A onservation
‘ PhyS|OlOgy Volume 13 - 2025 10.1093/conphys/coaf083 SOCIETY FOR evmemL 810L06Y

Research Article

Ontogenetic and environmental responses in
metabolic enzyme activity of Pacific Arctic larval
gadids

Emily Slesinger’-*"/, Erik V. Thuesen? and Thomas P. Hurst’

T Alaska Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, Hatfield Marine Science
Center 2030 SE Marine Science Dr, Newport, OR 97365 USA
2Evergreen State College, Laboratory I, Olympia, WA 98505 USA

*Corresponding author: Alaska Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration,
Hatfield Marine Science Center 2030 SE Marine Science Dr, Newport OR 97365, USA. Email: emily.slesinger@noaa.gov

Warming in high-latitude marine ecosystems is leading to the borealization of Arctic communities. Species-specific responses
to temperature provide insight into potential co-occurrence or competitive advantage between Arctic and boreal species.
Ocean acidification may also lead to unique species-specific responses. At the Pacific—Arctic interface, larval distributions of
the boreal Pacific cod (Gadus macrocephalus) are increasingly overlapping with those of Arctic cod (Boreogadus saida). We
assessed larval metabolic capacities by measuring metabolic enzyme activities of citrate synthase (CS; aerobic metabolism),
lactate dehydrogenase (LDH; anaerobic metabolism), and p-hydroxyacyl CoA dehydrogenase (HOAD; fatty acid metabolism).
Throughout early development, Pacific cod enzyme activities, including glycolytic capacity, were higher, and fatty acid
metabolism lower than Arctic cod enzyme activities. These responses may reflect a more active larval lifestyle of Pacific cod.
Separately, larvae were reared in multiple temperatures (Pacific cod: 3, 6, 10°C; Arctic cod 1.8, 5, 7.3°C) and pCO; levels
(ambient = ~350 patm; high = ~1500 jratm). At the cold temperature, Pacific cod enzyme activities were higher than at the
control temperature, indicating they were acclimating but less cold adapted than Arctic cod. Arctic cod HOAD activity and
LDH:CS ratio were elevated under warmer temperatures suggesting increased energy demand. Elevated pCO; levels only
affected larvae at their control temperature and resulted in decreased Pacific cod HOAD activity and increased Arctic cod
CS and HOAD activities. This indicates differing sensitivities to ocean acidification between the species. Overall, Pacific cod
may continue to be constrained in their northern habitat by cold temperatures, but under slight warming to optimal growing
temperatures, Pacific cod will have competitive advantage over Arctic cod.

Lay Summary

We measured metabolic enzyme activities in a boreal and an Arctic fish to assess degree of distribution overlap and competitive
advantage. Larval development and sensitivity to environmental stressors differed for the two species, driven by differing
metabolic strategies. Under slight warming, Pacific cod may have competitive advantage over Arctic cod.
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Introduction

High-latitude regions are experiencing rapid marine environ-
mental change (Frey ez al., 2015). These regions are warming
at a rate that is substantially faster than the global average
(Hermann et al., 2016; Danielson et al., 2020; Huntington
et al., 2020), which has also led to declines in sea ice duration
and extent (Overland and Wang, 2025). In the Arctic ecosys-
tem, warming and loss of sea ice has led to “borealization”
of fish communities (Fossheim et al., 2015; Mueter et al.,
2021). Changes in species assemblages have been documented
at the arctic interfaces in the Atlantic (Renaud et al., 2012;
Fossheim ez al., 2015) and Pacific oceans (Rand and Loger-
well, 2011), including between the Bering Sea (North Pacific)
and the Chukchi Sea (Arctic). In this region, northward adult
movement of boreal species can be a response to warming
in the southern edges of their distribution and/or opening of
the northern habitat that was historically too cold (Stevenson
and Lauth, 2019; Eisner et al., 2020). For boreal larvae, the
northward movement can occur through adults spawning in
new regions (Spies et al., 2020) and/or changes in the direc-
tion and strength of currents that advect larvae northward
(Woodgate and Peralta-Ferriz, 2021). Temperatures in the
northern regions can promote larval survival and growth of
boreal species (Axler ez al., 2023) and also dictate the degree
of overlap with Arctic species based on their upper thermal
tolerances (Eriksen et al., 2015).

Ocean acidification, the decline in pH due to the diffusion
of excess atmospheric carbon dioxide (CO;) into the ocean
(Caldeira and Wickett, 2005), is a co-occurring environmental
stressor in high-latitude ecosystems. The effects of ocean
acidification are amplified in these regions due to the cold
temperatures and addition of fresh water from sea ice melt
(Fabry ez al., 2009; Mathis et al., 2011; Mortenson et al.,
2020). Ocean acidification can negatively affect fish popula-
tions through changes in growth, survival and energy demand
(Gobler et al., 2018; Baumann et al., 2022). However, the
response to ocean acidification appears to be species-specific
as fishery species have also exhibited neutral or positive reac-
tions to ocean acidification (Hurst et al., 2012; Perry et al.,
2015; Long et al., 2024). Additionally, when assessed in a mul-
tistressor framework with temperature, ocean acidification
can lead to unique organismal responses based on the pre-
vailing temperature (Sswat et al., 2018; Slesinger et al., 2024),

necessitating the exploration of species-specific responses to
environmental change within a multi-stressor framework.

At the Pacific-Arctic interface of the Bering Sea and
Chukchi Sea, two species of interest are Pacific cod (Gadus
macrocephalus), a boreal species, and Arctic cod (Boreogadus
saida), an Arctic species. Pacific cod supports the second
largest groundfish fishery in Alaska (Fissel ez al., 2017), while
Arctic cod are a key forage fish species found throughout
the Arctic Ocean (Steiner et al., 2019; Geoffroy et al., 2023).
These species historically did not co-occur, yet after recent
warming events, the presence of Pacific cod in the Chukchi
Sea at multiple life stages was documented (Axler et al.,
2023; Cooper et al., 2023). The early life histories of Pacific
cod and Arctic cod are relatively similar, as both species’
larvae hatch in late spring and are pelagic, surface-dwelling,
feeding upon small zooplankton prey (Michaud et al., 1996;
Farley et al., 20165 Kono et al., 2016; Logerwell ez al., 2020;
Correa et al., 2024). In the laboratory, larvae of Pacific cod
and Arctic cod were capable of growing and developing in
overlapping temperature ranges (Laurel ez al., 2008; Koenker
et al.,2018b), had similar estimated optimal temperatures for
growth (5°C Arctic cod; 6°C Pacific cod), and demonstrated
sensitivity to high temperatures seen by elevated mortality
rates (7.3°C Arctic cod; 10°C Pacific cod; Slesinger et al.,
2024,2025). Larval Pacific cod and Arctic cod also responded
similarly to ocean acidification. Body condition (measured
by morphometric indices) was negatively affected by ocean
acidification at each species’ optimal temperature for growth,
but neither species experienced worsened growth, mortality
or body condition when ocean acidification was combined
with warming (Slesinger et al., 2024, 2025).

While broad organismal responses such as mortality and
growth are useful, species-specific physiological responses
may expose underlying and more sensitive processes that pro-
vide complementary insight into differences in larval Pacific
cod and Arctic cod development and function at varying tem-
peratures and pCO; levels. Common methods to assess the
response of metabolism and energy usage to environmental
stressors include respirometry (Schwieterman et al., 2019)
and blood chemistry analyses (Sala-Rabanal ez al., 2003).
While insightful, these methods can be challenging, and some-
times impossible, for very early life stages of fish. Metabolic
enzyme activities can also be used as markers for various
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components of energy metabolism and have been useful in
identifying differences in growth strategies (Nathanailides,
1996; Overnell and Batty, 2000; Churova et al., 2017) and
tolerances to environmental stressors (Guderley and Blier,
1988; Feidantsis er al., 2020; Schleger et al., 2021) in a variety
of marine fishes, including early life stages (Illing ez al., 2020;
Kunzmann and Diemel, 2020). Citrate synthase (CS) is the
first enzyme in the citric acid cycle and commonly used as
a proxy for aerobic metabolism and mitochondrial density
(Schnurr et al., 2014; Brijs et al., 2017). Lactate dehydro-
genase (LDH) catalyzes the reaction between pyruvate and
lactate and is used as a proxy for anaerobic metabolism
capacity (Goolish, 1991). B-hydroxyacyl CoA dehydrogenase
(HOAD) is an important enzyme in fatty acid oxidation,
serving as an indicator of fatty acid metabolism (Hochachka
et al., 1982). These three enzymes are also useful to measure
together, as their ratios can provide additional insight into
the relative capacities of anaerobic to aerobic metabolism
(LDH:CS) and fatty acid contribution to aerobic metabolism
(HOAD:CS) (Pimentel et al., 2020).

Metabolic enzyme activity levels change with ontogeny
as larvae undergo rapid growth and major morphological
changes. As larvae increase in size, their mass-specific
metabolic rates can decrease, leading to lower mitochondrial
demand and thus lower CS activity (Wieser and Fortner,
1986; Cataldn et al., 2007). At the same time, the fastest
growing tissue in larval fish is white muscle, with increasing
larval glycolytic capacity reflected in an increase in LDH
activity (Segner and Verreth, 1995; Churova et al., 2017).
As such, as larvae grow, CS activity typically remains below
the activity levels of LDH (Kunzmann and Diemel, 2020),
while the LDH:CS ratio increases (Clarke er al., 1992;
Desrosiers et al., 2008). Metabolic enzyme activities can
be standardized relative to protein or to fish wet weight
(when whole body homogenates are used), providing differing
insight into ontogenetic changes. These distinctions are
important to consider because protein content itself can
change as the larvae develop. For example, larval red drum
(Sciaenops ocellatus) protein concentration increased with
age, which drove an overall increase in weight-specific LDH
activity, yet protein-specific LDH activity exhibited a more
complex pattern, indicating the overall ontogenetic increase
in glycolytic capacity was driven by growth (Clarke ez al.,
1992). Finally, enzyme activities may reflect the species-
specific activity levels or swimming modes used during the
early life stages (Hinterleitner ez al., 1987). For this reason,
assessing metabolic enzyme activities throughout ontogeny
can provide insight into differing metabolic strategies and
associated activity levels of the larvae.

Metabolic enzyme activities are also sensitive to tempera-
ture and pCO; level, which can provide insight into differ-
ences in species responses to environmental stressors. With
respect to ocean warming, metabolic enzyme activity levels
can increase under high temperatures, seen as a response to
increasing energy demand (Li et al., 2015; Feidantsis ez al.,
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2020). Metabolic enzyme activity levels are also useful when
comparing cold tolerance between Arctic and boreal fish
species. The decelerating effect of temperature on enzyme
kinetics can lead to an imbalance between ATP requirements
and the ability of the organism to supply ATP (Overnell and
Batty, 2000). Positive temperature compensation (i.e. elevated
enzyme activity at cold temperatures) can aid in overcoming
this limitation through the increase in enzyme concentrations
under cold temperatures (Guderley, 1990; Lucassen ef al.,
2003; McClelland et al., 2006). Fish that exhibit no posi-
tive compensation at cold temperatures are suggested to be
cold-adapted (Thibault ef al., 1997; Portner et al., 2000)
with enzyme activities that are adequate for meeting energy
demands at the lowest occupied temperatures (Schleger et al.,
2021). The response of metabolic enzyme activities to ocean
acidification remains more nuanced, with some enzyme activ-
ity responses reflecting metabolic suppression (Pimentel et al.,
2020) or increases in energy demands (Strobel et al., 2013).

We investigated the influence of ontogeny and envi-
ronmental stressors (i.e. climate impacts) on larval Pacific
cod and Arctic cod biochemical responses through two
independent experiments performed with each species
(four experiments in total). In the Ontogeny Experiments,
we explored the effect of growth on metabolic enzyme
activity rates through the first ~2 months of life in each
species. We hypothesized that (i) aerobic enzymes would
decrease while anaerobic capacity would increase with age
for both species. In the Climate Impacts Experiments, we
investigated the responses of metabolic enzyme activities to
the combined effects of temperature and pCO,. With respect
to temperature, we hypothesized (ii) Pacific cod would exhibit
signs of cold acclimation (i.e. elevated enzyme activities at a
cold temperature) while Arctic cod exhibited signs of cold
adaptation (i.e. no change in enzyme activities at a cold
temperature), and that (iii) Arctic cod would experience
elevated enzyme activity levels under ocean warming due to
elevated energy demand. Due to the observed organismal level
effects of ocean acidification at the control temperature for
both species (Slesinger et al., 2024, 2025), we hypothesized
(iv) the response of metabolic enzyme activities under ocean
acidification would be greatest when acclimated to the
optimal temperature.

Materials and Methods

Arctic cod and Pacific cod larvae were obtained from adult
broodstocks maintained at NOAA’s Alaska Fisheries Science
Centre laboratory in Newport, OR, USA. Pacific cod larval
incubations were conducted in 2022 and Arctic cod larval
incubations were conducted in 2023. During the spawning
season, ripe and running females were strip-spawned and
their eggs were fertilized with the milt from males from the
same tank. For Pacific cod, fertilized embryos were obtained
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from one female and one male, while for Arctic cod, 13
females and 9 males contributed to a mixed embryo pool
collected in one day. Low parental diversity for Pacific cod
was an artefact of available spawning adults in that given year.
Rearing conditions for Arctic cod and Pacific cod early life
stages were based on previous experiments and were set to
mimic “optimal” conditions for both species. Embryos were
incubated at 2°C for Arctic cod (Koenker et al., 2018b) and
6°C for Pacific cod (Hurst ef al., 2019) until they hatched,
and were then transferred to three 100-L larval rearing tanks
that were maintained at a flow rate of 0.5 L min™'. During
larval incubation, the temperature remained at 6°C for Pacific
cod (Hurst et al., 2019) and Arctic cod larvae went through
a step-wise increase from 2 to 5°C at ~3 weeks post-hatch
(Koenker et al., 2018b). Larvae were fed a diet of live rotifers
(Branchionus plicatilis) at a concentration of 5000 rotifers
L~ twice daily with the addition of green water (RotiGreen
Nanno; Instant Algae, Reed Mariculture). Sampling occurred
prior to the daily provisioning of rotifer prey.

Larval sampling began at 6 days post-hatch (DPH) and
was repeated weekly to 55 DPH (Pacific cod) and 76 DPH
(Arctic cod). The end-date for sampling was bounded by
standardizing two months of growth for each species in a
stable temperature while also remaining in the window where
larvae were still morphologically and developmentally similar
(i.e. presence of finfold for swimming, rotifer diet). At each
sampling, 15 fish were randomly selected from the rearing
tanks, anaesthetized with tricaine methanesulfonate (MS-
222), and photographed underneath a dissecting microscope
for analysis in Image] to obtain standard lengths (SL; mm).
Afterwards, three groups of five fish were pooled, rinsed
with ammonium formate, and dried to a constant weight at
60°C (DW; mg). Measures of SL and DW were used to calcu-
late length-based and mass-specific growth rates, respectively.
Length-based growth was calculated as the linear change
in length over time. Mass-specific growth rate (SGR) was
calculated through Eq. (1):

SGR = 100 (ef — 1), (1)

where g is the instantaneous growth coefficient, calculated
through Eq. (2):

In (W2) — In (W7)
g=——"""7, (2)
hh—1
where W, and Wy are the dry weights at the final (#;) and
initial (#1) sampling time points, respectively.

At each sampling, a separate sample of larvae was removed
from the rearing tanks for enzyme activity assays. Due to
their small size, larvae from the same tank were pooled to
generate composite samples of >20mg wet weight (WW; mg)
for Pacific cod and >40 mg WW for Arctic cod. Composite
sample weights differed for the two species based on prelim-
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inary analyses of minimum weight needed to produce suffi-
cient homogenate based on a species-specific dilution factor
(see section Metabolic Enzyme Assays). For each composite
sample, the pooled larvae were weighed and placed into 2-ml
cryovials that were immediately submerged into liquid nitro-
gen and stored at —80°C until the day of measuring enzymes.
Enzyme assays were run within 8 months of sampling (see
below for analytical details).

To explore the effects of temperature and pCO; levels on
Pacific cod and Arctic cod, larvae of each species were incu-
bated in separate full-factorial experiments consisting of three
temperature treatments and two pCO; levels, comprising six
experimental treatments in total (Table 1). Animal husbandry
and control of treatment conditions for combined temper-
ature and pCO; exposures are detailed in Slesinger er al.
(2024) and Slesinger et al. (2025). Briefly, Pacific cod embryos
were obtained from wild-caught animals collected northeast
of Kodiak, AK, while Arctic cod embryos were obtained from
the same broodstock as in the Ontogeny Experiment. For
each species, cold, control, and warm temperature treatments
were established based on previous experimental studies on
Pacific cod (3, 6, 10°C; Laurel et al., 2008) and Arctic cod
(1.8, 5, 7.3°C; Koenker et al., 2018b). Because of the differing
thermal tolerances between the species, enzyme activities in
the designated cold and warm treatments were compared
to the species-specific control temperature. The samples for
enzyme analysis were not available from the Pacific cod warm
treatment due to high mortality at 10°C. Water temperatures
for the respective treatments were maintained by mixing
ambient and chilled water sources fed from the Yaquina Bay,
OR. The pCO; levels were chosen to represent an ambient
(~350 patm) and a high pCO; (~1500 patm) scenario
(Table 1). The pCO; levels in the experiment were maintained
by bubbling CO, gas into header tanks, which were auto-
matically regulated by pH probes to maintain temperature-
dependent targets. For each experimental treatment (6 total),
there were four replicate tanks.

Larval sampling only occurred once for each Climate
Impacts experiment and the sampling protocols were
identical to those in the Omntogeny Experiments. Larvae
were sampled for enzyme assays at a common size rather
than a common age, because temperature strongly influences
development and growth, and sampling at a common
age could have obscured additional sensitivity to cold
and warm temperature treatments (Cataldn et al., 2007;
Kunzmann and Diemel, 2020). Sampling at a common age
would have instead addressed ontogenetic costs associated
with differences in development rate across temperature
treatments and their potential interactions with elevated
pCO,—questions outside the scope of this study. Sample
timing was determined from temperature-dependent growth
curves for Pacific cod (Hurst et al., 2010) and Arctic
cod (Koenker et al., 2018b), and Pacific and Arctic cod
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were sampled at 6.6 £0.1 and 9.6 +£0.3 mm, respectively
(Supplementary Table S1). Although larvae of each species
were sampled at a common size, Arctic cod were sampled at a
larger size than Pacific cod due to interspecific differences in
hatch size, growth rates, and the pre-determined experimental
parameters that larvae experience at least two weeks of
exposure within their respective treatments. Because these
size differences precluded a direct comparison of absolute
enzyme activity levels between species, analyses focused on
relative changes in enzyme activity compared to species-
specific controls across the range of temperature and pCO;
treatments.

TA (mol kg™")

DIC (mol kg™")

Metabolic enzyme assays

For each experiment, we measured the activities of citrate syn-
thase (CS), lactate dehydrogenase (LDH), and B-hydroxyacyl
CoA dehydrogenase (HOAD). For each composite sample,
frozen pooled larvae were re-weighed to obtain a final WW
and then homogenized on ice using a 7-ml Tenbroeck tissue
grinder in 10 mM Tris HCI buffer (pH 7.2). The buffer volume
was adjusted to the WW for each sample to obtain a dilution
of 20:1 for Pacific cod and 10:1 for Arctic cod. Differing dilu-
tion factors were based on the relative species-specific activity
rates of the enzymes. The homogenates were centrifuged at
10000x gat4°C for 10 min in a refrigerated microcentrifuge
(IEC Micromax RF, Thermo Electron Corporation), and the
supernatant was used for both the enzyme assays and for
assessing protein concentrations.

=)
-3
=
>
=
&
©
v

dissolved inorganic carbon; TA = total alkalinity.

pCO> (Latm)

Assays for CS and LDH were slightly modified from
procedures in Thuesen et al. (1998) and HOAD assay pro-
cedures were slightly modified from Singer and Ballantyne
(1989). Maximum activities (Viax) of CS, LDH and HOAD
were measured spectrophotometrically (Genesys 150 UV-Vis,
ThermoFisher) at 20°C in 1-ml cuvettes under non-limiting
conditions. Preliminary checks confirmed that the 20°C assay
temperature had no effect on enzyme function. All assays were
run in triplicate and the intra-assay variation (CV) was <10%
for each enzyme. CS activity was assayed in 50 mM Imidazole
buffer (pH 7.8), 1.5 mM MgCl,, 0.1 mM DTNB and 0.1 mM
acetyl-CoA. Once the homogenate was added, background
activity was measured, and then the reaction was initiated
by adding 25 pl oxaloacetic acid for a final concentration of
1 mM. Activity was measured for 5 min at 412 nm, using an
extinction coefficient of 13.6 OD pwmol™" ml™! to calculate
activity rates. LDH and HOAD activities were measured at
340 nm for 2 min, and activity rates were calculated using
an extinction coefficient of 6.22 OD pmol™!' ml~'. LDH
was assayed in 80 mM Imidazole buffer (pH 7.2), 100 mM
KCl, 5 mM pyruvate and 0.15 mM NADH. HOAD was

= Arctic cod (Boreogadus saiday); DIC

Temp level
Pacific cod (Gadus macrocephalus); Acod

CO; level

Exp. dates

Table 1: Experimental parameters for Pacific cod and Arctic cod in the climate impacts experiments

Values are presented as mean =+ SD. Pcod

4  assayed in 50 mM Imidazole buffer (pH 7.4), 100 mM KClI,
88 0.15 mM NADH, and 0.1 mM acetoacetyl CoA. Protein
g g concentrations (mg ml~') were determined spectrophotomet-
g g rically (SpectraMax Plus 384, Molecular Devices) at 37°C
£ 5 using a BCA kit (ThermoFisher). Enzyme activities were
v o .

% » expressed as units (U, umol of substrate converted to product
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Figure 1: Growth metrics for Arctic cod (Acod: B. saida) and Pacific cod (Pcod: G. macrocephalus) throughout ontogeny. Modelled line and
shaded area (Acod: green; Pcod: pink) represent the mean and confidence interval for each measurement with a linear model for length (a), %
protein (c), and % dry weight (d), and a quadratic model for dry weight (b). Raw data are shown as points (Acod: diamonds; Pcod: circles).
Sample size per sampling day is an n of 5 for Arctic cod length, dry weight, % protein, and % dry weight, 4-6 for Pacific cod for length, dry

weight, % dry weight, and 5-10 for Pacific cod % protein.

per minute) and relative to protein concentration (U mg
protein™') and body mass (U mg WW™!). In addition, enzyme
ratios LDH:CS and HOAD:CS were calculated to explore
the relative contribution of anaerobic to aerobic metabolism
and of fatty acid metabolism towards aerobic metabolism,
respectively.

All analyses were conducted in R (Version 4.3.0, R Core
Team, 2023). For the Ontogeny Experiments, the change in
enzyme activities with age was modelled as a linear, quadratic,
or cubic function based on the best-fit model determined
through AICc scores (Burnham and Anderson, 2004). For
the Climate Impacts Experiments, the effect of temperature,
pCO,, and their interaction was determined through Type-III
ANOVA, and post hoc Tukey’s honestly significant difference
tests were used to identify pairwise differences. Effect sizes
were determined from the ANOVA tests. Because experiments
were run independently for each species, we did not statisti-
cally explore the difference in enzyme activities between the
species and instead focused on comparing the differences in
patterns among the species. Data residuals were tested for
normality and homogeneity, and significance was taken at an
alpha level of 0.05.

This research was carried out in accordance with all applica-
ble institutional and national guidelines. Pacific cod brood-
stock were collected under Alaska Department of Fish and

Game Permit #CF-18-021 and Pacific cod embryos were
collected under Alaska Department of Fish and Game Permit
#P-22-00S5. Arctic cod adult broodstock were collected under
Alaska Department of Fish and Game Permits #CF-12-088
and #CF-13-080. This research was conducted at NOAA’s
Alaska Fisheries Science Centre Laboratory in Newport, Ore-
gon. NOAA National Marine Fisheries Service does not have
an Institutional Animal Care and Use Committee (IACUC)
approval process for research on fishes. All work followed
American Fisheries Society policies on the Guidelines for Use
of Fishes in Research (American Fisheries Society: https:/
fisheries.org/docs/policy_useoffishes.pdf) and the AVMA Guide-
lines on Euthanasia (American Veterinary Medical Associa-
tion: https://olaw.nih.gov/sites/default/files/Euthanasia2007.pdf).

Results

At first sampling (6 DPH), Arctic cod were ~1 mm longer
and twice as heavy as Pacific cod, but % protein (mg protein
mgeWW ') was twice as high and % DW (mg DWemg
WW~!) was 15% higher in Pacific cod than in Arctic cod
(Fig. 1; Table 2). As the fish aged, Pacific cod grew almost
twice as fast as Arctic cod larvae as seen in the length-based
and mass-specific growth rates (Fig. 1; Table 2). Both species
increased in % DW and % protein (Fig. 1) with age at similar
rates but Pacific cod were higher in both metrics throughout
their development. At the end of sampling for Pacific cod (55
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Table 2: Parameter estimates for growth estimates across ontogeny for Arctic cod (B. saida) and Pacific cod (G. macrocephalus)

Initial measure | A (measure | Parameter estimates Measure=y, + aDPH + bDPH? | Model R?
(6 DPH) day')

| b |

Values are presented as mean & SD from the parameter estimates from an n of 5 for Arctic cod length, dry weight, % protein, and % dry weight, 4-6 for Pacific cod for
length, dry weight, % dry weight, and 5-10 for Pacific cod % protein. The amount of corresponding parameter estimates reflects the type of model fit (linear [a], quadratic
[a,b]). A is the change in the specific measure from 6 to 55 DPH for both species. DPH = days post hatch. % Protein = mg protein mg WW~". % Dry weight = mg dry weight

mg WW™". All model fits were significant (P < 0.05).
Data were log1o transformed and parameter estimates are on logj scale.

DPH), they were longer, heavier, and higher in % protein and
dry weight when compared to Arctic cod at 55 DPH.

Throughout ontogeny, Pacific cod had higher enzyme
activity rates than Arctic cod when expressed as protein-
specific (per mg protein) and weight-specific (per mg WW)
rates, and the ontogenetic patterns in enzyme activities
differed between the two species (Table 3, Fig. 2). Pacific cod
CS and HOAD protein-specific enzyme activity decreased
with age while protein-specific LDH activity increased
with age. Arctic cod protein-specific enzyme activities all
initially increased with age until ~35 DPH when activity
levels plateaued (CS, LDH) or the increase slowed (HOAD)
(Fig. 2a,c,e). The weight-specific enzyme activities also dif-
fered between the two species (Fig. 2b,d,f) due to ontogenetic
changes in protein concentrations. For Pacific cod, weight-
specific CS and HOAD activities were constant throughout
ontogeny while LDH activity increased (Table 3). For Arctic
cod, weight-specific activity of each enzyme increased with
age as a result of the plateau in protein-specific enzyme
activity coinciding with an ontogenetic shift in higher protein
concentration. For both species, the LDH:CS ratio increased
with ontogeny (Table 3; Fig. 3). The HOAD:CS ratio did not
change with age for Pacific cod but increased for Arctic cod
(Table 3; Fig. 3).

Climate impacts experiments

Rearing temperature had a significant effect on protein-
specific enzyme activities in Pacific cod (CS: Fj29=18.961,
P <0.001; LDH: F;39=6.813, P<0.05; HOAD: F 9=
34.087, P<0.001; Table 4) where each protein-specific
enzyme activity was higher at 3°C than at 6°C (Fig. 4).

There was no effect of rearing temperature on Pacific cod
weight-specific enzyme activities (CS: Fi29=0.684; LDH:
F1’29 = 2.702; HOAD: F1’29 = 0.043; all P> 0.05; Table 4;
Fig. 5), which was likely driven by the small increase in % pro-
tein at higher rearing temperatures (Supplementary Table S1).
There was no significant effect of rearing temperature on
Pacific cod LDH:CS (Fq 9 =3.925, P > 0.05; Table 4; Fig. 6)
and HOAD:CS (F1 9 =1.156, P > 0.05; Table 4; Fig. 6).

For Arctic cod, temperature significantly affected protein-
specific CS and HOAD activities (CS: F;¢6=14.155,
P <0.001; HOAD: F, 46 = P < 0.05; Table 4) primarily driven
by lower CS activity and higher HOAD activity at 7.3°C
than at 1.8 and 5°C (Fig. 4). Protein-specific LDH activity
was not significantly affected by temperature (F g6 =0.445,
P> 0.05; Table 4). Arctic cod % protein increased with
temperature (Supplementary Table S1), which led to differing
responses between protein- and weight-specific enzyme
activities (a pattern similar to that in Pacific cod). Arctic cod
weight-specific LDH and HOAD activities were significantly
affected by temperature (LDH: F,¢6=7.604, P <0.05;
HOAD: F,46=15.167, P<0.001; Table4) with higher
enzyme activities at 7.3°C than at 1.8 and 5°C (Fig. 3).
Both the LDH:CS and HOAD:CS ratios were significantly
affected by temperature (LDH:CS: F, ¢¢ = 10.978; HOAD:CS:
F> 66 =46.636,all P <0.001; Table 4) where both ratios were
significantly higher at 7.3°C than at 1.8 and 5°C (Fig. 6).

Compared to the pervasive effect of temperature, the
effect of pCO, was less pronounced as reflected in the
effect sizes (Table 4) and was only significant at the control
temperature for both species. In Pacific cod, only protein-
specific HOAD activity was affected by elevated pCO;
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Figure 2: Change in protein (a,c,e) and wet-weight specific (b,d,f) enzyme activities throughout ontogeny for Arctic cod (Acod: B. saida) and
Pacific cod (Pcod: G. macrocephalus). Modelled line and shaded area (Acod: green; Pcod: pink) represent the mean and confidence interval for
the best fit model for each enzyme and species (parameters available in Table 3). Raw data are shown as points (Acod: diamonds; Pcod: circles).
Sampile size per sampling day is 5 for Arctic cod and 5-10 for Pacific cod. Enzyme assays were conducted at 20°C. CS = citrate synthase.

LDH = lactate dehydrogenase. HOAD = B-hydroxyacyl CoA dehydrogenase. WW = wet weight.

(F1,09=4.592, P <0.05; Table 4), where activity levels were
lower at high pCO; than at ambient pCO; at 6°C (Fig. 4).
There was not a significant effect of elevated pCO; on the
weight-specific enzyme activities (CS: Fj29=0.001; LDH:
F],zg = 0.220; HOAD: F‘1’29 = 1.413; all P> 0.05; Table 4)
nor the LDH:CS ratio (Fj 29 =2.134, P> 0.05; Table 4). The
HOAD:CS ratio was also not significantly affected by elevated
pCO, (F1,29=4.127,P=0.051; Table 4), but the post hoc test
indicated a significant decrease in HOAD:CS ratio at high
pCO;, compared to ambient pCO, at 6°C (Fig. 6). There
was no significant effect of elevated pCO, on Arctic cod
protein-specific enzyme activities (CS: Fj g6 =3.627; LDH:
F1,66 =2.1 1; HOAD: F1,66 = 0745, all P > 005, Table 4) and
weight-specific enzyme activities (CS: Fj¢6=0.262; LDH:
F1.66 =0.390; HOAD: Fy46=0.037; all P> 0.05; Table 4).
However, there was a significant temperature x pCO; inter-
action for protein-specific CS activity (F 6 = 3.452; P < 0.05;
Table 4) and weight-specific HOAD activity (Fyg6=3.365;
P <0.05; Table 4). For protein- and weight-specific CS and
HOAD activities, the post hoc tests indicated a significant
increase in each enzyme activity under elevated pCO, when

compared to ambient pCO, at 5°C (Figs 4 and 5). Both
LDH:CS and HOAD:CS ratios were not significantly affected
by elevated pCO, (LDH:CS: Fygg=0.059; HOAD:CS:
F166=0.181; all P>0.05; Table4) or the temperature
x pCO, interaction (LDH:CS: Fqg6=1.303; HOAD:CS:
F1,66=0.058; all P> 0.05; Table 4).

Discussion

We examined biochemical responses of two species through-
out ontogeny and in response to environmental stressors to
provide insight into competitive dynamics between species
with increasing overlap of their larval ranges. High larval
metabolic enzyme activities in Pacific cod supported their
faster growth rates than the growth rates of Arctic cod. The
changes in specific enzyme activities throughout ontogeny
pointed to differences in energy metabolism pathways
between the two species, such that Pacific cod larval
metabolism appeared to be fuelled more by carbohydrates
while Arctic cod larval metabolism was fuelled more by
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Figure 3: Change in enzyme ratios LDH:CS (a) and HOAD:CS (b) throughout ontogeny for Arctic cod (Acod: B. saida) and Pacific cod (Pcod: G.
macrocephalus). Modelled line and shaded area (Acod: green; Pcod: pink) represent the mean and Cl for the best fit model for each enzyme and
species (parameters available in Table 3). Raw data are shown as points (Acod: diamonds; Pcod: circles). Sample size per sampling day is 5 for
Arctic cod and 5-10 for Pacific cod. Enzyme ratios were calculated from protein-specific enzyme activities. Enzyme assays were conducted at
20°C. CS =citrate synthase. LDH = lactate dehydrogenase. HOAD = -hydroxyacyl CoA dehydrogenase.

lipids. Pacific cod and Arctic cod also differed in their
responses to rearing temperature and pCO, levels. Pacific
cod biochemical responses were indicative of a species that
can acclimate, but is not fully adapted, to cold temperature,
in contrast with Arctic cod, which demonstrated cold-water
adaptation. Arctic cod enzyme activities increased with warm
temperatures, suggesting increased metabolism and energy
demand. Both species exhibited only minor responses to
elevated pCO;, which primarily manifested in a change in
HOAD activity. Interestingly, these effects only occurred at
the control temperature for both species.

Pacific cod larval enzymatic responses followed expectations
based on previous studies focused on larval fish metabolic
enzymes, where anaerobic capacity increased faster than aer-
obic capacity throughout early development (Clarke et al.,
1992; Desrosiers et al., 2008; Kunzmann and Diemel, 2020).
Increases in fish body size can lead to a decrease in CS activity
through a decrease in mass-specific metabolic rates (Catalan
et al., 2007) and an increase in LDH activity predominantly
through growth of white muscle tissue (Churova et al., 2017).
In addition, for active larvae, an increase in glycolytic capacity
can support quick bursts of energy required for swimming
(Somero and Childress, 1990; Hickey and Clements, 2003).
While Pacific cod larval metabolic enzymes follow this pat-
tern, it is intriguing that the same response was not seen in
Arctic cod. This difference between the two species may rep-
resent differing swimming/activity strategies tailored to their
native larval environments. Pacific cod eggs are demersal,
but after hatch, the larvae rise to the surface where they are
active in their pelagic environment (Mecklenburg et al., 2002;
Hurst et al., 2009). Arctic cod eggs incubate underneath the
sea ice and the larvae hatch in spring as the ice breaks up
(Kohlbach et al., 2017; Steiner et al., 2019). Ice melt can
stabilize the water column leading to less turbulence, where
Arctic cod larvae may not rely on quick energy production.

Recently, the Northern Bering Sea and Chukchi Sea ice extents
have been dramatically reduced, leading to more open water
days (Stabeno and Bell, 2019; Baker et al., 2020), which
could pose additional energetic constraints on Arctic cod and
benefit Pacific cod, which may be adapted to higher energy
environments.

While Arctic cod anaerobic capacity (LDH) remained
higher than aerobic (CS, HOAD) in absolute values, the
pattern of metabolic enzyme activities with age differed
substantially from Pacific cod. Each Arctic cod metabolic
enzyme activity increased after hatch before plateauing at
35 DPH (~8 mm). A period of unchanging enzyme activity
during larval development has been observed in other fish
(Hinterleitner et al., 1987; Segner and Verreth, 1995). For
Arctic charr (Salvelinus alpinus), the plateau in enzyme
activity was suggested to be a precursor for another rapid
period of growth and potentially related to the increasing
activity levels of digestive enzymes (Lemieux et al., 2003). In
each of these examples, as well as in Arctic cod larvae, the
plateau in enzyme activity occurred when enzyme activities
were expressed relative to protein. When expressed relative
to WW, Arctic cod enzyme activity did not plateau and
instead increased with age, which appeared to be driven
by the ontogenetic changes in protein concentration. This
suggests that the proportions of enzymes in the total enzyme
pool did not change but by increasing protein concentration,
the size of the total enzyme pool continued to increase,
raising the activity levels of enzymes within the entire larval
body. These periods of developmental stasis, where the larval
body grows yet the proportions of specific tissues remains
constant, likely precede the next important developmental
timepoint (Forstner et al., 1983). Pairing more frequent
sampling, biochemical responses, and histological data could
help uncover important developmental changes in body
composition in larval Arctic cod.

Another major distinction between Pacific cod and Arctic
cod physiology was the differing fatty acid usage in the
two species. As Pacific cod larvae grew, HOAD:CS remained
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Figure 4: The effects of temperature and pCO,, level on Arctic cod (Acod: B. saida; green; n=71; top row) and Pacific cod (Pcod: G.
macrocephalus; pink; n = 33; bottom row) protein-specific CS (a and d), LDH (b and e), and HOAD (c and f) activity. Values are presented as
mean =+ SE (high pCO; = open triangle; ambient pCO; = closed square). Temperature treatments were identified as cold (1.8°C = Arctic cod; 3°C
Pacific cod), control (5°C = Arctic cod; 6°C = Pacific cod), and warm (7.3°C = Arctic cod; no data available for Pacific cod). Dashed line represents
the mean of the control (ambient pCO, and control temperature), where values above and below indicate an upregulation or downregulation
of that specific enzyme, respectively. Significant differences between temperature treatments within a specific pCO; treatment are depicted by
different letters at the top (upper case: ambient pCO,; lower case: high CO;). The x indicates a significant effect of pCO; at the specific
temperature treatment. Full ANOVA results can be found in Table 4. Enzyme assays were conducted at 20°C. CS = citrate synthase. LDH = lactate

dehydrogenase. HOAD = -hydroxyacyl CoA dehydrogenase.

constant; in contrast, Arctic cod HOAD:CS increased and
was substantially higher than in Pacific cod. This suggests
that the fatty acid contribution towards aerobic metabolism
is an important energy pathway for growing Arctic cod
(Hochachka, 1994; Egginton et al., 2000), while Pacific cod
may rely more on carbohydrate metabolism (Tong et al.,
2017). A driver of this difference may relate to fundamental
differences in lipid content between the two species. At hatch,
Arctic cod have larger yolk sacs than Pacific cod (Laurel
et al.,2008,2018), and throughout larval and juvenile stages,
Arctic cod generally are higher in lipid content than Pacific
cod (Copeman et al., 2017; Koenker et al., 2018a). Increased
fatty acid metabolism in Arctic cod may be facilitated by
a larger pool of fats as an energy source and/or a general
propensity for fatty acid uptake (Egginton et al., 2000). A
metabolism fuelled largely by lipids may also explain the
lower glycolytic capacity of Arctic cod when compared to
Pacific cod (Crockett and Sidell, 1990).

Altogether, these data provide insight into which species
may have competitive advantage in overlapping ranges. With
respect to similar growing temperatures (5°C Arctic cod; 6°C
Pacific cod), Pacific cod grow faster than Arctic cod, which
could result in lower mortality risk from size-selective preda-
tors (Anderson, 1988). Based on metabolic enzyme activities,

Pacific cod metabolic strategy may be more carbohydrate-
fuelled and dependent on anaerobic metabolism than Arc-
tic cod, which appear to rely on aerobic metabolism and
lipids as an important fuel source. Glucose initiates glycolysis,
which produces pyruvate that can either be used in anaerobic
metabolism or oxidized into acetyl-CoA to enter the citric
acid cycle. Lipids (as fatty acids) are fuel substrate for aerobic
metabolism as beta oxidation bypasses glycolysis, incorpo-
rating fatty acids into the citric acid cycle after oxidation
into acetyl-CoA. A difference between these two strategies
is the relative speed at which glucose and lipids can be
used as it relates to the speed of glycolysis versus oxidative
phosphorylation. Pacific cod may be able to generate ATP
rapidly, but at the cost of using up available energy sources
quickly. As such, under similar growing temperatures, prey
availability may determine which species has competitive
advantage. High food scenarios could support the fast growth
and high metabolic enzyme activities in Pacific cod. However,
under low food scenarios, Arctic cod may have competi-
tive advantage, with slower growth, lower enzyme activity
levels, and larger lipid energy stores. In a previous study,
the competitive advantage of Arctic cod larvae over walleye
pollock (Gadus chalcogrammus), a congener of Pacific cod,
was apparent at <5°C with Arctic cod surviving longer in
the absence of food (Laurel et al., 2018). Follow-up studies
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Figure 5: The effects of temperature and pCO, level on Arctic cod (Acod: B. saida; green; n=71; top row) and Pacific cod (Pcod: G.
macrocephalus; pink; n = 33; bottom row) weight-specific CS (a, d), LDH (b, e), and HOAD (¢, f) activity. Values are presented as mean = SE (high
pCO, = open triangle; ambient pCO, = closed square). Temperature treatments were identified as cold (1.8°C = Arctic cod; 3°C Pacific cod),
control (5°C = Arctic cod; 6°C = Pacific cod), and warm (7.3°C = Arctic cod; no data available for Pacific cod). Dashed line represents the mean of
the control (ambient pCO, and control temperature), where values above and below indicate an upregulation or downregulation of that
specific enzyme, respectively. Significant differences between temperature treatments within a specific pCO; treatment are depicted by
different letters at the top (upper case: ambient pCO,; lower case: high CO;). The * indicates a significant effect of pCO, at the specific
temperature treatment. Full ANOVA results can be found in Table 4. Enzyme assays were conducted at 20°C. CS = citrate synthase. LDH = lactate
dehydrogenase. HOAD = $-hydroxyacyl CoA dehydrogenase. WW = wet-weight.

could focus on directly testing the hypothesis that Pacific cod
have competitive growth advantage over Arctic cod at similar
incubation temperatures and high prey densities.

In previous studies, Pacific cod and Arctic cod grew faster
at warmer temperatures and mortality was highest under
ocean warming conditions (Laurel ez al., 2008; Koenker
et al., 2018b). The effects of elevated pCO, were inconsistent
among larval traits and across temperature treatments but
for both species, sensitivity to ocean acidification was most
apparent at the optimal (control) temperature for growth
(Slesinger et al., 2024, 2025). These results were seen in
organismal responses to combined environmental stressors,
but a comparison of how the finer physiological processes
responded to temperature and pCO; has not been explored.

A potential limitation in the degree to which Pacific cod
larvae can survive in the same habitat as Arctic cod is based
on cold water tolerance. Pacific cod protein-specific enzyme
activities all increased at the coldest temperature (3°C), while
Arctic cod did not exhibit positive temperature compensation
at their coldest temperature (1.8°C) in LDH and HOAD

expressed relative to protein. A positive temperature
compensation in enzyme activity at cold temperatures has
been suggested as evidence for cold acclimation (Guderley,
1990; Lucassen et al., 2003; McClelland et al., 2006), but
not cold-adaptation (Thibault ez al., 1997; Portner et al.,
2000), because increases in enzyme concentrations can
counteract slowing enzyme function in temperatures that
are too cold (Overnell and Batty, 2000). However, this
argument for metabolic cold adaptation remains debated.
Some studies have used positive temperature compensation at
cold temperatures as evidence for metabolic cold adaptation
when comparing polar and temperate species (Crockett and
Sidell, 1990; Kawall et al., 2002; Dymowska et al., 2012).
In these studies, the comparison in enzyme activity was
measured across the same acclimation temperatures between
two species of similar life histories. In our study, Pacific cod
enzyme activity levels were always elevated relative to those
measured in Arctic cod. This trend was apparent throughout
development (Ontogeny Experiments), and it may likely
reflect differences in activity levels and life histories between
the two species (see above; DeVries and Eastman, 1981). As
such, we suggest Pacific cod have the capacity to acclimate,
but are not fully adapted, to cold temperatures, and future
studies would benefit by identifying if there is a trade-off
associated with acclimation to colder temperatures.
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Figure 6: The effects of temperature and pCO,, level on Arctic cod (Acod: B. saida; green; n=71; top row) and Pacific cod (Pcod: G.
macrocephalus; pink; n = 33; bottom row) LDH:CS ratio (a and ¢) and HOAD:CS ratio (b and d). Values are presented as mean =+ SE (high

pCO,, = open triangle; ambient pCO, = closed square). Temperature treatments were identified as cold (1.8°C = Arctic cod; 3°C Pacific cod),
control (5°C = Arctic cod; 6°C = Pacific cod), and warm (7.3°C = Arctic cod; no data available for Pacific cod). Dashed line represents the mean of
the control (ambient pCO;, and control temperature), where values above and below indicate an upregulation or downregulation of that
specific enzyme, respectively. Significant differences between temperature treatments within a specific pCO; treatment are depicted by
different letters at the top (upper case: ambient pCO,; lower case: high CO;). The x indicates a significant effect of pCO; at the specific
temperature treatment. Enzyme ratios were calculated from protein-specific enzyme activities. Full ANOVA results can be found in Table 4.
Enzyme assays were conducted at 20°C. CS = citrate synthase. LDH = lactate dehydrogenase. HOAD = p-hydroxyacyl CoA dehydrogenase.

For both species, these experiments included incubation
at a warm rearing temperature to represent future ocean
warming, but an enzymatic comparison was unavailable due
to high mortality rates in Pacific cod larvae (Slesinger ez al.,
2024). Arctic cod larvae also had higher mortality rates at
the warm temperature treatment (Slesinger ef al., 2025), but
were abundant enough for enzyme analysis. Enzyme activities
in warm-reared Arctic cod indicate higher fatty acid oxi-
dation to fuel aerobic metabolism (HOAD, HOAD:CS) and
greater contribution from anaerobic metabolism (LDH:CS)
(Table 4; Figs 5 and 6). Under ocean warming conditions,
larval medaka (Oryzias latipes) enzyme activities were upreg-
ulated, potentially to support elevated energy demand (Li
et al., 2015), while for some marine tropical fishes (Acan-
thochromis polyacanthus, Amphiprion melanopus, Lates cal-
carifer), CS and LDH activities remained constant (Illing ez al.,
2020). For larval Arctic cod, there was less evidence that
elevated energy demands were met through increased LDH
activities, as the increased LDH:CS ratio was largely driven
by the decrease in CS. However, Arctic cod did demonstrate
substantial increases in protein- and weight-specific HOAD
activities indicating elevated fatty acid usage to fuel aero-
bic metabolism. Other species, including gilthead seabream
(Sparus aratus) and rainbow trout (Oncorbynchus mykiss),
have also exhibited higher rates of beta oxidation under high-

temperature stress (Cordiner and Egginton, 1997; Feidantsis
et al., 2020). While higher fatty acid oxidation may help
meet energy demands, increased lipid metabolism can result
in detrimental effects of exposure to higher concentrations of
reactive oxygen species (Abele and Puntarulo, 2004). How-
ever, if Arctic cod are predisposed to naturally higher rates
of fatty acid metabolism, they may already have existing
antioxidant strategies to cope with increased reactive oxygen
species. Future assessments of gene expression could help
elucidate additional physiological pathways and processes
utilized by Arctic cod to meet their increased energy demands
at warm temperatures, as has been done for Pacific cod larvae
in response to ocean warming (Spencer et al., 2025).

Ocean acidification can disrupt the acid-base balance in
fish (Burggren and Bautista, 2019), which can lead to a multi-
tude of downstream physiological responses. Pacific cod and
Arctic cod larvae demonstrated some sensitivity to elevated
pCO;, levels, but interestingly, only at the control temperature.
The control temperatures for experiments were set to the opti-
mal growing temperature for each species based on previous
studies (Hurst et al., 2010; Koenker et al., 2018b). These
were also the only temperatures where negative effects of ele-
vated pCO; on whole-animal condition indices were observed
(Slesinger et al., 2024, 2025). However, in this study, the type
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of physiological response to elevated pCO, at the control
temperature differed between the two species, which may
provide insight into differing biochemical sensitivities and
responses to ocean acidification (Esbaugh, 2018). For Pacific
cod exposed to elevated pCO, levels, fatty acid metabolism
(HOAD, HOAD:CS) was reduced. In Hurst et al. (2019),
Pacific cod larvae exposed to ocean acidification conditions
exhibited signs of lipid dysregulation, and other gadids have
shown similar lipid sensitivities to ocean acidification (From-
mel et al., 2011; Hurst et al., 2021; Spencer et al., 2025).
Lipid dysregulation in Pacific cod larvae may lead to fewer
fatty acids available as fuel substrate, which would limit fatty
acid oxidation as an energy pathway (Egginton ez al., 2000).
For Arctic cod, there was significant upregulation of CS and
HOAD under elevated pCO; conditions, but because both
were elevated, there was no change in the HOAD:CS ratio.
We suggest that elevated pCO, may have led to an increase in
metabolic demand, and an upregulation of enzymes impor-
tant for maintaining ATP production (as was seen under
ocean warming). An increase in aerobic enzyme activities
to match higher energy demand under elevated pCO; has
also been demonstrated in Antarctic nototheniids (Strobel
et al., 2013; Feidantsis ez al., 2015). Collectively, the different
responses in the fatty acid metabolism between Pacific cod
and Arctic cod may be fundamentally driven by their different
physiology throughout development as demonstrated in the
Ontogeny Experiments.

While Pacific cod and Arctic cod enzyme activities
differed under high pCO, exposure, they were similar in
that HOAD activity was the most sensitive. These results
differ from other studies focused on the effects of ocean
acidification on biochemical responses of marine fish. Under
elevated pCO; levels, sand smelt (Atherina presbyter) larval
LDH activity was upregulated indicating an increase in
anaerobic metabolism to match elevated energy demands
(Silva et al., 2016). For gilthead seabream, an elevation of
anaerobic metabolism under ocean acidification conditions
was identified in adult fish tissues (Michaelidis et al., 2006;
Ruiz-Jarabo et al., 2021) and in whole-animal homogenates
of larvae (Pimentel et al., 2020). However, these fish inhabit
warmer waters than the fish in our study. Other cold-water
species, such as the Antarctic fishes Pagothenia borbgrevinki
and Trematomus newnesi, did not exhibit elevated LDH
activity under ocean acidification conditions (Enzor ef al.,
2017). This limited evidence suggests that the physiolog-
ical mechanisms of regulating acid—base balance under
ocean acidification may be sensitive to a species’ thermal
environment.

Conclusions

Metabolic enzyme activities were used to assess changes in
energy metabolism in two gadid species throughout ontogeny
and when exposed to environmental stressors. Throughout
ontogeny, Pacific cod larval metabolic enzyme activity levels
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and trends differed from those measured in Arctic cod, which
was likely driven by the differing activity levels of the larval
fish species. This has important implications in the wild
where under slight warming to optimal growing temperatures
(5-6°C), Pacific cod may have competitive advantage over
Arctic cod if prey is abundant. When exposed to differing
temperatures and pCO;, levels, the response of metabolic
enzyme activities also differed between the two cod species.
Pacific cod were less adapted to cold temperature than Arctic
cod, which suggests Pacific cod may continue to be con-
strained in their northern habitat by cold temperatures. Under
warming, Arctic cod upregulated enzymes associated with
aerobic metabolism which suggests an increase to match
higher energy demands (high Pacific cod mortality at high
temperatures precluded a similar comparison). Finally, both
cod species’ fatty acid metabolism was affected by elevated
pCO,, but the response differed such that Pacific cod demon-
strated potential signs of lipid dysregulation, while Arctic cod
showed signs of elevated metabolic demand. This suggests
the effects of ocean acidification, while still acting on the
fatty acid metabolism, could lead to differing outcomes for
the two species. Overall, in a controlled laboratory setting,
exploring the change in metabolic enzyme activities in the
two larval cod species provides insight into assessing the
potential effect of large-scale environmental change in the
Pacific—Arctic interface and increased frequency of the co-
occurrence of both species.
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