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ABSTRACT: High-latitude climate warming is expected to have wide-ranging effects on habitats,
ecosystems, and the fish species that occupy them. Not all fish species will be able to adapt to
increasing temperatures. We investigated oxygen isotope fractionation in fish otoliths and its rela-
tionship to environmental temperature and thermal histories of individual fish. Fish from 4 gadid
species, Gadus macrocephalus, Boreogadus saida, Eleginus gracilis, and G. chalcogrammus, rep-
resenting North Pacific and Arctic regions, were reared in a range of controlled temperatures
(0-20°C). We estimated 4 new species-specific otolith oxygen isotope fractionation equations, a
relationship between otolith '®0 and temperature (T)in the form §'®0, - 8'%0,, = m x T°C + band
also in a second form using the fractionation factor a: 1000 In a. = a x (1000 TK™1) + ¢, where o is
otolith, w is water, and m, b, a and c are regression coefficients. In using the first form, B. saida
was the most unique among the 4 species, with the steepest slope (-0.23) and the highest intercept
(32.99%0 Vienna PeeDee Belemnite [VPDB]). G. macrocephalus had the lowest slope (-0.17) and
the lowest intercept (31.76 %o [VPDB]). Results of an ANCOVA test indicated that the 4 fractiona-
tion equations were not statistically different (F=2.25, p > 0.087). However, when we applied the
4 new fractionation equations to §'®0, measured in wild-caught B. saida otoliths, the species-
specific fractionation equation resulted in the closest match between measured and predicted
water temperatures. These new fractionation equations represent new tools for investigating tem-
perature effects on fish biota and will also improve paleotemperature reconstruction, especially
for high-latitude species.
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1. INTRODUCTION

Thermal experience influences every life history
aspect of fishes and is a fundamental variable in eco-
system studies and fisheries management. The im-
pacts of global climate change on fish communities

*Corresponding author: craig.kastelle@noaa.gov

are forecasted to be most severe in Arctic and boreal
ecosystems (Hoegh-Guldberg & Bruno 2010, Hol-
lowed et al. 2013, Burrows et al. 2014, Vestfals et al.
2016), but the rates and degree of impact largely
depend on what thermal habitats fish use and how
these variable thermal conditions influence meta-
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bolic processes such as fish growth, condition, and
recruitment (Koenker et al. 2018, Laurel et al. 2018).
Controlled experimental studies have shown that a
species' marginal or unavailable thermal preference
can affect fish growth and health (Laurel et al. 2016Db,
Copeman et al. 2017). Some species are expected to
adapt (regional movements or prey species shifts) or
move poleward as climate warming occurs, while
others do not have that adaptive ability due to spe-
cific habitat or prey requirements (Hollowed et al.
2013, Fossheim et al. 2015). For example, the Pacific
cod population in the Gulf of Alaska suffered a 71 %
decline in abundance which was likely due to an
extreme warming event in 2014 to 2016 (Barbeaux et
al. 2020). Knowing and understanding thermal histo-
ries of wild fish is especially challenging in mobile
fish species, such as gadid species, with access to
multiple thermal environments over space, time, and
development stage. In Arctic and boreal regions,
gadids are key links in the ecosystem, such as in food
chains, and can also be an indicator species in the
face of environmental shifts due to climate change.
Further, sampling fish in winter habitats, with sub-
stantial ice cover as in the Arctic, may not be feasible.
Hence, to better understand the wide-ranging effects
of increasing high-latitude temperatures, new and
accurate tools for reconstructing thermal histories in
key species are necessary.

Otoliths are often used to provide broad environ-
mental information, and a wider diversity of otolith
analyses are being incorporated into ecological—
population—climate studies. The otoliths of teleost
fish are calcium carbonate structures, in the form of
aragonite, which are part of the fish's inner ear. They
are an acellular metabolically inert structure that is
formed as calcium carbonate and is continuously
deposited onto a proteinaceous matrix (Campana
1999, Wright et al. 2002, Hussy et al. 2004, Popper et
al. 2005). In teleost fish, otoliths grow continuously
throughout the life of the fish in such a way that pairs
of translucent and opaque layers are deposited each
year (Campana & Thorrold 2001, Thomas & Swearer
2019). Calcium carbonate makes up about 95% of
the otolith, and the remaining portion is protein
(Degens et al. 1969, Thomas et al. 2019). The otolith's
properties, in the form of other trace chemical, iso-
topic, or radionuclide content, can often be used as
proxies for a wide range of ecological information
(e.g. Miller et al. 2005, Tracey et al. 2017, Benson et
al. 2019, Matta et al. 2019, Andrews et al. 2020,
Kastelle et al. 2020). Stable isotopes in otoliths, our
focus here, can provide ecological information, such
as fish thermal exposure history, fish age, migrations,

metabolism, and feeding (e.g. Thorrold et al. 1997,
Schwarcz et al. 1998, Weidman & Millner 2000, Hoie
et al. 2003, Hoie & Folkvord 2006, West et al. 2012,
Darnaude et al. 2014). Hence, otoliths can be used as
recording devices which contain a wide range of life
history information for individual fish (Elsdon et al.
2008).

In fish otoliths, and other marine biogenic calcare-
ous material, the fractionation of stable oxygen iso-
topes is largely a function of temperature. The ratio
of 0:'%0 in the otolith (expressed in the interna-
tional standard delta notation of 80 [Brand et al.
2014, Darnaude et al. 2014]) is inversely related to
the ambient temperature (summarized by Thorrold
et al. 1997, Campana 1999, Darnaude et al. 2014).
However, the otolith's 8'0 is also a function of 820
in the ambient water, which in turn is related to salin-
ity (Spero & Lea 1996, Dorval et al. 2011, Wright
2013, Darnaude et al. 2014). The relationship be-
tween temperature and fractionation can be ex-
pressed as a linear relationship (referred to as a frac-
tionation equation) as follows:

1000 In a = a x (1000 TK™) + ¢ (1)

where T is temperature in K, and a and c are regres-
sion coefficients. The isotopic fractionation factor a is:

880, +1000

o= =0t 2
3180, +1000 @

where o and w refer to §'®0 in the otolith and water,
respectively. This relationship (Eq. 1) can be ex-
pressed in the form of a second-order polynomial, as
was done by Godiksen et al. (2010) and Hoie et al.
(2004). This relationship can also be expressed in a
second form as:

8180, - 880, = m x T°C + b (3)

where T is temperature in °C, and m and b are re-
gression coefficients. In Egs. (2) & (3), the 8'80,, of the
ambient water can be measured, estimated by a
proxy such as salinity, or determined by a variety of
methods (e.g. modeled from an environmental data-
base [Darnaude et al. 2014] or presumed from meas-
urements made at a different time or from a nearby
location [Gao et al. 2001, Hoie & Folkvord 2006, Han-
son et al. 2013]).

When a specific functional relationship between
8180, in otoliths and temperature is known (i.e. Egs. 1
or 3), and the §'%0,, is known or estimated, the §'%0,
can be used as a proxy for the water temperature in
which a fish lived. For this reason, the oxygen iso-
topic composition of otoliths has been used as a tool
in a wide range of ecological and environmental ap-
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plications. For example, '®0, measured in otoliths
recovered from archeological sites was used to esti-
mate coastal seawater paleotemperatures (Geffen et
al. 2011, West et al. 2012, Helser et al. 2018a). More
commonly, otoliths from recently captured fish have
been used to estimate the temperatures experienced
by a fish (e.g. Jones & Campana 2009, Dorval et al.
2011, Horn et al. 2012, Darnaude et al. 2014, Hane et
al. 2020, von Leesen et al. 2020). Ecologically, Hi-
guchi et al. (2019) related oxygen isotopes in larval
and juvenile chub mackerel Scomber japonicas to
somatic growth, age, and annual recruitment. Jones
& Campana (2009) used stable oxygen isotopes to de-
termine that Atlantic cod Gadus morhua made small-
scale thermoregulatory migrations and experienced
temperature-related growth changes. The §'%0, was
used in discriminating between substocks of plaice
Pleuronectes platessa (Darnaude et al. 2014, Dar-
naude & Hunter 2018). Understanding the thermal
histories of wild-caught fish, by using otoliths and an
established fractionation equation, offers a powerful
tool to identify habitat and temperature preferences
that support fitness and survival at early life stages or
to support other considerations such as paleotemper-
ature research. This is important because a number
of laboratory studies have shown species-specific
relationships between temperature variation and
subadult growth, survival, and metabolic processes
of Arctic and boreal gadid species (Laurel et al.
2016a,b, 2018, Copeman et al. 2017, Koenker et al.
2018). These growth and survival processes in rela-
tion to temperature highlight the reason for our type
of study.

The fractionation of oxygen isotopes in otoliths can
also be used to study the life history of individual
fish. If an otolith can be sampled across its growth
zones (i.e. from hatching to capture) at a high spatial
resolution, then cyclical 880, chronologies, which
are assumed to be highly correlated to seasonal cycli-
cal temperature fluctuations, can be used as a robust
proxy for true age. These life history chronologies
have been used in Pacific cod G. macrocephalus
(Kastelle et al. 2017), pike Esox lucius (Gerdeaux &
Dufour 2012), and Atlantic cod (Weidman & Millner
2000).

The wide range of examples of temperature recon-
struction and ecological investigations demonstrate
the usefulness of this relationship between 80, and
temperature, but central considerations in these
applications remain. Importantly, it is widely sug-
gested that the functional relationship (i.e. fractiona-
tion equation) is species specific and may vary geo-
graphically (e.g. Thorrold et al. 1997, Hoie et al.

2004, Storm-Suke et al. 2007, Godiksen et al. 2010,
Geffen 2012, Darnaude et al. 2014, Sakamoto et al.
2017, Willmes et al. 2019). Well-established fraction-
ation equations relating §!80, and water temperature
(Egs. 1 & 3), developed specifically for the species
and region being studied, are necessary in applica-
tions of otolith thermography to account for such
variations. The central premise is that §'0, is in
equilibrium with seawater (Thorrold et al. 1997), but
divergence from this equilibrium could exist (i.e. the
otolith aragonite does not precipitate in oxygen iso-
topic equilibrium with its environment) (Thorrold et
al. 1997, Hoie et al. 2004, Storm-Suke et al. 2007,
Godiksen et al. 2010, Geffen 2012, Darnaude et al.
2014, Sakamoto et al. 2017, Willmes et al. 2019). If so,
then species-specific temperature-dependent frac-
tionation equations should be developed. To that
end, fractionation equations are often developed by
using temperatures estimated from related environ-
mental data or in situ temperature measurements,
both of which can be difficult to obtain (e.g. Storm-
Suke et al. 2007, Hanson et al. 2013, Darnaude et al.
2014, Helser et al. 2018a). Developing a fractionation
equation also requires data from a wide temperature
range. A reliable solution is laboratory controlled-
temperature studies (e.g. Thorrold et al. 1997, Hoie
et al. 2004, Hoie & Folkvord 2006, Geffen 2012).

In the North Pacific and Arctic oceans, 4 gadid spe-
cies are ecologically important: Pacific cod G. macro-
cephalus, Arctic cod Boreogadus saida, saffron cod
Eleginus gracilis, and walleye pollock Theragra
chalcogramma. Pacific cod and walleye pollock sup-
port large commercial fisheries in Alaska waters; in
2018, they represented US$ 701.5 million in ex-vessel
value (Fissel et al. 2019). These gadids have shown
changes in growth, condition, and recruitment in
response to temperature variation (Laurel et al.
2016b, Copeman et al. 2017, Koenker et al. 2018,
Barbeaux et al. 2020). Hence, we chose these 4 spe-
cies for this current research because they are likely
to be affected by climate change and can also be con-
sidered an important example of broad environ-
mental indicators; however, determining the way in
which they are affected requires an understanding of
growth related to environmental temperatures.

In this study, our focus was oxygen isotope fraction-
ation in the calcium carbonate (aragonite) of otoliths
and its relationship to environmental temperature in
controlled thermal environments. Our first goal was to
develop new fractionation equations for the 4 gadid
species from the North Pacific and Arctic oceans. This
component relied on a laboratory experiment where
fish were reared at a range of controlled temperatures.
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In this first component, we also expand on a fractiona-
tion equation previously developed from field collec-
tions (Kastelle et al. 2017). Our second goal was to test
and compare the effects of the 4 new fractionation
equations on predicted temperatures. In this second
component, we used §'®0, measured in wild-caught
Arctic cod otoliths. By measuring 8'%0,, and using
newly established species-specific fractionation equa-
tions, the temperature history of wild-caught fish can
be related to important ecological and fisheries man-
agement questions related to somatic growth (Jones &
Campana 2009, Higuchi et al. 2019), temperature
preference, or stock discrimination (Jones & Campana
2009, Darnaude et al. 2014).

2. MATERIALS AND METHODS
2.1. Sample source and laboratory experiment

The otoliths used here were from juvenile fish in a
controlled-temperature rearing study measuring tem-
perature-dependent growth (Laurel et al. 2016b) and
lipid accumulation (Copeman et al. 2017) at the Hat-
field Marine Science Center in Newport, OR, USA.
The fish were originally captured in the spring and
summer of 2013 before being transported to the Hat-
field Marine Science Center laboratory. The capture
locations for Arctic cod and saffron cod were in the
Beaufort Sea (in Prudhoe Bay, AK, USA), those for Pa-
cific cod were in the Gulf of Alaska (near Kodiak, AK,
USA), and those for walleye pollock were in the Puget
Sound (Port Townsend, WA, USA) (Fig. 1). After an
acclimation period of 2 to 3 mo at 6 to 8°C, juvenile
fish were placed into rectangular tanks (66 x 46 x
38 cm, 3 individuals per species per tank) and accli-
mated to temperature treatments of 0, 5, 9, 16, and
20°C over a period of 2 d (2 tanks per temperature
treatment). After the acclimation period, the rearing
study lasted 6 wk. The temperature range of 0 to 16°C
reflects the potential variation in summer tempera-
tures experienced by these boreal and Arctic ga-
dids, which can reside in cold offshore Arctic regions
or warmer shallow boreal areas (Copeman et al.
2017); a warm treatment, 20°C, at which some of the
species could survive was also included (Laurel et al.
2016b). During the 6 wk study, temperature and salin-
ity (controlled-temperature flow-through seawater)
were recorded every 15 min; the average tempera-
tures were -0.18 + 0.32, 5.24 + 0.17, 8.93 £ 0.19, 16.19
+ 0.21, and 19.83 + 0.19°C (mean + SD). The salinity
averaged 32.85 + 0.55 for Arctic cod and saffron cod
and averaged 33.13 + 0.63 for Pacific cod and walleye
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Fig. 1. Capture areas for experimental fish and wild-caught
test fish. The experimental samples are Arctic cod and saf-
fron cod (A cod and S cod, respectively), Pacific cod (P cod),
and walleye pollock. The test fish are wild-caught Arctic cod
(A cod wild-caught). The rearing facility at Newport, OR,
USA, is also shown. Note that the experimental samples of
Arctic cod and saffron cod are from the same location

pollock. The seawater, and hence salinity, did not
vary between temperature treatments within any 1
species. Additional juvenile Arctic cod and saffron
cod were acclimated to a 2°C temperature treatment
using the same protocol and experimental design. All
fish during the experimental phase were fed the same
iso-caloric gel food diet to satiation. The temperature—
lipid study lasted 6 wk, after which the fish were sac-
rificed and the otoliths removed and stored in a 70 %
ethanol solution. To determine the growth rates for in-
dividual fish, each fish was tracked and measured at
the beginning and end of the 6 wk study (Laurel et al.
2016b). Up to 8 and, due to mortalities, as few as 3 fish
from each temperature—species combination were col-
lected (Table 1). Further details of the handling proce-
dure and experimental design of the growth study are
provided in Laurel et al. (2016b) and Copeman et al.
(2017).

2.2. Otolith analysis and mass spectrometry

After storage in ethanol for up to a year, the otoliths
were cleaned in a sonic cleaner with milli-Q water,
dried at 70°C for 24 h, and weighed. The whole oto-
liths were then bonded, proximal side up, to glass mi-
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Table 1. Summary of specimens by species and temperature treatment: number of specimens, otolith mass, fish length at the

end of the experiment, mass of otolith material milled for analysis, average daily percent growth rate and average §'®0O for

each species and temperature treatment for each of the 4 species: Pacific cod Gadus macrocephalus, Arctic cod Boreogadus

saida, saffron cod Eleginus gracilis, and walleye pollock Theragra chalcogramma subjected to temperature treatments and

used for otolith §'%0 fractionation equations. Average fish length and growth rate are taken from Laurel et al. (2016b) and
Copeman et al. (2017). na: not available

Species and No. of specimens Average otolith Average milled Average fish  Average growth  Average §'%0
temperature successfully mass sample mass length rate (95% CI)
(°C) analyzed for 580 (mg) (ng) (mm) (%, mass d1) (%0, VPDB)
Arctic cod Boreogadus saida
0 8 7.374 46 100 0.65 2.24 (0.02)
2 8 6.622 44 95 0.59 2.02 (0.02)
5 8 8.825 40 109 1.24 1.19 (0.02)
9 8 12.628 58 120 1.10 0.34 (0.02)
Walleye pollock Theragra chalcogramma
0 6 4.208 39 65 0.29 1.33 (0.04)
5 6 7.134 40 84 1.30 0.84 (0.04)
9 6 9.063 34 96 2.17 -0.08 (0.04)
16 5 11.687 35 99 2.58 -1.49 (0.03)
20 6 14.424 48 95 na -2.25 (0.04)
Saffron cod Eleginus gracilis
0 6% 20.025 45 98 0.24 0.98 (0.04)
2 5 21.909 54 na na 1.36 (0.03)
5 5 22.168 43 111 0.89 1.11 (0.03)
9 6 23.974 47 106 1.43 0.48 (0.04)
16 4 28.215 51 120 1.93 -0.85 (0.02)
20 5 28.014 46 132 1.05 -1.70 (0.03)
Pacific cod Gadus macrocephalus
0 2 6.493 31 66 0.67 1.04 (0.02)
5 6 12.989 39 97 1.72 0.72 (0.02)
9 6 20.159 39 117 2.59 -0.58 (0.01)
16 3 14.337 34 99 2.01 -1.35(0.01)
20 3 18.081 36 88 na -2.06 (0.01)
%One Arctic cod and 6 saffron cod were suspected to be outliers and not included; see Section 3
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get the quantity required for mass spectrometry
(about 30 1g), milling usually extended the full length
of the otolith, anterior to posterior, and less than 20 pm
into the otolith's edge. This method of micromilling,
which critically limited the depth milled into the
otolith's edge, was designed to sample only otolith
material deposited during the 6 wk of the temperature
treatment study, while still providing sufficient mate-
rial for analysis. Milling depth into the otolith's edge
was based on the milling system's high-resolution
control and calibrated measurements (Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/m686
p159_supp.pdf). Copeman et al. (2017) reported fish
length ranges by species, across all temperature treat-
ments, before and after the experiment. All 4 species
demonstrated increased length ranges; Pacific cod
and walleye pollock had the largest increases. We
expected otolith growth in proportion to fish growth
(Helser et al. 2017); hence, the milling depth of 20 pm
should represent only new material deposited during
the experiment. The milled powder was collected
with microspatulas while viewed under the micro-
scope and sealed in clean stainless steel cups (4 mm
wide and 4 mm deep) prior to analysis. The milling bit
and microspatulas were cleaned between each sam-
ple with a 3 mm wide stiff hair brush and compressed
air to avoid cross contamination.

The sample material generated by edge milling
was analyzed by isotope ratio mass spectrometry
(IRMS) at the Oregon State University's College of
Earth, Ocean, and Atmospheric Sciences Stable Iso-
tope Laboratory for 8'®0, following the same meth-
ods as Kastelle et al. (2017) and Helser et al. (2018b).
Briefly, the system utilized was a Kiel III carbonate
preparation system (Thermo Scientific), where each
sample was reacted with 105 % orthophosphoric acid
at 70°C, coupled to a MAT 252™ dual-inlet isotope
ratio mass spectrometer (Thermo Scientific). The
analysis of otolith samples was bracketed by multiple
evaluations of the standard NBS-19 (US Geological
Survey, Reston, VA, USA) and an internal lab stan-
dard (previously calibrated with NSB-18 and NSB-
19). The repeat measurements of the internal lab
standard were used to calculate 95% ClIs. The accu-
racy was evaluated by repeat measurements of NBS-
19. Finally, the otolith oxygen isotopic measurements
were adjusted using an acid fractionation factor of
1.0090898, which was calculated by Kim et al. (2007).
No correction for sample size (i.e. mass correction)
was made because the standards and samples were
of similar size; however, occasionally a drift correc-
tion was applied if warranted based on a comparison
of standards at the beginning and end of the run. The

results are reported in standard delta notation, 8'%0,
relative to Vienna Pee Dee Belemnite (VPDB).

2.3. Calculations and statistical analysis

Ambient §'0,, was estimated from salinity for use
in calculating fractionation equations (Eqgs. 1 & 3).
Spero & Lea (1996) developed the following relation-
ship for the California Bight between §'®0, relative
to Vienna Standard Mean Ocean Water (VSMOW)
and salinity:

8180, (VSMOW) = 0.39 x Salinity — 13.46  (4)

Estimating §'®0,, from salinity is broadly geograph-
ically specific (Fairbanks 1982, Weidman & Millner
2000, Harwood et al. 2008, Jones & Campana 2009,
Yamamoto-Kawai et al. 2010, Darnaude et al. 2014,
Conroy et al. 2017, Higuchi et al. 2019). The published
relationship of Eq. (4) (Spero & Lea 1996) is appro-
priate for our study because both the California
Bight and Hatfield Marine Science Center are in the
California Current Large Marine Ecosystem (https://
editors.eol.org/eoearth/wiki/California_Current_
large_marine_ecosystem, last accessed 28 Jan 2021).

The isotopic analysis of otoliths yields 8'%0, data
that are on the VPDB scale. In contrast, the analysis
or calculation of 8!%0,, (as in Eq. 4 above) yields data
that are on the VSMOW scale. It is therefore neces-
sary to convert the 8'%0,, values to the VPDB scale
when using the fractionation equations (Egs. 1 & 3).
As per the recommendations of the Commission on
Isotopic Abundances and Atomic Weights (https://
www.ciaaw.org/oxygen-references.htm, last accessed
28 Jan 2021), the following equation from Brand et al.
(2014) should be used:

3180,, (VPDB) = 0.97001 x 8'30,, (VSMOW) - 29.99 (5)

This equation is an updated version of the Fried-
man & O'Neil (1977) equation:

§180,, (VPDB) = 0.97006 x 8'20,, (VSMOW) — 29.94 (6)

It is important to note that, for decades, many oto-
lith studies (e.g. Kalish 1991, Hoie et al. 2004) have in-
correctly used a 8'%0,, (VSMOW) to VPDB correction
factor of —0.22 (e.g. 8'%0,, [VPDB] = 0.99978 x §'%0,,
[VSMOW] - 0.22), which was incorrectly attributed
to Friedman & O'Neil (1977). This correction factor is
simply the difference between the 8'®0,, (VSMOW)
of the CO, gas when equilibrated with standard
mean ocean water and the 8%0,, (VSMOW) of CO,
released from the carbonate reference material Pee
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Dee Belemnite when it is reacted with acid (see
Chapter 6 in Sharp [2007]). Hence, —0.22 should not
be used as a correction factor to convert the §20,, to
the VPDB scale.

The fractionation equations were evaluated using
ANCOVA in SAS 9.2. First, we fit linear regression
models, using Microsoft Excel 2016, to each species
individually, Eqgs. (1) & (3), to estimate the relation-
ship between the §'®0, and temperature. To test if
the species-specific fractionation equations were sta-
tistically different, §'®0, — §'%0,, was regressed on
temperature, species (as a class variable), and their
interaction. A final model was analyzed, using the
same statistical approach, to evaluate if fish growth
rate (% mass d~!) exhibited an effect on 'O, - 880,
either individually or similarly, for the different spe-
cies. Using the correct species-specific fractionation
equation is an important consideration of our study.
Therefore, we also compared the fractionation equa-
tions generated here to a selection of published
equations from other species and areas in controlled-
temperature juvenile or larval rearing experiments
(Table 2). In these comparisons, an ANCOVA was
not possible, but the fractionation equations were
subjectively compared using reported regression
coefficients. Our selection of these other studies was
limited because of the history of using an incorrect
8'%0,, VSMOW to VPDB conversion.

Previously, Kastelle et al. (2017) reported a frac-
tionation equation for Pacific cod from the North
Pacific. In their study, they did not measure salinity
or 880, but assumed a 8'80,, of 0% (VSMOW) by not
including it in their fractionation equation. This is not
necessarily a bad assumption, but it could introduce
errors into temperature predictions. In addition, the
assumed 0 %o (VSMOW) should have been converted
to the VPDB scale using Eq. (5). Therefore, to facili-
tate comparisons here, we applied this conversion to
the previously determined fractionation equation
and obtained the following:

8180, (VPDB) - 8'80,, (VPDB) = -0.21 x T°C + 33.22 (7)

2.4. Test with wild-caught Arctic cod

To further investigate the differences between the 4
new fractionation equations, we made temperature
predictions from each equation using a single data set
of 80, from wild-caught Arctic cod. These predic-
tions were then compared to water temperatures
measured at capture. Arctic cod otoliths were col-
lected during August and September of 2013 in an

Arctic Ecosystem Integrated Survey (Arctic Eis)
(Mueter et al. 2017, Vestfals et al. 2019) in the Chuk-
chi Sea (by a combination of surface trawls and mid-
water trawls) and in a Shelf Habitat and EcoLogy of
Fish and Zooplankton project (Logerwell et al. 2018,
Copeman et al. 2020) in the Chukchi Sea (by a combi-
nation of midwater trawls and bottom trawls) (Fig. 1).
From these collections, 35 specimens were chosen
based on growth zone clarity and age (0—4 yr). These
specimens had concurrent CTD measurements taken
at 1 m depth intervals (J. Gann, S. Danielson, L. Loger-
well unpubl. data). From this collection of wild-caught
Arctic cod otoliths, we used 2 age groups, young-of-
the-year (YOY) and 1 yr old specimens (total n = 17),
for 8'®0, measurements and temperature predictions
(Table S1). The YOY otoliths were pulverized be-
tween 2 clean glass microscope slides, and the result-
ing powder was analyzed for §'80,,. The 1 yr old wild-
caught Arctic cod otoliths were embedded in polyester
resin and mounted whole on microscope slides. The
otolith's distal side was facing up at the resin surface.
The whole otolith was then polished flat, parallel to
the slide, making a sagittal cross section through the
core (Fig. 3). The 1 yr old otoliths were then micro-
milled such that the resulting powder for analysis rep-
resented the summer of capture. This was done by
first milling away (removing) the material which was
interior to the current summer's growth. Then, the
milling bit was guided through the opaque zone (re-
presenting the current summer's growth) just inside of
the otolith's edge. In this procedure, the milling was
not restricted to just the otolith's edge, as it was for the
otoliths in the temperature treatments (Fig. 3). This
micromilling followed the general procedures used
by Kastelle et al. (2017) and Helser et al. (2018b), and
the mass spectrometry to measure 8'%0, followed the
same procedures as described above for the speci-
mens in the temperature treatments.

To make temperature predictions, we also needed
to have 8'%0,, information or, alternatively, salinity
measurements to calculate 8'®0,,. Therefore, to best
represent the salinity conditions experienced by
these Arctic cod, we averaged the top 5 and bottom 5
salinity CTD measurements over all casts repre-
sented by a fish, n = 35 in all age groups, to get 1
overall average measured salinity value, which was
30.62. The salinity conditions experienced by these
fish during their summer of capture are unknown;
therefore, this averaging was the most parsimonious
procedure. Next, we used a set of eastern Bering Sea
(EBS) 8'0,, measurements matched with salinity
CTD measurements, n = 791 (S. Danielson unpubl.
data), taken in 2008 to develop an appropriate new
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Fig. 3. Example of a 1 yr old wild-caught Arctic cod whole
otolith mounted in resin, with the otolith's distal surface at the
resin surface. It was polished flat to make a plane through the
core (sagittal cross section). Milled material thought to be de-
posited during their second summer, indicated by the area
outlined in blue, was sampled for 880, measurement. This
sample included more material than just the edge

salinity mixing line to estimate an overall §'%0,,
which was determined to be:

5180, (VSMOW) = 0.474 x Salinity — 16.324  (8)

Finally, to calculate predicted temperatures for
each YOY and 1 yr old Arctic cod, we applied the
new Arctic cod fractionation equation (Table 2) to
each individual Arctic cod 80, measurement and
also used the single overall average 8'%0,,. For com-
parison, we also applied the other 3 new fractiona-
tion equations from Pacific cod, saffron cod, and
walleye pollock (Table 2) to each individual Arctic
cod 8'® 0, measurement. In this way, we made 4 sets
of predicted temperatures, each based on 1 of the 4
new fractionation equations.

Each set of predicted temperatures was compared
to a set of common measured CTD temperatures.
Each fish in the 2 age groups (YOY and 1 yr old spec-
imens) had an associated CTD cast, so we used the
average of the CTD surface and bottom temperature
measurements (5 top measurements and 5 bottom

measurements) to arrive at a within-fish average
measured temperature. In this way, we arrived at
a single common set of n = 17 within-fish average
measured temperatures. This was a similar proce-
dure to that used for the average salinity, except that
in this case, it was only averaged within each fish,
not over all fish. The appropriateness of each frac-
tionation equation was considered using a paired-
sample t-test between the predicted temperatures
and the within-fish average measured temperatures.

3. RESULTS

The micromilling and IRMS was largely successful.
The samples were typically above the 30 pg needed
for IRMS analysis (Table 1). From all 4 species, 122
samples were analyzed with IRMS, of which 10 had
insufficient mass due to material loss caused by static
electricity during sample handling (Table 1). The
95% ClIs of §'®0, measurements were normally less
than 0.1%. (VPDB), and the average of the standard
NBS-19 (known value is —2.20%. [VPDB]) measure-
ments was —-2.20 %o (VPDB) (n = 30 + 0.05), indicating
low variability within normal IRMS performance.

A number of specimens were considered outliers
and were not used to estimate the fractionation equa-
tions. These outliers were isolated to the lowest tem-
perature treatments where we suspected there was
very little material deposited on the otoliths due to
slow growth. In Arctic cod, the 1 outlier specimen
from the 0°C treatment had a low §®0, value and
also had the smallest body mass, length, and otolith
mass compared to other Arctic cod at 0°C. In saffron
cod, all 6 specimens at 0°C were considered out-
liers. These specimens can be identified in Fig. 4.
They were lower in body mass and length when
compared to the average at other temperature treat-
ments, and 4 of the specimens had an otolith mass
less than the average at other temperature treat-
ments. Also, the growth rate, % mass d!, of all saf-
fron cod at 0°C was lower than other saffron cod at
higher temperatures (Table 1). Because of the 2 to
3 mo acclimation period at 6 to 8°C, we suspect that
the outermost layer of the otolith, represented by the
6 wk study, was thinner in the cold-temperature out-
liers; that is, the slower-growing fish reasonably had
proportionately less deposition on their otoliths.
Hence, the depth of milling likely removed material
that was deposited at warmer temperatures during
the acclimation period. For these reasons, these out-
liers were removed and not included in the fraction-
ation equation regressions.
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Fig. 4. Plotted 8'%0 results and fractionation equations for each species: Pacific cod Gadus macrocephalus (P cod), Arctic cod

Boreogadus saida (A cod), saffron cod Eleginus gracilis (S cod), and walleye pollock Theragra chalcogramma. Two forms of

fractionation equations are shown: (A) is based on 8!%0, - 8!%0,, (Eq. 3), where temperature is in °C, and VPDB refers to the Vi-

enna Pee Dee Belemnite scale. Old P cod is from Kastelle et al. (2017) and was only published in the §'0, — §'®0,, form; (B) is

based on 1000 In o (Eq. 1), where a is the fraction factor between water and the otolith's calcium carbonate (Eq. 2), and
temperature is in K (Eq. 1)

Four species-specific fractionation and tempera-
ture relationships were developed and were highly
significant (using Eq. 3, Arctic cod p = 5.9 x 1072,
saffron cod p = 5.4 x 107", Pacific cod p = 1.4 x
1077, walleye pollock p = 4.3 x 107). The 2 forms
of the fractionation equations for each species are
given in Table 2 and Fig. 4. Pacific cod had the
lowest coefficient of determination, R?> = 0.79,
whereas for the other 3 species, R?=0.93 or higher
(Table 2). To develop the new fractionation equa-
tions, the average salinities and Eqgs. (4) & (5)
were used to estimate the 8'®0,, which was
-30.620 + 0.408%0 (VPDB) (x95% CI) for Arctic cod
and saffron cod and -30.513 + 0.468%. (VPDB)
(x95% CI) for Pacific cod and walleye pollock. In
the 1000 In o form, Arctic cod had the most unique
fractionation equation among the 4 species, with
the steepest slope (17.49) and the lowest intercept
(-30.54), while Pacific cod had the lowest slope
(13.57) and the highest intercept (-17.41). AN-
COVA results indicated no statistical difference in
the fractionation equations (F = 2.25, p > 0.087).
Also, the growth rate did not have an effect on the
880,: in walleye pollock, Arctic cod, and saffron
cod, p > 0.5; in Pacific cod, p > 0.07. We also
investigated second-order polynomials, based on
our Eq. (1), similar to Godiksen et al. (2010) and
Hoie et al. (2004) (Table 2). The second-order
polynomials did not improve the coefficient of
determination, R?, estimates in the 4 gadid species
(Table 2). In Arctic cod, Pacific cod, and walleye

pollock, the second-order terms were not signifi-
cant: p = 0.55, p = 0.93, and p = 0.06, respectively.
In saffron cod, the second-order term was signifi-
cant: p = 0.04. Exclusive use of second-order poly-
nomials would have reduced the number of com-
parisons we made to other studies (Table 2).
Hence, we only used the linear fractionation equa-
tions in these comparisons.

Our paired-sample ¢-tests using the wild-caught
Arctic cod 8'0, and the 4 fractionation equations
indicated that the predicted temperatures were
most accurate when the correct species-specific
equation was used. The average measured tem-
perature (average of the CTD top 5 and bottom 5
measurements) for the 2 age groups was 1.60°C
(Table S1). The average predicted temperature
when using the Arctic cod fractionation equation
was 2.16°C (Table S1), which was not significantly
different from the average measured temperature
(t = 1.05, p > 0.2). When using the fractionation
equations for Pacific cod, saffron cod, and walleye
pollock and the §'®0, from the wild-caught Arctic
cod, the average predicted temperatures were all
significantly different from the average measured
temperatures and were -4.39°C (t = -8.28, p < 3.6 x
1077), 0.09°C (t = -2.16, p < 0.046), and —2.44°C (t =
-6.22, p < 1.30 x 107%), respectively (Table S1). The
differences between the predicted temperatures
from the wild-caught Arctic cod §'%0, while using
each fractionation equation and average measured
temperatures are also shown in Fig. 5.
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for (B) Pacific cod (P cod), (C) saffron cod (S cod), and (D) walleye pollock

4. DISCUSSION

Using controlled-temperature treatments in a labo-
ratory setting, we developed 4 species-specific frac-
tionation equations for 4 gadid species from the
North Pacific and Arctic oceans. The treatments pro-
vided accurate measurements of water salinity, from
which 8'%0,, was estimated, and controlled tempera-
tures (Laurel et al. 2016b, Copeman et al. 2017). Both
880, and temperature data are necessary when
developing new fractionation equations (e.g. Thor-
rold et al. 1997, Godiksen et al. 2010, Sakamoto et al.
2017). But direct measurements of 8'0,, and temper-
ature are sometimes not available. In that case, other

sources such as regional environmental data, global
environmental databases, or less accurate methods
are used to arrive at temperature, 8'%0,, or salinity
estimates (Hanson et al. 2013, Darnaude et al. 2014).
For example, some data points used to estimate a
fractionation equation by Kastelle et al. (2017) relied
on temperature measured only at the time of fish
capture, by a net-mounted instrument, and were
assumed to represent the precipitation temperature
of aragonite sampled from a shallow depth on the
edge of the otolith. Also in this example, they did not
measure salinity or 8'®0,, and therefore by default
assumed that the §'0, was 0% (VSMOW). Dar-
naude et al. (2014) estimated both salinity and §'%0,,
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for individual fish from models relying on regional
environmental conditions. With the controlled-tem-
perature treatments utilized in this study, we were
able to get real-time values of salinity and tempera-
ture measured accurately, which is an advantage in
developing fractionation equations.

A particular strength of this study was that the 4
gadid species, representing different regions in the
North Pacific and Arctic oceans, were evaluated
under common environments to determine the rela-
tionships between water—aragonite oxygen fraction-
ation in their otoliths and temperature. Controlled-
temperature experiments for each species were done
concurrently at the same location, with water and
food from the same source (Laurel et al. 2016b, Cope-
man et al. 2017), during which fish growth rates were
determined and salinity measurements were made to
estimate §'%0,,. Hence, outside environmental influ-
ences on vital effects (physiological or metabolic
influences) were largely removed, including source
water (geographic), food (quantity and quality), and
temporal or oceanographic differences that might
add confounding variance in the determination of
otolith oxygen isotope fractionation equations. Our
study relied on juvenile fish; this also removed the
potential confounding factor of different life stages. It
is conceivable that these gadids have different frac-
tionation equations as adults. Normal salinities expe-
rienced by these gadid species would likely be differ-
ent and have much more variability than the
salinities in this study, but the accurate salinity meas-
urements allowed for the development of new frac-
tionation equations. However, the §'®0,, or salinity,
must be known, or accurately estimated, for the ap-
plication of these new fractionation equations. This
unique research situation allowed us to consider pre-
dominantly inherent species-specific differences.

Based on the ANCOVA, the fractionation equa-
tions were not statistically different among the 4 spe-
cies. Indeed, in Fig. 4 and Table 2, it is apparent that
3 of the species, Pacific cod, saffron cod, and pollock,
have somewhat similar equations, and Arctic cod
subjectively appears to have a distinctive fractiona-
tion equation; their slope and intercept were the
greatest among the 4 species. While not statistically
significant, this result may be biologically meaning-
ful given their stenothermic growth pattern and
unique physiological adaptions to the Arctic region,
especially when compared to the boreal species,
walleye pollock and Pacific cod (Drost et al. 2016,
Laurel et al. 2016b).

The life history strategies of these 4 gadids have
notable differences. Of the 2 Arctic species, saffron

cod are eurythermic and more tolerant to higher tem-
peratures, while Arctic cod are stenothermic and less
tolerant to high temperatures (Laurel et al. 2016b).
Vestfals et al. (2019) determined that in the Chukchi
Sea and western Beaufort Sea, larvae and juvenile
Arctic cod abundance peaked at 6°C and decreased
at warmer temperatures, while larvae and juvenile
saffron cod abundance increased with temperatures
beyond 6°C. Typically, Arctic cod are known to
spawn during the winter while they are associated
with sea ice, and the eggs are buoyant and near the
ice—water interface. Arctic cod larvae remain near
the surface until they settle to the bottom in late sum-
mer. However, this description is a generalization, as
Arctic cod use all habitats for all life history stages
(summarized by Logerwell et al. 2015). The adults
are found offshore in benthic shelf habitats, through-
out the water column, at the ice edge, and along
shorelines (Logerwell et al. 2015). Arctic cod are also
known to make extensive migrations between north-
ern summer feeding areas and southern winter
spawning areas (Vestfals et al. 2019). Similarly, all
life history stages of saffron cod utilize a range of
habitats, but their habitat usage in the Chukchi Sea
and Beaufort Sea may be different. Beaufort Sea saf-
fron cod spawn on the shelf, and the older larvae and
juveniles move into nearshore areas. In the Chukchi
Sea, older saffron cod tend to be offshore, which is
similar to Arctic cod (Logerwell et al. 2015). Gulf of
Alaska Pacific cod YOY juveniles utilize warmer
nearshore areas and ontogenetically move offshore
as 1 yr olds, shifting deeper as adults (Shimada &
Kimura 1994, Laurel et al. 2009, Matta et al. 2019). As
adults, they are also known for making extensive
spawning migrations (Shimada & Kimura 1994, Lau-
rel et al. 2009, Matta et al. 2019). Walleye pollock are
unique among these gadids; they form large schools
and are semi-pelagic, including the larvae and juve-
niles (Brodeur et al. 1995). The implication is that
these inherently different life history strategies, and
responses to water temperatures, are mirrored in the
somewhat different fractionation equations.

Seven specimens were excluded from further ana-
lyses, as they were considered to reflect a mixture of
the acclimation period and temperature treatment
period. As such, we considered these specimens to
be outliers. We suggest for future studies where the
specimens are subjected to cold temperatures, on the
extreme end of their tolerance range, that (1) the fish
be reared for a longer period (>6 wk) to ensure suffi-
cient otolith material is deposited prior to analysis or
(2) sampling (micromill) be conducted at shallower
depths over a longer circumference of the otolith's
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edge. The inclusion of material deposited prior to the
temperature treatments, during the warmer acclima-
tion period, would bias these specimens’ §'%0, meas-
urements low, which appears to be the case (Fig. 4).
Alternatively, a sampling method which has a much
higher spatial, and hence temporal, resolution on the
otolith is secondary ion mass spectrometry (SIMS)
(Weidel et al. 2007, Helser et al. 2018b). If SIMS had
been used on the otolith's edge, some of this problem
could have been avoided. However, SIMS is more
expensive and less available than the IRMS we used
here.

As a simple evaluation, we used the §'®0, - 8!80,,
form of the fractionation equations and applied a
temperature of 4°C. The predicted 880, - §'%0,, val-
ues were 32.08 %o (VPDB), 31.82%0 (VPDB), 31.09 %o
(VPDB), and 31.30%. (VPDB) for Arctic cod, saffron
cod, Pacific cod, and walleye pollock, respectively.
The differences of 820, — 8'0,, between the Arctic
and boreal species were larger than the differences
between species within either category. Notably,
the difference between Arctic cod and Pacific cod is
1 %o, representing a temperature difference of 1.9°C,
whereas the difference between Arctic cod and saf-
fron cod is only 0.26%.. These estimates of §'%0, -
3180, are not statistically different given the SEs
of the coefficients in the fractionation equations
(Table 2). However, the relative trends indicate that
these new fractionation equations may have value
for improving estimates of temperature histories.
This conclusion is reinforced by our finding that fish
growth rate did not affect the §'%0,,.

In our further testing of the 4 new species-specific
fractionation equations with the wild-caught Arctic
cod, the paired-sample ¢-tests indicated that the Arc-
tic cod equation was the most accurate in predicting
temperatures. The temperatures predicted with the
Arctic cod fractionation equation agreed best with
the measured temperatures (Fig. 5). However, there
was notable variability around the 1:1 line of agree-
ment between the predicted temperature and aver-
age measured temperatures (Fig. 5). This could have
several causes. First, the otolith material sampled
may not be represented by the salinity or tempera-
ture measured at the time of capture. In both age
groups of wild-caught Arctic cod, the sampled otolith
material (crushed whole otoliths or micromilled) rep-
resented several months; in the case of the YOY, it
represented the full life of several months, and in the
1 yr olds, it represented 1 to 2 mo of summer growth
(Fig. 3). The SIMS method of sampling could also
have been useful in this situation. Second, we aver-
aged the top and bottom salinity and temperature

measured by the CTD instrument. We did this to
account for a potential broad range of conditions
experienced by the Arctic cod. But this may not rep-
resent the unknown location of the fish in the water
column. It is likely that the 2 age groups had been
experiencing different environmental conditions
because they were in different ontogenetic stages.
This may explain the differential bias of the YOY and
1 yr olds compared to the measured temperatures
(Fig. 5). Both of these scenarios could be exacerbated
by extreme environmental conditions in the Arctic.
For example, when sea ice forms, brine is produced,
and when sea ice melts, low-salinity seawater is
released. This influence on §'®0,, presents an addi-
tional challenge when reconstructing temperature
exposures of Arctic fish. The prediction of tempera-
ture from 8'%0, is sensitive to the salinity-based esti-
mates of 8'%0,,; a salinity change of 1 causes a 2°C
change in estimated temperature. In the case of these
wild-caught Arctic cod, the salinity measured by
CTD ranged from about 28 to 33, and the average we
used was 30.62. This value agrees with salinity
ranges that were associated with higher abundance
of Arctic cod late-stage juveniles in the Arctic Eis sur-
vey (Vestfals et al. 2019). Given the results of the test
with wild-caught Arctic cod and the considerations
above, we propose that the Arctic cod species-spe-
cific fractionation equation is the most parsimonious
choice of the 4 possibilities. Further, we suggest that
this confirms the importance of using species-specific
fractionation equations when predicting environ-
mental temperatures from §!80,.

Our development of a new salinity mixing line for
the EBS, Eq. (8), provides a geographically appropri-
ate conversion. The conversion of salinity to §'®0,,
using Eq. (4), which represented the California Bight
(Spero & Lea 1996), was likely not appropriate for the
EBS and further north. Given the sensitivity of tem-
perature predictions to 8'80,,, this is a valuable tool.
Future research using otoliths from the EBS and
Chukchi Sea to make temperature predictions will
benefit from this new relationship.

A comparison of our species-specific fractionation
equations, which were developed under controlled
laboratory conditions, to field-based fractionation
equations demonstrated apparent differences. We
adjusted the fractionation equation previously devel-
oped for Pacific cod by Kastelle et al. (2017) to
account for 8!80,, and arrived at Eq. (7), which is in-
cluded in Fig. 4A for comparison. The slope of this
previous equation is greater than that estimated here
for Pacific cod but within the range of the other 3
gadids. However, the previous intercept in Eq. (7) is
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higher than that estimated here for Pacific cod and
also higher than the other 3 gadids. Their fractiona-
tion equation was estimated with a mix of adult fish
from the Gulf of Alaska extending into the Aleutian
Islands and juvenile fish from the northeastern
Bering Sea. We did not include any adults in our cur-
rent study, and a geographic range did not exist.
Therefore, this comparison may not be ideal. How-
ever, this comparison highlights the possibility that
these fractionation equations could be species- or
region specific. It also highlights the value of con-
trolled-temperature studies that are able to measure
salinity and to factor out other sources of variability,
such as ontogeny and geographic factors.

The 8'®0, fractionation equations in Table 2 are
from a wide variety of species, but have slopes that
only show slight variation; however, the intercepts
display greater variability. We chose the variety of
species for a number of reasons. First, all the species
and studies listed are from controlled laboratory
rearing environments using fish in early life stages,
as was the case in our study. Second, the wide variety
provided for comparisons that were likely to demon-
strate differences. Third, the list of studies, and spe-
cies, was limited because many historic studies did
not make the correct conversion of 80, on the
VSMOW scale to the VPDB scale. When comparing
the congeneric species, Pacific cod and Atlantic cod,
in the 1000 In o fractionation equation form, the
slopes were different by a small margin, but the
intercepts were very different. Pacific cod has a
much higher intercept than Atlantic cod, the highest
of all gadids in Table 2, while Atlantic cod has the
second lowest intercept among the gadids. The most
striking differences are between the biologically
divergent anadromous and catadromous species.
Among the species in Table 2, in the 1000 In o form,
the often-called semi-anadromous species delta smelt
Hypomesus transpacificus and the anadromous Arc-
tic charr Salvelinus alpinus have by a large margin
the lowest intercepts, and their slopes are the high-
est. In comparison, the catadromous species glass eel
Anguilla japonica has by a large margin the highest
intercept and by a small margin the lowest slope. If
the glass eel's regression parameters were esti-
mated with similar SEs to that of delta smelt or Arc-
tic charr (Table 2), these differences cannot be
explained by the estimated parameter errors alone.
The estimated slopes and intercepts of these anadro-
mous or semi-anadromous and catadromous species
span a greater range than the estimated parameters
of the marine species. As such, the results of the
ANCOVA, which indicated no significant differences

among the 4 gadid fractionation equations in the cur-
rent study, should not be surprising given that they
are all gadids. Other researchers, such as Sakamoto
et al. (2017), also noted a broad similarity of fraction-
ation equation slopes and often different intercepts.
In Egs. (1) & (3), the 8'80,, is a scaler on the y-axis;
hence, any problems in estimating or measuring
8180, would cause variations in the intercepts (Hoie
et al. 2004, Dorval et al. 2011, Hanson et al. 2013).
Alternatively, the differences could indicate species-
specific non-equilibrium water to aragonite 80,
fractionation. In a thorough summary of this alterna-
tive, Darnaude et al. (2014) suggested that if vital
effects (physiological and metabolic influences) vary
between species, then species-specific fractionation
equations are necessary. This point is highlighted by
the stenothermic versus eurythermic differences be-
tween Arctic cod and saffron cod and is also con-
firmed in published studies where large differ-
ences in fractionation equations were seen between
anadromous and catadromous species (Godiksen et
al. 2010, Shirai et al. 2018, Willmes et al. 2019) and
the controlled laboratory studies listed in Table 2.
After comparisons of our 4 gadid species-specific
fractionation equations with published equations,
we conclude that species-specific fractionation equ-
ations are necessary for accurate application of
this technique to questions of thermographic, paleo-
temperature reconstructions or fisheries ecology.

5. CONCLUSIONS

Changing ocean temperatures are dramatically af-
fecting marine ecosystems, so understanding temper-
ature or habitat preference is important for managing
marine resources. Developing species-specific §'0,
fractionation equations is critical to understanding
the thermal history of fish and how their growth or
metabolic function is reacting to the changing marine
ecosystems. In developing these !0, fractionation
equations, a particular strength of this study was that
the 4 gadid species from the North Pacific and Arctic
oceans were evaluated under common experimental
conditions. Otoliths along with accurate §'®0, frac-
tionation equations also provide us tools to recon-
struct fish temperature histories and understand the
effects of temperature on fish recruitment. For exam-
ple, the relationship between temperature histories
can be paired with fish energetic analyses and tro-
phic biomarker content to provide a mechanistic link
between changing thermal fields, fish condition, and
resultant recruitment strength. Reconstruction of tem-
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perature histories can also help us understand fish albacares) and bigeye (Thunnus obesus) tuna of the
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