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Natural and oil surface slicks as
microbial habitats in marine
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Natural and oil surface slicks are widespread phenomena at the air-water
interface and represent visible surface films with distinct physicochemical and
biological properties compared to non-slick surface films and underlying
marine water. Both types of slicks have major functions in nourishing and
dispersing surface-dwelling micro- and macroorganisms, contribute to particle
generation and carbon cycling, and are known to accumulate pollutants.
Despite these functions and the high frequency of slicks in the marine
environment, slicks are little understood considering their microbial
inhabitants and contributions of these organisms for natural and oil slick
establishment, function, and ecology. Our mini review summarizes the
current knowledge of microbial life in natural slicks, natural and
anthropogenic oil slicks, including the major knowledge gaps and
perspectives for future research. Overall, we aim for an increased awareness
about the existence of natural slicks, the differentiation between natural and
anthropogenic oil slicks and an improved reporting of slick events during
sampling of surface film and seawater from the epipelagic zone.

KEYWORDS

neuston, surface film, bacteria, surfactants, sea-surface microlayer, spill,
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Natural slicks in the marine environment

Most people are aware of oil surface films, so-called oil slicks, as anthropogenic pollution
in the marine environment. However, less focus has been granted to natural non-oil surface
slicks that establish as “smooth glassy streaks or patches” at the air-sea interface (Dietz and
Lafond, 1950). When exploring marine surface slicks, the concept of slicks is not fully
separable from investigations of the sea-surface microlayer, which represents a submillimeter
film covering the ocean’s surface (reviewed by Cunliffe et al. (2013)). Slicks represent visible
films (organic monolayers) (Garrett, 1965), that are much thinner (2.4 - 2.7 nm) than typical
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microlayer sampling resolution (Hiithnerfuss, 2006). Slick formation
is often accompanied by different texture and coloring of the
affected surface area (Figure 1), which results from increased light
reflection and makes these phenomena observable by eye from
ships and shore. Natural slicks are generally confined to coastal
waters where they can cover the ocean surface to ~80% under calm
weather conditions, occur more frequently during mornings and
are rarely seen at wind speeds > 6-7 m s (Romano and Marquet,
1991; Romano, 1996). Slicks appear with less frequency in the open
sea compared to coastal waters (11 vs. 30%, Romano, 1996) and in
proximity to the coast and inshore waters, slicks often contain high
organic matter content (Garabetian et al., 1993). In contrast, the
microlayer can form at typical oceanic wind speeds > 6 m s™* (Wurl
et al.,, 2009) and thus exists inside and outside surface slicks. Wurl

10.3389/fmars.2022.1020843

et al. (2016) proposed the terms slick and non-slick to distinguish
between the two types of microlayers. Hunter and Liss (1981)
claimed that the presence of slicks is an indicator for a coherent
surface film at the sea surface and hence slicks often accumulate
along shear currents, like eddies or fronts or in association with
Langmuir circulation (Green and Houk, 1979; Marmorino et al,
2002; Gade et al., 2013). Capone et al. (1998) described that natural
slicks can cover a surface area of 1300 m>. Slicks can be a warmer,
less saline, and a more viscous environment compared to
surrounding waters, and they often carry sea weeds like
Sargassum sp., particulates including plastics, and foams (Dietz
and Lafond, 1950; Carlson, 1987; Gower et al., 2006; Wurl et al.,
2016; Wurl et al,, 2018; Gallardo et al., 2021). The lifespan of natural
slicks typically lasts for several hours (Marmorino et al., 2008), but
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Concept of natural surface slicks (left) and oil slicks (right) and associated features. Both slick types interact with important air-sea interface
processes compared to adjacent waters, schematized in the magnifying glass (middle). Changes result in increased organic matter content,
temperature, viscosity, light reflection, and suppressed gas exchange (natural slick only). Particulates, foams, surfactants, and nutrients
accumulate in slicks. Sources of oil slicks can have natural (from leakage in sea ground or from onshore leakage: two top symbols) or
anthropogenic origin (pipelines, oil platforms, from oil prospects or production, from sea travel or transportation). Remote satellite techniques
such as Synthetic Aperture Radar (SAR) imagery can be used to detect slicks from space. The oil slick picture was taken from pixabay.com,
license is free for commercial use, no attribution is required. The natural slick photo was taken by one of the authors.
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reformation of slicks after periods of strong winds is possible within
an hour (Hardy, 1991). Thus, slick persistence exceeds the life cycle
duration of many microbes, which is minutes to hours (Wotton and
Preston, 2005).

Early work suggested that slicks would be formed due to
metabolically lipid-releasing organisms, mainly by diatoms.
Mass mortalities of copepods releasing large quantities of wax
esters were suspected to produce natural slicks in open ocean
settings (Lee and Williams, 1974). Consequently, different
organisms were assessed for their potential to induce slick-
forming reactions (Dietz and Lafond, 1950). For example
blooms of Trichodesmium, mainly Trichodesmium erythraeum,
are typically associated with slicks (Sieburth and Conover, 1965;
Sieburth, 1971; Dupouy et al., 2011; Rahlff et al., 2021) and the
production of free fatty acids (Gosselin et al., 2021). In fact,
natural surface slicks consist of complex polymeric material with
a minor fraction of simple lipids (Hunter and Liss, 1981;
Garabetian et al., 1993). Nowadays, it is more accepted that
the accumulation of surfactants, exceeding an unknown
threshold, seems responsible for the formation of natural
slicks (Wurl et al., 2009; Cunliffe et al., 2013). Surfactants
produced by bacteria, micro- and macroalgae (Sturdy and
Fischer, 1966; Frew et al., 1990; Satpute et al., 2010) consist of
well-oriented hydrophilic and hydrophobic parts and constitute
diverse chemical structures like glycolipids, lipopeptides,
phospholipids, fatty acid salts, and particulate structures (Ron
and Rosenberg, 2001). Surfactants are surface-active compounds
that lower surface tension and interfacial tension, e.g., between
oil and water phase and have dampening effects on ripple waves,
which leads to the typical appearance of a calmed water surface
(Garrett and Bultman, 1963; Ermakov et al., 1986; Ermakov
et al., 1992).

Organisms inhabiting the upper centimeters of the water
column including slicks and the microlayer are collectively
referred to as neuston (Naumann, 1917), which was estimated
to contain 2 x 10> prokaryotic cells globally (Flemming and
Wuertz, 2019). Bacterioneuston community composition
sometimes differs from the underlying bacterioplankton
community, in particular among the particle-attached bacterial
fraction and under slick or slick-like conditions (Stolle et al.,
2010; Rahlff et al., 2019), while other studies described more
similar community structures of neuston and plankton (Stolle
et al., 2011; Zancker et al., 2018). Overall, surface slicks are an
important biological habitat, accumulating different marine
organisms (Gallardo et al., 2021). Slicks aid distribution of
algae, meroplanktonic larvae, and small fish (Shanks, 1983;
Kingsford and Choat, 1986; Weidberg et al., 2014), act as
nurseries for neustonic larval fishes and zooplankton (Whitney
et al, 2021), and provide shelter and prey to different animals
(Kropach, 1971; Whitney et al., 2021).
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Prokaryotes in natural slicks

While supporting the higher trophic levels, slicks have been
rarely investigated regarding their microbial inhabitants, although
bacteria are long known for their abundance in surface slicks
(Crow et al., 1975; Sewell et al., 1981). Little work has been done to
reveal specific prokaryotic taxa and their metabolic and ecological
functions in natural slicks (Table 1). The cyanobacterium
Trichodesmium is probably the best and longest studied
bacterial slick genus (Sieburth and Conover, 1965).
Trichodesmium cells are active in slicks based on assessment of
primary productivity and nitrogenase activity (Capone et al,
1998), although the microlayer habitat counts as a net
heterotrophic system (Obernosterer et al, 2005; Rahlff et al,
2017) with many phototrophic organisms being substantially
inhibited by high light intensities (Hardy and Apts, 1989).
Trichodesmium even contributed to warming and inhibition of
salinization of the slick surface water (Wurl et al., 2018). Apart
from that, Wurl et al. (2016) showed that the bacterial community
composition of microlayer collected in a slick was remarkably
different from non-slick microlayer communities, which was
particularly true for particle colonizers. In addition, community
respiration is highly variable in slicks (Obernosterer et al., 2005).
Kurata et al. (2016) applied 454 sequencing of the 16S rRNA gene
and reported surfactant producers such as Acinetobacter spp. and
Bacillus spp. with highest abundance in the subsurface below the
slick, while within the slick, surfactant producers were mostly
absent. Later, Howe et al. (2018) also detected Bacillus spp. in the
water underlying a natural slick that formed at a convergent zone
in the Gulf of Mexico. The authors of both studies concluded that
surfactants could be produced in the water column and
subsequently transported into the slick by means of advection,
convection, and bubble scavenging processes. Due to ephemerality
of slicks, presence of opportunistic Gammaproteobacteria, that
typically inhabit non-slick microlayer, microlayer particles, and
sea foams associated with slicks (Cunliffe et al., 2011; Rahlff et al.,
2021) is likely. Recently, Rahlff et al. (2022) reported several
bacterial taxa from metagenomes of surface microlayers
sampled in slicky waters of the Swedish Skagerrak but no direct
comparisons with non-slick microlayer from the same location
has been carried out. Most abundant in these samples were
Oceanospirillales, Flavobacterium psychrophilum, Marine Group
I Thaumarchaeota, Hylemonella gracilis, Candidatus Pelagibacter,
and Candidatus Ruthia magnifica among others (Table 1). Due to
the overall scarcity of studies, it follows that much more work
needs to be done to elucidate the prokaryotic community
composition of natural slicks including the microbial role in
surfactant production and involvement in direct gas
metabolism. And doubtlessly, dominant taxa and functions are
expected to vary with geographic location.
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TABLE 1 Bacteria and archaea typically associated with natural slicks (NatS) and anthropogenic oil slicks (AntOS).

Organism Slick type Surfactant Notes References
(NatS, AntOS) production*

Archaea

Phylum & Class: Nitrososphaerota

Marine Group I Thaumarchaeota NatS Rahlff et al., 2022

Bacteria

Phylum & Class: Actinomycetota

Actinomycetia

Arthrobacter AntOS Parks et al., 2020

Micrococcus NatS, AntOS Parks et al., 2020

Rhodococcus NatS, AntOS Parks et al., 2020

Phylum & Class: Bacteroidota;

Flavobacteriia

Flavobacteriia AntOS X hydrogenoclastic Harayama et al., 1999; Kasai et al., 2002; Liu & Liu, 2013; Martinez-Varela et al., 2022

Flavobacterium psychrophilum NatS Rahlff et al., 2022

Fluviicola taffensis DSM 16823 NatS Rahlff et al., 2022

Formosa AntOS oil slick incubated in dark Bacosa et al., 2015b

Gaetbulibacter saemankumensis DSM NatS Rahlff et al., 2022

17032

Mesonia mobilis DSM 19841 NatS Rahlff et al., 2022

Sandarakinotalea AntOS oil slick exposed to sunlight Bacosa et al., 2015b

Winogradskyella AntOS oil slick incubated in dark Bacosa et al., 2015b

Phylum: Campylobacterota

Arcobacter AntOS DWH Liu and Liu, 2013

Phylum & Class: Chloroflexota;

Chloroflexia

Chloroflexi AntOS DWH Liu and Liu, 2013

Phylum & Class: Cyanobacteria;

Cyanophyceae

Trichodesmium NatS best known slick colonizer, sometimes Sieburth and Conover, 1965; Sieburth, 1971; Capone et al., 1998; Dupouy et al., 2011; Wurl
Trichodesmium erythraeum et al,, 2018 and many others

Phylum & Class: Bacillota; Bacilli

Bacillus NatS, AntOs X often more abundant in water under the slick,  Parks et al., 2020; Howe et al., 2018; Kurata et al., 2016
hydrogenoclastic

Phylum & Class: Bacillota; Clostridia

Clostridium AntOS X hydrogenoclastic organisms Martinez-Varela et al., 2022

(Continued)
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TABLE 1 Continued
Organism

Eubacterium

Phylum: Fusobacteriota

Phylum & Class: Pseudomonadota;
Alphaproteobacteria

Alphaproteobacterium IMCC1322
Bartonella

Candidatus Pelagibacter (SAR11 clade)
Erythrobacter

Labrenzia

Loktanella vestfoldensis SKA53
Planktomarina temperata RCA23

Pseudorhodobacter ferrugineus DSM
5888

Rhodobacterales
Rhodospirillales
Rhodovulum
Sphingomonas
Thalassobius
Thalassospira

Phylum & Class: Pseudomonadota;
Betaproteobacteria

Hylemonella gracilis

Methylophilus methylotrophus ATCC
53528

Methylotenera sp.

Polynucleobacter necessarius
asymbioticus

Stappia

Phylum & Class: Pseudomonadota;
Gammaproteobacteria

Order: Alteromonadales
Alcanivorax
Alteromonas

Colwellia

Glaciecola

Slick type Surfactant
(NatS, AntOS) production*

AntOS
AntOS

NatS

AntOS
NatS, AntOs
AntOS
AntOS

NatS

NatS

NatS

AntOs
AntOs
AntOs
AntOS X
AntOS
AntOS

NatS
NatS

NatS
NatS

AntOS

AntOS X
AntOS

AntOS X
AntOS X

Notes

oil slick incubated in dark

DWH, obligate anaerobic and potential
hydrocarbonoclastic

DWH, oil slick exposed to sunlight
DWH, lighter oil, inhibited by oil
DWH, oil slick incubated in dark
oil slick exposed to sunlight

DWH, lighter oil

DWH, lighter oil

DWH

hydrogenoclastic

oil slick incubated in dark

DWH

DWH

DWH, hydrogenoclastic
DWH, oil slick exposed to sunlight, heavier oil
DWH, hydrogenoclastic

hydrogenoclastic

References

Bacosa et al., 2015b

Gutierrez et al., 2016

Rahlff et al., 2022

Bacosa et al., 2015b; Parks et al., 2020; Liu & Liu, 2013

Rahlff et al., 2022; Redmond & Valentine, 2012
Bacosa et al., 2015b; Liu & Liu, 2013

Bacosa et al.,, 2015b

Rahlff et al., 2022

Rahlff et al., 2022

Rahlff et al., 2022

Redmond and Valentine, 2012
Redmond and Valentine, 2012
Liu & Liu, 2013
Martinez-Varela et al., 2022
Bacosa et al., 2015b

Liu & Liu, 2013

Rahlff et al., 2022
Rahlff et al., 2022

Rahlff et al., 2022
Rahlff et al., 2022

Liu and Liu, 2013

Parks et al., 2020; Harayama et al., 1999; Kasai et al., 2002
Redmond and Valentine, 2012; Liu & Liu, 2013; Bacosa et al., 2015b; Gutierrez et al., 2016

Hazen et al., 2010; Martinez-Varela et al., 2022

Martinez-Varela et al., 2022
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TABLE 1 Continued
Organism

Marinobacter
Pseudoalteromonas
Shewanella

Order: Oceanospirillales
Alcanivorax

Halomonas

Marinomonas

Oceanospirillales

Reinekea blandensis MED297
Order: Pseudomonadales

Acinetobacter

Psychrobacter

Pseudomonas

Order: diverse

Candidatus Ruthia magnifica
Coxiella

Cycloclasticus

Escherichia

Kangiella koreensis DSM 16069

Natronocella

Porticoccus hydrocarbonoclasticus

MCTG13d

Vibrionales

Slick type
(NatS, AntOS)
AntOS

AntOS
AntOS

AntOS
NatS, AntOS

AntOS
NatS, AntOS

NatS

NatS, AntOS

AntOS
NatS, AntOS

NatS
AntOS
AntOS
NatS
NatS
AntOS
NatS

AntOS

Surfactant
production*

Notes

DWH, oil slick exposed to sunlight
DWH, heavier oil, hydrogenoclastic

hydrogenoclastic

oil slick incubated in dark

DWH, oil slick exposed to sunlight,
hydrogenoclastic

hydrogenoclastic

DWH, inhabitants of dispersant treated oil
spills

more abundant in water under the slick,
heavier oil, hydrogenoclastic

hydrogenoclastic

DWH, heavier oil, oil slick incubated in dark,
hydrogenoclastic

oil slick incubated in dark
DWH

oil slick incubated in dark

hydrogenoclastic

DWH, heavier oil

*Surfactant production is only indicated if it was mentioned in the cited work. DWH, Deepwater Horizon.
DWH appears in the fourth column if at least one of the mentioned references cites the taxon in association with Deepwater Horizon oil release.

References

Liu and Liu, 2013; Bacosa et al., 2015b; Parks et al., 2020
Redmond and Valentine, 2012; Gutierrez et al., 2016
Martinez-Varela et al., 2022

Liu and Liu, 2013; Bacosa et al., 2015b; Parks et al., 2020
Gutierrez et al., 2016; Parks et al., 2020; Martinez-Varela et al., 2022

Martinez-Varela et al., 2022

Hazen et al., 2010; Tremblay et al., 2017; Rahlff et al., 2022

Rahlff et al., 2022

Redmond and Valentine, 2012; Kurata et al., 2016; Martinez-Varela et al., 2022

Martinez-Varela et al., 2022

Redmond and Valentine, 2012; Liu and Liu, 2013; Bacosa et al., 2015b; Kurata et al., 2016;
Parks et al., 2020; Martinez-Varela et al., 2022

Rahlff et al., 2022

Bacosa et al., 2015b

Hazen et al., 2010; Gutierrez et al., 2016
Kurata et al., 2016

Rahlff et al., 2022

Bacosa et al., 2015b

Rahlff et al., 2022

Liu and Liu, 2013; Gutierrez et al., 2016
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A general introduction into oil slicks

In contrast to natural slicks, oil slicks are less studied from
the point of a natural microbial habitat, instead, the focus is
often on biology of oil-polluted waters, responses to oil spills,
and remediation. Oil slicks can show diverse appearance, i.e.,
very thin silvery/grey/rainbow shiny films on the water surface
(Figure 1), often observable in harbor basins after minor oil
releases. They can also occur as thick continuous or
discontinuous brown/black oil films on the water surface after
contaminations with larger oil volumes. Oil slick thickness
ranges between 0.04 um and > 200 pm (Peperzak et al., 2010),
and patches up to 10 km length were reported (MacDonald et al.,
2002). A ton of spilled oil can build oil slicks that cover an area of
5 x 10° m* (Xue et al, 2015). An oil slick’s lifetime strongly
depends on its thickness, oil composition, wind speeds and
related mixing conditions, but slick dimensions do not affect
oil slick lifetime (Zeinstra-Helfrich et al., 2017). Thick oil slicks
inhibit light penetration resulting in lower light intensities
reaching the underlying water, affecting the growth of
phototrophic organisms (Gao et al., 2021; Quigg et al., 2021).
Oils slicks are hydrophobic and chemically complex mixtures
containing several thousands of different compounds; hence,
many compounds remain chemically uncharacterized through
oil studies (Brussaard et al., 2016; Shi and Wu, 2021). Aliphatic,
unsaturated, and aromatic hydrocarbons, asphaltenes and resins
are the dominating compound classes in oils (Wilkes and
Schwarzbauer, 2010). Depending on the chemical composition
and the physical properties, oils are classified roughly into light
oil and heavy oil. Oil slicks mainly consist of lighter oils, because
the denser heavy oil components tend to sink to the sea floor
(Stevens et al., 2015). Environmental conditions, such as
temperature, sunlight, wind, and rain significantly affect the oil
slicks' physicochemical properties and oil quality in terms of
weathering, evaporation, dissolution, photo- and biodegradation
(Golyshin et al., 2010; Aeppli et al., 2012; Bacosa et al., 2015a;
Payne et al., 2016; Cederwall et al., 2020). A detailed
physicochemical characterization of marine oil slicks is
necessary for making microbiological results comparable
across different studies. Sea surface water temperatures
(epipelagic zone = top 200 m of the ocean) can range from
-1.7°C to 29°C (Ikeda et al,, 2001), demonstrating the need for
reporting water temperatures to account for the oil slicks’
physical properties in addition to chemical composition.
Additionally, oil slick surface area, volume, and thickness must
be considered for microbial studies, as they can affect light
availability and nutrient transport within the slick. Marine oil
slicks can result from either natural leakages from fractures in
the seafloor or from on-shore natural seepages spilling into the
ocean (Kvenvolden and Cooper, 2003). Alternatively, they can
result from anthropogenic sources, such as oil prospects or
production, leakage of oil pipelines, oil spills from ships
(Figure 1) and sea travel (Jernelov, 2010a; Jernelov, 2010b;
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Chen et al,, 2019). When spilled at the water surface, oil
components were found to dissolve quickly into sea water and
were still detected and biologically available after a few hours
down to eight meters below the formed slick (Brussaard et al,
2016). This demonstrates that not necessarily all spilled oil
components are resulting in the formation of surface oil films
i.e., slicks. Most recent and well-known oil spills that led to
enormous oil slick formations at the sea surface are the
Deepwater Horizon (DWH) offshore drilling rig explosion in
2010 and the Exxon Valdez oil tanker spill in 1989, located in the
Gulf of Mexico and in the Gulf of Alaska, respectively (Zhang
et al, 2019). In some anthropogenic oil spills, oils have lost their
natural composition, because drilling fluids, different waters, or
lighter oils have been added to facilitate oil production or ensure
oil dilution for an easier transport through pipelines (Pannekens
et al,, 2019; Ortmann et al., 2020; Cobanli et al., 2022). Such
additives often provide an extra nitrogen or carbon source and
thus influence the microbial community composition of marine
oil slicks by changing the initial nutrient supply (see below). In
2003, scientists estimated that 47% of crude oil seepages into
marine environments originate from natural seeps and 53%
from anthropogenic sources (Kvenvolden and Cooper, 2003).
The estimated amount of naturally released oil was determined
at 600,000 tons year’1 (Kvenvolden and Cooper, 2003; Kimes
et al., 2014), which highlights the importance of studying the
microbiology of natural oil slicks. In contrast, a recent published
study identified most oil slicks in proximity to coast lines and
determined that the origin of marine oil pollution is mainly
caused by anthropogenic oil slicks (94%) rather than by natural
oil slicks (6%) (Dong et al. 2022). Probably because of the lower
frequency of natural oil slicks, much more research articles are
available on the microbiology of anthropogenic oil slicks
including those discussing effects of dispersants (Table 1).
Detailed investigations of microbial community compositions
of natural oil slicks were lacking (Burns et al., 2010; Ziervogel
et al., 2014; Brussaard et al., 2016), which emphasizes a large
knowledge gap on these phenomena.

Prokaryotes in oil slicks derived from
anthropogenic oil spills

Microorganisms capable of hydrocarbon degradation
(hydrocarbonoclasts) are ubiquitously abundant in the marine
environment, albeit in low numbers (Golyshin et al., 2010). A
metagenomic survey even identified that most metagenome-
assembled genomes of non-contaminated samples from the Gulf
of Mexico were similar to those from oil contaminated sites
(Karthikeyan et al., 2020). This finding demonstrates the broad
environmental distribution of hydrocarbonoclastic bacteria and
the importance of studying more the overlooked natural oil
leakages that are plentiful in the Gulf of Mexico (Ziervogel et al.,
2014) and might provide microbial seed banks of
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hydrocarbonoclastic organisms into the ocean. A rule of thumb
is that the heavier the oil, the more photo-oxidized or
biologically degraded it is. In oil slicks, microbial degradation
has been identified as the dominant degradation mechanism for
abundant polyaromatic hydrocarbon compounds (PAHs)
(Gonzalez-Gaya et al., 2019). This contrasts an older study on
oil slicks, that identified photo-oxidation as main degradation
process of PAHs and bacteria as major source of alkane
degradation (Bacosa et al., 2015a). Conflicting results might
result from different oil types, different light intensities, or
microbial communities with different oil degradation
capabilities (reviewed by Bacosa et al., 2022). After an oil spill,
the numbers of hydrocarbon-degrading microorganisms change
rapidly, and Alpha-, Gammaproteobacteria, or Flavobacteriia
were observed to dominate microbial communities with
relative abundances > 60% to even 90% (Table 1) (Harayama
et al., 1999; Kasai et al., 2002; Liu and Liu, 2013; Kimes et al.,
2014). Microbial communities of oil slick and deep-water plume
samples investigated from the DWH oil spill differed from each
other. Deep water oil but not the slick samples contained DWH
related Oceanospirillales (Hazen et al., 2010), while Colwellia,
and Cycloclasticus were present in both samples (Redmond and
Valentine, 2012). In addition, surface oil slicks were mainly
dominated by Cyanobacteria, Alphaproteobacteria, and potential
hydrocarbonoclastic organisms such as Alteromonadales and
Oceanospirillales made up 15% of the total oil slick
community. Within the same study, oil slicks consisting of
heavier oil were found to be dominated by other organisms
(Redmond and Valentine, 2012). Gutierrez et al. (2016)
identified the same organisms and additionally Cycloclasticus
and Halomonas as major DHW slick inhabitants (Table 1).
Alteromonas and Pseudoalteromonas are known degraders of
labile dissolved organic matter, which might be accumulated in
oil slicks and thus provide an important carbon source
(Sherwood et al.,, 2015; Goto et al., 2020; Liu et al., 2022).
Sunlight, which oxidizes oil, significantly reduced bacterial
diversity and evenness in incubations with DHW oil slicks.
This is most likely because sunlight can change environmental
conditions inside the slick, e.g., nutrient availability and
temperature (Bacosa et al., 2015b). Here, microbial
communities developed differently in incubations exposed to
sunlight or darkness. Candidatus Pelagibacter was found to be
inhibited by oil independent of light availability. While the
relative abundance of the cyanobacterium Synechococcus was
decreased in oil slicks exposed to sunlight, the abundance of
Alteromonas, Marinobacter, Labrenzia, Sandarakinotalea,
Bartonella, and Halomonas were strongly linked to light
incubations. Their abundances increased but the diversity was
higher in dark incubations. Oil slick samples incubated in the
dark were inhabited by Thalassobius, Winogradskyella,
Alcanivorax, Formosa, Pseudomonas, Eubacterium,
Erythrobacter, Natronocella, and Coxiella (Table 1) (Bacosa
et al., 2015b).
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The role of marine oil snow,
biosurfactants, and dispersants for oil
slick microorganisms

Marine oil snow is degraded oil, which forms tiny particles
glued by biogenic exopolymeric substances (Gutierrez et al.,
2013a; Gregson et al, 2021; Quigg et al, 2021) sinking to the
sea ground (Hua et al., 2018). The formation of marine oil snow at
the boundary between oil slick and underlying water indicates that
active oil biodegradation is happening (Passow et al., 2012;
Passow, 2016), and these particles are hotspots for microbial oil
degradation (Ziervogel et al., 2012). Apparently, microbial
communities and marine oil snow production vary according to
environmental conditions related to seasonal changes
(temperature and light dependent) (Ziervogel et al., 2014;
Ortmann et al, 2020). In general, microorganisms are capable
of utilizing hydrocarbons under oxic, microaerophilic, and anoxic
conditions as carbon source (Khot et al., 2021), but in marine oil
slicks, microbial oil degradation dominantly occurs aerobically
(Kimes et al., 2014; Gutierrez et al., 2016). Surprisingly, obligately
anaerobic and potential hydrocarbonoclastic Fusobacteria have
been isolated from DWH oil slicks. The authors hypothesized that
those organisms got enriched in anaerobic zones related to marine
oil snow particles (Gutierrez et al., 2016).

While biosurfactants are essential for the formation of
natural slicks, in oil slicks they primarily increase the rate of
oil biodegradation. Many Pseudomonadota are known
biosurfactant producers and hydrogenoclastic organisms in the
sea-surface microlayer of coastal Antarctica (Martinez-Varela
et al. (2022), Table 1). A study focusing on microorganisms in
microlayer associated with an oil slick identified amplicon
sequence variants (ASVs) related to oil-degrading and
surfactant-producing genera: Alcanivorax, Halomonas,
Marinobacter, and Bacillus (Parks et al., 2020). Especially,
Halomonas was dominant in water underlying the oil slick
compared to non-slick underlying water, indicating surfactant
production under the slick. In addition, the authors proposed
that the genera Alcanivorax, Halomonas, Marinobacter might be
indicative for the presence of oil in the slick (Parks et al., 2020).
The presence of surfactants can even enhance hydrocarbon/oil
removal by exerting emulsifying activity (Karanth et al., 1999).
Microbial cells with high cell surface hydrophobicity, for
example certain cyanobacteria (Fattom and Shilo, 1984) and
most oil degraders, can function as the surfactant themselves and
thus have high affinity towards air-water or oil-water interfaces
(Karanth et al., 1999).

Marine oil slicks from anthropogenic sources often contain
artificial dispersants, either added during oil production or for
oil transport applied to remove the slick from the sea surface.
Many studies have investigated the effect of diverse dispersants
on microbial communities, and consistent was that dispersed
oils are easier available to biodegradation resulting in higher
prokaryotic abundances (Passow et al.,, 2012; Ziervogel et al.,
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2014; Duran and Cravo-Laureau, 2016; Quigg et al., 2021),
higher oil degradation rates and expression of oil-degrading
genes (Passow et al., 2012; Ziervogel et al., 2014; Tremblay et al.,
2017). Organisms of the Oceanospirillales group have been
proposed as vital inhabitants of dispersant treated oil spills
(Tremblay et al., 2017). Dispersants were determined in
microcosm experiments to have stronger selective effects on
dominant species than crude oil itself (Zhou et al., 2022). Higher
trophic levels like phytoplankton are often inhibited by high
dispersant doses resulting in lower total carbon cycling rates
(Ortmann et al, 2012), because higher doses cause higher
solution of hydrocarbons and toxic compounds (Echeveste
et al, 2010; Jung et al., 2010). The obvious differences between
dispersed/modified and natural oil slicks point out that natural
oil slicks provide distinct habitats worthwhile to study in more
detail to understand the natural marine carbon-fluxes and
biodegradation processes and rates.

Comparison of natural and oil
slick features

Most obvious differences are that in comparison to oil slicks,
natural slicks are quite unknown and harder to detect on the sea
surface, have shorter lifetimes, are much thinner (nm vs. pm),
contain other major nutrients (natural marine vs. hydrocarbons)
and are not or less harmful and toxic to living organisms.
Nevertheless, the two habitats cannot be strictly separated
from each other, because some factors, such as slick detection,
inhabitants, role of surfactants, varying physicochemical
characteristics, and mechanisms of spreading organisms with
slicks, play important roles in both. Methods for detection and
monitoring natural and oil slicks range from simple visual and
photographic observations (Romano and Marquet, 1991;
Romano, 1996) to high-resolution remote sensing methods via
satellites such as Synthetic Aperture Radar (SAR) (Migliaccio
et al., 2015) (Figure 1). Considering key colonizing
microorganisms of slicks, eight organisms were reported for
both slick types, namely, Acinetobacter, Bacillus, Candidatus
Pelagibacter, Halomonas, Micrococcus, Oceanospirillales,
Pseudomonas, Rhodococcus, and half of these bacteria were
associated with surfactant production (Figure 1 and Table 1).
Surfactants play an important role in formation and stability of
natural and oil slicks. In addition, by increasing solubility and
the surface area of oil, surfactants can help bacteria to grow in
slicks or access hydrocarbons (Shreve et al., 1995; Amani et al,,
2010). Surface slicks and surfactants in sufficient quantities can
suppress gas exchange across the air-sea boundary (Salter et al.,
2011), e.g., natural slicks suppressed carbon dioxide flux by 62%
(Mustaffa et al., 2020). Oil slicks were determined to reduce
water evaporation on the sea surface by 15-33%, which is caused
by diffusion and energy resistance at the film-water interface
(Anikiev et al., 1988). However, at least according to older
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studies, gas exchange between water and atmosphere is not
affected by oil slicks (Kinsey, 1973). Lowered salinity as caused
by reduced evaporation might play an important role for
microbial communities in oil slicks because microbial
communities for instance in oil reservoirs have been observed
to respond threshold-dependent to salinity, resulting in abrupt
changes to less diverse and uneven communities (Shelton et al.,
2016; Voskuhl et al., 2021).

One question refers to how bacteria spread within slicks and
with moving and disintegrating slicks into the sea. So far, this has
only been rudimentary investigated for natural slicks, but
represents an interesting research question for oil slicks. Stolle
et al. (2010) followed the formation and disintegration of a
natural surface slick in the southern Baltic Sea and described
strong enrichment of bacteria in the slick as well as changes in
bacterioneuston composition during slick formation based on
16S rRNA and 16S rRNA gene analysis. During slick
disintegration, the community composition of non-attached
bacteria underwent stronger changes compared to particle-
associated fractions. Passive transport of bacteria with particles
from the underlying water has been discussed as a likely cause
for the high abundance of bacteria in the slick (Stolle et al.,
2010). Hale and Mitchell (1997) investigated bacterial spreading
dynamics in artificially induced slicks inoculated with Vibrio
natriegens. The bacterium showed localized high concentrations
at the point source and at the leading edge of the slick, which
suggests that it did not spread evenly within advancing slicks.
The authors suggested that bacteria are concentrated and
transported at the slick’s leading edge (Hale and Mitchell
1997, Harper, 2006). Bacteria from the underlying water were
incorporated evenly across the slick rather than displaced with
potential to change the community composition of the
bacterioneuston in the slick. Wotton and Preston (2005), who
studied protists in pond slicks, suggested that passive drift with
slicks would allow microbes to traverse greater distances with
less energetic costs, and slicks would offer “an excellent
locomotory substratum for gliding and crawling
microorganisms”. In addition, natural slicks and oil slicks
provide viscous habitats (Carlson, 1987; Cobanli et al., 2022)
and recent work found that bacterial motility could be even
enhanced in such complex fluids (Kamdar et al., 2022).

Microbial interactions and understudied
groups in natural and oil slicks

Zooplankton and microorganisms comprise complex
relationships in the marine environment, e.g., interactions
related to predation or to algal cells providing a habitat for
bacteria (Ramanan et al.,, 2015; Seymour et al., 2017).
Zooplankton groups, e.g., heterotrophic nanoflagellates,
tintinnids, ciliates and copepod larvae, were mostly reported
being sensitive to oil spill exposure, probably due to the oil’s
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toxicity, stickiness and oil-mediated reduced light intensities
(Ozhan et al,, 2014; Brussaard et al., 2016; Quigg et al., 2021).
Bacteria-bacteria and bacteria—-phytoplankton interactions can
change oil degradation processes and rates in the marine
environment, and hence have different effects compared to
single organism observations (McGenity et al, 2012), which
has however not been investigated in oil slicks. For instance,
hydrocarbon degradation was enhanced by photosynthesis in
algal-bacterial associations (Borde et al., 2003; Warshawsky
et al., 2007). Phytoplankton cells, which naturally produce
hydrocarbons, represent a typical habitat for hydrocarbon-
degrading bacteria even outside oil contaminations (Gunnison
and Alexander, 1975; Binark et al., 2000; Mishamandani et al.,
2016). Therefore, phytoplankton communities, despite being
sometimes photo-inhibited at the air-sea boundary, could
serve as natural seed bank of hydrocarbonoclastic bacteria into
newly formed oil slicks (Mishamandani et al., 2016) and even
enhance a quick colonization of oil slicks. Microbial community
composition related to the diatom Skeletonema costatum
changed after being exposed to oil in an artificial slick setting.
Oil-degrading taxa such as Arenibacter, Marinobacter,
Parvibaculum, Roseobacter clade, and Polycyclovorans algicola
became more abundant over Piscirickettsiaceae/Methylophaga,
while other common phytoplankton-associated taxa such as
Flavobacteriaceae and Alphaproteobacteria became less
numerous (Gutierrez et al., 2013b; Mishamandani et al., 2016).

To the best of our knowledge, no study has systematically
compared the natural community composition of eukaryotic
microbes from natural marine slicks with non-slick microlayer,
while much more data exist on marine oil slicks (see above),
however mainly on the non-natural ones. Certain dinoflagellates
like Prorocentrum micans or Noctiluca scintillans can
accumulate in natural slicks, enhance microbial production by
releasing exudates, and, as the case for N. scintillans, produce
ichthyotoxins (Wandschneider, 1979; Tilstone et al., 2010;
Hallegraeft et al,, 2019). Investigations on microbes in foams
associated with natural slicks showed higher numbers of
prokaryotes and small autotrophic eukaryotes as measured
from flow cytometry compared to foams from non-slicks
(Rahlff et al., 2021). In addition, reports about the abundance
and ecological role of archaea in natural slicks are missing and
only rarely reported in context of oil slicks, mostly identified via
archaeal lipid biomarkers (Naehr et al., 2009; Burns et al., 2010).
Euryarchaeota and Thaumarchaeota marine group I were found
in the microlayer (Cunliffe et al., 2008; Wong et al., 2018; Rahlff
et al., 2022) and in the context of oil microbiology but not
specifically in oil slicks (Head et al., 2006; McGenity et al., 2012)
although archaea can fulfil important functions, e.g., in the
carbon or nitrogen cycle. Fungal populations (yeasts and
molds), like bacteria, enrich in surface film within slicks (Crow
et al, 1975). Different studies provide proof that fungi from
marine environments are capable of hydrocarbon degradation
(Sanyal et al., 2016; Dell’Anno et al., 2021), but we could not find
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literature on fungi investigated directly in oil slicks or detailed
studies about fungal communities in natural slicks.

Another open research area is the ecological role of viruses
and bacteriophages residing in natural and oil slicks. Viruses are
often enriched in the microlayer (reviewed by Rahlff (2019)) and
albeit bacteriophage isolates from slicks exist (Rahlff, 2022), the
structure of slick viral communities especially on floating
particles and their ecological functions are unknown. We
assume viral lysis of host cells could substantially influence the
local surfactant pool and thus enhance slick formation and
associated dissolved organic matter release (the “viral shunt”,
Wilhelm and Suttle (1999)) could further enhance the prevailing
heterotrophy within surface films. Likewise, lysis-mediated
release of complex polymeric particles from host cells, could
induce formation of marine snow and oil snow and induce
particle export to the deep ocean (concept of the “viral shuttle”,
reviewed by Zimmerman et al. (2020)). It is long known that
transparent exopolymer particles (TEPs) are enriched in surface
slicks and that viruses adhere to them (Brussaard et al., 2005;
Wurl et al., 2016). In addition, viruses could supply natural and
oil slick bacteria with auxiliary metabolic genes, e.g., related to
photosynthesis (Lindell et al., 2004), surfactant production or
hydrocarbon degradation (both not known so far), thereby
influencing carbon cycling and gas uptake from the
atmosphere. Surfactant production may affect phage survival
(Chattopadhyay et al., 2002) while on the other hand, bacterial
film and foam formation can be prevented by phage exposure
(Petrovski et al., 2011) allowing us to conclude that virus-
surfactant interactions in marine slicks are complex and
require further research efforts.

Discussion and future perspectives

With this mini review we intend to raise awareness for the
existence of natural surface and oil slicks and stress the
importance of investigating slick microbiology. Despite slicks
being widespread and interfering with the ocean’s function as a
sink for carbon dioxide by inhibiting its uptake, the importance
of the neuston from air-sea interface habitats and the presence of
slicks and natural oil slicks in protocols for large-scale neuston
samplings have barely been emphasized (Gorsky et al., 2019;
Tara Ocean et al., 2022). While wind speed as the most
important parameter for sampling surface films/microlayer is
often reported, the presence or absence of slicks mostly remains
unstated. Reasons might be missing awareness of slick existence
or difficulties of identifying slicks when being the middle of one
on a boat. Due to their important role in the process of gas
exchange suppression and their distinct microbial community
composition with possible impacts for hydrocarbon degradation,
surfactant production, and carbon export to deeper waters,
recording slicks during sampling of surface films for microbial
or chemical analyses would allow for a better understanding of
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their ecological function. Oceanographic surveys typically
conduct water sampling along transects with the lowest depth
being 3-5 m using a CTD Niskin rosette water sampler (Larkin
et al,, 2021), thereby neglecting the immediate air-sea interface.
We encourage to report on the presence/absence of slicks and
any natural or anthropogenic oil appearance in all cases where
water sampling is conducted in the epipelagic/photic zone.
Microbes and viruses at the shallowest sampling depth could
influence slick formation at the air-sea boundary and, vice versa,
slicks affect the microbiome beneath the air-water interface, e.g.,
by introduction of nutritional gradients or increasing light
reflection, i.e., less light will penetrate to deeper depth.
Moreover, we hope to inspire interdisciplinary collaborations
between microbiologists, modelers, gas physicists, geologists,
and oceanographers to study the functions of microbes and
viruses in natural and oil slicks on directly regulating gas
exchange by metabolic processes and indirectly by releasing
surfactants. Finally, we assume that an improved understanding
on the spreading dynamics of slicks, studied by state-of-the-art
remote sensing methods and under consideration of a slick’s life
span could aid to assess horizontal transport of multicellular
organisms, microbes, and viruses with slicks. This would entail a
range of implications, e.g., for investigating spread of viral
infections into sea surface blooms, or the potential for oil
degradation in the slick destination.
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