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a b s t r a c t

In pristine sea ice-covered Arctic waters the potential of natural attenuation of oil spills has yet to be
uncovered, but increasing shipping and oil exploitation may bring along unprecedented risks of oil spills.

We deployed adsorbents coated with thin oil films for up to 2.5 month in ice-covered seawater and sea
ice in Godthaab Fjord, SW Greenland, to simulate and investigate in situ biodegradation and photooxi-
dation of dispersed oil.

GC-MS-based chemometric methods for oil fingerprinting were used to identify characteristic signa-
tures for dissolution, biodegradation and photooxidation. In sub-zero temperature seawater, fast
degradation of n-alkanes was observed with estimated half-life times of ~7 days. PCR amplicon
sequencing and qPCR quantification of bacterial genes showed that a biofilm with a diverse microbial
community colonised the oil films, yet a population related to the psychrophilic hydrocarbonoclastic
gammaproteobacterium Oleispira antarctica seemed to play a key role in n-alkane degradation. Although
Oleispira populations were also present in sea ice, we found that biofilms in sea ice had 25 to 100 times
lower bacterial densities than in seawater, which explained the non-detectable n-alkane degradation in
sea ice. Fingerprinting revealed that photooxidation, but not biodegradation, transformed polycyclic
aromatic compounds through 50 cm-thick sea ice and in the upper water column with removal rates up
to ~1% per day.

Overall, our results showed a fast biodegradation of n-alkanes in sea ice-covered seawater, but sug-
gested that oils spills will expose the Arctic ecosystem to bio-recalcitrant PACs over prolonged periods of
time.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

A changing climate with reduced seasonal sea ice extent in the
Arctic (Barnhart et al., 2016) is opening opportunities for shorter
shipping routes (Smith and Stephenson, 2013) and offshore oil
exploitation (Gautier et al., 2009), which expose this environment
to unprecedented risks of marine oil spills.

Past oil disasters have shown that the natural attenuation
partment of Bioscience, Aar-
00, Aarhus C, Denmark.
Vergeynst).
processes evaporation, biodegradation and photooxidation domi-
nate remediation of oil spills and in particular evaporation and
biodegradation reduce the environmental impacts (Atlas and
Hazen, 2011; Wolfe et al., 1994). This will be no different in the
Arctic (Vergeynst et al., 2018). However, physical weathering of oil
spills in ice-covered seawater is slow compared to open temperate
waters because evaporation is reduced at low temperature (Lee
et al., 2015) and oil can get trapped or encapsulated by sea ice
(Afenyo et al., 2016). Consequently, biodegradation and photooxi-
dation (when exposed to solar radiation) potentially play an
important role to attenuate Arctic oil spills.

Only a limited number of studies have assessed the potential of
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oil biodegradation in Arctic environments. Bacterial communities
enriched in microcosms with cold (0e5 �C) seawater from Svalbard
and Norway were shown to degrade n-alkanes and various poly-
cyclic aromatic compounds (PACs) (Brakstad et al., 2015; Brakstad
and Bonaunet, 2006; Ribicic et al., 2018). However, in natural sea
ice contaminated with oil on Svalbard, biodegradation was only
detectable for n-alkanes in the bottom section of the sea ice
(Brakstad et al., 2008). Microcosm studies by Kristensen et al.
(2015), Scheibye et al. (2017) and Brakstad et al. (2018) with
seawater fromDisko Bay,WGreenland at 2e5 �C demonstrated fast
biodegradation for n-alkanes, alkyltoluenes and the most labile
naphthalenes, but contradicting results were obtained for 2 to 4-
ring PACs. There continues thus to be considerable uncertainty
about the potential of natural Arctic microbial communities
exposed to low temperature or sea ice to degrade oil compounds, in
particular PACs which are among the most toxic oil compounds
(Incardona et al., 2013). Furthermore, considering that field infor-
mation on the in situ degradation potential and identity of key oil-
degraders is scarce, extrapolating results from ex situ microcosm
experiments to the field remains challenging.

Also ultraviolet (UV) radiation-driven photooxidation can
transform aromatic compounds in the upper water column (Bacosa
et al., 2015), but its role in ice-covered seawater and in sea ice re-
mains unknown. Photooxidation products are generally more polar
than their parent compounds, which enhances their dissolution
and increases the exposure to marine organisms (Maki et al., 2001;
Shemer and Linden, 2007). Furthermore, there may be synergistic
effects between photooxidation and biodegradation as photooxi-
dation products are more bioavailable (Garrett et al., 1998) and an
enhanced mineralisation has been observed after photooxidation
(Dutta and Harayama, 2000).

To study oil biodegradation and the associated bacterial com-
munity, photooxidation and dissolution under in situ Arctic con-
ditions, we deployed oil-coated adsorbents for 2.5-month in ice-
covered seawater and sea ice in Nuup Kangelua (Godthaab Fjord),
SW Greenland, located along the Northwest Passage. Thin oil films
on these adsorbents mimicked dispersed oil droplets and were
colonized by an oil-degrading biofilm. We tailored an advanced
chemical fingerprinting technique to acquire insights and disen-
tangle concurrent depletion mechanisms of oil films caused by
dissolution, photooxidation and biodegradation. Complementary
observations of the bacterial abundance and community compo-
sition of oil-biofilms provided insights in the key oil-degraders and
explained the differences in the biodegradation potential in
seawater and sea ice.

2. Materials and methods

2.1. Field experiment and sampling

We deployed fluorocarbon-based adsorbents coated with ma-
rine gas oil in 50 cm-thick first year sea ice and in the seawater
underneath the sea ice in Nuup Kangerlua, SW Greenland
(64�2604900N 51�3404200W), for up to 2.5 month during springtime.
In February 2016 12.5-cm wide holes were drilled in sea ice using
an ice core drill (Kovacs Mark II). In each hole, a polycarbonate half
tube (inner diameter 54mm) was installed and contained 4 Fluo-
rtex adsorbents (Sefar Inc., production reference 09e250/39, di-
mensions 90� 45� 0.29mm) attached by nylon fishing line
(Fig. 1). Adsorbents were positioned in the top, middle and bottom
of the sea ice and in the underlying seawater (abbreviated T, B, M
and SW, Fig.1). Due to snowaccumulation and sea icemelt from the
bottom, also B adsorbents were exposed to seawater duringmost of
the time, as illustrated in Fig. 1. Half of the adsorbents where coated
on both sides with marine gas oil (Kuwait Petroleum, Denmark)
using a paintbrush with nylon bristles. The other half were
deployed untreated. Samples of uncoated (controls) and oil-coated
adsorbents, as well as seawater and sea ice from around the ad-
sorbents were collected on day 0 and after 31, 51, 63 and 74 days of
exposure. At each time point, 4 blank and 4 oil-treated experi-
mental units were drilled out. Seawater from 0 to 50 cm below the
ice was sampled using a Niskin sampler. Ice core sections (9 cm
diameter) from around the adsorbents, including the adsorbents,
were melted in the lab. Adsorbents for chemical analysis were
transferred to glass vials with 10 mL SupraSolv dichloromethane
(Merck) and stored in the dark at 4 �C. Adsorbents for microbial
analysis were transferred to 50 mL Falcon centrifuge tubes and
stored at �20 �C. Seawater (720 mL) and melted ice core sections
(127e605 mL) for microbial analysis were filtered over 0.2 mm pore
size Sterivex filters (Millipore) and stored at �20 �C. Temperature
profiles were recorded in and below the sea ice and ranged
from �1.3 �C to þ1.6 �C in the seawater and down to �3.2 �C in the
sea ice (supplementary information, SI Section 2.1).

2.2. Gas chromatography e mass spectrometry and chemical
fingerprinting

Samples were purified and dried over Na2SO4. GC-MS analysis
was performed as described by Gallotta and Christensen (2012). In
the analytical sequence, a solvent blank (dichloromethane), a ma-
rine gas oil reference (20 mLmL�1) and a mixture sample of all
samples as quality control were analysed after every sixth sample.
The sesquiterpane 8b(H)-homodrimane showed to be conserved
under the conditions in this study and was used as an internal
standard to quantify depletion of oil compounds from the oil films
(SI Section 2.2). A dataset consisting of retention time windows of
sections of ion chromatograms (SICs) of C10-27 n-alkanes and acyclic
isoprenoids and 16 groups of alkylated PACs was compiled (SI
Section 1.1 Table S1). The procedure as described by Christensen
at al. (2010) was followed to remove variation between SICs that
is unrelated to the chemical composition (SI Section 1.1). Briefly,
baseline trends were removed by baseline subtraction, SICs were
aligned to remove retention time shifts, and changes in detector
sensitivity and sample dilution effects were removed by normal-
isation. PCA was subsequently performed on SICs of C10-27 n-al-
kanes and acyclic isoprenoids and on combined SICs of alkylated
PACs. Before PCA, the SICs were centred as such that themean score
values of the initial oil were zero. Hence, the loadings represent the
variation in chemical composition between samples and the initial
oil.

2.3. DNA extraction, qPCR and amplicon sequencing of bacterial 16S
rRNA genes

DNA extraction from Sterivex filters was performed using the
PowerWater Sterivex DNA Isolation Kit (MO BIO Laboratories).
Adsorbents were hung up using fishing line inside a 50mL falcon
tube and centrifuged for 30min at 4700�g to recover the biofilm.
Separating the pellet of biofilm cells from residual oil was facili-
tated by addition of 1mL sterile filtered phosphate-buffered saline
(pH 8). After removing the supernatant, the pellet was suspended
in 0.9mL of solution ST1B of the DNA isolation kit, transferred to a
bead tube and further extracted according to the PowerWater
protocol. To quantify bacterial 16S rRNA gene copies, quantitative
real-time PCR (qPCR) was performed as described by Starnawski
et al. (2017) using the primer pair Bac908F/Bac1075R and SYBR
Green-based detection. For PCR amplicon sequencing, fragments
covering the V3eV4 region of the 16S rRNA gene were PCR
amplified using the primer pair Bac341F/Bac805R (Herlemann
et al., 2011). The PCR products were supplied with Illumina



Fig. 1. (A) Experimental site at time 0. (BeC) Adsorbents recovered from sea ice (B) and seawater (C) on day 74. (D) Side view on the position of the experimental units. Initially, 3
adsorbents were positioned in the sea ice at 5, 21 and 38 cm from the ice-water interface (named bottom, B, middle, M, and top, T) and 1 in the seawater 18 cm underneath the sea
ice (named seawater, SW). Due to snow accumulation and sea ice melt from the bottom, also B adsorbents were exposed to seawater during most of the time.
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adaptor overhang sequences in a second PCR. PCR purification,
indexing with the Nextera XT Index Kit, library quantification,
pooling and sequencing were performed following Illumina's pro-
tocol (SI Section 1.2). Pooled libraries were sequenced on an Illu-
mina MiSeq system using a 600 cycle MiSeq v3 Reagent Kit
(Illumina) which produces two 300-bp long paired-end reads.
Paired-end reads were processed following the MiSeq SOP pipeline
using MOTHUR 1.38.1 (SI Section 1.3). Assembled sequences were
aligned based on the SILVA SSU Ref NR 99 v123 database, taxo-
nomically classified down to genus level based on the SILVA SSU
Reference Taxonomy v123 and clustered into operational tax-
onomical units (OTUs) based on a 97% sequence similarity cut-off
(SI Section 1.3). Closest relatives having >97% sequence similarity
were identified from a phylogenetic tree based on the pre-
computed guide tree of the Silva Living Tree Project ARB database
release 123. PCR amplicon sequence data has been deposited at the
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) under
the BioProject accession SRP150917 and a table containing meta-
data for each sample, including qPCR results, is provided as sup-
plementary data (SI).

Redundancy analysis was used to summarize the variation in the
microbial community composition that could be explained by
linear relationships with the environmental variables (SI Section
1.4). Hierarchical complete-linkage clustering analysis was per-
formed to find clusters of OTUs that were enriched and significantly
correlated in abundance across samples (r> 0.8 and p< 0.05; SI
Section 1.5). As distance metric, the pairwise correlation coeffi-
cient between log-transformed absolute gene abundances of OTUs
over all samples was used. Absolute gene abundances of OTUs were
estimated bymultiplying the relative gene abundances determined
by amplicon sequencing with the total 16S rRNA gene concentra-
tion determined by qPCR (SI Section 1.4).
3. Results and discussion

3.1. Mimicking dispersed oil droplets using oil-coated adsorbents

Using the conservative biomarker sesquiterpane 8b(H)-homo-
drimane as internal standard, we quantified that 61e114 mL oil was
coated on adsorbents (SI Section 2.3). This corresponds to an oil
film thickness of 7.4e14 mm (SI Section 2.4). Hence, the oil films had
a similar area-to-volume ratio (717e1328 cm2 cm�3) as spherical
oil droplets with a diameter of 45e84 mm (SI Section 2.4). These
diameters correspond well to the size range of dispersed oil drop-
lets that may be expected in a marine oil spill scenario. Oil droplets
with a diameter of less than 50e100 mm remain entrained in the
water columnwhen breakingwaves or chemical dispersants induce
dispersion (Li et al., 2017, 2009), or when oil is released from a deep
seawellhead such as during the 2010 Deepwater Horizon disaster in
the Gulf of Mexico (North et al., 2011).

Because of their hydrophobic and inert nature, the adsorbents
were previously used for investigating hydrocarbon depletion from
oil films in static and flow-through laboratory systems (Brakstad
et al., 2004; Brakstad and Bonaunet, 2006). Furthermore, consid-
ering that (i) biotransformation of oleophilic hydrocarbons is
mainly driven by bacteria growing in a biofilm at the oil-water
interface (Brakstad and Bonaunet, 2006); (ii) the oil droplet size
determines the oil-water interfacial area, which has shown to be a
main factor governing biodegradation rates (MacLeod and
Daugulis, 2005); and (iii) the oil-coated adsorbents have a similar
area-to-volume ratio as dispersed oil droplets; we argue that in situ
deployment of oil-coated adsorbents realistically simulates deple-
tion processes of dispersed oil droplets as would occur during an
actual oil spill.
3.2. Disentangling oil depletion processes by quantitative GC-MS
analysis and qualitative oil fingerprinting

Dissolution, photooxidation and biodegradation are the main
processes depleting compounds from oil films exposed to sea ice
and seawater. We combined GC-MS-based quantitative analysis
(Fig. 2) with qualitative fingerprinting (Figs. 3 and 4) of the residual
oil on the adsorbents to disentangle these depletion processes. For
fingerprinting, we used CHEMSIC (CHEMometric analysis of Sec-
tions of Ion Chromatograms), a powerful tool that applies multi-
variate statistics to pick up signatures that are characteristics for
different oil weathering processes (Christensen et al., 2005;
Christensen and Tomasi, 2007). This is possible because series of oil
compound homologs or isomers have differential susceptibility
toward transformation processes such as biodegradation and
photooxidation. CHEMSIC analyses all data points in combined
sections of GC-MS selected ion chromatograms (SICs) by principal
component analysis (PCA). For example, changes in nC17-alkane/
pristane and nC18-alkane/phytane ratios are generally used to
confirm biodegradation of n-alkanes (Wang et al., 1998). Ratios of
alkylated PAC isomers that are diagnostic for biodegradation or
photooxidation have been used as well (SI Section 2.6 Table S3).
While the susceptibility to biodegradation and photooxidation
differs within pairs of homologs or isomers, physical processes such
as dissolution and evaporation generally affect both members of a
pair equally (Wang et al., 1998).

Nearly complete (94e95%) removal of C10-27 n-alkanes was
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Fig. 2. Depletion of n-alkanes (average for C10-27), acyclic isoprenoids and alkylated PACs (normalised to 8b(H)-homodrimane) from oil films coated on adsorbents in sea ice and
seawater. N: naphthalenes, P: phenanthrenes, DBT: dibenzothiophenes, F: fluorenes, Py: pyrenes, BaA: benzo[a]anthracene, C: chrysenes.

Fig. 3. PCA of SICs of n-alkanes and acyclic isoprenoids. (A) Trimmed (C15-19) loadings (blue) with reference chromatogram (grey) showing typical biodegradation patterns with
faster removal of n-alkanes than the isoprenoids norpristane, pristane, phytane and C21-isoprenoid (iC21) in PC1 and faster removal of short than long-chain isoprenoids in PC2. Full
C10-27 SICs are shown in SI Section 2.5 Figure S5. (B) Score plots showing strong biodegradation in seawater (B and SW), but not in sea ice (M and T). Labels are sampling times (days)
and error bars represent the range of minimal to maximal observed values (n¼ 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 4. PCA of SICs of alkylated PACs. (A) Reference chromatogram (grey), and PC1ice:0-74d and PC1water:0-31d loadings (blue) of methylated PACs representing photooxidation and
dissolution, respectively. The numbers indicate the position of the methyl group of the isomers. (B) Fractionation of the sum of squares (SS) of the loadings showing the contribution
of the individual groups of PACs (SSi). (C) PC1ice:0-74d versus PC1water:0-31d score plots. PC1ice:0-74d represents the increasing effect of photooxidation as a function of time (labels are
exposure time in days) and for adsorbents positioned closer to the ice surface (T>M> B> SW); and PC1water:0-31d represents the faster dissolution from adsorbents exposed to
seawater (B and SW) than sea ice (M and T). Error bars represent the range of minimal to maximal observed values (n¼ 2). Full SICs, SSi and scores of all PCs are shown in SI Section
2.6 Figures S6-8. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reached within 31 days of exposure of oil-coated adsorbents to
seawater (Fig. 2). For the acyclic isoprenoids pristane and phytane,
removal efficiencies of 25e42% and 15e25%, respectively, were
observed after 74 days of exposure to seawater. In contrast, these
alkanes showed no significant depletion in sea ice. Given that al-
kanes are practically insoluble in water (Brakstad et al., 2004) and
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resistant to ultraviolet radiation (Garrett et al., 1998), biodegrada-
tion was likely the main depletion process affecting the alkane
composition during deployment. CHEMSIC on C10-27 alkanes
indeed evidenced that the main variation in the chemical finger-
prints was caused by biodegradation (Fig. 3A). PC1 explains 99.1% of
the variation and shows a preferential degradation of C10-27 n-al-
kanes over the isoprenoids norpristane, pristane, phytane and C21-
isoprenoid as the n-alkanes have negative PC1 loading coefficients
and the isoprenoids have positive PC1 loading coefficients. This is a
well-known indicator for biodegradation of n-alkanes (Wang et al.,
1998). PC2 loadings describe 0.4% of the variation and indicate a
slightly faster biodegradation of short-chain isoprenoids as
compared to longer-chain isoprenoids. The increasing PC1 and PC2
score values in Fig. 3B show that biodegradation of n-alkanes and
isoprenoids increased strongly as a function of time in seawater.
The scores also confirm that n-alkanes and isoprenoids persisted in
ice-exposed samples as these samples clustered with the initial oil
in the scores plot. From the measured 85e98% (on average 95%)
removal of individual C10-27 n-alkanes over one month (Fig. 2), we
estimated first-order half-life times of 5.5e11.3 (on average 7.2)
days. The substantial in situ n-alkane degradation observed in this
study confirms results from previous microcosm-based studies of
n-alkane degradation in seawaters from Greenland and Norway
(Brakstad et al., 2018, 2015; Brakstad and Bonaunet, 2006;
Kristensen et al., 2015; Scheibye et al., 2017). Similar n-alkane
biodegradation rates, with half-life times in the order of 1e10 days,
were measured in the permanently (4e5 �C) cold deep sea but also
inwarmer (24 �C) surface waters of the Gulf of Mexico (Hazen et al.,
2010; Liu et al., 2017). Biodegradation of n-alkanes seems thus not
to be limited by the sub-zero temperatures in Arctic seawater, but is
strongly limited in sea ice.

Weathering of 16 groups of alkylated PACs followed different
patterns in sea ice and seawater, which could not be explained by a
single process (Fig. 2). In general, depletion rates of the most water-
soluble PACs C1-4-naphthalenes, C1-2-phenanthrenes, C1-2-diben-
zothiophenes and C1-2-fluorenes were higher in seawater (43e99%,
on average 76% over 74 day) than in sea ice (25e89%, on average
53% over 74 day), and increased for PACs having fewer aromatic
rings (2> 3> 4-ring PACs) and fewer alkyl-substitutions
(C1>C2>C3>C4). In contrast, for larger molecular-weight and more
alkylated PACs including C3-phenanthrenes, C3-dibenzothio-
phenes, C3-fluorenes, C1-2-pyrenes, benzo[a]anthracene/chrysene
and C1-chrysenes, depletion rates were similar in sea ice and
seawater (29e98%, on average 57% over 74 days). By sequential
CHEMSIC analyses on subsets of samples, we were able to identify
orthogonal fingerprints that were characteristic for either photo-
oxidation or dissolution, but not for biodegradation.

A first CHEMSIC trained on ice-exposed samples yielded a PC
(PC1ice:0-74d) that explained themain proportion (64.9%) of the total
variance. Its loading fingerprint could be identified as a typical
photooxidation signature (Fig. 4A). To compare the effect of
photooxidation between the 16 groups of PACs, the sum of squares
(SS) of the PC1ice:0-74d loading was fractionated to obtain the con-
tributions of each group of PAC isomers (SSi). SICs with a higher SSi
have a higher weight on the PCA, or in other words their isomers
undergo the strongest changes relative to one another. Photooxi-
dation generally increased for PACs with increasing alkylation
(C1<C2<C3<C4) and with increasing number of aromatic rings
(naphthalenes< phenanthrenes and dibenzothiophenes< chrys-
enes< fluorenes< pyrenes) (Fig. 4B). This agrees with previous
observations of PAC photooxidation in surface seawater (Bacosa
et al., 2015). Isomer-specific photooxidation patterns observed
under laboratory conditions have been reported for methyl-
phenanthrenes, methylpyrenes and methylchrysenes (Bacosa et al.,
2015; European Committee for Standardization, 2011; Radovi�c
et al., 2014) (SI Section 2.6 Table S3). Similar isomer-specific pat-
terns were found in the PC1ice:0-74d patterns. For example, for 1, 2
and 4-methylpyrene (MPy), PC1ice:0-74d shows that photooxidation
was faster for 1 than for 4 and 2-methylpyrene (1> 4> 2-MPy). The
latter can be deduced from the loading coefficients that were more
negative for 1-MPy followed by 4 and 2-MPy. Photooxidation
showed to deplete PACs through 50 cm-thick sea ice and in the
underlying seawater (Fig. 4C). The PC1ice:0-74d score values showed
that this effect increased as a function of time and for oil-coated
adsorbents positioned closer to the ice surface (T>M> B> SW)
where the UV radiation intensity is highest. Substantial depletion of
the larger molecular weight and more alkylated PACs may thus be
attributed to photooxidation (Fig. 2). For these compounds, which
are otherwise poorly removed by biodegradation or dissolution, we
estimated zero-order depletion rates in the range of 0.2e1.1% per
day in sea ice and seawater (SI Section 2.7 Table S4). As far as we
know, this study is the first to demonstrate photooxidation of
alkylated PACs in sea ice and seawater underneath sea ice. Bacosa
et al. (2015) used microcosm experiments to simulate photooxi-
dation in surface seawater under natural light conditions and
determined first-order photooxidation half-life times of 1.2e6.9
days for several alkylated PACs (naphthalenes, phenanthrenes,
pyrenes and chrysenes). These rates are 1e2 orders of magnitude
higher than observed in the present study: the estimated zero-
order depletion rates in the range of 0.2e1.1% per day imply that
it would take 45e250 days to photo-chemically transform 50% of
the alkylated PACs. Although light transmittance of clean seawater,
pure ice and sea ice are similar (Perovich, 1996), the presence of
snow cover, particles, algae and coloured dissolved organic matter
strongly reduce UV light transmission through sea ice (Kauko et al.,
2017), which may explain the lower in situ photooxidation rates
reported in the present study.

To identify fingerprints of other removal processes, the photo-
oxidation patterns were removed from the chromatograms of both
sea ice and seawater-exposed samples (SI Section 1.1). A second
CHEMSIC was then trained on the residuals of the seawater-
exposed sample chromatograms with exposure time �31 days,
yielding PC1water:0-31d explaining 16.9% of the total variance
(Fig. 4A). The PC1water:0-31d fingerprint represented dissolution of
methylnaphthalenes and did not correspond to known isomer-
specific biodegradation patterns of PACs (SI Section 2.6 Table S3).
The negative and positive loading coefficients of the 1- and 2-
methylnaphthalene isomers, respectively, imply that 1-
methylnaphthalene was depleted relatively faster than 2-
methylnaphthalene (Fig. 4A). This is the opposite of the order ex-
pected for biodegradation (SI Section 2.6 Table S3), but may be
explained by the 5e12% lower water solubility of the latter isomer
(about 191 and 176 mM in pure water, respectively) (Pearlman et al.,
1984). Considering that only dissolution and no biodegradation
fingerprints were detected, the observed 3 to 6.5 times faster
depletion of low-molecular weight PACs in seawater than sea ice is
thus most likely mainly caused by dissolution (Fig. 2, SI Section 2.7
Table S4). For these compounds, dissolution has been reported to be
an important oil film depletion process (Brakstad and Bonaunet,
2006; Scheibye et al., 2017). Faksness and Brandvik (2008)
observed that transport of water-soluble compounds in natural
sea ice strongly depends on the porosity of the sea ice, which is
controlled by temperature and salinity. The slower dissolution in
sea ice is thus likely related to the porous structure of sea ice with
only 3e26% brine volume hampering molecular diffusion as well as
the high salinity prevailing in the brine pockets (SI Section 2.1
Figure S2), which reduces the aqueous solubility of most PACs
(Xie et al., 1997).
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3.3. Biofilm life style of oil degraders determines microbial
community composition and abundance

We profiled the composition and size of the bacterial commu-
nities developing as biofilms on the adsorbents deployed in
seawater and sea ice as well as the sea ice communities around the
adsorbents by PCR amplicon sequencing and qPCR quantification of
16S rRNA genes. The overall community composition in oil-treated
and untreated samples is presented in SI Section 2.8 Figure S9.
Redundancy analysis in combination with correlation-based hier-
archical clustering revealed the presence of 12 clusters of correlated
operational taxonomical units (OTUs) being the most strongly
enriched in oil-treated samples as compared to controls (SI Sections
2.9 and 2.10). The 12 clusters included a total of 60 enriched OTUs.
The change of abundance over time of the OTUs within each cluster
was significantly correlated (p< 0.05) with pairwise correlation
coefficients of at least 0.8 (r> 0.8). The larger proportion of the 12
clusters in oil-treated (62± 22% of 16 rRNA genes) as compared to
control samples (11± 8%) confirms their association with oil (Fig. 5
and SI Section 2.10 Figure S13). Several among these taxa were
previously associated to oil biodegradation (SI Section 2.11
Table S5). The distinct clusters either consisted of taxa of the class
Flavobacteriia along with a few a- and g-Proteobacteria, or the
classes g-, d- and ε-Proteobacteria (Fig. 6A). These consistent intra-
cluster phylogenetic affiliations indicate that the clusters reflected
ecological associations. In SI Section 2.10, we discuss the relations
between the clusters and their environment in detail.

Fast oil-induced microbial community dynamics occurred dur-
ing the first 31 days concurrent with a drastic increase of the total
bacterial abundance (Figs. 5 and 7). These community shifts were
driven by an exponential increase of mainly the OTU clusters 1, 3, 4
and 8 in seawater and sea ice (Fig. 6BeD). Cluster 1 consisted
mainly of an OTU having 99.1% sequence identity to the psychro-
philic obligate hydrocarbonoclastic alkane-degrading Oleispira
antarctica (Yakimov et al., 2003). As the only known obligate hy-
drocarbon degrader (i.e. degrading only hydrocarbons and their
derivatives) detected by the community profiling, O. antarctica
(Yakimov et al., 2003) was likely responsible for the effective n-
alkane degradation in seawater during the first 31 days (Fig. 2).
Fig. 5. Relative abundances of bacterial 16S rRNA genes of 12 clusters of correlated OTUs as
presented in Fig. 6. Bottom samples were initially in sea ice but became exposed to seawat
assumed the same as in the surrounding seawater or sea ice. Relative abundances in both
Furthermore, the taxa in the clusters 3, 4 and 8 (Colwellia, Per-
edibacter, Bacteriovorax and Arcobacter), are not known to degrade
n-alkanes, but have been related to oil contamination and could
potentially degrade low-molecular weight aromatic compounds
such as benzene and phenanthrene (Ding et al., 2012; Hu et al.,
2017; Prabagaran et al., 2007; Redmond and Valentine, 2011;
Yakimov et al., 2004). Abundances of these taxa increased by up to
~10 000 and 100 000 fold in response to oil exposure in sea ice and
seawater, respectively (Fig. 6C). As a result of these exponential
increases, the total number of bacterial gene copies observed on oil-
coated adsorbents at day 31 was about 10e700-fold higher than on
controls (Fig. 7). Biofilm formation on absorbents exposed to
seawater was 25e100 times more extensive than on those exposed
to sea ice. In the sea ice around the oil-coated adsorbents, bacterial
abundances increased only 5-fold as compared to control sea ice
(day 31e63).

The 25 to 100 times lower bacterial abundance in the oil bio-
films exposed to sea ice as compared to seawater likely explains the
lacking biodegradation of n-alkanes in sea ice. The porous structure
of sea ice (SI Section 2.1 Figure S2) implies that only a small fraction
of the surface area of the oil films was in direct contact with brine
(oil-brine interface). Brine is the phase in which sea ice microor-
ganisms proliferate (Junge et al., 2004). Given that n-alkanes are
practically insoluble in water (Brakstad et al., 2004) and that
biodegradation of n-alkanes has been shown to be a solely biofilm-
mediated process (Brakstad and Bonaunet, 2006), the limited oil-
brine interfacial area in sea ice likely prevented the development
of a sufficiently abundant oil-degrading biofilm resulting in a non-
detectable removal of n-alkanes.

Between day 31 and 71, OTU clusters 1, 3, 4 and 8 generally
decreased in relative abundance (Figs. 5 and 6D). In seawater, this
may be explained by substrate depletion of the most labile and
water-soluble oil compounds due to biodegradation (e.g., n-al-
kanes) and dissolution (e.g., naphthalenes), respectively (Fig. 2).
Concurrently, several other OTU clusters started proliferating,
potentially in response to biodegradation of more recalcitrant oil
compounds. In particular cluster 10, consisting mainly of members
of the class Flavobacteriia, increased in abundance as a function of
time in oil-biofilms exposed to seawater. The Flavobacteriia genus
sociated with the oil treatment. The 12 clusters included a total of 60 OTUs, which are
er during the first month. * The community composition on adsorbents at time 0 was
oil-treated and untreated control samples are presented in SI Section 2.9 Figure S13.



Fig. 6. Abundance and dynamics of 60 oil-associated OTUs. (A) Highest identification level (% sequence similarity) of OTUs; initials of class levels Flavobacteriia, a, g, d and
ε-Proteobacteria; unique OTU identifier and identifier of corresponding cluster (B) Relative gene abundance in oil-treated samples exposed to seawater (seawater-bottom, orange)
and ice (middle-top, blue). (C) Fold change of absolute gene abundance in oil as compared to control samples exposed to seawater (seawater-bottom, orange) and ice (middle-top,
blue). Boxplot whiskers extend to the most extreme data points. (D) Mean relative gene abundance, represented by point size, of OTUs in oil treatments as a function of time. For
each OTU, the maximal point size corresponds to the maximal observed relative gene abundance. (E) The clusters of correlated OTUs are ordered by hierarchical single-linkage
clustering of the between-cluster correlation coefficients. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Winogradskyella has been associated to degradation of branched
alkanes (Wang et al., 2016) and may thus be responsible for the
observed degradation of branched alkanes such as acyclic iso-
prenoids between day 31 and 74 (Fig. 2). The other genera
Dokdonia, Polaribacter, Pseudofulvibacter and Ulvibacter of cluster 10
have also been associated to oil pollution, but their function remain
unclear (Alonso-Guti�errez et al., 2008; Brakstad et al., 2018; Gerdes
et al., 2005; Krolicka et al., 2017; Prabagaran et al., 2007). Clusters



Fig. 7. Concentration of 16S rRNA gene copies in sea ice brine around the adsorbents (copies per mL melted sea ice) and in the biofilms developing on adsorbents exposed to sea ice
and seawater (copies per cm2 adsorbent). The symbols represent geometric mean values and the ribbons cover the range of minimal to maximal observed values (n¼ 2).
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5e7, 9 and 11 consisted of members of the genera Flavobacterium,
Neptunomonas and Pseudomonas, which are known for their capa-
bilities to degrade various 2 to 4-ring PACs (Hedlund et al., 1999;
Trzesicka-Mlynarz and Ward, 1995; Wang et al., 2008), Sphingo-
rhabdus, possessing aliphatic and aromatic hydrocarbon-catalysing
genes (Jeong et al., 2016), and Hoeflea, able to grow on diesel (Rahul
et al., 2015). Despite the sufficient growth to turn over themicrobial
community and presence of potential PAC degraders, no chemical
fingerprints for PAC biodegradation were detected (Fig. 4). How-
ever, the applied chemical analyses cannot account for biodegra-
dation occurring in the dissolved phase, i.e. after dissolution of
water-soluble PACs and away from the oil-water interface in the
surrounding seawater. Biodegradation of the most water-soluble
PACs such as methylnaphthalenes may thus have occurred in the
water-phase as also shown by studies with subsurface seawaters
from Disko Bay, W Greenland (Kristensen et al., 2015; Scheibye
et al., 2017). As in the present study, the latter studies did not
observe biodegradation of 3 to 4-ring PACs. Considering that the
fraction of biodegradation taking place at the oil-water interface
increases for more oleophilic PACs (Brakstad and Bonaunet, 2006),
an overall low PAC biodegradation potential can be concluded for
the investigated seawaters. However, further research is required to
better understand the parameters controlling PAC biodegradation
in the Arctic, as a study by Brakstad et al. (2018) with seawater from
Disko Bay, SW Greenland, and several other studies from the Nor-
wegian and Canadian Arctic (Garneau et al., 2016; McFarlin et al.,
2014; Ribicic et al., 2018) have shown a potential for biodegrada-
tion of 2 to 4-ring PACs.

In sea ice, the succession of the microbial community compo-
sition between day 31 and 63 may have been a response to expo-
sure to water-soluble oil compounds as the decreasing abundance
of clusters 4 and 8 in the biofilm concurred with the dissolution of
PACs (Fig. 2). Over time, O. antarctica (cluster 1) was replaced by the
psychrophilic n-alkane-degrading Shewanella arctica and Shewa-
nella livingstonensis of cluster 2 (Gentile et al., 2003; Gerdes et al.,
2005) (Fig. 5). This may suggest that Shewanella was better
adapted than Oleispira to grow on n-alkanes in sea ice.

Between day 63 and 74, the melting of the sea ice left a surface
layer of fresh water. This event likely caused the strong decreases in
biofilm abundance in adsorbents positioned in the top of the sea ice
at day 74 (Fig. 7).

4. Conclusions

In situ deployments of oil-coated adsorbents in sea ice and
seawater in SW Greenland provided a complete picture of photo-
oxidation, biodegradation and dissolution at oil-water interfaces.
We linked chemical degradation patterns to key players in the oil-
associated bacterial community. Our study led to the following key
results: UV showed to photo-oxidize photosensitive PACs through
50 cm thick sea ice and in the underlying seawater. Dissolution
removed water-soluble oil compounds such as PACs at 3e6.5 times
faster rates in seawater than in sea ice. Biofilms colonizing the oil
films showed to be essential for effective oil biodegradation.
Oleispira antarctica inhabiting the biofilms was identified as a key
n-alkane degrader removing n-alkanes in sub-zero temperature
seawater at similar rates as in temperate climates. However, the
porous structure of sea ice limited biofilm development resulting in
non-detectable n-alkane degradation in sea ice. In addition to n-
alkane degraders, potential degraders of mono aromatic com-
pounds and PACs colonized the oil biofilms. Despite the presence of
potential PAC degraders, observed chemical fingerprints could not
reveal PAC biodegradation.

Given the environmental context characterised by a dark Arctic
winter, sea ice cover and the weak intensity of ultraviolet light in
subsurface seawater, the low in situ biodegradation potential of
polycyclic aromatic compounds over 2.5 month is an alarming
discovery.
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