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ABSTRACT

The rise in offshore oil and gas operations, maritime shipping, and tourism in northern latitudes
enhances the risk of oil spills to sub-Arctic and Arctic coastal environments. Therefore, there is
a need to understand the potential adverse effects of petroleum on key species in these areas.
Here, we investigated the effects of oil exposure on the early life stages of capelin (Mallotus
villosus), an ecologically and commercially important Barents Sea forage fish species that spawns
along the coast of Northern Norway. Capelin embryos were exposed to five different concentra-
tions (corresponding to 0.5-19 pg/L total PAHs) of water-soluble fraction (WSF) of crude oil from 6
days post fertilization (dpf) until hatch (25 dpf), and development of larvae in clean seawater was
monitored until 52 dpf. None of the investigated endpoints (embryo development, larval length,
heart rate, arrhythmia, and larval mortality) showed any effects. Our results suggest that the early
life stages of capelin may be more robust to crude oil exposure than similar life stages of other fish
species.
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Introduction

demersal eggs that adhere to the spawning sub-
strate in subtidal waters or on beaches along the
North Norwegian and Northwestern Russian
coasts (Hop and Gjeseter 2013). During the 1.5-
2.5-month period from spawning until the hatched
larvae swim out to the open sea beach-spawning
capelin may be particularly vulnerable to exposure
to spilled crude oil and its water-soluble frac-
tion (WSF).

Crude oil can affect developing fish through
multiple pathways, including cardiotoxicity (e.g.,

As Arctic and sub-Arctic waters become increas-
ingly accessible as a result of a warming climate,
offshore oil and gas operations, maritime shipping,
and other human activities are all expected to
increase over the coming years (Eliasson et al.
2017). Ship traffic in the Arctic region has
increased since 2012, especially in the Barents Sea
and along the Northern Sea Route (Eguiluz et al.
2016; Hreinsson 2020; Smith and Stephenson
2013), which traverses feeding, wintering, and
spawning areas for Arctic key species such as the

capelin (Mallotus villosus) (Hop and Gjeseter
2013). Capelin, a pelagic fish with a circumpolar
distribution throughout regions of the Pacific and
Atlantic Oceans, has long been recognized as an
essential forage and commercial fish species in the
Northwest Atlantic ecosystem and constitutes the
largest stock of pelagic fish in the Barents Sea (Hop
and Gjeseter 2013). Capelin spawns 1 mm

bradycardia, arrhythmia, and cardiac malforma-
tion), leading to developmental deformities and
sublethal effects that may persist to later life stages
(Hicken et al. 2011; Incardona et al. 2015, 2021;
Mager et al. 2014). Recent studies have also high-
lighted the impairment of the neurological pathway
in fish early life stages exposed to crude oil, inde-
pendent of the cardiotoxic pathway (Greer et al.
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2019). Mechanistic studies have for instance shown
the impairment of the eye development and func-
tion, supported by the alteration of the retinoid
signaling pathway (Bérubé et al. 2023; Gonzalez-
Penagos et al. 2022; Lie et al. 2019; Serhus et al.
2021). A few studies have investigated the impact of
crude oil on capelin early life stages. Based on these
and their effect concentrations (expressed in terms
of sum of PAHs), we hypothesize that capelin early
life stages may be relatively robust to exposure to
crude oil and associated mixtures compared to
other fish species from both cold-water (Bender
et al. 2021; Hansen et al. 2021; Nahrgang et al.
2016; Serensen et al. 2017) and warm-water marine
environments (reviewed by Pasparakis et al. 2019).
Paine et al. (1992) showed a higher sensitivity to
crude oil exposure in larval stages compared to
embryonic stages of capelin. In 2012, Frantzen
et al. showed developmental delays and increased
embryonic mortality under exposure to a water-
soluble fraction (WSF) of crude oil (initial sum of
26 PAHs above 40 ug/L). However, typical symp-
toms of yolk sac and pericardial edema, hemor-
rhages, and craniofacial abnormalities were not
observed at the exposure concentrations used
(Frantzen et al. 2012). Several studies have also
investigated the impact of dispersed oil and disper-
sant (Beirdo et al. 2019; Beirdo, Litt, and Purchase
2018; Tairova et al. 2019). Capelin sperm fertiliza-
tion ability was reduced under a dispersed oil expo-
sure and attributed the effect to the dispersant
rather than the crude oil (Beirdo, Litt, and
Purchase 2018). Chemically dispersed oil also led
to dose-dependent reductions in hatching success,
heart rates at sum of 18 PAHs down to 2.8 pg/L
(Beirdo et al. 2019), and an increased prevalence of
larval deformities (craniofacial abnormalities, body
axis defects, reduced total body length) were shown
by Tairova et al. (2019) (sum of PAHs not known).

One major hindrance in comparing sensitivities
across species and studies is the influence of the
exposure designs including exposure regimes,
crude oil fractions (dispersed, water-soluble, etc.),
as well as the origin and composition of the crude
oil. Therefore, the present study aimed at evaluat-
ing the sensitivity of beach-spawning capelin early
life stage to crude oil WSF using the same exposure
design, crude oil, and concentration range as pre-
viously used in our research group on polar cod

(Boreogadus saida) (Bender et al. 2021). Bender
et al. (2021) showed dose-dependent increased
mortality, prevalence of malformations, and
reduced larval length in polar cod exposed
throughout the embryo stage to a WSF of crude
oil at initial levels of sum of 44 PAHs below 250 ng/
L. This study reported some of the lowest effective
concentrations found in the literature for fish early
life stages exposure to crude oil and constitutes an
interesting basis for comparison with the possibly
more robust capelin. Capelin embryos collected on
beaches of Northern Norway were exposed until
hatch, similarly to Bender et al. (2021). Prevalence
of malformations in embryos as well as larval mor-
tality, cardiac activity, and length were recorded.
We hypothesized that the early life stages of beach-
spawning capelin exposed to a crude oil WSF
would show similar effects to that observed in
Bender et al. (2021) but at higher doses.

Material and methods
Ethical statement

The present experimental work was performed
according to regulations enforced by the
Norwegian Animal Research Authority (ID 19371).

Collection of the capelin eggs

On the 13" of April 2019, beached-spawned cape-
lin eggs deposited on coarse sand were collected in
Loddebukta, Balsfjorden (N 69°14’, E19°13’). The
eggs were kept in a cold and humid box for the
2-h transit to the research station of Akvaplan-niva
at Kraknes. Upon arrival, the egg-bearing coarse
sand was placed in a shallow tank receiving flow-
through seawater (5 °C, 60 pm filtered and UV-
treated).

Experimental design

Capelin embryos were exposed to crude oil WSFs
using oiled gravel columns, as described by Bender
et al. (2021). Briefly, gravel (7-9 mm) was rinsed
with tap water, soaked in 1 M HCI for 2 h, rinsed,
and left in 90% ethanol overnight. The
following day, the gravel was rinsed again with
tap water before it was dried at 60 °C for 10-12
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h. The gravel was then coated in portions of 2 kg
and hand shaken for 1 min, with crude oil (Kobbe
oil from the Barents Sea shelf) at four different
concentrations: Low (0.19g oil/kg gravel),
Medium (0.75 g oil/kg gravel), High (3 g oil/kg
gravel), and Extra High (6 g oil/kg gravel). The
control gravel was washed in the same way, but
not coated with crude oil. After the coating, the
gravel was air-dried for 3 d at ambient temperature
(7 °C). The control treatment gravel was kept in
separate rooms during drying to avoid cross-
contamination. Five 1-m-high PVC columns were
loaded with 11 kg of oiled or clean control gravel.
The five columns were capped with Zoobest aqua-
rium filter wool made from polyester fibers to
reduce the presence of oil droplets from entering
the effluent water. Each column was flushed for 70
h with filtered (60 um) and UV-treated seawater at
a flow rate of 80 L/h per column. The flushing and
drying of the columns aimed to remove the highly
volatile and acutely toxic BTEX (benzene, toluene,
ethylbenzene, and xylene) compounds before the
exposure start and achieve the initial PAH aqueous
concentrations in the lower ug/L range. The col-
umns were prepared 3 d in advance of the experi-
ment, drained from the remaining water, and
frozen at —20 °C after initial flushing.

Exposure of capelin embryos to the water-soluble
fraction (WSF) of crude oil

On the day of the exposure start, each gravel col-
umn was thawed in the experimental room for 2
h. The water flow was then started 2 h prior to the
transfer of egg-bearing substrate to each incubator.
The concentration of eggs per gram of substrate
(coarse sand) was estimated on four sub-samples.
The egg-bearing substrate was then distributed to
the 20 experimental incubators aiming to achieve
approximately 8,000 eggs per incubator, equaling
about 200 g of coarse sand substrate. Embryos were
studied under a stereomicroscope and estimated to
be 6 d post fertilization (dpf) at the beginning of the
experiment, corresponding to the crack of the optic
bulb developmental stage, just before the end of
organogenesis I (Fridgeirsson 1976) (Figure S1).
The entire egg-bearing substrate layer was laying
on a fine mesh netting, elevated from the bottom of
the incubator to allow a homogenous exposure of
the entire substrate and a better gas exchange

within the incubator. At the exposure start, the
columns were connected to four 2 L incubators,
providing a continuous upward flow (20 L/h) of
filtered and UV-treated seawater. The entire setup
consisted thus of 20 incubators (5 treatments x 4
replicates) (Figure S2A).

The water temperature (5.5 £ 0.3 °C throughout
exposure and 5.3 +0.6 °C throughout the post-
exposure period) was monitored using three
Onset UA-002-64 HOBO Pendant®, and light con-
ditions were set to constant dimmed light.

End of exposure and hatching
After 19d of exposure (25 dpf), 3d prior to the
onset of hatching, exposure was stopped. Each of
the 20 incubators containing egg-bearing sub-
strates were placed in 25 L conical tanks to allow
for optimal swimming and growth conditions of
hatched larvae (Figure S2B). The incubators
received a continuous flow of clean filtered sea-
water (60 um, UV-treated, 25 L/h) until the end of
the experiment (46 d of experiment, 52 dpf). The
25L tanks were aerated with 3 cm cylindrical air
stones to ensure that the larvae and feed particles
(section 2.3.3) did not adhere to the water surface
and were mixed throughout the water column.
The first observation of hatched larvae occurred
at 28 dpf. Hatching was further stimulated at 31 dpf
by gentle shaking of the 2L incubators to assist
larvae possibly stuck in the gravel to pass over to
the larger tanks. The end of the hatching was
marked at 36 dpf, and the 2L incubators were
removed from the 25 L tanks. Larvae remained in
the 25 L tanks from where all further sampling was
executed until the end of the experiment at 52 dpf.
Figure 1 provides a timeline of the capelin experi-
ment with exposure start and end, as well as
a sampling timeline.

Larvae feeding regime

Feeding of larvae was initiated at 30 dpf, 2 d after
the beginning of hatching. Live rotifer cultures
produced by Nofima AS were mixed with green
algae, Nannochloropsis (Nanno 3600, Reed
Mariculture) to create a visual contrast for the
food in the water column and thereby increase
larval feeding success (Stuart and Drawbridge
2011). The larvae were fed live rotifers and algae
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Figure 1. Timeline of the experiment. Left-hand axis represents the days of experiment (T) with key experimental and sampling events
annotated (black font); right-hand axis represents the age of the capelin early life stages in days post fertilization (dpf), with key
embryo developmental stages (violet font).
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mixture (75,000-125,000 rotifers per incubator)
three or four times a day until 51 dpf.

Sampling and data analysis

Chemistry sampling and analysis

Water samples (1 L in duplicates per treatment col-
umn) were taken directly from the outlet of each oiled
gravel column at the start of the exposure and after 4,
10, and 18 d of exposure, corresponding to embryos of
age 6, 10, 16, and 24 dpf (n = 40 samples). The samples
were frozen (-20 °C) in amber glass bottles. Prior to
the analysis, samples were carefully thawed at 4 °C,
acidified (15 % HCI), and stored in a dark and cool (4
°C) environment until extraction. One of each dupli-
cate sample for each treatment and timepoint taken
(n=20) was extracted and analyzed according to
Bender et al. (2021).

Embryos attached to the substrate (n =155+ 53)
were sampled 4 d into the exposure (10 dpf) from each
incubator and frozen at —80 °C. Prior to shipment,
frozen batches of eggs were transferred to individual
petri dishes and soaked in 5 mL KOH solution 2 %
(m/v) for 2 h to separate adherent eggs from the coarse
sand as much as possible. After separation, eggs were
accurately counted and coarse sand removed, before
being placed back into cryotubes and refrozen at —80
°C until analysis.

Embryo samples were extracted without weighing
due to coarse sand residues. Extraction was otherwise
performed as described in Serensen et al. (2016).

For quantification of 44 PAHs, extracts of eggs and
water were analyzed by an Agilent 7890 gas chroma-
tograph coupled with an Agilent 7010B triple quadru-
pole mass spectrometer fitted with an EI source and
collision cell was used (Agilent Technologies, Santa
Clara, CA, USA). To Agilent J&W HP-5 MS UI GC-
columns (30 m x 0.25 mm x 0.25 pum) were coupled
in series through a purged ultimate union (PUU). The
carrier gas was high-purity helium at constant flow
(1.2 mL/min). Samples (1 pL) were injected at 310 °C
splitless. The oven temperature was kept at 40 °C for 1
min, then ramped to 110°C by 40 °C/min, to 220°C by
6 °C/min and finally to 325°C by 4 °C/min. The
temperature was then held at 330 °C for 5 min,
while the first column was back-flushed. The transfer-
line temperature was 300 °C, the ion source tempera-
ture was 230 °C, and the quadrupole temperatures

were 150 °C. The EI source was operated at 70 eV. N,
was used as collision gas at a flow of 1.5 mL/min and
helium was used as a quenched gas at a flow of 2.25
mL/min. Target PAH analytes were identified by two
unique MRM transitions and quantified by the most
intense peak (Serensen et al. 2016). Alkyl PAH clus-
ters were determined by MRM using transitions from
the molecular ion, as described previously in
Serensen, Meier, and Mjos (2016). Standards were
run throughout the sample sequence to monitor the
system performance, and a variation of no more than
25 % was accepted. Parent PAH compounds were
quantified by quadratic regression of a 12-level cali-
bration curve (0.01-100 ng/mL), while alkyl PAH
homologue groups were quantified by the response
factor calculated for a methyl-substituted PAH refer-
ence compound (2.5-100 ng/mL). For the data treat-
ment, individual PAH concentrations below the level
of detection (LOD) were set to zero. A list of 44
analytes, their LODs, and all measured PAH concen-
trations in the water and embryo samples are pub-
lished in the DataverseNO data repository (https://
doi.org/10.18710/CHHSXW).

Embryo development and larval mortality

The proportion of abnormally developed embryos
was determined during the exposure period at 16
dpf and at 28 dpf corresponding to late organogen-
esis and the onset of hatching, respectively.
A subsample of egg-bearing substrates was taken
from each incubator and distributed in a Bogorov
counting chamber. Using a Leica M205
C stereomicroscope with a camera (Leica, MC 170
HD), the embryos (n =48 + 20 eggs per incubator)
were classified as normal or abnormally developed
based on overall assessment of eye pigmentation,
oil globules in the yolk sac and embryo size within
the egg. The eggs used for the sampling were dis-
carded after the counting. Counts of dead eggs
were not considered due to the unknown decom-
position rate and disappearance of egg remains
from the coarse sand.

The high density and homogenous distribution
of free-swimming larvae in the entire water column
impeded tapping the bottom of the incubators for
counting of dead larvae sinking to the bottom of
the tanks. Instead, the density of free-swimming
larvae was determined at 35, 38, 42, 46, and 50
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dpf. A time-dependent decrease in larval density
provided an indirect measure of larval mortality.
Prior to the larval density sampling, the aeration
strength was increased to homogenize the larval
distribution and optimize sampling precision.
Three subsamples of 100 mL were collected from
the well-homogenized water column of each tank,
using a plastic tube inserted vertically through the
entire water column height of the 25L tank. The
larval density (larvae per liter) for each incubator
was estimated from the average count of the three
sub-samples. Density data for each incubator over
time are presented as the mean of the three sub-
samples, normalized to the first density count (35
dpf) of each respective incubator.

Larval length at age

Larval length was measured at 32, 42, and 52 dpf.
Briefly, aeration in the tanks was lowered, and 30
larvae were sampled from the incubator surface.
Only larvae that were seemingly in good condition
by visual assessment (i.e., swimming actively and
normally pigmented) were picked using a plastic
pipette. The larvae (n=30 per incubator) were
placed onto a watch glass (n =5 per glass) contain-
ing a drop of carbonated water to anesthetize the
larvae during the procedure and photographed
using a Leica M205 C stereomicroscope with
a camera (Leica, MC 170 HD). All pictures were
visually assessed to identify potential malforma-
tions (i.e., craniofacial deformities and body axis
defects) and analyzed using the open-source soft-
ware Image] (1.52q) to measure the larvae length
(measurement made to the nearest 0.001 mm).

Cardiac activity

Video recordings of heart rate (beats per minute)
and arrhythmia analyses were conducted on lar-
vae after 34 and 51 dpf (28 and 45d of experi-
ment) using a Leica M205 C stereomicroscope
with a Leica MC 170 HD camera connected to
the Leica Application Suite. A temperature-
controlled microscope stage was used to ensure
that larvae were kept at a constant low tempera-
ture (5 °C) during the recording to minimize the
potential effect of temperature stress on the heart.
Larvae that were seemingly in good condition
were picked from the 25L incubators using
a pipette and allowed to acclimatize on the

cooling stage in a watch glass containing methyl-
cellulose (3% in seawater) for a few minutes
before the recording started. In total, 20 larvae
from each treatment (n=>5 per replicate incuba-
tor) were sampled and recorded for at least 1
min. The heart rate (beats per minute) was deter-
mined by counting heartbeats from 20-30-s video
segments. Cardiac arrhythmia was assessed on
the Control and Extra High treatment at 51 dpf
only (n=20 per treatment), by determining the
inter-beat variation from the same video seg-
ments as for the heart rate, according to
Incardona et al. (2009). The videos were analyzed
using VLC media player (Version 3.0.8 Vetinari).

Statistical analyses

All experimental data were analyzed with R version
4.2.1 (R Core Team 2022). For visualizing only
a few data points, dot plots of the values were
made, whereas for larger sets of values boxplots
were used (Greenacre 2016). Density and length
measurements were log-transformed for statistical
analyses. A linear mixed effect (Ime) model using
the “Nonlinear Mixed Effects Models” package
nlme (Pinheiro et al. 2023) evaluated the length
and density data with treatment and time as fixed
factors and incubators as a random factor, followed
by estimated marginal means (EMMs), also known
as least-squares means, with Tukey correction of
p-values as a post hoc multiple comparison model.
For heart rate and arrhythmia, normal distribution
of residuals was assessed using a Shapiro-Wilk test,
and visual assessment of the Q-Q plot supported
the test. If normality requirements were met
(arrhythmia), a one-way analysis of variance
(ANOVA) with a subsequent Tukey HSD post
hoc test on differences between means was fol-
lowed. If normality requirements were not met
(heat rate), a non-parametric Kruskal-Wallis test,
followed by a post hoc Dunn test, was performed
with Hommel false discovery rate (FDR) correc-
tions of the p-values. A similar approach using the
Kruskal-Wallis test for non-normal data was used
to ascertain if there were significant differences
between treatments regarding the proportions of
abnormal embryos. For all analyses, the threshold
for the statistical significance level was set to
a=0.05.



410 J. NAHRGANG ET AL.

Results
Chemistry analyses

Water samples from the crude oil experiment taken
at days 0, 4, 10, and 18 were analyzed for 44 parent
and alkylated PAHs. The initial sum of 44 PAH
concentrations in the water was 19.25-, 9.36-, 1.95-,
0.53-, and 0.072 pg/L for Extra High, High,
Medium, Low, and Control, respectively
(Figure 2a). As expected, the highest concentration
of the sum of 44 PAHs was measured at the start of
the experiment (embryos aged 6 dpf) and declined
between 85 % and 94 % over the 18 d of exposure
period for all treatments, reaching 2.15 pg/L, 0.56
ug/L, 0.13 ug/L, and 0.08 pg/L for treatments Extra
High, High, Medium, Low, and Control,
respectively.

The relative abundance of the 44 PAH com-
pounds analyzed in the WSF of crude oil changed

throughout the exposure period with smaller
and less substituted PAHs predominating at the
start of the experiment (Figure S3). At the start of
the experiment, naphthalene and its alkylated
homologs amounted for 76-80% of the total dis-
solved sum of 44 PAHs in the High and Extra High
treatment, while their relative proportion
decreased with treatment (59 % and 25 % in med-
ium and low, respectively). During the sampling
period (0-18d of exposure), the proportion of
unsubstituted naphthalenes consistently declined

N
o
|

Treatments

over time, primarily for the less substituted homo-
logs (C1 - C3). The relative abundance of the more
substituted naphthalene homolog C4 increased
until 10d of exposure. Phenanthrenes and fluor-
enes were the second and third most dominant
groups of aqueous PAHs analyzed. Their relative
proportion increased with treatment at the expo-
sure start (from 17% tricyclic aromatic hydrocar-
bons in the Extra High to 62 % in the Low
treatment) and represented between 29 % and 39
% of sum 44PAHs after 18 d of experiment. After 4
d of exposure, embryos had accumulated PAHs
dose-dependently (Figure 2b). Levels of 44 PAHs
ranged between 0.24 +£0.08 ng/egg (Low) and
10.58 £ 0.89 ng/egg (Extra High) in the treatment
groups compared to Control (0.05 + 0.01 ng/eggs).
Similar to the aqueous composition, naphthalenes
dominated the body burden profiles (28-53 %),
followed by the phenanthrenes (12-33 %) and the
fluorenes (6-8 %) (Figure 3).

Embryo development and larval mortality

The proportion of abnormally developed embryos
did not show any clear dose-dependent effects at 16
and 28 dpf (Figure 4). At 16 dpf (10 d of experiment),
the mean proportion of abnormal embryos was below
4 % across treatments (from 1.18 % in the Medium
group to 3.58 % in the Control group). At 28 dpf (22 d
of experiment), the mean proportion of abnormally
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developed embryos had increased but remained  that was individually significant was for the High
below 8% in all treatments (range from 0.40 % in  group (p =0.02), although the significance at the
the Extra High group to 7.85 % in the High group).  0.05 level is not accepted when the FDR adjustment
The only Control - oil-exposed treatment difference  is made.
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Following peak hatch at 35 dpf (29d of
experiment), the initial larval density was signif-
icantly higher in the low incubators (range 168-
220 larvae/L, p <0.001) and Extra High incuba-
tors (range 157-366 larvae/L, p<0.01) com-
pared to the controls (range 55-103 larvae/L).
In general, there was also large variability in
larval densities between incubator replicates

throughout the experiment, especially one repli-
cate incubator in the Extra High group that
showed very high average densities (Figure $4).
All treatment groups decreased in larval density
(44-61%) between 35 dpf and 50 dpf, but there
were no significant differences in the decrease in
density between treatment groups (Figure 5).
Mean larval densities at 50 dpf ranged from
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120 larvae/L (Extra High) to 38 larvae/L
(Medium).

Larval length at age

There were no significant differences in larval length
across treatments for any of the measured timepoints
(Figure 6). The mean (+ SD) larval length at 32 dpf
was between 6.5+ 0.3 mm (Control, Medium, and
High) and 6.7 + 0.3 mm (Low). At 42 dpf, all treat-
ments showed an increase in mean length between
6.9 £ 0.4 mm (Extra High) and 7.2 £ 0.5 mm (Low).
Finally, at 52 dpf, average larval length in the

treatments ranged between 7.0 0.5 mm (Medium
and High groups) and 7.1 £0.5mm (Control and
Extra High). Visual assessment of larvae pictures did
not reveal any malformations.

Cardiac activity and arrhythmia in larvae

Larvae collected from the water column at age 34 and
51 dpf, corresponding to 28 and 45 d of experiment,
did not show significant differences in heart rate
between treatment replicates or across treatments
(Figure 7a). At 34 dpf, the mean (+ SD) heart rates
of the larvae were 58 + 23, 57 + 26, 50 + 22, 50 + 22,
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Figure 6. Length (in mm) of larvae (n > 114 per treatment) sampled at 32, 42 and 52 dpf, corresponding to 26, 36 and 46 d of
experiment. Box plots represent the median (line), 25-75% percentiles (box), non-outlier range (whisker), and outliers (circles).
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and 58 + 16 beats per minute in the Control, Low,
Medium, High, and Extra High treatments, respec-
tively. At 51 dpf, the heart rate of the larvae increased
on average compared to 34 dpf larvae, ranging
between 63 + 18 beats per minute (Extra High) and
85 + 28 beats per minute (Medium).

Arrhythmia measured as inter-beat variation
showed no significant differences (p=0.284)
between the Control (2.34 +2.17) and Extra High
(3.67 £ 4.12) treatments at 51 dpf (Figure 7b). No
further examinations were conducted on the
remaining treatments and timepoints.
Additionally, no malformations (i.e., craniofacial
abnormalities or body axis defects) were observed
by visual assessment in any of the hatched larvae
assessed for cardiotoxicity (not shown).

Discussion

Exposure of capelin to a crude oil WSF during the
embryonic development phase (6 dpf to 24 dpf) did
not lead to embryo malformations, larval mortality,
alterations in larval length, and heart rate in larvae
(compared to controls). Initial PAH waterborne
concentrations were in the lower pg/L range and
decreased rapidly over time, corresponding to
environmentally realistic levels found in post-spill
seawater samples (Boehm et al. 2007; Sammarco
et al. 2013). These PAH concentrations were also

comparable to other experimental studies on cape-
lin early life stages exposed to water accommodated
fractions of crude oil (Beirdo et al. 2019; Beirao,
Litt, and Purchase 2018) and experiments employ-
ing similar oiled-gravel column exposure designs
(Bender et al. 2021; Frantzen et al. 2012). The
present highest crude oil concentrations used to
coat the gravels (3 and 6 g oil/kg gravel in High
and Extra High, respectively) corresponded to the
low and medium oil concentrations in Frantzen
et al. (2012) respectively. Initial total aqueous
PAH concentrations in our High (3 g oil/kg gravel)
treatment (9.36 ug/L) were similar to the corre-
sponding treatment (14.6 pg/L) in Frantzen et al.
(2012); however, our Extra High treatment (19.25
ug/L) was notably lower than the corresponding
treatment (40.4 pg/L) in Frantzen et al. (2012).
This could be related to different flushing times of
the columns (70 h in this study compared to 48 h in
Frantzen et al. (2012)) as well as other factors (e.g.,
gravel size, drying time, and water flow rate). In
another study using the same experimental setup,
crude oil, and concentration range (0.19-3 g oil/kg
gravel) to expose polar cod at two different tem-
peratures (0.5 and 2.8 °C), Bender et al. (2021)
reported initial aqueous PAH levels almost two
orders of magnitude lower (140 ng/L and 237 ng/
L compared to 9.36 pg/L in the High treatment of
the present study, respectively). Slight differences
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in flushing time, water flow rate, and especially
seawater temperature may have significantly
affected the waterborne concentrations of petro-
leum compounds over time. Temperature also
affects the composition of the WSF, with the pre-
sence of bulk oil reported in the 2.8 °C group
compared to the 0.5 °C in Bender et al. (2021).
Although not analyzed in the present study, it is
possible that the exposure also contained some
bulk oil or oil droplets.

Assuming capelin eggs of 1 mm in diameter
correspond to 1 mg of wet weight (Lonning et al.
1988) the highest measured PAH levels in capelin
following 4 d of exposure were approximately
10,000 ng/g embryo wet weight in the highest
treatment (measured: 10.58 ng/egg wet weight,
Extra High). These levels were significantly higher
than polar cod embryos of the same treatment and
exposure time in Bender et al. (2021). But, con-
sidering comparable initial aqueous PAH levels
(237 and 527 ng/L in polar cod and capelin expo-
sure water, respectively), the concentration bioac-
cumulated for polar cod (843 ng/g at 2.8 'C) was
four times higher than that for capelin (236 ng/g
at 5.5 °C). Despite high accumulated PAH con-
centrations in capelin eggs (up to 10,000 ng/g), no
significant effects in terms of larval mortality,
malformations, length at age, and cardiac activity
were observed. It is noteworthy that a fraction of
the PAHs quantified in the eggs may be adsorbed
to the eggs, as opposed to absorbed, and thus that
the actual bioaccumulated fraction in the embryo-
nic body may be lower than reported in our PAH
analysis (Serhus et al. 2015). Capelin has a thick
double-layered chorion (Lonning 1981) that may
be resistant to contaminant uptake. Future studies
should consider analyzing the bioaccumulated
fraction on dechorionated eggs, as well as include
the analysis of phase I cytochrome P450 induction
as a biomarker of exposure. Nevertheless, in com-
parison, polar cod showed significant effects in
the highest treatments, with PAH levels between
400 and 800 ng/g embryo wet weight after 4d
exposure (Bender et al. 2021). In a similar oiled
gravel column setup, pink salmon (Oncorhynchus
gorbuscha) also showed significant cardiotoxicity
when exposed to an initial waterborne PAH con-
centration of 15.4 ug/L, corresponding to 634 ng/g
embryo wwt (Incardona et al. 2015). Our findings

support previous studies (Beirdo et al. 2019;
Beirdo, Litt, and Purchase 2018; Frantzen et al.
2012) that did not find significant effects in
crude oil-exposed capelin embryos with initial
aqueous PAH concentrations below about 40 pg/
L (Beirdo et al. 2019; Frantzen et al. 2012) and
bioaccumulated levels below 10,000 ng/g embryo
(this study). Under the fragile assumption that
bioaccumulated PAH concentrations in embryos
can be used as an exposure proxy for complex
crude oil mixtures and lacking better comparative
means, our findings suggest that capelin early life
stages are less sensitive to crude oil WSF than
other species at comparable levels of exposure
and bioaccumulated PAH concentrations
(reviewed by Pasparakis et al. 2019). A more
exhaustive chemical characterization of our expo-
sure water would however be necessary to provide
a more reliable conclusion. A large number of
unresolved compounds, such as monoaromatic
petroleum hydrocarbons, are present in the WSF
and shown to be potentially bioavailable and toxic
to aquatic organisms (Booth et al. 2008; Melbye
et al. 2009; Petersen et al. 2017; Serensen et al.
2019). The measure of 44 PAHs alone provides
a weak basis for comparing embryotoxicity from
the complex WSF (Hansen et al. 2019; Meador
and Nahrgang 2019).

We failed to detect any cardiac impairments,
malformations, or length differences in the hatched
larvae from any treatments. Heart rates of capelin
larvae were in the same range as control levels
reported elsewhere (Beirdo et al. 2019). Frantzen
et al. (2012) and Paine et al. (1992) also failed to
detect developmental deformities in capelin larvae
exposed to crude oil even at higher aqueous PAH
concentrations. In contrast, Tairova et al. (2019)
reported significant and dose-dependent deformi-
ties in capelin larvae exposed to water accommo-
dated fraction (WAF) and chemically enhanced
WAEF. Unfortunately, exposure metrics were
expressed only as nominal total hydrocarbon con-
tent (THC) and could not be directly compared to
the present study. The lack of observed larval defor-
mities in this study may be linked to the lack of
cardiac impairment as developmental effects in the
form of body fluid accumulation, craniofacial, and
body defects are suggested to be secondary to
reduced cardiac function (Esbaugh et al. 2016;
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Incardona and Scholz 2016; Incardona et al. 2014).
Sampling of larvae for heart rate analysis, as well as
morphometric analyses, were biased toward freely-
swimming larvae in the top layers of the incubators.
Thus, the most weakened and malformed indivi-
duals that would sink to the bottom of the incuba-
tors were missed. Nevertheless, Nahrgang et al.
(2016) showed an increasing degree of malforma-
tions with dose visible also in surface-swimming
polar cod larvae, and a dose-dependent decrease in
length in organisms with no visible malformations.
Here, no indications of adverse effects or a dose-
dependent decrease in larval density over time were
observed for capelin larvae.

Heart malformations and deformities at the
embryonic stage are frequently associated with
increased embryo mortality and lower hatching
rates (Hansen et al. 2021; Nahrgang et al. 2016;
Serensen et al. 2017). Embryos sampled at 16 and
28 dpf did not show any dose-dependent malfor-
mation, and the frequency of occurrence of mal-
formations coincided well with levels reported in
unexposed capelin embryos (below 10% at 5 C,
Shadrin, Makhotin, and Eriksen 2020). The large
variability in larval density at hatch among incuba-
tors likely reflected an uneven distribution of eggs
due to a patchy distribution of fertilized eggs on the
substrate. Nevertheless, the high larval density in
all treatments at hatch did not suggest any dose-
related mortality occurring during the embryonic
phase.

The lack of effects seen in crude oil-exposed
capelin at exposure levels that lead to develop-
mental impairment in other fish early life stages
could be attributed to an exposure outside of
a developmentally sensitive time-window (i.e.,
“teratogenic window”), and an intrinsic robust-
ness of the capelin species’ attributable to evolu-
tionary mechanisms. The timing of exposure
relative to the developmental stage may be criti-
cal in determining the extent of developmental
effects in fish embryos (Beirdo et al. 2019; Bérubé
et al. 2023; McIntosh et al. 2010; Paine et al. 1992;
Perrichon et al. 2021; Serhus et al. 2021). Beirdo
et al. (2019) found lower embryotoxicity of crude
oil to capelin exposed from 6 dpf to hatching
compared to 0 dpf to hatching. Our embryos
were estimated to be 6 dpf at the onset of expo-
sure, corresponding to the formation of pre-

organs (organogenesis I, Fridgeirsson 1976), sug-
gesting that the most critical exposure window
was avoided in the present study. However, in
Frantzen et al. (2012) capelin exposed from the
end of gastrulation, an earlier developmental
stage, did not show developmental effects when
exposed to higher levels than in this study. Thus,
the exposure window does not seem to be the
main reason for a lack of biological effects in the
present study. Tolerance to chemical exposure is
in part determined by the species’ genome
resources along with physiological traits, all
affecting toxicokinetic and toxicodynamic traits
(Spurgeon et al. 2020). For instance, species-
specific differences in the numbers and composi-
tion of genes of the chemical defensome
(Goldstone et al. 2006) were found in five teleost
species (Eide et al. 2021). These may play an
important role in the species’ specific sensitivity
to environmental stressors, including chemicals.
Capelin eggs have been shown to be resistant to
various environmental factors such as salinity
and low temperatures (Davenport and Stene
1986; Davenport, Vahl, and Loénning 1979;
Prabel, Christiansen, and Fevolden 2009).
These embryo adaptations do not seem to be
specific to the beach-spawning population but
are also found in the offshore demersal Barents
Sea population (Prabel et al. 2013), although
local populations show differing genetic signa-
tures with different spawning modes (Cayuela
et al. 2020). There are currently no studies that
have investigated the genomic resource under-
lying the tolerance of capelin to xenobiotics
through, for instance, whole-genome mapping
or comparative transcriptome analyses such as
done for five other teleost species (Eide et al.
2021). The suggested high tolerance of capelin
embryos to crude oil exposure could be linked to
evolutionary developed physiological adapta-
tions to various environmental pressures, includ-
ing chemical pollution, and deserves further
investigations.
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