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Surface slicks structure microbial and viral neuston in relation
to biogeochemical conditions
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Abstract

The sea-surface microlayer (hereafter microlayer), which forms the interface between the ocean and atmo-
sphere, plays a key role in nutrient cycling and microbial dynamics. Coastal slicks, which are viscous and bio-
genic surface Ims, often serve as hotspots for microbial activity, yet their structure and interactions remain
incompletely understood. Here, we investigated viral and microbial abundance, surfactants, dissolved organic
carbon, and total dissolved nitrogen in slick microlayer and their corresponding underlying water in the coastal
Baltic Sea. Dissolved organic carbon and total dissolved nitrogen showed minor enrichment in the microlayer,
while surfactants were elevated in several slicks. Some microbial abundances were signi  cantly higher in the
slick microlayer, including prokaryotes and different phytoplankton size classes. Co-occurrence network analysis
revealed clusters in the slick: surfactant-associated groups (nanophytoplankton groups, viruses) and surfactant-
independent groups (cyanobacteria, picophytoplankton). Cyanobacteria were enriched in the slick microlayer
relative to the slick underlying water, and their abundance in the microlayer was negatively correlated with total
dissolved nitrogen and dissolved organic carbon. Viruses were positively correlated with prokaryotes in both the
slick microlayer and slick underlying water, and additionally with microphytoplankton in the slick underlying
water. Microscopic analysis of the > 100 m slick fraction revealed a detritus-dominated matrix containing juve-
nile sporophytes, pennate diatoms, lamentous cyanobacteria, and a ciliate-dominated microzooplankton com-
munity. Overall, the microlayer within slicks in this eutrophic coastal system contained elevated microbial and
viral densities, along with distinct patterns of correlations among community members, indicating that it can
locally in uence surface-layer biogeochemistry and ecology.

The sea-surface microlayer (hereafter microlayer) consti-
tutes a boundary layer of variable thickness, up to 1 mm, that
forms the interface between the ocean and the atmosphere
and spans about 70% of Earth 's surface (Liss and Duce 1997).
In its interfacial position, the microlayer has a critical role in

*Correspondence: janina.rahlff@Inu.se

This is an open access article under the terms of theCreative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

Associate editor:  Katherina Petrou

gas exchange, nutrient cycling, and the transfer of organic
and inorganic materials (Engel et al. 2017). In addition, the
microlayer is enriched with various substances, including sur-
face-active substances (surfactants), dissolved organic carbon,
and microorganisms, which in  uence microlayer dynamics
(Hardy 1982). Biological components (temporarily) populating
the microlayer have been collectively termed the neuston
(Naumann 1917), which include, among others,
the phytoneuston, the bacterioneuston, and the virioneuston
(Agogué et al. 2004; Hardy 1973; Tsyban 1971). The enrich-
ment of surfactants in small-scale convergence zones,
for example, surfactants derived from biogenic production
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(Gade et al. 2013; utic et al. 1981), is usually a prerequisite
for viscous slicks to form and persist (Carlson 1987; Ryan
et al. 2010). The appearance of slicks is more common in
coastal regions than in the open sea (Romano and
Marquet 1991; Romano 1996), and a surface coverage of up to
80% is possible (Romano 1996). Slicks can occur in all seasons
and form in association with convergent fronts
(Ryan et al. 2010), that is, areas where two distinct water
masses meet, and their occurrence is often accompanied by
the accumulation of sea weeds, foams, or plastics (Gallardo
et al. 2021; Rahlff et al. 2021; Wurl et al. 2016). Slicks usually
become visible as smooth, glassy streaks or patches on the sea
surface at wind speeds below 5 ms * (Carlson 1987; Dietz and
Lafond 1950; Romano 1996), at which the bacterioneuston
also tends to accumulate in the microlayer (Rahlff etal. 2017a;
Stolle et al. 2010). Slicks are an important habitat for various
neustonic groups (reviewed by Voskuhl and Rahlff ( 2022)),
including fungi, bacteria, and viruses (Crow et al.  1975; Rahlff
et al. 2023c; Sieburth and Conover 1965; Wurl et al. 2016) but
additionally support organisms on higher trophic levels of
the food web, for example, by hosting eggs and larval stages
(meroplankton) of marine invertebrates (Ladah et al. 2026)
or by functioning as nurseries for larval shes and inverte-
brates (Helm 2021; Whitney et al. 2021). Organic carbon-
utilizing Gammaproteobacteria, including  Alishewanella and
Pseudoalteromonastogether with their bacteriophages, were
enriched within a Baltic Sea s lick but were minimally or not
at all detected in the underlying or surrounding waters
(Rahlff et al. 2023c), supporting the idea that slicks consti-
tute distinct habitats for microbes and viral-bacterial inter-
actions. Microbial activity, especially heterotrophic activity,

is often enhanced in the microlayer compared to the under-
lying water (Obernosterer et al. 2005; Rahlff et al. 2017b;
Reinthaler et al. 2008), especially under slick-like conditions
(Rahlff et al. 2019). Microorganisms inhabiting the micro-
layer and immediately below the ocean surface can meta-
bolically in uence gas exchange across the air-sea boundary
(Calleja et al. 2005; Upstill-Goddard et al. 2003). Microbial
exopolymeric substances further modify the microlayer by
reducing surface tension and promoting particle aggrega-
tion via Ca ?* bridging (Schwehr et al. 2018), a mechanism
central to marine gel formation (Quigg et al.  2021). Such
gels and the associated lower surface tension (Romano and
Marquet 1991; Sturdy and Fischer 1966) are typical for the
microlayer, forming a polymeric network that in uences
microbial dynamics and the fate of organic matter at the
air-sea interface (Sieburth 1983; Wurl and Holmes 2008;
Yue et al. 2018). However, a knowledge gap remains regard-
ing how neustonic microbes of different size classes (the
bacterio- and phytoneuston) and the virioneuston accumu-
late in the microlayer of slicks compared to their planktonic
counterparts within the underlying water, and how this
relates to surfactants and dissolved organic carbon.
Addressing this gap represents an important rst step

Microbial dynamics in slicks

toward understanding the largely unknown microbial in u-
ence on biogeochemical processes within slicks (Wurl
et al. 2016). Here, we aimed to investigate neuston micro-
bial community structures within the microlayer of slicks in

a coastal region of the Baltic Sea—compared with the plank-
tonic communities of the underlying water —and to assess
their relationship to organic matter availability. Speci cally,
we examined how microorgani sms, surfactants, and dis-
solved organic carbon within and below the microlayer of
slicks interact and shape biogeochemical processes at the
ocean surface. Microbial abundances in the microlayer and
underlying water were quanti ed using ow cytometry for
virus-like particles, prokaryotes, cyanobacteria, and pico-,
nano-, and microphytoplankton (hereafter referred to as
“plankton " by size class, even when occurring in the neus-
ton), while microscopy was used to characterize organisms
in the > 100 m size fraction. Surfactants were measured via
voltammetry, and dissolved organic carbon and total dis-
solved nitrogen were analyzed using high-temperature cata-
lytic combustion.

Methods

Sampling

Slick microlayer, non-slick microlayer, slick underlying
water, and non-slick underlying water samples were col-
lected from nine coastal stations in the Baltic Sea near
Warneminde over 3 d (13 " =Day 1, 16™ = Day
2, 18" = Day 3 June 2024, Fig. 1a; Supporting Information
Table S1). Sampling was conducted in the evening on Days
1 and 2 (17:00-18:50 UTC; 19:00-20:50 CEST) and in the
morning on Day 3 (05:00 -06:25 UTC; 07:00-08:25 CEST)
(Supporting Information Tabl e S1). Because our sampling
strategy focused on capturing slicks (Fig. 1b), we collected
non-slick microlayer and underlying water samples from
only two stations, but not all parameters were measured for
both samples. In total, seven pa irs of slick microlayer and
slick underlying water and two pairs of non-slick microlayer
and non-slick underlying water were collected. Microlayer
was sampled using a glass plate sampler (Harvey and
Burzell 1972), as the microlayer adheres to the glass due to
surface tension forces. After dipping and slow withdrawal of
the glass plate from the bow of a small boat, the sample was
collected with a squeegee (Fig. 1c) and Itered through a
100 m mesh size plankton sieve (Fig. 1d, Aquacopa, Jabel,
Germany) into a 1-L brown high-density polyethylene bot-
tle (Nalgene, Rochester, USA). The glass plate, funnel, and
sampling bottles were cleaned with household bleach, etha-
nol, and sample water before use. For reference purposes,
underlying water samples were collected from 1 m depth
using a syringe connected to a weighted hose. In the eld,
we collected data for salinity and water temperature using a
portable Total Dissolved Solids (TDS)-meter CO-330 (VWR,
Darmstadt, Germany). Wind speed was averaged from
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Fig. 1. Map of sampling stations (a) in the southern Baltic Sea. For details corresponding to the different slick samples, see Table S1. Representative slicks
in the coastal Baltic Sea emerging on 16" June 2024 p). Example of glass plate sampling method €), and plankton sieve with 100 m mesh lled with
slick microlayer biomass (). Photos by Janina Rahlff; map constructed using Ocean Data View v.5.7.2 (Schlitze2025).

readings on a hand-held anemometer model MS6252A
(Mastech Group, Brea, CA, USA) held 1-2 m above the
water surface. Light intensity was measured on the boat
using the Galaxy Sensors phone app v.1.10.1.

Dissolved organic carbon and total dissolved nitrogen
Dissolved organic carbon and total dissolved nitrogen mea-

surements are available for six slick microlayer and underlying
water pairs and one non-slick microlayer and underlying water
pair. For this analysis, 2 15 mL of sample water were pushed
through pre-combusted (400 C for 4 h) 47 mm diameter glass

ber Iters grade F (GF/F) (Whatman, Buckinghamshire, UK,
pore size 0.7 m) into pre-combusted glass vials closed with
acid-washed lids including polytetra  uoroethylene (PTFE)-
lined septa and were stored frozen until analysis at 20 C. In
some cases, only one instead of two replicates was measured
(seeSupporting Information Table S2). Dissolved organic car-
bon and total dissolved nitrogen concentrations were
obtained via total organic carbon analyzer high temperature
catalytic combustion (TOC-L, Shimadzu, Duisburg, Germany)
calibrated with acetanilide. The expanded measurement
uncertainties, estimated from control samples and pro  ciency
testing data corresponding to a con dence interval of

approximately 95%, were 7.7% for dissolved organic carbon
and 8.1% for total dissolved nitrogen.

Surfactant analysis

Surfactant concentrations were measured in all microlayer
and underlying water samples from all nine stations. Approxi-
mately 100 mL of the remaining microlayer and underlying
water samples for surfactant analysis were shipped under
cooled conditions to a collaborating laboratory and measured
on the next day. The samples, with some slick samples need-
ing dilution, were analyzed using an established voltammetric
technique with a hanging mercury drop electrode ( Cosovic
and Vojvodi ¢ 1998; Rickard et al. 2019). Surfactants were
quanti ed using the standard addition technique. The non-
ionic surfactant Triton X-100 (Sigma-Aldrich, Taufkirchen,
Germany) was used as a standard, and surfactant concentra-
tion is expressed as the equivalent concentration of Triton
X-100 ( g TeqL %).

Cell and virus-like particle count analysis

Biological parameters were measured in samples from eight
stations (seven slick microlayer and slick underlying water
pairs, one non-slick microlayer and non-slick underlying
water pair) and speci cally virus-like particles from all nine
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stations. Samples were preserved at a nal concentration of
1% glutaraldehyde (Carl Roth, Karlsruhe, Germany), kept in
the dark for an hour, and then frozen at 80 C. Slick samples,
which are naturally more enriched with particles, were Itered
through 50 m CellTrics® lters (Sysmex Partec, Muenster,
Germany) using gravity ltration prior to measurements to
avoid clogging of the device. Cell counts were determined
using a BD Accuri C6 ow cytometer (Becton Dickinson Bio-
sciences, Franklin Lakes, USA) according to Giebel et al. (2021)
and Marie et al. (2000). Small, auto uorescent phototrophic
eukaryotes (phytoplankton) were quanti  ed following the gat-
ing strategy shown by John et al. ( 2022) with slight modi  ca-
tions (a threshold of 600 on the FL3 channel). This revealed
populations of microphytoplankton, smaller and larger
nanophytoplankton (N2 and N3, respectively), and pic-
ophytoplankton. The latter may include cyanobacteria but
lack an FL2-signal (Supporting Information Fig. S1). All sam-
ples were systematically screened for cyanobacteria using
FL3/FL2 signals, but a distinct cyanobacterial population
(cyano) was observed only in a subset of samples. Prokaryotic
abundance was assessed using a modi ed protocol by Giebel
et al. (2021) and Rahlff et al. (2023a), in which the samples
were stained with SYBR® Green | (10 , Invitrogen/Thermo
Fisher Scienti ¢, Carlsbad, CA, USA). Fluorescent latex beads
(3 m, Polysciences Europe, Eppelheim, Germany) served as
internal controls and performance reference. Virus-like parti-
cles were quanti ed on the same ow cytometer used for cell
enumeration, following the staining procedure outlined by
Brussaard et al. (2010). Samples were diluted in 0.02 m-

ltered Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, pH 8.0;
Merck/Sigma-Aldrich) and stained with SYBR Green lata nal
concentration of 0.5%. The staining process involved incubat-
ing the samples for 10 min at 80 C, followed by a 5-min
cooling period.

Microscopic analysis

Because of the encounter of a particular viscous slick at Sta-
tion 4 on the 16 ™ June 2024 (Fig. 1b), which featured foams,
seaweeds, insects, and potentially cyanobacterial laments
(Supporting Information Fig. S2), we collected the biomass
retained on the 100 m mesh size plankton sieve (Fig. 1d)
after the Itration of a 700 mL water sample with a cleaned
glass scraper into a nal volume of 10 mL for microscopic
analysis. This one slick microlayer sample was collected oppor-
tunistically under ad-hoc conditions. The sample was shipped
uncooled and xed approximately 1 week after sampling with
acidic Lugol's iodine ( nal concentration 1%), after which it
was stored in the dark at 4 C. Microscopic analysis was per-
formed within 6 months using an inverted light microscope
(CK X 41, Olympus, Evident, Tokyo, Japan) at 200 —
400 magni cation. For community composition analysis,
particles, cells and organisms in 820 L were enumerated. Cili-
ate biomass was calculated using a carbon factor of 0.11 pg C

m 3 (Edler 1979).

Microbial dynamics in slicks

Enrichment factors, network analysis, and statistics

The enrichment factor (EF) is used to quantify the concen-
tration difference of a parameter between the microlayer and
the underlying water, calculated wusing the formula
EF= Cmicrolayer/CunderIying water » where Cmicrolayer is the concen-
tration of the parameter in the microlayer and  Cynderlying water
is its concentration in the underlying water (GESAMP  1995).
Enrichment factor values >1 indicate enrichment in the
microlayer, whereas EF values 1 indicate depletion. Plots,
heatmaps and statistical analyses were performed using Gra-
phPad Prism v.10.6.1 (Boston, Massachusetts, USA). Two-
tailed, paired t-tests or non-parametric Wilcoxon tests were
used to assess signi cant differences between slick microlayer
parameters and their slick underlying water counterparts for
normally and non-normally distributed data, respectively.
For the co-occurrence network, which was visualized in Cyto-
scape v.3.10.4. (Shannon et al. 2003), two-tailed Pearson cor-
relations were calculated when the Shapiro -Wilk test
indicated approximate normality. Otherwise, Spearman rank
correlations were applied. Full correlation matrices were com-
puted using two-tailed non-parametric Spearman correlations
with a 95% con dence interval.

Results

Environmental conditions and dissolved compounds

In situ water temperatures of the Baltic Sea during sampling
ranged between 15.5 and 16.9 C, salinity between 11.2 and
12.0, and wind speeds between 1 and 55ms *. Dissolved
organic carbon values were slightly higher in the slick and
non-slick microlayer at 340 —477 M, compared to the underly-
ing water at 318 426 M (Fig. 2a) indicating minor EFs of
maximum 1.1 (Table 1). Total dissolved nitrogen concentra-
tions ranged from 19 to 30 M for microlayer and from 15 to
26 M in underlying water samples (Fig. 2a) leading to EFs
between 0.9 and 1.3 (Table 1). Surfactant concentrations were
also higher in slick and non-slick microlayer samples at
200.4-825.9 g Teq L *than in slick and non-slick underlying
water samples at 108-364.1 g Teq L ® (Fig. 2b). Surfactant
EFs on Day 1 indicated depletion (0.6 and 0.7) for the two
slicks sampled (Table 1). Day 2 and Day 3 slick microlayer
samples’ EFs ranged between 1.8 and 4.0 indicating medium
to strong surfactant enrichments (Table 1). The EFs for surfac-
tants for the two non-slick microlayer samples were at 1.7 and
2.2. Neither surfactants, dissolved organic carbon nor total dis-
solved nitrogen reached signi  cantly higher concentrations in
the slick microlayer compared to the slick underlying water.

Microbial abundance across size classes

Particle counts for viruses ranged between 2.3 -5.7 10’
virus-like particles mL ! in slick and non-slick underlying
water and between 0.3-1.2 108 virus-like particles mL ?* in
the slick and non-slick microlayer (Fig. 3). Enrichment factors
of virus-like particles ranged from 0.86 to 4.3 across all

4 of 17



Peter et al. Microbial dynamics in slicks

(@) (b)

O swmL-Doc F 80 1000-{® smL
/A ULW-DOC A ULW
450 4 ® SML-TDN — +
— A ULW-TDN = i
< oA | 60 E)_1800
— 400 4 —
5 © g &
€ e® o L\A Z 2600
<= 350 - o) L 40 S ~
Q O\ © 3 o
S S  § 4004 }
0 3004 . R A ¢
S4, “a = 8 A
et 3, [ET Son0dd ¢ 2t
250 4 @ 20012 @ N A & A N
A
200 - - 0 0
II(\‘](\‘I“C{I(\IIIIII(\II(\II(‘(‘) ||c\|‘c\|‘|||(\|‘|||||(\|l<\l’(‘:’||
~ ~ ~ & v ~ ~— — N\ ~ N ~
- - — - - - - - — — — — — — | — -
=s5s3s3s35s35s35s5+s =3s55s3s5335353s55353
250505028385050 2282823058 505050503
P D P DD DD Dz Z D DD DD, PO, P DB DD, D Z 2 DD D, DD D ZZ
T - T - QAN AN N NN O™ T T A AN NANQNANDDOODOOOO M
SRl R RS SRR TR RS R RE T
[alalalalalNaliallalalalialealialielial [aNafaNalalafaNalafajalafaNalalalala)

Fig. 2. Total dissolved nitrogen and dissolved organic carbon (TDN and DOC, respectively) &) and surfactants () in the surface microlayer and under-

lying water samples for three different days. In panel (a), lines connect SML-ULW pairs from each sampled station (or the mean values where duplicates
were measured). SML: microlayer, ULW: underlying water.

samples (Table 1). Microbial abundance was typically higher 0.74-3.4 10° cells mL * in slick and non-slick microlayer
in the slick microlayer than in the slick underlying water sam- samples, and from 0.77 -1.4  10° cells mL * in slick and non-
ples and declined with increasing cell size. Prokaryotic cell slick underlying water samples (Fig. 3). Cyanobacterial EFs
counts ranged from 3.1 -9.2  10° cells mL ! in the slick and ranged from 0.8 to 2.2 (Table 1). Picophytoplankton, the

non-slick microlayer samples and from 2.2 -3.9 10° cells smallest primary producers, ranged from 0.31 -1.3 10° cells
mL % in slick and non-slick underlying water samples (Fig.  3), mL ! in slick and non-slick microlayer samples and from

indicating EFs of 1.2 2.5 (Table 1). Prokaryotes were signi - 3.0-6.2 10% cells mL ! in slick and non-slick underlying
cantly more abundant in the slick microlayer (paired t-test, water samples with EFs from 08 to 2.7. Small
t = 3.891, df = 5, p= 0.012) than in the slick underlying water nanophytoplankton (population N2 in Supporting Informa-
(Fig. 4e). Cyanobacterial abundance ranged from tion Fig. S1) ranged from 5.7 -20  10° cells mL ? in slick and

Table 1. Enrichment factors for biological and chemical features in the microlayer. Cyano: cyanobacteria, DOC: dissolved organic car-
bon, EF: enrichment factor, Micro: microphytoplankton, Nano: nanophytoplankton, NA: not available, N-SML: non-slick microlayer,

N-ULW: non-slick underlying water, Pico: picophytoplankton, SAS: surface-active substances, S-SML: slick microlayer, S-ULW: slick under-
lying water, TDN: total dissolved nitrogen, VLPs: virus-like particles.

EF EF EF Nano EF Nano EF EF EF
Station Sample name DOC EF TDN surfactants EF Pico  (N2) (N3) EF micro Cyano prokaryotes VLPs
1 13062024_S-SML1 S-ULw1 1.1 1.1 0.6 0.9 1.1 15 1.8 1.0 1.3 1.0
2 13062024_S-SML2_S-ULW2 1.0 0.9 0.7 1.4 1.3 0.6 1.0 2.2 1.4 0.9
3 16062024_S-SML1_S-ULW1 1.0 1.0 2.2 0.8 0.8 4.4 1.0 0.8 1.4 1.4
4 16062024_S-SML2_S-ULW2 1.1 1.3 23 1.2 1.3 3.1 1.1 1.3 1.2 1.1
5 16062024 _N-SML1_N-ULW1 NA NA 2.2 1.1 1.2 2.5 1.7 1.0 1.5 0.9
6 18062024_S-SML1_S-ULwW1 1.1 1.1 1.8 2.2 2.1 9.1 6.7 1.6 2.5 2.7
7 18062024_S-SML2_S-ULW2 1.1 0.9 2.6 2.7 2.3 17.6 9.7 1.5 2.1 2.8
8 18062024_S-SML3_S-ULW3  NA NA 4.1 NA NA NA NA NA NA 4.3
9 18062024 _N-SML1_N-ULW1 NA NA 1.7 NA NA NA NA NA NA NA
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Fig. 3. Abundances of different unicellular populations and virus-like par-
ticles mL ' across three sampling days. The y-axis is shown on a log10
scale. The lines connect paired samples of microlayer (SML) and underly-
ing water (ULW). Cyano: cyanobacteria, Micro: microphytoplankton,
Nano: nanophytoplankton, Pico: picophytoplankton, VLP: virus-like
particles.

non-slick microlayer samples, from 5.2 -7.7 10° cells mL !
in slick and non-slick underlying water samples and EFs from
0.8 to 2.3 (Table 1). Larger nanophytoplankton (population
N3 in Supporting Information Fig. S2) ranged from 0.03 -
2.7 10%cells mL 'in slick and non-slick microlayer samples,
from 1.1 8.7 102 cells mL ! in slick and non-slick underly-
ing water samples and EFs from 0.6 to 17.6 (Table 1).
Nanophytoplankton N3 was signi  cantly more abundant in
the slick microlayer (paired Wilcoxon test, p= 0.031) than in
the slick underlying water (Fig. 4i). Microphytoplankton
ranged from 212 to 1169 cells mL ! in slick and non-slick
microlayer samples, from 48 to 632 cells mL ! in slick and
non-slick underlying water samples, and EFs ranged from 1 to
9.7 (Table 1). Microphytoplankton was signi  cantly more
abundant in the slick microlayer (paired  t-test, t= 2.498,
df = 6, p= 0.047) than in the slick underlying water (Fig.  4j).
In cases where no signi cant differences are reported, no sta-
tistically signi  cant differences were detected (Fig. 4d,f,g,h).

Co-occurrence network reveals slick-related clusters

Correlation matrices based on Spearman correlations for all
factors are shown in Fig. 5. Signi cant correlations were used
to construct a co-occurrence network, which was repeated
using Pearson correlations when both variables in a pair met

Microbial dynamics in slicks

the assumption of approximate normality. By analyzing corre-
lations between slick microlayer and slick underlying water
parameters, two distinct groups emerged: a surfactant-
associated group and a surfactant-independent group (Fig. 6).
Nanophytoplankton N2 and N3, and virus-like particles were
all positively correlated with surfactants (Spearman r = 0.78-
0.96, p<0.05) in the slick microlayer and, to some extent,
with each other. In the slick underlying water only virus-like
particles were positively correlated with surfactants (Pearson
r=0.82, p= 0.025) while nanophytoplankton N2 (Pearson
r= 0.82, p=0.046) and cyanobacteria (Pearson r= 0.82,
p = 0.045) were negatively correlated with surfactants. Virus-
like particles were also positively correlated with prokaryotes
in both the slick microlayer (Pearson r= 0.92, p= 0.003) and
the slick underlying water (Pearson r= 0.83, p= 0.039)
and additionally with nanophytoplankton N3 in the slick
microlayer (Spearman r = 0.89, p= 0.012). In contrast, cyano-
bacteria and picophytoplankton were not associated with sur-
factants in the slick microlayer but were positively correlated
with each other (Pearson r= 0.93, p= 0.003); however, only
in the slick microlayer. In addition, nanophytoplankton N2

and cyanobacteria (Pearson r = 0.83, p = 0.022) as well as pic-
ophytoplankton and nanophytoplankton N2 abundance
(Pearson r = 0.91, p= 0.005) were positively correlated in the
slick microlayer ( see Supporting Information Fig. S3).
Nanophytoplankton N2 was the only group connecting the
surfactant-associated (nanophyto plankton N3, virus-like parti-
cles) and surfactant-independent groups (picophytoplankton
and cyanobacteria). In the slick microlayer, cyanobacteria were
negatively correlated with total dissolved nitrogen (Pearson
r= 0.89, p=0.019, Fig. 6) and dissolved organic carbon
(Pearsonr = 0.88, p= 0.020), and with total dissolved nitrogen
also in the slick underlying water (Pearson r= 0.83, p= 0.043).
In the slick microlayer but not the slick underlying water, total
dissolved nitrogen and dissolved organic carbon were positively
correlated (Pearson r= 0.9, p= 0.015). Microphytoplankton
showed positive correlations with virus-like particles in the slick
underlying water (Pearson r= 0.93, p= 0.007) and with dis-
solved organic carbon at both depths (Pearson r= 0.86, p<0.05
for both) but otherwise exhibited no clear connections with any

of the other groups in the slick microlayer. All correlations
underlying the network are given in Supplement Information
Table S3, and non-signi cant correlations not shown in the net-
work can be obtained from Fig. 5a,b.

The EFs of picophytoplankton in the slick microlayer corre-
lated signi cantly and positively with the EF of
nanophytoplankton N2 (Spearman r= 1.00, p= 0.003) in the
slick microlayer showing co-enrichment. The EF of virus-like
particles was signi cantly positively correlated with the EF of
surfactants  (Spearman r=0.82, p=0.034) and EF
of nanophytoplankton N3 (Spearman r= 1, p= 0.003) in the
slick microlayer (Fig. 5c). In addition, there were correlations
between slick microlayer and slick underlying water features
(see Supporting Information Table S4): Dissolved organic
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Fig. 4. Box plots showing slick surface microlayer (S-SML) and corresponding slick underlying water (S-ULW) for different chemical and biological
parameters: dissolved organic carbon &), total dissolved nitrogen (b), surfactants (), virus-like particles €l), prokaryotic (e), cyanobacterial cells €), pic-
ophytoplankton ( g), nanophytoplankton (N2) ( h), nanophytoplankton (N3) ( i), and microphytoplankton cell abundances (j). The number of observa-
tions is 6 or 7 in each case. The line within the box represents the median; the box spans the 28' to 75" percentiles, and the whiskers indicate the
minimum and maximum values. Non-slick microlayer and non-slick underlying water observations were excluded from this analysis to focus on slicks
only. n.s. = not signi cant.

carbon and total dissolved nitrogen were signi  cantly posi- r= 0.86, p= 0.027), as were dissolved organic carbon in the
tively correlated between both layers (Spearman r= 0.83, slick microlayer with virus-like particles in the slick underlying

p = 0.039). Dissolved organic carbon in the slick microlayer water (Spearman r = 0.85, p = 0.030). Total dissolved nitrogen
and microphytoplankton in the slick underlying water were concentration in the slick microlayer was negatively related to
signi cantly positively correlated with each other (Spearman cyanobacteria in the slick underlying water (Spearman  r= 0.84,

Fig. 5. Correlation matrices for biological and physico-chemical parameters between the slick sea-surface microlayer (S-SML) and)( the slick underly-
ing water (S-ULW) ) and between enrichment factors (EF) €), that is, concentration in the SML divided by concentration in the ULW for these parame-
ters. Spearmaris rho and p-values for correlations are shown in Supporting Information Table S4. N-SML and N-ULW observations were excluded from
this analysis to focus on slicks only. Cyano: cyanobacteria, EF: enrichment factor, DOC: Dissolved organic carbon, Micro: microphytoplankton, Nao:
nanophytoplankton, Pico: picophytoplankton, SAS: surface-active substances (surfactants), SML: sea-surface microlayer, TDN: Total dissolveitrogen,
ULW: underlying water, and VLP: virus-like particles.
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Fig. 6. Co-occurrence network of biological (green nodes) and chemical parameters (orange nodes) in the slick surface microlayer (S-SML, solid lines)
and the slick underlying water (S-ULW, dashed lines). The network is based on signcant (p < 0.05) correlations with the correlation coef cient
r referring mostly to Pearson correlations, except for correlations involving surfactants (SAS) and Nano N3 in the slick microlayer, which did not meenor-
mality assumptions and were therefore analyzed using Spearmais rank correlation. Negative and positive correlations are indicated with red and blue
color, respectively. Edges were categorized based on correlation strengthj(j) into three categories: Catl (thin lines, 0.7 < jrj < 0.8), Cat2 (medium lines,

0.8 jrj<0.9), and Cat3 (thick lines, jrj

0.9). Cyano: cyanobacteria, DOC: dissolved organic carbon, Micro: microphytoplankton, Nano:

nanophytoplankton, Pico: picophytoplankton, Prok: prokaryotes, SAS: surface-active substances, TDN: total dissolved nitrogen, VLP: virusdiparticles.

p = 0.036). Absolute cell counts of nanophytoplankton N2 in
the slick microlayer were signi cantly negatively related to
microphytoplankton (Spearman r= 0.83, p= 0.039), dissolved
organic carbon (Spearman r= 0.85, p= 0.032), and prokary-
otes (Spearman r= 0.81, p= 0.050) in the slick underlying
water. Viruses in the slick microlayer were negatively correlated
with picophytoplankton in the slick underlying water (Spearman

r= 0.83, p=0.039). Spearman correlation coef cients are
shown in Fig. 5 and Supporting Information Table S4.

We propose a schematic gure illustrating microorganismal
and viral co-occurrence in the slick microlayer and the slick
underlying water, summarizing the distribution of microbes
and viruses in the slick ecosystem and the underlying pro-
cesses (Fig7).

Microscopic analysis of a slick > 100 m fraction

The microscopic sample was dominated by loosely aggregated
detritus. It was comprised of microscopic particles such as pollen
and dead algal cells, as well as parts of metazoans such as stellate
hairs, bristles, lepidopteran scales or parts of shed exoskeletons.
The autotrophic community was comprised mostly of juvenile

sporophytes (14.3 mL %, Fig. 8c) and accompanied by pennate
diatoms (0.2 cells mL !, Fig. 8a), different chlorophytes, dino  a-
gellates, and lamentous cyanobacteria (Fig. 8d; Supporting
Information Table S5). The microzooplankton was dominated
by ciliates. Two different types of  exible holotrich ciliates con-
stituted the bulk at 97.1 (Fig. 8e) and 0.4 cells mL *, while Vorti-
cella sp. was the second most common at 21.4 cells mL *
(Fig. 8b). The combined ciliate biomass reached 55 gL *. All
three would have been expected to pass through the sieve based
on their size (30 =35 m length 10-12 m width), suggesting
entrapment in the detrital matrix. Copepods and cladocerans
were absent from the sample. The mesozooplankton community
consisted mostly of nematodes (14.3mL ') and mites (Fig. 8f),
of which three different types were observed at 0.2, 0.1, and
0.02 organisms mL %,

Discussion

Slicks support two distinct microbial clusters
Our study advances the currently limited understanding of
microbial community structures of the microlayer within
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Fig. 7. Conceptual overview gure of typical groups of molecular enrichment and accumulating microorganisms in and underneath slicks and assumed
underlying processes. Slicks are commonly enriched in dissolved organic carbon (DOC), surfactants, and particulate organic material (Carlsoh982;
Carlson2003; Wurl et al. 2016). The presence of heterotrophic bacteria opportunistically preying on organic matter, bio Im-forming bacteria, pigmented
bacteria, and viral-bacterial interactions has been observed in slicks (Hermansson et al987; Rahlff et al. 2023c). Phototrophic groups, including cyano-
bacteria, pico- and nanophytoplankton, show distinct distribution patterns (co-occurrence in the slick); nanophytoplankton was correlated with surfac-
tants in our study. Processes like buoyancy, nitrogen xation, nutrient availability, and light tolerance may in uence the presence and blooming of
cyanobacteria and picophytoplankton in the slick (Hubel and Hubel 2007; Joint et al. 1990; Otero-Ferrer et al. 2018; Walsby et al. 1995). Pico- and
nanophytoplankton in the slick may bene t from being motile (Joux et al. 2006) to avoid passive entrapment in slicks or slick-associated foams (Roveillo
et al. 2020). Phytoplankton suffers from photoinhibition in slicks (Hardy and Apts 1989), and in our study, were not correlated with the other smaller co-
occurring phototrophic groups. Microlayer-enriched microphytoplankton cells may be damaged or inhibited (Albright 1980) or produce more exudates
in response to UV stress (Kohler et al2001) and viral predation (Murray 1995) and thus correlated positively with DOC. The slick underlying water har-
bors less concentrated groups, where microphytoplankton is better protected from photodamage but more susceptible to viral predation (positive co rre-
lation). Virus-prokaryote associations were still prevalent in the slick underlying water. Blue/green color of text indicates ndings from this study; numbers
refer to processes visualized in the gure. Created in BioRender. Rahlff J. (2026https://BioRender.com/ox6lbuk

surface slicks. Based on correlation patterns in a limited num- resolved with the present dataset. As the co-occurrence net-
ber of slick pairs, we revealed two distinct microbial clusters in work is derived from multiple pairwise correlations in addition

the slick microlayer: a surfactant-associated cluster to a small sample size, it should be carefully interpreted as
(nanophytoplankton N2 and N3, and virus-like particles) and exploratory.

a surfactant-independent cluster (cyanobacteria and pic- Virus-like particles showed positive correlations with both
ophytoplankton). Surfactant-associated taxa were positively prokaryotes and nanophytoplankton N3 in the slick micro-
correlated with surfactant concentrations and partially with layer, suggesting co-enrichment and potential facilitation of
each other in the slick microlayer, whereas surfactant- viral-host interactions at the air-sea interface. These were pre-
independent taxa were positively correlated among them- viously revealed for viruses infecting heterotrophic bacteria in
selves but not with surfactants. Nanophytoplankton N2 a Baltic Sea slick using metagenomics (Rahlff et al. 2023c) and
uniquely acted as a bridge between these two clusters, which for viruses related to Phaeocystidike species in the Antarctic
may re ect shared environmental preferences or co- microlayer (Vaqué et al. 2025). Phaeocystismay be classi ed as
occurrence patterns; however, trophic interactions cannot be nano- or microphytoplankton, depending on whether it
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Fig. 8. Microscopic images of slick microlayer biomass retrieved from the 100 m mesh and subsequently xed with Lugol’s iodine solution at a nal
concentration of 1% showing a pennate diatom ( @), Vorticellasp. (b), a macroalgal sporophyte (c), a Nodulariasp. lament (d), ciliates type 1 (e), and a
mite of variant 3 (f). The surroundings show excessive debris and decomposing matter. Scale bar represents scale at 10@n.

occurs as single cells or as colonies, respectively. Tight virus-
host coupling was also previously observed in non-slick micro-
layer samples using ow cytometry, but this correlation was
not maintained in the non-slick underlying water (Rahlff
et al. 2023a). In our study of the slick microlayer, virus-
prokaryote coupling, as well as positive correlations between
nanophytoplankton N2 and cyanobacteria, were still detect-
able in the slick underlying water, suggesting that interactions
associated with slicks may extend into the underlying water to

a greater extent than for non-slick microlayer.

Cyanobacteria and eukaryotic picophytoplankton are often
enriched in the microlayer, slicks, and associated foams
(Rahlff et al. 2021; Rahlff et al. 2023c; Wang et al. 2014; Wurl
et al. 2016; Yue et al. 2018). These organisms are characterized
by their small size, buoyancy, for example, via intracellular
gas vesicles (Walsbhy et al. 1995), tolerance to high light (Joint
et al. 1990), and a preference for high nitrate availability
(Otero-Ferrer et al. 2018). Under low inorganic nitrogen condi-
tions such as observed in our samples, on the other hand, dia-
zotrophic  lamentous cyanobacteria such as the observed
Nodularia sp. may dominate by xing atmospheric N 5. Our
results are thus in line with previously identi ed cyano-
bacteria in the Baltic Sea microlayer of this region based on
16S rRNA gene sequencing which included Nodularia
spumigena Anabaena sp., and Coelosphaerium sp. (Stolle
et al. 2011).

Our data also show that abundances of eukaryotic pico-
and nanophytoplankton (N2) as well as cyanobacteria were
strongly correlated ( see Supporting Information Fig. S3),

suggesting tight community coupling of phototrophs across
size classes in the microlayer and surface enrichment in Bal-
tic Sea slicks. Given that surfac tants are typically enriched
in the slick microlayer, the negative correlation observed in
the slick underlying water between surfactants and both
nanophytoplankton N2 and cyanobacteria may re ect verti-
cal partitioning, with these groups being more abundant in
the slick microlayer. Mollica et al. ( 2025) revealed that
nano- and picophytoplankton play a crucial role in the Bal-
tic Sea by dominating nutrient-cycling processes through
their high biomass, making critical contributions to carbon

xation. The same may apply in places where they accumu-
late, like ocean surface slicks.

In this study, total dissolved nitrogen was likely dominated

by dissolved organic nitrogen, which is readily used by bacte-
ria as well as phytoplankton (Korth et al. 2012). Supporting
evidence from pier sampling of the underlying water near
Heiligendamm (Osterholz et al. 2021) on 18™ June 2024
showed nitrate and phosphate concentrations below the limit
of quanti cation (LOQ, 0.48 and 0.08 mol L 1!, respectively).
Silicate concentrations (9.2 molL !, LOQ 1.63 molL 1)
were elevated compared to levels observed the week before
and after (<5 molL 1, J. Waniek and J. Kuss, pers. comm.).
These conditions suggest a transient summer bloom domi-
nated by non-diatom phototrophs.

Vertical niche partitioning and food-web structure
The underlying water, which lies just below the microlayer,
is less affected by direct atmospheric inputs such as wet
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deposition (e.g., rainfall) and dry deposition (e.g., dust, smoke,
or aerosols). These inputs can deliver trace metals (Ebling and
Landing 2017), pollutants (Lim et al. 2007) as well as microbes
and viruses (Rahlff et al. 2023a; Reche et al. 2018; Yue
et al. 2025) to the microlayer, and can thereby support micro-
layer biomass production, particularly that of heterotrophic
microbes (Astrahan et al. 2016). Conditions in the underlying
water therefore differ from the microlayer. Although we
observed signi cantly more microphytoplankton groups in
the slick microlayer than in the slick underlying water, they
showed no signi cant correlations with other slick-associated
groups. The positive correlations of slick microlayer micro-
phytoplankton with dissolved organic carbon in the slick
microlayer and with viruses in the slick underlying water fur-
ther suggest that microphytoplankton may play a stronger
ecological role in the slick underlying water, where they may
constitute a more active prey pool for viruses. The sinking of
larger organisms may be enhanced by reduced surface tension
due to surfactant accumulation (Sturdy and Fischer 1966) and
by aggregation processes such as the “viral shuttle ” (Sullivan
et al. 2017), in which viral lysates promote particle aggrega-
tion and sinking. Sinking may also represent a strategy for
microalgae to avoid surface stressors such as ultraviolet
radiation and photoinhibition that are characteristic of the
microlayer (Albright 1980; Hardy and Apts 1984). Passive sink-
ing may be complemented by active microbial migration, as
motility and chemotaxis genes have been detected in bacteria
from a Baltic Sea slick (Rahlff et al. 2023c). On the other hand,
our microscopy data, even if availa ble for only one sample, indi-
cate that slicks can serve as reservoirs for UV-radiation resistant
juvenile stages of macrophytes (Dring et al. 1996). While
mesozooplankton grazing on those sporophytes was not
observed, the high biomass of heterotrophic ciliates at 55 g C
L * corresponds to bloom levels (Rychert et al. 2013). Other
predators observed were nematodes, which play a part on all
lower levels of the food chain eit her by preying on phytoplank-
ton, ciliates or as saprobionts (Moens et al. 2013). Together with
considerable contributions of p icophytoplankton, which can
serve as prey either for heterotrophic ciliates or for mixotrophic
nanophytoplankton, this suggests a food chain of three (pic-
ophytoplankton ~ — mixotrophs/ciliates - nematode/copepod)
rather than two (nano  /microphytoplankton  — copepod) levels
(Novotny et al. 2021). This reduces the energy transfer from pri-
mary producers to higher trophic levels such as sh
(Pomeroy 1974) resulting in lower productivity. However, this
could be offset by herbivorous  sh larvae grazing directly on spo-
rophytes. The extent and persistence of slicks could thus impact
the recruitment success of various  sh based on their larval feed-
ing strategy and the timing of local macrophyte propagation.

One limitation of our study is that our methods did not
capture the 50-100 m size range, which includes, for exam-
ple, large dino agellates or diatoms. However, Mollica et al.
(2025) showed that this size fraction only contributes around
5% of planktonic biomass during summer. Moreover, because

Microbial dynamics in slicks

smaller ciliates were detected embedded in detrital material, it
is likely that a substantial biomass in the 50 —100 m size range
would also have been detected at least indirectly.

Surfactants and microbial patterns in surface slicks

Previous studies have reported enrichment of dissolved
organic carbon (EF = 1.5), surfactants (EF up to 16), pic-
ophytoplankton (EF up to 8.3), prokaryotic cells (EF up to 6),
and virus-like particles (EF up to 6.0) in slicks (Rahlff
et al. 2023b; Rahlff et al. 2023c; Wurl et al. 2009; Wurl
et al. 2016; Wurl et al. 2011). A slick sampled in May 2021 in
the Baltic Sea contained even higher surfactant concentrations
(1219.3 g Teq L 1) than the most viscous slick in our study,
S-SML3 from Day 3 (825.9 g Teq L *). While enrichment fac-
tors (EFs) are relative measures, higher absolute surfactant con-
centrations may be associated with stronger surface
accumulation and steeper concentration gradients, potentially
contributing to the higher EFs reported in that study (Rabhlff
et al. 2023c). Howe et al. (2018) reported that certain Bacillus
spp. were more abundant in the slick underlying water.
Marine Bacillus can produce surfactants (Satpute et al. 2010;
Zhu et al. 2016) that could subsequently accumulate in the
microlayer. Additionally, homologous genes for surfactin syn-
thetase have previously been identi ed in bacterial isolates
from a Baltic Sea slick (Rahlff et al. 2023c) indicating the
potential for surfactant production. However, microbiological
comparisons between the slick and non-slick microlayer
remain limited in the literature. While different phytoplank-
ton groups have been observed in slicks many times
(de Madariaga and Joint 1994; Hallegraeff et al. 2019; Montes-
Hugo and Alvarez-Borrego 2007), studies speci cally targeting
phytoneuston in the microlayer of slicks are rare. Hardy and
Apts (1989), for instance, reported high-abundance taxa
(> 100 cells) including micro  agellates, Cylindrotheca sp., small
pennate diatoms, Skeletonema costatum Thalassiothrix
frauenfeldii, small dino agellates, Eutreptiella marina, and Ebria
tripartita in the slick microlayer of Sequim Bay (Sequim, Wash-
ington, USA). Garabetian et al. ( 1993) reported that chloro-
phyll a (a proxy for phytoplankton) was more strongly
enriched in the slick microlayer (EF = 9) than in the non-slick
microlayer (EF = 2). Chlorophyll a (EF up to 4.5) and phyto-
plankton biomass (EF up to 149) were strongly enriched in
surface slicks of lakes with different trophic status in southern
Sweden (Soédergren 1987). Another study used surface-neuston
tows in the coastal waters of West Hawai 'i and reported chlo-
rophyll a EF of 1.7 in slicks over ambient water (Whitney
et al. 2021). In addition, transparent exopolymer patrticles,
produced by bacteria and phytoplankton (Passow 2002), can
be highly enriched in slicks (EF up to 45, Wurl et al. ( 2016)).

The negative correlation for surfactant concentrations with
cyanobacterial and nanophytoplankton (N2) abundance in
the slick underlying water as well as the co-enrichment of sur-
factant associated groups in the slick microlayer support a role
of surfactants in shaping microbial community patterns across
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the air-sea interface. These may arise through sudden changes
in microlayer physicochemical conditions (Zhang et al. 2003)
or through ecological processes such as inhibition or resource
competition that can even exist within a single species (Chen

et al. 2023). For instance, the anionic surfactant alkylbenzene
sulfonate promotes dominance of toxic  Microcystis over non-
toxic Microcystis which was attributed to photosynthetic dam-
age of non-toxic Microcystis and better stress resistance of the
toxic strain (Chen et al. 2023). Microcystisblooms and elevated
concentrations of the surfactant were observed in the micro-
layer of Lake Taihu, China, demonstrating the environmental
relevance of such surfactant-microbial interactions (Chen
et al. 2023). Other work has shown the inhibition of viruses
by surfactin among other surfactants (Chattopadhyay
et al. 2002; Vollenbroich et al. 1997), showing that the viral-
bacterial interactions in slicks are likely complex and can be
shaped by diverse defense strategies of the prokaryotic hosts.
Metagenomic or metatranscriptomic analyses could help
determine which slick microlayer microbes play a role in sur-
factant production in future studies.

As our analysis is based on correlations, no causal relation-
ships can be inferred, and the underlying mechanisms remain
speculative. It therefore remains unclear whether surfactants
drive microbial dynamics, whether microbial communities
in uence surfactant levels, or whether both processes interact.

Implications of microbial structuring in slicks

One of the key implications of our study is that the accu-
mulation and interactions of speci ¢ microorganisms within
slicks in the microlayer and underlying water could in uence
the impact of slicks on gas exchange. In particular, the accu-
mulation and activity of speci ¢ microorganisms within slicks
may in uence air-sea gas exchange. This could, for example,
occur through the production of surfactants by phytoplank-
ton (Barthelme3 and Engel 2022; Frew et al. 1990) that
dampen waves (Jenkinson et al. 2018; Laxague et al. 2024)
and thereby reduce gas exchange (Frew et al. 1990; Mustaffa
et al. 2020). The reduction of air-sea CO , uxes by slicks was
previously reported to be 15% for coastal regions (Wurl
et al. 2016). Viral activity in slicks could enhance this process
because virus-mediated lysis of microbial hosts (the “viral
shunt” [Wilhelm and Suttle 1999]) releases cellular contents
into the water, which can act as surfactants. Even the
observed ciliates may contribute to surfactant production, as
surfactant release has been reported during the exponential
growth phase in a Uronema sp. culture (Kujawinski
et al. 2002). In addition, blooming primary producers within
the microlayer can take up atmospheric CO , during photosyn-
thesis, generating small-scale gas gradients and pH shifts
(Ploug 2008), and these processes can in uence air-water CO ,
exchange (Gustafsson et al. 2015). Because our sampling was
conducted during distinct morning and evening periods,
future research should examine the temporal development
and microbial dynamics of slicks throughout a 24-h period to

Microbial dynamics in slicks

determine how diel cycles shape community composition,
surfactant production, slick persistence, and associated effects
on air-sea exchange. For instance, previous work has shown
diel variability of microlayer viscosity (Zhengbin et al. 2013),
which may be particularly relevant for the formation and
dynamics of slicks. In addition, a detailed comparison of
neustonic community structuring under natural slick and
non-slick conditions, ideally using metagenomic approaches,

is needed.

Our ndings highlight the complexity of slick microlayer
processes and the need for further studies to resolve how the
distributions of neustonic and planktonic microorganisms in
and beneath naturally formed sea slicks relate to  ne-scale gas
gradients and other parameters such as light conditions or the
age or size of a slick. Overall, our data suggest that Baltic Sea
slicks act as dynamic microenvironments where surfactants,
microorganisms, and viruses interact, promoting niche par-
titioning and vertical strati  cation that in uence community
composition and biogeochemical processes.

Author Contributions

Carolin Peter: Investigation, visualization, writing ~ —original
draft preparation. Helge-Ansgar Giebel: Investigation, formal
analysis, visualization. Bingli Clark Chai: Investigation,
resources. Tassiana S. G. Seram: Investigation, resources.
Carola Lehners: Investigation. Oliver Wurl: Validation. Helena
Osterholz: Investigation, validation, visualization. Janina
Rahlff: Formal analysis, funding acquisition, conceptualiza-
tion, investigation, resources, supervision, validation, visuali-
zation, writing —original draft preparation. All authors:
Writing —Review and Editing.

Acknowledgments

We acknowledge the Leibniz Institute for Baltic Sea
Research, Warneminde (IOW) and particularly Daniel
Herlemann for hosting Bingli Clark Chai and Janina Rahlff as
guest scientists to conduct eld work and sample processing.
We gratefully acknowledge Heide Schulz-Vogt and Christin
Laudan for providing access to laboratories at the IOW. We
thank Madleen Dierken, Lars Kreuzer, and Birgit Sadkowiak
for Heiligendamm pier nutrient data, and Jenny Jeschek for
technical assistance. We further acknowledge excellent
support by Danilo Erdmann and his team from the Sport-
bootverlein Warnemuinde. Janina Rahlff received funding by
the Swedish Research Council, Starting Grant ID 2023-
03310_VR. Open access funding provided by Linnaeus Univer-
sity. We thank two anonymous reviewers for their comments
on our manuscript.

Con ict of Interest
None declared.

12 of 17



Peter et al.

Data Availability Statement

The data are provided in the Supporting Information.
Microscopy images are available at Figshare, https://doi.org/
10.6084/m9. gshare.29336453 (Peter and Rahlff 2025). The
data are also available from PANGAEA data publisher https:/
doi.org/10.1594/PANGAEA.992736 (Peter et al. 2026).

References

Agogué, H., E. O. Casamayor, F. Joux, et al. 2004. “Compari-
son of Samplers for the Biological Characterization of the
Sea Surface Microlayer”
Methods 2: 213-225. https://doi.org/10.4319/lom.2004.
2.213.

Albright, L. J. 1980. “Photosynthetic Activities of Phytoneuston
and Phytoplankton. ” Canadian Journal of Microbiology 26:
389-392. https://doi.org/10.1139/m80-063

Astrahan, P., B. Herut, A. Paytan, and E. Rahav. 2016. “The
Impact of Dry Atmospheric Deposition on the Sea-Surface
Microlayer in the SE Mediterranean Sea: An Experimental
Approach.” Frontiers in Marine Science3: 222. https://doi.
0rg/10.3389/fmars.2016.00222 .

BarthelmeR, T., and A. Engel. 2022. “How Biogenic Polymers
Control Surfactant Dynamics in the Surface Microlayer:
Insights From a Coastal Baltic Sea Study.” Biogeoscience$9:
4965-4992. https://doi.org/10.5194/bg-19-4965-2022

Brussaard, C. P. D., J. P Payet, C. Winter, and M. G.
Weinbauer. 2010. “Quanti cation of Aquatic Viruses by
Flow Cytometry. ” In Manual of Aquatic Viral Ecology,
ed. S. W. Wilhelm, M. G. Weinbauer, and C. A. Suttle,
102-109. ASLO. https://doi.org/10.4319/mave.2010.978-0-
9845591-0-7.102.

Calleja, M. L., C. M. Duarte, N. Navarro, and S. Agusti. 2005.
“Control of Air —Sea CQ, Disequilibria in the Subtropical NE
Atlantic by Planktonic Metabolism Under the Ocean Skin.
Geophysical Research Lette?2: L08606. https://doi.org/10.
1029/2004GL022120 .

Carlson, D. J. 1982. “Surface Microlayer Phenolic Enrichments
Indicate Sea Surface Slicks” Nature 296: 426-429. https://
doi.org/10.1038/296426a0 .

Carlson, D. J. 1987. “Viscosity of Sea-Surface Slicks’ Nature
329: 823-825. https://doi.org/10.1038/329823a0

Carlson, D. J. 2003. “Dissolved Organic Materials in Surface
Microlayers: Temporal and Spatial Variability and Relation
to Sea State’ Limnology and Oceanography28: 415-431.
https://doi.org/10.4319/10.1983.28.3.0415

Chattopadhyay, D., S. Chattopadhyay, W. G. Lyon, and J. T.
Wilson. 2002. “Effect of Surfactants on the Survival and
Sorption of Viruses. ” Environmental Science & Technolog$6:
4017-4024. https://doi.org/10.1021/es0114097

Chen, Q., Z. Wang, H. Wei, et al. 2023. “Environmental Con-
centrations of Anionic Surfactants in Lake Surface Micro-
layers Enhance the Toxicity of Microcystis Blooms: Insight

”

Limnology and Oceanography:

Microbial dynamics in slicks

From Photosynthesis, Interspecies Competition, and MC
Production. ” Water Research244: 120430. https://doi.org/
10.1016/j.watres.2023.120430 .

Cosovic, B., and V. Vojvodi c. 1998. “Voltammetric Analysis of
Surface Active Substances in Natural Seawater.” Electroanaly-
sis 10: 429-434. https://doi.org/10.1002/(SICI)1521-4109
(199805)10:6<429::AID-ELAN429>3.0.CO;2-7 .

Crow, S. A., D. G. Ahearn, W. L. Cook, and A. W. Bourquin.
1975. “Densities of Bacteria and Fungi in Coastal Surface
Films as Determined by a Membrane-Adsorption Proce-
dure.” Limnology and Oceanography20: 644—646. https://doi.
0rg/10.4319/10.1975.20.4.0644 .

de Madariaga, I., and I. Joint. 1994. *“Photosynthesis and Car-
bon Metabolism by Size-Fractionated Phytoplankton in the
Southern North Sea in Early Summer. " Continental Shelf
Research14: 295-311. https://doi.org/10.1016/0278-4343
(94)90018-3.

Dietz, R. S., and E. C. Lafond. 1950. Natural Slicks on the
Ocean. Navy Electronics Lab San Diego CA.

Dring, M. J., V. Makarov, E. Schoschina, M. Lorenz, and K.
Luning. 1996. “In uence of Ultraviolet-Radiation on Chlo-
rophyll Fluorescence and Growth in Different Life-History
Stages of Three Species of Laminaria (Phaeophyta).” Marine
Biology 126: 183-191. https://doi.org/10.1007/BF00347443

Ebling, A. M., and W. M. Landing. 2017. “Trace Elements in
the Sea Surface Microlayer: Rapid Responses to Changes in
Aerosol Deposition. ” Elementa: Science of the AnthropoceBe
42. https://doi.org/10.1525/elementa.237

Edler, L. 1979. “Recommendation on Methods of Marine Bio-
logical Studies in the Baltic Sea.” Baltic Marine Biologists 5:
1-38.

Engel, A., H. W. Bange, M. Cunliffe, et al. 2017. “The Ocean’s
Vital Skin: Toward an Integrated Understanding of the Sea
Surface Microlayer.” Frontiers in Marine Science4: 165.
https://doi.org/10.3389/fmars.2017.00165

Frew, N. M., J. C. Goldman, M. R. Dennett, and A. S. Johnson.
1990. “Impact of Phytoplankton-Generated Surfactants on
Air—Sea Gas Exchang€: Journal of Geophysical Researcdb:
3337-3352. https://doi.org/10.1029/JC095iC03p03337

Gade, M., V. By eld, S. Ermakov, O. Lavrova, and L. Mitnik.
2013. “Slicks as Indicators for Marine Processes.” Oceanogra-
phy 26: 138-149. https://doi.org/10.5670/oceanog.2013.39

Gallardo, C., N. C. Ory, M. D. Gallardo, M. Ramos, L. Bravo, and
M. Thiel. 2021. “Sea-Surface Slicks and their Effect on the
Concentration of Plastics and Zooplankton in the Coastal
Waters of Rapa Nui (Easter Island).” Frontiers in Marine Science
8: 688224. https://doi.org/10.3389/fmars.2021.688224

Garabetian, F., J.-C. Romano, R. Paul, and J.-C. Sigoillot. 1993.
“Organic Matter Composition and Pollutant Enrichment of
Sea Surface Microlayer Inside and Outside Slicks.” Marine
Environmental Research 35: 323-339. https://doi.org/10.
1016/0141-1136(93)90100-E .

GESAMP. 1995. “Biological Effects of Chemical and Radiative
Change in the Sea Surface The Sea-Surface Microlayer and

13 of 17



Peter et al.

Its Role in Global Change 59 (GESAMP Reports and Studies
[IMO/FAO/Unesco-I0OC/WMO/WHO/IAEA/UN/UNEP  Joint
Group of Experts on the Scienti ¢ Aspects of Marine Envi-
ronmental Protection]), 27 -51.

Giebel, H. A., C. Arnosti, T. H. Badewien, et al. 2021. “Micro-
bial Growth and Organic Matter Cycling in the Paci c
Ocean along a Latitudinal Transect between Subarctic and
Subantarctic Waters.” Frontiers in Marine Science8: 764383.
https://doi.org/10.3389/fmars.2021.764383

Gustafsson, E., A. Omstedt, and B. G. Gustafsson. 2015. “The
Air-Water CO , Exchange of a Coastal Sea—A Sensitivity
Study on Factors that In uence the Absorption and Out-
gassing of CO, in the Baltic Sea.” Journal of Geophysical
Research, Ocean420: 5342-5357. https://doi.org/10.1002/
2015JC010832.

Hallegraeff, G. M., M. E. Albinsson, J. Dowdney, A. K. Holmes,
M. P. Mansour, and A. Seger. 2019. “Prey Preference, Envi-
ronmental Tolerances and Ichthyotoxicity by the Red-Tide
Dino agellate Cultured From Tasmanian Waters. ” Journal of
Plankton Research4l: 407-418. https://doi.org/10.1093/
plankt/fbz037 .

Hardy, J. T. 1973. “Phytoneuston Ecology of a Temperate
Marine Lagoon. ” Limnology and Oceanographyl8: 525-533.
https://doi.org/10.4319/10.1973.18.4.0525

Hardy, J. T. 1982. “The Sea Surface Microlayer: Biology,
Chemistry and Anthropogenic Enrichment. " Progress in
Oceanography 11: 307-328. https://doi.org/10.1016/0079-
6611(82)90001-5 .

Hardy, J. T., and C. W. Apts. 1984. “The Sea-Surface
Microlayer —Phytoneuston Productivity and Effects of
Atmospheric Particulate Matter. " Marine Biology 82: 293—
300. https://doi.org/10.1007/BF00392409

Hardy, J. T., and C. W. Apts. 1989. “Photosynthetic Carbon

Reduction: High Rates in the Sea-Surface Microlayer.”
Marine Biology 101: 411-417. https://doi.org/10.1007/
BF00428138.

Harvey, G. W., and L. A. Burzell. 1972. “A Simple Microlayer
Method for Small Samples.” Limnology and Oceanography
17: 156-157. https://doi.org/10.4319/10.1972.17.1.0156

Helm, R. R. 2021. “The Mysterious Ecosystem at the Ocean’s
Surface” PL0oS Biology 19: e3001046. https://doi.org/10.
1371/journal.pbio.3001046

Hermansson, M., G. W. Jones, and S. Kjelleberg. 1987. “Fre-
quency of Antibiotic and Heavy Metal Resistance, Pigmen-
tation, and Plasmids in Bacteria of the Marine Air —Water
Interface.” Applied and Environmental Microbiology53: 2338 —
2342. https://doi.org/10.1128/aem.53.10.2338-2342.1987

Howe, K. L., C. W. Dean, J. Kluge, et al. 2018. “Relative Abun-
dance of Bacillus Spp., Surfactant-Associated Bacterium Pre-
sent in a Natural Sea Slick Observed by Satellite SAR
Imagery Over the Gulf of Mexico. " Elementa: Science of the
Anthropocene6: 8. https://doi.org/10.1525/elementa.268

Hubel, H., and M. Hibel. 2007. “Nitrogen Fixation During
Blooms of Nodularia in Coastal Waters and Backwaters of

Microbial dynamics in slicks

the Arkona Sea (Baltic Sea) in 1974.” Internationale Revue der
Gesamten Hydrobiologie und Hydrographie65: 793-808.
https://doi.org/10.1002/iroh.19800650605

Jenkinson, I. R., L. Seuront, H. B. Ding, and F. Elias. 2018.
“Biological Modi cation of Mechanical Properties of the
Sea Surface Microlayer, In uencing Waves, Ripples, Foam
and Air-Sea Fluxes’ Elementa: Science of the Anthropoceie
26. https://doi.org/10.1525/elementa.283

John, U., L. %upraha, S. Gran-Stadniczenko, et al. 2022. “Spa-
tial and Biological Oceanographic Insights Into the Massive
Fish-Kiling Bloom of the Haptophyte in Northern
Norway.” Harmful Algae 118: 102287. https://doi.org/10.
1016/j.hal.2022.102287 .

Joint, 1., P. Herring, A. Campbell, M. Whit eld, and L.
Maddock. 1990. The Response of Picophytoplankton to
Light. Cambridge University Press Cambridge.

Joux, F., H. Agogué, |. Obernosterer, et al. 2006. “Microbial
Community Structure in the Sea Surface Microlayer at Two
Contrasting Coastal Sites in the Northwestern Mediterra-
nean Sea’ Aquatic Microbial Ecology42: 91-104. https://doi.
0rg/10.3354/ame042091 .

Kohler, J., M. Schmitt, H. Krumbeck, M. Kapfer, E. Litchman,
and P. J. Neale. 2001. “Effects of UV on Carbon Assimila-
tion of Phytoplankton in a Mixed Water Column. " Agquatic
Science$3: 294-309. https://doi.org/10.1007/PL00001356

Korth, F., B. Deutsch, I. Liskow, and M. Voss. 2012. *“Uptake of
Dissolved Organic Nitrogen by Size-Fractionated Plankton
Along a Salinity Gradient From the North Sea to the Baltic
Sea’ Biogeochemistry 111: 347-360. https://doi.org/10.
1007/s10533-011-9656-1 .

Kujawinski, E. B., J. W. Farrington, and J. W. Moffett. 2002.
“Evidence for Grazing-Mediated Production of Dissolved
Surface-Active Material by Marine Protists. ” Marine Chemis-
try 77: 133-142. https://doi.org/10.1016/S0304-4203(01)
00082-2.

Ladah, L. B., A. Lievana Mactavish, M. d. R. Barba L opez, J. J.
Leichter, F. J. Tapia, and A. Filonov. 2026. “Elevated Mer-
oplankton Abundance in Surface Slicks During Internal
Wave Forcing at Three Coastal Sites in Mexico. " Continental
Shelf Research296: 105599. https://doi.org/10.1016/j.csr.
2025.105599.

Laxague, N. J. M., C. J. Zappa, S. Soumya, and O. Wurl. 2024.
“The Suppression of Ocean Waves by Biogenic Slicks.” J R
Soc Interface 21: 20240385. https://doi.org/10.1098/rsif.
2024.0385.

Lim, L., O. Wurl, S. Karuppiah, and J. P. Obbard. 2007. *“Atmo-
spheric Wet Deposition of PAHs to the Sea-Surface Micro-
layer.” Marine Pollution Bulletin 54: 1212-1219. https://doi.
0rg/10.1016/j.marpolbul.2007.03.023

Liss, P. S., and R. A. Duce. 1997. The Sea Surface and Global
Change. Cambridge University Press. https://doi.org/10.
1017/CB0O9780511525025 .

Marie, D., N. Simon, L. Guillou, F. Partensky, and D. Vaulot.
2000. “Flow Cytometry Analysis of Marine Picoplankton.

14 of 17



Peter et al.

In Living Color. Springer Lab Manuals, edited by R. A. Dia-
mond and S. Demaggio, 421 -454. Springer. https://doi.org/
10.1007/978-3-642-57049-0_34 .

Moens, T., U. Braeckman, S. Derycke, et al. 2013. “Ecology of
Free-Living Marine Nematodes. ” Handbook of Zoology:
Gastrotricha, Cycloneuralia and Gnathifera 2: 109-152.
https://doi.org/10.1515/9783110274257.109.

Mollica, T., H. Farnelid, E. Lindehoff, and C. Legrand. 2025.
“Smaller Phytoplankton Size-Groups Control the Stoichi-
ometry of the Autotrophic Community. " Limnology and
Oceanography70: 1947-1961. https://doi.org/10.1002/Ino.
70058.

Montes-Hugo, M. A., and S. Alvarez-Borrego. 2007. “Differ-
ences in Photosynthetic Pigment Signatures Between
Phytoneuston and Phytoplankton Communities in a
Coastal Lagoon of Baja California. ” Marine Biology 151:
1225-1236. https://doi.org/10.1007/s00227-006-0546-3

Murray, A. G. 1995. “Phytoplankton Exudation —Exploitation
of the Microbial Loop as a Defense Against Algal Viruses.
Journal of Plankton Researci7: 1079-1094. https://doi.org/
10.1093/plankt/17.5.1079 .

Mustaffa, N. I. H., M. Ribas-Ribas, H. M. Banko-Kubis, and O.
Wurl. 2020. “Global Reduction of In Situ CO , Transfer
Velocity by Natural Surfactants in the Sea-Surface Micro-

layer.” Proceedings of the Royal Society A: Mathematical, Physi-

cal and Engineering Science476: 20190763. https://doi.org/
10.1098/rspa.2019.0763 .

Naumann, E. 1917. “Beitrdge  zur Kenntnis des
Teichnannoplanktons, 1I. Uber das Neuston des Siis-
swassers. Biologisches Centralblatt37: 98-106.

Novotny, A., S. Zamora-Terol, and M. Winder. 2021. “DNA
Metabarcoding Reveals Trophic Niche Diversity of Micro
and Mesozooplankton Species.” Proceedings of the Biological
Science288: 20210908. https://doi.org/10.1098/rspb.2021.
0908.

Obernosterer, |., P. Catala, T. Reinthaler, G. J. Herndl, and P.
Lebaron. 2005. “Enhanced Heterotrophic Activity in the
Surface Microlayer of the Mediterranean Sea.” Agquatic
Microbial Ecology 39: 293-302. https://doi.org/10.3354/
ame039293.

Osterholz, H., C. Burmeister, S. Busch, et al. 2021. “Nearshore
Dissolved and Particulate Organic Matter Dynamics in the
Southwestern Baltic Sea: Environmental Drivers and Time
Series Analysis (2010-2020).” Frontiers in Marine Sciences:
795028. https://doi.org/10.3389/fmars.2021.795028

Otero-Ferrer, J. L., P. Cermefio, A. Bode, et al. 2018. “Factors
Controlling the Community Structure of Picoplankton in
Contrasting Marine Environments. " Biogeosciences15:
6199-6220. https://doi.org/10.5194/bg-15-6199-2018

Passow, U. 2002. “Production of Transparent Exopolymer Parti-
cles (TEP) by Phyto- and Bacterioplankton. ” Marine Ecology Pro-
gress Serie®36: 1-12. https://doi.org/10.3354/meps236001

Peter, C., H.-A. Giebel, B. C. Chai, et al. 2026. Chemical and
Biological Characterisation of Slicks Off the German Coast

Microbial dynamics in slicks

of the Baltic Sea in June of 2024 at 9 Stations [dataset].
PANGAEA, https://doi.org/10.1594/PANGAEA.992736

Peter, C., and J. Rahlff. 2025. Microscopy Images of a Baltic
Sea Surface Slick. Figshare.

Ploug, H. 2008. “Cyanobacterial Surface Blooms Formed by
Aphanizomenon Sp. and Nodularia spumigenain the Baltic
Sea: Small-Scale Fluxes, pH, and Oxygen Microenviron-
ments.” Limnology and Oceanography53: 914-921. https://
doi.org/10.4319/10.2008.53.3.0914

Pomeroy, L. R. 1974. “The Ocean’s Food Web, A Changing
Paradigm.” Bioscience24: 499-504. https://doi.org/10.2307/
1296885.

Quigg, A., P. H. Santschi, A. Burd, et al. 2021. “From Nano-
Gels to Marine Snow: A Synthesis of Gel Formation Pro-
cesses and Modeling Efforts Involved With Particle Flux in
the Ocean.” Gels 7: 114. https://doi.org/10.3390/
gels7030114.

Rabhilff, J., C. Stolle, and O. Wurl. 2017 b. “SISI: A New Device
for In Situ Incubations at the Ocean Surface. " Journal of
Marine Science and Engineering: 46. https://doi.org/10.
3390/jmse5040046 .

Rahlff, J., C. Stolle, H. A. Giebel, et al. 2017 a. “High Wind
Speeds Prevent Formation of a Distinct Bacterioneuston
Community in the Sea-Surface Microlayer. " FEMS Microbiol-
ogy Ecology 93: x041. https://doi.org/10.1093/femsec/

x041.

Rahlff, J., C. Stolle, H. A. Giebel, M. Ribas-Ribas, L. R.
Damgaard, and O. Wurl. 2019. “Oxygen Pro les Across the
Sea-Surface Microlayer-Effects of Diffusion and Biological
Activity. " Frontiers in Marine Sciences: 11. https://doi.org/
10.3389/fmars.2019.00011 .

Rahlff, J., C. Stolle, H. A. Giebel, N. I. H. Mustaffa, O. Wurl,
and D. P. R. Herlemann. 2021. “Sea Foams Are Ephemeral
Hotspots for Distinctive Bacterial Communities Contrasting
Sea-Surface Microlayer and Underlying Surface Water.”
FEMS Microbiology Ecology¥7: ab035. https://doi.org/10.
1093/femsec/ ab035.

Rahlff, J., H. A. Giebel, C. Lehners, et al. 2023 b. Natural Sea
Surface Slicks From the Baltic Sea Investigated for Cell and
Virus-Like Particle Abundance, Surfactants and Dissolved
Organic Carbon in May 2021. PANGAEA.

Rahlff, J., M. Wietz, H. A. Giebel, et al. 2023 c. “Ecogenomics and
Cultivation Reveal Distinctive Viral-Bacterial Communities in
the Surface Microlayer of a Baltic Sea Slick.” ISME Communica-
tions 3: 97. https://doi.org/10. 1038/s43705-023-00307-8 .

Rahlff, J., S. P. Esser, J. Plewka, et al. 2028. “Marine Viruses
Disperse Bidirectionally Along the Natural Water Cycle. ”
Nature Communications 14: 6354. https://doi.org/10.1038/
s41467-023-42125-5.

Reche, I, G. D’'Orta, N. Mladenov, D. M. Winget, and C. A.
Suttle. 2018. “Deposition Rates of Viruses and Bacteria
Above the Atmospheric Boundary Layer. ” The ISME
Journal 12: 1154-1162. https://doi.org/10.1038/s41396-
017-0042-4.

15 of 17



Peter et al.

Reinthaler, T., E. Sintes, and G. J. Herndl. 2008. “Dissolved
Organic Matter and Bacterial Production and Respiration
in the Sea-Surface Microlayer of the Open Atlantic and
the Western Mediterranean Sea.” Limnology and Oceanog-
raphy 53: 122-136. https://doi.org/10.4319/10.2008.53.1.
0122.

Rickard, P. C., G. Uher, R. C. Upstill-Goddard, et al. 2019.
“Reconsideration of Seawater Surfactant Activity Analysis
Based on an Inter-Laboratory Comparison Study. ” Marine
Chemistry 208: 103-111. https://doi.org/10.1016/j.marchem.
2018.11.012.

Romano, J. C. 1996. “Sea-Surface Slick Occurrence in the Open
Sea (Mediterranean, Red Sea, Indian Ocean) in Relation to
Wind Speed.” Deep Sea Research Part I:
Research Paperd3: 411-423. https://doi.org/10.1016/0967-
0637(96)00024-6 .

Romano, J.-C., and R. Marquet. 1991. “Occurrence Frequencies
of Sea-Surface Slicks at Long and Short Time-Scales in Rela-
tion to Wind Speed. " Estuarine, Coastal and Shelf Scien@8:
445-458. https://doi.org/10.1016/0272-7714(91)90083-N

Roveillo, Q., J. Dervaux, Y. Wang, et al. 2020. “Trapping of
Swimming Microalgae in Foam. " Journal of the Royal Society
Interface 17: 20200077. https://doi.org/10.1098/rsif.2020.
0077.

Ryan, J. P., A. M. Fischer, R. M. Kudela, et al. 2010. “Recurrent
Frontal Slicks of a Coastal Ocean Upwelling Shadow. ” Jour-
nal of Geophysical Research, Oceaid5: C12070. https://doi.
0rg/10.1029/2010JC006398 .

Rychert, K., K. Spich, K. Laskus, M. Paczkowska, M. Wielgat-
Rychert, and G. Sojda. 2013. “Composition of Protozoan
Communities at Two Sites in the Coastal Zone of the
Southern Baltic Sea.” Oceanological and Hydrobiological Stud-

ies 42: 268-276. https://doi.org/10.2478/s13545-013-
0083-x.
Satpute, S. K., I. M. Banat, P. K. Dhakephalkar, A. G.

Banpurkar, and B. A. Chopade. 2010. “Biosurfactants,
Bioemulsi ers and Exopolysaccharides From Marine Micro-
organisms.” Biotechnology Advances28: 436-450. https://
doi.org/10.1016/j.biotechadv.2010.02.006

Schlitzer, R. 2025. Ocean Data View. Alfred Wegener Institute
(AWI). https://odv.awi.de/ .

Schwehr, K. A, C. Xu, M. H. Chiu, et al. 2018. “Protein: Poly-
saccharide Ratio in Exopolymeric Substances Controlling
the Surface Tension of Seawater in the Presence or Absence
of Surrogate Macondo Oil With and Without Corexit. ”
Marine Chemistry 206: 84-92. https://doi.org/10.1016/].
marchem.2018.09.003 .

Shannon, P., A. Markiel, O. Ozier, et al. 2003. “Cytoscape: A
Software Environment for Integrated Models of Biomolecu-
lar Interaction Networks. ” Genome Research3: 2498-2504.
https://doi.org/10.1101/gr.1239303

Sieburth, J. M. 1983. “Microbiological and Organic-Chemical
Processes in the Surface and Mixed Layers.” In Air -Sea
Exchange of Gases and Particles, edited by P. S. Liss and

Oceanographic

Microbial dynamics in slicks

W. G. N. Slinn, 121 -172. Springer Netherlands. https://doi.
0rg/10.1007/978-94-009-7169-1_3 .

Sieburth, J. M., and J. T. Conover. 1965. “Slicks Associated
With Trichodesmium Blooms in the Sargasso Sea! Nature
205: 830-831. https://doi.org/10.1038/205830b0

Sddergren, A. 1987. “Origin and Composition of Surface Slicks
in Lakes of Differing Trophic Status. ” Limnology and Ocean-
ography 32: 1307-1316. https://doi.org/10.4319/10.1987.32.
6.1307.

Stolle, C., K. Nagel, M. Labrenz, and K. Jurgens. 2010. “Succes-
sion of the Sea-Surface Microlayer in the Coastal Baltic Sea
Under Natural and Experimentally Induced Low-Wind
Conditions. ” Biogeoscienced: 2975-2988. https://doi.org/
10.5194/bg-7-2975-2010 .

Stolle, C., M. Labrenz, C. Meeske, and K. Jurgens. 2011.
“Bacterioneuston Community Structure in the Southern
Baltic Sea and Its Dependence on Meteorological Condi-
tions.” Applied and Environmental Microbiology 77: 3726—
3733. https://doi.org/10.1128/AEM.00042-11

Sturdy, G., and W. H. Fischer. 1966. “Surface Tension of Slick
Patches Near Kelp Beds” Nature 211: 951-952. https://doi.
0rg/10.1038/211951hb0 .

Sullivan, M. B., J. S. Weitz, and S. Wilhelm. 2017. “Viral Ecol-
ogy Comes of Age.” Environmental Microbiology Reports9:
33-35. https://doi.org/10.1111/1758-2229.12504

Tsyban, A. 1971. “Marine Bacterioneuston. ” Journal of the
Oceanographical Society of Japa?7: 56—66. https://doi.org/
10.1007/BF02109331 .

Upstill-Goddard, R. C., T. Frost, G. R. Henry, M. Franklin, J. C.
Murrell, and N. J. P. Owens. 2003. “Bacterioneuston Con-
trol of Air -Water Methane Exchange Determined With a
Laboratory Gas Exchange Tank.” Global Biogeochem Cycles
17: 15. https://doi.org/10.1029/2003GB002043

Vaqué, D., E. Berdalet, A. Sotomayor-Garcia, et al. 2025. “Assessing
the Relationship between Viruse s and Protists and their Role in
Dimethylsulphoniopropionate Release in Antarctic Surface
Microlayers.” Antarctic Science37: 265-277. https://doi.org/10.
1017/S0954102025100205 .

Vollenbroich, D., M. Ozel, J. Vater, R. M. Kamp, and G. Pauli.
1997. “Mechanism of Inactivation of Enveloped Viruses by
the Biosurfactant Surfactin From Bacillus subtilis.” Biologicals
25: 289-297. https://doi.org/10.1006/biol.1997.0099

Voskuhl, L., and J. Rahlff. 2022. “Natural and Oil Surface Slicks
as Microbial Habitats in Marine Systems: A Mini Review. ”
Frontiers in Marine Scienc®: 1020843. https://doi.org/10.3389/
fmars.2022.1020843 .

Walsby, A. E., P. K. Hayes, and R. Boje. 1995. “The Gas Vesicles,
Buoyancy and Vertical Distrib ution of Cyanobacteria in the
Baltic Sea” European Journal of Phycolog@0: 87-94. https:/
doi.org/10.1080/09670269500650851 .

Wang, H. H., S. H. Song, and Y. Z. Qi. 2014. “A Comparative
Study of Phytoneuston and th e Phytoplankton Community
Structure in Daya Bay, South China Sea. ” Journal of Sea Research
85: 474-482. https://doi.org/10.1016/ j.seares.2013.08.002

16 of 17



Peter et al.

Whitney, J. L., J. M. Gove, M. A. McManus, et al. 2021. “Sur-
face Slicks are Pelagic Nurseries for Diverse Ocean Fauna’
Scienti ¢ Reports11: 3197. https://doi.org/10.1038/s41598-
021-81407-0.

Wilhelm, S. W., and C. A. Suttle. 1999. *“Viruses and Nutrient
Cycles in the Sea: Viruses Play Critical Roles in the Struc-
ture and Function of Aquatic Food Webs. " Bioscience49:
781-788. https://doi.org/10.2307/1313569

Wurl, O., and M. Holmes. 2008. “The Gelatinous Nature of
the Sea-Surface Microlayer.” Marine Chemistry 110: 89-97.
https://doi.org/10.1016/j.marchem.2008.02.009

Wurl, O., C. Stolle, C. Van Thuoc, P. The Thu, and X. Mari.
2016. “Bio Im-Like Properties of the Sea Surface and Predicted
Effects on Air—Sea CQ, Exchange.” Progress in Oceanography
144: 15-24. https://doi.org/10.1016/j.pocean.2016.03.002

Wurl, O., E. Wurl, L. Miller, K. Johnson, and S. Vagle. 2011.
“Formation and Global Distribution of Sea-Surface Micro-
layers.” Biogeosciences: 121-135. https://doi.org/10.5194/
bg-8-121-2011.

Wurl, O, L. Miller, R. Ruttgers, and S. Vagle. 2009. “The Distri-
bution and Fate of Surface-Active Substances in the Sea-
Surface Microlayer and Water Column. ” Marine Chemistry
115: 1-9. https://doi.org/10.1016/j.marchem.2009.04.007

Yue, S. Y., Y. Cheng, L. Zheng, et al. 2025. “Mass Deposition
of Microbes From Wild re Smoke to the Sea Surface Micro-
layer.” Limnology and Oceanography70: 1770-1781. https://
doi.org/10.1002/Ino.70078

Yue, W. Z., C. C. Sun, P. Shi, A. Engel, Y. S. Wang, and W. H.
He. 2018. “Effect of Temperature on the Accumulation of
Marine Biogenic Gels in the Surface Microlayer Near the
Outlet of Nuclear Power Plants and Adjacent Areas in

Microbial dynamics in slicks

the Daya Bay, China. ” PLoS Onel3: e0198735. https://doi.
0rg/10.1371/journal.pone.0198735

Zhang, Z., L. Liu, C. Liu, and W. Cai. 2003. “Studies on the
Sea Surface Microlayer. Il. The Layer of Sudden Change of
Physical and Chemical Properties. ” Journal of Colloid and
Interface Science264: 148-159. https://doi.org/10.1016/
S0021-9797(03)00390-4.

Zhengbin, Z., Z. Anhui, L. Liansheng, L. Chunying, R.
Chunyan, and X. Lei. 2013. *“Viscosity of Sea Surface Micro-
layer in Jiaozhou Bay and Adjacent Sea Area.” Chinese Jour-
nal of Oceanology and Limnology21: 351-357. https://doi.
0rg/10.1007/BF02860431 .

Zhu, Z. W., B. Y. Zhang, B. Chen, Q. H. Cai, and W. Y. Lin.
2016. “Biosurfactant Production by Marine-Originated
Bacteria and Its Application for Crude Oil Removal. " Water,
Air, and Soil Pollution 227: 328. https://doi.org/10.1007/
$11270-016-3012-y.

utic, V., B. Cosovic, E. Mar§enko, N. Bihari, and F. Kr ginic.
1981. “Surfactant Production by Marine Phytoplankton. ”
Marine Chemistry 10: 505-520. https://doi.org/10.1016/
0304-4203(81)90004-9 .

Supporting Information

Additional Supporting Information may be found in the
online version of this article.

Submitted 01 July 2025
Revised 22 January 2026
Accepted 22 April 2026

17 of 17



	 Surface slicks structure microbial and viral neuston in relation to biogeochemical conditions
	Abstract


