across the salinity gra-
dient of the fish’s habitat, and a long-term study could be per-
formed, allowing temperature to vary.

Given the importance of salinity and temperature effects on
otolith Sr:Ca and Ba:Ca and the implications for environmental
reconstructions based on otolith chemistry, we chose to investi-
gate these effects in wild Gulf Killifish (Fundulus grandis) pop-
ulations. Otolith edge signatures of Sr:Ca and Ba:Cawere related
to the previous 30-day mean temperature and salinity experi-
enced before fish collection. Water elemental:Ca ratios were also
quantified at collection locations to determine the underlying
relationships of temperature and salinity on water chemistry.
Water chemical sampleswere then used to investigate similarities
between otolith and water element:Ca ratios. Gulf Killifish is an
ideal choice for this investigation, given that it is euryhaline, is
one of the most abundant and ubiquitously distributed fishes in
northern Gulf of Mexico marshes (Nelson et al. 2015; Rozas and
Reed 1993; Rozas and Zimmerman 2000), and exhibits limited
movements (Nelson et al. 2014). The use of this species over-
comes the fish mobility problem without caging and allows for
determination of field-based temperature and salinity effects on
otoliths, providing insight for future habitat and movement re-
constructions of fish based on otolith chemistry.

Methods

Field Collection and Lab Processing

Gulf Killifish were collected at six salt marshes across the
northern Gulf of Mexico (Fig. 1); one site in Baritaria Bay
Louisiana (BB), one site near an oil refinery in Mississippi
(RF), and four sites in Alabama. Two of the Alabama sites
were located west of Mobile Bay, Fowl Bay A (FA) and Fowl
Bay B (FB), and two sites were east of Mobile Bay, Perdido
Pass (PD) and Wolf Bay (WF). Fish were collected in fall
2012, winter 2013, spring 2013, and summer 2013 from all
sites using baited minnow traps. During each sampling, salin-
ity (psu) and temperature (°C) were measured using a YSI
model 30, and water samples were collected for elemental
analyses. Water samples were filtered through a 0.45-μm fil-
ter, preserved with 1:1 nitric acid, stored in 125 ml acid-
washed polypropylene bottles, and refrigerated until
processing.
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After collection, Gulf Killifish were transported back to the
lab, weighed, and measured (total length [TL]). Fish were
separated into five length classes (50 to 59, 60 to 69, 70 to
79, 80 to 89, > 90 mm), if present. One fish from each length
class was selected for otolith edge analysis from each site and
season (n = 30/season, total n = 120). If all length classes were
not represented, then five fishes were chosen from the classes
that were available. For each fish, a sagittal otolith was re-
moved, cleaned using hydrogen peroxide, and polished to
achieve a flat surface for microchemistry analysis.

Otolith and Water Chemistry

Otolith chemical analyses were conducted at the University of
Windsor, Great Lakes Institute for Environmental Research
(GLIER), Windsor, Ontario, Canada. Otolith concentrations

of strontium 88, calcium 43, and barium 137 were quantified
using a laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS) system comprising a high energy,
pulsed, ultrafast femtosecond laser (Integra-C® by
Quantronix®, East Setauket, New York) and a Thermo-
Electron® X Series-II® ICP-MS. Straight-line laser ablations
were conducted using a 20-μm diameter spot size extending
from one edge to the other across the otolith core to capture
whole otolith elemental concentrations (see Nelson et al.
2015). In this study, the last 100 μm of each ablation was used
as the otolith edge signature.

Two runs ablating borosilicate glass standard reference ma-
terial (National Institute of Standards and Technology [NIST]
610) with known concentrations of Sr, Ba, and Ca were ana-
lyzed both before and after approximately every 16 otolith
samples (~ 1 h) to calculate the limits of detection (LOD) for

Fig. 1 Sample sites, Barataria
Bay (BB), Refinery (RF), Fowl
Bay A (FA), Fowl Bay B (FB),
Perdido Pass (PD), and Wolf Bay
(WF) in the northern Gulf of
Mexico. Boxes on the map in the
top of the figure correspond to
sample areas that are indicated by
numbers in the lower four panels.
Enlarged panels of each sample
area are shown and denoted with
the corresponding number and
name of the area in the bottom
right of each panel. Within each
panel fish and water collection
sites are denoted by a circle and
the long-term abiotic monitoring
stations used are denoted with an
x inside a square. The long-term
monitoring site in each panel is
the one used for abiotic
correlations, and in panel 4
predictions for WF were
generated with the long-term site
to the west, and PD used the
adjacent long-term site
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each element, to correct for instrumental drift, and to provide a
known Ca standard for the internal calibration equation
(Longerich et al. 1996). Ca was used as the internal calibration
standard and was assigned a constant otolith concentration of
400,432 ppm (the concentration of Ca in aragonite [CaCO3]),
to correct for differences in mass of ablated material and to
convert raw isotope signal intensity measurements (icps) to
concentration units (ppm) (Longerich et al. 1996). Strontium
and barium concentrations (ppm) were converted to a molar
ratio with Ca before statistical analyses. More detailed
methods on otolith preparation, ICPMS operating parameters,
and relative standard deviations (RSD) can be found in Nelson
et al. (2015).

Water samples were analyzed using solution-ICPMS and a
100-fold dilution of all samples was performed before analysis
using 1% HNO3. Prior to analysis, every sample was also
spiked with internal standards Be, In, and Tl at concentrations
of 10, 1, and 2 ppb, respectively, to correct for instrumental
mass bias and drift, as well as for matrix effects on an indi-
vidual sample basis.

Statistical Analysis

Long-Term Abiotic Monitoring

To relate elemental ratios in the otolith to the temperature and
salinity experienced by a fish during otolith deposition, single-
point salinity and temperature measurements during field col-
lection of fish are not sufficient, given that a lag time ranging
from 2 weeks to 30 days associated with changes in the envi-
ronment and detectable Sr:Ca and Ba:Ca ratio changes in fish
otoliths has been found (Elsdon and Gillanders 2005; Lowe
et al. 2009; Macdonald and Crook 2010; Mohan et al. 2012).
Therefore, the six sites chosen for this study were located near
long-term abiotic monitoring stations (Fig. 1). These stations
are maintained by the Mobile Bay National Estuary Program
in Alabama, The Grand Bay National Estuarine Research
Reserve in Mississippi, and the United States Geological
Survey in Louisiana, and data are freely accessible online.
The Alabama stations record a salinity and temperature mea-
surement every 30 min, the Mississippi station records every
15 min, and the Louisiana station records every hour.
Although located near one another, the fish collection sites
and long-term monitoring sites did have spatial separation
and experienced somewhat different abiotic conditions simul-
taneously. To account for this separation and the slight dis-
crepancies in abiotic conditions, single-point observed salinity
and temperature data during each collection were correlated
with a single measurement from the respective long-term sta-
tion data closest to the time of the abiotic data observation.
The resulting models were used to predict the salinity and
temperature experienced at each sampling site for 30 days
prior to each fish collection. The 30 day predicted data

(Alabama = 1440 data points, Mississippi = 2880 data points,
Louisiana = 720 data points) prior to fish collections were
averaged to obtain a single previous 30-day mean predicted
salinity and temperature value for each site and collection
event.

Salinity and Temperature Relationships

For both the observed values and the 30-day mean predicted
values, a linear regression was performed to estimate the cor-
relation of salinity with water temperature. One-way
ANOVAs with Tukey post-hoc comparisons were performed
for both observed and predicted values to determine if any site
or seasonal patterns emerged for either salinity or temperature.
Interactions between the two variables could not be tested
because site was the replicate for season and season was the
replicate for site.

Otolith edge Sr:Ca and Ba:Ca ratios were plotted against
predicted 30-day mean salinity and temperature values and
visually inspected to determine if any relationships were pres-
ent. Relationships between Sr:Ca and Ba:Ca and predicted 30-
day mean salinity and temperature were then modeled using
the linear regression (lm) and nonlinear least squares (nls)
functions in R, and the Akaike information criterion differ-
ences (Δi AIC) were used to determine the best fitting model
for each elemental ratio. The Δi AIC values were calculated
with, Δi AIC = AICi – AICmin, where model i with the
smallest AIC (AICmin) had a Δi AIC equal to zero and was
considered the most parsimonious.

To investigate how elements in water were affected by
temperature and salinity, plots were first generated to visualize
relationships between water Sr:Ca and Ba:Ca ratios and ob-
served salinity and temperature at time of collection.
Elemental ratios that visually suggested relationships with sa-
linity and temperature were modeled, and the best fitting mod-
el for each ratio was chosen by selecting the model with a Δi

AIC equal to zero. For all nonlinear models (otolith and wa-
ter), 95% confidence intervals (95% CI) of parameter esti-
mates were obtained using nonparametric bootstrapping with
10,000 iterations in the R package nlsBoot. One-way
ANOVAs, with Tukey post-hoc comparisons, were also per-
formed for both otolith and water Sr:Ca and Ba:Ca to deter-
mine if differences among sites in elemental ratios were pres-
ent. Normality and homogeneity of variancewere tested for all
ANOVAs with the Shapiro Test and Levene’s test, respective-
ly. If these tests failed assumptions of normality and variance,
they were still used, given that these tests are robust to viola-
tions and have greater power than their nonparametric coun-
terparts. This is especially true when the numbers of treat-
ments and sample sizes are large, as is the case here
(Underwood 1997; Brownie and Boos 1994; Kahn and
Rayner 2003).
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Results

Long-Term Abiotic Monitoring

The observed salinities and temperatures from all six sites
were strongly correlated with values of the same parameters
from the long-term monitoring stations (Table 1). The r2

values for salinity ranged from 0.76 to 0.96 and those for
temperature ranged from 0.91 to 1.00 (Table 1). Salinity was
consistent over the periods averaged for each data point, given
that the standard errors of these means ranged from 0.01–0.19,
and were above 0.10 four times. The temperature standard
errors were also consistent and ranged from 0.02–0.32 and
were above 0.10 three times.

Salinity and Temperature

Each site experienced varying salinities and temperatures
throughout the study, but salinity and temperature were not
correlated in either observed (r2 = 0.021, p = 0.497) or pre-
dicted values (r2 < 0.001, p = 0.983). Salinity differed across
sites for both observed (F5,18 = 7.81, p < 0.001) and predicted
(F5,18 = 9.348, p < 0.001) values, with PD having the highest
salinity, and BB having the lowest (Table 2, Fig. 2a). Salinity
did not differ across seasons for either data set, further dem-
onstrating no correlation between temperature and salinity.
Water temperature did not differ across sites for either ob-
served or predicted values. Seasonal patterns varied as expect-
ed for both data sets (observed F3,20 = 21.12, p < 0.001, pre-
dicted F3,20 = 42.24, p < 0.001); winter had the lowest tem-
peratures and summer had the highest (Fig. 2b). All tests per-
formed for salinity and temperature met variance and

normality assumptions except the salinity across-sites tests
for both data sets.

Otolith Chemistry Correlation with Salinity
and Temperature

Otolith strontium (Sr:Ca) and barium (Ba:Ca) ratios exhibited
relationships with both salinity and temperature; Sr:Ca exhib-
ited a positive relationship with both salinity and temperature.
Multiple models were fit to these relationships to capture the
positive effect of temperature and salinity on Sr:Ca in the
otolith (Table 3). The best fitting model contained two asymp-
totic functions that incorporated both temperature and salinity
effects and is the following equation (Table 3, Fig. 3):

Sr : Ca ¼ Sr∞∙ 1−e−k t ∙T
� �

∙ 1−e−ks∙S
� �

;

where Sr∞ is the maximum mean predicted ratio of Sr:Ca in
the otolith no matter how much salinity or temperature in-
creases, kt is the rate that Sr:Ca approaches the asymptote
(Sr∞) with increasing temperature, ks is the rate that Sr:Ca
approaches the asymptote as salinity increases, and Sr:Ca is
equal to the Sr:Ca ratio in the otolith at a given salinity (S) and
temperature (T ) . This model predicted a Sr∞ of
6091.09 μmo lmol−1 (95% CI = 5047.36–8517.54,
p < 0.001), a kt of 0.05 (95% CI = 0.03–0.07, p < 0.001),
and a ks of 0.43 (95% CI = 0.34–0.58, p < 0.001) (Fig. 3).
Based on this model, both salinity and temperature increases
are positively correlated with Sr:Ca ratios. For instance, at
8 psu otolith Sr:Ca can range from 2319.81 μmol mol−1 at
10 °C to 4580.25 μmol mol−1 at 30 °C. If temperature is
constrained at 20 °C, the Sr:Ca ratio can range from
2221.00 μmol mol−1 at 2 psu, to 3726.84 μmol mol−1 at
8 psu. Above 10 psu, Sr:Ca ratios reached an asymptote as a
function of salinity (Fig. 3).

Otolith Ba:Ca ratios exhibited an exponentially declining
relationship with salinity and an exponentially increasing re-
lationship with temperature. Combining these two correla-
tions into one model resulted in the best fitting overall model
(Table 4, Fig. 4). This combined model is the following equa-
tion:

Ba : Ca ¼ Ba0∙e−ks∙S∙ek t∙T;

where Ba0 is the otolith Ba:Ca ratio when both salinity and
temperature equal 0, ks is the rate at which Ba:Ca ratios ap-
proach zero with respect to salinity, kt is the rate at which the
Ba:Ca ratio increases with respect to temperature, and Ba:Ca
is the Ba:Ca ratio in the otolith at a given salinity (S) and
temperature (T ) . This model predicted a Ba0 of
3.04 μmol mol−1 (95% CI = 1.54–5.53, p = 0.003), a ks of
0.09 (95% CI = 0.07–0.12, p < 0.001), and a kt of 0.05 (95%
CI = 0.03–0.08, p < 0.001). Based on this model, both salinity

Table 1 Equations generated from the observed abiotic parameters
during each sampling event (n = 4/site) and the corresponding values
recorded at adjacent long-term monitoring stations (n = 4/site). Ps and
Pt equal predicted salinity and temperature, respectively and Ss and St
equal long-term monitoring station salinity and temperature, respectively

Site Variable r2 Formula

BB Salinity 0.96 Ps = −0.4705 + 0.8903(Ss)

Temperature 0.99 Pt = 3.7189 + 0.9108(St)

RF Salinity 0.76 Ps = −1.8493 + 0.9688(Ss)

Temperature 1.00 Pt = 2.1597+ 0.9203(St)

FA Salinity 0.94 Ps = −0.5904 + 0.9194(Ss)

Temperature 0.98 Pt = −2.4828+ 1.1065(St)

FB Salinity 0.91 Ps = −2.2183+ 1.0534(Ss)

Temperature 1.00 Pt = 1.5127 + 1.0164(St)

PD Salinity 0.91 Ps = 0.6029 + 0.7481(Ss)

Temperature 0.91 Pt = 3.1900 + 0.8854(St)

WF Salinity 0.94 Ps = 8.8648 + 0.46912(Ss)

Temperature 0.92 Pt = 6.8641 + 0.7632(St)
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and temperature were correlated with Ba concentrations. For
example, at 8 psu Ba:Ca ranged from 2.44 μmol mol−1 at
10 °C, to 6.63 μmol mol−1 at 30 °C. If temperature is
constrained at 20 °C, Ba:Ca ranged from 6.90 μmol mol−1

at 2 psu, to 4.02 μmol mol−1 at 8 psu. However, unlike
Sr:Ca, the modeled Ba:Ca ratio continues to decrease over
the salinity range sampled (Fig. 4).

Water Chemistry Correlation with Salinity
and Temperature

The ratio of Sr:Ca in water exhibited a positive asymptot-
ic relationship with salinity, similar to the relationship of
otolith Sr:Ca with salinity, and had no relationship with
temperature (Table 5, Fig. 5(a, b)). The model that best fit
the Sr:Ca relationship with salinity is the following equa-
tion:

Sr : Ca ¼ Sr∞∙ 1−e−ks S−S0ð Þ
� �

;

where Sr∞ is the mean maximum Sr:Ca ratio that can
occur in water no matter how much salinity (S) increases,
ks is the rate at which it approaches the asymptote (Sr∞),
and S0 is the salinity at which Sr:Ca would theoretically
equal zero. This model predicted a Sr∞ of 7.51 mmol mol−1

(95% CI = 7.04–8.51, p < 0.001), a ks of 0.30 (95%
CI = 0.11–2.12, p = 0.070), and S0 = −1.78 (95%
CI = − 7.20–0.10, p = 0.240).

The ratio of Ba:Ca in water exhibited an exponential decline
with increasing salinity, similar to the relationship of otolith Ba:Ca
with salinity. This correlation, also had no relationship with tem-
perature (Table 5, Fig. 5(c, d)), and the best fitting model is the
following equation:

Ba : Ca ¼ Ba0∙e−k∙S

where Ba0 is the ratio of Ba:Ca in water where salinity is zero, and
k is the rate at which Ba:Ca approaches 0 with respect to salinity
(S). This model predicted a Ba0 of 0.58 mmol mol−1 (95%
CI = 0.48–0.71, p < 0.001) and a k of 0.15 (95% CI = 0.11–
0.19, p < 0.001).

Otolith and Water Chemistry Among Sites

Sr:Ca values in otoliths were similar across all sites, however BB
had significantly less Sr:Ca than all others (F5,114 = 4.255,
p = 0.001, Table 2, Fig. 6a) and Sr:Ca in water showed no signif-
icant difference among sites (F5,12 = 2.951, p=0.058, Table 2, Fig.
6b). Ba:Ca values in otoliths were also similar across sites except
BB had higher Ba:Ca than all other sites (F5,114 = 111.53,
p < 0.001, Table 2, Fig. 6c). Patterns of Ba:Ca in water were
similar to otolithBa:Ca patterns; however, FAwas not significantly
different thanBB (F5,12 = 10.623, p< 0.001, Table 2, Fig. 6d). Not
all tests met assumptions of normality, and Ba:Ca across sites
failed homogeneity of variance; however, given that these tests
are robust to these violations, they were still used.

Fig. 2 Mean (± 1 SE) salinity in
the sample sites (a) and mean (± 1
SE) temperature across seasons
(b) for the prior 30-day mean
predicted abiotic values. Bars
with different letters indicate
significant differences among
sites and seasons based on Tukey
pairwise comparisons

Table 2 Mean (±SE) salinity at
time of fish and water collection,
prior 30-day predicted salinity,
and Sr:Ca and Ba:Ca ratios in
both otoliths and water across
collection sites

Site Salinity (psu) Prior 30-day
salinity (psu)

Otolith Sr:Ca
μmol mol−1

Water Sr:Ca
mmol mol−1

Otolith Ba:Ca
μmol mol−1

Water Ba:Ca
mmol mol−1

BB 3.63 ± 1.59 5.28 ± 1.06 2961.79 ± 129.24 4.93 ± 0.83 12.33 ± 0.82 0.42 ± 0.07

RF 16.05 ± 1.55 14.80 ± 2.36 3926.09 ± 183.77 7.07 ± 0.63 2.58 ± 0.21 0.04 ± 0.00

FA 11.50 ± 3.39 9.75 ± 2.27 3945.53 ± 218.26 7.95 ± 0.85 2.98 ± 0.20 0.26 ± 0.09

FB 12.45 ± 3.49 8.18 ± 2.76 3822.78 ± 194.03 6.73 ± 0.03 3.18 ± 0.19 0.10 ± 0.05

PD 23.33 ± 1.18 21.55 ± 0.54 3948.74 ± 173.39 7.45 ± 0.54 2.14 ± 0.21 0.02 ± 0.00

WF 14.80 ± 1.36 14.20 ± 1.35 3839.99 ± 209.07 7.53 ± 0.48 2.39 ± 0.11 0.04 ± 0.00
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Discussion

This study used field populations of Gulf Killifish to test the
relationships of both temperature and salinity on otolith ratios
of Sr:Ca and Ba:Ca and demonstrated that both temperature
and salinity were correlated with otolith elemental concentra-
tions. Otolith Sr:Ca and Ba:Ca were positively related to tem-
perature, and each ratio exhibited expected patterns with

salinity, Sr:Ca increased with increasing salinity in both oto-
liths and water, while Ba:Ca decreased in both cases. Fish
were collected across a wide range of temperatures and salin-
ities without these two variables being correlated with one
another. Fish did not require caging as in other studies
(Kraus and Secor 2004b; Mohan et al. 2012; Rooker et al.
2004) given that Gulf Killifish exhibits limited movement
(Nelson et al. 2014) providing confidence that the individuals

Fig. 3 Sr:Ca ratios (μmol mol−1)
of otoliths across predicted prior
30-day mean salinities and the
best fitting model of Sr:Ca with
salinity and temperature,
represented with temperature
lines ranging from 10 to 30 (°C)
(a). Sr:Ca ratios (μmol mol−1) of
otoliths across predicted prior 30-
day mean temperatures and the
best fitting model of Sr:Ca with
salinity and temperature,
represented with salinity lines
ranging from 3 to 30 (psu) (b).
Sr:Ca ratios (μmol mol−1) of
otoliths plotted as a function of
both predicted prior 30-day mean
salinity and temperature (c). Data
for this 3-D representation were
smoothed using a running
average (averages the values at
neighboring data points) with a
sampling proportion (fraction of a
total number of data points used
to compute each smoothed value)
of 0.63 before plotting

Table 3 Models that were used
to fit otolith Sr:Ca concentrations
as a function of salinity (S) and/or
temperature (T), and the resulting
Δi AIC (AICi – AICmin) and
parameter values from each
model. Parameters with p < 0.05
are underlined and p < 0.01 are in
bold

Models Δi AIC Parameters

Linear Int m n z

Sr:Ca = m(S) + Int 63.67 3408.91 27.00 – –

Sr:Ca = n(T) + Int 19.45 1493.19 – 97.04 –

Sr:Ca = n(T) + m(S) + Int 14.6 1153.14 27.38 97.19 –

Sr:Ca = n(T) + z(T · S) + Int 10.55 1407.74 – 82.18 1.51

Sr:Ca = m(S) + z(T · S) + Int 4.31 3291.89 − 172.84 – 9.04

Sr:Ca = n(T) + m(S) + z(T · S) + Int 4.86 2675.38 − 126.98 27.72 6.97

Asymptotic Sr∞ ks kt t0 s0
Sr:Ca = Sr∞ · (S/(ks + S) 55.95 4214.12 1.16 – – –

Sr:Ca = Sr∞ · (1−e−ks · (S-s0)) 55.31 3988.05 0.27 – – −1.97
Sr:Ca = Sr∞ · (1−e−ks · S) 55.35 3953.78 0.38 – – –

Sr:Ca = Sr∞ · (T/(kt + T)) 16.35 8683.93 – 29.86 – –

Sr:Ca = Sr∞ · (1−e−kt · (T−t0)) 15.58 4603.59 – 0.11 6.91 –

Sr:Ca = Sr∞ · (1−e−kt· T) 15.8 5744.46 – 0.05 – –

Sr:Ca = Sr∞ · (1−e−kt · (T−t0)) · (1−e−ks · (S−s0)) 1.6 5146.29 0.33 0.08 4.71 − 1.36

Sr:Ca = Sr∞ · (1−e−kt · T) · (1−e−ks · S) 0 6091.09 0.43 0.05 – –
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experienced the temperature and salinities measured where
they were collected. This provides a unique test of temperature
and salinity effects on otolith elemental ratios in a way that has
not been done previously.

The previous 30-daymean predicted abiotic values provide
a good representation of conditions experienced by a fish dur-
ing otolith edge deposition, given that the lag times for otolith
chemical changes in response to abiotic changes has been
shown to be anywhere from 2 weeks (Mohan et al. 2012) to

around 30 days (Elsdon and Gillanders 2005; Lowe et al.
2009; Macdonald and Crook 2010). In addition, the salinities
and temperatures at these sites expressed minimal variation
during the periods that were averaged to achieve each mean
value so that otolith edge chemistries should be indicative of
recent environmental conditions experienced by fish
(Campana 1999; Mohan et al. 2012).

A recent study on Gulf Killifish found that otolith elemen-
tal incorporation was correlated with salinity and followed

Fig. 4 Ba:Ca ratios (μmol mol−1)
of otoliths across predicted prior
30-day mean salinities and the
best fitting model of Ba:Ca with
salinity and temperature, repre-
sented with temperature lines
ranging from 10 to 30 (°C)
(a). Ba:Ca ratios (μmol mol−1) of
otoliths across predicted prior 30-
day mean temperatures and the
best fitting model of Ba:Ca with
salinity and temperature,
represented with salinity lines
ranging from 1 to 20 (psu) (b).
Ba:Ca ratios (μmol mol−1) of
otoliths plotted as a function of
both predicted prior 30-day mean
salinity and temperature (c). Data
for this 3-D representation were
smoothed using a running
average (averages the values at
neighboring data points) with a
sampling proportion (fraction of a
total number of data points used
to compute each smoothed value)
of 0.4 before plotting

Table 4 Models that were used
to fit otolith Ba:Ca concentrations
as a function of salinity (S) and/or
temperature (T), and the resulting
Δi AIC (AICi – AICmin) and
parameter values from each
model. Parameters with p < 0.05
are underlined and p < 0.01 are in
bold

Models Δi AIC Parameters

Linear Int m n z

Ba:Ca = m(S) + Int 27.36 7.93 − 0.30 – –

Ba:Ca = n(T) + Int 47.24 − 0.60 – 0.21 –

Ba:Ca = m(S) + n(T) + Int 17.01 3.10 − 0.30 0.21 –

Ba:Ca = m(S) + z(S · T) + Int 27.83 7.85 − 0.44 – 0.01

Ba:Ca = n(T) + z(S · T) + Int 8.59 0.22 – 0.35 − 0.01

Ba:Ca = m(S) + n(T) + z(S · T) + Int 5.42 − 4.64 0.49 0.56 − 0.04

Exponential ks Ba0 kt

Ba:Ca = e−ks · S 102.93 − 0.06 – –

Ba:Ca = Ba0 · e
−ks · S 22.87 0.08 10.48 –

Ba:Ca = ekt · T 42.33 – – 0.06

Ba:Ca = Ba0 · e
kt · T 44.15 – 0.78 0.07

Ba:Ca = Ba0 · e
−ks · S · ekt · T 0 0.09 3.04 0.05
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expected patterns of increasing Sr:Ca and decreasing Ba:Ca
with increasing salinity; however, no temperature effect was
found (López-Duarte et al. 2016). There are two reasons for
the temperature discrepancy between the two studies that need
to be highlighted. First, in López-Duarte et al. (2016), fish
were only collected during warm months May, June,
August, and early September, and therefore temperatures dur-
ing collection were all above 20 °C. Second, no salinity and
temperature readings were taken at the time of fish collection;
rather everything was based on long-term monitoring stations.
These stations were likely not always close enough to

experience the same abiotic conditions as the fish collection
sites, given the heterogeneity in abiotic conditions in northern
Gulf of Mexico estuaries (Schroeder et al. 1990). Perhaps if
fish had been collected year-round, and location discrepancies
were accounted for, the same temperature patterns would have
emerged; however, this was not the objective of their study.

Strontium

Strontium in the otolith was positively related to both salinity
and temperature and the highest Sr:Ca ratios in the otolith
were observed when temperatures and salinities were both
high. Functionally, both temperature and salinity cause Sr:Ca
in otoliths to increase to asymptotic maxima. The maximum
Sr:Ca due to increasing salinity was reached at around 10 psu
and Sr:Ca never reached its asymptote due to the effect of
temperature. This mid-saline maximum of Sr:Ca was also
present in water Sr:Ca ratios and has consistently been found
in other studies (Farmer et al. 2013; Lowe et al. 2009, 2011).
This suggests that at salinities above 10 psu otolith Sr:Ca is no
longer a good indicator of salinity in northern Gulf of Mexico
estuaries and changes above this salinity may be more indic-
ative of temperature.

The positive asymptotic relationship of otolith Sr:Ca with
salinity in Gulf Killifish otoliths is a result of the similar un-
derlying positive asymptotic relationship of water Sr:Ca with
salinity. Given that water concentrations of Sr:Ca have been
shown to be the main determinant of otolith Sr:Ca at least
when confounding variables such as temperature are

Fig. 5 Water Sr:Ca (a, b) and
Ba:Ca (c, d) ratios (mmol mol−1)
across observed salinities (a, c)
and temperatures (b, d). The
asymptotic function for Sr:Ca
with salinity is represented by the
line in plot a, and the exponential
decline of Ba:Ca with salinity is
demonstrated by the line in plot b

Table 5 Models that were used to fit water Sr:Ca and Ba:Ca
concentrations as a function of salinity (S), and the resulting Δi AIC
(AICi – AICmin) and parameter values from each model. Parameters
with p < 0.05 are underlined and p < 0.01 are in bold

Models Δi AIC Parameters

Linear Int m

Sr:Ca = m(S) + Int 9.71 5.82 0.09

Asymptotic Sr∞ ks s0

Sr:Ca = Sr∞ · (S/(ks + S) 0.58 7.68 0.63 –

Sr:Ca = Sr∞ · (1−e−ks · (S−s0)) 0 7.51 0.30 − 1.78

Sr:Ca = Sr∞ · (1−e−ks · S) 3.53 7.28 0.93 –

Linear Int m

Ba:Ca = m(S) + Int 13.76 0.37 − 0.02

Exponential k Ba0
Ba:Ca = e−k · S 20.72 0.24 –

Ba:Ca = Ba0 · e
−k · S 0 0.15 0.58
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controlled for (Kraus and Secor 2004b; Walther and Thorrold
2006). The relationship of Sr:Ca found here is also what is
generally expected with fresh water having lower Sr:Ca than
salt water. However, this is not always the case; some coastal
rivers and creeks in the United states can have Sr:Ca ranging
from 10 to > 19mmol mol−1 (Brown and Severin 2009; Kraus
and Secor 2004b), well above the global average of
8.5 mmol mol−1 in seawater (de Villiers 1999). Brown and
Severin (2009) also demonstrated that in the St. Johns river in
Florida, the relationship of Sr:Ca with salinity is an exponen-
tial decline with fresh water endmembers having roughly
13.5 mmol mol−1 Sr:Ca concentrations decreasing to the glob-
al average of salt water. Their study continues to shed light on
the complex relationships of Sr:Ca, given that the water con-
centrations of Sr:Ca were the main determinants of otolith
Sr:Ca in freshwater and diadromous species, but not in marine
species (Brown and Severin 2009). These results are in agree-
ment with what was found for Gulf Killifish in our study,
where differences in otolith Sr:Ca were present between low
and mid-salinity, but above the 10 psu asymptote the temper-
ature relationship was more important. The ubiquitous distri-
bution of Sr:Ca in marine and many mid to high saline estu-
arine waters is the root cause, and all variation in otolith Sr:Ca
must be due to other variables such as physiological influ-
ences and/or temperature when water concentrations are
constant.

The positive relationship between temperature and Sr:Ca
has been demonstrated previously in fish otoliths (Barnes and

Gillanders 2013; Bath et al. 2000; Martin et al. 2004; Webb
et al. 2012); however, other studies have shown no significant
relationship (Campana 1999; Chesney et al. 1998; Secor et al.
1995) and even a negative relationship between temperature
and Sr:Ca has been shown in fish otoliths (DiMaria et al.
2010; Radtke et al. 1990; Townsend et al. 1992; Townsend
et al. 1995) and coral aragonite (de Villiers et al. 1994; Smith
et al. 1979). These negative relationships in otoliths all oc-
curred in northern species and it is thought that increased
Sr:Ca is due to stress effects at low temperatures (Kalish
1992; Townsend et al. 1992). Overall though, the majority
of studies are in agreement with this Gulf Killifish study and
demonstrate a positive relationship between temperature and
otolith Sr:Ca (Sturrock et al. 2012).

The positive correlation between otolith Sr:Ca and temper-
ature must be driven by increased uptake of Sr into the fish,
increased bioavailability of Sr in the blood and/or endolymph,
thermodynamic effects on otolith precipitation and calcifica-
tion rate, and/or an increased incorporation rate into the oto-
lith, given that this study and others (Bath et al. 2000; Martin
et al. 2004) have demonstrated that Sr:Ca in water does not
increase with increasing temperature. One possibility for in-
creased bioavailability would be that concentrations of Sr in
the blood plasma and endolymph change as a result of chang-
es in physiological processes such as reproduction, growth
rate, and stress across temperatures (Kalish 1989, 1991,
1992; Walther et al. 2010).

Fig. 6 Mean (± 1 SE) otolith (a,
c, μmol mol−1) and water (b, d,
mmol mol−1) Sr:Ca (a, b) and
Ba:Ca (c, d) ratios among sites.
Bars with different letters indicate
significant differences among
sites based on Tukey pairwise
comparisons. In panel b, no
significant differences are present,
therefore no letters are used
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An explanation of increased incorporation relies on the fact
that fish growth is positively related to temperature until an
optimum thermal maximum is reached (Brett 1979) and oto-
liths lay down newmaterial at a rate proportional to that of fish
growth (Campana and Neilson 1985). Therefore, as tempera-
ture increases, fish growth rate increases, as well as otolith
growth rate and the resulting rate of new material (CaCO3)
deposition to the otolith until the optimal thermal maximum.
Perhaps at this increased rate of otolith calcification more Sr is
incorporated into the otolith increasing the Sr:Ca ratio.
Increased calcification rate has been shown to lead to in-
creased impurities in inorganic CaCO3, increasing
element:Ca ratios (Gaetani and Cohen 2006). However, Bath
et al. (2000) suggested that increased temperature resulting in
increased fish and otolith growth is not the case. Bath et al.
(2000) showed no correlation between otolith mass and Sr:Ca
or temperature and otolith mass.

Barium

Ba:Ca in the otolith exhibited an exponentially declining re-
lationship with salinity and an exponential increase with tem-
perature and combining these twomodels best fit the data. The
variability at low salinities was accounted for by variation in
temperature, and the highest Ba:Ca ratios were present at low
salinities and high temperatures. This interactive effect of a
positive relationship with temperature and a negative relation-
ship with salinity on otolith Ba:Ca has been found in other
estuarine species (Barnes and Gillanders 2013; Webb et al.
2012). However, no significant relationship of otolith Ba:Ca
with temperature was found for Spot (Leiostomus xanthurus)
(Martin and Thorrold 2005), and both positive (Miller 2009)
and negative (DiMaria et al. 2010) relationships with temper-
ature have been documented. Assuming that Ba behaves sim-
ilarly to Sr in the otolith, the positive effect of temperature on
otolith Ba:Ca is likely a result of one of the mechanisms men-
tioned for Sr:Ca, given that water Ba:Ca was also not corre-
lated with temperature. However, Martin and Thorrold (2005)
demonstrated that otolith growth rate also had no significant
effect on otolith Ba:Ca ratios.

Water Ba:Ca concentrations are likely driving the negative
relationship of otolith Ba:Ca with salinity, given that Ba:Ca in
the otolith has been shown to be directly related to Ba:Ca in
water (Miller 2009; Walther and Thorrold 2006), and Ba:Ca is
generally negatively correlated with salinity (Mohan and
Walther 2014; Walther and Limburg 2012; Walther and
Nims 2014). The BB site in Louisiana had the highest water
Ba:Ca ratios, the highest otolith Ba:Ca ratios, and experienced
the lowest salinities; however, Ba:Ca in water was not signif-
icantly different than the FA site. The confounding effects of
water Ba:Ca, salinity, and temperature on Ba:Ca otolith ratios
cannot be disentangled here, given that BB exhibited some of
the highest temperatures and lowest salinities. An increase of

Ba water concentration has been suggested around 5–10 psu
because at these salinities Ba desorption occurs rapidly from
the clay particles and enters the dissolved phase (Coffey et al.
1997; Walther and Limburg 2012). The Ba:Ca in otolith vs.
salinity plot suggests that this mid-saline peak, around 5 psu
might be occurring; however, Ba:Ca in water does not show
this pattern. This discrepancy could be driven by the fact that
water sampling was not frequent enough to capture Ba:Ca
pulses into the estuary as a result of increased river flow
(Coffey et al. 1997; Hanor and Chan 1977). Another explana-
tion could be that when these intermediate salinities were oc-
curring, temperatures were high leading to increased Ba:Ca in
the otolith without having increased Ba:Ca in the water.

Inputs of Ba besides increased river flow, could be present
at the Baritaria Bay (BB) site potentially decoupling the salin-
ity and Ba:Ca relationships. López-Duarte et al. (2016) dem-
onstrated elevated Ba in otoliths from Grand Isle, Louisiana
following the Deepwater Horizon oil spill, and attributed this
to increased freshwater input following the spill. However, Sr
increased concurrently with Ba during this time period,
pointing to a potential decoupling of the Ba:Ca and salinity
relationship. Other Ba sources that may have been present in
their study and at the BB site are groundwater input (Shaw
et al. 1998), seawater weathering of previously deposited riv-
erine sediments (Carroll et al. 1993), andmarine derived barite
contributions (Colbert and McManus 2005). However, given
the relationship between Ba:Ca in water and salinity demon-
strated in our study, the general pattern of increasing salinity
with decreasing Ba:Ca holds true, regardless of where the Ba
is derived from.

Conclusions

The results of this study have implications for use of strontium
and barium to reconstruct past salinities experienced by a fish.
Based on our models, Sr:Ca in fish otoliths could be a useful
indicator of temperature variation when salinity is above
10 psu or remains constant, as is the case for marine fishes.
Sr:Ca is likely still useful as a salinity indicator at salinities
less than 10 psu or for determining a shift from a fresh water to
a saline habitat. Barium also exhibited a positive relationship
with temperature; however, changes in Ba:Ca ratios should be
indicative of salinity changes beyond 10 psu. Nims and
Walther (2014) suggested that Ba:Ca was a better indicator
of salinity variation in Texas estuaries instead of Sr:Ca, and
according to our model this is likely the case in northern Gulf
of Mexico estuaries as well.

Based on these results, a combination approach using both
Sr:Ca and Ba:Ca would be best when trying to identify salinity
use or movements of fishes determined through otolith chem-
istry, as has been suggested before (Nims and Walther 2014;
Walther and Limburg 2012). For instance, if Ba:Ca is
exhibiting a peak at low salinities, then Sr:Ca may be able to
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help refine salinity estimates. Once salinity increases above
10 psu and Sr:Ca is no longer viable as a salinity indicator,
Ba:Ca could be more useful as an indicator element. Otolith
chemical relationships with salinity are a function of the un-
derlying water chemical gradients, and are only present if the
water elemental ratios follow the typical patterns of increasing
Sr:Ca and decreasing Ba:Ca with increasing salinity.
However, these underlying chemical gradients can deviate
from expected patterns (Brown and Severin 2009; Kraus and
Secor 2004b). Therefore, investigation of the water chemistry
across salinities in the system of interest is imperative.
Species-specific Sr:Ca and Ba:Ca ratios should also be inves-
tigated across various salinities and temperatures of fish oc-
currence before inferences on movement or past salinity use
are made.

Although there were confounding effects of temperature for
both Sr:Ca and Ba:Ca, it is likely that the difference in otoliths
observed between purely fresh water and salt water, would be
greater than those as a result of temperature. Therefore, these
ratios would still prove useful for characterizing diadromous fish
migrations or large salinity shifts of euryhaline species, as has
been done before (Kerr et al. 2009; Nims and Walther 2014;
Walther and Limburg 2012). However, given that the majority
of our sampling occurred at 5 psu and greater, and Gulf Killifish
are resident, this was impossible to test here.

When investigating salinity shifts of fishes across multiple
years, temperature effects may become evident as clear seasonal
patterns that can be correlated with expected annual temperature
cycles. It may then be possible to account for this variation and
the remaining ratio shifts may be attributable to salinity, baring
other confounding variables. Caution should be used with this
approach however, especially in within-year salinity reconstruc-
tions when only 1 year of otolith data is available, given that it
would be difficult to separate the effects of salinity and temper-
ature. The correlation of temperature with increased otolith Sr:Ca
and Ba:Ca must be a result of endogenous processes within the
fish, and the driving mechanisms of this relationship in Gulf
Killifish and other species are still not well understood. Future
experiments are needed to elucidate whether these mechanisms
involve growth, stress, and/or other physiological controls. The
Gulf Killifish would provide an ideal organism for these exper-
iments, given that they are easily collectable, tolerant to a wide
range of abiotic conditions, and should prove amenable to exper-
imental tanks and mesocosms.
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