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Atlantic haddock (Melanogrammus aeglefinus) embryos bind dispersed crude oil droplets to the eggshell and are
consequently highly susceptible to toxicity from spilled oil. We established thresholds for developmental toxicity
and identified any potential long-term or latent adverse effects that could impair the growth and survival of
individuals. Embryos were exposed to oil for eight days (10, 80 and 300 pg oil/L, equivalent to 0.1, 0.8 and 3.0
pg TPAH/L). Acute and delayed mortality were observed at embryonic, larval, and juvenile stages with ICso =
2.2, 0.39, and 0.27 pg TPAH/L, respectively. Exposure to 0.1 ug TPAH/L had no negative effect on growth or

survival. However, yolk sac larvae showed significant reduction in the outgrowth (ballooning) of the cardiac
ventricle in the absence of other extracardiac morphological defects. Due to this propensity for latent sublethal
developmental toxicity, we recommend an effect threshold of 0.1 pg TPAH/L for risk assessment models.

1. Introduction

The early life stages of fish, i.e., embryos and larvae, are particularly
sensitive to adverse impacts from oil spills during ontogeny. Following
release into the water column, or entrainment in nearshore substrates,
compounds from oil dissolved into water can bioconcentrate in devel-
oping fish embryos in the vicinity of a spill. Exposure to effluents from
generator columns with oil-coated substrates (Marty et al., 1997a) and
barrier experiments with dispersed oil droplets (Carls et al., 2008)
demonstrate that it is the truly water-soluble components of oil that
damage fish embryos. However, the eggshells of some Gadid species
bind dispersed oil droplets, leading to a “time-release capsule” effect for
prolonged bioconcentration of oil compounds across the chorion
following a transient exposure to the dispersed oil (Laurel et al., 2019;
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Segrhus et al., 2015).

While crude oils have immense chemical complexity, only a very
small fraction of compounds in oil have appreciable water solubilities.
Numerous weathering studies have clearly linked fish developmental
toxicity at the organismal, tissue and cellular levels, to those sparingly
soluble components of oil that are left after the most soluble volatile
compounds disappear from the mixture (Brette et al., 2014; Carls et al.,
1999; Esbaugh et al., 2016; Hatlen et al., 2010; Heintz et al., 1999;
Hicken et al., 2011; Incardona et al., 2013; Jung et al., 2013; Marty
et al., 1997b; Morris et al., 2018). For those sparingly soluble com-
pounds that remain in spilled oil after initial weathering, the primary
determinants of water solubility are aromaticity and polarity (Liu and
Kujawinski, 2015b). Consistent with this, toxicity to developing fish has
been repeatedly and robustly linked to polycyclic aromatic
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hydrocarbons (PAHs) in water concentration and tissue dose-dependent
manners. Laboratory experiments and field studies with a variety of
source oils and multiple fish species, and single compound studies in
zebrafish, all support dose-dependent developmental toxicity driven by
PAHs (reviews are given by (Incardona and Scholz, 2017, 2018). How-
ever, these studies do not rule out contributions from other uncharac-
terized or unmeasured chemical constituents; for example, from polar
components with similar dissolution profiles to PAHs (Liu and Kuja-
winski, 2015a; Sgrensen et al., 2019b). Nevertheless, to date there has
been no identification of any other compounds that produce the same
coupled dose-dependent toxicity and weathering profiles as the
conventionally measured PAHs.

The developing fish heart is one of the major target organs of ca-
nonical (i.e., non-phototoxic) crude oil developmental toxicity. Dose-
response studies have characterized a syndrome that extends from
complete heart failure, severe extra-cardiac defects secondary to loss of
circulation, and embryo-larval mortality at the high end, to low-end
effects that include acute and latent alterations in subtle aspects of
cardiac structure, reduced cardiorespiratory performance, and latent
mortality in surviving larvae and juveniles, without other externally
visible extracardiac defects (Incardona and Scholz, 2016). Severe
developmental impacts of higher-level exposures are clearly lethal in the
early hatching stages (Esbaugh et al., 2016; Khursigara et al., 2017).
However, detailed characterization of adverse impacts at the low end of
dose-responses is critical for understanding and quantifying the long-
term impact on fisheries resources from oil spills, chronic low-level
petroleum pollution from extraction activities, and sources such as
urban stormwater runoff.

Only a handful of studies have assessed impacts in larval or juvenile
fish that survived and grew following embryonic exposure to oil. While
embryonically-exposed juvenile pink salmon (Oncorhynchus gorbuscha)
did not show dose-dependent mortality under high-ration hatchery
culture (Incardona et al., 2015), dose-dependent, latent impacts on
survival were observed when embryonically oil-exposed fish were
released into the wild to become reproductively mature adults (Heintz,
2007; Heintz et al., 2000). Poor growth and latent mortality in oil-
exposed pink salmon were likely linked to subtle pathological changes
in juvenile cardiac form and reduced cardiorespiratory performance
(Gardner et al., 2019; Incardona et al., 2015). Similar effects on juvenile
cardiac structure and cardiorespiratory performance in Pacific herring
(Clupea pallasi) were subsequently traced back to a delay in the posterior
outgrowth (ballooning) of the ventricular chamber in hatching stage
larvae and defects in formation of the spongy myocardium (Incardona
et al., 2021).

In the present study, we extend our previous work on the early acute
impacts of oil exposure on Atlantic haddock embryos (Sgrensen et al.,
2017; Serhus et al., 2021a; Sgrhus et al., 2015; Sgrhus et al., 2017;
Sgrhus et al., 2016), and assess the latent impacts on growth and survival
in larvae and juveniles surviving embryonic exposure.

The world-wide increasing demand for energy and petroleum prod-
ucts has resulted in increased activity in established areas, but also
increased interest in exploration in Arctic regions, such as the Barents
Sea and areas off Lofoten-Vesterdlen. However, Arctic regions and
especially the areas off Lofoten-Vesteralen, also provide main spawning
grounds for commercially important Atlantic haddock, Atlantic herring
(Clupea harengus), and saithe (Pollachius virens) (Olsen et al., 2010;
Sundby et al., 2013) and support the world’s largest fishery of Atlantic
cod (Gadus morhua) (Kjesbu et al., 2014). Thus, significant effort has
been invested in developing risk assessment tools to evaluate the po-
tential impacts of oil spills in this region (Carroll et al., 2018; Hjermann
et al., 2007; Langangen et al., 2017; Vikebo et al., 2015). To use models
that realistically predict effects of oil spills on the early life stages of
marine fish requires establishment of thresholds for concentrations that
causes adverse effects (Olsen et al., 2013; Vikebo et al., 2014).

The oil-binding characteristics of haddock eggshell (Hansen et al.,
2018) have profound practical importance due to the intersection of the
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Norwegian oil extraction and fishing industries. For the purposes of
building data-rich risk assessment models, we aimed to establish
threshold values for acute developmental impacts and latent oil-induced
mortality in the early life stages of Atlantic haddock. We exposed
Atlantic haddock to nominal oil concentrations of 10-300 pg oil/L for
eight days during the embryonic phase (i.e., 2-10 days post fertiliza-
tion). Exposure metrics included measures of PAHs in water and em-
bryos, cardiac function and morphology, induction of mRNA for
cytochrome P4501A (cypla), and PAH metabolite-derived DNA adducts.
After transferring the embryos to clean water for hatching, they were
followed for 9 months to assess the long-term effects on survival and
growth through the larval and early juvenile phases.

2. Materials and methods
2.1. Source of oil and exposures

Exposures used a blend of crude oil from the Heidrun oil field
(Norwegian Sea, supplied by SINTEF Ocean, Trondheim, Norway) that
was laboratory weathered (residue after evaporation of compounds up
to 200 °C). The oil weathering process and oil droplet dispersion system
are detailed in Nordtug et al. (2011) and exposures performed as pre-
viously described (Sgrensen et al., 2017; Sgrhus et al., 2015; Sgrhus
et al., 2016). In short, the crude oil was pumped into the dispersion
system with a HPLC pump (Shimadzu, LC-20AD Liquid Chromatograph
Pump). The system generates an oil dispersion with oil droplets in the
low pm size with a nominal oil load of 26 mg/L (stock solution). Two
parallel pipe systems (one with oil dispersion and one with clean sea
water) regulated the amount of oil that entered each tank through a 3-
way magnetic valve system. Different dilutions into the tanks were
regulated through sampling times from each pipe (oil dispersion and
clean sea water). Dispersions of crude oil were introduced into the
exposure tanks with nominal oil concentrations of 10 pg/L (low con-
centration), 80 pg/L (medium concentration) and 300 pg/L (high con-
centration) seawater. Untreated (control) embryos were kept under
same conditions but in clean sea water. The concentrations applied in
this study intended to recreate a real life scenario, such as the Deepwater
Horizon accident, where the high concentration represents concentra-
tions close to the spill, while the low concentration represents concen-
trations up to 20 km from the spill (Boehm et al., 2016).

2.2. Source and culturing of haddock eggs, larvae and juveniles, and
experimental design

Fertilized eggs were collected from an Atlantic haddock broodstock
maintained at the Institute of Marine Research (IMR), Austevoll
Research Station. Eggs were transferred to indoor egg incubators at 7
1 °C before transfer to experimental tanks. On day 2 post fertilization
(dpf), approximately 18,000 eggs were transferred into each of 16 (4
treatments with 4 replicates each) circular green polyethylene tanks (50
L) for exposure. Another 16 clean tanks were used for recovery after the
exposure. Tank conditions are described in Sgrensen et al. (2017).

Transfer of eggs from egg incubators to the exposure tanks was done
using a 5 mL cylinder with a mesh grid bottom (7 x 5 mL with eggs
giving a total of 218,000 eggs in each tank). Dead eggs, which no longer
float on the surface, were removed daily from the bottom of the exposure
and recovery tanks and quantified from digital photos that were counted
using tools from MATLAB R2012b (The MathWorks Inc., Natick, MA,
USA) as described in Duan et al. (2015).

An overview of the experimental design and the timeline from
fertilization in April to final sampling in December, is presented in
Fig. S1. Exposure started at 2 days post fertilization (dpf) and ended 10
dpf. After exposure, aliquots of ~5200 eggs were transferred to new 50 L
tanks (recovery tanks) with clean seawater, preserving the replicate
design. Time of 50 % hatch occurred at 11 dpf (April 22nd) and was
defined as 0 days post hatch (dph). Natural zooplankton (mainly nauplii
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of the copepod Acartia longiremis) harvested from a marine pond system
“Svartatjern” (van der Meeren et al., 2014) was introduced as food for
the larvae from 4 dph (April 26nd). Enriched rotifers (Brachionus spp)
were also provided until 10 dph to facilitate initial feeding and ensure
enough live prey. Enrichment and culture of rotifer is described in
Karlsen et al. (2015). The tanks were further supplemented with marine
microalgae concentrate (Instant Algae, Nanno 3600, Reed Mariculture
Inc., CA, USA) to enhance feeding throughout the experiment (van der
Meeren et al., 2007). The larvae were fed zooplankton for 2 months
(April 24th- June 23th) and then gradually weaned to formulated feed
only, on June 30 (Otohime™, Reed Mariculture Inc., CA, USA and
AgloNorse® 400-600 pm, Tromsg Fiskeindustri AS, Tromsg, Norway).
Thereafter (July 1st), the feed was switched to Gemma Diamond® 0.8
mm (Skretting, Stavanger, Norway). Mean water temperature in the
culture tanks was 8.8 & 0.5 °C and the salinity was 35.0 + 0.1 practical
salinity unit (psu).

On July 8th (77 dph), all remaining fish in the 4 replicate 50 L tanks
were counted and pooled into 500 L tanks, one for each treatment group
(total of 3 tanks; control, low (10 pg oil/L) and medium (80 pg oil/L
concentration); the high (300 pg oil/L) concentration was terminated
(Table S1)). An automated cleaning device (van der Meeren et al., 1998)
was used for removing excess feed and faeces from the bottom. Table S2
and Fig. S1 show time points for counting and transfer of fish. From July
8th to August 12th, the temperature was 12.0 & 0.2 °C, and this was
reduced to 8.2 + 0.2 °C in the period from August 13th to September
13th. Salinity in these periods was 34.8 + 0.1 psu. The light source
consisted of two 20 W tungsten halogen light bulbs (12 V) over each tank
that provided 300-500 pW/cm? at the water surface (IL 1400A
photometer, International Light Inc., Boston, MA, USA).

On 145 dph (September 14th), all the fish were individually PIT
tagged (Trovan PIT tag; ID100) and transferred to common 3000 L tank.
From this point to December 14th (236 dph) the fish were fed using
automatic dish feeders that supplied 50/50 % Gemma Diamond 1.8 mm
and Amber Neptun 2.0 mm (Skretting, Stavanger, Norway) in excess.
Mean temperature was 8.0 & 0.2 °C, salinity 34.8 + 0.1 psu.

2.3. Water samples

PAH concentrations in the water were verified by analyzing water
samples (1 L) taken from each exposure tank at the beginning (day 0)
and end (day 8) of the experiment. The samples were preserved by
acidification (HCI, pH < 2) and addition of 30 mL of dichloromethane
(DCM), and the samples were stored in the dark at 4 °C until processing
(maximum 3 weeks from sampling). The samples were extracted twice
by partitioning into DCM (30 mL) in a separating funnel (2 min).
Deuterated internal standards were added prior to extraction to account
for analyte loss during extraction. The method is described in detail in
Sgrhus et al. (2015). PAH concentrations in the water are expressed as
TPAH, the sum of all measured compounds. Values for individual con-
centration levels are reported as the combined mean of the four exposure
tanks and the two sampling points.

2.4. Body burden of PAHs and GCxGC-MS analysis of other petrogenic
compounds

Pools of ~100 living eggs from three of the four replicate tanks were
sampled for tissue PAH body burden after 8 days of exposure (10 dpf).
The body burden measurements were made on intact eggs, including the
possibly oil-contaminated chorion. To study body burden in embryos
separate from the oil-contaminated chorion, one sample of 100 eggs
from the high concentration was manually dechorionated immediately
prior to hatch, and the embryo body and the chorions were analyzed
separately, as described by S¢rensen et al. (2017). All samples were
preserved by flash-freezing in liquid nitrogen and stored at —80 °C until
further handling.

Extraction for PAH analysis was performed as described by Sgrensen
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et al. (2016). After addition of surrogate standards (100 ng/g sample),
the samples were homogenized in n-hexane-DCM (1:1 v/v, 2 mL), vor-
texed and centrifuged. The supernatant was collected, and the extraction
repeated twice. The combined organic extract was concentrated to ~1
mL prior to clean-up by solid phase extraction (SPE) using silica (Agilent
Bond Elut SI, 500 mg, Agilent Technologies, USA). The sample of the
dechorionated embryos, the sample of chorions, and a sample of the
applied crude oil was purified by gel permeation chromatography rather
than SPE, as previously described in Sgrensen et al. (2019a). Immedi-
ately prior to the analysis, the volume of the purified extract was
reduced to ~100 pL under a gentle stream of Nj.

PAH analysis for both water and body burden was performed using
gas chromatography coupled to tandem mass spectrometry (GC-MS/MS)
as described by Sgrensen et al. (2016) and comprehensive two-
dimensional GC coupled to MS, as described by Sgrensen et al.
(2019a). All datapoints are presented in Supplementary Dataset S1
(PAHs in water) and Dataset S2 (PAHs in tissue).

2.5. Detection of cypla expression

Pools of 10-20 animals from each tank (n = 4) were collected for
RNA extraction and cypla analysis at 3, 5, and 10 dpf (embryos) and O,
1, and 3 dph (larvae). All animals collected were imaged under a mi-
croscope before they were frozen in liquid nitrogen and stored at
—80 °C. Total RNA was isolated from frozen sets of embryos using Trizol
reagent (Invitrogen, Carlsbad, California, USA), according to procedures
provided by the manufacturer. All samples were homogenized in their
respective lysis buffer for 2 x 20 s at 5000 rpm using a Precellys 24. The
amount of RNA was quantified using a Nanodrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), and quality checked
using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). cDNA
was subsequently generated using SuperScript VILO ¢cDNA Synthesis Kit
(Life Technologies Corporation), according to the manufacturer’s in-
structions. The cDNA was normalized to obtain a concentration of 50
ng/uL.

Specific primers and probes for real-time, qPCR analysis of Atlantic
haddock cypla and the technical reference efla (elongation factor 1
alpha, housekeeping gene) were designed with Primer Express software
(Applied Biosystems, Carlsbad, California, USA) according to the man-
ufacturer’s guidelines. Primer and probe sequences are presented in
Table S3. TagMan PCR assays were performed in duplicate using 96-well
optical plates on an ABI Prism Fast 7900HT Sequence Detection System
(Applied Biosystems, Carlsbad, CA, USA) with settings as follows: 50 °C
for 2 min, 95 °C for 20 s, followed by 40 cycles of 95 °C for 1 s and 60 °C
for 20 s. Duplicates with standard deviation? (SD2) < 0.05 were either
rerun or eliminated from the dataset. No-template, no-reverse tran-
scriptase enzyme control, and genomic DNA controls were included. For
each 10 pL PCR reaction, a 2 pL cDNA 1:40 dilution (2.5 ng) was mixed
with 200 nM fluorogenic probe, 900 nM sense primer, and 900 nM
antisense primer in 1xTaqMan Fast Advanced Master Mix (Applied
Biosystems, Carlsbad, California, USA). Gene expression data for cypla
were calculated relative to the control samples after normalization to the
reference gene (efla) using the AACt method as described in detail by
Bogerd et al. (2001). All datapoints are presented in supplementary
dataset S3.

2.6. Imaging of larvae and measurement of cardiac function

Morphological and cardiac functional assessments were performed
on 20 larvae from each exposure tank, for all exposure groups, at 3 dph.
Total number of larvae per treatment was 80. Digital still micro-images
and videos of live larvae at 3 dph were obtained using an Olympus SZX-
10 Stereo microscope equipped with a 1.2 Mp resolution video camera
(Unibrain Fire-I 785c) controlled by BTV Pro 5.4.1 software (www.
bensoftware.com). Larvae were immobilized in a glass Petri dish using
3 % methyl cellulose, and temperature was maintained at 8 °C using a
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temperature-controlled microscope stage. Video focusing on the heart
for each larva was collected from both a lateral and ventral view, with
overall morphology assessed in whole-larva lateral views.

The length of the ethmoid plate (https://zfin.org/ZFA:0001405) tip
to eye, total length of each larva, area of yolk sac edema (total area of
edema and yolk sac - area yolk sac), ventricular contractility, and total
ventricular dimensions area were measured using ImageJ (ImageJ
1.48r, National Institutes of Health, Bethesda, Maryland, USA, http://
rsb.info.nih.gov/ij) as described previously (Sgrhus et al., 2016). The
atrial diastolic (D) and systolic diameter (S) was used to calculate the
Fractional Shortening (FS) by the formula: FS = (D — S) / D. For the
posterior balloon area of the ventricle, videos were opened in ImageJ
and advanced to a frame showing maximum diastole. The area was
traced from the center of the AV canal to the ventral point opposite,
allowing the area to close with an automatic perpendicular line (as
indicated in Fig. 6). Measures were taken at three different time points in
each video and averaged. Measurements were made blind, then checked
against unblinded videos and remeasured for validation.

2.7. Larval and juvenile survival and growth

Larval survival was determined relative to hatching and assessed
after 20 dph (May 12th) from multiple pictures of the recovery tanks.
The pictures were taken from directly above, using a digital SLR camera
(Olympus E3) with a wide-angle lens (Olympus Digital 11-22 mm).
Minor parts of the tanks were not visible in the pictures due to ob-
structions such as water tubes or light reflections in the water. There-
fore, larvae were counted in defined subsections of the tank; these
sections were considered as representative subsamples, and the numbers
were used to calculate the total amount of fish in the tank. Survival to
juvenile stage was assessed on 77 dph by counting at transfer to 500 L
tanks.

The length of larvae was measured twice during early larval stages
(11 and 19 dph) and 7 times during the late larval and juvenile stages
from 56 dph (June 17th) to 236 dph (December 14th). Microscope im-
ages (Olympus SZX-10) were used to obtain total lengths for the larval
stages (imaged larvae were sacrificed after imaging). On September 14th
(145 dph) and October 15th (176 dph) all fish were anesthetized (60
mg/L tricaine methanesulfonate, MS 222, Sigma-Aldrich) and weight
and length were documented, before the fish were returned to the tank.
At the final timepoint, December 14th, all fish were sacrificed, and the
liver weight was measured and condition factor, hepatosomatic index
(HSL, liver weight/fish weight), and average of individual specific
growth rate (SGR) % from September to December SGR = (e® — 1) * 100,
where g = (In(Wy;) — In(Wyp)) / (t1 — t0) (Ricker, 1958).

2.8. Nonlinear regressions of mortality

Nonlinear curve fits of acute and delayed survival versus the log of
TPAH concentrations were performed using a three-parameter logistic
equation with a fixed Hill slope of —1.0; Y = Bottom + (Top-Bottom) /
(1+10 (X'L"glcso)), in Prism 9 (GraphPad Software, Inc.). All data were
normalized to the mean of the controls. Therefore, the value for Top was
constrained to one (i.e., 100 % of the mean of the controls) and the value
for Bottom to zero (i.e., 0 %). Confidence intervals for the Log Half
maximal effective concentration (EC50) (and therefore half maximal
inhibitory concentration (ICsp)) were calculated using the profile like-
lihood method.

2.9. DNA adduct analyses (3?P-postlabelling)

Details of the 32P-postlabelling methods have been reported by
Pampanin et al. (2017), and the procedure was as described in Le Goff
et al. (2006). Samples of 50 yolk sac larvae (3 dph) from all 4 tanks of
each treatment group were preserved by flash-freezing in liquid nitro-
gen. The frozen larvae were stored at —80 °C until further handling.
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Purified DNA was obtained by liquid-liquid extraction with phenol/
chloroform, after homogenization of haddock larvae, isolation of cell
nuclei using a sucrose gradient and treatment with RNases A and T1. For
each extracted sample, the DNA concentration in solution was quanti-
fied from the absorbance at 260 nm. The absorbance ratios A260/A280
and A260/A230, associated with the absorbance profile of samples be-
tween 230 nm and 300 nm, were used to verify the quality of DNA so-
lutions (more especially the absence of contamination proteins). The
protocol for adduct analyses is suitable for quantification of so-called
“bulky” DNA adducts. To express the results, labelled DNA adducts
were compared to the labelling of a known quantity of nucleotides.
Results were expressed in Relative Adducts Levels (RAL) for 10° non-
labelled nucleotides (nmol adduct/mol normal DNA).

2.10. Statistics

All data were tested for homogeneity of variance (Levene’s test) and
normality (Shapiro-Wilk) prior to statistical analysis. Then, pairwise
comparisons were made; most datasets were compared to control, while
all-pairwise comparison was performed for long-term growth data to
visualize differences among the remaining treatments.

Normally distributed and homogenous data: PAH body burden data
(log transformed), cypla expression (log transformed), DNA adducts,
cardiac function, and survival in treatment versus control were tested
using one-way ANOVA with Dunnett’s multiple comparison (p < 0.05)
in R (The R Foundation for Statistical Computing Platform). Significant
differences in the larval and juvenile length and juvenile SGR (%) and
liver condition were tested using one-way ANOVA followed by Tukey-
Kramer multiple comparison test (p < 0.05) in XLSTAT software
(Addinsoft, US). Ventricular balloon area data were analyzed by one-
way ANOVA with replicates nested within treatment, followed by
post-hoc Dunnett test (JMP 15 for Mac, SAS Institute Inc.).

Nonparametric comparisons were used for two data sets. Data for
total length at hatch were not distributed normally and were analyzed
by Wilcoxon rank sum test and post-hoc multiple comparisons with
control using the Steel method (JMP 15 for Mac, SAS Institute Inc.). Log
transformed PAH-water data did not have equal variances therefore,
significant differences from control were tested using the non-
parametric Kruskal Wallis test (p < 0.05), by applying pairwise Wil-
coxon rank sum tests with Bonferroni correction. Different, non-
parametric, post hoc tests were used for these data sets because of
their sample sizes (n of 4 and 80 for PAH water and length at hatch,
respectively). Steel method is not appropriate for sample size n < 4 (http
s://www.rdocumentation.org/packages/kSamples/versions/1.2-9/top
ics/Steel.test).

Total ventricular area was analyzed by nonlinear regression with
Prism (GraphPad Software, LLC) using a three-parameter log(inhibitor)
vs. response model.

2.11. Ethics statement

The Austevoll Research Station has permits from the Norwegian
Directorate of Fisheries to catch and maintain Atlantic haddock (VL-AV-
0010, VL-AV-0011, and VL-AV-0012). The Austevoll Research Station is
also a certified Research Animal Facility for fish (all developmental
stages) (code 93 from the national Institutional Animal Care and Use
Committee (IACUC)). No permits are needed for work with embryos and
yolk sac larvae. All experiments on feeding haddock larvae and juveniles
used in the study were approved by the Norwegian Animal Research
Authority (http://www.fdu.no/fdu/, reference number 2012/275334-
2). All procedures were performed in accordance with these approvals.
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3. Results

3.1. PAHs measured in water samples and embryos, and qualitative
separation of non-bioavailable oil compounds on eggshells

The TPAH in the water at the start and end of the exposure period
was significantly different from the control in all exposure groups
(Fig. 1A). Accumulated tissue doses of TPAH in all three exposure
groups, measured at the end of the 8-day exposure (10 dpf), were
significantly higher than in the control group (Fig. 1B). Measured water
TPAH concentrations at 0.10 + 0.07, 0.76 + 0.1, and 3.2 + 0.7 pg/L
were reflective of nominal oil concentrations, 10, 80 and 300 pg oil/L,
and tissue TPAH doses at 27 + 10, 330 & 124, and 2066 + 410 ng/g wet
weight were in turn reflective of water concentrations. The distribution
of various PAHs differed between the matrixes. For example, the per-
centage of 3-6-rings in the high concentration were ~40 % in the water,
while ~70 % in the tissue (Dataset 1 and 2, note C4-DBT and C4-CHR
were not analyzed in the water samples and thus excluded in this
calculation).

Two-dimensional gas chromatography-mass spectroscopy coupled to
time-of-flight mass spectrometry (GCxGC-ToF-MS) was used to produce
a comprehensive profile of the parent oil used in the crude oil dispersion,
in dechorionated high concentration embryos and on the eggshell or
chorion (Fig. 2). These analyses were not quantitative (details are given
in Material and Methods), but the GCxGC analysis serves to highlight the
separation of broad classes of oil compounds and potential for differ-
ential distribution between the chorion and embryo. For visualization,
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Fig. 1. PAH concentrations in exposure water and embryos. Total PAH con-
centration (TPAHSs) in the exposure tank water and in Atlantic haddock eggs
(Melanogrammus aeglefinus) in control, low concentration (10 pg oil/L, TPAH
0.1 pg/L), medium concentration (80 pg oil/L, TPAH 0.76 pg/L) and high
concentration (300 pg oil/L, TPAH 3.2 pg/L) treatments (mean =+ standard
deviation (SD). A) The water analysis is given as average concentration in 4
replicated tanks per group and measured at exposure start (2 dpf) and end (10
dpf). B) The body burden in the eggs, ng/g wet weight, at 10 dpf is given as the
average concentration in 3 replicates. Asterisks indicate statistically different
from the control fish p < 0.01 = **, p < 0.001 = ***,
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Fig. 2. Two-dimensional gas chromatography analysis. GCxGC total ion cur-
rent chromatograms demonstrating the difference in the chemical profiles of
the oil (left panel) compared to uptake into the embryo (mid panel) and oil
droplets on the haddock chorion (right panel). A) Total ion chromatogram
(major column bleed ions omitted), retention time (RT) 1, 25-105 min, RT2
0-4 s. Circles mark elution ranges of i) PAHs, ii) monoaromatic compounds and
iii) aliphatic compounds a. B) Extracted molecular ions of naphthalenes (NAPs)
(C0-C7), RT1 35-80 min, RT2 1.0-2.5 s. C) Extracted molecular ions of phen-
anthrenes (PHEs) (C0-C5) RT1 68-95 min, RT2 2.7-4.0 s. D) Extracted mo-
lecular ions of pyrenes/fluoranthenes (PYRs/FLUs) (C0-C4), RT1 80-105 min,
RT2 3.5-1.5 s. Eggs from the high concentration (100) were mechanically
dechorionated and the pooled embryos and chorion (mid and right panel,
respectively) were analyzed separately.

we separate the whole oil into three broad classes: PAHs (Fig. 2A, i),
monoaromatic hydrocarbons (MAHs) (Fig. 24, ii), and aliphatic com-
pounds (including alkanes) (Fig. 2A, iii). Consistent with the relatively
small proportion of PAHs typically present in crude oils, the MAHs and
aliphatic compound regions are more dominant in the parent oil chro-
matogram, suggesting higher abundance in the extracts. It is important
to note that the largest molecular weight compounds were removed
during sample purification (the injected oil sample was treated similarly
to the extracted embryo and chorion samples for comparability). The
GCxGC profile in dechorionated embryos (middle panel) is less popu-
lated and individual peaks corresponding to PAHs and MAHs are mainly
observed (Fig. 2A, middle panel). On the other hand, the chorion sam-
ples were clearly enriched with aliphatics (Fig. 2A, right panel) and
higher elution range (generally corresponding to higher molecular
weight) compounds. In Fig. 2.B-D, we have extracted examples of 2-4
ring PAHs and their alkylated homologues. These images support that
lower molecular weight (e.g. naphthalenes compared to pyrenes/fluo-
ranthenes) and lower alkylation (to the left in each chromatogram) of
the parent compound leads to preferential transfer to the embryo, while
higher molecular weight and larger alkyl substitution on compounds
leave them as residue on the chorion. The separation of unhatched
embryos from the eggshell by manual dechorionation is challenging,
and oil from the disrupted chorions may have contaminated the embryo
samples to a small degree. Additionally, the yolk sac often ruptured
during dechorionation. The yolk is lipid-rich compared to the embryo
body tissues, so the PAH content in the measured whole embryo samples
may be underestimated without the yolk. In addition, the liquid between
yolk sac and embryo is also lost during dechorionation and therefore
polar compounds may be lost.
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3.2. Dose-dependent induction of cypla mRNA

As expected, cypla expression was strongly dependent on TPAH-
concentration (Fig. 3). Dose-dependent cypla induction was already
observed at 3 dpf after 24 h of exposure and peaked by 5 dpf in low and
medium, and by 10 dpf in the high concentration. Levels of cypla mRNA
were still elevated at hatch, but showed a rapid decline, as expected
from effective depuration following transfer to clean water. By 3 dph,
cypla mRNA levels declined to control levels in all groups except for the
highest concentration.

3.3. DNA adducts detected in yolk sac larvae after embryonic exposure

DNA adducts were induced in yolk sac larvae for all treatments, with
a clear dose-dependent trend (Fig. 4). However, levels of DNA adducts
were statistically significant only for the high concentration exposure.
Three of the control samples were below the detection limit of 0.1 nmol
DNA-adduct/mol normal DNA, while one was detected with 2.7 nmol
DNA-adduct/mol normal DNA. In both low and medium concentrations,
one of the replicates was below the detection limit. For the remaining
replicates, levels were between 5 and 10 (TPAH 0.1 pg/L) and 13-17
(TPAH 0.76 pg/L) nmol DNA adduct/mol normal DNA. In the TPAH 3.2
pg/L (300 pg oil/L) exposure, DNA adducts were detected in all samples
with levels between 29 and 45 nmol DNA adduct/mol normal DNA.
However, despite the clear trend, only the high concentration data
showed statistically significant differences compared to the control (p <
0.001). Assessment criteria for DNA adducts in haddock are advised by
ICES. Background levels are set to 3.0 nmol DNA adducts per mol nu-
cleotides and environmental assessments criteria (EAC) to >6.7 nmol
DNA adducts per mol nucleotides. Levels above EAC are considered high
and cause for concern (ICES, 2011, 2012). PAH water concentrations,
PAH body burdens, cypla expression, and DNA adduct concentrations
were strongly correlated (Table 1).
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3.4. Functional and morphological impacts on cardiac and craniofacial
development

Impacts on gross morphology included accumulation of pericardial
(Fig. S2) and yolk sac edema, increasingly profound impacts on jaw and
head development, deformation of the body axis, and reduction in
extent of the finfolds visible at hatch (3 dph; Fig. 5A-D). Generally, by
11 dph, larvae exposed to the highest concentration did not recover from
these effects (Fig. 5H), but larvae surviving the medium (and low) ex-
posures showed no edema and had sufficiently functional jaws to feed
and grow (Fig. 5F, G).

Although not quantified, the rapid acute effects of oil exposure were
microscopically visible by 7 dpf (exposure day 5), just after establish-
ment of a regular heartbeat at 6.5 dpf (Fig. S2). Pericardial edema
indicative of reduced cardiac output was visible in embryos exposed to
the high (TPAH 3.2 pg/L) concentration (Fig. S2D, red arrows), and in
embryos exposed to the medium (TPAH 0.76 pg/L) concentration at 9
dpf (Fig. S2C). Imaging with a standardized orientation for morpho-
metrics is extremely challenging in unhatched embryos, so develop-
mental and cardiac abnormalities were quantified in 3 dph larvae
(Table 2). As shown above (Fig. 3), cypla-inducing compounds were
largely depurated by this point. As expected, oil exposure resulted in the
continued accumulation of yolk sac edema, although rather than having
a strict dose-response relationship, the extent of edema was closer to an
all-or-none response (Table 2). Larvae exposed to TPAH 0.76 pg/L or
3.2 pg/L both had >50 % of the yolk sac area occupied by edema fluid,
while there was no significant increase in edema area in larvae exposed
to TPAH 0.1 pg/L. Only larvae exposed to the highest concentration (3.2
ng/L) showed a mild bradycardia or slowing of the heart rate, at 70 + 12
beats/min compared to controls at 75 + 6 beats/min. While there was
no effect on contractility of the atrial chamber (measured as fractional
shortening), larvae exposed to the highest concentrations showed a 50 %
reduction in ventricular contractility (fractional shortening of 9.2 + 1.3
% compared to controls at 18.6 + 0.4 %). The incidence of non-
contractile (silent) ventricle was dose-dependent, occurring in 30 % of
larvae exposed to TPAH 3.2 pg/L and 3 % of larvae exposed to 0.76 ug/L.
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Fig. 3. Expression of cypla. The relative expression of cypla of Atlantic haddock embryos and larvae (Melanogrammus aeglefinus) in control, low concentration (10
pg oil/L — TPAH 0.1 pg/L), medium concentration (80 pg oil/L — TPAH 0.76 ug/L) and high concentration (300 pg/L — TPAH 3.2 pg/L) exposure treatments. The data
are shown as average cypla expression (+SD across the 4 replicates in each treatment). Asterisks indicate statistical differences relative to the control fish. p < 0.05

=%, p < 0.001 = **,
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Table 1

Correlation matrix (Pearson) for PAH water concentration (PAH W.C., pg/L),
PAH body burden (PAH B.B., ng/g), cypla (relative expression of cypla) and
DNA-adduct (nmol DNA adduct/mol normal DNA) at 3 dph.

Variable PAH W.C. PAH B.B. Cypla DNA adducts
PAH W.C. - 0.996 1.000 0.995

PAH B.B. 0.996 - 0.996 0.989

cypla 1.000 0.996 - 0.993

DNA adducts 0.995 0.989 0.993 -

Embryonic exposure resulted in a dose-dependent reduction in the
total diastolic (relaxed phase) area of the ventricle in larvae, measured
in ventral views (Fig. 6E), but also apparent in lateral views (Fig. 6A-D).
While there was no significant effect on the total ventral area of the
ventricle in larvae exposed to TPAH 0.1 pg/L, larvae exposed to TPAH
0.76 pg/L or TPAH 3.2 pg/L had 40 % and 60 % reductions in ventricular
area compared to controls (Fig. 6E; 0.0075 mm? and 0.005 mm?
respectively, vs 0.0127 mm? in controls). Nonlinear regression modeling
calculated an ICsg value of TPAH 0.72 pg/L for reduction in ventricular
area (Fig. 6E). Similar to observations of other species, the ventricle
begins its major posterior outgrowth (or ballooning) at the hatching
stage, in haddock. We more specifically measured the ballooning area of
the ventricle posterior to the atrioventricular canal using lateral views in
fish exposed to the low concentration (TPAH 0.1 pg/L). The average area
of the posterior ballooning portion of the ventricle was 0.00503 +
0.0002 mm? in controls but was reduced by almost 10 % to 0.00454 +
0.0001 mm? in in the low concentration exposure (P = 0.01; Fig. 6F). In
the low concentration group, 70 % of larvae (42/60) had posterior
ventricle areas that were below the mean of control larvae, while only
38 % of the larvae in the control group (23/60) were below the mean.

3.5. Embryonic, larval and juvenile survival and growth

Mortality during the exposure at the embryonic stage was only
observed in the highest concentration (300 pg oil/L, TPAH 3.2 pg/L). All
high-concentration larvae that lived through hatching were severely
damaged. Consequently, none survived through first feeding (Fig. 7).
Exposure to the medium oil concentrations (80 pg oil/L, TPAH 0.76 pg/
L) resulted in reduced survival at both larval (26 %) and juvenile (9 %)
stages compared to the control group (Fig. 7, Table S1). Even though
there were no significant differences in survival of the low concentration
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Fig. 4. DNA adducts in yolk sac larvae. The levels of
DNA adduct (relative to normal DNA (nmol DNA
adduct/mol normal DNA)) in Atlantic haddock larvae
(Melanogrammus aeglefinus) in control, low concen-
tration (10 pg oil/L, TPAH 0.1 pg/L), medium con-
centration (80 pg oil/L, TPAH 0.76 pg/L) and high
concentration (300 pg/L, TPAH 3.2 pg/L) exposure
treatments. The measurements were made on pooled
samples (50 larvae) at 3 dph yolk sac larvae (4 days
after the end of exposure and transfer to clean sea
water). A) Shows examples of autoradiograms of TLC
plates from each treatment group. B) The data are
shown as average bulk DNA-adducts (+SD) across the
4 replicates in each treatment. Asterisks indicate sta-
tistical differences relative to the control fish, p <
0.001 = ***,

*k*k

High
3.2 ug TPAHIL

group (TPAH 0.1 pg/L) compared to the control (Table S1), the low
concentration group displayed a higher variation between replicate
tanks. The relative standard deviation (RSD) for the low concentration
group was 43 % at 20 dph and 73 % 77dph, while in the control group
the RSD was 22 % and 34 % at the same ages, respectively. In late ju-
venile stages (from 77 dph and onward), mortality was relatively low,
with 34 %, 20 % and 30 % in control, low (10 pg o0il/L, TPAH 0.1 pg/L),
and medium concentrations (80 pg oil/L, TPAH 0.76 pg/L), respectively
(Table S2). For comparison, the survival of eggs, larvae, and juveniles
from a similar previous experiment (Sgrhus et al., 2016), was re-
calculated, showing acute mortality (during exposure) in the highest
concentrations (TPAH 6.7 + 0.2 pg/L from 600 pg oil/L) and reduced
survival after exposure in the lowest concentrations (0.58 + 0.05 pg/L
from 60 pg oil/L) at both larval and juvenile stages (Fig. S3).

At hatch, there was a dose-dependent trend toward reduced total
length, with controls and low concentration groups averaging ~4.6 mm,
and medium and high concentration groups at ~4.3 mm and ~3.6 mm,
respectively (Table 2). Larvae from the surviving (low and medium
concentration) groups showed no significant difference from controls at
11 and 19 dph (Fig. S4). However, juveniles from the low-concentration
exposure were consistently about 1 cm longer than controls at about 5-6
months post hatch. This difference also continued after pooling into a
single tank (p < 0.05, Fig. 8; Sept 14, and Oct 15). At about 9 months
post hatch (Dec 14), all three groups showed significant differences in
length, with low (10 pg oil/L, TPAH 0.1 pg/L) concentration > control >
(80 pg oil/L, TPAH 0.76 pg/L) medium concentration (18.5 + 1.3, 18.2
+ 1.3 and 17.6 + 1.7 cm, respectively; Fig. 8). There were also signifi-
cant differences in weight at all time points (Table S4), with fish exposed
to the low concentration consistently heavier. At the final time point
there were no significant differences in weight of the liver, hep-
atosomatic index, or condition factor (despite differences in length and
weight) (Table S4). The relative growth for Sept — Dec within the pooled
treatment tanks (SGR %) was significantly lower for both the low (1.2 %
+ 0.3") and medium (1.3 % =+ 0.4") concentration group compared to
the control (1.4 % =+ 0.3%) (Table S4).

3.6. Nonlinear regressions of mortality

A logistic regression of survival was calculated by plotting survival
(relative to the control mean) versus oil exposure (TPAH ug/L) and body
burden (TPAH ng/g) (Fig. 9). Data from all the regressions are shown in
Table S5. The ICso values represent exposure concentrations at which
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Control

Fig. 5. Gross morphology of larvae hatched after embryonic oil exposure. Representative phenotypes of Atlantic haddock larvae at 3 (left panel) and 11 (right panel)
dph. (A, E) Control and (B-D and F-H) exposed larvae with low (10 pg oil/L - TPAH 0.1 pg/L), medium (80 pg oil/L - TPAH 0.76 pg/L), and high (300 pg oil/L - TPAH
3.2 pg/L) concentrations, respectively. White arrowhead: reduced outgrowth of upper jaw, black arrowhead: scoliosis, asterisk: reduced finfold, black arrow: yolk sac
edema, open black arrow: pericardial edema, red arrowhead: distorted jaw, green arrowhead: reduced head. Scale bar is 1 mm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Morphological and cardiac measurements at 3 dph in control, low (10 pg oil/L, TPAH 0.1 pg/L), medium (80 pg oil/L, TPAH 0.76 ug/L) and high (300 pg oil/L, TPAH

3.2 pg/L) concentrations.

Treatment Yolk sac edema Heart rate (beats/min) AFS'% VFS% SV incidence (%) Total body length (mm) EP (pm)
area (%)

Control 2+11 75+ 6 18.8 + 1.0 18.6 + 0.4 0 4.6 £ 0.07 166 + 10

0.1 ug/L - 27 ng/g 4+13 73+6 185+ 2.1 185+ 1.3 0 4.6 + 0.05 164 + 12

0.76 ug/L — 330 ng/g 58 + 10* 75+7 18.7 £ 1.7 16.4 £ 1.1 3 4.3 £ 0.10* 168 + 173

3.2 ug/L - 2066 ng/g 52 + 15* 70 + 12* 19.5 + 2.3 9.2 + 1.3* 30 3.6 £ 0.15* 76 + 9*

L AFS, atrial fractional shortening; VFS, ventricular fractional shortening; SV, silent ventricle; EP, ethmoid plate. Data represent the mean + SD from 4 replicates
with a minimum of 13 individuals measured per replicate. Statistical differences from control are indicated by * (p < 0.001).

survival is predicted to be 50 % lower than the controls (rather than an
absolute 50 % survival). Survival during the embryo exposure was
relatively high, with an IC5¢ = 2.22 [1.33-3.83] TPAH pg/L (estimated
with a 95 % confidence interval). However, a large number of the
exposed animals had severe developmental malformations and were not
able to survive the critical period of first feeding, so for the larvae at 20
dph, the ICsy had dropped to 0.39 [0.16-0.86] TPAH pg/L. Relatively
lower survival in the exposed groups continued through subsequent
stages, and by the early juvenile stage the mortality ICsy was 0.27
[0.07-0.90] TPAH pg/L. The corresponding values for tissue TPAH
doses are given in Fig. 9, right column, and Table S4.

4. Discussion

In this study we aimed to define threshold levels of measured PAHs
for a number of acute and latent adverse effects following exposure of
Atlantic haddock embryos to Norwegian crude oil. Consistent with all
prior studies, we observed clear PAH dose-dependent cardiotoxic im-
pacts on function and morphology of the heart as an immediate

consequence of embryonic exposure. Dose-dependent mortality
occurred latently in the larval and early juvenile periods. However,
impacts on larval and juvenile growth in fish that survived through those
periods were equivocal and difficult to interpret.

4.1. PAH concentrations and toxicity thresholds

While we have calculated toxicity thresholds based on both the water
concentrations and total tissue doses of PAHs, measures of true tissue
dose in haddock embryos are challenged by oil droplet binding to the
eggshell. While a similar phenomenon was observed with Polar cod
(Laurel et al., 2019), the high surface-dependency of droplet binding
allowed the use of droplet-free submerged embryos to calculate the
bioavailable fraction of PAHs segregated between the eggshell and
embryo, based on correlation of tissue PAH dose and cypla mRNA levels
(Laurel et al., 2019). In that study, at higher levels of oiling (e.g., 300 pg/
L dispersed oil), <30 % of the measured TPAH was estimated to repre-
sent accumulation in the embryo (i.e., 70 % remained outside on the
eggshell). At lower exposure concentrations, all of the measured TPAH
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Fig. 6. Dose-dependent impacts on ventricular form. (A-D) Representative
high magnification lateral views of the heart in 3 dph larvae in Control (A), low
(B), medium (C) and high (D) concentration exposures. TPAH water concen-
trations are indicated for each. The ventricular chamber is outlined in black,
with the posterior balloon portion highlighted with dashed line in the control
(A) and low concentration (B). Scale bar is 0.1 mm. (E) Nonlinear regression
modeling of dose-dependent reduction in the area of ventricles measured in
ventral views. Data represent mean + SD for N = 3 replicates with 13-20 in-
dividuals per replicate (F) Area of the posterior balloon area in control and low
concentration groups. Box-and-whisker plots are shown for N = 3 replicates
with 20 individuals per replicate. Each dot represents an individual measure,
with box ends representing the 25th and 75th quantiles and whisker ends +1.5
times the 25th-75th quantile range. The diamond shows the mean (dashed line)
+ S.D., and the solid line within the box the median.

was predicted to be within embryonic tissues. Although not quantita-
tive, the GCxGC-ToF-MS analysis here is consistent with a similar dis-
tribution in haddock. Thus, it is highly likely that in the 80 pg/L oil -
TPAH 0.76 pg/L (medium) exposure, the measured 330 ng/g body
burden represents the actual embryonic tissue dose, as does the 27 ng/g
for the lowest dose. As detailed below, confidence in these tissue values
is important for comparisons with species that lack dispersed-oil droplet
binding or have been assessed in dissolved-compound-only studies with
generator column effluents. However, for the purposes of oil spill risk
and damage assessment, water concentrations may be the only metric
available (Esbaugh et al., 2016; Incardona et al., 2014; Morris et al.,
2018). Hence, models based on water PAH concentrations from species-
specific studies such as this, are still valuable for predicting spill effects
in those species’ habitats (e.g., Atlantic haddock in Lofoten). As dis-
cussed in detail below, we observed adverse impacts on developing
haddock larvae with a dispersed oil exposure producing a TPAH water
concentration of only 0.1 pg/L, and tissue dose of 27 ng/g (nominal
concentrations of 10 pg oil/L).

4.2. Thresholds for immediate developmental impacts in newly hatched
larvae

Consistent with work on other species, our combined studies on
haddock have defined the most sensitive developmental period to be
from the onset of a regular heartbeat, through establishment of
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Fig. 7. Embryonic, larval and juvenile survival. Survival of early life stages of
Atlantic haddock after exposure to low (10 pg oil/L, TPAH 0.1 pg/L), medium
(80 pg oil/L, TPAH 0.76 pg/L), and high (300 pg oil/L, TPAH 3.2 ug/L) con-
centrations of oil. A) Embryo survival after 8 days of oil exposure (10 dpf). B)
Larval survival at 20 dph (21 days in clean water). C) Juvenile survival at 77
dph. The data are shown as average survival (+SD) (n = 4). Asterisks indicate
statistically difference from the control fish. p < 0.05 = *, p < 0.01 = **,

atrioventricular conduction and the side-by-side rotation of the atrial
and ventricular chambers (looping) (S¢rhus et al., 2021a; Sgrhus et al.,
2015; Sgrhus et al., 2016). While the exposure here was carried out
through the entire course of embryonic development to hatch, because
of the time-release effect of oil droplet binding, a 3-day exposure just
before the onset of regular heartbeat is sufficient to cause severe
developmental cardiotoxicity (S¢rhus et al., 2021a). In the current
study, cardiotoxic endpoints were quantified at 3 dph, after the depu-
ration of PAHs (and, by inference, other Cypla-inducing substrates).
Therefore, measured changes represent persistent effects downstream of
the acute rapid impact of crude oil on action potential generation and
excitation-contraction coupling in exposed cardiomyocytes (Brette
et al., 2014). Qualitatively, those acute effects were observed during
exposure, manifested as reduced cardiac output (edema) at exposure
concentrations > TPAH 0.76 pg/L (80 g oil/L). Bradycardia, reduced
ventricular contractility, and ventricular asystole all persisted past PAH
depuration following the high (300 pug oil/L, TPAH 3.2 pg/L) exposure.
This effect likely contributed to mortality in the high exposure group,
and is consistent with impacts of oil exposure on, not just cardiomyocyte
ion channel function, but on the developmental trajectory of car-
diomyocytes through disruption of excitation-transcription coupling
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(Sgrhus et al., 2021a; Sgrhus et al., 2017; Sgrhus et al., 2016). At the
same time, edema at hatch, although at lower concentration levels, was
associated with elevated juvenile mortality in oil-exposed zebrafish
(Incardona et al., 2013). This is likely to have contributed to mortality in
both the medium- and high-exposed groups here. Similar persistent ef-
fects on heart rate and contractility were observed in Polar cod (Laurel
etal., 2019). Unfortunately, due to the requirement for a non-parametric
statistical analysis, these measures lacked sufficient statistical power for
a robust threshold determination. Moreover, the lack of a tight dose-
response relationship is likely since these functional changes measured
after hatch (and PAH depuration) are several steps away from the acute
impacts of exposure. However, ventricular morphology proved to be a
highly sensitive and robust effect measure of oil exposure.

Both looping and ventricular ballooning are dependent on multiple
Ca2+—regulated processes (Auman et al., 2007; Grassini et al., 2019;
Merks et al., 2018). Consistent with the rapid impacts of oil exposure on
intracellular Ca>* handling in cardiomyocytes (Brette et al., 2014;
Sgrhus et al., 2021a) and attendant whole-chamber response of reduced
contractility, a delay in ventricular ballooning recently was identified as
an early latent impact on heart development in Pacific herring exposed
to very low levels of crude oil (0.25-1.0 g mass oil per kg gravel resulting
in 1-4 pg PAH/L) (Incardona et al., 2021). We have now shown that an
identical phenotype occurs in the early larval haddock heart. As in
herring, the measure of ballooning in haddock is statistically robust,
with a lowest tested effective concentration of TPAH 0.1 pg/L (10 pg oil/
L). Thus, we show that decreased ballooning has an even lower
threshold than the canonical edema phenotype.

The burst-swimming Gadid species possess a simpler cardiac struc-
ture compared to the high-performance swimmer, herring (Claireaux
et al., 2005; Hu et al., 2000; Santer and Walker, 1980; Santer et al.,
1983). Not only is the impact on ventricular ballooning essentially
identical in these highly divergent species with completely different
overall ventricular structures, but these effects also resulted from
exposure to completely different sources oils (Norwegian Sea and Alaska
North Slope), and with completely different exposure methods; oiled
gravel effluent (herring) and dispersed oil droplets (haddock).

4.3. Body burden thresholds and potential links between low-level acute
and latent impacts

Links between the acute sublethal cardiac toxicity, including any
linked or independent developmental impacts, and latent impacts on
growth and survival in haddock can be considered in the context of prior
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work on other species. First, these data have implications for potential
connections between cardiotoxicity and impacts on craniofacial devel-
opment. Although we did not examine craniofacial structure in detail,
previous studies highlighted striking defects of the upper jaw cartilage,
and specifically the ethmoid plate as dose-dependently reduced (Sgrhus
et al., 2021a; Sgrhus et al., 2016; Sgrhus et al., 2021b). At the lower
exposure concentrations tested here, we found no impact on the ethmoid
plate in larvae that still had measurable impacts on heart development.
This is consistent with prior studies in zebrafish where craniofacial
structure was carefully assessed in juvenile fish that survived impaired
cardiac function as embryos (Incardona et al., 2013). However, while
these findings show that cardiotoxicity has a lower threshold than
craniofacial defects, they have no bearing on whether there are direct or
independent impacts of oil exposure that contribute to the more severe
craniofacial defects observed at higher doses.

The likelihood that cardiac defects persisted to later stages is high. In
a separate study, older haddock larvae from the TPAH 27 ng/g (10 pug
oil/L, TPAH 0.1 pg/L) and 330 ng/g (80 pg oil/L, TPAH 0.67 pg/L)
exposure doses were found to have reduced swimming speed in a marine
in situ assay at 29 to 35 dph (Cresci et al., 2020). Latent impacts on
ventricular structure and cardiorespiratory performance (critical
swimming speed, Usit) were observed in juvenile Pacific herring and
pink salmon 7 to 9 months after an embryonic body burden of TPAH 29
ng/g (wet weight) and 222 ng/g, respectively (Incardona et al., 2015).
The oil-induced delay in ventricular ballooning at the yolk sac stage was
identified in a follow-up study in herring, and impacts on heart structure
were tracked from the yolk sac stage into the early juvenile period (110
dph) (Gardner et al., 2019; Incardona et al., 2015; Incardona et al.,
2021). While ventricular ballooning was not assessed at the yolk sac
stage in exposed polar cod, by 43 dph, larvae surviving body burdens of
TPAH 517 and ~700 ng/g also showed dose-dependent alterations in
the lateral dimensions of the ventricle, with qualitative suggestions of
trabeculation defects at the higher concentration (Laurel et al., 2019).
Our findings here show a similar threshold to Pacific herring for impacts
on initiation of ventricular ballooning, with a lowest effective tested
dose of 27 ng/g (from exposure concentration TPAH 0.1 pg/L). Distri-
bution of lipids and other yolk-derived factors is a clear function of the
early larval fish heart critical for extracardiac development (Sg¢rhus
et al., 2021b), and circulation would be expected to be critical for
removal of metabolites (Wang et al., 2019), maintenance of salt and
water balance (Varsamos et al., 2005) in addition to impacting oxygen
transport capabilities. Thus, reduced cardiac performance could un-
derlie the latent reduction in swimming performance observed in the
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Fig. 9. Logistic regression of the effect of oil exposure (TPAH pg/L) (left) and body burden (right) on survival (decrease in survival relative to the control mean) in
the early life stages of Atlantic haddock. A and B) Acute survival during embryonic exposure (8 days) at 10 dpf. C and D) Delayed mortality (decreased survival) at the
larval stage (20 dph). E and F) Delayed mortality at the juvenile stage (77 dph). The points indicate replicate tanks, while the solid line shows the result of the logistic
regression and the upper and lower dashed lines show the 95 % confidence intervals of the regression.

low and medium concentration-exposed haddock through a number of
direct or indirect mechanisms.

4.4. Impact of exposure to oil on survival and growth

At the highest exposure concentration (300 pg oil/L, TPAH 3.2 pg/L),
morphological abnormalities reduced the likelihood of survival through
the larval period. Accordingly, all larvae initially hatching from the
high-concentration treatment were eliminated between 20 and 77 dph.
At the medium concentration (TPAH 0.76 pg/L) all larvae present at
later stages were externally normal, suggesting a strong selective mor-
tality of grossly abnormal individuals. Overall, the medium concentra-
tion group experienced significantly reduced survival relative to the
control group, with virtually all of the mortality occurring by 77 dph.
Mortality was increased about 10 times as a consequence of the TPAH
0.76 pg/L — 330 ng/g exposure, but the TPAH 0.1 pg/L - 27 ng/g
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exposure had no effect on survival under these conditions.

Although there was no difference in size among treatment groups
during initial growth in replicate tanks, following pooling into single
treatment (concentration-level) tanks, the survivors of the low-
concentration exposure grew larger relative to the control. This may
be due to stronger selection in the low concentration group. Although
there were no statistical differences in survival between low concen-
tration and control group, the standard deviation was much larger in the
low concentration (Fig. 7). This could indicate that individuals with
lower fitness did not survive the oil challenge, leaving a larger propor-
tion of more robust animals in the low concentration group compared to
the control group. The final relative rate of growth was significantly
lower for the medium concentration group, but there was no significant
effect on growth rate in the low concentration group (TPAH 0.76 ug/L —
330 ng/g). However, because fish were no longer in replicate tanks,
statistical analysis could not distinguish whether the differences in
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length or SGR were a tank effect or an effect of treatment (oil exposure).
In sum, even though the low concentration fish were consistently longer
from September to December, the growth rate in the period was not
different from control, and only the medium concertation showed a
reduced growth rate.

The equivocal effects on growth could be due to experimental design
constraints and lack of statistical power. However, prior studies suggest
latent impacts on survival and growth may be masked by the rearing
conditions in the laboratory. Despite the fact that tank-raised fish are
subjected to stressors that are not present in their natural ocean envi-
ronment, we have optimized our laboratory conditions for their growth
by providing them with natural live feed to ensure they maintain an
appropriate nutritional status (Karlsen et al., 2015). As indicated by the
studies in pink salmon (Heintz et al., 2000; Heintz, 2007; Incardona
etal., 2015) and red drum (Sciaenops ocellatus) (Khursigara et al., 2021),
the addition of real-world stressors such as competitive prey foraging
may be needed to reveal adverse impacts on growth following such low-
level exposures. Similarly, the reduced growth observed in the related
species Arctic cod (Laurel et al., 2019) is likely related to the additional
challenge of living at extreme temperature. The consequences of low-
level crude oil exposures under laboratory conditions may therefore
be underestimated for haddock. Nevertheless, this is an important
negative result, setting a clear baseline for controlled multi-stressor
studies that may allow more accurate assessments of the real-world
impacts of petroleum pollution.

4.5. Cypla induction and DNA adduct formation as quantitative
biomarkers of oil exposure

Induction of cypla is routinely used as a dose-responsive, quantita-
tive biomarker for oil exposure in studies of fish early life history stages.
PAH-induced DNA adducts are also well established biomarkers of oil
exposure in juvenile and adult fish in the laboratory (Aas et al., 2000;
Holth et al., 2009; Lyons et al., 1997; Meier et al., 2020; Sundt et al.,
2012), in field observations after spills (Amat et al., 2006; Harvey et al.,
1999), or after chronic discharge in vicinity of offshore oil platforms
(Balk et al., 2011; Grgsvik et al., 2012; Pampanin et al., 2019). However,
until now, no study has measured DNA adducts in fish embryos or larvae
exposed to oil. Moreover, we have directly compared the sensitivity of
PAH measurements in tissues, cypla mRNA induction, and levels of DNA
adducts. We did observe a trend of increasing amount of DNA adducts
with increasing oil concentrations, but only the high (TPAH 3.2 pg/L)
concentration produced a statistically significant difference. However,
this study had limited statistical power with only four replicates, some
outlier samples, and samples with levels below the detection limit.
Nonetheless, these results raise the possibility of adverse impacts due to
DNA adduct genotoxicity (Kienzler et al., 2013; Pampanin et al., 2017).
We detected DNA adducts in all treatments, from 5 to 10 in low to 29-45
nmol DNA adduct/mol DNA in the high concentration treatment. DNA
adduct levels in haddock above 6.7 nmol DNA adducts per mol nucle-
otides are considered high and cause for concern (ICES, 2011, 2012).
These established thresholds fit well with the other adverse effect levels
reported in this study.

5. Conclusions

In this study we show that exposure to oil at 300 pg oil/L, (TPAH 3.2
pg/L, 2066 ng/g tissue) resulted in severe abnormalities in yolk sac
larvae leading to complete mortality in the early larval period. Exposure
to medium concentrations (80 pg oil/L, TPAH 0.76 pg/L, 330 ng/g tis-
sue) resulted in a relatively high degree of cardiac dysfunction, man-
ifested as edema and smaller ventricles at hatch. This concentration led
to higher delayed mortality (~10-times greater than controls) during the
first ~2.5 months of growth, most likely because of earlier cardiotox-
icity. Overall, we observed a dose-dependent reduction in the size of the
ventricle with an ICsy water concentration of TPAH 0.72 pg/L and the
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ICsp for reduced juvenile survival was TPAH 0.27 pg/L. The lowest
tested concentration (10 pg oil/L, TPAH 0.1 pg/L, 27 ng/g tissue) pro-
duced no externally visible morphological abnormalities, but led to an
impact on the posterior outgrowth of the cardiac ventricle that normally
initiates in hatching stage larvae. In Pacific herring this response occurs
at a similar threshold and has been shown to produce latent impacts on
heart form and function many months later in juveniles. Under labora-
tory rearing conditions, fish surviving either the low or medium con-
centration into the late larval and juvenile periods did not show linear
dose response changes in growth or further mortality. The laboratory
conditions most likely masked latent impacts, but our findings provide
the basis for future multi-stressor studies that more closely reflect con-
ditions in marine habitats. Nevertheless, the toxic effects threshold at a
water concentration of TPAH 0.1 pg/L is consistent with a very low
tolerance of cold-water species for oil exposure and should be a major
incitement for protecting haddock spawning habitats from oil pollution.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2023.114843.
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