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Marine oil spills have devastating environmental impacts and extrapolation of experimental fate and impact data
from the lab to the field remains challenging due to the lack of comparable field data. In this work we compared
two field systems used to study in situ oil depletion with emphasis on biodegradation and associated microbial
communities. The systems were based on (i) oil impregnated clay beads and (ii) hydrophobic Fluortex adsorbents
coated with thin oil films. The bacterial communities associated with the two systems displayed similar com-
positions of dominant bacterial taxa. Initial abundances of Oceanospirillales were observed in both systems with

later emergences of Flavobacteriales, Alteromonadales and Rhodobacterales. Depletion of oil compounds was
significantly faster in the Fluortex system and most likely related to the greater bioavailability of oil compounds
as compared to the clay bead system.

1. Introduction

Oil spills in the marine environment represent a major environ-
mental concern. The spilled oil will undergo a variety of physical,
chemical and biological weathering processes, including evaporation,
water-in-oil emulsification, dispersion, dissolution of soluble oil com-
pounds, photolysis and biodegradation (Brandvik, 1997; Daling et al.,
1990; Lee, 1980). Among these processes, only biodegradation can
completely detoxify and mineralize oil compounds. Numerous labora-
tory experiments have been conducted to determine oil compound
biodegradation processes, as well as characterizations of the microbial
communities involved in these processes. Experimental methods from
small-scale (shake-flasks, hydrophobic fabrics, rotating carousels) to
large mesocosms systems (tanks and wave basins) have been used for
these studies, either with natural seawater (SW), or with enrichment
cultures (Bao et al., 2012; Brakstad et al., 2014, 2015a; Brakstad and

Lgdeng, 2005; Prince et al., 2013; Siron et al., 1995; Venosa et al., 1991,
1992). Particularly, the Deepwater Horizon oil spill in the Gulf of Mexico
in 2010 resulted in a surge of oil biodegradation studies. These studies
involved characterization of oil compound biodegradation and the mi-
crobial communities associated with the spill, including both the deep-
sea plume and the surface oil (Balum et al., 2012; Dubinsky et al., 2013;
Gutierrez, 2011; Gutierrez and Aitken, 2014; Hazen et al., 2010; Kessler
et al., 2011; Mason et al., 2012; Redmond and Valentine, 2012; Valen-
tine et al., 2012, 2010; Wang et al., 2016). Several of these studies also
emphasized the potential importance of oil-aggregate interactions/ma-
rine oil snow and seabed sedimentation of oil residues, as well as long-
time weathering of sedimented oil (Bagby et al., 2017; Daly et al., 2016;
Stout and Payne, 2016; Valentine et al., 2014; Yergeau et al., 2015).
Laboratory biodegradation studies of chemically dispersed oils have
been performed in natural SW from different areas, like the Gulf of
Mexico, North Sea/Norwegian Sea, and the Arctic (Beaufort Sea,
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Greenland, Svalbard). These studies have typically shown that crude oil
biodegradation initially results in high abundances of alkane-degraders,
followed by bacterial groups associated with the biodegradation of ar-
omatic hydrocarbons (Brakstad et al., 2015b; Dubinsky et al., 2013;
Hazen et al., 2010, 2016; Lofthus et al., 2018; Mason et al., 2012, 2014;
Valentine et al., 2012; Yakimov et al., 2007). During oil spills, the mi-
crobial community diversities are typically reduced and become pre-
dominated by hydrocarbonoclastic bacteria. Typical marine alkane-
degrading bacteria include members of the genera Alcanivorax, Olei-
philus, Oleispira and Thalassolituus (Hara et al., 2003; Harayama et al.,
2004; Head et al., 2006; Yakimov et al., 2007), while biodegradation of
aromatic hydrocarbons has been associated with genera like Cyclo-
clasticus, Pseudoalteromonas and Colwellia (Dubinsky et al., 2013; Dyk-
sterhouse et al., 1995; Geiselbrecht et al., 1998; Harayama et al., 2004;
Mason et al., 2014; Ribicic et al., 2018a; Yakimov et al., 2007).

Results from laboratory studies have also suggested that
temperature-related hydrocarbon biodegradation rates and half-lives
are affected by the water source, and whether temperature-
manipulated systems (water with incubation temperatures deviating
substantially (>5 °C) from ambient temperatures at the SW source), or
temperature-adapted systems (water with incubation temperatures
close to the temperature of collection) were used (Bagi et al., 2014;
Brown et al., 2020). The use of SW at temperatures different to the
ambient sampling temperature may therefore result in an underesti-
mation of the natural biodegradation in for instance Arctic SW, since the
latter already contains indigenous bacterial communities adapted to the
low SW temperatures. While extensive hydrocarbon biodegradation has
been observed in several laboratory studies with Arctic SW (Bagi et al.,
2014; McFarlin et al., 2014; Ribicic et al., 2018c), the possibility of an
underestimation of degradation rates in laboratory studies with
temperature-manipulated SW emphasizes the need for field studies to
collect in situ data. Field systems may also be valuable supplements as
links between laboratory studies and oil spills with respect to microbial
successions during the oil biodegradation processes (Balum et al., 2012;
Dubinsky et al., 2013; Hazen et al., 2010; Redmond and Valentine, 2012;
Valentine et al., 2012; Wang et al., 2016). It should further be empha-
sized that the water sources used in laboratory studies represent only
one temporal and spatial site of the initial water body, while the oil will
be subject to different variations in the field (e.g temperature variations,
mixing of the water body) which may have influences on the degrada-
tion processes. This may to some extent be covered by field experiments,
which represent biodegradation processes caused by continuously
incoming SW during the complete experimental period.

Although oil compounds are preferentially biodegraded as dissolved
compounds, or in small oil droplets of dispersions, this is difficult to
mimic in field systems. Field systems for in situ oil biodegradation have
therefore mainly been based on oil immobilized to solid matrices. In
these systems, the microbial processes on the oil-water interphases are
investigated. A commercial Bio-Trap system (Microbial Insights, Inc.,
Knoxville TN, U.S.A) with beads of powdered activated carbon has been
used to characterize microbes on polluted sites, and for studies of rela-
tive biodegradation of pollutants using stable isotope (}3C)-labelled
compounds (Roberts et al., 2006; Burns and Myers, 2010). A microcosm
system using clay beads or river rocks impregnated with oil in PVC
columns was developed by researchers at the National Research Council
of Canada in Montreal, Canada. The clay beads have been shown to
adsorb polycyclic aromatic compounds (PACs) like phenanthrene, flu-
oranthene and pyrene with 70-72 % efficiency (Nkansah et al., 2012).
Marine field studies using this system have shown microbial responses to
the coated oil, and microbial community successions related to oil
biodegradation (Greer et al., 2021; Schreiber et al., 2021). Another
system based on hydrophobic Fluortex adsorbents was originally
developed for sampling of thin oil films from the sea surface or stranded
oil (Greimann et al., 1995; Kneeland et al., 2022). Because of the inert
and hydrophobic nature of these adsorbents, oil is efficiently adsorbed
on the surface (i.e., no absorption), and laboratory studies showed that
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nC12-nC36 alkanes of a paraffinic oil (Statfjord fresh) were absorbed in
accordance with the gas-chromatographic profile of the original oil
(Brakstad and Lgdeng, 2005). SINTEF introduced the same adsorbents
for laboratory-based oil biodegradation studies (Brakstad and Lgdeng,
2005; Brakstad et al., 2004; Brakstad and Bonaunet, 2006), and this
system has later been developed for field studies of biodegradation,
photooxidation and microbial community successions in Arctic SW at
the Danish Arctic Research Centre (Vergeynst et al., 2019a, 2019b).

The objective of the current study was to compare crude oil degra-
dation using two in situ systems; one based on clay beads, and the other
based on hydrophobic Fluortex adsorbents. Although both systems have
been established for microbial studies of oil biodegradation in the field,
they have not yet been directly compared. We therefore aimed to
compare the two systems with respect to crude oil biodegradation and
microbial community successions during a degradation period. We
further aimed to explore if the Fluortex system could be used to compare
different crude oil degradation processes in addition to biodegradation,
including photooxidation and dissolution, by combining the use of un-
covered and covered frame systems. Since the majority of oil biodeg-
radation data are acquired by laboratory experiments and extrapolation
to field conditions might prove challenging, in situ data will provide
means to achieve a better understanding of the processes affecting oil
biodegradation in the field. Further, such in situ data can also be used as
input data in oil spill fate models to strengthen or supplement existing
laboratory data.

2. Materials and methods

Two experiments were set up in a harbour area in Trondheim during
the winter of 2019/2020. A fresh paraffinic oil (Statfjord Blend) was
immobilized in both systems, and oil depletion and bacterial succession
were followed for periods of 2 months by quantifying the degradation
rates of the oil compounds and characterizing the microbial commu-
nities at five sampling time points for each system.

2.1. Field location

Field experiments were carried out in the harbour area of the fjord
Trondheimsfjorden in Trondheim, Norway (63°26'19.7"N 10°23'57.9"E).
The location of deployment is shown in Fig. S1 (Supplementary infor-
mation; SI). The harbour area is sheltered from harsh weather conditions
and connected to an open area with barrierless water exchange with the
fjord.

2.2. In situ microcosm systems

In the hydrophobic adsorbent system, Fluortex fabrics (Fluortex
system; Fluortex 02-150/36; Sefar Inc., Thal, Switzerland) were
attached to transparent polyethylene half-tubes mounted in aluminium
frames (Fig. S2A, SI), as previously described (Vergeynst et al., 2019a,
2019b). The system was used in an uncovered version as described
above, and in a covered version with dark polycarbonate plates around
the sides of the aluminium frame to avoid light exposure to the adsor-
bents (Fig. S2B, SI).

The clay bead system consisted of lightweight expanded clay ag-
gregates (LECA). The beads used as carrier material for the oil (Schreiber
et al., 2021) were wrapped in nylon nets (ethanol rinsed) and placed in
opaque polycarbonate tubes which were closed on both ends and
possessed thin slits along their length to provide water exchange
(Fig. S2C). The tubes were subsequently mounted in two rondels (6
tubes each) on top of each other and fixed to a steel frame. Ropes were
used to attach both systems to the pier and an additional weight was
provided for the Fluortex system to ensure a stable position in the water
column.

Both systems were equipped with temperature and light loggers
(HOBO Pendant UA-002-64, Onset Computer Corporation) attached to
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the centre of the covered and uncovered aluminium frames and inside
the polyethylene half-tubes of the clay bead system. Loggers were
attached to receive the same light exposure as the samples, measuring
every 5 min throughout the deployment period and data were plotted
using HOBOware (Version 3.7.18).

2.3. Preparation

The fabrics for the hydrophobic Fluortex system were cut into rect-
angles of 10.5 x 6 cm, and holes were made by perforating each fabric in
all four corners. The fabrics were subsequently rinsed with dichloro-
methane (DCM) and placed on aluminium foils in a fume hood to
evaporate the solvent. Ethanol-cleaned cable ties were then used to
attach up to 4 fabrics to each half-tube. Thin films of Statfjord Blend oil
(batch no. 2014-0081, preheated to 50 °C for melting of wax) were
applied with a paintbrush on the outfacing side of the fabrics. The oil is a
typical light paraffinic oil with distinct n-alkane patterns (Fig. S3, SI),
with a specific density of 0.84 g/mL, a pour point of —9 °C, 4.1 % waxes,
and 0.16 % asphaltenes. Fabrics without oil were used as uncoated
controls in the same frames. All fabrics were rinsed with SW from the site
of the field experiment to remove any excessive oil. The process was
repeated with each half-tube, and the tubes were then mounted in the
covered or uncovered aluminium frames. The frames were deployed at a
depth of 3 m for 2 months (from December 6, 2019, to January 30,
2020).

The clay beads were prepared as described by Schreiber et al. (2021)
with some modifications. The system consisted of heat-treated LECA
beads of a diameter between 2 mm and 2 cm were rinsed twice with tap
water, autoclaved on a dry cycle of 15 min, and dried in a heating
cabinet at 50 °C over-night. Aliquots of 35 g beads were subsequently
transferred to 250 mL glass bottles, and 14 mL preheated Statfjord oil
was added. Oil was added to 25 aliquots, while 15 aliquots were without
oil and used as uncoated controls. Bottles were inverted every 30 min for
3 h before the clay beads were transferred into aluminium bowls
(Fig. S2D, SI) in a fume hood to let the oil weather for 7 days. After 4 and
6 days, the clay beads were rolled on paper towels to remove any
excessive oil and to accelerate the drying. Finally, each set of beads was
placed in a nylon net, closed off with an ethanol rinsed cable tie, and
filled into the polycarbonate tubes. Each tube contained either 2 or 3
aliquots of oiled clay beads or 3 aliquots of uncoated clay beads. The clay
bead system was then deployed at a depth of 3 m for 2 months (from
January 23 to March 19, 2020).

2.4. Sampling and sample treatment

2.4.1. Sampling of Fluortex adsorbents

Fluortex fabrics (three oil-coated and one uncoated fabric for
chemical analyses and two oil-coated and two uncoated fabrics for mi-
crobial analysis) were sampled directly before deployment (0 days, TO).
After deployment, five oil-coated fabrics and three uncoated fabrics
were sampled from each frame after 7, 13, 31 and 55 days (T1, T2, T3 &
T4) after deployment. Fabrics were detached from the half tubes, and
each fabric cut in two equally sized samples, to allow sampling for both
bacterial and chemical analysis (unlike TO samples, where the entire
fabric was sampled for the respective analysis). Samples for bacterial
analysis were placed in 15 mL polypropylene centrifuge tubes (Corning
Science México S.A. de C.V., Mexico) and stored at —20 °C in the dark
until further analysis. Samples for chemical analysis were placed in 40
mL glass vials and 20 mL DCM added. The vials were shaken and stored
at 4 °C in the dark until further processing.

2.4.2. Sampling of clay beads

Clay bead samples (four oil-coated samples and one uncoated
replicate were stored for chemical analysis and one oil-coated and two
uncoated replicates for bacterial analysis) were also taken directly
before deployment (0 days, TO). After deployment, five oil-coated
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aliquots and three uncoated aliquots were sampled at 7, 14, 28 and
56 days (T1, T2, T3 & T4). When sampled, nylon bags were removed
from the tubes, bags were opened in a fume hood and half of each
sample of clay beads was transferred to a separate 250 mL glass bottle
for bacterial and chemical analysis, respectively. Clay beads for bacterial
analysis were stored at —20 °C in the dark, while bottles containing
beads for chemical analysis received 100 mL DCM and were stored at
4 °C in the dark until further processing. TO samples, which were not
included in SW deployment, were directly transferred to glass bottles. As
for the TO Fluortex fabrics, the TO clay bead samples were not split in
two.

2.5. Abiotic dissolution experiment with Fluortex adsorbents

A laboratory experiment was conducted in sterilized SW to deter-
mine dissolution of oil compounds from the Fluortex adsorbents. SW was
sterile-filtered through 0.22 pm Sterivex filters (Merck) and distributed
in 1-L beakers with 800 mL SW in each beaker. Fluortex adsorbents (9 x
4.5 cm) were prepared as described above with thin films of Statfjord oil
applied with a paintbrush on the outfacing side of the fabrics. The ad-
sorbents with immobilized oil were submerged in separate beakers with
sterilized SW and incubated with magnet stirring at 4 and 10 °C for up to
5 days in triplicate. The beakers were covered with aluminium foil and
400 mL SW were removed from each beaker for chemical analyses and
replaced by 400 mL fresh sterile-filtered SW after 1, 2, 3 and 4 days of
incubation with a last sampling (800 mL) after 5 days. All SW samples
were solvent-solvent extracted (DCM) and targeted PACs analysed by
GC-MS as described above (Brakstad et al., 2015a). The concentrations
were corrected for the daily SW dilutions. At the end of the experiment
the Fluortex adsorbents were extracted and analysed (GC-MS) as
described above.

2.6. Analyses

2.6.1. Oil extraction and chemical analyses

Prior to chemical extraction of oil compounds, samples of Fluortex
fabrics and clay beads were adjusted to room temperature, and a set of
surrogate internal standards was added to all samples (naphthalene-d8
[2.508-2.522 pgl, phenanthrene-d10 [0.48-0.5 pgl, chrysene-d12
[0.486-0.5 pgl, perylene-d12 [0.508 pgl, phenol-d6 [50.668 pgl & 5Sa-
androstane [10 pgl). Fluortex fabrics (both oil-coated and uncoated)
were extracted three times with DCM by applying 20 mL solvent and
shaking the vials. All clay beads were treated with 25 mL DCM before
being transferred to a mortar and crushed to small particles. Subse-
quently, the crushed beads were extracted two times with 25 mL DCM,
and the crushed clay beads were swirled using a pestle. The solvent
extracts from Fluortex and clay beads were reduced in volume to 0.8 mL
by gentle evaporation, and internal recovery standards (acenaphthene-
d10 [1 pgl, fluorene-d10 [1 pgl & o-terphenyl [10 pgl) were added.
Total extractable matter (TEM) was determined using an Agilent 7890A
gas chromatograph (GC) coupled with a flame ionization detector (FID).
Samples (1 pL) were introduced at 325 °C in pulsed splittless mode and
separated with a Phenomenex ZB-5 column (30 m length, 0.25 pm film
thickness and 0.25 mm internal diameter). Helium served as carrier gas
at a constant flow of 2.5 mL/min. The oven temperature for the column
was at 40 °C (1 min hold) and ramped by 6 °C/min until 325 °C (10 min
hold). A n-alkane standard was used to identify components from nC10-
nC36 as the area for the TEM. A calibration curve (5 levels; 0.025-1.0
pg/mL) was normalized to the recovery standard and then fitted with
the average relative response factor for the n-alkane boiling point range
of interest.

An Agilent 7890B GC coupled with an Agilent 5977A single quad-
ropole mass spectrometer (MS), operated in Selected Ion Monitoring
(SIM) mode was used for analysis of 24 n-alkanes (C13-C36), pristane
and phytane, and selected PACs: naphthalenes, fluorenes, phenan-
threnes/anthracenes,  dibenzothiophenes, fluoranthenes/pyrenes,
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chrysenes and benzo(a)pyrene (Table S1, SI), and 17a(H),21b(H)-
hopane (30ab hopane). Samples (1 pL) were introduced at 325 °C in
pulsed splitless mode. An Agilent HP-5MS UI (60 m length, 0.25 pm film
thickness and 0.25 mm internal diameter) column was used for sepa-
ration. Helium served as carrier gas at a constant flow of 1 mL/min. The
oven temperature for the column was at 40 °C (1.4 min hold) and
ramped by 6 °C/min until 220 °C and by 4 °C until 325 °C (10 min hold).
The quadrupole temperature was 150 °C, the ion source temperature
was 230 °C and the transfer line temperature was 325 °C. SIM mode at
70 eV was chosen for the ion source and the solvent delay was 12 min.
Molecular ions and qualifier ions were used to identify analytes and
quantification was done using the response of the molecular ions. A
calibration curve (6 levels; 0.01-1.0 pg/mL) was normalized to the
response of the recovery standard (surrogate internal standard) and then
fitted with relative response factors. The response values for individual
target analytes were determined, with a signal-to-noise ratio of 10 as the
lower detection limit, and a lower limit of detection (LOD) of 0.01 pg/L
was defined for individual oil compounds. Experimental blanks (DCM)
were included in analyses of all test batches for GC-FID and GC-MS
analyses. Where concentrations of target compounds were expected to
exceed the linear range of the GC-MS, samples were diluted in DCM
prior to analysis. Due to the high dilution of some samples, several re-
covery standards were displaying extremely low values within the ex-
pected range (0-1) or exceeding it based on matrix effects of the
instrument. Since these deviations were based on methodological in-
fluences, they were replaced with the average recovery values of the
other oil extracts. For comparison of samples, concentrations of com-
pounds were normalized against 30ab Hopane, which is considered
resistant to biodegradation and photooxidation (Garrett et al., 1998;
Prince et al., 1994).

2.6.2. Bacterial community analyses

DNA for bacterial community analysis was extracted with the
FastDNA Spin Kit for Soil (MP Biomedicals). One third of each Fluortex
fabric half (5.25 x 2 cm) dedicated to bacterial analysis and 270-600 mg
of the ground clay beads (Table S2A, SI) were used for DNA extraction.
Variation in the weight of the clay bead samples depended partly on
sample wetness. DNA extraction was carried out according to the
manufacturer’s instructions with a final elution volume of 70 pL at
55 °C. DNA extracts were quantified by NanoDrop (ND-1000 Spectro-
photometer, NanoDrop Technologies) and Qubit (Qubit 3.0 Fluorom-
eter, Invitrogen) measurements, and yields are given in Table S2A & B
(SD. The v3 + v4 region of the bacterial 16S rRNA gene was amplified by
polymerase chain reaction (PCR) at conditions described in Table S3
(SD), using the primers IlI341F and IlI805R (primer sequences in
Table S3, SI). The quality and quantity of the PCR products were
examined on an agarose gel, and then purified and normalized using the
SequelPrep Normalization Plate Kit (Thermo Fisher). A second PCR was
performed (Table S4, SI) to attach indexes to the amplicons using the
Nextera XT index Kit v2 (Illumina). Indexed PCR products were exam-
ined by agarose gel electrophoresis, normalized and purified using the
SequelPrep Normalization Plate Kit, before the indexed amplicons were
pooled and concentrated with AmiconUltra 0.5 centrifugal filter devices
(30 k membrane, Merck Millipore). The resulting amplicon library
represented 108 samples (35 clay bead samples, 68 Fluortex fabric
samples, 4 PCR negative controls and 1 blank analysis of the extraction
kit). The amplicon library was sent to the Norwegian Sequencing Centre
(University of Oslo) and sequenced in one run on an Illumina MiSeq to
acquire 300 bp paired end reads. The sequencing data have been sub-
mitted to the European Nucleotide Archive under the project number
PRJEB57721.

The sequencing data were processed using the USEARCH pipeline
(Version 11; http://drive5.com/usearch/features.html). Briefly, primer
sequences were trimmed off, paired reads were merged, and paired se-
quences shorter than 390 bp were filtered out using the fastq mergepair
command. Quality filtering was done using the fastq filter command
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with the default value of 1 for the expected error threshold. This was
followed by dereplication and removal of singletons. Subsequently, the
Unoise3 command (Edgar, 2016a) was used to generate amplicon
sequence variants (ASVs) and remove chimeras. As recommended in the
Unoise3 documentation, sequences with abundances smaller than 8
reads in the complete data set were removed. Finally, taxonomy was
assigned to the ASVs using the Sintax command with the RDP training
reference dataset (version 18) (Edgar, 2016b). In the resulting ASV table
all ASVs not representing bacteria (such as chloroplasts) were removed
from the data set in Excel. Additionally, ASVs with higher abundances in
negative controls (representing the DNA extraction kit and the PCR re-
agents) than in samples were removed. This resulted in the removal of
253 ASVs, while a total of 11,453 ASVs remained in the ASV table.
Furthermore, one of the samples representing the uncoated clay beads
from T1 was excluded from further analyses as it displayed just a single
ASV which was only found in one other sample where it displayed an
abundance of 1 read. The ASV table was rarefied to 3588 reads per
sample. This represented the lowest number of reads obtained among
the samples.

2.6.3. Data analysis

General data treatment and the creation of the graphs were per-
formed in Excel (Microsoft Office 2016) or GraphPad Prism (Version
9.5.0). Outliers in the results of the chemical analysis have been
removed using the ROUT method in GraphPad Prism with a Q threshold
of 1 % before a nonlinear regression analysis was used to estimate the
half-lives of the n-alkanes and PACs based on an exponential model. To
determine if the bacterial communities displayed significant differences,
the samples were grouped based on treatment, the frame (covered &
uncovered) or the sampling time point. Subsequently, a one-way
permutational multivariate analysis of variance (PERMANOVA) based
on Bray-Curtis similarities with 9999 permutations was performed in the
Paleontological statistics software package for education and data
analysis (PAST, Version 4.03) (Hammer et al., 2001). Further analyses
that were conducted in PAST were principal coordinates analyses
(PCoA) of the ASV table based on Bray-Curtis similarities to display the
succession of the bacterial communities and the Student’s t-test to test
for significant differences between the oil compound groups. If the
replicates of one sampling time point did not show normal distribution,
the Mann-Whitney U test was used instead of the t-test.

3. Results and discussion
3.1. Temperature and light conditions

Continuous monitoring of the light exposure of all systems showed
that the clay bead (Fig. S3A) and the covered Fluortex systems (Fig. S4C)
were kept in dark throughout the experiment, while the uncovered
Fluortex system (Fig. S4B) exhibited day and night cycles of light
exposure with a maximum light intensity of 204 1x and an average of 3.7
Ix over the experimental period. The SW temperature of the Fluortex
systems ranged between 4.6 and 7.6 °C (average of 6 °C) with a
decreasing trend during the time of the experiment from December to
January. The clay bead system was exposed to SW temperatures of 3.4 to
7.0 °C (average of 4.6 °C), with a slightly increasing trend during the
deployment period from January to March.

Inorganic nutrient concentrations were not measured on site in this
study, but previous analysis of the SW have shown concentrations of 2
mg/L total organic carbon (TOC), 130-160 pg/L NO3 + NO3-N, 3 pg/L
NHy4-N and 16-20 pg/L 0-PO4-P (Brakstad et al., 2015a; Ribicic et al.,
2018c).

3.2. Depletion of oil compounds

At deployment (T0), the measured n-alkane fractions of the TEM
were 2.8 % on the Fluortex adsorbents and 0.64 % on the clay-beads,
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while the corresponding fractions of PACs were 0.13 % and 0.09 % on
the Fluortex and clay bead systems, respectively (Table S5, SI). These
relative fractions were lower than previously reported in dispersed
Statfjord oil, where the n-alkanes represented 10 % and the PACs 1.7 %
of the TEM (Table S5, SI). These differences could partly be attributed to
evaporation of low molecular weight compounds during sample prep-
aration and/or dissolution of short-chain n-alkanes and PAC compounds
during the rising step of the preparation of the test systems (Table S5,
SI). The oil compound concentrations in the clay beads and Fluortex
adsorbents without oil (blanks) represented <0.1 % of the concentra-
tions measured in the oil-coated systems throughout the experiments
(not shown) and matrix background could therefore be ignored.

The biomarker 30ab hopane is reported to be persistent to photo-
oxidation and biodegradation (Garrett et al., 1998; Prince et al., 1994),
and depletion of this compound in the test systems (Fig. S5, SI) was
considered to be the result of detachment of bulk oil from the adsor-
bents. As shown (Fig. S5), losses of 30ab hopane from the systems were
recorded, particularly from the clay beads, which showed faster deple-
tion of the biomarker than from the Fluortex adsorbent systems.

The loss of oil compounds from Fluortex adsorbents and the clay
beads are shown in Fig. 1 as half-lives determined from first-order rate
coefficients of n-alkanes and PACs after normalization against 30ab
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hopane. Tabulated data of target analyte concentrations and rate data
are shown in Tables S6 and S7, SI, respectively. Comparison of half-lives
of n-alkanes and PACs with half-lives <200 days by pairwise t-tests
showed that results for uncovered and covered Fluortex adsorbent sys-
tems did not show significant differences (p < 0.05) indicating that
photooxidation didn’t contribute significantly to the removal of oil
compounds, while n-alkane and PAC half-lives differed significantly
between the clay bead system and each of the Fluortex systems.

The longer half-lives of both n-alkanes and PACs in the clay bead
than the Fluortex adsorbent systems is most likely caused by reduced
accessibility of the oil in the porous clay bead system. A 1-year field
study of losses of bitumen (dilbit) compounds coated to clay beads in
microcosms was performed at two sites along the coast of British
Columbia in Canada, with SW temperatures from 2 to 14 °C and a SW
salinity >32 PSU during the incubation period (Schreiber et al., 2021).
Depending on the type of dilbit and locality, nC17/pristane ratios of
dilbit coated to clay beads were depleted by approximately 38-43 %
after 100 days, while half-lives of nC10-nC30 alkanes, naphthalenes and
3- to 6-ring PACs were estimated to be 57-69 days, 53-87 days, and
89->400days, respectively. The reported loss mechanisms of dilbit from
the beads were reported to include bulk desorption, dissolution of
components into the surrounding SW, and microbial biodegradation
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Fig. 1. Half-lives of measured n-alkanes (A) and PACs (B) in Fluortex (uncovered and covered) and clay bead systems. The half-lives were determined by non-linear
regression analysis. The PAC groups included non-alkylated and alkylated naphthalenes (N to C4—N), fluorenes (F to C3—F), phenanthrenes/anthracenes (Ph to C4-
Ph/Ant), dibenzothiophenes (DBT to C4-DBT), fluoranthenes/pyrenes (F1/Py to C3-F1/Py), chrysenes (Chr to C4-Chr) and benzo(a)pyrene (BaPy). Compounds with
half-lives longer than 200 days are marked. For explanations of PAC compounds, see Table S1. Half-lives of several compounds in the clay bead system could not be
determined within the deployment period (see Table S7C), and results for these are not shown.
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(Schreiber et al., 2021). The clay bead system may therefore require
longer incubation periods than the 2 months used in our study to
determine biodegradation of most oil compounds. The porous structure
of the clay beads may also have impacts on dissolution, as shown by the
naphthalene and fluoranthene half-lives of >40 days. Alternatively, the
porous clay beads in the microcosm system may be replaced by river
rocks (Greer et al., 2021) to avoid accumulation of the oil inside the clay
beads and enlarge the bioavailable fraction of the oil.

Depletion of n-alkanes and PACs from the Fluortex adsorbents coated
with a marine gas oil, a Troll naphthenic crude oil, and a IFO180 fuel
was performed at a location along the southwest coast of Greenland
during a summer with a 112 days long incubation period, with SW
temperatures decreasing from 5 °C to 10 °C during the first 2.5 months,
to 2.5 °C during the last months (Vergeynst et al., 2019b). Depletion of
n-alkanes and PACs were faster with the low to intermediate viscosity
marine gas and Troll crude oils than with the high-viscosity IFO180 fuel.
While n-alkane losses from the marine gas and Troll crude oils coated to
adsorbents were reported to occur mainly between 24 and 112 days of
incubation, nearly complete depletion of water-soluble PACs (2- to 3-
ring PACs with few alkyl substitutions) was measured after 24 days.
Less water-soluble PACs with more alkyl substitutions and with >3 ar-
omatic rings showed substantial to nearly complete depletion between
24 and 112 days of incubation (Vergeynst et al., 2019b). While n-alkane
depletion of the Statfjord oil was faster in our study than depletion of the
Troll crude oil in the Greenland study, the depletion of PACs from the
crude oils in our study and the Greenland study were rather similar
(Fig. 1). The Fluortex adsorbent systems showed longer, but still com-
parable half-lives (t50) of n-alkanes to previous studies with small-
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droplet dispersions (10 pm droplet sizes) of the Statfjord oil and Statf-
jord oil coated to Fluortex adsorbents in SW at 5 °C (Brakstad et al.,
2018b; Lofthus et al., 2018), while the clay bead system showed
considerably longer n-alkane half-lives. However, depletions of the
majority of 3-ring and 4- to 5-ring PACs were slower in both Fluortex
adsorbent systems than in small droplet dispersions from our previous
laboratory studies (Brakstad et al., 2018b). Half-lives obtained in the
laboratory experiments performed by Brakstad et al. (2018b) and Lof-
thus et al. (2018) and in the field-experiments performed in this study
are listed in Table S8 (SI).

3.3. Biodegradation

Several diagnostic ratios have been used to study oil weathering
properties after oil spills, including biodegradation, after oil spills
(Douglas et al., 1996; Filewood et al., 2022; Wang et al., 1998). Common
diagnostic ratios as indicators of biodegradation of oil compounds have
included normalization against the isoprenoids pristane and phytane
and the triterpene 30ab hopane, nC17/pristane and nC18/Phytane
(Douglas et al., 1996; Garrett et al., 1998; Miget et al., 1969; Prince
et al., 1994). Since the n-alkanes determined in this study (nC13-nC36),
the isoprenoids phytane and pristane, and 30ab hopane are poorly to
negligibly soluble in water, with high octanol-water partition co-
efficients (logP >7.00) according to their Materials Safety and Data
Sheets, dissolution from the hydrophobic adsorbents should be low or
negligible. Depletion of n-alkanes normalized against the isoprenoids
and 30ab hopane should therefore be considered as the result of
biodegradation. Faster depletion of n-alkanes in the Fluortex than the
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Fig. 2. Ratios between the nC18 and the isoprenoid phytane (A), nC18 and 30ab hopane (B), C4-naphthalene (C4—N) and C3-fluorene (C3-F; C), and between C2-

phenanthrene (C2—P) and C2-dibenbenzothiophene (C2-DBT; D).
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clay-bead system was confirmed by determination of the ratios between
nC18/phytane and nC18/30ab hopane (Fig. 2A and B). The ratios of
nC18 to phytane and 30ab hopane were reduced by 71-81 % and >99 %
after 13 and 31 days, respectively, in the Fluortex adsorbent systems
(Fig. 2A and B). Although n-alkane normalizations with phytane and
30ab hopane were comparable, isoprenoids like phytane are more sus-
ceptible to biodegradation than the triterpene 30ab hopane (Garrett
etal., 1998; Prince et al., 1994). This was shown also in the current study
when the ratios between phytane and 30ab hopane were compared,
resulting in faster phytane than 30ab hopane depletion in the Fluortex
adsorbent experiment (Fig. S6, SI). However, the ratios were less
reduced in the clay bead experiment, in line with the low n-alkane
biodegradation in this system (Figs. 1A and 2A and B). Since both n-
alkanes and 30ab hopane have high logP values and are immiscible in
SW, normalization of n-alkanes against 30ab hopane provides a useful
addition to determine biodegradation in immobilized oil in submerged
systems.

Determination of PAC biodegradation in immobilized oil is more
challenging than determining the n-alkane degradation. While 4- to 5-
ring PACs have high logP values (logP >5.00; Table S9, SI), the deple-
tion of the 2- to 3-ring PACs from immobilized oils in the adsorbent
systems may be the result of both dissolution and biodegradation.
Several diagnostic ratios have been proposed to determine PAC
biodegradation after oil spills, including ratios between alkyl-
substituted phenanthrenes and dibenzothiophenes (Douglas et al.,
1996), and between isomers with different degradation potentials, like
2-methylphenanthrene and 1-methylphenanthrene (Christensen and
Larsen, 1993). We determined the ratios between 2- and 3-ring PACs
with comparable logP values and water solubilities (Table S9, SI). Ratios
between C4-naphthalene and C3-fluorene and between C2-
phenanthrene and C2-dibenzothiophene were selected for 2-ring and
3-ring PACs, respectively. The results in Fig. 2C and D showed that both
C4-napthtalene and C2-phenanthrene were depleted faster than C3-
fluorene and C2-dibenzothiophene, respectively. This is in agreement
with results from laboratory experiments in cold or temperate SW,
although both C3-fluorene and C2-dibenzothiophene are biodegraded in
SW (Brakstad et al., 2018a; McFarlin et al., 2014; Prince et al., 2013).
Biodegradation of C4-naphthalene and C2-phenanthrene may therefore
be underestimated in this study. The depletion was also faster in the
Fluortex than the clay bead adsorbent systems, in agreement with the
results for n-alkanes.

3.4. Other depletion processes

3.4.1. Dissolution

Losses of 0il compounds on the Fluortex adsorbents have been shown
to be caused by dissolution or biodegradation in laboratory studies in the
dark (Brakstad et al., 2004; Brakstad and Bonaunet, 2006). The results
from these studies have shown that 2-ring aromatic hydrocarbons like
naphthalenes were primarily lost by dissolution, and with calculated
dissolution coefficients (kgjss) from 1.17 to 0.21, 3- ring PACs were lost
partly by dissolution (kgiss of 0.13) and partly by biodegradation, while
4-ring PACs and n-alkanes were exclusively lost by biodegradation (kg;ss
< 0.001). The separation between dissolution and biodegradation could
therefore be related to the water solubilities and octanol-water partition
coefficient (logP) of the oil compounds.

Since dissolution of oil compounds included in this study from
immobilized oil is mainly associated with 2- to 3-ring PACs (Brakstad
et al., 2004), due to their low logP and high water solubilities (Table S9,
SI), an accompanying laboratory experiment with Fluortex adsorbents in
sterilized SW at 4 °C and 10 °C was conducted. Dissolution decreased by
increasing numbers of aromatic rings and increasing alkyl substitution,
as expected from logP values and water solubilities of the compounds
(Table S9, SI), with higher solubilities at 10 °C than at 4 °C (Fig. S7).
Naphthalene and Cl-naphthalenes were rapidly dissolved, showing
higher amounts in the SW after 1 day of incubation than in the residues
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on the adsorbents, and with subsequent reductions in the SW, probably
caused by evaporation. All other PAC components showed increased
amounts in the SW over time, with higher net dissolution than evapo-
ration over time (Fig. S7). Except for naphthalene and Cl-naphthalene,
dissolution was <10 % of residual amounts on the adsorbents for the
PACs after 5 days of incubation. However, higher dissolution in the open
system may be expected, where no equilibrium between oil and solute
phases will occur in the open system (Brakstad et al., 2004). Dissolution
should therefore be considered as an important depletion process from
the Fluortex adsorbents, especially for naphthalenes and other 2- to 3-
ring PACs.

3.4.2. Photooxidation

The Fluortex adsorbent systems included covered and uncovered
frames, resulting in different diurnal light conditions (Fig. S4B and C, SI)
and depletion of oil compounds associated with potential photooxida-
tion was therefore compared in the uncovered and covered frames.
Photooxidation of oil compounds is mainly associated with alkyl
substituted PACs (Dutta and Harayama, 2000; Garrett et al., 1998;
Prince et al., 2003) and has also been reported to occur through 50 cm
ice coverage in the Arctic (Vergeynst et al., 2019a). In our study, we
compared the half-lives of the PACs in uncovered and covered Fluortex
adsorbent systems (Fig. 3). Shorter half-lives were determined for PACs
with increased alkyl substitution in the uncovered frames when
compared to covered systems, particularly for the 3- to 4-ring PACs
phenanthrenes/anthracenes, dibenzothiophenes, fluoranthenes/pyr-
enes and chrysenes (Fig. 3), displaying a suspected pattern as it has been
shown previously that the effect of photooxidation increases with the
degree of alkylation (Garrett et al., 1998). Photooxidation may further
result in degradation products susceptible to biodegradation by forming
degradation products with increased bioavailability compared to their
parent compounds (Dutta and Harayama, 2000; Maki et al., 2001).

3.5. Bacterial community successions

The DNA contents on the Fluortex adsorbents and clay beads with
immobilized oil as well as on the control samples increased by time
(Table S10, SI), indicating the continuous growth of a biofilm regardless
of the presence of oil. However, the controls without oil showed
significantly lower DNA contents than the samples with oil (p < 0.5; t-
tests).

3.5.1. Alpha diversity of bacterial communities

Alpha diversities, which measure diversities of the community
within a sample were determined as ASV richness and Shannon di-
versities of each sample. ASV richness and Shannon diversities did not
display major changes between T1 and T4 samples from Fluortex ad-
sorbents with oil, differently from the uncoated control samples which
seemed to increase in richness and Shannon diversity at T3 and T4,
particularly in the covered systems (Fig. S8, SI). The ASV richness and
Shannon diversities for the communities sampled from the clay bead
system was overall higher for oil-coated than uncoated beads, increasing
over time from T1 to T3 samples (Fig. S9, SI). Neither the ASV richness
nor the Shannon diversity displayed noteworthy differences between the
uncovered and covered Fluortex system, indicating that light exposure
had no major influence on any of these factors. However, Shannon di-
versity was higher for the uncoated Fluortex fabrics than for the un-
coated clay beads. The ASV richness did not differ remarkably between
the covered and uncovered version of the Fluortex system, with the
uncoated fabrics on T2 being the only exception, indicating no influence
of light exposure on the number of ASVs. A comparison between the
Fluortex and clay bead systems revealed a similar Shannon diversity for
the oil-coated samples, but higher values for the uncoated samples.
Opposite to this, the ASV richness of the oil-coated clay beads was
slightly higher in the later stages of the experiment compared to the
Fluortex fabrics, while the uncoated Fluortex fabrics displayed a higher
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Fig. 3. Ratios between half-lives (t50) of PACs in uncovered and covered Fluortex adsorbent systems. The PAC groups included non-alkylated and alkylated
naphthalenes (N to C4—N), fluorenes (F to C3—F), phenanthrenes/anthracenes (Ph to C4-Ph/Ant), dibenzothiophenes (DBT to C4-DBT), fluoranthenes/pyrenes (Fl/
Py to C3-F1/Py), chrysenes (Chr to C4-Chr) and benzo(a)pyrene (BaPy). The half-lives shown in Table S7A and Table S7B are used for the determinations.

ASV richness compared to the clay beads throughout the whole exper-
iment. These results indicate a slower growth of bacteria on the clay
beads compared to the Fluortex fabrics, possibly based on a reduced
water flow through the system. Additionally, the differences in Shannon
diversity between the oil-coated and uncoated samples indicate that the
presence of oil likely acted as a limiting factor for the diversification of
the bacterial community.

3.5.2. Bacterial community successions and compositions

The beta-diversity, measuring the diversity in communities between
samples, was analysed by PCoA based on Bray-Curtis similarities. This
analysis revealed that the temporal successions of the microbial com-
munities differed between the oil-coated samples of Fluortex adsorbents
and clay beads and the communities associated with the uncoated

0.20

0.159

samples (Fig. 4), indicating a clear difference in community composition
and succession depending on the presence or absence of oil. The oil-
coated samples from T1 and T2 (7 and 14 days of incubation) of both
the Fluortex and clay bead systems clustered together, displaying just
minor differences between the communities in the beginning of the
experiment (Fig. 4; e and f). However, communities associated with the
oil-coated samples from both systems displayed a large shift from T2 to
T3. From T3 the communities associated with the oil-coated samples
showed clear differences between the sampling time points as well as
between the Fluortex (Fig. 4; i and j) and clay beads systems (Fig. 4; g
and h). While the communities displayed a clear separation between the
systems and sampling time points, the communities associated with the
Fluortex system displayed a stronger separation from the communities
at T1 and T2 than the communities associated with the clay beads,
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Fig. 4. PCoA of the bacterial communities associated with the uncoated and oil-coated replicates of the Fluortex adsorbent and clay bead systems based on Bray-
Curtis similarity. Bacterial communities from the oil-coated samples are shown in light green (Fluortex uncovered), dark green (Fluortex covered) and blue (clay
beads) and communities from the uncoated samples are shown in pink (Fluortex uncovered), purple (Fluortex covered) and coral (clay beads). The symbols represent
the sampling time points: X — TO (0 days); Square — T1 (7 days); Triangle — T2 (13/14 days); Diamond - T3 (28/31 days); Circle — T4 (55/56 days). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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indicating a faster development of those communities. However, the
communities associated with the oil-coated Fluortex adsorbents from
the covered and uncovered systems did not show a clear separation
throughout the experiment. The large shift in the Fluortex systems from
T1/T2 to T3 was based on the succession from Oceanospirillales to Rhodo-
and Flavobacteriales (discussed below). The bacterial communities
associated with the uncoated Fluortex fabrics and clay beads displayed
clear differences from the communities associated with the oil coated
samples and showed little differences between the clay beads from T1 to
T4 and the Fluortex fabrics from T1 and T2 (Fig. 4; b). However, the
communities associated with the uncoated Fluortex fabrics from T3 and
T4 (Fig. 4; d) displayed a clear difference from the rest of the uncoated
samples. Additionally, the communities associated with the uncoated
Fluortex adsorbents from T1 (Fig. 4; c) displayed a higher similarity to
the oil-coated samples than the communities of the other uncoated
samples. The higher similarity most likely originated from the proximity
of the samples within the same frame. Reduced water flow through the
covered frames potentially led to the contamination of the uncoated
adsorbents with dissolved oil compounds and influenced the microbial
community on the uncoated samples, thus resulting in a higher resem-
blance of the uncoated and oil-coated samples in the beginning of the
experiment.

A PERMANOVA analysis of the ASV table revealed that, despite their
often close proximity in the PCoA, the communities associated to the oil-
coated samples were significantly different (p < 0.05) between the
systems, the covered and uncovered Fluortex fabrics and between the
different sampling time points, with a few exceptions (Table S11, SI).
Additionally, all communities associated with the oil coated samples
were significantly different to the communities of the uncoated samples,
regardless of the system. Opposite to this, the communities associated
with the uncoated samples did not display significant differences (p >
0.05) between each other but to all the oil coated samples, with the TO
samples being the only exception, most likely based on the low number
of ASVs.

The bacterial community compositions at order level showed dif-
ferences between uncoated and oil-coated Fluortex adsorbent and clay
bead systems (Fig. 5). In the uncoated Fluortex and clay bead systems,
high taxonomical variations were shown, and with less temporal suc-
cessions than in the oil-coated systems, but with some differences be-
tween the Fluortex adsorbent and clay bead systems. While
Flavobacteriales were the order with the highest relative abundance
(7-60 %) on the uncoated Fluortex adsorbents (Fig. 5A & B), the orders
with highest relative abundances on the uncoated clay beads were
Rhodobacteriales and Alteromonadales (30 and 32 % respectively, for the
T2 samples; Fig. 5C). The samples from the oil-coated Fluortex and clay
beads were all predominated by Oceanospirillales early in the incubation
period, with successional changes to predominances of Rhodobacterales,
Flavobacteriales, Campylobacterales, Alteromonadales and Rhizobiales later
in the experiment. In the Fluortex adsorbent system, Campylobacterales
and Alteromonadales occurred with 1-11 % relative abundances in T2
samples, representing the two most abundant taxa besides the Ocean-
ospirillaes on T2. On T3 Rhodobacterales and Flavobacteriales were the
most abundant orders with 13-48 % relative abundances (Fig. 5A & B).
While Rhodobacterales and Flavobacteriales remained the most abundant
identifiable orders on T4, their relative abundance decreased to 4-13 %
and most of the community consisted of bacteria which could not be
classified on order level. A similar succession of Oceanonospirilales,
Rhodobacteriales and Flavobacteriales was observed in an in situ field
study with Fluortex adsorbents in Greenland (Vergeynst et al., 2019a).
In the clay bead microcosm, after the initial dominance of Ocean-
ospirillales, Rhodobacterales was predominant in T3 and T4 samples
(24-44 %), while the relative abundances of Alteromonadales, Campy-
lobacterales, Flavobacteriales and Rhizobiales increased during the incu-
bation period, reaching 20 % relative abundances (Fig. 5C). Contrary to
the Fluortex systems, Oceanospirillales remained as one of the dominant
orders throughout the experiment. This was most likely based on the
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higher half-lives of n-alkanes in this system, delaying the succession of
the microbial community. While the communities associated with the
uncoated clay bead and Fluortex samples from T3 and T4 (32-50 %) and
particularly the ones associated with the oil-coated Fluortex samples on
T4 (63-83 %) became dominated by ASVs which could not be classified
at order level (Fig. 5A & B), this trend could not be observed for the
communities associated with the oil-coated clay beads (Fig. 5C). The
successional pattern described in this study has also been described after
oil spills (Rezaei Somee et al., 2021; Valentine et al., 2012) and is based
on the progressive depletion of alkanes and the subsequent emergencies
associated with degradation of aromatic compounds and hydrocarbon
degradation products (Brakstad et al., 2015b; Dubinsky et al., 2013).

Closer examinations of the genera within the predominant bacterial
orders Oceanospirillales, Rhodobacteriales and Alteromonadales in the
Fluortex adsorbent and clay bead systems are shown in Figs. S10-S12 in
SI. The uncoated samples were generally associated with higher relative
abundances of unassigned genera within these orders than the oil-coated
samples. Oceanospirillales were predominated by Oleispira (Fig. S10). In
the Fluortex system, the predominance of Oleispira mainly occurred
early in the incubation (T1 and T2) in samples from both covered and
uncovered frames, and this genus was successionally replaced by Olei-
bacter, Alcanivorax and Neptunomonas, reaching abundances up to 52 %,
79 % and 35 % of the order at T3 or T4, respectively. While Oleispira
showed high abundances in samples from both uncoated and coated
Fluortex samples, the other genera seemed to have preferences for oil-
coated samples. These data therefore indicate that members of Oleis-
pira easily attach to hydrophobic surfaces, either directly, or by
detachment and migration from oil-coated adsorbents. Oceanospirillales
in the clay bead samples were also predominated by Oleispira (34-83 %),
but with increasing abundances of mainly Oleibacter (18-29 % at T3).
However, the successional decrease of Oleispira occurred more slowly in
the clay bead than in the Fluortex adsorbent system, in agreement with
the slower n-alkane depletion in the clay beads. In addition, relative
increases of unassigned Oceanospirillales ASVs at genus level were
measured. All the genera Oleispira, Oleibacter, Alcanivorax and Neptu-
nomomas include obligate marine hydrocarbonoclastic taxa associated
with alkane or aromatic hydrocarbon degradation occurring early dur-
ing oil biodegradation (Coulon et al., 2007; Golyshin et al., 2010; Har-
ayama et al., 2004; Hedlund et al., 1999; Teramoto et al., 2011; Yakimov
et al., 2007). Oleispira include typically psychrophilic members (Yaki-
mov et al., 2003), and a recent study of crude oil biodegradation showed
an early predominance of Oleispira associated with n-alkane degradation
in cold SW (0-10 °C), although members of the taxa Oleibacter and
Alcanivorax emerged with high abundances later in the n-alkane
degradation period at these temperatures (Lofthus et al., 2018). Neptu-
nomonas has been associated with degradation of small aromatic hy-
drocarbons like naphthalenes (Hedlund et al., 1999). Rhodobacterales
mainly consisted of ASVs which could not be assigned at the order level,
irrespective of the treatment, particularly in the uncoated samples
(Fig. S11). The oil-coated samples of the Fluortex systems became pre-
dominated by Pseudorhodobacter at T2 to T4 (up to 50 % of the order)
and Pacifibacter (26-84 % of the order), while the uncoated fabrics
showed higher abundances of Sulfitobacter (maximum of 54 %). Taxa of
both Pseudorhodobacter and Pacifibacter have been enriched in the
presence of crude oil or oil residues (Hedaoo et al., 2018; Pyke, 2022;
Tonteri et al., 2023). Alteromonadales (Fig. S12) was predominated by
members of Colwellia in T2 to T4 samples in both Fluortex (up to 80 % of
the order) and clay bead samples (26-84 % of the order). Members of
Alteromonadales are well known oil degraders and include taxa encoding
enzymes for degrading both branched alkanes and PCAs (Hu et al., 2017;
Rezaei Somee et al., 2021), and the predominant genus Colwellia which
is associated with cold SW and sea ice (Brakstad et al., 2008; Yakimov
et al., 2004) is well known for oil-degrading bacteria in cold marine
environments (Garneau et al., 2016; Redmond and Valentine, 2012;
Yakimov et al., 2004).
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3.6. Relationships between oil depletion and microbial community
successions

The relationships between oil compound biodegradation and abun-
dances of microbial genera associated with oil biodegradation are shown
in Fig. 6. The rapid emergence of Oleispira on the oil-coated Fluortex
adsorbents, followed by increased abundances of Oleibacter (Fig. 6A &
E), coincided well with degradation of n-alkanes and naphthalenes
(Fig. 6D & H). However, since the content of immobilized n-alkanes in
the Statfjord oil was much higher than the PAC content at the start of the
experiments (Table S5, SI), we expect that the Oceanospirillales genera
were mainly associated with alkane degradation, as previously reported
(Golyshin et al., 2010; Lofthus et al., 2018; Yakimov et al., 2007, 2003).
Nevertheless, Colwellia also showed high abundances early in the in-
cubations and could be a relevant contributor to biodegradation of 2- to
3-ring PACs in cold SW (Gutierrez et al., 2013). While the abundances of
Oleisipira, Oleibacter and Colwellia declined, increased abundances of the
Rhodobacterales genera Pseudorhodobacter and Pacifibacter occurred on
the oil-coated Fluortex adsorbents (Fig. 6B & F). Although associated
with oil pollution (Hedaoo et al., 2018; Pyke, 2022; Tonteri et al., 2023),
no specific hydrocarbon degradation pathways by these genera have
been reported to our knowledge, assuming that these genera were
mainly heterotrophic bacteria utilizing hydrocarbon degradation
products.

The temporal successions of the abundant genera of Oceanospirillales,
Rhodobacterales and Alteromonadales in the clay bead system were
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mainly similar to the successions on the Fluortex adsorbents, despite the
slower n-alkane and PAC degradation in the clay bead system (Fig. 6L).
High abundances of Oleispira were measured early in the incubation
period, despite poor n-alkane biodegradation (Fig. 6I). This probably
reflects that these alkane-degrading bacteria rapidly utilized alkanes at
the oil-water interphases, although most of the alkanes did not become
bioavailable for the bacteria. Additionally, the higher relative abun-
dance of Colwellia in the clay bead system at a later time point than in the
Fluortex system might be explained by the slower removal of naphtha-
lenes and potentially monoaromatics whose degradation Colwellia has
previously been linked to (Gomes et al., 2022; Ribicic et al., 2018b).

In previous laboratory-based oil biodegradation studies with
temperate and cold SW from the Trondheimsfjord, high abundances of
the Thiotrichales genus Cycloclasticus have occurred (Brakstad et al.,
2018b, 2015b; Lofthus et al., 2018; Ribicic et al., 2018a), which is a
clear indication of degradation of mono- and polycyclic aromatic com-
pounds (Dubinsky et al., 2013; Dyksterhouse et al., 1995; Geiselbrecht
et al.,, 1998; Yakimov et al., 2007). In this study, only low relative
abundances (<2 %) of Cycloclasticus were observed late in the biodeg-
radation periods (T3 and T4) in Fluortex adsorbent and clay bead sys-
tems (not shown).

4. Conclusions

In this study, two established field systems for investigating in situ oil
biodegradation were compared in cold SW through deployment in a
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sheltered Norwegian harbour, measuring oil compound depletion and
microbial communities associated with the oil. While both systems have
been used separately in previous studies, a comparison of the systems
deployed under similar conditions in the same place has not yet been
conducted. By following this novel approach, we were able to elucidate
possible differences in the bacterial community as well as differences in
oil depletion rates to the characteristics of the systems. Both systems
showed comparable results with respect to the dominant members of the
bacterial community. The bacterial community succession showed
similarities between the systems, even though the communities associ-
ated to the clay bead system displayed a slower development, most
likely based on the slower depletion of the oil compounds. Depletion
processes, including biodegradation, occurred faster in the Fluortex than
the clay bead systems, reflecting higher bioavailability of the measured
oil compounds in the Fluortex than the clay bead systems. In our view,
both systems are well suited for studies of microbial communities
associated with oil pollution. Based on our results, they provide the
possibility to study different oil spill scenarios. The clay bead system
may represent the fate of oil slicks or water-in-oil (w/0) emulsions,
while the Fluortex system is possibly more suitable to study degradation
processes of oil-in-water (o/w) dispersions of oil in the water column.
Despite that the experiments were conducted during a Norwegian winter
with short daylight periods, photooxidation could be estimated for alkyl-
substituted PACs, but not on the overall depletion of the oil, by com-
parison of results between the uncovered and covered Fluortex system.
Both systems (Fluortex and clay beads) pose challenges with differen-
tiating between biodegradation and dissolution, and the establishment
and further validation of diagnostic ratios for water-soluble compounds
like 2- to 3-ring PACs may provide a promising strategy to differentiate
between different removal processes. Oil biodegradation in the SW
column is associated with oil dispersions, and the field systems inves-
tigated here do not necessarily simulate this situation. However, field
systems with dispersed oil may be challenging to develop and systems
with immobilized oil can therefore provide a valuable addition to lab-
oratory experiments. Therefore, these field systems are important sup-
plements to laboratory studies, since biodegradation/depletion
processes and microbial successions can be compared between different
water localities, and between spatial and temporal conditions in a
location. Data from these field systems may become important for sup-
plementing or replacing existing laboratory data used in oil spill models
like OSCAR (Reed et al., 2001), and further studies from different lo-
cations are underway to investigate this. The possible use in oil spill
models of the data acquired in this study will be subject to a future
publication. As the data obtained using the clay bead system suggest that
longer experimental periods should be used in future experiments, the
focus of that publication will be set to the n-alkane and PAC data of the
uncovered and covered Fluortex systems. By “bringing the test system to
the water”, instead of “bringing the water to the test system”, data from
laboratory and field systems can be compared for determinations of
biodegradation data under different environmental conditions.
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