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Abstract. The sea-surface microlayer (SML) is located
within the boundary between the atmosphere and hydro-
sphere. The high spatial and temporal variability of the
SML’s properties, however, have hindered a clear under-
standing of interactions between biotic and abiotic param-
eters at or across the air-water interface. Among the fac-
tors changing the physical and chemical environment of the
SML, wind speed is an important one. In order to exam-
ine the temporal effects of minimized wind influence, SML
samples were obtained from the coastal zone of the southern
Baltic Sea and from mesocosm experiments in a marina to
study naturally and artificially calmed sea surfaces. Organic
matter concentrations as well as abundance,3H-thymidine
incorporation, and the community composition of bacteria in
the SML (bacterioneuston) compared to the underlying bulk
water (ULW) were analyzed. In all SML samples, dissolved
organic carbon and nitrogen were only slightly enriched and
showed low temporal variability, whereas particulate organic
carbon and nitrogen were generally greatly enriched and
highly variable. This was especially pronounced in a dense
surface film (slick) that developed during calm weather con-
ditions as well as in the artificially calmed mesocosms. Over-
all, bacterioneuston abundance and productivity correlated
with changing concentrations of particulate organic matter.
Moreover, changes in the community composition in the field
study were stronger in the particle-attached than in the non-
attached bacterioneuston. This implies that decreasing wind
enhances the importance of particle-attached assemblages
and finally induces a succession of the bacterial community
in the SML. Eventually, under very calm meteorological con-
ditions, there is an uncoupling of the bacterioneuston from
the ULW.
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1 Introduction

The air-water interface constitutes the boundary between the
atmosphere and water bodies, which cover about 70% of the
Earth’s surface. The sea-surface microlayer (SML) is defined
as the uppermost top of the water column and is located at
this interface. Although< 1 mm in thickness, the SML influ-
ences exchange processes due to its unique physico-chemical
properties compared to those of the underlying water (ULW)
(Liss and Duce, 1997). However, the functional importance
of bacteria in the SML (bacterioneuston) remains unclear.
Despite their potential role in influencing gas exchange (Cun-
liffe et al., 2008), the contradictory results regarding organic
matter enrichment in the SML and the subsequent responses
of the bacterioneuston are puzzling.

Repeatedly, the SML has been shown to be enriched in
diverse organic and inorganic substances compared to the
ULW (Liss and Duce, 1997; Hardy, 1982; Williams et al.,
1986). Material in the SML originates from atmospheric de-
position, e.g., by dust input or pollination events (Södergren,
1987), or from production in the SML (Reinthaler et al.,
2008). The strong correlations with respect to organic and
inorganic matter between the SML and the ULW suggest
that the ULW is also a major source of these compounds
(Baastrup-Spohr and Staehr, 2009; Carlson, 1983; Joux et
al., 2006). High concentrations of colloidal material (Bigg et
al., 2004) and transparent exopolymer particles (TEP) (Cun-
liffe et al., 2009b; Wurl and Holmes, 2008) support a model
in which the SML is a gelatinous film (Sieburth et al., 1976;
Cunliffe and Murrell, 2009). A strong enrichment of partic-
ulate as opposed to dissolved matter has often been found
in the SML (Hunter, 1997). Nevertheless, elevated concen-
trations of dissolved substances, such as amino acids and
carbohydrates, might support bacterial growth in this layer
(Williams et al., 1986; Kuznetsova and Lee, 2002). This is
supported by the enhanced enzymatic activities reported in
the SML (Münster et al., 1997; Kuznetsova and Lee, 2001),
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suggesting that organic matter in the SML is not only highly
concentrated but also utilizable for microbial uptake. How-
ever, low bacterial growth efficiencies in the SML indicate
that the bacterioneuston only maintains cellular biomass and
does not grow strongly (Reinthaler et al., 2008). Other stud-
ies, in which increased bacterial respiration rates and de-
creased bacterioneuston productivity in the SML were re-
ported, confirmed this observation (Obernosterer et al., 2005;
Stolle et al., 2009).

The high spatial and temporal variability in the SML might
be a reason for this overall inconsistent picture. Variations
of SML properties are due to import and export processes
(atmospheric deposition, turbulent mixing), temporal suc-
cessions (seasonality, trophic state), and the accumulation
of inhibitory substances (organic pollutants, heavy metals).
Moreover, meteorological conditions cause variable patterns
in the SML. For instance, UV radiation was suggested to in-
fluence diurnal cycles of organic matter transformations and
changing bacterial productivity in the SML (Carlucci et al.,
1986; Falkowska, 2001). Furthermore, concentrations of par-
ticulate organic carbon and bacterial productivity in the SML
were shown to be related to wind speed (Obernosterer et al.,
2008). However, these factors do not fully explain patterns
of bacterioneuston activities (Reinthaler et al., 2008; Santos
et al., 2009).

The complexity of processes in the SML clearly leaves
large uncertainties about the relation between bacteri-
oneuston communities and the physical and chemical envi-
ronment of the SML. The aim of this study was to eluci-
date the dynamics of organic matter accumulation as well
as bacterial abundance, activity, and community composition
in the SML during minimized wind-induced surface mixing.
Wind influences the general physico-chemical properties of
the SML in that, with decreasing wind speed, the stability
of the SML is expected to increase. Therefore, SML sam-
ples were taken in the southern Baltic Sea on four consecu-
tive days under constant low-wind conditions, following the
formation and disintegration of a visible surface film (slick).
Additionally, mesocosms were installed in a Baltic Sea ma-
rina in order to compare naturally influenced and artificially
calmed sea surfaces.

2 Methods

2.1 Field study site and sampling

Samples from the SML were taken in the coastal zone near
Warnemuende in the southern Baltic Sea in proximity to
position 54◦19′ N, 12◦05′ E from 6 to 9 May 2008. Sam-
pling was performed between 09:00 and 11:00 LT (local
time) from a zodiac against wind direction to avoid contam-
ination of the samples. SML samples were obtained using
the glass-plate technique (Harvey and Burzell, 1972) and
a framed wiping device which collects layer thicknesses of

about 50 µm (Stolle et al., 2009) and is in the range of mea-
sured SML thicknesses by pH microelectrodes (Zhang et al.,
2003). However, there is evidence that glass-plate samples
bias measurements of bacterial parameters in the SML due
to dilution with bulk water (Cunliffe et al., 2009a) or due
to the glass-plates’ mode of operation (Hühnerfuss, 1981).
Nonetheless, this sampling method was chosen in order to
obtain sufficient quantities of the SML. Furthermore, it was
previously shown that no bias is introduced into measure-
ments of many bacterial parameters (Agogué et al., 2004;
Stolle et al., 2009). Control samples from the ULW were
taken from a depth of 1 m using a 2-l glass collection tube
whose ends were closed by a drop-weight mechanism. Sam-
ples were returned to the laboratory and processed for subse-
quent analysis usually within 1 to 2 h after sampling. SML
measurements were compared to results from the ULW and
are expressed as enrichment factors (EF) according to the
following definition: EF = [x]SML/[x]ULW , where [x] is the
concentration of a given parameter (GESAMP, 1995). Wind
speed was recorded and the data were provided by the me-
teorological station in Rostock-Warnemuende, located at the
shore in proximity to the study site.

2.2 Mesocosm experiments

Mesocosm experiments were performed in a marina within
the Warnow River estuary (54◦18′ N, 12◦09′ E) using circu-
lar floatation barriers. Each mesocosm had a surface area of
10.5 m2 and was open to the bottom. Three independent ex-
periments were conducted in November and December 2008,
with each experiment performed on four consecutive days.
While, initially, three mesocosms were employed in each ex-
periment, in each experiment only one mesocosm remained
intact during the 4-day period. The other 2 mesocosms in
each experiment lost air pressure in the floatation rim and,
thus, had to be rejected. Samples were collected daily be-
tween 08:00 and 09:00 LT. About 50 ml of the SML was sam-
pled, which was achieved using 7–10 glass-plate samplings.
Given the SML’s thickness of 27 µm–38 µm and a sampling
area of the glass-plate of 2000 cm2, 13–19% of the total area
inside the mesocosms was sampled. The small sample vol-
ume was chosen to avoid sampling of the complete surface
inside the mesocosm. The SML outside the mesocosms was
sampled in triplicate, with ULW samples taken from a depth
of 30 cm inside and outside the mesocosms. In order to avoid
misleading results of chemical and biological parameters in
the SML due to initial disturbance upon installation of the
mesocosms, SML samples from the first day inside the meso-
cosms were not included in the analysis.

2.3 Bacterial abundance and activity

For the analysis of total bacterial cell numbers, samples
were fixed with paraformaldehyde (1% final concentra-
tion)/glutaraldehyde (0.05% final concentration) in the dark
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for 1 h at 5◦C, then frozen in liquid nitrogen and stored at
−80◦C until analysis by flow cytometry. Heterotrophic bac-
teria were stained with SYBR Green (2.5 µM final concen-
tration, Molecular Probes) for 30 min in the dark. Cells were
counted at a constant flow rate (35 µl min−1) using a Becton
& Dickinson FACScalibur flow cytometer equipped with a
laser emitting at 488 nm. Yellow-green latex beads (0.5 µm,
Polysciences) were used as an internal standard. Bacteria
were detected by their signature in a plot of side scatter (SSC)
versus green fluorescence (FL1).

To assess the abundance of highly active bacteria in the
mesocosm experiments, 900 µl of a sample were incubated
with 100 µl of a 5-cyano-2,3-ditolyl tetrazolium chloride
(CTC, Polysciences) solution (4 mM final concentration) in
the dark at the in situ temperature for no longer than 1 h
(Gasol and Aŕıstegui, 2007). CTC uptake was stopped by
fixation of the samples with paraformaldehyde (1% final con-
centration)/glutaraldehyde (0.05% final concentration) in the
dark for 10 min at 5◦C. The samples were then frozen in liq-
uid nitrogen and stored at−80◦C. Cells were counted with
a flow cytometer as described above, except that the beads
for the internal standard were 1 µm in size and the cells were
detected by their signature in a plot of orange fluorescence
(FL2) versus red fluorescence (FL3).

The incorporation of 3H-methyl-thymidine (3H-TdR,
60.1 Ci mmol−1, 10 nM final concentration, Moravek Bio-
chemicals) was measured to determine heterotrophic bacte-
rial productivity in 5-ml water samples from the field study,
according to the method of Chin-Leo and Kirchman (1988).
Triplicate samples were incubated for 1 h at the in situ tem-
perature in the dark. Due to sample-volume limitations, trip-
licates of only 2.5 ml of each sample were incubated in the
mesocosm experiments. This, however, had no effect on the
observed bacterial productivity compared to 5-ml samples
(data not shown). Incorporation was stopped by fixing the
cells with formaldehyde (10% v/w) in the dark overnight at
5◦C. A fourth sample, serving as a blank, was fixed for at
least 10 min prior to the addition of3H-TdR. All samples
were filtered on 0.22-µm polycarbonate filters (Millipore).
Four ml of scintillation cocktail were added to the filters, af-
ter which the incorporated substrates were counted in a scin-
tillation counter (Packard).

2.4 Extraction of nucleic acids and fingerprint analysis

Water samples from the field study were filtered on 3-µm Iso-
pore filters (Millipore), which were presumed to retain the
particle-attached fraction. The filtrate (i.e., the non-attached
fraction) was then filtered on 0.22-µm Isopore filters (Milli-
pore). Water samples from the mesocosm experiments were
filtered unfractionated on 0.22-µm Isopore filters. All filters
were rapidly frozen in liquid nitrogen and stored at−80◦C.
DNA and RNA from frozen filters were extracted using a
phenol-chloroform-extraction method, according to Wein-
bauer et al. (2002). After cell lysis, the samples were divided

and a pH-dependent procedure was applied to extract DNA
(phenol-chloroform pH = 7.5–8) or RNA (phenol-chloroform
pH = 4.5–5). The resulting extracts were washed and the
nucleic-acid content was quantified spectrophotometrically
using a NanoDrop ND-1000 Photometer (NanoDrop Tech-
nologies).

For the analysis of the presumably active bacterial com-
munity, the RNA was reverse transcribed into complemen-
tary DNA (cDNA). Co-precipitated DNA was removed us-
ing DNAseI (DNA-free kit, Ambion), following the man-
ufacturer’s instructions. cDNA was synthesized from 10–
20 ng RNA in a reverse-transcriptase polymerase chain re-
action (RT-PCR) using the universal primer 1492R (5’-
GGTTACCTTGTTACGACTT-3’) (Lane, 1991) and the
iScript cDNA synthesis kit (Bio-Rad). The complete removal
of DNA was determined with an additional RT-PCR without
enzyme. Successful synthesis of the cDNA was confirmed in
a following PCR, as described below.

The 16S rRNA (presumably active bacteria) and
16S rRNA gene (total bacteria) fingerprints of the bac-
terial communities were analyzed using single-strand-
conformation polymorphism (SSCP). DNA extracts as
well as cDNA amplicons were PCR-amplified using
the primers Com1 (5’CAGCAGCCGCGGTAATAC3’) and
Com2-Ph (5’CCGTCAATTCCTTTGAGTTT3’) (Schwieger
and Tebbe, 1998), which amplifyEscherichia coli16S rRNA
gene positions 519–926, following the protocol described
in Labrenz et al. (2007). The annealing-temperature was
50◦C. Single-stranded DNA was generated and purified and
the SSCP analysis carried out as described in Schwieger and
Tebbe (1998). Cluster analysis and pairwise comparisons of
the band patterns in digitised images were done with Gel-
Compare II (Applied Maths NV) based on their densito-
metric profiles (Pearson correlation coefficient) after back-
ground subtraction, least-square filtering, and optimization
which were used for background removal, smoothing of the
profiles and to optimize the settings for the analyses, re-
spectively, according to the manufacturers’ instructions. The
pairwise comparison of the bacterioneuston and bacterio-
plankton community is expressed as the percentage dissimi-
larity.

2.5 Analysis of organic carbon and nitrogen

Ten-ml water samples from the mesocosm experiments were
sealed in HCl-precleaned and precombusted (450◦C, 6 h)
glass ampoules using a portable propane torch. The sealed
ampoules were quickly frozen without the addition of preser-
vatives and then stored at−20◦C until analysis in the
laboratory. Total organic carbon (TOC) and total nitro-
gen (TN) were quantified using a high-temperature com-
bustion method, carried out in the presence of a Pt-catalyst
on a Shimadzu TOC-V analyzer supplemented with a Shi-
madzu TNM-1 nitrogen detector and a Shimadzu ASI-V
autosampler (Shimadzu Europe Ltd.). This system allows
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simultaneous determination of TOC and TN in the same sam-
ple. The temperature of the catalyst was kept at 680◦C and
carbon-free air produced by a Whatman gas generator was
used as carrier gas (flow rate: 150 ml min−1). Acetanilide
was used for a 4-point calibration. Prior to analysis, the sam-
ples were acidified with 2N HCl (suprapure grade) to a final
pH< 2. Calculations of TOC and TN concentrations were
based on four injections of the sample (injection volume:
75 µl). All samples were run in duplicate. The reliability of
each analytical run was checked using external reference ma-
terial in a seawater matrix for TOC and TN and using refer-
ence material for blank measurement. The reference material
was obtained from Dennis Hansell’s CRM program (Dennis
Hansell, University of Miami).

For the analysis of particulate organic carbon (POC) and
nitrogen (PN), 50–500 ml (field study) and 95–250 ml (sub-
set of samples from the mesocosm experiments) of sample
were filtered through Whatman GF/F glass-fiber filters (ap-
proximately 0.7 µm pore size, precombusted at 450◦C for
6 h). After filtration, the filters were transferred into 10-ml
rolled-rim vials and stored at−20◦C. Prior to analysis, par-
ticulate inorganic carbon (PIC) was dispersed by acidifying
the thawed filter with 100 µl of 2N HCl. After an incubation
of approximately 30 min, the filters were dried at 60◦C for
4 h. For final measurements, the dry filters were transferred
into small tin boats and analyzed in an Elementar vario MI-
CRO cube elemental analyzer (Elementar Analysensysteme
GmbH, Germany) using the standard protocol recommended
by the manufacturer. Acetanilide was used for calibration.
The filtrate, i.e. dissolved organic carbon (DOC) and dis-
solved nitrogen (DN) was analyzed as described for TOC and
TN (see above). Measurements uncertainties for DOC, DN,
POC and PN were< 5 µmol l−1, < 3 µmol l−1, < 1.3 µM and
< 0.5 µM, respectively.

2.6 Statistical analysis

Statistical analyses of the results from the mesocosm exper-
iments were based on non-parametric tests, as normal dis-
tribution was either rejected using the Kolmogorov-Smirnoff
test or the sample numbers were too small for proper testing.
To examine the equality of the means between the SML and
the ULW samples as well as among the SML samples, the
Wilcoxon test and the Friedman test, respectively, were cho-
sen. A significance level ofp < 0.05 indicated that the means
of the samples were significantly different. Spearman’s rank
correlation was applied to test the association between pa-
rameters in the SML and the ULW. Again,p < 0.05 indicated
significant correlation.

Table 1. Wind speed in May 2008 during sea-surface microlayer
sampling as well as mean values for a 6-h period prior to sampling.
Samples were taken in the southern Baltic Sea offshore Warne-
muende in proximity to position 54◦19′ N; 12◦05′ E.

Date Wind speed (m s−1) Wind speed (m s−1)
6 h mean

6 May 2008 3.80 2.30
7 May 2008* 1.90 1.08
8 May 2008 1.50 2.12
9 May 2008 2.60 2.53

*visible slick formation

3 Results

3.1 Field study

The SML in the southern Baltic Sea was sampled on four
consecutive days, from 6 to 9 May 2008 (days 1–4), using
the glass-plate technique. SML thickness, determined by the
sample volume per area of the sampling device, was only
measured on day 2 and was 46 µm. This was in the range of
previously reported values (Stolle et al., 2009). All sampling
days were characterized by a wind speed< 3.8 m s−1 during
sampling as well as within the 6 h prior to sampling (Table 1).
On day 2, the sea surface was very calm, resulting in the
formation of a visible surface film (slick) with considerably
altered visible reflectance characteristics. The following day,
this slick began to disintegrate and it disappeared completely
by day 4, in parallel with the increasing wind speed of up to
2.6 m s−1.

3.1.1 Organic carbon and nitrogen

The pool of organic carbon and nitrogen in the SML un-
derwent major changes throughout the sampling period,
with high-level accumulations during slick formation (day 2,
Fig. 1a). The concentrations of POC and PN in the SML
increased from 25.2 µmol POC l−1 and 5.9 µmol PN l−1 on
day 1 to 791.3 POC µmol l−1 and 76.4 PN µmol l−1 on day 2.
In the ULW, POC ranged between 20.8 and 35.1 µmol l−1

and PN between 2.8 and 5.5 µmol l−1. This resulted in high
enrichment factors for POC (26.8) and PN (19.5) on day 2.
Disintegration of the slick (days 3 and 4) was accompanied
by a subsequent decrease in the absolute and relative val-
ues of POC and PN in the SML, although there was still an
overall enrichment compared to the ULW (Fig. 1a). In the
slick, POC and PN concentrations contributed 70% and 79%
to TOC and TN, respectively, compared to only 11% POC
and 14% PN during pre-slick conditions and 6–9% POC and
14–18% PN in the ULW on all sampling days.

In the ULW, DOC and DN were highest on day 1
(355.7 µmol l−1 and 34.4 µmol l−1, respectively), but over
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Fig. 1. Changes of organic carbon and nitrogen(A), bacterial
abundance(B), and bacterial incorporation of3H-thymidine (C)
throughout the formation and disintegration of a visible surface film
(slick) in the southern Baltic Sea. Values are given as enrichment
factors (EF), i.e., relative ratios between the sea-surface microlayer
and the underlying water. Dashed lines indicate EF = 1, in which
case the values in the samples were equal. Additionally, absolute
values for the bacterial parameters are indicated.

the remaining sampling period they were relatively sta-
ble (310.6–314.5 µmol l−1 and 15.7–17.4 µmol l−1, respec-
tively). DOC and DN showed only slight accumulations in
the SML (Fig. 1a), with the highest enrichment factors mea-
sured on day 3 for both DOC (1.1) and DN (1.3).

3.1.2 Bacterial abundance, activity, and community
composition

Enrichment factors for total bacterial cell numbers (3.0) and
3H-TdR incorporation (2.3) were highest in the slick (Fig. 1b
and c). On day 2, 4.6× 106 bacterial cells ml−1 were mea-
sured in the SML, which was nearly twice as high as on
day 1; however, with dissolution of the slick on days 3 and 4
the number of cells decreased even below the value of day 1
(Fig. 1b). A similar pattern was observed for bacterioneuston
productivity, which peaked in the slick and subsequently de-
creased over the following days to the initial value of day 1
(Fig. 1c). Interestingly, total bacterial cell numbers and3H-
TdR incorporation in the ULW decreased slightly on day 2
(slick) and increased on day 3. Therefore, the enrichment
factor for 3H-TdR incorporation on day 3 was smaller (0.5)
than that on day 2 (2.3) and day 4 (1.3).

A comparison of bacterioplankton and bacterioneuston
community composition, using 16S rRNA (presumably ac-
tive bacteria) and 16S rRNA gene (total bacteria) finger-
prints, revealed strong changes throughout the sampling pe-
riod. The differences in community composition of non-
attached bacteria between the SML and ULW were initially
< 10.1% in both the 16S rRNA gene and the 16S rRNA fin-
gerprints (Fig. 2a). However, in the slick, this dissimilarity
increased to 33.7% (16S rRNA gene) and 53.3% (16S rRNA)
due to major changes within the bacterioneuston community
composition. This was illustrated in a cluster analysis, in
which all ULW samples and the remaining SML samples
grouped clearly together (Fig. 2b).

An overall similar pattern was observed in a compari-
son of the 16S rRNA and rRNA gene fingerprints of the
particle-attached bacterial communities (Fig. 2a), but there
were also a few differences: (1) the dissimilarities between
the bacterioneuston and bacterioplankton community in the
16S rRNA gene fingerprints were higher than in the corre-
sponding 16S rRNA fingerprints, except on day 1; (2) the dis-
similarities between the bacterioneuston and bacterioplank-
ton community were generally higher in the particle-attached
than in the non-attached fraction; and (3) during slick disin-
tegration, the dissimilarities in the particle-attached fraction
did not decrease as much as they did in the non-attached frac-
tion. Nonetheless, cluster analysis of the particle-attached
16S rRNA fingerprints showed that the bacterioneuston com-
munity in the slick was least similar to all other samples
(Fig. 2c).

In summary, slick formation in the southern Baltic Sea
enhanced bacterial abundance and productivity in the SML
and induced strong changes in bacterioneuston community
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Fig. 2. Analysis of the bacterial community composition in the
Baltic Sea field study based on 16S rRNA and 16S rRNA gene
fingerprints. (A) Pairwise dissimilarity between bacterioneuston
(SML) and bacterioplankton (ULW) community profiles for the
particle-attached and non-attached fraction. (B, C) Cluster analy-
ses of 16S rRNA fingerprints of the non-attached(B) and of the
particle-attached(C) fractions show strong changes in the bacteri-
oneuston community during slick formation.

composition. Moreover, slick formation was characterized
by a strong accumulation of particulate matter.

3.2 Mesocosm experiments

Temporal changes of the SML under artificially calmed
vs. natural, wind-affected sea surfaces were studied in meso-
cosm experiments. The study site was heavily influenced by

the opposing inflow of water from brackish (Baltic Sea) and
limnic (Warnow River) sources. Nevertheless, measurements
of several biotic and abiotic parameters revealed highly com-
parable conditions in all ULW samples inside and outside the
mesocosms (Supplement Fig. 1).

3.2.1 Dynamics of organic carbon and nitrogen

Absolute concentrations of TOC and TN in all samples as
well as DOC, DN, POC and PN in a subset of samples (see
below) were in the range of previously reported values from
the southern Baltic Sea (Nausch et al., 2009; Supplement
Table 1). Inside and outside the mesocosms, TOC and TN
in the SML showed similar characteristics. The concentra-
tions of both were highly variable but overall enriched com-
pared to the ULW (Wilcoxon test;p ≤ 0.008,n ≥ 9; Table 2).
The enrichment factors for TN were higher than those for
TOC (Wilcoxon test;p ≤ 0.008, n ≥ 9), but the two sets
of values correlated significantly with each other (Spearman
rs ≥ 0.767, p ≤ 0.016, n ≥ 9). Absolute concentrations of
these parameters in the SML did not correlate with those of
the ULW inside the mesocosms and did so only weakly out-
side the mesocosms (Table 2).

Outside the mesocosms, POC and DOC as well as PN and
DN were measured on the first and last day of each experi-
ment. Enrichment factors for POC and PN ranged between
2.2 and 16.4 and about doubled throughout the first and third
experiment. Yet, on the last day of each experiment, en-
richments outside the mesocosms were not as pronounced
as those inside the mesocosms (Table 3). Here, POC, DOC,
PN, and DN were analyzed only on the last day of each ex-
periment due to sample-volume limitations. Enrichment fac-
tors for POC inside the mesocosms ranged between 9.5 and
22.6 (Table 3). In the SML inside the mesocosms, 27–60%
of TOC consisted of POC (Table 3), compared to 4–8% in
the ULW (data not shown) and 14–47% in the SML outside
the mesocosms (Table 3). A comparable pattern was found
for the enrichment of PN (Table 3). DOC and DN were only
slightly but similarly enriched in all SML samples (1.1–1.3
and 1.0–1.7, respectively).

3.2.2 Bacterial parameters

Bacterial abundance and productivity in the SML were, in
general, highly variable (Fig. 3c–e). Overall, CTC-positive
cells were enriched in all SML samples (Wilcoxon test;
p ≤ 0.008,n ≥ 9; Table 2, Fig. 3d), but the absolute values
of the SML did not correlate with those of the ULW (Ta-
ble 2). Inside and outside the mesocosms, absolute total bac-
terial cell numbers were enriched in the SML (Wilcoxon test;
p ≤ 0.011,n ≥ 9, Table 2, Fig. 3c).3H-TdR incorporation in
the SML outside the mesocosms was slightly decreased com-
pared to the ULW (Wilcoxon test;p = 0.010,n = 36; Table 2,
Fig. 3e) whereas in the SML inside the mesocosms it was
highly variable and not significantly different from3H-TdR
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Fig. 3. Enrichment factors of total organic carbon(A), total nitro-
gen (B), abundance of total bacterial cells(C), and CTC-positive
cells(D) as well as the incorporation of3H-thymidine(E) are given
for the sea-surface microlayer inside (coloured circles) and outside
(white circles) the mesocosms. Results of three experiments are
shown. Error bars indicate standard deviation of three independent
samples.

Fig. 4. (A) Pairwise comparison of the total bacterioneuston com-
munity inside (coloured circles) and outside (white circles) the
mesocosms with respect to bacterioplankton community based on
16S rRNA fingerprints. (B) Cluster analysis of all communi-
ties as revealed by their single-strand conformation polymorphism
(SSCP) band patterns over the course of four days during the sec-
ond experiment. The day of the experiment as well as the ori-
gin of the samples are indicated (SML = sea-surface microlayer,
ULW = underlying water, control = outside mesocosms).

incorporation in the ULW (Wilcoxon test;p = 0.347,n = 9;
Table 2, Fig. 3e). Bacterial cell numbers and3H-TdR incor-
poration in the SML correlated with the corresponding values
in the ULW outside but not inside the mesocosms (Table 2).
To test whether enrichments inside the mesocosms were dif-
ferent from those outside the mesocosms, enrichment factors
among all samples were compared. The results implied that
the enrichment of CTC-positive cells and3H-TdR incorpo-
ration were not statistically different inside vs. outside the
mesocosms (Table 2).

The total bacterial community composition was analyzed
by 16S rRNA fingerprinting. During the first and third ex-
periments, the differences between the bacterioneuston and
bacterioplankton communities were found to be highly dy-
namic (Fig. 4a). Outside the mesocosms, the dissimilarity
in community composition between SML (bacterioneuston)
and ULW (bacterioplankton) during experiments 1 and 3 was
always lower than inside the mesocosms (Fig. 4a). In both
experiments, the highest dissimilarities between SML and
ULW inside the mesocosms occurred on the third day (82.9%
and 72.3% in experiment 1 and 3, respectively). By con-
trast, throughout the second experiment, the dissimilarities
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Table 2. Comparison between samples from the sea-surface microlayer (SML) inside and outside the mesocosms with respect to the
underlying water (ULW). For each parameter, potential differences in absolute values between the SML and ULW (Wilcoxon test) were
tested, as were potential correlations between these values (Spearman-rho correlation coefficient). Moreover, the enrichment factors among
all SML-samples inside and outside the mesocosms were examined for significant differences (Friedman test).

Inside mesocosms Outside mesocosms Enrichment factors
SML vs. ULW SML vs. ULW all SMLs

Wilcoxon Spearman (rs) Wilcoxon Spearman (rs) Friedman

Total organic p = 0.008 0.262 p < 0.001 0.076 p = 0.224
carbon n = 8 n.s.;n = 8 n = 35 n.s.;n = 35 n = 8

Total nitrogen p = 0.008 −0.310 p < 0.001 0.384 p = 0.134
n = 8 n.s.;n = 8 n = 35 *; n = 35 n = 8

Total p = 0.011 0.583 p < 0.001 0.685 p = 0.215
bacterial cells n = 9 n.s.;n = 9 n = 35 ***; n = 35 n = 9

CTC-positive p = 0.008 0.333 p < 0.001 0.197 p = 0.0081

cells n = 9 n.s.;n = 9 n = 36 n.s.;n = 36 n = 9
3H-TdR p = 0.374 0.217 p = 0.010 0.947 p = 0.0401

incorporation n = 9 n.s.;n = 9 n = 36 ***; n = 36 n = 9

Bold values indicate significantly different (Wilcoxon test) or significantly correlated (Spearman-rho) comparison.rs = Spearman-ρ correlation coefficient; level of significance is

indicated as follows: *** =p < 0.001; ** =p < 0.01;∗ =p < 0.05; n.s. = not significant;1 Bonferroni-correction showed that each single comparison within the Friedman test was

not significant (data not shown).

Table 3. Enrichment factors (EF) of particulate organic carbon (POC) and particulate nitrogen (PN) inside and outside the mesocosms.
Outside the mesocosms, samples were taken on the first and the last day of each experiment; inside the mesocosms, samples were only taken
on the last day of each experiment. Values in parentheses indicate contribution of the particulate matter to the total organic matter pool (%).

EF (POC) EF (PN)

Experiment Day of Inside Outside Inside Outside
experiment mesocosms mesocosms* mesocosms mesocosms*

1 1 n.d. 2.16± 0.96 n.d. 2.17± 1.02
(14.1) (13.2)

4 12.76 6.13± 3.19 9.62 4.97± 2.86
(48.8) (30.0) (43.0) (27.1)

2 1 n.d. 6.98± 2.38 n.d. 7.17± 1.99
(24.5) (18.0)

4 9.48 6.44± 1.57 7.74 4.88± 1.98
(27.4) (23.2) (29.8) (20.4)

3 1 n.d. 5.21± 2.32 n.d. 4.64± 3.21
(26.3) (31.0)

4 22.64 16.38 30.40 15.34
(60.0) (46.8) (70.8) (50.72)

* Mean± standard deviation (n = 3; values without standard deviationn = 1).

between the SML and the ULW were consistently< 9%.
During this experiment, there was a drastic change in com-
munity composition of the bacterioplankton between the first
and the second day, most likely due to an inflow of brackish
water into the limnic harbor (Supplement Fig. 1b). These
changes were also observed in the SML inside and outside
the mesocosms (Fig. 4b).

Taken together, all of the parameters in the SML inside and
outside the mesocosms were highly dynamic and highly vari-
able, with changes in their enrichment factors within each
experiment (Fig. 3). Nevertheless, although the differences
among all SML samples were not significant, the enrichment
factors inside the mesocosms, especially for bacterial param-
eters, tended to be higher than the mean enrichment outside
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the mesocosms (Fig. 3). Additionally, the enrichment of par-
ticulate matter inside the mesocosms was always enhanced
compared to values outside the mesocosms.

4 Discussion

4.1 Organic matter in the sea-surface microlayer

Organic matter in the SML is a complex mixture of sub-
stances, with major contributions of carbohydrates, proteins,
and lipids (Williams et al., 1986; Kattner et al., 1985). It
is well known that the dissolved fraction of organic matter is
slightly, but consistently enriched in the SML (Hunter, 1997).
Also, SML samples from the coastal zone of the southern
Baltic Sea in this study showed only minor enrichments of
DOC and DN. Enrichment factors ranged between 1.0 and
1.3, comparable to previously reported values from differ-
ent aquatic habitats (Momzikoff et al., 2004; Reinthaler et
al., 2008; Wurl and Holmes, 2008). Moreover, absolute and
relative concentrations of dissolved organic matter revealed
only slight temporal variability throughout the sampling pe-
riod. This was even observed during the formation and disin-
tegration of a dense surface film (slick), which confirms the
findings of a previous study, in which concentrations of dis-
solved organic matter were constant in a transition zone from
a “clean” SML to a dense slick (Carlson, 1982).

Reinthaler et al. (2008) reported that only a minor portion
(∼6%) of the TOC pool in the SML of the Mediterranean
Sea consisted of the particulate size fraction. However, in
that study, most of the samples were taken when wind speeds
were> 4 m s−1. High contributions of POC and PN to the
total organic matter pool were determined in our field study
during and after slick formation. Overall, in the SML, en-
richment of the particulate fractions of organic carbon and
nitrogen was consistently higher than that of the dissolved
fractions. Enrichment factors for POC in the visible and in
the disintegrating slick were 26.8 and 24.0, respectively, and
were similar to the values reported for other coastal slicks,
although 40-fold enrichments have also been cited (Carlson,
1983; Garabetian et al., 1993).

In the mesocosm experiments, similar proportions of the
dissolved and particulate fraction were observed as in the
field study. Enrichment factors of DOC and DN ranged be-
tween 1.0 and 1.7 and were not different in the artificially
calmed mesocosms compared to the natural wind-influenced
SML outside the mesocosms (data not shown). In contrast,
enrichment factors for POC and PN ranged between 2.2 and
30.4 and were always higher inside than outside the meso-
cosms. Furthermore, POC (up to 60%) and PN (up to 71%)
had major contributions to the total organic matter pool of
each element. Again, contributions were much higher in
the artificially calmed SML inside the mesocosms. Conse-
quently, although distinction of the dissolved and particulate

fractions was only possible in a subset of samples, the
changing concentrations of particles in the SML were most
likely the major driving force of temporal variability in the
enrichment of TOC and TN. Furthermore, the variability in
particulate matter enrichment could have caused the low or
absent correlation of TOC and TN concentrations between
the SML and the ULW in all mesocosm experiments.

While the origin of organic matter in the SML in the
present study could not be elucidated, there were several in-
dications of a contribution by the ULW: (1) Concentrations
of DOC, DN, POC, and PN in the ULW on 6 May were
slightly higher than in the following days (∼ 15%, data not
shown). The high particulate load in the slick might therefore
have arisen from the aggregation of dissolved and/or partic-
ulate matter in the ULW (Azetsu-Scott and Passow, 2004;
Kerner et al., 2003), with subsequent transport to the SML
by buoyant particles or rising bubbles (Wallace and Duce,
1978). (2) Phytoplankton activity can support the accumu-
lation of material in the SML by the production of TEP or
surfactants (Cunliffe et al., 2009b; Gašparovǐc et al., 2007;
Wurl and Holmes, 2008). In the present study, slick for-
mation developed during the productive spring season and,
therefore, might have been fueled by autotrophic production.
In addition, the lowest enrichment of particulate matter in
the mesocosms was measured during the second experiment,
which was characterized by constantly low concentrations of
chlorophyll-a in the ULW, implying a reduced influence of
phytoplankton activity (Supplement Fig. 1b).

4.2 Bacterial dynamics in the SML

Absolute bacterial abundance in the SML from the coastal
Baltic Sea was comparable to that in a recent study in this
area (Stolle et al., 2009). Based on the strong increase in par-
ticulate organic matter in the slick, bacteria could have been
passively transported to the SML by attachment to existing
or newly formed particles in the ULW, which, in turn, might
have caused the increase in the abundance of bacterial cells
in the slick. Similarly, import from the bulk water was pre-
viously suggested to be the major source of enrichment of
bacterial cells and virus-like particles in coastal and open-
ocean SML samples (Kuznetsova et al., 2004). Comparable
to slick formation, the abundance of total and CTC-positive
cells as well as productivity in the SML changed during the
first and third experiments inside the mesocosms, although
the enrichment of CTC-positive cells was highly variable in
all SML samples, as previously reported (Stolle et al., 2009).

Generally, the dynamics of the SML outside the meso-
cosms were similar to those inside the mesocosms through-
out the three experiments. This was most likely due to the
overall low influence of waves and wind in the sheltered har-
bor and resulted in similar enrichments inside and outside the
mesocosms. Nevertheless, within each experiment, the high-
est enrichment factors were measured inside the mesocosms,
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especially for bacterial productivity and concentrations of or-
ganic matter.

Overall, for bacterial parameters, the highest enrichment
factors followed the patterns of TOC and TN concentra-
tions, suggesting that the accumulation of new material in the
SML was coupled to the responses of the bacterioneuston.
High concentrations of organic matter could explain previ-
ous reports of enhanced exo-enzymatic activities in the SML
(Münster et al., 1997; Kuznetsova and Lee, 2001; Santos
et al., 2009). However, low bacterial growth efficiencies in
the SML of the Atlantic Ocean and the Mediterranean Sea
imply that high bacterioneuston metabolism does not reflect
enhanced cell growth (Reinthaler et al., 2008). These obser-
vations were suggested as indicators of stressful conditions
in the SML (Dietz et al., 1976). Similar conclusions can be
drawn from the present study, since despite the strong in-
crease in absolute bacterioneuston productivity in the slick,
cell-specific activity (3H-TdR incorporation/cell) remained
less than in the ULW (data not shown). This was also true
for cell-specific activity in the SML of the mesocosm exper-
iments, except on the third day of each experiment (data not
shown). This exception might have been at least partially
due to a smaller inhibitory influence of UV radiation in the
mesocosm experiments due to the sampling season as well
as the sampling time shortly after sunrise. The SML receives
higher doses of UV radiation than the ULW (Maki, 1993).
Generally, seasonally low radiation levels might also explain
why 3H-TdR incorporation was not decreased to the same
extent as in SML samples from the Baltic Sea, in this and in
a previous study (Stolle et al., 2009). However, there is con-
tradictory evidence regarding whether UV radiation gener-
ally causes diel patterns of bacterioneuston activity (Carlucci
et al., 1986; Santos et al., 2009). Thereby, the matrix-like
structure of the SML might on the one hand protect the bac-
terioneuston from UV-radiation comparable to biofilm habi-
tats (Elasri and Miller, 1999) or on the other hand increase
stress by photodegradation products such as H2O2 (Anesio
et al., 2005). Nonetheless, cell-specific activity might have
been even overestimated, as particle-attached bacteria were
not counted due to methodological reasons. Particle-attached
bacteria have been reported to be present in high numbers in
the SML (Aller et al., 2005), which could explain the exten-
sive enrichment of bacteria, up to several orders of magni-
tude, in slick samples (Hardy and Apts, 1984). Furthermore,
relative bacterial productivity was found to be smallest when
concentrations of particulate matter were highest (Obernos-
terer et al., 2008). This implies that particle attachment does
not shelter bacteria from stress factors in the SML, although
the general high activity of particle-attached bacteria in sur-
face waters is known (Grossart et al., 2007). Bacterial at-
tachment to particulate matter in the SML could also explain
the decrease in bacterial abundance and productivity during
slick disintegration. Increasing wind speed and a collapse
of the SML due to increasing surface pressure and conver-
gent forces (Wheeler, 1975) most likely caused a transport

of material from the SML into the ULW, and might account
for the strong increase in bacterioplankton productivity that
occurred on 8 May.

Studies of bacterioneuston community composition are
still scarce and to the best of our knowledge no attempt has
yet been made to distinguish the non-attached and particle-
attached members of bacterioneuston communities. Sev-
eral studies from coastal and estuarine habitats have shown
distinct bacterioneuston and bacterioplankton communities
(Fehon and Oliver, 1979; Franklin et al., 2008; Cunliffe et
al., 2008). However, also strong variability in the bacte-
rioneuston community from one day to the next has been
reported (Agogúe et al., 2005). Moreover, Cunliffe et
al. (2009c) showed that the bacterioneuston community in a
thick SML (∼ 400 µm) differed increasingly from the bacte-
rioplankton throughout the course of artificially induced phy-
toplankton blooms in closed mesocosms. Similarly, in this
study, the community composition of non-attached bacteria
in the coastal SML changed drastically upon slick forma-
tion and disintegration, whereas bacterioplankton commu-
nity composition was stable over the sampling period. In
contrast, differences in particle-attached community compo-
sitions were more pronounced and of longer duration. Again,
the strongest effect was observed in the bacterioneuston upon
slick formation. However, a dynamic pattern was also noted
for the particle-attached community in the ULW between
6 May (pre-slick) and 7 May (slick). This implies that the
movement and transformation of particles strongly impacts
overall community structure. In the mesocosm experiments,
the changing patterns of total bacterial community compo-
sition followed the dynamic enrichment of TOC and TN.
Therefore, our results suggest that the observed dynamic
variability in community composition was greatly influenced
by the particle-attached community. Moreover, the bacteri-
oneuston was found to be greatly influenced by the ULW,
as the large changes in bacterioplankton community compo-
sition that occurred in the second experiment were imme-
diately recognizable in the SML. In that experiment, gen-
eral changes of the bacterioneuston inside the mesocosms
were relatively small, and, interestingly, accompanied by the
lowest concentrations of particulate organic matter in the
SML, additionally indicating the importance of particles in
the SML.

4.3 Succession of the SML

The SML is physically stable due to surface tension forces.
While wave breaking disrupts the sea surface, re-assemblage
of the SML occurs very rapidly (Hardy, 1982). Decreasing
wind speed and an increasing accumulation of matter in the
SML reduces surface tension, which finally dampens capil-
lary waves and induces slick formation. Slicks are frequently
observed in marine systems (Romano, 1996). Therefore, the
SML is altered between these extremes, further complicat-
ing our attempts at elucidating the processes at the air-water
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Table 4. Correlations between the enrichment of bacterial parameters and total and particulate matter. Correlations with total organic
carbon and total nitrogen are based on SML samples from the southern Baltic Sea taken in 2007 (Stolle et al., 2009) and in May 2008 as
well as during the mesocosm experiments. Correlations with particulate organic carbon and particulate nitrogen are based on samples from
May 2008 as well as on several mesocosm samples (see Table 3).

Total organic carbon Particulate organic carbon

rs p n rs p n

Total bacterial cells 0.522 < 0.001 57 0.794 < 0.001 23
CTC-positive cells 0.555 < 0.001 58 0.583 0.003 24
3H-TdR incorporation 0.380 0.003 58 0.418 0.042 24

Total nitrogen Particulate nitrogen

rs p n rs p n

Total bacterial cells 0.406 0.002 57 0.835< 0.001 23
CTC-positive cells 0.408 0.001 58 0.739< 0.001 24
3H-TdR incorporation 0.187 n.s 58 0.384 n.s 24

rs = Spearman rank correlation coefficient;p = level of significance;n = number of samples

interface. It is clear, however, that wind induces both removal
and supply processes in the SML and contributes strongly to
its temporal and spatial variability, even over very short time
scales (Kuznetsova and Lee, 2002). Still, a simple relation
between wind speed and changing concentrations of com-
pounds in the SML cannot be concluded (Kuznetsova et al.,
2004; Reinthaler et al., 2008).

Field studies and mesocosm experiments in the coastal
zone of the Baltic Sea were employed in the present study to
examine the effects of minimized wind-induced turbulence
on the coastal SML. Generally, mesocosms provide valuable
experimental setups to study biological responses to pertur-
bations in aquatic systems (Riebesell et al., 2008). There are,
however, potential drawbacks that complicate the extrapola-
tion of the results obtained to unperturbed, natural systems
(Riebesell et al., 2008). In the present study, the mesocosms
might have e.g. artificially enhanced the enrichment of or-
ganic matter in the SML by preventing horizontal dilution or
dispersion. However, the characteristics of the organic mat-
ter and its enrichment are comparable to the extensive slick
formation in the same area (see above). Furthermore, as this
study aimed to investigate the principal mechanisms of or-
ganic matter enrichment and the bacterioneuston response,
we think that potential artefacts caused by the mesocosms
can be neglected. Such an overestimation of organic matter
concentrations, however, has to be considered when future
studies might aim to balance fluxes of organic matter into,
away or across the SML under varying low wind conditions.

Although the present study has some limitations due to the
limited observation period, it can be speculated that very low
wind speed induces a succession of physico-chemical fea-
tures of the coastal Baltic Sea SML and its inhabiting bacte-
rial community (Fig. 5). This succession is characterized by
an uncoupling of bacterial parameters in the SML from those

Fig. 5. Model of the effect of decreasing wind speed on organic mat-
ter enrichment and bacterioneuston parameters in the sea-surface
microlayer compared to the underlying water. The present study
indicates that slick formation and an artificial calming of the sea
surface result in an increasing importance of the particulate fraction
in the SML under lower wind conditions. (OC/N = organic carbon
and nitrogen, TdR =3H-thymidine incorporation, cells = bacterial
abundance, 16S = differences in community composition based on
16S rRNA fingerprints).

in the ULW as well as an increased coupling of organic mat-
ter and bacteria in the SML under decreasing wind-induced
surface mixing. Total bacterial abundance and productivity
in the SML outside the mesocosms correlated very well with
changing concentrations in the ULW. In contrast, this corre-
lation was absent in the artificially calmed sea surfaces inside
the mesocosms. There is contradictory evidence whether
matter in the SML is related to that in the ULW (Dietz et
al., 1976; Williams et al., 1986; Joux et al., 2006). Our study
suggests that an uncoupling of the SML is favored under low-
wind conditions. This is especially pronounced during slick
formation, when bacterial parameters change strongly.
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Under these conditions, the contribution of the particulate
fraction to the dynamic enrichment of organic matter and
bacterial parameters in the SML increases. This is supported
by strong correlations between the enrichment of POC and
PN and the enrichment of bacterial abundances in the SML
(Table 4). Considering all of the data from this study and a
previous one (Stolle et al., 2009), patterns of TOC and TN
enrichment do not as adequately explain the changes in bac-
terial abundances as do POC and PN enrichments. Patterns
of bacterioneuston productivity were not or only weakly
linked to changing quantities of organic matter in the SML,
contrary to previously reported correlations between commu-
nity respiration and TOC enrichment in the SML (Obernos-
terer et al., 2005). Nonetheless, the results of the present
study underline earlier suggestions that the bacterioneuston
community is not specifically adapted to this unusual habitat
concerning the cycling of organic matter in the SML (Ober-
nosterer et al., 2008).

5 Conclusions

Taken together, the high variability in the physical and chem-
ical environment of the SML makes general characterizations
of SML properties and assumptions about processes in this
habitat a challenging task. The present study implies that fur-
ther knowledge of particle transformation is essential to un-
derstand patterns of the coastal bacterioneuston community.
Finally, meteorological conditions dominantly influence the
status of the SML, and calm conditions have the potential
to induce a succession of the bacterioneuston community,
which, in turn, might be important for specific processes,
e.g., gas exchange, especially during extensive surface phy-
toplankton blooms.

Supplementary material related to this
article is available online at:
http://www.biogeosciences.net/7/2975/2010/
bg-7-2975-2010-supplement.zip.
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