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ABSTRACT

Chemical herders and in-situ burning (ISB) are designed to mitigate the effects that oil spills may have on the
high latitude marine environment. Little information exists on the water solubilization of petroleum residues
stemming from chemically herded ISB and whether these bioavailable compounds have measurable impacts on
marine biota. In this experiment, we investigated the effects of Siltech OP40 and crude oil ISB on a) petroleum-
derived dissolved organic matter (DOMpyc) composition and b) seawater microbial community diversity over 28
days at 4 °C in aquarium-scale mesocosms. Ultra-high resolution mass spectrometry and fluorescence spectros-
copy revealed increases in aromaticity over time, with ISB and ISB+OP40 samples having higher % aromatic
classes in the initial incubation periods. ISB+OP40 contained a nearly 12-fold increase in the number of DOMy¢
formulae relative to those before ISB. 16S rRNA gene sequencing identified differences in microbial alpha di-
versity between seawater, ISB, OP40, and ISB-+OP40. Microbial betadiversity shifts were observed that corre-
lated strongly with aromatic/condensed relative abundance and incubation time. Proteobacteria, specifically
from the genera Marinomonas and Perlucidibaca experienced —22 and +24 logy-fold changes in ISB+OP40 vs.
seawater, respectively. These findings provide an important opportunity to advance our understanding of

chemical herders and ISB in the high latitude marine environment.

1. Introduction

Oil and gas drilling has occurred in Alaska since the 1950s, with
additional lease sales planned for Cook Inlet and the Beaufort Sea. As
regions in the Arctic become ice-free, offshore drilling in that area is
expected to increase. As petroleum development increases so does the
risk of another major oil spill. The common response to an accidental
maritime oil spill typically involves mechanical (boom and skimmer)
and/or chemical (dispersants or herders) tools; however, the "appro-
priate response" arsenal is one that is dynamically employed and de-
pends on a variety of potential recovery tools specifically targeted to the
environmental conditions, hydrocarbon characteristics, and relative
toxicity of these techniques towards sensitive aquatic organisms. In a
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remote Arctic scenario where response times can be long and mechan-
ical tools may not be efficacious in ice-associated areas, in-situ burning
(ISB) is a popular method to remove oil mass (Fritt-Rasmussen et al.,
2015). Burn efficiency can be optimized with use of surface collection
agents, “herders” (Buist et al., 2011).

Chemical herders are surfactants applied around the perimeter of an
oil spill. The herder forms a monolayer on the surface of the water,
forcing the oil to concentrate into a thicker slick that can be ignited
(Buist et al., 2018). Siltech OP-40 (CAS number 67674-67-3) is a popular
herder formulation included in the U.S. EPA National Contingency Plan
Product Schedule that is approved for use in cold regions (USEPA,
2021). The formulation is a renamed version of Silsurf A004-UP, a
silicone-based polyether formulation (80% w/w) (Fingas, 2013). This
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formulation is effective in herding oil for combustion in both ice-free
and ice-associated environments (Buist et al., 2011, 2018, 2006, 2008,
2010b, 2010a; Buist and Morrison, 2005; Rojas-Alva et al., 2020).

Once petroleum enters the marine aquatic environment, biotic and
abiotic degradation processes can transform its chemical and physical
properties. Temporal weathering processes can alter the composition of
petroleum making it more complex (Aeppli et al., 2012, 2013; McKenna
et al.,, 2013). Changes in solubility that coincide with these trans-
formations as petroleum-derived residues weather, can result in the
production of petroleum-derived dissolved organic matter (DOMyc).
DOMyc encompasses the entire range of bioavailable compounds,
including both parent and “dead-end” transformation products (Essaid
et al., 2011; Bekins et al., 2016; Zito et al., 2019b). Due to dissolution,
DOMy¢ may be distributed throughout aquatic environments once it is
mobilized because of dissolution. Determining the chemical character of
these highly bioavailable compounds is critical as they are responsible
for exposure to marine aquatic organisms that may not come in direct
contact with burn residue. The ability to profile DOMy is an emerging
area of study and is viewed as highly relevant to aquatic toxicity (Fingas,
2017). Differences in chemical composition of petroleum transformation
products have been shown to inhibit bioluminescence of microtox algae
(Zito et al., 2019b; Podgorski et al., 2018; McGuire et al., 2018; King
et al., 2014); however, a major research gap that currently exists is in
linking chemical character of ISB-derived DOMjy to toxicity effects on
exposed organisms collected from the local environment. To date, little
information exists with respect to DOMy resulting from herded ISB oil.
The formation of partially oxidized, water-soluble compounds from
petroleum with relatively high O/C is consistent with previous reports
on in-situ burning and photooxidation of Macondo crude oil associated
with the Deepwater Horizon blowout (Zito et al., 2019b, 2020; Jaggi
et al., 2019; Bianchi et al., 2014; Ray et al., 2014).

0Oil degrading microbes are active in most, if not all arctic and sub-
arctic marine conditions that may be encountered in Alaska waters,
including marine sediments (Dong et al., 2015; Wang et al., 2008),
ocean water (McFarlin et al., 2014; Prince et al., 2013; Gallego et al.,
2014), and pack ice (Brakstad et al., 2008; Gerdes et al., 2005). Often, a
few characteristic genera of oil degraders are common (e.g., Cyclo-
clasticus, Alkanivorax), but the suite of microbes, particularly the con-
sortia required to decompose oil constituents beyond their primary
metabolites (Bao et al., 2012), remains a major research topic today.
Microbial diversity has been assessed in oil-exposed seawater (Lamen-
della et al., 2014; Tan et al., 2015; King et al., 2015; Bruckberger et al.,
2020) and compared between dispersed and non-dispersed oiled
seawater (Kleindienst et al., 2015; Bera et al., 2020); however no studies
to-date have investigated microbial community diversity effects be-
tween oiled seawater and ISB oiled seawater. None have investigated the
factorial effects of chemical herder addition (OP-40) or under the
cold-region conditions simulating the Alaska environment.

In this study, we assessed both DOMyc composition and seawater
microbial diversity in aquarium-scale mesocosms that contained a
factorial of seawater, oil, OP-40 and ISB treatments. Such information
on how chemical herder and in-situ burning affect the dissolved com-
ponents of the marine environment, and thus exposure scenario to
aquatic life, is relevant for informing spill response contingency plans
and baseline monitoring programs. This information clarifies how each
of these factors affects DOMyc, what the dead-end weathered character
could be, and how these conditions may affect the health of aquatic
biota. This information is not well-established for Alaska and other cold-
region conditions, which can be a unique exposure/toxicity scenario
compared to temperate (Deepwater Horizon/Gulf of Mexico) climates. It
can also be useful for future integrations of DOMpyc character with
toxicity assessments for other higher trophic level cold-tolerant native
organisms. We hypothesized that ISB will remove most hydrocarbons
compared with no treatment, will result in a higher abundance of
condensed aromatic and aromatic/polyphenolic hydrocarbons
compared to no treatment, and the effects magnified in herder-amended
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treatments. Further, we hypothesized that microbial community di-
versity will differ between seawater controls, oil-only, and herded
burned treatments at later time points.

2. Experimental
2.1. Chemicals and supplies

Chemicals were purchased from Fisher Scientific and VWR Scientific
at ACS-grade or higher quality: acetone, 70% ethanol, hydrochloric acid,
methanol, hexanes, and dichloromethane. Alaska North Slope (ANS)
Crude Oil was provided gratis by Alyeska Pipeline Corporation from a
blended collection at the Valdez Marine Terminal on April 4th, 2018.
Siltech OP-40 herder formulation was provided by DESMI, inc. (Ches-
apeake, VA). TraceClean HDPE containers and Advantec GF filters (47
mm) were purchased from VWR Scientific. Aquaria (10 gallon) were
previously obtained from a local pet supply store. Galvanized pans were
acquired from Fastenal and storm collars from a local hardware store.
Glassware and filters were pre-combusted (500 °C > 4 h). All trace
analysis glassware and equipment were cleaned with sequential wash-
ings of hexane, methanol, acetone, and nanopure water. HDPE sample
collection carboys were soaked in 0.1 N HCl for 24 h and rinsed with DI
water. Aquaria, galvanized pans, and storm collars were cleaned with
Alconox and water, acetone, ethanol, and DI water rinse.

2.2. Seawater collection

Seawater was collected on April 9, 2018, near Whittier, Alaska from
a near-shore site of Passage Canal, Prince William Sound on the
incoming tide. Seawater hydrographic trends, for reference, are noted in
Campbell (2016), including broadly for the Prince William Sound region
of the Gulf of Alaska (Campbell, 2018). Collection was performed with a
battery-powered peristaltic pump into 10 L acid-rinsed HDPE con-
tainers. Course particulates and zooplankton were removed using an
HDPE funnel outfitted with a 200 ym mesh pre-filter. Upon collection,
seawater was immediately transported to the University of Alaska
Anchorage and stored at 4 °C for < 48 h prior to the start of the
experiment.

2.3. Mesocosm setup

Bench-scale mesocosms of herder applications and in-situ burning
were conducted similarly as described in Bullock et al. (2017). Briefly,
for each sample, seawater (~3 L) was poured into a galvanized metal
pan containing a centrally placed storm collar, simulating an oil release
ring, leaving ~1 cm of the ring exposed. Oil was dispensed into the
center of the release ring and the remaining seawater was added to bring
to a final volume of 5.5 L, with a surface area ~1297 cm?. Water flowing
over the release ring caused the oil to float to the top and spread out over
the surface, simulating a spill. Herder additions of 0.15 mL, consistent
with the recommended application rate of 50-150 mg/m? (Bullock
etal., 2017) were accomplished with a micropipette around the edges of
the simulated spill. The cohesive area of floating oil was ignited quickly
with a butane torch, and the fire was allowed to burn until
self-extinguishment. Immediately following, the entire contents of the
pan were transferred into aquaria, covered with aluminum foil, and
transported to the laboratory. To account for thermal degradation of
microbes that may have been caused by ISB, ensuring the native mi-
crobial community consortium was present by mimicking open-water
hydraulic flushing, each aquarium was brought to volume (19 L) with
additional seawater and recovered. The factorial design consisted of
seawater, seawater+-oil, seawater+oil+ISB, seawater+oil+OP-40, and
seawater+oil+OP-40+ISB. Each treatment group was created in tripli-
cate for a total of fifteen aquaria. All aquaria were incubated in a
controlled 4 °C room over 28 days.
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2.4. Sample collection

Water was removed at 0-, 4-, and 28-days post-application using a
dedicated, clean 1 L graduated cylinder for each aquarium, avoiding
positively buoyant residues where possible. At each time point, 120 mL
was collected into a TraceClean HDPE bottle for EEMs and FT-ICR MS,
900 mL into an autoclaved 1 L Nalgene bottle for DNA analysis, and 1 L
into a pre-cleaned 1 L borosilicate amber bottle for TPH analysis. This
resulted in a total withdrawal of 6.4 L per aquarium, or approximately
33% of the total water volume, over time. The 125 mL bottles were
frozen and mailed overnight to the University of New Orleans. The 1 L
Nalgene bottles were stored at —80 °C and the 1 L amber bottles were
placed in a refrigerator at 4 °C and extracted within 7 days of collection.

2.5. Total petroleum hydrocarbon analysis

Total petroleum hydrocarbons (TPH) of GC-amenable diesel range
organics were extracted according to California Department of Fish and
Game PET-PR-001 “TPH in water” (CDFG 2016). Briefly, collected water
(1 L) was transferred to a separatory funnel and extracted 2x with
dichloromethane (120 mL) for a total of 240 mL, with the organic phase
of each extraction drained through a bed of pre-baked and solvent rinsed
sodium sulfate (400 °C for 4 h) and collected into 250 mL TraceClean
amber vials. Extracts were stored at —20 °C. TPH Analysis was per-
formed using an Agilent 7890 A Gas Chromatograph Flame Ionization
Detector (GC-FID) equipped with a split/splitless injector (250 °C), a
flame ionization detector (350 °C), and an Agilent J&W HP-5MS capil-
lary column 30 m x 0.25 mm i.d. x 0.25 pm film thickness. Sample
volume of 1 uL was auto-injected with an oven temperature program set
to hold at 50 °C for 2 min then increase to 325 °C at a rate of 15 °C/min
then hold at 325 °C for 20 min, resulting in a total run time of 40.3 min.
Concentrations for individual alkanes C10-C36 were reported using in-
ternal standard ortho-terphenyl. Total hydrocarbon content was deter-
mined through summation of all peak areas, excluding the peak areas for
the solvent and internal standards. Analyte concentrations were deter-
mined relative to the internal standard concentration, using calibration
equations obtained from 5-point calibration curves created using serial
dilutions of Restek ASTM Method D2887 calibration standards. An
experimental blank (DCM), reference standard, and an untreated dilute
oil sample were included in all test batches. Short-chain (C10 - C18) and
long-chain (C20 - 36) alkanes removal percentages were calculated by:

% removal = (1 —C;/C,) x 100%

where C; is the sum of the analyte concentrations for the short- (or long-
chain) alkanes at each experimental time point for each treatment and
C, is the sum of the analyte concentrations for the short- (or long- chain)
alkanes for seawater with oil on day 0 (Olson et al., 2017; Lin and
Mendelssohn, 2009).

2.6. Dissolved organic carbon

Thawed water samples were filtered through pre-combusted
(450 °C > 4h) Advantec GF 0.3 um glass fiber-filter into a pre-
combusted (500 °C > 4 h) amber glass vial. The pH of each sample
was immediately adjusted with ultrahigh purity hydrochloric acid to pH
< 2 and samples stored in the dark at 4 °C until DOC analysis. Non-
purgeable dissolved organic carbon was measured by high tempera-
ture combustion with a Shimadzu TOC Vesn analyzer. The sample
concentrations were determined using a five-point calibration curve
between 0 and 50 ppm of potassium hydrogen phthalate (KHP). Blank
injections were run in between each sample injection, and bracketing
standards were run every 10 sample injections and at the end of the
analyses. To ensure the samples were within the calibration curve, the
auto dilution feature on the TOC analyzer was enabled. Acidified sam-
ples were sparged for 5.5 min at 75 mL/min with ultrapure air to
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remove inorganic carbon from samples prior to the measurement. Re-
ported DOC concentrations are the means of three to six replicate in-
jections of 50 uL for which the coefficient of variance was <2%.

2.7. Optical analyses

Filtrate splits from the DOC samples (described above) were adjusted
to pH 6-8 for absorbance and fluorescence measurements using an
Aqualog® fluorometer (Horiba Scientific, Kyoto, Japan) (Spencer et al.,
2007; Tfaily et al., 2011; Yan et al., 2013). Measurements were
completed in a 10 mm quartz cuvette at a constant temperature of 20 °C.
Absorbance and excitation scans were collected from 240 to 800 nm in
5nm increments with an integration period of 0.5s. Milli-Q water
(18.2 MQ cm™) was used to dilute each sample to an absorbance of 0.1
at 254 nm to reduce inner filter effects when necessary (Ohno, 2002;
Kowalczuk et al., 2003). Spectra were blank subtracted and corrected for
instrument bias in excitation and emission prior to correction for inner
filter effects. Fluorescence intensities were normalized to Raman scat-
tering units prior to Parallel Factor (PARAFAC) statistical analysis.
PARAFAC analysis of excitation-emission matrix spectra (EEMs) ob-
tained for the water samples was applied using drEEM toolbox v. 5.0
(tutorial and MatLab code) (Murphy et al., 2013). The spectral proper-
ties for each of the components were examined and then validated by
residual and split-half analysis (Harshman, 1984; Stedmon and Bro,
2008). The components from this PARAFAC model were matched to
others reported in the OpenFluor database that have a Tucker’s
congruence coefficient threshold of 0.95 for an identical match between
spectra (Murphy et al., 2014). The humification index (HIX) was
calculated by dividing the area under an emission range of 435—480 nm
by the sum of the peak area of 300—435 and 435—480 nm, with exci-
tation at 254 nm (Ohno et al., 2007). Freshness Index (FRESH) was
calculated at excitation 310 nm and the intensity of 380 nm divided by
the maximum emission between 420 and 435 nm (Parlanti et al., 2000;
Williams et al., 2010). Other optical proxies were calculated to assess
changes in aromaticity, size, and reactivity of DOMpy¢ (Ohno et al., 2007;
Hansen et al., 2016; Fellman et al., 2010; McKnight et al., 2001).

2.8. Fourier transform ion cyclotron mass spectrometry

Filtrate splits from DOC collections were pre-concentrated by the
solid—phase extraction technique described by Dittmar et al. (Dittmar
et al., 2008). Briefly, each sample was passed through a pre-combusted
0.3 um glass-fiber filter at pH 2 prior to loading onto a Bond Elut PPL
(Agilent Technologies) stationary phase cartridge. Each sample was
desalted with pH 2 Milli-Q water and eluted with methanol at a final
concentration of 50 pgC mLl. The extraction efficiency of
petroleum-derived DOM by PPL across a compositional gradient is re-
ported elsewhere by Zito et al. (Zito et al., 2019a). The extracts were
stored in the dark at 4 °C in pre-combusted glass vials until analysis by
negative-ion electrospray ionization (ESI) coupled with a custom-built
Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR
MS) equipped with a 21 tesla superconducting magnet at the National
High Magnetic Field Laboratory (NHMFL), Florida State University,
Tallahassee (Smith et al., 2018). Each mass spectrum was internally
calibrated with a “walking” calibration equation (Savory et al., 2011)
followed by molecular formula assignment with EnviroOrg software
provided by the NHMFL (Corilo, 2015; Savory et al., 2011). Molecular
formulae were classified based on stoichiometry into condensed aro-
matic (CA) (modified aromaticity index (Alnoq > 0.67), aromatic
(0.67 > Aljpog > 0.5), unsaturated, low oxygen (ULO) (Aloq < 0.5, H/C
< 1.5,0/C < 0.5), unsaturated, high oxygen (UHO) (Alhoq < 0.5, H/C <
1.5, 0/C > 0.5), and aliphatic (H/C > 1.5)(O’Donnell et al., 2016; Koch
and Dittmar, 2006; Santl-Temkiv et al., 2013). Abundance weighted
molecular weight (MWw), nominal oxidation state of carbon (NOSCw),
0/C, and H/Cw were also calculated from the MS data (Riedel et al.,
2012; Spencer et al., 2019; He et al., 2020). Reproducibility of data
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acquired by ESI ultrahigh resolution mass spectra for individual samples
on multiple different instrument platforms is reported in detail by
Hawkes et al. (2020) (Hawkes et al., 2020).

2.9. Microbial community analyses

2.9.1. DNA extraction and sequencing

Water reserved for Deoxyribonucleic acid (DNA) extraction
(900 mL) was filtered using 0.22 um PES membrane filters (47 mm
round; Millipore Express Plus membrane filters) and filters were stored
at —80 °C until extracted. DNA was extracted from filters as described by
Bostrom et al. (Bostrom et al., 2004). Briefly, half of a filter was cut into
small pieces and placed into a 15 mL conical tube with 2 mL lysis buffer
(400 mM NacCl, 750 mM sucrose, 20 mM EDTA, 50 mM Tris-HCI
adjusted to pH 8.3 with NaOH) and 200 pL lysozyme (1 mg/mL, final
concentration), incubated at 37 °C for 30 min, followed by an overnight
incubation at 55°C with 225 uL 10% SDS and 20 pL proteinase K
(100 mg/mL). The filtered samples were held at temperature in an
orbital shaker during incubation. DNA was precipitated with 0.1 vol of
3 M sodium acetate and 0.6 vol isopropanol for 1 h at —20 °C. Samples
were centrifuged at 13,000 g for 20 min and the supernatant was dis-
carded. The remaining pellet was washed with 80% and then 100%
ethanol, air dried and resuspended in Tris EDTA (TE; 1x). DNA con-
centration and purity were measured with a Qubit fluorometer (Invi-
trogen; Carlsbad, California, USA) and extractions were held at —80 °C
until amplified and sequenced.

The V4 region of the 16 S rRNA gene was PCR-amplified in triplicate
using universal bacterial primers 515F (5°-3
GTGCCAGCMGCCGCGGTAA  with Illumina adapter AATGA-
TACGGCGACCACCGAGATCTACAC, primer pad CGTGGTGGTC and
forward primer linker GT) (Caporaso et al., 2012) and 806R (5'—3’
CAAGCAGAAGACGGCATACGAGAT and 8-bp Golay barcode with illu-
mina adapter CAAGCAGAAGACGGCATACGAGAT, primer pad AGT-
CAGTCAG and primer linker CC) (Bolyen et al., 2019) according to the
Earth Microbiome Project protocol (available in the public domain at
www.earthmicrobiome.org) (Gilbert et al., 2010). Sample amplifica-
tions were pooled in triplicate and purified using AxyPrep Mag PCR
clean-up (Axygen; Union City, California, USA). Amplicons were com-
bined in equimolar amounts and final library concentration was deter-
mined using Kapa Library Quantification Kit (Roche Sequencing
Solutions Inc., Pleasanton, CA). At all PCR steps, amplification success
and purity were checked by gel electrophoresis. Paired-end sequences
(300 x 2 bp) were generated from barcoded amplicon products using
Mlumina MiSeq platform (MiSeq v2 Reagent Kit). All raw 16 S rRNA
gene sequences have been submitted to the DDBJ/EMBL/GenBank da-
tabases under accession numbers SRR12486038-12486083.

2.9.2. Sequence analyses

Illumina sequencing data were processed with QIIME2 (v.2019.1)
(Bolyen et al., 2019). Briefly, sequences were demultiplexed and quality
filtered using QIIME 2 (q2)-demux emp-paired plugin followed by
joining using q2-vsearch join-pairs. Joined sequences were then quality
filtered using g-score-joined and denoised using q2-deblur (Amir et al.,
2017) to identify all observed amplicon sequence variants (ASVs).
Samples were filtered to remove ASVs that were represented less than 5
times. Remaining ASVs were aligned using MAFFT (Katoh and Standley,
2013) and used to construct a phylogeny with FasTtree2 (Price et al.,
2010). Taxonomy was assigned to ASVs in QIIME2 using the Naive Bayes
classifier and q2-feature-classify-sklearn plugin (Bokulich et al., 2018)
against Greengenes 13_8 99% OTUs reference sequences (McDonald
et al., 2012).

2.9.3. Statistical analysis

Samples were rarefied to a depth of 999 sequences prior to alpha
diversity analysis, to minimize sample loss from the dataset. Three alpha
diversity metrics were calculated: number of observed ASVs, Shannon’s
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H (Shannon, 1948), and Faith’s Phylogenetic Diversity (PD) (Faith,
1992). Statistical differences between treatments and sampling days
were determined for all three metrics using ANOVAs, and pairwise dif-
ferences within variables were calculated using TukeyHSD tests with a
bonferroni correction for multiple comparisons (Dunn, 1961).

Microbiome community composition was analyzed using the phy-
loseq package (v. 3.2.1) (McMurdie and Holmes, 2013) and results were
visualized using the ggplot2 package (Wickham, 2016) in R (Wickham
and Sievert, 2016). Non-metric multidimensional scaling (NMDS)
analysis was applied to three distance matrices: Bray-Curtis (Bray and
Curtis, 1957) unweighted UniFrac and weighted UniFrac distances
(Lozupone and Knight, 2005). Beta dispersion of the Bray-Curtis dis-
tance was calculated for sampling day and treatment using the betadisper
function, and statistically compared among treatments and days using
the permutest function from the vegan package (v. 2.5.6) (Oksanen et al.,
2019). To determine whether sampling day and treatment were corre-
lated with microbiome composition, permutational multivariate anal-
ysis of variance (perMANOVA) was used with the adonis function from
the vegan package. In addition, the pairwise perMANOVA function from
the RVAidememoire package (v.0.9-77) was used to identify which
treatment and sampling day differences drove possible statistically sig-
nificant results (Hervé, 2018).

Bacterial abundances were summarized at phylum and genus levels
and bar plots of relative abundance were generated for all phyla, and
genera within Proteobacteria. Genera that represented less than one
percent of the total relative abundance were excluded for clarity from
taxonomic bar plots and charts.

Differential abundance of genera in different treatments compared to
the Seawater control was determined using the DeSeq2 package (v.
1.24.0) in R (Love et al., 2014). P-values were corrected with the Ben-
jamini and Hochberg false discovery rate for multiple testing (Benjamini
and Hochberg, 1995). Genera were identified as differentially abundant
if the corrected p values < 0.05.

3. Results and discussion
3.1. ISB observations

When crude oil was ignited in bench-scale pans, a typical burn per-
sisted for approximately 1.5 min and resulted in an increasing water
temperature by 2 °C (5.5 L volume). Addition of OP-40 prior to ignition
successfully collected oil at the center of the pan, burned longer
(approximately 2 min), increased the water temperature by 7 °C, and
resulted in visually less burn residue mass. While the vast majority of
burn residue was effectively transferred to each aquarium, a small
amount of viscous residue remained on the aluminum pan. Once
transferred to aquaria and diluted to 19 L, a combination of positive,
negative, and neutrally buoyant residues remained in suspension
throughout the incubation period, consistent with prior observations of
high molecular weight tar-like burn residue (Fingas, 2018; Stout and
Payne, 2016), which were not removed throughout the time course of
the experiment. A slight odor originating from volatiles of
non-combusted ANS crude oil, occurred initially but decreased signifi-
cantly after day 0.

Bullock et al. demonstrated that bench-scale burns using this iden-
tical approach achieve ~40% reduction in oil mass, while larger “meso
scale” (3m x 3 m) burns attain up to ~70%, and field scale may
approach 80% (Bullock et al., 2017). This study indicated scale-up
considerations since combustion efficiency increases with intensity. In
this study, operation on the bench-scale was selected to allow a more
controlled environment and higher replication for the same logistical
effort. These findings are conceptual in nature and are not intended to be
a direct comparison to larger-scale burns; those conducted on the
smaller scale like the ones in this experiment tend to produce a less
complete combustion (Bullock et al., 2017, 2019). Despite our experi-
ment operating on a smaller scale, the conceptual trends from these
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burns may provide some insight into water-soluble residues that may
occur from this process. In future studies, scalability of these findings
will be assessed. Following combustion, positively buoyant residues
were apparent (which in a spill scenario may be destined for mechanical
surface recovery), while negatively buoyant residues were observed as
well. Due to the heterogeneity of this distribution, no post-burn residue
was removed and therefore, the estimates of the dissolved fraction may
represent a conservative “worst-case” scenario and are understood that
an open-ocean surface burn would exhibit unique characteristics.

3.2. Total petroleum hydrocarbons

The average recovery for 5-alpha androstane was 100 + 10% for
seawater treated with oil, 104 4= 10% for seawater treated with oil and
ISB, 118 + 12% for seawater treated with oil and OP-40, and 89 + 13%
for seawater treated with oil, OP-40, and ISB. All of which fall within the
70-120% EPA criteria (USEPA, 2016; Turner et al., 2014). The total
alkane concentrations (Fig. 1A) decreased for all oil-treated samples
over the course of the 28-day experiment. On day 28, burned samples
revealed significant deviations from non-burned (p < 0.05). These
¥n-alkane data revealed comparable concentrations between
ISB+OP-40 and SW controls, indicating a high efficiency removal of
n-alkanes. Zn-alkane concentrations between seawater controls and
herded burned samples were not significantly different post initial
treatment on day 0. Given that dichloromethane extraction is selective
for non-polar analytes and GC-FID analysis is selective for boiling point
ranges < 320 °C, ISB removed the analytes observed in this analytical
window. Comparison of percent removal of short-chain (C10 - C18)
versus long-chain (C20 - 36) alkanes (Fig. 1B/C) indicates a preferential
removal/degradation of short-chain alkanes. No significant temporal
changes in the concentration of short- or long- chain alkane removal was
observed for herded burned samples; removal percentages at the end of
the experiment reached 98% and 96%, respectively by day 28. The
alkane removal percentages for short- and long- chain alkanes in
seawater treated with oil and not remediated peaked at 93% and 80%,
respectively; significantly higher than the removal percentages observed
for samples remediated with herder; indicating OP-40 may have hin-
dered the natural, microbial degradation processes.

3.3. Dissolved organic carbon

DOC measurements represent a total mass of petroleum-derived C
when subtracted from seawater controls sampled at the same time point.
This includes both GC-amenable, non-purgeable dissolved organic car-
bon and non-volatile fractions. The mean seawater+oil DOC concen-
trations at day 0 were higher compared to seawater alone ( Fig. 2), 17.7
mg/L vs. 5.4 mg/L. As each aquaria aged, DOC degraded with time,
Oil + OP40  Oil +ISB
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Fig. 1. Concentration of total alkanes (C10 — C44) for seawater, oil, oil + OP40,
oil + ISB, and oil + ISB + OP40. Samples collected on day O (black bars), 4
(dark grey) and 28 (light grey). N = 3 + SE.
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down to 2.3 and 1.4 mg/L, respectively, at day 28. When herder was
applied to oil but not combusted, a similar day O trend was evident,
where 0il+OP-40+seawater was elevated compared to seawater by
8.3 mg/L. However, over time, a higher concentration of DOC was
observed in SW+oil+OP-40 after day 28 compared to SW +oil alone, 8.6
vs. 2.3 mg/L, respectively. When SW+oil was burned, both herded and
unherded samples were significantly lower in DOC at day 0 (4.8 and
2.1 mg/L, respectively). However, as these aquaria aged, both herded
and unherded samples expressed an increase in DOC at day 4-11.5 and
10.9 mg/L, then decreased between two levels of 4.8 and 4.5 mg/L at
day 28. This behavior is consistent with slow dissolution of burned
residues, which degrade slowly and remain elevated compared to
seawater DOC at day 28. The SW+-0il-+OP-40+ISB and SW+0il+ISB did
not express significant differences between DOC concentrations at any
time point (student’s t-test, 95% confidence).

3.4. Optical spectroscopy

3.4.1. Spectral features

A five component PARAFAC model was validated and is provided in
Fig. 2, Figure S1, and Table S1. Previous studies applying PARAFAC
statistical analysis to EEMs to characterize the petroleum-derived DOM
signatures have been widely reported in both marine and freshwater
ecosystems (Zito et al., 2019b; Podgorski et al., 2018, 2021; Bianchi
et al., 2014; Ray et al., 2014; Zhou and Guo, 2012; Bugden et al., 2008;
Harriman et al., 2017; Dvorski et al., 2016). Component 1 (C1) is shifted
to a longer emission wavelength than C3 with excitation maximum at
<250 nm and emission maximum at 360 nm. A component with similar
spectral properties was identified in samples collected from the Amazon
River Basin and was shown to be correlated with relatively low molec-
ular weight (MW), aromatic, oxidized compounds (Gonsior et al., 2016).
C1 also matches components associated with DOM derived from ther-
mogenic sources in the OpenFluor database. One of the matches was
with a component that was associated with thermogenic DOM in sedi-
ment porewater and the overlying water column produced from a mud
volcano in the Beaufort Sea (Retelletti Brogi et al., 2019). The other
match is with a component that is characterized as a biorefractory
component in a groundwater plume originating from an oil body at the
National Crude Oil Spill Fate and Natural Attenuation Research Site near
Bemidji, MN, USA (Podgorski et al., 2018, 2021). Murphy et al. (2013)
showed the presence of an unidentified component (C4) in their PAR-
AFAC model with Ex/Em similar to pyrene from ship ballast water
suggesting the presence of PAHs in their marine samples (Murphy et al.,
2006). The unidentified C4 component in the Murphy et al. (2013) study
had an Ex/Em maxima of 250/370 nm matching C1 from the model
validated in the current study (Fig. S1). C1 had the highest variation
explained for all the components which decreased from C1 to C5 (Fig. 2)
(Fellman et al., 2010; Murphy et al., 2006). The presence of “peak-U”
from Murphy et al. (2013) and its presence in this study generated from
petroleum in a controlled environment, provides further evidence of its
identity as a PAH signature.

PARAFAC Component 2 (C2) is the component with the shortest
emission reported in this study. This component has excitation
maximum at 270 nm and emission maximum at 308 nm which is
commonly referenced as “tyrosine-like” fluorescence which was
observed as the most prominent peak in Fig. 2, Fig. S1, and Table S1
(Yamashita et al., 2013, 2011; D’Andrilli et al., 2019). Component 3
(C3) is shifted to slightly longer Ex/Em wavelength than C2 with exci-
tation maximum at 285 nm and emission maximum at 337 nm. Fluo-
rescence in this wavelength region is commonly called
“tryptophan-like”. Collectively, C2 and C3 comprise fluorescence signals
associated with “protein-like” signatures (Lapierre and del Giorgio,
2014; Cory and McKnight, 2005; Kothawala et al., 2014). Petroleum
derived compounds with fluorescence in the C2 and C3 regions are
associated with relatively reduced, aliphatic DOM. However, in addition
to matching “tyrosine-like” components in the OpenFluor database, C3
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Fig. 2. Dissolved organic carbon concentration, relative contribution of PARAFAC components C1-C5, humification index (HIX), and freshness index (FRESH) in the
dissolved fractions of oil, oil with herder, and oil that was burned with and without herder.

also exhibits spectral properties like dissolved polycyclic aromatic hy-
drocarbons (PAHs) in ballast and other petroleum contaminated waters
(Murphy et al., 2006; Mirnaghi et al., 2019). The spectrum for compo-
nent 4 (C4), with excitation maximum at 300 nm and emission
maximum at 408 nm is like classical “peak-M" that is associated with
low MW marine humic material (Kowalczuk et al., 2013; Coble, 1996).
Finally, C5 is known as the “peak-A, C”, “humic-/fulvic-like” fluores-
cence. This component matches those in the database associated with
high MW, aromatic, highly oxidized compounds derived from terrestrial
sources (Gongalves-Araujo et al., 2016; Tomco et al., 2019).

3.4.2. Optical trends in composition

Fig. 2 and Table S1 show the relative contribution of each PARAFAC
component for all water samples and time points from oil, 0il+OP-40,
0il+ISB, Oil+ISB+OP-40, and the seawater control. C1 has the second
highest contribution in all of the samples that were in contact with oil.
The contribution of C1 is 30.9 + 3.4% for the oil sample, 33.7 + 3.1%
for ISB, and 35.4 + 1.1% in the ISB+OP40 sample (Fig. 2, Table S1). The
relative values of C1 for the water samples that were in contact with oil

are nearly double that of C1 in seawater (18.5 + 1.6%) (Table S1). This
result is indicative of dissolution of petroleum compounds. The oil
(35.5 + 2.4%, 42.6 + 0.7%), 0il+ISB (37.4 + 1.0%, 38.6 + 4.1%), and
0il+ISB-+0P40 (40.2 4 0.2%, 43.7 & 2.9%) each show a relative in-
crease in the percent contribution of C1 and no change for Oil+OP40
(37.4 + 0.6, 37.2 + 1.4) after 4 and 28 days of incubation, respectively.
An increase or in the contribution of Cl along with a subsequent
decrease in DOC concentration is an indicator that the components
associated with C1 persist. The result is consistent with the detection of
microbially refractory compounds derived from petroleum in other
aquatic ecosystems (Podgorski et al., 2021; Han et al., 2008).

The relative contribution of C2 is highest for samples that were in
contact with oil (41.6 & 2.8%), oil+ISB (47.9 + 3.5%), o0il+OP40
(38.0 + 3.4) and oil+ISB+0OP40 (44.5 + 1.2%) at day 0 (Fig. 2, Ta-
ble S1). The contribution of C2 in each of these samples is nearly twice
the contribution of C2 in the native seawater (24.0 & 3.0%). Although
fluorescence like C2 is commonly referred to a “tryptophan-like”, the
increase in the relative contribution of C2 compared with the seawater is
likely due to dissolution of relatively low molecular weight, aliphatic
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hydrocarbons that fluoresce in this region (Podgorski et al., 2018, 2021).
The contribution of C2 in the burned samples is slightly higher than the
oil alone. This result may be due to thermal degradation of hydrocarbons
into small aromatics with relatively low fluorescence excitation/e-
mission maxima (Retelletti Brogi et al., 2019). Unlike C1, the percent
contribution of C2 decreases in all treatments, oil (40.2 & 1.4%,
28.9 +1.7%), o0il+ISB (43.6 +£1.4%, 30.1 +£2.9%), 0il+OP40
(36.3 £ 0.8%, 24.5+2.0%), and oil+ISB+OP-40 (36.1 £ 0.3%,
25.0 + 0.7%) after 4 and 28 days of microbial incubation, respectively.
This result indicates that the compounds associated with C2 are labile,
matching previous reports in the literature (Podgorski et al., 2018;
Yamashita and Tanoue, 2003; Davis and Benner, 2007).

Component 3 exhibits two different trends that are associated with
the presence or absence of ISB. The highest C3 values are measured in
the oil (18.9 + 1.3%) and 0il+OP40 (18.8 & 0.8) at day 0 (Fig. 2, Ta-
ble S1). The values for C3 remain relatively constant in the unburned
samples, oil (19.0 +1.2%, 19.9 £ 0.9%), 0il+OP40 (20.3 & 0.9%,
19.7 + 0.2%) after 4 and 28 days of incubation, respectively). The
percent contribution of C3 at day O are lower for the oil+ISB
(12.7 £+ 0.9%) and o0il+ISB+0OP40 (17.6 + 0.6%) compared with their
unburned analogues. Both of the burned treatments showed an increase
in C3 after incubation. The percent contribution of C3 increased to
14.3 £ 0.9%/17.6 + 0.6% in the 0il+ISB and 19.0 + 0.4%/18.4 + 0.6%
after 4 and 28 days of incubation. This result is likely due to the for-
mation of relatively small, aromatic, oxidized, black carbon-like com-
pounds that are water-soluble. These types of compounds are resistant to
microbial degradation. The result is a relative increase in the contribu-
tion of this fluorescence component as these compounds persist while
others degrade (Podgorski et al., 2021).

The trends in percent contribution of C4 are similar across all
treatments. The initial (Day 0) contribution of C4 are 2.3 4+ 0.5%,
1.3 +0.5%, 1.1 + 1.4%, and 1.0 + 0.1% for the oil, 0il+ISB, 0il+OP40,
and o0il+ISB+OP40, respectively (Fig. 2, Table S1). A relative decrease
in C4 after 4 days of microbial incubation is observed for the oil
(1.2 + 0.4%), oil+ISB (0.5 + 0.3%), 0il+OP40 (0.9 + 0.1%), and oil-
+ISB+0P40 (0.1 + 0.0%). The decrease in the percent contribution of
C4 in each treatment after 4 days of microbial incubation is an indication
that the initial composition of compounds in this fluorescence region are
(semi-) labile. Conversely, the percent contribution of C4 increases
substantially for each treatment after 28 days of incubation, oil
(6.54 + 1.84%), 0il+ISB (9.0 + 2.2%), 0il+OP40 (15.5% + 2.0%), and
0il+ISB+OP40 (7.7 + 2.8%). This result is likely due to the formation of
relatively small, aromatic, oxidized, degradation products. Unlike the
compounds that fluoresce in this region at Day 0, these “dead-end”
products are not microbially labile and persist in the water samples.

The trends in the percent contribution of C5 are related to the
presence or absence of burning (Fig. 2, Table S1). The contribution of C5
for the oil and 0il+OP40 are 6.5 + 0.6% and 5.0 & 0.2% respectively.
After 4 and 28 days of incubation, the relative contribution of C5
decrease in both unburned oil (4.1 + 0.3%, 4.0 & 0.1%) and o0il+-OP40
(5.2 + 0.2%, 3.1 + 0.3) treatments. These trends are likely due to pe-
troleum dissolution processes that contribute relatively aliphatic com-
pounds that overprint fluorescence in the C5 region that is more closely
associated with carboxyl-rich alicyclic molecules (CRAM) that are found
in marine waters (Hertkorn et al., 2006). Different trends are observed
for the burned samples. The percent contribution of C5 is relatively
constant for the oil+ISB and oil+ISB+OP40 treatments. The contribu-
tion at day O in the oil+ISB is 4.4 & 0.2%, 4.2 + 0.2% after 4 days of
incubation, and 4.7 + 1.1% after 28 days. Similarly for o0il+ISB+OP40,
the percent contribution of C5 is 5.0 + 0.2% at day 0, 4.7 & 0.4 after 4
days, and 5.2 + 0.3% after 28 days of microbial degradation. The rela-
tive stability of C5 in the burned samples may indicate that highly
oxidized, CRAM-like compounds are formed after ISB. Moreover, the
result may be due to persistent signatures of CRAM-like compounds in
the marine water.

The HIX indices (Fig. 2, Table S1) decrease after each treatment
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when compared to the seawater control. This result is due to the
dissolution of relatively aliphatic compounds that occurs when the oil
encounters the water. The seawater control HIX value increased after 28
days of microbial processing illustrating a depletion of (semi-) labile
compounds and enrichment of refractory of CRAM-like compounds. The
trends in HIX values are closely associated with their burn state. The HIX
values for unburned oil are (0.37 & 0.0, 0.29 + 0.0, 0.37 & 0.0) and
0il+0OP40 (3.3 + 0.0, 3.5 £+ 0.0, 3.6 & 0.0) after 0, 4, and 28 days of
incubation. The decrease in HIX in the oil sample after 4 days of incu-
bation may be related to a pulse of fresh labile DOMy that is a result of
dissolution processes. Although the trend in HIX for the 0il+OP40 on
increases slightly as a function of incubation time, the result indicates
that the composition of the mixture is becoming more aromatic and
oxygenated. More pronounced trends are observed in the burned
treatment. The initial (day 0) HIX values for the o0il+ISB and oil-
+ISB+0P40 are 0.25 + 0.0 and 0.27 + 0.0. These values are smaller
than their unburned counterparts indicating that these mixtures are
composed of relatively reduced compounds. Both the oil+ISB
(0.26 + 0.0, 0.37 £ 0.1) and o0il+ISB+0P40 (0.31 + 0.0, 0.42 + 0.0)
exhibited marked increases in HIX values after 4 and 28 days of incu-
bation that surpass those of the unburned samples. This result is like due
to the formation of both relatively aliphatic, reduced and aromatic,
oxygenated compounds (and/or CRAM) that are microbially refractory.

The freshness index (FRESH) for all treatments was higher than the
seawater controls and decreased after 28 days of biodegradation. The
most notable feature in the trends for FRESH is the increase after 4 days
of incubation prior to the decrease after 28 days. The day 0 FRESH
values for the oil, 0il+ISB, 0il+OP40, and 0il+ISB+OP40 are 2.5 + 0.2,
2.4 £0.2, 3.0 £ 0.6, and 2.3 £ 0.0 respectively. After 4 days of incu-
bation, the FRESH values for each treatment increase to oil (3.1 4 0.2),
0il+ISB (2.6 £ 0.0), o0il+OP40 (3.0 £0.2), and o0il+ISB+OP40
(2.7 £ 0.0) when compared to their respective day O treatment. The
increase in these values after 4 days of treatment is indicative of a pulse
of labile DOMy that is entering the systems. This pulse is likely asso-
ciated with dissolution of labile petroleum compounds. There is a
marked decrease in FRESH values for oil (1.8 +0.2), o0il+ISB
(1.4 £ 0.2), 0il+0OP40 (1.2 + 0.1), 0il+ISB+0OP40 (1.6 + 0.2) after 28
days of microbial incubation. The stark decrease of FRESH values after
28 days of incubation indicates that (semi-) labile petroleum compounds
from both unburned and burned treatments are degraded by microbes.

3.5. Fourier transform ion cyclotron resonance mass spectrometry

Ultrahigh resolution mass spectrometry is a useful technique for
determining the molecular-level composition of complex mixtures.
Although this technique may provide a wealth of information, there are
limitations that result from ion efficiency of analytes. In our experi-
ments, we used natural seawater that contained DOM. The DOM com-
ponents in our seawater ionized efficiently and at times, overprinted the
signal from our analytes of interest produced from the petroleum source.
We used several different data reduction strategies to extract informa-
tion from these data sets. It is important to note that these results may
only be interpreted qualitatively.

3.5.1. Molecular diversity

Fig. 3 and Table S2 show the number of assigned molecular formulae
and % relative abundance of the compositional classes as determined by
FT-ICR MS. On average, the ISB treatment samples had more assigned
formulae at any given incubation time point. As a function of incubation
time, the average number of molecular formulae slightly increases for
the unburned oil and oil+OP40 after 28 days of incubation (Fig. 3 and
Table S2). Conversely, there is a slight decrease in the average number of
molecular formulae associated with the ISB samples after 28 days of
incubation. These trends are likely a result of the production of a broad
spectrum of oxygen-containing molecular formulae in the samples after
ISB (Figs. 2, 3, and S1, Tables S1 and S2). The oil and 0il+OP40 samples
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Fig. 3. Number of assigned molecular formulae and the percent relative abundance (%RA) of the aromatic, aliphatic, condensed aromatic, unsaturated low oxygen,

and unsaturated high oxygen classes.

have a limited number of water-soluble compounds. As these water-
soluble compounds are microbially degraded, there is an increase in
molecular diversity due to the formation of oxygen-containing degra-
dation products (i.e., increase in the number of molecular formulae). On
the other hand, the molecular diversity of the products produced from
ISB is slightly reduced by microbial degradation processes. This result
may be due to complete mineralization of some labile oxygen-containing
aliphatics that are produced from ISB.

3.5.2. Molecular-level composition

Compositional trends between each treatment are shown in Fig. 3
and Table S2. As expected, there is an increase in the average %RA of
both the aromatic and condensed aromatic classes in both the oil and
oil+herder increased after ISB. As observed in the subtraction subplots
shown in Fig. 4, there is an enrichment of the average %RA of the aro-
matic and condensed aromatic classes after 28 days of incubation. For
both the herded and non-herded samples, there is an increase in the %
RA of aliphatic compounds after ISB due to the production of water-
soluble incomplete combustion products from the aliphatic crude oil.
As a function of incubation time, each treatment exhibits a decrease in
the average %RA of the aliphatic compounds. This result is consistent
with selective microbial degradation of aliphatic compounds. Moreover,
the observed decrease in the aliphatics by FT-ICR MS mirrors trends in
the labile fraction of the DOMy that can be measured by optical spec-
troscopy (C2, FRESH). The average %RA of the saturated low oxygen
class is initially highest in the oil and oil+herder treatments prior to ISB.

There is a decrease in the %RA of this class following ISB. Notably, there
is a decrease in the %RA of this class as a function of incubation time for
the samples that were not burned. Conversely, the %RA of the unsatu-
rated low oxygen class remains relatively consistent in both the oil and
oil+herder treatments after ISB. This result is indicative of the contin-
uum of compounds within this classification where those that are rela-
tively more saturated are likely more microbially labile than the
relatively unsaturated compounds within the same class. Finally, there is
an observed decrease in the unsaturated high oxygen in the samples
following ISB relative to the unburned samples. This result may be
attributed to overprinting of the DOMy¢ with the natural background
marine DOM in our water samples. Nevertheless, we contend that the
ISB process produces DOMpyc compounds with a higher degree of
oxygenation relative to the unburned samples (Jaggi et al., 2019).
Molecular formulae classified as aliphatic (H/C > 1.5) are known to
be microbially labile (Spencer et al., 2019, 2014; Podgorski et al., 2021;
D’Andrilli et al., 2015; Goranov et al., 2021). There is a high abundance
of oxygen-containing aliphatic compounds produced in both the oil and
0il+OP40 after in-situ burning (Fig. 4a-d). A large fraction of those
compounds is degraded by microbial processes after 28 days of incu-
bation. There are 1954 DOMp¢ molecular formulae that are “removed”
and 753 “produced’ from the in-situ burned oil after 28 days of incu-
bation (Fig. 4f-g). A similar trend is observed for the in-situ burned
0il+0P40 after incubation, where 1801 formulae are removed and 886
are produced (Fig. 4h-i). In both treatments, aliphatics are selectively
removed and aromatic compounds are preserved. These results are
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Fig. 4. van Krevelen diagrams of unique DOMyc molecular formulae to oil before (a) and after (b) in-situ burning, oil and herder before (c) and after (d) in-situ
burning, in-situ burned oil at day 0 (f) and after 28 days of microbial degradation (g), and in-situ burned oil with herder at day 0 (h) and after 28 days of mi-

crobial degradation (i).

consistent with previous reports on the microbial lability of DOMpyc
(Harriman et al., 2017; Podgorski et al., 2021). Moreover, the results
obtained by FT-ICR MS corroborate those obtained by quantitative DOC
measurements and complementary optical spectroscopy (Fig. 2). The
“removal” of formulae after 28 days of incubation is corroborated by a
decrease in DOC concentration. Moreover, selective removal of rela-
tively aliphatic compounds and conservation of relative aromatic com-
pounds observed by FT-ICR MS after 28 days of incubation is
corroborated by the decrease in C2 and FRESH and a corresponding
increase in HIX.

van Krevelen subtraction plots of select samples (Fig. 4) highlight the
trends observed in Fig. 3. There are changes in the chemical composition
as a function of both treatment and time. The most notable changes in
the molecular-level composition of DOMyc between treatments are
before and after in-situ burning. Fig. 4a-d shows van Krevelen diagrams

of formulas that are unique to oil, 0il4+OP40, and oil+ISB+OP40 at day
0. There is approximately a six-fold increase in the number of unique
DOMp¢ molecular formulae produced from 0il+ISB (n = 2296) relative
to the number of unique formulae in DOMy from oil (n = 373) (Fig. 4a-
b, Table 52). The addition of OP40 resulted in a nearly 12-fold increase
in the number of DOMyc formulae that were produced after ISB
(n = 2727) relative to those in the samples prior to ISB (n = 231)
(Fig. 4c-d, Table S2). In both cases, the unique formulae produced after
ISB cover a broad compositional range, with a high density of aliphatic
formulae and those consistent with CRAM. This result indicates that
there are both labile and refractory DOMpc compounds produced after
ISB.

Fig. 4f-1 show van Krevelen diagrams of the DOMy formulae unique
to 0-day oil+ISB and oil+OP40-+ISB compared with the DOMy for each
sample after the 28-day microbial incubation. There is approximately a
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2.6-fold decrease in the number of unique molecular formulae in the
sample after 28 days of incubation for the oil+ISB. The oil+OP40-+ISB
sample exhibited a two-fold decrease in the number of unique molecular
formulae following 28 days of incubation. In both cases, the selectively
removed formulae tend to be relatively aliphatic in nature. This result is
consistent with previous reports regarding the lability of relatively
aliphatic DOM compounds (Podgorski et al., 2021; D’Andrilli et al.,
2015; Spencer et al., 2014). In the absence of herder, the “produced” are
selectively preserved formulae after 28-days of incubation tend to be
aromatic in nature. The samples with herder show both aromatic and
aliphatic type compounds formed or preserved after 28-days of incu-
bation. Biotic and abiotic degradation of both aliphatic and aromatics
that are produced by ISB is the subject of future studies.

3.6. Microbial community analyses

Quality filtering resulted in a total of 112,897 high-quality sequences
in 46 samples. Samples contained an average of 2454 + 2496 SE se-
quences with a range of 186-14,497 sequences. Rarefaction to 999 se-
quences/sample resulted in the exclusion of seven samples due to low
sequencing yields (See Table S3 for excluded samples)

3.6.1. Alpha diversity

We calculated three alpha diversity indices: Observed number of
ASVs, Shannon’s H, and Faith’s Phylogenetic Diversity (Figure S2).
Shannon’s index combines measurements of both richness and evenness,
while PD includes a phylogenetic component by comparing the total
length of all phylogenetic branches among members of a community.
Observed ASVs and Shannon indices differed significantly among
treatments (Observed: ANOVA: F433 = 7.72, p < 0.001; Shannon:
ANOVA: Fy4 33 = 4.94, p = 0.003), but not PD (ANOVA: F433 = 2.25,
p = 0.09; For pairwise comparisons of all treatments for all alpha di-
versity indices see Table S4). Sampling day did not significantly affect
Observed ASVs and Shannon indices (p = 0.108, p = 0.156), but did
differ for the PD (ANOVA: F; 36 = 8.13, p = 0.007), indicating that
despite changes in the community over time, the richness and evenness
of the microbiome remained the same. Bacterial diversity was found to
be lower in sea ice and water contaminated with crude oil than in
control groups (Brakstad et al., 2008; Morris et al., 2018); a result that
contradicts the findings of this study. Pearson’s correlation analysis of
abundance data (observed ASVs and Shannon’s H) against each chem-
ical factor did not identify significant correlations with any of these
variables. All confidence intervals overlapped with 0 and p > 0.05 in all
cases (Table S7)

3.6.2. Betadiversity

Samples clustered into two groups along PCoA Axis 1, which
explained 46.8% of the total variance among samples along that axis
(Fig. 5). Samples collected on day O and 4 clustered together, while
samples collected on day 28 clustered separately (Fig. 5A). For among-
treatment comparisons, community composition differed significantly
(Permanova: p = < 0.001-0.011), and also sampling day was a signifi-
cant factor (Permanova: p < 0.001) for all distance matrices (Table S5).
Sampling day explained 33.8-63.6% of the variation in microbial
community, compared to 11.9-19.3% explained by treatment (Table 1).
Pairwise comparisons showed that all sampling days significantly
differed from each other in microbial composition (Table S6), and that
the significance of treatments was driven by the differences between
Seawater and Oil+OP-40 (pagjp= 0.02; Table S8). Distance from the
sample cloud centroid (betadispersion) significantly differed among
samplings days, but not among treatments (Permutation test for ho-
mogeneity of multivariate dispersions: F 42 = 9.86, p < 0.001; F4 28 =
0.16, p = 0.958).

The two distinct sample clusters in our PCoA correlated with Aro-
matic contribution, with samples collected on day 0 and 4 having rela-
tively high levels, compared to low levels on day 28 (Fig. 5B). Within the
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Fig. 5. Principal Coordinates Analysis of A) Bray-Curtis distance matrix from
bacterial communities subjected to different treatments on different sampling
days, and B) relative contribution of aromatics.

Table 1
Permutational Multivariate Analysis of Variance of a Bray-Curtis distance matrix
of seawater microbiomes for different components of DOMpyc.

F1,20 R? p
Total Aromatics 18.7 0.353 <0.001
Aliphatics 2.15 0.04 0.058
Unsaturated low OC 1.91 0.036 0.087
Unsaturated high OC 1.29 0.024 0.224

DOC class, the relative contribution of aromatics significantly explained
35.3% of total variation in microbiome communities (F;29 =18.70,
p < 0.001, R? =0.353; Table 1), which was ~10 times higher than ali-
phatics and unsaturated low/high oxygen content.

A previous study showed that microbial communities reverted to
their original communities over time after oil contamination (Rodriguez
et al., 2015), but we did not observe a similar pattern. Experimental
treatments appeared to cluster more tightly at day 28, which was sup-
ported by our betadispersion result. A shift in community over time in
the seawater control was also detected, which indicates that the initial
microbial community may not have been stable over time. It is possible
that these results mirror the natural dynamics in marine microbial
communities, but to our knowledge no studies have examined natural
communities at the same location over a time frame of days.

3.6.3. Community composition

Microbiomes in all treatments were dominated by Proteobacteria,
followed by Bacteroidetes and Cyanobacteria (Fig. S3A). Within the
Proteobacteria, genus composition differed greatly per treatment with
no clear visual pattern (Fig. S3B). Seawater had a significantly lower
abundance of Marinomonas compared to all treatments (Fig. 6). Mar-
inomonas is a genus of psychrotolerant, aerobic bacteria that have been
previously isolated from water and sediments in the Arctic and Antarctic
(Gupta et al.,, 2006; Zhang et al., 2008; Gontikaki et al., 2018).
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Fig. 6. Observed changes in bacterial genus abundance. Each comparison is between control (seawater) and treatment (Oil, Oil + ISB, Oil + OP40, and Oil + OP40 +
ISB). Positive log, fold changes indicate a higher relative abundance is present in the seawater control, while negative values indicate a higher relative abundance is
present in the respective treatment. NA includes sequences that could not be confidently classified to genus level. Colors represent phyla (orange = cyanobacteria,
blue = proteobacteria). Changes are considered different for an adjusted p-value < 0.05.

Marinomonas sp. were found to contain a number of genes related to the
degradation of aromatic hydrocarbons(Liao et al., 2015) and its family,
Oceanospirillaceae, dominated microbial communities in seawater
contaminated with crude oil (Morris et al., 2018). Marinomonas sp. were
also more abundant in sea ice samples contaminated with crude oil than
clean ice and in seawater contaminated with crude oil (Brakstad et al.,
2008; Salerno et al., 2018).

Contrastingly, a lower relative abundance of Perlucidibaca sp. (Fam.
Moraxellaceae) was detected in all treatments compared to the Seawater
control. Perlucidibaca sp. are known hydrocarbon degraders, and this
result therefore was unexpected (Lofthus et al., 2020). However, these
results did not support this potential function due the lower abundance
of Perlicidibaca sp. detected in the samples. We also postulate that
ISB+OP-40 may have reduced the oxygen content of water, which
would limit the growth potential of aerobe bacteria. Both Marinomonas
sp. and Perlucidibaca sp. show similar patterns in differential abundance
in all treatments, including the addition of only oil, indicating that the
additional OP-40 and ISB clean-up methods did not affect the shifts in
these genera. Phaeobacter sp. were significantly more abundant in
treatments containing OP-40. The Phaeobacter genus contains species
that are associated with hydrocarbon degradation, and are strict aerobes
or facultative anaerobes (Bacosa et al., 2018).

4. Conclusions

This study identified that ISB, both with and without the addition of
OP-40, has a significant impact on both the DOMpyc chemical
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composition and 16s rRNA seawater microbial community diversity,
compared to non-combusted oiled seawater. Oil+ISB selected for Mar-
inomonas and Perlucidibaca, which are known hydrocarbon degraders,
and the abundance of these genera were driven primarily by relative
aromatic percentage in DOMpyc. Herder application and ISB induces a
unique molecular signature that is represented in FT-ICR MS and optical
measurements. We postulate the composition of DOMpyc contains
oxidized non-aromatics and/or CRAM (carboxyl rich alicyclic mole-
cules) formed either by combustion and/or physical partitioning asso-
ciated with enhanced solubility of these fractions, e.g., higher burn
temperatures of OP-40+ISB. Overall, ISB had the greatest impact on
aromatic and condensed aromatic DOMy¢ content, and the microbial
community diversity shift was consistent with this scenario. This infor-
mation helps further toxicological considerations due to exposure of
these ISB-derived aromatic and condensed aromatics.
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