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ABSTRACT

ARTICLE HISTORY

The sea surface microlayer (SML) is the upper 1 mm of the ocean, where
Earth’s biogeochemical processes occur between the ocean and atmosphere. It is physicochemically distinct from the water below and highly
variable in space and time due to changing physical conditions. Some
microorganisms inﬂuence the composition of the SML by producing
surfactants for biological functions that accumulate on the surface,
decrease surface tension, and create slicks. Slicks can be visible to the
eye and in synthetic aperture radar (SAR) satellite imagery. This study
focuses on surfactant-associated bacteria in the near-surface layer and
their role in slick formation where oil is present.

Received 28 February 2019
Accepted 1 October 2019

SML and subsurface water (SSW) samples were collected during the LAngrangian
Submesoscale Experiment (LASER) experiment in February 2016 and the Submesoscale
Processes and Lagrangian Analysis on the SHelf of Louisiana (SPLASH) experiment in April
2017 in the Gulf of Mexico, some near a known oil seep from a knocked down oil platform,
during coordinated SAR overpasses. In most cases within slicks, results show a greater
abundance of surfactant-associated bacteria in the SSW compared to the SML. This suggests that surfactants produced by these bacteria are transported to the sea surface via
physical processes and accumulate in the SML. During the SPLASH project, surfactantassociated bacteria were also present in greater abundance in both the SML and SSW in
oil slicks seen visually and from SAR than in areas where no oil was present. Bacteria capable
of producing and degrading surfactants may inﬂuence oil degradation within these oil
slicks. In situ observations can be used to verify and calibrate SAR satellite technology
measurements, such as wind speed algorithms and slick identiﬁcation. With global
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coverage, SAR can be used to track organic material such as dissolved oil in the water
column by the presence of surface slicks.

1. Introduction
The sea surface microlayer (SML) is an important boundary layer between the atmosphere
and ocean. This interface is involved in global biogeochemistry processes such as airwater gas exchange, particle cycling, and microbial loops (Wurl et al. 2011). The SML is an
extreme environment, exposed to turbulence, intense ultraviolet (UV) solar radiation,
nutrient ﬂuxes, and both temperature and salinity gradients. The composition of the
SML was described by Hardy (1982) as a hydrophobic surfactant layer above ‘wet’ proteinpolysaccharides, with a distinct layer of bacterioneuston below, which is deﬁned as the
community of bacteria within the SML. The revised, more accurate representation of the
SML is a messier and more intimately arranged model consisting of a matrix of gelatinous
particles and bacteria assemblages (Sieburth 1983; Cunliﬀe et al. 2013).
Franklin et al. (2005) proposed using membrane ﬁlters to collect samples from this layer
for bacterial studies. Samples were collected from a small freshwater pond and sequenced
using 16S (where S, Svedberg, is a unit of measurement) ribosomal ribonucleic acid (rRNA)
gene clone libraries (Franklin et al. 2005). Kurata et al. (2016), Hamilton et al. (2015) and
Howe et al. (2018) substantially advanced those techniques. The hydrophilic polycarbonate
ﬁlter used in this study has a maximum sampling depth of 40μm, which falls within the
boundaries deﬁned by Soloviev and Lukas (2014), who describe the physical structure of the
SML as a viscous sublayer (approximately 1500μm thick), thermal sublayer (approximately
500μm thick), and salinity diﬀusion sublayer (approximately 50μm thick). The structure of
these layers is dependent on wind speed. When compared to work by Katsaros (1980)
which states that the saline layer is approximately 200μm thick, Soloviev and Lukas (2014)’s
estimates are only on the order of magnitude diﬀerent and do not contradict. Under
moderate wind speed conditions, these layers are controlled by gravity-capillary wave
breaking and in turn impact gas exchange.
Biosurfactants are amphiphilic compounds (including peptides, fatty acids, phospholipids, glycolipids, antibiotics, and lipopeptides) produced by the bacterioneuston that
can aid in the breakdown of oil (Karanth, Deo, and Veenanadig 1999). These natural
surfactants are produced by the bacterioneuston for food capture, motility, protection,
and aggregation (Cunliﬀe et al. 2013; Burch et al. 2010). These surfactants accumulate in
the SML, forming slicks and modifying physical properties of the near-surface layer of the
ocean by altering surface tension forces and damping short gravity-capillary waves, while
also suppressing turbulence structures (Hühnerfuss and Garrett 1981; Soloviev et al.
2011). Sea slicks can aﬀect gas exchange at the air–sea interface (Cunliﬀe, UpstillGoddard, and Murrell 2011; Salter et al. 2011). Some common surfactant- and oil-associated bacteria genera are Bacillus, Pseudomonas, Alcanivorax, Enterobacter, Halomonas,
Rhodococcus, Marinobacter, Micrococcus, and Arthrobacter.
Synthetic aperture radar (SAR) is an active remote sensing satellite that emits microwave signals that do not penetrate below the surface of the ocean but capture surface
expression, enabling features such as internal waves, ship wakes, oil spills, ice, and
convergence zones to be identiﬁed (Alpers and Hühnerfuss 1988; Gade et al. 2013). SAR
is a sophisticated technology that has high ground resolution with pixel size on the metre
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scale and the ability to penetrate cloud cover, and therefore works virtually in all weather
conditions (including daytime and night-time) (Gade et al. 2013). The backscatter that SAR
satellites measure is dependent on sea surface roughness, which has been related to wind
speed (Lehner et al. 1998).
Additionally, surfactants have a damping eﬀect on short gravity-capillary waves, or
Bragg waves. As a result, slicks created by surfactants appear darker in relation to the
surrounding rougher sea surface in SAR imagery (Alpers and Espedal 2004). Bright targets,
or spots in the image, are commonly caused by man-made features such as oil rigs and
ships. In this study, TerraSAR-X, RADARSAT-2, and Sentinel-1 satellites were used to
visualize the presence of sea surface slicks, including those produced by oil spills.
TerraSAR-X operates in X-band with dual polarization, RADARSAT-2 in C-band with
quad polarization, and Sentinel-1in C-band with dual polarization.
In this work, we focus on the presence of surfactant-associated bacteria in slick areas.
The purpose of this project is to further investigate the role of surfactant-associated
bacteria in the SML, and the eﬀect of wind speed and oil presence on the bacterioneuston. These observations will contribute to the current state of knowledge of the bacterioneuston, speciﬁcally those associated with surfactants and oil degradation. Because
surfactants are essentially invisible to ocean colour satellite sensors, the use of SAR allows
for the inﬂuence of surfactants to be observed by remote satellite sensors. The main
motivation is to link SAR imaging with slicks associated with the presence of surfactantassociated bacteria (Soloviev and Lukas 2014; Hamilton et al. 2015; Kurata et al. 2016).

2. Materials and methods
2.1. Synthetic aperture radar data
For these studies, we utilized RADARSAT-2 satellite in Wide Scan mode, TerraSAR-X in
Stripmap mode, and Sentinel-1in Interferometric Wide Swath mode (see Figures 1 and 4,
and Tables 1 and 2). The reduced sea surface roughness due to slick presence results in
reduced radar backscatter, which is interpreted as dark areas on the image. Slick presence is
mainly dependent on wind speed and other parameters (surfactants, internal waves, fronts,
oil spills, etc.). Vector wind ﬁeld maps were calculated from SAR imagery (Figure 2(b), 3(c)).

2.2. In situ bacteria sampling
A total of 111 samples were collected in the Gulf of Mexico in February 2016 during the
Gulf of Mexico Research Initiative-Consortium for Advanced Research on Transport of
Hydrocarbon in the Environment (GoMRI-CARTHE) research cruise, LAngrangian
Submesoscale Experiment (LASER) (Table 2). A total of 175 samples were collected in
the Gulf of Mexico, some near a known oil seep from a damaged oil platform, in April 2017
during the GoMRI-CARTHE research cruise, Submesoscale Processes and Lagrangian
Analysis on the SHelf of Louisiana (SPLASH) (Table 2). Figures 1 and 4 show sampling
locations superimposed on the SAR imagery collected during these cruises. The measurement sites were selected based on the available ship time and the location inside of the
pre-ordered SAR satellite image footprint. During LASER, sample collection occurred on a
relatively large research vessel (R/V F. G. Walton Smith, with several groups competing for
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Figure 1. In situ sampling sites in the Gulf of Mexico during the 2016 LASER research cruise and SAR
satellite images. The TerraSAR-X footprints are in orange (10 February) and green (11 February). The
RADARSAT-2 footprints are in red (10 February) and yellow (13 February). The number of the sampling
sites corresponding to Table 2 is also shown.

ship time. During SPLASH, a private small vessel (Muy Loco) was used and was devoted
speciﬁcally to SML and subsurface water (SSW) sample collection, allowing for ﬂexibility
and increased number of samples collected during satellite overpass.
The sampling method was adapted from Franklin et al. (2005). Kurata et al. (2016) and
Hamilton et al. (2015) implemented Franklin et al. (2005)’s method in the ﬁeld and
developed an approach that reduces contamination during sample collection. A 47-mm
hydrophilic polycarbonate membrane ﬁlter that collects approximately 35 ± 5μm of the
material was used to sample bacteria from the SML (Crow et al. 1975; Franklin et al. 2005).
Compared to previous experiments by Kurata et al. (2016) and Hamilton et al. (2015), a
greater number of samples were collected in this study, which increased the robustness of
the statistical analysis. The ﬁlter sampling method also increases the eﬃciency of the
collection in comparison to other SML sampling techniques.
Each SML ﬁlter was attached to a 10-foot ﬁshing pole with a sterile hook and line and
cast away from the boat and wake, reducing potential contamination. After resting on the
water surface for a few seconds, the ﬁlter was lifted oﬀ and brought back to the boat and
was placed directly into a sterile labelled MoBio bead tube (MoBio Laboratories, Inc.,
Carlsbad, CA), with sterile forceps and gloves. To collect SSW samples, a peristaltic pump

SPLASH

Cruise
LASER

19 April 2017

20 April 2017

20 April 2017

25 April 2017

TerraSAR-X

RADARSAT-2

TerraSAR-X

13 February 2016

RADARSAT-2

TerraSAR-X

11 February 2016

TerraSAR-X

16 April 2017

10 February 2016

RADARSAT-2

Sentinel-1

Date
10 February 2016

Satellite
TerraSAR-X

12:00

23:57

23:57

12:08

1:30

23:57

23:49

23:44

Time (UTC)
12:00

40.902–42.152

32.696–35.666

42.649–43.844

19.888–21.820

30.669–46.127

19.300–39.530

29.540–32.480

18.380–20.380

Incidence angle (°)
24.810–27.990

Corner point coordinate
28.73°N, 88.01°W
28.79°N, 88.33°W
28.23°N, 88.12°W
28.28°N, 88.44°W
28.95°N, 88.34°W
28.61°N, 88.26°W
28.66°N, 87.99°W
29.00°N, 88.07°W
28.33°N, 88.41°W
28.38°N, 88.10°W
28.84°N, 88.52°W
28.89°N, 88.20°W
28.62°N, 91.29°W
25.93°N, 90.64°W
26.50°N, 87.52°W
29.18°N, 88.10°W
27.95°N, 90.77°W
28.37°N, 88.19°W
29.46°N, 91.10°W
29.87°N, 88.49°W
29.31°N, 89.74°W
29.28°N, 89.56°W
28.81°N, 89.85°W
28.78°N, 89.67°W
29.17°N, 89.09°W
29.19°N, 88.93°W
28.66°N, 88.99°W
28.69°N, 88.83°W
29.20°N, 89.32°W
29.20°N, 88.77°W
28.89°N, 89.32°W
28.89°N, 89.77W
29.41°N, 90.06°W
29.41°N, 89.79°W
28.87°N, 90.06°W
28.87°N, 89.79°W
16 × 56

50 × 50

16 × 56

18 × 57

250 × 170

25 × 25

30 × 50

300 × 300

Dimension (km)
32 × 57

HH/VV

HH/VV
HV/VH

HH/VV

HH/VV

VH/VV

VV

VV

VV

Polarization
VV

Table 1. SAR data collection information during the 2016 LASER and 2017 SPLASH research cruises. Local time of observations was Universal Time Coordinated
(UTC)-5 hours. The polarization shown is for horizontal transmit and horizontal receive (HH), vertical transmit and vertical receive (VV), horizontal transmit and
vertical receive (HV), and vertical transmit and horizontal receive (VH).
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Table 2. In situ sample collection information during the 2016 LASER and 2017 SPLASH research
cruises.
Cruise
LASER

Site
2
3
4
5
6
7
SPLASH A
B
C
D
E
F
G

Date
6 February 2016
6 February 2016
10 February 2016
10 February 2016
12 February 2016
12 February 2016
19 April 2017
20 April 2017
20 April 2017
21 April 2017
22 April 2017
22 April 2017

Time (UTC)
16:50
21:10
13:27
16:18
13:27
14:32
11:22–12:45
14:11–15:31
15:54–16:50
15:20–16:10
12:09–13:10
15:44–16:16

Wind
speed
(m s−1)
7–8
5–7
5–7
7–8
2–3
2–3
4–5
6–8
6
4
2–3
0–2

25 April 2017

12:23–13:15

3–4

Number of
SML samples
8
11
9
9
11
11
13
10
12
9
18
11

Number of
SSW samples
5
9
3
3
9
9
9
10
9
12
10
10

15

10

Slick
None
None
None
None
Intermittent
Yes
None
None
Slick from oil
Slick from oil
Slick from oil
Intermittent,
no visible oil
None

Figure 2. (a) The TerraSAR-X image acquired in VV on 10 February 2016 at 12:00 UTC, corresponding to
the orange box in Figure 1. (b) The same TerraSAR-X image including spatial analysis of wind velocity.
Wind speed is indicated by colour and vector direction.

was used from approximately 0.2-m depth into a sterile container on the boat. A ﬁlter was
placed on the water surface in the container for a few seconds, then placed into a sterile
labelled MoBio bead tube. Both SML and SSW ﬁlters were placed into MoBio deoxyribonucleic acid (DNA) tubes, which were used for DNA extraction, to reduce the loss of DNA
material from the ﬁlter; only a small amount is collected during sampling with
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Figure 3. (a) The TerraSAR-X image acquired in VV on 11 February 2016 at 23:49:10 UTC with sampling
Sites 6 and 7 the next morning, shown as red stars. Scale bar represents 5 km. (b) Photograph of the
intermittent slick on 12 February 2016 during in situ microlayer sampling (Sites 6 and 7). (c) TerraSARX image including spatial analysis of wind velocity. Wind speed is indicated by colour and vector
direction (Howe et al. 2018).

Figure 4. Sampling locations A-G from the SPLASH experiment in the Gulf of Mexico (Table 2). All SAR
images taken over the course of the experiment are overlaid on the map. The small rectangular
images are TerraSAR-X, the single square image is RADARSAT-2, and the largest image on the right
side of the map is Sentinel-1.

polycarbonate membrane ﬁlters. All samples were immediately put on dry ice in the ﬁeld,
then transferred to a − 80°C freezer to store until DNA extraction.
To account for possible contamination by airborne bacteria during transportation from
the sea surface to the MoBio bead tube, an air control (AC) sample was taken at each site.
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For this purpose, a ﬁlter was exposed to the air for approximately 10 s with sterile forceps,
then placed directly into the MoBio bead tube. Also, non-exposed (NE) control ﬁlters,
which were only removed from their sterile containers during DNA extraction, served to
estimate possible laboratory contamination. Sampling was recorded on a GoPro camera,
which was later analysed to assess possible contamination. Wind speed measurements
were recorded onboard at each sampling site.

2.3. Lab and bioinformatics
Subsequent DNA extraction was performed after sample collection in a sterile lab
environment using the MoBio PowerWater DNA Isolation Kit and associated protocol.
Twenty microlitres of extracted DNA of each sample were sent to Argonne National
Laboratory (ANL) following standard protocol to be ampliﬁed and sequenced on the
Illumina MiSeq™ platform on a 151–base pair (bp) × 12bp × 151bp MiSeq™ run,
targeting the 16S rRNA gene using primers 515F and 806R (Caporaso et al. 2012). This
followed the ANL ampliﬁcation protocol of an initial denaturing step of 94°C for 3 min,
35 cycles of 94°C for 45 s, 50°C for 60s, and 72°C for 90s, and an extension at 72°C for 10
min. Using the bioinformatics pipeline, QIIME2™, the ﬁles output from sequencing were
imported as EMP (Earth Microbiome Protocol) paired end sequences, demultiplexed and
run through the Divisive Amplicon Denoising Algorithm 2 (DADA2) pipeline at a max
error of 2.5, truncating at 150 reads and trimming at 12 reads, to denoise, dereplicate,
and ﬁlter chimeras, creating amplicon sequence variants (ASVs) (Callahan et al. 2016).
These ASVs are consistent labels with intrinsic biological meaning and are reusable
across studies and reproducible in future datasets, deﬁned as ≥97% 16S rRNA gene
sequence similarity (Callahan, McMurdie, and Holmes 2017). Using Greengenes version
13.5, these ASVs were taxonomically classiﬁed (McDonald et al. 2012). Surfactant-associated genera were ﬁltered and average abundance was calculated for each site.
Averaging was done over consecutive samples on each of the sampling sites. The
average for each genus of surfactant-associated bacteria was calculated by dividing
the total number of ASV counts of each sample type at each site (i.e. SML at Site 1) by
the number of samples collected at that type and site.

3. Results
3.1. Synthetic aperture radar and in situ measurements
The SAR images on 10 February 2016 (Figure 1) were collected during the LASER experiment
under moderate wind speed conditions. During the experiment on 10 February 2016, no
slicks were detected visually due to wind speeds above 5 m s−1 (Table 2). Neither TerraSAR-X
nor RADARSAT-2 images showed slick presence on 10 February 2016 (Figure 1). The
footprints of these images collected were not exactly over the sampling site on that day.
Due to adverse weather conditions, the ship was sheltered behind a small island and was
not able to get inside of the area of the satellite image.
The cellular structure seen in Figure 2(a) is most likely due to the strong atmospheric
convection. Note that this was wintertime and the water was warmer than the air, while
the cold, predominately northern wind came from the land (Figure 2(b)).
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Slicks were observed visually on 12 February 2016 during in situ sampling (Figure 3(b)).
The sampling conducted in low wind speed conditions of 2 m s−1 to 3 m s−1 on 12
February occurred 14 h after a TerraSAR-X satellite overpass on 11 February 2016 (Table 1).
In situ sampling was not possible on 11 February 2016 in the area of the SAR overpass due
to competition with other groups for use of the ship. Wind-wave conditions during the
TerraSAR-X overpass shown in Figure 2 were similar to those on 12 February 2016, during
in situ sampling. The TerraSAR-X Stripmap intensity image shows an area 30 km wide by
50 km long (Figure 3(a)). The slicks were seen in the SAR image and also seen visually from
the R/V F. G. Walton Smith, which was in the footprint during the TerraSAR-X overpass on
11 February 2016.
There were well-deﬁned convergence zones in the sampling area on 12 February 2016
(Figure 3(a)), supposedly related to a spiralling front (Wang and Özgökmen 2016).
Convergence zones associated with downwelling are known for the accumulation of
organic matter and microbial life (Espedal, Johannessen, and Knulst 1996). The dark
elongated area and surrounding dark areas in the middle of the SAR image could indicate
the presence of a slick in the frontal area. The lighter area at the bottom of the image is
rougher water and indicates the presence of atmospheric convective cells due to warmer
temperatures on the southern side of the front. Oil rigs appear in this image as bright
spots. Wind speed (U10) and direction have been calculated using sea surface roughness
as determined from this SAR image (Figure 3(c)). Features seen during the LASER experiment were not associated with oil, whereas samples collected during the SPLASH project
were located near a known oil seep, which is seen in Figure 4 in the SAR image.
The TerraSAR-X Stripmap image was taken while sampling was in progress at Site A on
19 April 2017 during the SPLASH experiment (Figure 4). There were no slicks visible by eye
during sampling, which was conﬁrmed by the lack of any clear dark slick-like feature in the
image between the start and end coordinates. The TerraSAR-X Stripmap image taken on
20 April 2017 was taken approximately 8 h after sampling occurred at Site B and 14 h
before sampling occurred at Sites C and D, shown as the inset SAR image (Figure 4). The
distinct dark v-shaped feature indicates the surface expression of oil seeping from the
damaged oil platform and a distinct front, conﬁrmed by in situ observation. Samples were
collected in a relatively small oil source area. At the same time, the SAR image showed a
much wider slick. The discrepancy between the slick as seen visually and in SAR imagery
was likely due to the presence of a very thin monomolecular layer suppressing shortgravity capillary waves. We did not collect samples outside the relatively narrow source
area, as no oil was visually detected. The Sentinel-1 image to the right shows surface
features associated with a frontal feature spreading throughout the Gulf of Mexico.

3.2. DNA analysis of bacteria
Repeated samples show comparable numbers of ASVs for each genus investigated within
each site. To address any minor variability between repeated samples, data were normalized by averaging the total counts of ASVs for each genus of bacteria in the samples by the
number of samples collected at each site. Discussion and conclusions were based on indepth analysis with conﬁdence intervals performed on each genus of surfactant-associated
bacteria of interest to address this variation. Due to the natural variability of microbial
communities and sea slicks in time and space, it is necessary to determine what is natural
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Figure 5. LASER results showing average ASVs per site for surfactant-associated bacterial genera.

variation and what is contamination. Because of this natural variability, only samples without substantial contamination or recorded interference during collection (i.e. touching an
arm, folding, etc.) were included in analysis. Illumina MiSeq™ DNA sequencing provides the
opportunity to analyse thousands of genera of bacteria and provide more robust results, as
compared to the analysis of the same data with quantitative PCR analysis (Howe et al.
2018). Using QIIME2™, 1,103 bacteria genera were identiﬁed out of 12,720 ASVs from
9,376,004 sequences generated from the LASER data, and 1,054 bacteria genera were
identiﬁed out of 11,693 ASVs from 8,079,507 sequences generated from the SPLASH data.
In order to eliminate contamination, surfactant- and oil-associated bacteria genera that
were not present or low in abundance on NE and non-template control ﬁlters were selected
for downstream analysis, which include Bacillus, Pseudomonas, Alcanivorax, Marinobacter,
Rhodococcus, Halomonas, Micrococcus, Arthrobacter, and Enterobacter (Figure 5). It should
be noted that Marinobacter, Rhodococcus, Halomonas, Arthrobacter, and Enterobacter were
substantially less abundant compared to Bacillus and Pseudomonas during LASER.
Pseudomonas was found in high abundance on the NE control ﬁlters during the SPLASH
project and was excluded from this analysis. Alcanivorax, an oil-degrading genus of bacteria,
was only found in samples from the SPLASH project. Bacterial abundance from LASER and
SPLASH by genera is shown in Figures 5 and 6. The number of counts for surfactant- and
oil-associated bacteria are small in comparison to the overall counts of other genera that
were either non-surfactant-associated or do not exist yet in the taxonomy database, so
absolute counts are more reliable than relative abundance for this type of analysis. To
compare the number of ASV counts found in each sample across all sites, the total number
of ASVs was averaged over each site and type by sample number to normalize results.
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Figure 6. SPLASH results showing average ASVs per site for surfactant-associated bacterial genera. The
data is separated by site on the x-axis, with type indicated within each site category. The green box
outlines the four sites that were in an oil slick.

4. Discussion
In both SPLASH and LASER experiments, surfactant-associated bacteria were typically
more abundant in the subsurface water (SSW) than in the sea surface microlayer (SML)
within slicks and were more abundant in low wind speeds.
During the LASER experiment, on 6 February 2016 (Sites 2 and 3, see Figure 1) samples were
collected under moderate wind speed conditions (Table 2). Both sites show a higher abundance of surfactant-associated bacteria in the SSW as compared to the SML (Figure 5). There
was no SAR imagery taken on this date. On 10 February 2016 (Sites 4 and 5, see Figure 1), the
samples were collected under moderate wind speed conditions (Table 2) near the Mississippi
River Delta in brown water. No slicks were observed visually. There was no signiﬁcant
diﬀerence between SML and SSW in the samples collected on 10 February under moderate
wind speed conditions. Notably, the abundance of surfactant-associated bacteria was relatively low in both the SML and SSW. A slick was observed during sampling on 12 February 2016
(Sites 6 and 7, Table 1, Figure 1). A slick was also seen in the TerraSAR-X imagery 12 h earlier
(Figure 3). Site 6 samples were collected in an intermittent slick area. Site 7 samples were
collected in a better-deﬁned slick. In both cases, the SSW contained more surfactant-associated
bacteria than the associated SML (Figure 5). Note that there was about 12 hours between the
satellite overpass and the in situ sampling. The slick can change in time and space. At the time
of the overpass, the slick was observed visually, but the ship was operating on a diﬀerent
project and in situ sampling was not possible until the morning of the next day.
During the SPLASH experiment, Sites A and G were located farthest away from the oil
seep seen in the SAR image (Figure 4) and west of the Mississippi River outﬂow, and Sites
B, C, D, E, and F were all located near the oil seep. Sampling at Site A occurred on 19 April
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2017 and sampling at Site G occurred on 25 April 2017. No slicks were observed at either
Sites A or G. Sampling at Sites B, C, D, E, and F all occurred from 20 to 22 April 2017
(Table 2, Figure 2). An oil sheen on the surface and the distinct smell of oil was observed in
situ at Sites C, D, E, and F. Samples were collected from inside the relatively narrow oil
source area, which was varying in location due to wind and currents, at each of these four
sites (Figure 2). Surfactant- and oil-associated bacteria appear to be more abundant in the
SSW than in the SML within the oil slicks (Figure 6).
It is noticeable that both Marinobacter and Halomonas, known surfactant-producing
and oil-degrading genera of bacteria, were in signiﬁcantly greater abundance in the SSW
in samples from the oil slicks compared to areas outside of oil slicks in the SPLASH
samples (Satpute et al. 2010) (Figure 6). Alcanivorax, another known surfactant-producing
and oil-degrading genus of bacteria, was only found in the SPLASH samples associated
with oil, and in signiﬁcantly greater abundance in the SML in samples from the oil slicks
(Satpute et al. 2010) (Figure 6). The lack of Alcanivorax in the LASER samples from the Gulf
of Mexico, where oil was not detectable, suggests that the presence of these bacteria may
be associated with oil. Alcanivorax was abundant in every sample collected at Site G from
SPLASH, which is supposedly aﬀected by the Mississippi River runoﬀ. The water from the
Mississippi River turns to the right by the Coriolis force and mostly enters the area west of
the Mississippi Delta. We see the presence of Alcanivorax in all samples at Site G, which is
west of the Mississippi Delta, and intermittently at Sites D and E, which are across the
Mississippi Delta (Figures 4, 6). The LASER experiment was conducted east of the
Mississippi Delta and did not reveal any Alcanivorax (Figures 1 and 5). In contrast, it is
apparent that both surfactant-associated bacteria Pseudomonas and Bacillus (Satpute et
al. 2010) were in greater abundance in the samples collected during LASER, where oil was
not seen, than in the SPLASH samples (Figures 5, 6).
Wind speed was 6 m s−1 at Site C, between 2 and 4 m s−1 at Sites D, E, and G, and from 0
to 2 m s−1 at Site F (Table 2, Figure 4). This indicates that increasing wind speed has a
negative eﬀect on the abundance of oil-degrading bacteria within an oil slick, with lower
wind speeds providing a more habitable environment for bacteria genera associated with
oil and surfactants in both the microlayer and underlying water. At Site F during SPLASH,
this relationship is the most distinct (Figure 4). The abundance of the bacteria is greatest
in the SSW at Site F compared to any other site during SPLASH, which can be associated
with the lowest wind speed. These ﬁndings support the idea that increased wind speed
can prevent bacterioneuston from forming a stable community within the near surface
layer (Rahlﬀ et al. 2017).
The connection between sea surface roughness and wind speed in the presence of
slick areas is not accounted for in the SAR wind speed algorithms. Though the SAR derived
wind speed shows signiﬁcant spatial variability over the dark slick area in Figure 3, the
actual U10 may not change signiﬁcantly over relatively small areas covered by surfactants.
Note that on the SAR image collected at moderate wind speed and no slick conditions
(Figure 2), the algorithm for wind speed calculation is expected to work well. However, in
slick conditions, the algorithm shows a signiﬁcant change in wind speed over a localized
area, which may be an artefact due to the reduced sea surface roughness by the presence
of surfactants. Wind speed was not derived from the images during SPLASH due to this
condition, as the presence of oil inhibited an accurate calculation. A better understanding
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of the connection between surfactant-associated bacteria and slicks may help in the
development of better algorithms for wind measurements with radar scatterometers.
In this study, the number of successive SML samples was increased from a few in Kurata
et al. (2016) and Hamilton et al. (2015) to as many as 10. A further increase of the number of
successive samples above 10 is not feasible because the ship drifts and often leaves the
slick area before completing the sampling set. In order to address seasonal and multi-year
variability, long-term observations are needed, which is an opportunity for future research.
Although congregations of some bacteria (e.g. Cyanobacteria) can be seen from a
satellite in colour imagery (Kahru 1997), congregations of surfactant-associated bacteria
are not detectable in ocean colour satellite imagery. The use of SAR in this project instead
enables the observation of slicks associated with these bacteria that can produce surfactants. SAR technology can help to visualize surfactant-derived slicks, which are formed
due to bacteria processing organic material in the water column and production of
surfactants. Further understanding of which microbial genera are capable of surfactant
production is necessary to understand the processes associated with natural oil break
down in the marine environment. SAR technology can thus be implemented to track
organic material, such as dissolved oil and other biological materials in the water column,
by the presence of surface slicks.

5. Conclusions
This manuscript is an advancement of the approach developed by Hamilton et al. (2015),
Kurata et al. (2016), and Howe et al. (2018). Following the experience in LASER, where in
situ measurements were conducted from a research vessel including several groups
competing for the ship time, in situ measurements were done from a small boat in
SPLASH, which provided more ﬂexibility for coordination with satellite overpasses and
signiﬁcantly added to the SAR imaging statistics obtained during LASER. During SPLASH,
microlayer samples were taken in the oil spill produced by the damaged and leaking
Taylor Energy platform. We used next-generation sequencing Illumina MiSeq™, which
broadened our analysis to over a thousand genera.
When combined, the seven surfactant-associated bacteria found in the LASER samples
and the eight surfactant-associated bacteria found in the SPLASH samples were in greater
abundance in the SSW than in the SML in natural and oil slicks in the Gulf of Mexico, which
indicates that surfactants may be produced in SSW in the presence of organic materials or
oil and transported to the SML via physical processes, accumulating on and enriching the
SML. This occurs in slicks under low wind speed conditions but also in moderate wind
speed conditions (see Figures 5 and 6 and Table 2). Samples collected outside of slicks
(Sites 4 and 5 during LASER and Sites A, B, and G during SPLASH, see Figures 5 and 6) that
were near or to the west of the Mississippi River Delta had a greater abundance of
surfactant-associated bacteria in the SML than in the SSW. (Note that abundance of
surfactant-associated bacteria was, in general, smaller under moderate wind speed conditions compared to low wind speed conditions). As the SML is a harsh environment
impacted by wind, breaking waves, and UV rays, bacteria genera found in the SML
samples are potentially more resistant and capable of surviving these factors. This work
supports the importance of using SAR in coordination with in situ SML sample collection
inside of slicks.
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Bacteria capable of producing and degrading surfactants may have an important role
in oil degradation within these oil slicks. The presence of oil-associated bacteria such as
Halomonas, Marinobacter, and Alcanivorax in the slicks seen in SAR can distinguish
between natural and oil-associated slicks. With global coverage, SAR can be used to
track organic material such as dissolved oil in the water column by the presence of surface
slicks.
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