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Abstract

In situ burning (ISB) is discussed to be one of the most suitable response strategies to combat oil spills in extreme conditions.
After burning, a highly viscous and sticky residue is left and may over time pose a risk of exposing aquatic biota to toxic oil
compounds. Scientific information about the impact of burn residues on the environment is scarce. In this context, a compre-
hensive ISB field experiment with approx. 1000L IFO 180 was conducted in a fjord in Greenland. The present study investigated
the toxicity of collected ISB residues to early life stages of zebrafish (Danio rerio) as a model for potentially exposed pelagic
organisms. The toxicity of ISB residues on zebrafish embryos was compared with the toxicity of the initial (unweathered) IFO
180 and chemically dispersed IFO 180. Morphological malformations, hatching success, swimming behavior, and biomarkers
for exposure (CYPIA activity, AChE inhibition) were evaluated in order to cover the toxic response on different biological
organization levels. Across all endpoints, ISB residues did not induce greater toxicity in zebrafish embryos compared with the
initial oil. The application of a chemical dispersant increased the acute toxicity most likely due to a higher bioavailability of
dissolved and particulate oil components. The results provide insight into the adverse effects of ISB residues on sensitive life

stages of fish in comparison with chemical dispersant application.
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Introduction

In case of an oil spill, the most effective response technologies
have to be selected to minimize direct or indirect adverse
effects on the environment. The selection of oil spill response
measures, such as chemical dispersion, in situ burning (ISB),
or oil recovery, strongly depends on operational parameters
such as the physical-chemical properties of the spilled oil and
the weather conditions on site (Ekperusi et al. 2019). Unique
oil characteristics such as viscosity, density, pour point, and
weathering status influence the oil fate and behavior as a func-
tion of temperature, wind conditions, and ice coverage
(Spaulding 2017). Furthermore, the presence of sensitive or-
ganisms and the toxicity of treated as well as untreated oil are
important information to evaluate the potential environmental
impact by the oil itself and the side effects of applied oil spill
response technologies (Wegeberg et al. 2017). Overall, a high
efficiency is reported for chemical dispersants and ISB re-
sponse technologies when applied under optimal conditions
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(Bejarano et al. 2014; Buist et al. 2013; Ekperusi et al. 2019;
Lee et al. 2011).

In particular, ISB is discussed to be a suitable response
technology to combat oil spills in Arctic seas (Buist et al.
2013; Faksness et al. 2012), as it requires little equipment
and is applicable in ice-infested waters. By the ISB applica-
tion, oil is removed from the water surface and converted into
combustion products, which are emitted to the air, and burn
residues left in the sea. The amount and nature of residues,
brittle or highly viscous and sticky, depend on the oil type and
burning efficiency (Fritt-Rasmussen et al. 2015). The nature
of the ISB residues also influences whether they float on the
water surface or sink. Even though the amount of residue is
highly reduced compared with the initial volume of spilled oil,
the residue may pose a risk for smothering seabirds or shore-
lines and might expose pelagic and benthic communities to
toxic compounds (Fritt-Rasmussen et al. 2015) As reviewed
by Fritt-Rasmussen et al. (2015) and Holmsen (2019), scien-
tific information about the impact of ISB residues on the en-
vironment is scarce, and, in particular, research is needed on
the aquatic toxicity of ISB residues.

Deviating from that, the application of a chemical disper-
sant, breaking down the oil slick into small droplets in the
water column and preventing shorelines from smothering, is
controversially discussed, since the acute toxicity toward
aquatic biota in the water column is temporarily increased
(Prince 2015).

To study the aquatic toxicity of different oil spill response
measures, sensitive early life stages of fish can be used to
assess potential effects of an oil spill occurring during
spawning season. Impacts of petroleum products on fish em-
bryos and larvae have been investigated extensively (de Soysa
et al. 2012; Incardona et al. 2013; Jung et al. 2013; Nahrgang
et al. 2016; Perrichon et al. 2016; Tairova et al. 2019). Even
though sensitivities can vary among different freshwater and
marine species (Incardona et al. 2014; Perrichon et al. 2016;
Stieglitz et al. 2016), the observed phenotypic effects in the
fish early developmental stages are markedly conserved
(Incardona 2017; Incardona et al. 2014). Hence, the well-
established ecotoxicological model species Danio rerio
(zebrafish) was selected in the present study. The zebrafish
is one of the best-studied fish species with many advantages
including a fully sequenced genome (Howe et al. 2013), a
well-described physiology and development, and, further-
more, it is easy to culture in the laboratory (Scholz et al.
2008; Strdhle et al. 2012). Additionally, zebrafish early life
stages have been extensively used to evaluate the toxicity of
petroleum products (Incardona et al. 2013; Pauka et al. 2011;
Perrichon et al. 2016; Philibert et al. 2016), and findings from
those experiments were consistent with endemic species ex-
posed to oil (Brette et al. 2014; Khursigara et al. 2017).

Within the framework of the EU-funded project GRACE
(Jargensen et al. 2019), a large-scale ISB field experiment

with app. 1000 L heavy fuel oil (IFO 180) in a fjord close to
Kangerluarsoruseq, Greenland, was performed (Wegeberg
et al. 2018a). After the burning, the environmental effects
were monitored focusing on tidal and pelagic communities.
Additionally, ISB residues were collected from the water sur-
face in order to characterize the ecotoxicological effects. In the
present study, the toxicity of the ISB residues is assessed in
laboratory experiments.

In order to assess acute embryo toxicity, in the present
study, zebrafish early life stages were exposed to water-
accommodated fractions (WAFs) from ISB residues.
Additionally, embryos were exposed to WAFs prepared from
the initial (untreated) IFO 180 and chemically dispersed IFO
180. By comparing the toxicity of those three WAFs, it was
investigated whether ISB residue WAFs induced altered tox-
icity compared with WAFs of untreated and chemically dis-
persed heavy fuel oil. In addition to morphological
malformations, also effects on larval swimming behavior, as
indication for larval fitness, and biochemical endpoints were
included. One important biomarker of exposure, which is typ-
ically chosen and highly sensitive toward petroleum product
exposure, is the induction of the metabolic enzyme CYP1A
(Sanni et al. 2017; van der Oost et al. 2003). Thus, the 7-
ethoxyresorufin-O-deethylase (EROD) activity was examined
as a very sensitive marker for the CYP system in fish (van der
Oost et al. 2003). Previous studies have demonstrated that
swimming behavior is altered in oil WAF—exposed larval fish
(Johann et al. 2020; Mager et al. 2014; Perrichon et al. 2016)
already at low exposure concentrations, thus indicating this
endpoint to be a sensitive biomarker for changes in general
fitness of petroleum compound-exposed fish larvae. Since al-
terations in swimming behavior can indicate a neurotoxic po-
tential of toxicants (Legradi et al. 2018), in the present study,
the activity of acetylcholinesterase (AChE) was additionally
selected as a mechanism-specific biomarker for neurotoxicity.

In combination with other findings from the large-scale
field experiment in Kangerluarsoruseq in 2017, the results of
the present study aimed at contributing to the environmental
evaluation of toxic effects induced by ISB residues of oil.

Material and methods
Sample background

The heavy fuel oil IFO 180 (Polaroil, Greenland) was used in the
current study. All experiments presented were performed with oil
from one batch. IFO 180 is a bunker oil characterized by a high
viscosity with low amounts of volatile hydrocarbons (King et al.
2017). The ISB residues were generated during a large-scale ISB
field experiment in a bay of Kangerluarsoruseq, Greenland. One
thousand liters of IFO 180 was released on the water surface in a
fire-resistant boom (Desmi Pyroboom, Desmi A/S, Denmark).
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After ignition, the oil burned for approximately 40 min. A video
of the ISB experiment is available online (). After the burning, a
trawl skimmer (Desmi A/S, Denmark) was used to collect the
burn residue. After collection, aliquots of the sticky and highly
viscous ISB residues were collected on absorbant oil-wetting
cloth 3M™ OQil Sorbents) in RILSAN bags for shipping.
Immediately after ISB residues arrived in the laboratory, burn
residues were scraped from collecting bags using inert spatula
that had been rinsed with solvents (acetone, pentane) and
aliquoted to avoid multiple thawing and re-freezing. Aliquots
were stored at — 20 °C until further usage.

In order to investigate the influence of chemical disper-
sants, the third-generation dispersant Finasol OSR 52®
(Total Special Fluids, France) was used. This dispersant con-
tains > 30 % non-ionic and 15-30% anionic surfactants.
Details can be found in the corresponding safety datasheet
(SDS no. 30034 2013).

Preparation of water-accommodated fractions (WAFs)

Water-accommodated fractions (WAFs) were prepared ac-
cording to Singer et al. (2000). For the IFO 180 and ISB
residues of IFO 180 exposure experiments, low-energy wa-
ter-accommodated fractions (LEWAFs) were prepared. By
the application of the dispersant Finasol OSR 52®, so-called
chemically enhanced water-accommodated fractions of the
initial oil (CEWAF) were prepared. Briefly, WAFs were pre-
pared in aspirator glass flasks (500 mL). For the preparation of
initial oil LEWAF, IFO 180 was carefully added to water
surface of 300 mL fish medium at an oil-to-water ratio of
1:50 (w/v). To prepare ISB residue LEWAFs, the in situ col-
lected and frozen sticky burn residue aliquots were thawed
and applied to the water surface comparable with initial oil
LEWAF (1:50, w/v). CEWAF was prepared by adding IFO
180 and the dispersant (1:10, w/w) to the water surface to
reach a dispersed oil-to-water ratio of 1:200 (w/v). The
LEWAF setups were carefully stirred with low energy
avoiding a vortex while the CEWAF was stirred at higher
stirring speeds (25% depth vortex in water column). WAFs
were incubated while stirring at 10 °C for 40 h followed by 1 h
settling time. Afterward, water fractions were carefully
drained off. Different dilutions prepared from the 100% stock
solutions were warmed up to 26 °C before embryos were
exposed to the samples.

Zebrafish maintenance and egg production

Wild-type zebrafish of the West Aquarium strain (Bad
Lauterburg, Germany) from the facilities of the Institute for
Environmental Research, RWTH Aachen University, were
used. Breeding groups of 100-120 adult zebrafish from 1 to
3 years of age were kept in 170-L tanks of a flow-through
system with an automatic water exchange rate of 40% per
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week. Tank water was cleaned through a biological filter
and UV light. Fishes were fed with dry flakes (TetraMin®,
Tetra GmbH, Germany) and larvae of Artemia spec. (JBL
GmbH & Co. KG, Germany). A constant day-night rhythm
(14:10) and temperature (26 = 1 °C) was maintained.
Spawning took place from 30 min after the onset of light.
Fertilized eggs were collected 2 h after the onset of spawning.

Fish embryo acute toxicity test

The acute toxic and teratogenic effects induced by the differ-
ent WAF treatments were investigated using the prolonged
fish acute embryo toxicity test up to a maximum developmen-
tal stage of 120 h post fertilization (hpf). The test was per-
formed according to OECD guideline 236 (OECD 2013) with
minor modifications due to sample type specifications (details
described below). All experiments were terminated with the
final measurement shortly before 120 hpf, so that no animal
ethics test approval was required. Zebrafish embryos and larvae
below 120 hpf are not protected animal stages according to EU
Directive 2010/63/EU (European Union 2010), see also Strahle
et al. (2012), TierSchG (Tierschutzgesetz), and the respective
regulation TierSchVerV (Tierschutz-Versuchstierverordnung).
After termination, larvae were euthanized by prolonged immer-
sion in a benzocaine ethanol solution.

Briefly, 20 embryos per treatment concentration were
transferred to sample dilutions shortly after fertilization.
Embryos were incubated at 26 °C using a semi-static approach
with periodic medium exchange (every 24 h). WAFs for me-
dium exchange were prepared fresh daily. Artificial fish me-
dium was prepared, aerated, and warmed up 1 day before
using. The pH of all media was adjusted between 7.0 and 8.0.

Embryos were exposed in air-sealed 10-mL glass vials (5
embryos/vial) with sparse headspace to minimize the evapo-
ration of volatile WAF compounds. In each experiment, neg-
ative (artificial water) and positive controls (3,4-dichloranilin,
4 mg L") were included to verify test validity. Embryos were
inspected for lethal and sublethal effects every 24 h.
Additionally, medium pH was monitored every 24 h. An ex-
periment was classified valid if no more than 10% of negative
control and at least 30% of positive control eggs showed lethal
effects according to the OECD 236 guideline. All data pre-
sented met the validity criteria according to the guideline.
Concentration-response curves were established according to
details described in “Data analysis.”

Light/dark transition test—larval swimming behavior

The exposure of zebrafish embryos was performed according
to the exposure scenario described for the fish embryo acute
toxicity test with the exception of 10 instead of 5 embryos per
glass vial. In order to focus on the specific toxicity of the
tested WAFs and to avoid masking effects by morphological
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deformations, embryos were exposed to sublethal effect con-
centrations (EC;q—EC,g). At 96 hpf, larval swimming behav-
ior alterations were investigated using a light/dark transition
test. This behavior test allows to monitor for dynamic behav-
ioral responses (hyperactivity, hypoactivity, immobility), and
it is sensitive to neuroactive chemical compounds (Ali et al.
2012; Legradi et al. 2015). The swimming performance of
WAF-treated larvae as well as unexposed larvae was tracked
during the experiment. Sixteen to 20 zebrafish larvae per treat-
ment were transferred individually into one well of a 96-well
plate and exposed to 2 cycles of alternating light (10 min) and
dark (4 min) periods after an initial acclimatization time of
10 min in light conditions. The behavioral test was conducted
using a DanioVision observation chamber and EthoVision
tracking software (Noldus, The Netherlands).

Biomarkers of xenobiotic metabolism
and neurotoxicity

In another independent experimental setup, 40 embryos
per treatment concentration were exposed to different sub-
lethal effect concentrations as described before for the fish
embryo acute toxicity test. Exposure concentrations for
both biomarkers (AChE, EROD) were selected based on
sublethal effect concentrations (below ECsg) in order to
avoid masking of secondary toxicity. At 96 and 120 hpf,
the activity of the enzymes EROD and AChE in unex-
posed and WAF-treated zebrafish larvae was measured.
Pre-hatching time windows were not included since the
biomarker responses are highly variable due to embryonic
developmental processes (Braunig et al. 2015; Meyer-
Alert et al. 2018). In total, 40 embryos per treatment con-
centration were pooled after the exposure, anesthetized
using a cold solution of saturated benzocaine and washed
twice with cold phosphate buffer saline (PBS, Sigma-
Aldrich). Anesthetized larvae were quickly transferred to
1.5- mL tubes, and excess solution was replaced by
700 wl of phosphate buffer (1.8 L 0.1 M Na,HPO, adjust-
ed with 0.5 L 0.1 M NaH,PO, to pH 7.8). Larvae were
immediately shock frozen in liquid nitrogen and stored at
— 80 °C until further use.

Preparation of fish homogenates

For enzyme activity measurement, larvae in buffer were care-
fully thawed on ice and homogenized (VDI 12, VWR
International GmbH, Germany) for 10 s. Afterward, homoge-
nates were centrifuged at 10,000xg and 4 °C for 15 min. The
supernatant was immediately transferred to new tubes and
placed on ice. Both EROD and AChE were measured succes-
sively in order to avoid re-freezing and thawing.

7-Ethoxyresorufin-O-deethylase (EROD) activity in
zebrafish larvae

The fish embryo EROD assay to investigate the catalytic in-
duction of the fish cytochrome P450 system indicating a phase
I metabolism was performed according to Schiwy et al. (2014)
with modifications regarding egg number and quantification
method (kinetic instead of two points measurement). The ref-
erence calibration series of resorufin (0.5 uM in 0.1 M
Na,PO, buffer) was prepared in duplicates in a 96-well plate
(100 pL) using a 1:2 dilution series. Sample supernatants of
WAF treatment and negative control larvae were added in
triplicates to the plate (100 pL). Afterward, 100 pL of the
substrate 7-ethoxyresorufin (2.4 uM) was added to each well
followed by 10 min incubation at 26 °C in darkness. Shortly
before kinetic measurement of fluorescence for 25 min (step
1: kinetic cycles: 15, interval time: 20 s, step 2: kinetic cycle:
30, interval time: 40 s) in a microplate reader (Infinite® M
200, Tecan Group, Switzerland), 50 uL. NADPH (3.35 mM)
was added to initiate the enzymatic reaction. Substrate
deethylation was determined by measuring the formed
resorufin at 540 nm excitation and 590 nm emission wave-
length. Quantification of EROD activity was performed based
on the resorufin calibration series and expressed in pmol

resorufin mg ' min .

Acetylcholinesterase (AChE) activity in zebrafish
larvae

The AChE activity as a surrogate endpoint for neurotoxicity
was measured according to the initial protocol established by
Ellman et al. (1961) with modifications according to Velki
et al. (2017) regarding adaptions to a 96-well plate format. A
total of 7.5 uL sample supernatant and 180 puL sodium phos-
phate buffer (0.1 M, pH 7.8), 10 uL 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB 1.6 mM), and 10 pL acetylcholine
iodide (156 mM) were added to a 96-well plate. The increase
in absorbance was immediately measured in triplicates at
412 nm for 10 min in 10-s intervals using a microplate reader
(Inﬁnite® M 200, Tecan Group, Switzerland).

Resulting data were controlled for linearity in absorbance
increase (R? > 0.98) and minimum increase of absorbance
over time (At3min > 0.1). Only data fulfilling these criteria
were used for further calculations. Enzymatic activity was
calculated as nmol AChE min! mgﬁl. For the calculations,
the molar extinction coefficient of 13,600 M~ cm™! was used.

Protein measurement
Whole protein of each sample was measured in parallel using
a bicinchoninic acid assay kit (Sigma Aldrich GmbH,

Germany) according to the manufacturer’s instructions and
quantified with a dilution series of bovine serum albumin
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(BSA) as an external standard (0.31-1 mg mL ™). For protein
measurement, the sample supernatants were diluted 1:2.

Chemical analysis of LEWAFs

A basic chemical analysis of 18 target PAHs, including 16
USEPA PAHSs in native and burned LEWAF, was conducted
using solid-phase micro extraction (SPME) (Potter and
Pawliszyn 1994). Target PAHs were selected according to
relevant quantities from a detailed chemical profile of IFO
180 (see SI Tables S2 and S3) and the relevance from toxico-
logical perspective. Methods of the detailed chemical profile
can be found in the SI. The extraction method was not applied
to CEWAF exposure as the dispersed oil droplets would in-
terfere with the loading rates. The stability of the target PAH
composition in LEWAFs during the experiment with periodic
medium exchange (every 24 h) has been shown in preliminary
tests. Thirty-micrometer silicone-coated fibers (Supelco,
Sigma-Aldrich Corp) were applied to extract target PAHs di-
rectly from the exposure stock solutions after 40 h incubation
and 1 h settling time. Perdeuterated internal standard PAHs
were added to the samples prior to extraction. External
(S-4008-100-T) and perdeuterated internal standards
(S-4124-200-T) were purchased from Chiron (Chiron AS,
Trondheim, Norway). SPME fibers were extracted for 2 h to
enable quantification of low concentrations of target PAHs in
the test medium. Loaded SPME fibers were analyzed using an
Agilent Technologies GC system (7890 A GC System and
5975 C inert XL MSD with Triple-Axis-Detector, Agilent
Technologies Deutschland GmbH).

Data analysis

All WAF concentrations were presented as dilution of the
stock solution (% of stock) as the present chemical analysis
was limited and hence no defined concentration, e.g., in
>'PAH, would represent the real scenario. For the acute fish
embryo toxicity test, concentration-response curves were
established using the software GraphPad Prism (version 6,
San Diego, USA). EC, (concentrations inducing x % of sub-
lethal and lethal effects) values were calculated based on a 4-
parameter non-linear regression model with top and bottom
set to 100 and 0, respectively, in GraphPad Prism (Equation: Y
=100/ (1 + 10"((LogECS50-X) * HillSlope)).

Data processing of results from swimming alteration and
enzyme activity measurements was conducted in spreadsheets
(Microsoft Excel 2016). In detail, the mean distance moved of
16-20 larvae per treatment was used for further evaluation of
swimming patterns. In total, 3 independent experiments were
performed, and hence, data were plotted and analyzed as mean
(3 experiments) of mean (20 individuals per experiment) dis-
tance moved per interval. Specific enzymatic activity was
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normalized to the mean activity of the untreated control in
order to guarantee comparability within the study and with
previous studies.

Statistical analyses were performed in SigmaPlot
(Version 12.5, Systat Software, 2007). Data were ana-
lyzed for normal distribution (Shapiro-Wilk test) and ho-
moscedasticity (Levene test) and then further investigated
for statistical significance, with difference compared with
untreated control. Data fulfilling both criteria were ana-
lyzed using one-way analysis of variance (ANOVA) with
Dunnett’s post hoc test (»p < 0.05). The non-parametric
Kruskal-Wallis ANOVA on ranks with Dunn’s post hoc
test was used for data that were not normally distributed
and/or did not show homoscedasticity

Results
Acute fish embryo toxicity

Concentration-related increases in sublethal and lethal ef-
fects were observed for WAFs from initial IFO 180, ISB
residues of IFO 180, and chemically dispersed IFO 180.
At the termination of the test (120 hpf), all zebrafish lar-
vae exposed to 66.7 % of the initial IFO 180 LEWAF
stock (1:50) were defined as dead according to the lethal-
ity criteria defined by the OECD guideline 236. In con-
trast, the ISB residue LEWAF exposure did not result in
100 % mortality even at the highest test concentration of
the undiluted stock (1:50). The CEWAF stock (1:200)
was more toxic to the zebrafish embryos. Even concentra-
tions of 12.5 % of stock led to 100 % mortality at 120
hpf. Hence, based on the concentration-response curves
(see SI, Figure S1), the calculated 50 % effect concentra-
tions (ECs() decreased from exposure to WAFs of the ISB
residue, via the initial IFO 180 to chemically dispersed
IFO 180 (Table 1).

The most prominent morphological effects observed in
zebrafish embryos exposed to all WAF treatments were
heart deformation and yolk sac or pericardial edema in
combination with bradycardia and blood circulatory inter-
ruptions (Table 2, see also SI Table S1: all morphological
effects across all time points of observation). Furthermore,
spine deformations were observed frequently. The hatch-
ing success was not affected in sublethal effect concentra-
tions of the chemically dispersed IFO 180 CEWAF, but
sublethal LEWAF concentrations of both IFO 180 and
burned IFO 180 induced a delayed hatching compared
with control embryos. While > 90 % of control embryos
were hatched after 96 hpf, the LEWAF-exposed embryos
reached a maximum hatching rate of 60—80 % at 120 hpf
(Fig. 1). However, even for LEWAF-exposed embryos,
hatching increased over time.
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Table 1 Effect concentrations (EC,) in the acute fish embryo toxicity
test with zebrafish larvae (120 hpf) exposed to WAFs of initial, burned,
and dispersed IFO 180. EC values were calculated by sigmoidal
concentration-response curves fitted in Prism 6 using the 4-parameter

non-linear regression model with top and bottom variables set to 100
and 0, respectively (7 = 3). 95 % confidence interval (CI) was included.
ND indicates that no lower/upper limit of CI could have been estimated
by the regression analysis.

EC;¢ (% of stock) 95 % CI EC»¢ (% of stock) 95 % CI ECsg (% of stock) 95 % CI
IFO 180 LEWAF 16.5 ND 18.9 ND-21.38 23.7 21.60-25.69
burned IFO 180 LEWAF 13.4 (ND-24.60) 20.3 ND-30.41 414 30.34-54.70
IFO 180 CEWAF 1.9 (1.38-2.68) 2.3 1.65-2.83 2.9 2.30-3.37

Alterations in larval swimming behavior

Control zebrafish larvae showed the expected swimming be-
havior of high activity during the dark and low activity during
the light phase in the light/dark transition test (for graphs on
distance moved over time see SI Figure S2). Independent of
the concentration, all zebrafish larvae exposed to the initial
IFO 180, ISB residue of IFO 180, and chemically dispersed
IFO 180 displayed altered swimming behavior during the dark
stimulus compared with the unexposed control. While the
exposed larvae showed a baseline swimming activity

Table 2 Morphological sublethal effects in 120 hpf zebrafish embryos
exposed to a dilution series of WAFs from initial, burned, and dispersed
IFO 180. Data represent mean and standard deviation (n = 3) of % effects
observed during acute fish embryo toxicity test. Exposure concentrations

comparable to the control during the light phase, their swim-
ming activity was significantly reduced during the sudden
dark period (Fig. 2). However, different treatments induced
slight deviating responses during dark periods. Larvae of the
initial IFO 180 LEWAF treatment did not change the baseline
swimming activity independent of the light/dark alterations.
ISB residue LEWAF- and CEWAF-exposed larvae slightly
increased their swimming activity when the light was
switched off. However, differences were not statistically sig-
nificant. A direct comparison of swimming behavior alter-
ations between compliant nominal initial and ISB residue

were based on preliminary experiments, which identified an exposure
range resulting in 0-100 % effects. Detailed sublethal and lethal effects
across all exposure dilutions and time points of observation (48—120 hpf)
can be found in the SI (Table S1)

% effects
IFO 180 LEWAF Exposure dilution (%) of stock 66.7 50 33.3 25.5 16.7
Edema (heart) 28.3+104 45.0+27.8 46.7£18.9 15.0+13.2 6.7+11.5
Edema (yolk sac) 11.7+16.1 1.7+£29 - 1.7+£29 -
Slow heartbeat 6.7 7.6 5.0+8.7 11.7+12.6 83458 33+29
Heart deformation 10.0+£5.0 25.0 £25.0 18.3+18.9 11.7+5.8 1.7+£29
Slow blood flow - - 1.7+£29 - -
Blood congestion 1.7+£29 1.7+29 5.0+8.7 16.7 £24.7 -
Spine deformation 21.7+15.3 283 +27.5 31.7£32.5 6.7+11.5 6.7+7.6
Burn residue IFO 180 LEWAF Exposure dilution [%] of stock 100 66.7 50 333 25.5
Edema (heart) 57.5+24.7 52.5+3.5 32.5+38.9 20.0+£7.1 25+35
Edema (yolk sac) 27.5+3.5 25+3.5 - 12.5+£10.6 -
Slow heartbeat 7.5+10.6 10.0 +7.1 125+ 17.7 5.0+0.0 25+3.5
Heart deformation 22.5+10.6 15.0 +14.1 20.0 +£28.3 7.5+10.6 -
Slow blood flow - - 25+35 - -
Blood congestion - - - 25+35 -
Spine deformation 17.5+24.7 30.0 +42.4 32.5+46.0 25+35 5.0+0.0
IFO 180 CEWAF Exposure dilution [%] of stock 12.5 6.3 4.2 3.1 1.6
Edema (heart) - - - - -
Edema (yolk sac) - 10.0 £13.2 50.0 £50.0 10.0£17.3 1.7+£29
Slow heartbeat - 13.3+£15.3 35.0£26.5 - -
Heart deformation - 13.3+£153 75.0 £25.0 45.0 £36.1 6.7+7.6
Slow blood flow - - 50+5.0 33+58 -
Blood congestion - - 1.7£29 1.7+29 -
Spine deformation - 20.0 £ 8.7 583+5.8 333+£38.2 33+£29
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Fig. 1 Hatching success over time of control and WAF-exposed
zebrafish larvae. Hatching success was calculated for sublethal effect
concentrations (% of WAF stock) and unexposed negative control (NC)
during the acute fish embryo toxicity test. Points and error bars denote the
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ANOVA on ranks with Dunn’s post hoc test, p < 0.05)
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Fig. 2 Swimming behavior of zebrafish larvae (96 hpf) exposed to
sublethal effect concentrations of WAFs from initial, burned, and
dispersed IFO 180 in a light/dark transition test. Bars and error bars
represent the mean distance moved of 16-20 larvae per experiment fur-
ther averaged over the 3 (initial) or 4 (bumed, dispersed) independent
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experiments with standard error. Statistically significant difference of
treatments compared to negative control (NC) was evaluated using one-
way ANOVA with Dunnett’s post hoc test (p < 0.05). Non-parametric
Kruskal-Wallis ANOVA on ranks was used for burned LEWAF analysis
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LEWAF exposure concentrations (12.5 and 25 % of stock)
can be found in the SI (Figure S3).

Biomarkers of xenobiotic metabolism
and neurotoxicity

While for both initial and ISB residue IFO 180 LEWAF a
concentration-dependent increase in EROD activity was ob-
served, no clear trend was found for the chemically dispersed
IFO 180 (Fig. 3). The initial IFO 180 LEWAF exposure re-
sulted in the highest EROD activity with a maximum induc-
tion of 3.5-fold compared with negative control. The maxi-
mum normalized EROD induction of ISB residue LEWAF-
and CEWAF-exposed larvae were 1.9-fold and 2-fold, respec-
tively. Both LEWAFs from initial and ISB residue IFO 180
led to a higher EROD activity in 96 hpf larvae than in 120 hpf
larvae. A trend for a reduced EROD activity in larvae exposed
to ISB residue compared with larvae exposed to initial oil was
observed. In this respect, a 0.8-fold (96 hpf) and 2-fold (120
hpf) higher EROD induction in larvae exposed to initial
LEWAF was observed for comparable nominal WAF dilu-
tions (graphs for direct comparison see SI Figure S4).

As a biomarker of neurotoxicity, the inhibition of the ace-
tylcholinesterase (AChE) was investigated. In contrast to clear

effects in the EROD assay, the AChE activity following ex-
posures to the LEWAFs and the CEWAF of the IFO180 did
not differ from that in the non-exposed control larvae inde-
pendent of the larval developmental stage (96 and 120 hpf)
(Fig. 4). Nevertheless, the highest exposure concentration of
the initial [FO 180 LEWAF led to a decrease in AChE activity
(60 % of control) in 120 hpflarvae, which was not statistically
significant. For the AChE activity, differences between both
LEWAF treatments were less clear than for EROD activity,
showing a stronger enzyme inhibition induced by the initial
LEWAF only in 120 hpf zebrafish larvae (SI, Figure 4).

Identification of target PAHs in LEWAFs

Naphthalene, fluorine, and phenanthrene were the most domi-
nant compounds among the investigated target PAHs and detect-
ed in the pg L' range (Table 3). The remaining PAHs were
detected in concentrations < 1 ug L™'. PAH concentrations in
the LEWAF from ISB residues (total PAH 52.2 ug L") were
substantially reduced compared with the initial LEWAF (total
PAH 184.8 ug L™"). The dissolved fractions of the 3 most
prominent target PAHs were reduced by 62% (fluorene),
66% (phenanthrene), and 73% (naphthalene), respectively.
Importantly, the difference in total PAH concentration was
mainly related to the semi-volatile naphthalene. Without

Fig. 3 Relative 7- LEWAF IFO180 burned LEWAF IFO180
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Fig. 4 Relative LEWAF IFO180 burned LEWAF IFO180
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naphthalene, total PAH in both initial and burn residue
LEWAF were in a comparable range of 15.6 and 6.4 nug
L

Discussion

Environmental effect assessment of in situ burning in
comparison to chemical dispersion

On the effect level, ISB did not increase the toxicity to
zebrafish early life stages compared with the initial LEWAF.
Though not significant, the results of the present study indi-
cate a trend of a reduced embryo toxicity for LEWAFs from
ISB residues compared with untreated IFO 180 LEWAFs.
The exposure to CEWAF (dispersed oil) induced much higher
acute embryo toxicity compared with the initial or burn residue
LEWAFs. However, when tested in corresponding effect-
concentrations in the range of EC;;—EC,, the resulting effects
of CEWAF exposure on hatching success, swimming behavior,
or enzyme activities were comparable with or even below the
effects observed for both LEWAF treatments. This indicates that
a higher CEWAF toxicity is rather related to the dispersion effect
changing the hydrocarbon partitioning between the water/oil
phase than to a toxicity of the dispersant itself, which is in accor-
dance with the current understanding of dispersant effects (Carls
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et al. 2008; Redman and Parkerton 2015). Increased relative PAH
concentrations in the aqueous solution of WAFs after the appli-
cation of a dispersant have been observed in several studies
(Cohen 2001; Couillard et al. 2005; Hook and Osborn 2012).
The increase of dissolved oil compounds in the CEWAF indicates
that the initial LEWAF system of the present study was not in a
stable state of equilibrium after 40 h of mixing, in which droplet
formation should not change the compound partitioning between
oil and water phase approximately calculated based on Raoult’s
law (Lee et al. 1992). Nonetheless, previous experiments with
Finasol OSR51® showed acute toxicity to zebrafish embryos by
the dispersant itself, especially after hatching (Johann et al. 2020).
Hence, the dispersant might also contribute to the CEWAF tox-
icity to a certain extent.

Compared with detailed discussions on the role of disper-
sants in petroleum product toxicity (Prince 2015), a limited
number of laboratory experiments investigating the toxic ef-
fects of burn residues appear to be available as peer-reviewed
scientific articles. In fact, most studies so far tested the water
phase underlying an ignited oil slick directly after laboratory
ISB experiments (Bender et al. 2018; Cohen et al. 2006;
Faksness et al. 2012), which limits the comparability to the
present approach (due to weathering in the field etc.).
Furthermore, some studies do not compare with WAF sam-
ples from untreated petroleum products or other oil spill re-
sponse techniques, which limits the evaluation of the ISB
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Table 3  Target PAHs in LEWAF stocks (1:50) of initial and burn
residues of IFO 180. LEWAF stocks were prepared in artificial fish
medium (40 h mixing). PAHs were extracted from medium using solid-
phase micro extraction (SPME) for 2 h and analyzed using GC-MS

Target compound Initial LEWAF Burned LEWAF
IFO 180 IFO 180
(gL (gl
Naphthalene 169.16 45.78
Fluorene 4.51 1.73
Phenanthrene 8.38 2.86
Anthracene 0.61 0.25
Fluoranthene 0.13 0.09
Pyrene 0.42 0.20
11h-benzo[a]fluorene 0.33 0.25
1 1h-benzo[b]fluorene 0.23 0.19
Benzo[a]anthracene 0.14 0.15
Chrysene 0.42 0.35
Benzo[b]fluoranthene 0.10 0.08
Benzo[k]fluoranthene 0.12 0.09
Benzo[a]pyrene 0.14 0.11
Benzo[e]pyrene 0.08 0.08
Indeno[1,2,3-c,d]pyrene Not detected Not detected
Dibenz[a,h]anthracene Not detected Not detected
Benzo[g,h,i]perylene Not detected Not detected
Dibenzo[a,e]pyrene Not detected Not detected
> PAH 184.77 52.21
32 PAH (without naphthalene) 15.61 6.43

residue toxicity. However, in general, a low acute toxicity of
burn residue WAFs to marine invertebrate species has been
observed (Faksness et al. 2012). Besides invertebrate species,
also different fish species have been exposed to WAFs from
ISB experiments (Bender et al. 2018; Cohen 2001; Cohen
et al. 2005). The studies mainly have found a low toxic poten-
tial (Cohen et al. 2005). However, also delayed effects after a
recovery phase such as reproductive impact have been ob-
served in fish that have been exposed to burn residues for a
short period (Bender et al. 2018).

Using a comparable experimental setup as in the present
study, Blenkinsopp et al. (1996) focused on the toxicity of
residues from the Newfoundland offshore burn experiment
by preparing WAFs from the field residue samples and the
(weathered) crude oil under laboratory conditions. The exper-
iments, which included freshwater and marine experiments
with rainbow trout (Oncorhynchus mykiss), stickleback
(Gasterosteus aculeatus), and sea urchins (Lytechinus pictus),
revealed no toxicity in any of the tests (Blenkinsopp et al.
1996).

For the interpretation and extrapolation of ISB toxicity as-
sessment from the present study, limitations have to be con-
sidered. The WAFs in the present study were prepared at 10

°C and further tested at 26 °C, which do not represent arctic
conditions. Hence, the influence of extreme artic environmen-
tal conditions, e.g., low seawater temperature, and long hours
of sunlight, affecting the dynamics, behavior, and potentially
composition of dissolved hydrocarbons in the water column,
has to be considered for the effect extrapolation (Wegeberg
et al. 2018b). Brown et al. (2016) showed that the hydrocar-
bon partitioning in WAFs in cold seawater conditions is
strongly temperature dependent. Even though it was expected
to be less influenced by temperature changes due to low
amounts of evaporative low-molecular-weight hydrocarbons,
Brown et al. (2016) found that the dissolved fraction of a
heavy fuel oil such as IFO 180 increased with increasing tem-
perature from arctic (0 °C) to subarctic (5 °C) marine condi-
tions. In contrast to the distillates tested in that study, the IFO
180 depletion rate did not seem to be changed over time in the
present study. Though to a reduced extent, also water salinity
changes hydrocarbon partitioning between the oil and water
interphase. For several PAHs, a decreased solubility with in-
creasing salinity has been reported (Eganhouse and Calder
1976; Saranjampour et al. 2017; Whitehouse 1984). Hence,
the present study preparing WAFs at 10 °C under freshwater
conditions using semi-static closed exposure instead of open
static exposure scenario can be interpreted as a worst-case
scenario.

Overall, the practical application of ISB or chemical dis-
persants is challenging for heavy fuel oils such as IFO 180 due
to the physical chemical properties, which might influence the
decision about a selected response measure. In this context,
e.g., relatively high minimum slick thickness and heat flux are
necessary for a successful ignition and a high burning effec-
tiveness (Fritt-Rasmussen 2010). Highly viscous oils need a
higher amount of surfactants to be successfully dispersed into
the water column. In addition, progressing weathering reduces
the effectiveness of both methods (Fritt-Rasmussen et al.
2012).

Acute toxicity of heavy fuel oil compounds in fish
embryos

Compared with crude oils and refined distillates, the dissolved
hydrocarbon content of IFO 180 in the water column is re-
ported to be relatively low (Brown et al. 2016) due to the
chemical composition with much higher concentrations of
high-molecular-weight compounds (e.g., 3+-ring PAHs,
resins, asphaltenes) relative to low-molecular-weight hydro-
carbons (1-2 ring aromatics) (Redman and Parkerton 2015).
This might lead to the assumption that after an oil spill, the
exposure of the pelagic community to water-soluble fractions
of heavy fuel oils, and hence the ecotoxicological risk, is lim-
ited compared with lighter refined products (Fritt-Rasmussen
et al. 2018). Nonetheless, the present study identified pheno-
typic embryonic malformations when exposed to WAFs of
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IFO 180, which is in accordance with tests on a variety of
other oil types across different freshwater and marine species
(for review see Hodson 2017; Incardona 2017). Moreover, the
chemical profile of the IFO 180 (see SI Tables S2 and S3) as
well as the LEWAF composition of the tested IFO 180 indi-
cated that the presence of toxicologically relevant concentra-
tions of PAHs was in comparable ranges with lighter petro-
leum products (e.g., Hodson 2017). However, it has to be
considered that the exposure concentrations may have
exceeded environmentally relevant concentrations occurring
after an oil spill. In the water column, total PAH concentra-
tions have been reported to be 5-10 times below the concen-
trations detected in the present WAF stocks (Echols et al.
2015). Hence, the exposure concentrations tested in the cur-
rent study assess a worst-case scenario to identify potential
differences between the response measures.

In oil toxicity assessment, one major challenge is the ex-
planation of observed effects by the chemical composition of
the oil type. To a certain extent, ISB might change the chem-
ical profile of a spilled oil, which might lead to modified
toxicity. However, Faksness et al. (2012) did not report dif-
ferences in the chemical oil profile prior and after the burning.
Nonetheless, focusing on the water phase under untreated or
burned oil slick, the present findings of reduced concentra-
tions of target PAHs in burn residue LEWAF compared with
untreated oil LEWAF is in agreement with results from pre-
vious studies (Bender et al. 2018; Blenkinsopp et al. 1996).
However, it has to be considered that the decrease of target
PAHs was mainly related to the semi-volatile naphthalene. In
addition, other compounds of lower concentration may pos-
sess different fate and effect patterns and as such represent
different physical-chemical classes that are important in dif-
ferent time aspects of an oil spill (Kristensen et al. 2015). It has
to be considered that from an analytical chemistry perspective,
it cannot be excluded that due to reduced PAH compounds in
ISB residues, the toxic potency is relatively increased in this
approach.

The current understanding of acute embryo toxicity mainly
identifies higher-molecular-weight target PAHs (e.g., phenan-
threne) as strong toxicity drivers (Incardona et al. 2004, 2006;
Le Bihanic et al. 2014). The role of the semi-volatile naphtha-
lene, which was the dominant PAH in current analysis, is
controversially discussed. Several studies found no contribu-
tion of naphthalene to adverse effects in embryos (Adams
et al. 2014; Black et al. 1983; Incardona et al. 2004), while
others reported a high (zebrafish) embryo toxicity in experi-
ments using passive dosing approaches (Seiler et al. 2014).
Overall, even though AhR-dependent or -independent modes
of actions of selected PAHs are understood, and that still more
than 25% of variations in toxicity due to complex mixture
interactions remains unexplained (Hodson 2017). Our previ-
ous experience with identical analysis and experimental
setups supports this conclusion, since biological effect

@ Springer

gradients across different oil types could not be explained by
corresponding chemical analysis of target PAHs (Johann et al.
2020).

Certainly, it has to be considered that the present analysis
focused on a limited set of target PAHs. PAH derivatives,
especially alkylated congeners, typically represent a high pro-
portion of petroleum product compounds (Andersson and
Achten 2015) and are known to induce adverse effects in early
developmental stages (Adams et al. 2014; Bornstein et al.
2014; Martin et al. 2014; Scott et al. 2011). From the chemical
profile, it is known that especially alkylated naphthalenes and
phenantrenes are present in the IFO 180 and hence can be
expected to be present in the WAFs, potentially inducing the
observed effects. However, PAHs generally represent a frac-
tion of up to a maximum of 60% in crude oils (Dupuis and
Ucan-Marin 2015; Fingas 2011). Furthermore, recent work
has found a significant contribution of mono-aromatics from
crude oils to typical phenotypes of oil-exposed fish embryos
(Serensen et al. 2019). Even bulk hydrocarbon analysis such
as total petroleum hydrocarbons (TPH), which are frequently
applied in oil studies, do not enable a precise hazard assess-
ment (Hansen et al. 2018; Redman et al. 2018; Redman and
Parkerton 2015). Hence, some uncertainty for effect explana-
tion remains even with target PAH analysis, highlighting the
importance of both chemical and biological data for risk
assessment.

Biomarker responses in sublethal exposure
concentrations

Alterations of enzyme activities as well as swimming behavior
in fish early life stages exposed to petroleum products or rel-
evant compounds such as PAHs have been investigated ex-
tensively (de Soysa et al. 2012; Pauka et al. 2011; Perrichon
et al. 2016).

The EROD activity is a reliable biomarker for petroleum
product exposure as several PAHs induce the upregulation of
xenobiotic biotransformation enzymes such as cytochrome
P450 (van der Oost et al. 2003). In general, a strong EROD
activity observed in the present study is in agreement with
current scientific knowledge on EROD induction. It has been
observed in whole-specimen supernatant (Perrichon et al.
2016) or livers (Arukwe et al. 2008; Pauka et al. 2011) after
the exposure to crude oils or refined petroleum products inde-
pendent of the exposure scenario, fish developmental stages,
and species (Adams et al. 2014; Couillard et al. 2005;
Kennedy and Farrell 2006; Oliveira et al. 2007;
Ramachandran et al. 2004).

Comparable with the present study, metabolic enzyme ac-
tivities in juvenile fish exposed to initial, burned, and dis-
persed crude oil have been examined before (Cohen 2001;
Cohen et al. 2005, 2006). Deviating from the present results
on chemically dispersed heavy fuel oil IFO 180, chemical
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treatment of the crude oil treatment in the aforementioned
studies induced stronger EROD activities than initial or
burned samples (Cohen et al. 2005, 2006). This discrepancy
might be related to the dispersion capability, which is higher
in crude oils compared with heavy fuel oils due to their lower
viscosity (Fritt-Rasmussen et al. 2018). Hence, the dissolved
and particulate fractions of the crude oil might have been more
bioavailable and thus induced stronger biomarker responses.
Further, the authors did not identify differences in EROD
activities between initial and burned crude oil WAFs (Cohen
et al. 20006), which is also deviating from the present findings.
However, in our opinion, a direct comparison of effects in-
duced by the initial crude oil and corresponding ISB residues
is limited due to deviating WAF preparation methods for those
two samples. While crude oil WAF was mixed for 20 h, the
water phase underlying the burn residue was used immediate-
ly following a 45-min (Cohen et al. 2005) or a 20-min (Cohen
et al. 2006) burning. This might have led to different time
windows for hydrocarbon partitioning into the water column.

Alterations of swimming patterns in fish species such as
zebrafish, Japanese medaka (Oryzias latipes), or mahi-mahi
(Coryphaena hippurus) exposed to petroleum WAF have fo-
cused on different endpoints such as response to touch stimu-
lus (de Soysa et al. 2012), performance in swim chambers
(Hicken et al. 2011; Mager et al. 2014), and locomotor activity
with or without a light/dark challenge system (Le Bihanic
et al. 2014; Perrichon et al. 2014, 2016). A broad range of
WAF or PAH treatment-related effects, from increased (Le
Bihanic et al. 2014) to decreased (Perrichon et al. 2014) swim-
ming activity or anxiety-related shelter seeking behavior
(Philibert et al. 2016) compared with control groups, have
been reported. However, also no effects on swimming behav-
ior induced by WAF exposure have been reported (Perrichon
et al. 2016). While previous work (Johann et al. 2020) and the
present study observed consistent reduced swimming activity
(during darkness) independent of the oil type, Perrichon et al.
(2016) showed deviating responses of zebrafish larvae ex-
posed to different oil types (light Arabian crude oil and
HFO). In that particular study, one oil type reduced swimming
activity, while the other oil did not affect swimming behavior
at all. Differences in the reported responses in the various
above-cited studies, including the present study, might be re-
lated to differences in experimental setups and the unique
character of the specific oil types.

In general, alterations in fish swimming behavior patterns
have mainly been related to cardiotoxicity (Hicken et al. 2011;
Mager et al. 2014). However, in the present study, the tested
sublethal exposure concentrations did not induce heart defor-
mations, edema, or blood circulatory interruptions, which
would be indicative for cardiotoxic effects. However, recent
work showed that the disruption of cellular calcium ion sig-
naling in cardiomyocytes strongly contributes to cardiotoxic
effects (Brette et al. 2014, 2017; Incardona 2017). Since these

molecular mechanisms were not investigated in the present
study, an overall cardiotoxicity cannot be excluded. Other
causes for swimming behavior alterations such as neurotoxic-
ity might also have resulted in the observed alterations. The
inhibition of the AChE has been suggested as a biomarker for
neurotoxicity in fish of different developmental stages (Soreq
and Seidman 2001; Velki et al. 2017; Yen et al. 2011). In
general, measuring the AChE inhibition as a biomarker for
neurotoxicity is less applied in the field of petroleum-
induced toxicity. Nonetheless, also petroleum compounds
such as PAHs potentially inhibit the enzyme as indicated by
experiments using in vitro approaches with isolated enzymes
from fish (Jett et al. 1999), whole larvae tissue measurements
(Kais et al. 2015), or adult brain homogenates (Jee and Kang
2003). However, deviating from the clear inhibitory effects on
AChE caused by neurotoxic pesticides (Velki et al. 2017),
ambiguous results were reported for inhibitory effects on
AChE caused by PAHs or crude oils (Kais et al. 2015; Tang
et al. 2003). In the present study, no correlation between
AChE and swimming behavior was found. Also, previous
studies reported rather poor correlations between swimming
behavior alterations and AChE inhibition in zebrafish
(Haverroth et al. 2015; Tilton et al. 2011), which might indi-
cate that AChE is not a very sensitive biomarker for the de-
tection of effects from PAHs.

In general, though, a neurotoxic effect in the present study
cannot be excluded, since only one enzyme was investigated.
It should be noted that recent studies focusing on the neuronal
development in early life stages of fish indicated neurotoxic
effects caused by petroleum hydrocarbons (Gao et al. 2015;
Vignet et al. 2017; Xu et al. 2017), indicating the relevance of
neurotoxicity as a relevant endpoint for petroleum toxicity
research. However, our current findings support previous con-
clusions that AChE is not a key biomarker for neurotoxic
endpoints in petroleum research. Additionally, the lacking re-
sponses of WAF-treated larvae to a dark stimulus might also
be linked to other effects, such as impairments of the visual
system. Oculotoxicity has recently been discussed as a major
aspect of oil-related toxicity (Xu et al. 2016, 2017).

Conclusion

In the present study, there were no overt differences in the
acute toxicity of IFO 180 and burned IFO 180 residues to
zebrafish embryos. In contrast, the acute toxicity was higher
for the dispersed IFO 180, most likely due to increased bio-
availability of oil constituents. Though differences were not
significant, it can still be concluded that ISB residues from
IFO 180 are not more acutely toxic to fish embryos than
the untreated, un-weathered oil slick. The present study
provides information on effect level using bioanalytical
tools, which has the major advantage of not presupposing
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knowledge about contaminant details in complex environ-
mental samples. Future studies should include detailed
chemical profiles in order to link toxicity drivers to ob-
served adverse effects.

From a superordinate perspective, it has to be considered
that ISB does not appear to reduce the concentration of toxic
oil compounds already partitioned into the water column be-
fore ignition. Therefore, the acute toxicity of an oil spill is
likely not eliminated by ISB, but might be reduced due to
removal of large oil volume by combustion.

It should be noted that the present study applied a labora-
tory model species, the zebrafish, to study acute toxicity and
biomarker responses. Thus, studies in wild fish species, in-
cluding arctic endemic species, and under environmental re-
alistic conditions need to be performed to confirm or refute the
present findings prior to concluding on the possible beneficial
environmental outcomes of in situ burning of oil spills on fish
populations.

The results of the present study provide insight into
possible adverse effects of ISB residues on sensitive fish
life stages and can support environmental assessment of
this oil spill response measure in the, e.g., mitigation as-
sessment (SIMA) and Environment and Oil Spill Response
(EOS) tools.
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