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Global warming is increasing ocean temperatures, forcing marine organisms to
respond to a suite of changing environmental conditions. The stable oxygen isotopic
composition of otoliths is often used as an index of temperature exposure, but the
accuracy of the resulting temperature reconstructions in wild, free-swimming Atlantic
cod (Gadus morhua) has never been groundtruthed. Based on temperatures from
data storage tags (DST) and corresponding salinity values, the stable oxygen isotope
(δ18O) value was predicted for each month of tagging and compared with δ18Ootolith

values measured in situ with secondary ion mass spectrometry (SIMS). Paired-sample
Wilcoxon tests were applied to compare measured and predicted δ18O values. The
difference between measured and predicted mean and maximum δ18Ootolith values
was not significant, suggesting a good correspondence between SIMS-measured and
DST-predicted δ18Ootolith values. However, SIMS-measured and predicted minimum
δ18Ootolith values were significantly different (all samples: p < 0.01, coastal and
frontal cod: p < 0.05), resulting in overestimation of maximum temperatures. Our
results confirm that otoliths are well-suited as proxies for mean ambient temperature
reconstructions. A possible matrix effect and the absence of a reliable aragonite
standard for SIMS measurements appeared to cause a small divergence between
measured and predicted δ18Ootolith values, which affected the estimation accuracy
of absolute temperature. However, relative temperature changes were accurately
estimated by SIMS-analyzed δ18Ootolith values.

Keywords: accuracy, Atlantic cod, DST-tags, SIMS, stable oxygen isotopes

INTRODUCTION

Global warming is increasing ocean temperatures, forcing marine organisms to respond to a suite of
changing environmental conditions (IPCC, 2013). Mobile species like fish have two options on how
to react to changing environmental conditions; they can either stay and be exposed to increasing
water temperatures, or they can migrate (often poleward) to remain in their preferred temperature
range (Drinkwater et al., 2010; Ottersen et al., 2010). Environmental temperatures measured at
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a fixed station may not reflect the ambient temperature
exposure of the organism. Data storage tags (DST) and
natural temperature proxies in bioarchives record the ambient
environment of organisms, and thus provide more accurate
temperature exposures than do environmental temperatures
(Pálsson and Thorsteinsson, 2003; Pampoulie et al., 2008).
DST tags which record temperature and depth have allowed
increased insight into the migration, distribution, feeding and
spawning behavior, vertical and horizontal movement, and
geographic location of many marine animals (Righton and
Mills, 2008; Thorsteinsson et al., 2012; Darnaude et al., 2014;
Bardarson et al., 2017). The disadvantage of DST tags is that
they are costly, the recapture rate is low, and they cannot
be used to reconstruct historical ambient temperatures before
their widespread adoption in the late 1980s. Biological and
geochemical archives of otoliths and other calcified structures
indirectly record the ambient conditions experienced by marine
organisms, and thus are valuable in reconstructing long-term
ecological time series (Campana, 1999).

The otoliths of fish (ear stones) are metabolically inert, paired
calcified (aragonitic) structures used for balance and/or hearing
(Campana, 1999). Their stable oxygen isotope composition
provides a direct means of reconstructing the temperature
exposure of the fish (Campana and Thorrold, 2001; Høie
et al., 2004b). The oxygen isotope ratio of otoliths reflects that
of the water from which the oxygen is sourced but with a
temperature-dependent offset (fractionation) (Campana, 1999).
Changes in δ18O of otolith aragonite are negatively correlated
to water temperature; the higher the water temperature, the
lower the δ18Ootolith value (Kim and O’Neil, 1997). Kinetic,
metabolic, or physiological effects are generally not considered
to impact the otolith δ18O (Thorrold et al., 1997; Høie
et al., 2003). Cod-specific temperature-dependent fractionation
and the precision and accuracy of stable oxygen isotope
signals of lab-reared cod have previously been demonstrated
(Høie et al., 2004a,b). However, a disequilibrium for oxygen
isotope fractionation has been observed for some species,
e.g., North Sea plaice (Geffen, 2012; Darnaude et al., 2014),
especially at temperature extremes. The stable oxygen isotope
composition of the ambient seawater (δ18Oseawater) is needed
to reconstruct the ambient temperature of fish, but direct
measurements of δ18Oseawater are rarely available; thus, an
area-specific salinity mixing line is often used. However,
salinity fluctuations can be pronounced in temperate and polar
latitudes due to freshwater inflow/melting, sea-ice formation and
thermohaline circulation, thus complicating the development of
the salinity mixing line.

Otoliths form annual growth bands continuously throughout
their lifetime, which also record the complete exposure history
of environmental conditions in their acellular calcified structure.
Coupling stable oxygen isotope values with age or date of catch,
δ18Ootolith can be used to provide chronological records of the
ambient temperature of the fish, in some cases back to the
early 1900s through the use of otolith archives. Otoliths are
also found in archeological sites, which allows the investigation
of temperature exposure in past times. Thus, the isotopic
composition of oxygen in otoliths has not just been applied by

ecologists (Jones and Campana, 2009; von Leesen et al., 2020) but
also by paleontologists (West et al., 2012; Wang et al., 2013).

Due to its high commercial value and broad geographical
distribution in the North Atlantic Ocean, Atlantic cod (Gadus
morhua) has been extensively studied. In the large Icelandic
cod stock, two ecotypes with distinct seasonal patterns of
temperature exposure and depth distribution have been reported
(Pampoulie et al., 2012; Thorsteinsson et al., 2012). Frontal
cod migrate between spawning and feeding areas and are
found in waters up to 600 m depth (Thorsteinsson et al.,
2012; Bardarson et al., 2017). In contrast, coastal cod occur
in shallower waters and are characterized by a more uniform
temperature exposure with steadily increasing temperatures
during summer months and a decrease again toward the
winter months. The most distinct difference between both
ecotypes is the temperature fluctuation seen in frontal cod
due to their feeding migrations across thermal fronts. Both
ecotypes show spawning site fidelity. They are usually found at
different depths, and it seems that the ecotypes select different
spawning sites, but the possibility of mixing of frontal and
coastal cannot be excluded (Grabowski et al., 2011). The main
spawning ground for cod is off southwest Iceland, but smaller
spawning sites are found all around Iceland (Marteinsdottir
et al., 2000). The main migration routes are from the spawning
ground in southwest Iceland to the feeding areas in the north,
either along the south and southeast coast to the northeast
or along the (south-)west to northwest Iceland (Jónsson, 1996;
Neuenfeldt et al., 2013). The spawning migration of frontal cod
off northeastern Iceland is less strongly pronounced than of
cod from southwestern Iceland. Frontal cod off northeastern
Iceland migrate to northwest Iceland for spawning (Jónsson,
1996; Pampoulie et al., 2012).

The accuracy of the isotopic record of otoliths as an index
of temperature exposure in wild, free-swimming cod has not
previously been established. In this study, we used secondary ion
mass spectrometry (SIMS) to provide high-resolution (monthly
or weekly resolution depending on otolith growth rate) to
quantify the accuracy of the isotopic record in the otolith
and confirm that stable oxygen isotope values are a reliable
temperature proxy in wild, free-swimming cod.

MATERIALS AND METHODS

Sampling
Otolith sections from 38 wild, DST-tagged cod were selected for
stable oxygen isotope analyses (Supplementary Table 1). The
majority (n = 25) of the tagged cod were classified as coastal
cod, while 12 were frontal cod, and one individual could not be
clearly identified. The ecotypes were previously determined by
temperature and depth profiles recorded by the DST-tags. Cod
were tagged between April 2002 and April 2004 around Iceland
in four different areas (west, southwest, southeast, and northeast;
Figure 1), with 22 cod being tagged in southeast Iceland. In most
cases, tags were attached to the fish for about 1 year. Pampoulie
et al. (2008) described the DST, DSTmilli and DSTcenti-ex tags
(manufactured by Star Oddi) in detail. Temperature and depth
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were usually recorded in 10-min intervals with a depth range of
0–700 m, a resolution of 0.21 m, and an accuracy of depth records
of ±0.70%. These tags are capable of recording temperatures
ranging from−2 to 39◦C with a precision of 0.01◦C, and accuracy
of ±0.20◦C. In 7 out of 38 cases, the recording time of water
temperature and depth was shorter than the tagging time because
the recording did not start directly after tagging or the DST
battery ran out of power before recapture. The tagging procedure
is described in detail on the following website: https://www.
hafogvatn.is/static/files/enska/merkingar_thorskur.pdf.

Otolith Preparation
Stable oxygen isotopes ratios were analyzed with SIMS,
which is a high-spatial resolution method for determining
the elemental and isotopic composition of solid materials
(Campana, 1999). The otolith sections (∼200 µm) were cut
out of glass slides using a Buehler IsoMet 1000 Precision
Saw (ITW Test & Measurement GmbH, Esslingen, Germany)
equipped with a 15LC IsoMet Diamond Wafering blade.
Sample mounts were prepared following the standard procedure
for stable isotopes at NordSIMS. Five to six otoliths and
three to four pieces of a calcite reference material were
embedded in each epoxy mount, which dried overnight in
a pressure pot. The surface of the sample mounts was
ground with lapping film (2000 microns) and polished using
diamond or aluminum paste of 3 and 1 micron(s) to remove
residual epoxy and resin. The sample mounts were cleaned
in ethanol using an ultrasonic bath to remove any residue of
polishing pastes.

The mounted otolith sections were imaged with an Olympus
DP74 high resolution [5760 × 3600 pixel (3CMOS)] camera
attached to a Leica S8AP0 stereomicroscope (Leica Microsystems
GmbH, Wetzlar, Germany) using CellSens Standard software
(Olympus Europe SE & Co., KG, Hamburg, Germany). Fish
age was previously determined by experienced age readers,
and growth was measured along the dorsal axis. The otolith
material formed during the tagging period was determined
by measuring the distance from the edge of the otolith
(date of catch) back to the growth increment assumed to
have been formed in the year of tagging. The increment
width was measured (in µm/year) and then the tagging
location on the otolith section was interpolated based on
the tagging date.

Secondary Ion Mass Spectrometry
Sub-annual otolith δ18O values were measured by SIMS at
the NordSIMS laboratory, Department of Geosciences at the
Swedish Museum of Natural History in Stockholm, Sweden
(Supplementary Table 2). SIMS is a probe-based method for
determining the elemental and isotopic composition of solid
materials (in otoliths: e.g., Darnaude et al., 2014; Helser et al.,
2018; Willmes et al., 2019). Polished mounts were gold-coated,
and the stable oxygen isotopes were measured using a CAMECA
ims1280 ion microprobe, an advanced high-sensitivity mass
spectrometer that uses a focused beam of ions to sample in situ
selected micrometer-sized areas of a sample for measurement of
isotopic composition.

A critically focused Cs+ (caesium) primary beam with
20 keV impact was used to sputter the sample, and a low-
energy electron flooding gun was used for charge compensation.
The primary beam current was ca. 2.5–3 nA, which yielded
ca. 15 µm analytical spots, including a 10 µm raster to
homogenize the beam. Each analysis consisted of an initial
pre-sputter over a rastered 20 µm area to remove the gold
coating, followed by centering the secondary beam in the
field aperture (field of view on the sample of 30 µm with
90× magnification transmission ion optics). For oxygen, the
16O (ca. 3 × 109) and 18O ion beams were mass filtered
at a mass resolution of ca. 2500 (M/1M) and analyzed
simultaneously using two Faraday detectors with amplifiers
housed in an evacuated, temperature-stabilized chamber. The
secondary magnet field was locked at high stability using an
NMR field sensor operating in regulation mode. All pre-sputter,
beam centering, and data acquisition steps were automated
in the run definition. Fully automated sequences comprised
regular measurements of the reference materials, bracketing
measurements of unknown targets. A homogeneous calcite
reference material was used largely to monitor instrument drift
throughout the session and assess the external reproducibility,
since there are no comparably homogeneous aragonite reference
materials available and little prospect of obtaining one given
the nature of biogenic mineral growth. Instrumental mass
fractionation (IMF) was also calibrated in each session using
the calcite reference material S0161, which comes from a
granulite facies marble in the Adirondack Mountains (kindly
provided by R. A. Stern, University of Alberta). The δ18O
value of S0161 used for the calcite-based IMF correction
was determined by conventional stable isotope ratio mass
spectrometry at the Department of Geosciences, Stockholm
University, using a Thermo Finnigan GasBench II and CTC
PAL autosampler coupled to a MAT253 mass spectrometer.
Dried and homogenized S0161 (0.2 mg) was put into a vial
with phosphoric acid, without the two touching; the vial
was then flushed with helium (He) before allowing the acid
to contact and react with the carbonate. The long term
(>10 years) standard deviation (SD) on the IAEA-CO-1, IAEA-
CO-8 and NBS18 calcite standard is 0.15h. Ten separate
aliquots of the S0161 calcite yielded δ18O = −5.62 ± 0.11h
V-PDB (1 std. dev.).

Prediction of Otolith δ18O Values During
Data Storage Tags Recording Time
Calculation of Predicted δ18Ootolith
Monthly otolith δ18O values between release and recapture
were predicted using the tag-recorded temperatures and geo-
referenced water δ18O values, and then compared with the SIMS-
analyzed δ18Ootolith. Before comparing measured and predicted
otolith δ18O values, images with growth measurements and
SIMS measurement spots were overlayed to verify that the SIMS
samples were measured in the correct part of the otolith. Oxygen
isotope ratios of the ambient seawater at the time and place
of prediction were back-calculated using salinity measurements
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FIGURE 1 | Release position of data storage tags (DST)-tagged cod on spawning grounds around Iceland between 2002 and 2004. In total, 38 fish were tagged: 1
in the west (W), 3 in southwest (SW), 22 in southeast (SE), and 12 northeast (NE) off Iceland.

(derived from the Marine and Freshwater Research Institute1)
matching the predicted geolocations and the salinity mixing line
for the Icelandic shelf (von Leesen et al., 2020):

δ18Oseawater = 0.58 × S− 20.12 (1)

where δ18Oseawater is the oxygen isotope value of seawater [h
on the standard mean ocean water (SMOV) scale], and S is
the salinity. Salinity values were matched according to known
migration patterns of the respective ecotype (Pampoulie et al.,
2012; Thorsteinsson et al., 2012), tagging and recapture location,
and the DST-recorded depth. All isotope values for δ18O otolith
carbonate are reported in h on the VPDB scale. Seawater
values were corrected from SMOW by subtracting 0.27h (Bemis
et al., 1998; Grossman, 2012; Marchitto et al., 2014). Finally,
δ18Ootolith values were predicted using either the equation of
Jones and Campana (2009) [adapted from Kim and O’Neil
(1997)] incorporating the corresponding temperatures recorded
by the DST tag:

T
(
◦C

)
= −

(
δ18Ootolith − δ18Oseawater

)
× 0.206−1

+ 18.010
(2)

or the temperature fractionation equation by Høie et al. (2004b),
respectively:

δ18Ootolith − δ18Oseawater = 3.90− 0.20T (◦C) (3)

1https://sjora.hafro.is/

Offset Factor to Correct Measured δ18Ootolith
Atlantic cod otoliths are aragonitic, but the stable oxygen isotope
concentration was measured against a calcite standard as no
reliable aragonite standard is available for SIMS measurements.
The bias between aragonite and calcite was corrected using an
offset factor which was estimated in this study using four different
approaches (Table 1), and then added to all measured δ18O
values. The approaches used for calculating the offset were:

(1) The last SIMS measurement of each otolith was subtracted
from the last predicted δ18Ootolith value. Since the known
recapture position near the edge of the otolith enabled a
close to reality temperature and salinity estimation, the
predicted δ18Ootolith should have been relatively accurate.

(2) The offset between measured and predicted otolith δ18O
values for coastal cod (only) was calculated. Coastal cod
have a less pronounced feeding migration than frontal
cod, and thus, the estimation of the geolocation and the
corresponding salinity should have been more accurate.

(3) Analogous to (2), the offset of all but seven samples
(including both coastal and frontal cod) was calculated.
The water temperature and depth recordings of the seven
excluded samples stopped at least 100 days before the
fish was recaptured which makes the date-matching of
measured and predicted δ18Ootolith values more challenging.

(4) Analogous to (3), but all 38 samples were included in
calculating the offset factor.

Measured and predicted otolith δ18O values were statistically
compared using a paired-samples Wilcoxon Test. Outliers were
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TABLE 1 | Mean, standard deviation and coefficient of variation (%) of the different
offset calculations to correct the aragonite-calcite bias (see section “Salinity
Sensitivity Analysis” for details of the 4 different scenarios).

Scenario 1 2 3 4

Mean 1.58 1.62 1.56 1.63

Standard deviation 0.63 0.57 0.44 0.48

Coefficient of variation (%) 40.22 35.35 28.67 29.27

excluded from the statistical analysis (i.e., DSTid 1C0426). Values
above Q3 + 1.5xIQR or Q1–1.5IQR were considered outliers (Q3,
third quartile; Q1, first quartile; and IQR, interquartile range). All
statistical analyses were performed in R (R Core Team, 2019).

Salinity Sensitivity Analysis
Predicted δ18O values were based on known DST-temperature
records and salinity-derived δ18Oseawater values. A sensitivity
analysis was performed to test the effect of incorrect salinity
estimations on the predicted δ18Ootolith values [using the
temperature fractionation equation by Jones and Campana
(2009)]. In total, five different salinity scenarios were tested in the
sensitivity analysis:

(1) Most probable salinity: salinity values were matched with
DST-recorded temperatures based on depth distribution,
tagging and recapture position, and the known migration
pattern of the ecotype.

(2) Minimum salinity: salinity measurements of the years
2002–2005 were used to calculate the lowest possible
salinities in the geolocation area over a year (see
Supplementary Table 3).

(3) Maximum salinity: analogous to (3), the highest
possible salinities in the area were determined (see
Supplementary Table 3).

(4) Salinity 34.5: a fixed salinity value of 34.5 was assumed,
which is the lowest salinity value in fully marine
water around Iceland.

(5) Salinity 35.2: analogous to (4), a fixed salinity of 35.2
was assumed for all samples, which is the highest salinity
measured around Iceland.

Otolith Growth Scenarios
Secondary ion mass spectrometry-analyzed and predicted
δ18Ootolith timeseries of individual otoliths were aligned using
QAnalySeries to achieve the best match in the position of
inflection points (Kotov and Paelike, 2018).

Since water temperatures may influence the accretion rate
of otolith growth, two different scenarios for otolith annual
growth were tested.

• SC 1: otolith growth is constant throughout the year,
i.e., linear otolith growth (equal weighting of 100%
given to all months).
• SC 2: 90% of the otolith growth occurred in the 6 months

of summer (May–October) and the remaining 10% of the
otolith was formed during the 6 months of winter, i.e., non-
linear otolith growth [see Pilling et al. (2007)].

TABLE 2 | Bartlett’s test of equality of variance for both ecotypes, coastal and
frontal cod, respectively.

Bartlett‘s test All samples Coastal cod Frontal cod

Mean K-squared 3.62 1.91 3.18

df 1 1 1

p-value 0.057 (ns) 0.167 (ns) 0.074 (ns)

Minimum K-squared 9.36 8.47 1.78

df 1 1 1

p-value 0.002 (**) 0.003 (**) 0.182 (ns)

Maximum K-squared 1.35 0.03 5.93

df 1 1 1

p-value 0.245 (ns) 0.868 (ns) 0.015 (*)

Significance levels: ns, non-significant, *p < 0.05 and **p < 0.01.

RESULTS

Data Storage Tags-Recorded
Temperatures
Cod tagged off south(western) Iceland were exposed to warmer
temperatures than cod off northeastern Iceland (the mean
difference between SE/SW and NE coastal cod was 3.4◦C; for
frontal cod 1.4◦C; Table 2). A Two-Way ANOVA showed
that DST-recorded temperatures varied significantly by region
(F = 235.73, p < 0.001, df = 1) and ecotype (F = 7.96, p < 0.01,
df = 1) with a significant interaction of both factors (F = 39.70,
p < 0.001, df = 1). The temperature amplitude across the
year was highest in west Iceland and lowest in the northeast
(Figure 2). Frontal cod off south-eastern Iceland were exposed
to fluctuating temperatures with the highest temperatures
during the spawning season in April and May. The ambient
temperature varied with depth (Supplementary Figure 1) with
colder temperatures in deeper waters, tagging/recapture area, and
ecotype (Table 3).

Comparison of Secondary Ion Mass
Spectrometry-Measured and Predicted
δ18Ootolith
The offset factor between SIMS-measured and predicted
δ18Ootolith was not sensitive to the method of calculation,
with all four methods producing similar values (Table 1).
A Kruskal–Wallis test showed that the four offset factors were
not statistically different. Therefore, SIMS-measured δ18Ootolith
values were corrected applying the offset-factor of 1.62 which
had the best correspondence between measured and predicted
δ18Ootolith values (approach 2).

Predicted and measured δ18Ootolith values were relatively
similar after the offset factor was applied to the SIMS
measurements, although predicted values tended to be slightly
higher. In contrast, the range of measured δ18Ootolith values
was broader than for predicted δ18Ootolith (Supplementary
Figure 2): mean ± SD predicted δ18Ootolith 2.48 ± 0.47h,
mean measured δ18Ootolith 2.32 ± 0.60h. The δ18Ootolith values
were predicted based on DST-recorded temperatures instead of
the ambient temperature calculation based on SIMS-analyzed
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FIGURE 2 | Mean monthly temperatures (averaged for all years) and standard deviation for each tagging area (W, west; SW, southwest; SE, southeast and NE,
northeast off Iceland) and ecotype (C, coastal; F, frontal) recorded by DST tags.

TABLE 3 | Mean ( ± SD), minimum and maximum temperature recorded with data storage tags (DST) tags by both ecotypes in the different tagging areas (W, west; SW,
southwest; SE, southeast, and NE, northeast off Iceland) and the sample size (n).

NE n(NE) SE n(SE) SW n(SW) W n(W)

Coastal Mean 3.8 5 7.3 16 7.1 3 7.1 1

SD 1.7 1.6 1.6 2.8

Min 0.3 2.2 4.5 3.4

Max 7.7 9.6 11.4 11.3

Frontal Mean 3.1 6 4.5 6 – –

SD 1.2 2.6 – –

Min 0.5 −0.4 – –

Max 6.3 8.2 – –

–, data not available.

δ18Ootolith values because the possible mismatch of δ18Ootolith
values and dates would add a potential error. The temporal
resolution of SIMS measurements varied depending on sample
resolution, the age of the fish, and the individual growth rate but
was usually about 1 month based on the spot size (ca. 15 µm) and
growth rate. Hence, monthly DST-recorded temperatures were
calculated to predict δ18Ootolith.

Both measured and predicted otolith δ18O values of frontal
cod were higher than those of coastal cod, resulting in
colder ambient temperatures of frontal cod than coastal cod
(Figures 3, 4). Coastal cod had a measured δ18Ootolith mean of
2.12 ± 0.55h and a predicted mean of 2.26 ± 0.41h; frontal
cod had a measured δ18Ootolith mean of 2.74 ± 0.45h and a
predicted mean of 2.82± 0.35h. Otolith δ18Ootolith values varied
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FIGURE 3 | Differences between Secondary ion mass spectrometry (SIMS)-measurements and predicted mean, minimum, and maximum δ18Ootolith values of all
samples and distinguished between coastal and frontal cod. Significant differences, based on paired-samples Wilcoxon test, are shown at **p < 0.01, *p < 0.05 and
ns for non-significant differences.

significantly between ecotype (F = 76.79, p < 0.001, df = 1),
regions (F = 107.02, p < 0.001, df = 1; including just SE and NE
Iceland where both ecotypes were present) and the interaction
of both (F = 20.85, p < 0.001, df = 1). Statistical comparisons
by paired-samples Wilcoxon test, which tests whether the
median of the paired differences differs from 0, showed that
the measured and predicted mean and maximum values did
not vary significantly (Figure 3). However, minimum δ18Ootolith
values differed significantly among all samples (p < 0.01), and
when restricted to ecotype (p < 0.05). The results were also
supported by Bartlett’s test of equality of variance, which found no
significant difference in variance between mean and maximum
measured and predicted δ18Ootolith values among all samples, but
for minimum δ18Ovalues (Table 2).

The two different temperature fractionation equations
produced predicted δ18Ootolith which differed by about
0.22h which is equivalent to a temperature difference of
1.1◦C (Tables 4, 5). The difference between measured and
predicted δ18Ootolith was smaller when using the equation by

Jones and Campana (2009) and thus, provided a more accurate
prediction of the δ18Ootolith values.

The range of possible salinity environments for the tagged
cod resulted in an overall uncertainty of 0.41h in the
predicted δ18Ootolith values (Figure 5). Measured and predicted
δ18Ootolith values were most similar under the “most probable
salinity” and “minimum salinity” scenarios. The correspondence
between measured and predicted δ18Ootolith was lower when
applying the other salinity scenarios (difference between
mean ( ± SD) predicted and measured δ18Ootolith for the
different salinity scenarios (Figure 5); most probable salinity:
0.07 ± 0.35h, minimum salinity: −0.03 ± 0.35h, maximum
salinity: 0.17 ± 0.35h, salinity of 34.5: −0.19 ± 0.39h, and
salinity of 35.2: 0.21± 0.39h).

Secondary ion mass spectrometry-measured and predicted
mean and extremes (minimum and maximum) were generally
correlated (Figure 6 and Supplementary Figure 3). However,
differences exceeded the SIMS measurement error for several
tagged fish, irrespective of the ecotype. In the poorly correlated
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FIGURE 4 | Difference between measured and predicted mean, minimum and maximum δ18Ootolith value by ecotype. Calculations are based on the most probable
salinity scenario.

TABLE 4 | Mean ( ± SD) predicted δ18Ootolith values using the temperature
fractionation equations by Jones and Campana (2009) and Høie et al. (2004b).

Equation

Jones and
Campana (2009)

[h]

Høie et al.
(2004b) [h]

All samples Mean 2.47 ± 0.37 2.70 ± 0.46

Minimum 2.05 ± 0.32 2.28 ± 0.31

Maximum 2.94 ± 0.42 3.13 ± 0.41

Coastal cod Mean 2.28 ± 0.31 2.49 ± 0.39

Minimum 1.91 ± 0.27 2.15 ± 0.26

Maximum 2.72 ± 0.38 2.93 ± 0.36

Frontal cod Mean 2.81 ± 0.16 3.03 ± 0.35

Minimum 2.30 ± 0.25 2.53 ± 0.24

Maximum 3.31 ± 0.14 3.51 ± 0.13

cases, the measured δ18Ootolith values were lower than the
predicted δ18Ootolith values by a mean of 0.99h. However,
these measurements seemed to be implausible outliers as the
required salinities (based on DST-recorded temperatures) have
not previously been reported in fully marine water around
Iceland. All of the outliers are from the (south)east and largely
restricted to coastal cod.

At maximum spatial resolution, measured and predicted
δ18Ootolith values corresponded well and showed similar
fluctuations (Figure 7). However, the predicted δ18Ootolith time
series appeared more smoothed due to a limited temporal
resolution of salinity data relative to the measured δ18Ootolith.

TABLE 5 | Differences between predicted and measured means and extremes
(minimum/maximum) δ18Ootolith values obtained for the DST-tagged cod when
using either the temperature fractionation equation by Jones and Campana (2009)
or the temperature fractionation equation for lab-reared Norwegian cod by Høie
et al. (2004b).

Equation

Jones and
Campana (2009)

[h]

Høie et al. (2004b)
[h]

All samples Mean 0.07 ± 0.35 (ns) 0.29 ± 0.40 (p < 0.0001)

Minimum 0.28 ± 0.46 (p < 0.01) 0.51 ± 0.48 (p < 0.0001)

Maximum −0.10 ± 0.35 (ns) 0.11 ± 0.41 (ns)

Coastal cod Mean 0.07 ± 0.48 (ns) 0.30 ± 0.47 (p < 0.01)

Minimum 0.29 ± 0.51 (p < 0.05) 0.57 ± 0.54 (p < 0.0001)

Maximum −0.14 ± 0.37 (ns) 0.13 ± 0.46 (ns)

Frontal cod Mean 0.06 ± 0.21 (ns) 0.29 ± 0.21 (p < 0.001)

Minimum 0.28 ± 0.36 (p < 0.05) 0.51 ± 0.36 (p < 0.01)

Maximum −0.02 ± 0.32 (ns) 0.18 ± 0.32 (ns)

Statistical differences are based on paired-samples Wilcoxon test; ns, non-
significant. The calculations are based on the “most probable” salinity scenario.

The correspondence of measured and predicted δ18Ootolith
values improved when accounting for non-linear otolith growth
(SC 2), however, a small divergence between measured and
predicted δ18Ootolith values remained (Figure 8). The two growth
scenarios SC 1 and SC 2 were significantly different when
including both ecotypes (paired-sample Wilcoxon-test: V = 498,
n = 37, p < 0.05) and for coastal cod (V = 246, n = 24, p < 0.01),
but not for frontal cod V = 45, n = 13, p = non-significant).
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FIGURE 5 | Measured and predicted δ18Ovalues in all DST-tagged cod otoliths assuming different salinity scenarios. Significance levels: ns, non-significant, *p < 0.05,
**p < 0.01, ***p < 0.001 and ****p < 0.0001.

FIGURE 6 | Predicted vs. measured δ18Ootolith values for all DST-tagged cod assuming linear otolith growth by tagging area (tArea) and ecotype (C, coastal; F,
frontal). The gray area around the 1:1 line represents the approximate analytical error (0.2h) of the SIMS measurement.
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FIGURE 7 | Example of the correspondence between measured and
predicted δ18Ootolith in one otolith specimen (frontal cod, tagging and
recapture area: northeast).

DISCUSSION

Accuracy of Secondary Ion Mass
Spectrometry-Measured δ18Ootolith
Values as an Index of Temperature
Exposure
Our results indicated that otoliths are well-suited as proxies for
the temperature exposure of wild, free-swimming cod. Predicted
δ18Ootolith values correlated well with those measured in the
otolith by SIMS, especially for mean and maximum δ18O
values. On the other hand, measured and predicted minimum
δ18Ootolith values differed significantly. In general, the SIMS-
measured δ18Ootolith values were lower, implying that the SIMS
measurements were overestimating the ambient temperature
(Rollion-Bard et al., 2007; Shirai et al., 2018). Overestimated
ambient temperatures based on isotope-ratio mass spectrometry
(IRMS) measurements in previous studies provided similar
results, suggesting that this is probably a bias endemic to
both of these analytical methods (Weidman and Millner, 2000;
Geffen, 2012).

There are two possible reasons for the analytical bias causing
the small divergence between measured and predicted δ18Ootolith
values. One could be the matrix effect of the SIMS method,
whereby the different chemical compositions and structures of
the otolith relative to the reference material can introduce a
bias [Hane et al. (2020) and references therein]. This matrix
effect is unavoidable in the absence of a matrix-matched
reference material had been available. Reliable biogenic aragonite
references are not yet available, and calcite is used primarily
to constrain the measurement reproducibility. Aragonite may
also behave differently from calcite under a caesium (Cs) ion
beam due to its different trace element chemistry [e.g., aragonite
is commonly strontium (Sr) enriched while calcite reference
material is typically low in trace elements]. While the calcite-
based calibrations are therefore inaccurate, they were very
precise, thus ensuring that all of the within-otolith and between-
otoliths differences were accurate. There is no standard approach

to correcting SIMS-analyzed otolith δ18O values that have been
calibrated against a calcite standard. However, the offset factor
of 1.62 applied in this study appeared to be the best of the
different approaches and performed better than the offset factor
of 1.58 (Table 3, scenario 1 which had the highest accuracy of
corresponding salinity estimations). This correction is not perfect
as an average value is applied, which does not consider inherent
mass-balance and growth rate issues.

The estimation of ambient salinity and δ18Oseawater
composition can introduce potential errors in temperature
reconstructions. Despite the feeding migration of frontal cod and
the accompanying salinity changes, the match of DST-recorded
temperatures and respective salinity values was more accurate
for frontal cod than for coastal cod. Frontal cod are mainly
found offshore and in deeper waters where salinity fluctuations
are less pronounced than in coastal areas (Thorsteinsson et al.,
2012). Although coastal cod do not undergo significant feeding
migrations, they do migrate along the coast. The broader range
of measured δ18Ootolith values compared to predicted values
suggested that cod experienced a broader range of environmental
conditions than were assumed. This could be due to the fact that
coastal cod were exposed to local salinity fluctuations, which
were not represented in the quarterly salinity measurements
conducted by the Marine and Freshwater Research Institute.
Freshwater run-off by glaciers also causes salinity fluctuations,
especially along the south coast of Iceland (Thórdardóttir, 1986).
Incorrect salinity estimations could partly explain some of the
implausible, low measured δ18Ootolith values. The salinity values
needed to predict such low values are not found in fully marine
water around Iceland, which usually range between 34.5 and
35.2. These outliers were always coastal cod, which are typically
found in shallower waters closer to the shore, where they
might have been exposed to freshwater runoff. This would have
resulted in lower salinity values in the range of 31–33 needed
to predict such low δ18Ootolith values. The uncertainty around
the salinity estimates in combination with the calculation of the
offset factor and the precision of the SIMS likely explain the
observed difference between measured and predicted δ18Ootolith
values. A salinity difference of 0.1 would result in a temperature
difference of 0.3◦C [using the equation by Jones and Campana
(2009)]. However, the salinity estimates could only be improved
if proxies for salinity were developed and/or DST-tags were
capable of recording the salinity.

Potential Factors to Modify Measured
and Predicted δ18O Values
Otolith stable oxygen isotopes are commonly applied to
reconstruct the temperature exposure of fish, based on the
assumption that the isotopic fractionation between otolith
aragonite and the ambient water is in equilibrium (Kalish, 1991;
Campana, 1999; Høie et al., 2003). Otolith δ13C values are
strongly influenced by physiological processes (Kalish, 1991;
Geffen, 2012), but experimental studies have shown that otolith
δ18O values are driven mainly by ambient temperatures and is
independent of fish metabolism (Thorrold et al., 1997; Høie et al.,
2003). Other studies have suggested that physiological, kinetic, or
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FIGURE 8 | Predicted δ18Ootolith from each otolith growth scenario (SC 1, SC 2) compared with SIMS-analyzed δ18Ootolith values by ecotypes.

metabolic processes (i.e., “vital effects”) influence temperature-
dependent δ18O fractionation. Differences in the extent of
temperature-dependent δ18O fractionation have been reported
across life-stages, species, stocks, and across temperature-salinity
combinations (Kalish, 1991; Thorrold et al., 1997; Høie et al.,
2004b; Ghosh et al., 2007; Storm-Suke et al., 2007; Geffen, 2012;
Darnaude et al., 2014). Although both cod-specific temperature
fractionation equations reconstructed the ambient temperature
of Atlantic cod relatively well (von Leesen et al., 2020), the
temperature equation of Jones and Campana (2009) was slightly
more accurate than that of Høie et al. (2004b). The mean
difference between predicted δ18Ootolith values obtained with
the two equations was 0.22h, corresponding to a temperature
difference of 1.1◦C, with higher predicted δ18Ootolith values by
Høie et al. (2004b). A possible reason for the difference in
predicted values between the equations is that Høie et al. (2004b)
was based on lab-reared juvenile cod at temperatures between
6 and 20◦C. Although juvenile cod can tolerate temperatures of
up to 20◦C, the critical annual mean bottom temperature of cod
is 12◦C (Myers et al., 1997; Drinkwater, 2005). Icelandic cod,
especially those off northern Iceland, are typically exposed to
temperatures below 6◦C all year around. Temperature-dependent
fractionation of oxygen isotopes is close to that reported for
inorganic aragonite at low temperatures, supporting the use
of the Jones and Campana (2009) equation. Furthermore, all
otoliths in this study were from mature fish and belonged to
the same stock. Based on observations of vital effects in lab-
reared fish, Darnaude et al. (2014) suggested that deviations
between measured and predicted otolith δ18O values in wild
fish are more pronounced because of the greater variation in
environmental exposure and metabolic uptake. However, our
results showed that the isotopic composition of otoliths from

wild, free-swimming cod is an accurate index of temperature
exposure with no apparent evidence of vital effects.

Incorrect ambient salinity estimations can be a source of error
in otolith-based temperature reconstructions. Geo-locations and
migrations paths of individual fish were estimated based on
known ecotype, their known migration paths, the tagging and
recapture position, and the depth profile recorded by DST
tags. Wrongly assigned geo-locations could cause incorrect
salinity estimations resulting in inaccurately predicted δ18Ootolith
values (Darnaude et al., 2014). However, a salinity sensitivity
analysis showed that the assumed (“most probable”) salinity
had the best correspondence between measured and predicted
δ18Ootolith values. A second potential source of error was the
back-calculation of δ18Oseawater values based on an area-specific
salinity mixing line. Direct measurements of δ18Oseawater are
rarely available, and thus, the area-specific salinity mixing line
is a well-established method to overcome the data limitation.
Oceanographic conditions that influence the water chemistry
change over long time periods and thus, were assumed to
be negligible in this study. A third potential source of error
was the influence of seasonal temperature variations on the
otolith accretion rate, resulting in non-linear otolith growth
and the over- or under-estimation of calcium carbonate
accretion in certain months. The importance of intra-annual
variation in otolith growth has been mentioned previously
when predicting δ18Ootolith values of wild fish (Darnaude
et al., 2014). However, intra-population variations in otolith
deposition rates and/or metabolic differences across populations
(i.e., the occurrence of vital effects) were also observed. An
assumption of non-linear otolith growth in our study generally
improved the correspondence of measured and predicted
δ18Ootolith, particularly of frontal cod. Our results suggested that
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intra-annual differences in the otolith accretion rate might be
less pronounced in coastal cod. Ecotype-specific accretion rates
could be due to their different temperature exposure with lower
intra-annual temperature variation experienced by coastal cod, as
temperature seems to drive the accretion rate of otolith growth.

To our knowledge, this is the first study that has
groundtruthed the accuracy of temperature reconstructions
based on routine in situ SIMS otolith oxygen isotope assays of
wild, free-swimming fish. Our results confirm that otoliths are
well-suited as proxies for ambient temperature reconstructions.
Although mean temperature exposures were accurately estimated
in our study, the maximum temperatures were sometimes
overestimated, an issue which affected absolute accuracy but not
relative temperature changes. Although archival tags are also
capable of providing temperature history, they can be limited
by low or location-specific recapture rates, which is not an issue
with otoliths. Indeed, the wide availability of otoliths makes them
particularly suitable for paleotemperature studies.

Isotope-ratio mass spectrometry and SIMS both provide
δ18O-based temperature reconstructions, but both approaches
have advantages and disadvantages. Although classical IRMS
measurements are less expensive than SIMS assays, SIMS
assays offer a higher temporal-spatial resolution of otoliths.
SIMS measurements enable the investigation of weekly or even
daily resolution (depending on otolith growth rate), while
micromilling (IRMS) allows sub-annual (monthly) resolution
at its best. Moreover, IRMS requires larger amounts of sample
material than SIMS, resulting in unintended temporal averaging
of IRMS δ18Ootolith values. Furthermore, to obtain the required
sample weight (usually ∼ 50 µg), IRMS samples drill deeper,
resulting in the mixing of different accretion layers due to
the three-dimensional structure of otoliths. On the other hand,
SIMS measurements suffer from the general lack of a reliable
aragonite reference material, while IRMS does not. Thus, the use
of SIMS is recommended when the calcite-aragonite bias can be
corrected, as is the case here, or only relative temperature changes
are of interest.
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