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Abstract. The sea-surface microlayer (SML) is located 1 Introduction

within the boundary between the atmosphere and hydro-

sphere. The high spatial and temporal variability of the The air-water interface constitutes the boundary between the
SML's properties, however, have hindered a clear under-atmosphere and water bodies, which cover about 70% of the
standing of interactions between biotic and abiotic param-Earth’s surface. The sea-surface microlayer (SML) is defined
eters at or across the air-water interface. Among the facas the uppermost top of the water column and is located at
tors changing the physical and chemical environment of thethis interface. Although< 1 mm in thickness, the SML influ-
SML, wind speed is an important one. In order to exam-ences exchange processes due to its unique physico-chemical
ine the temporal effects of minimized wind influence, SML properties compared to those of the underlying water (ULW)
samples were obtained from the coastal zone of the southerfliss and Duce, 1997). However, the functional importance
Baltic Sea and from mesocosm experiments in a marina tof bacteria in the SML (bacterioneuston) remains unclear.
study naturally and artificially calmed sea surfaces. OrganicdDespite their potential role in influencing gas exchange (Cun-
matter concentrations as well as abundariéethymidine  liffe et al., 2008), the contradictory results regarding organic
incorporation, and the community composition of bacteria inmatter enrichment in the SML and the subsequent responses
the SML (bacterioneuston) compared to the underlying bulkof the bacterioneuston are puzzling.

water (ULW) were analyzed. In all SML samples, dissolved  Repeatedly, the SML has been shown to be enriched in
organic carbon and nitrogen were only slightly enriched andgiverse organic and inorganic substances compared to the
showed low temporal variability, whereas particulate organicy| v (Liss and Duce, 1997; Hardy, 1982; Williams et al.,
carbon and nitrogen were generally greatly enriched andigge). Material in the SML originates from atmospheric de-
highly variable. This was especially pronounced in a denseyosition, e.g., by dust input or pollination eventé¢@rgren,
surface film (slick) that developed during calm weather CoNn-1987), or from production in the SML (Reinthaler et al.,
ditions as well as in the artificially calmed mesocosms. Over-2008). The strong correlations with respect to organic and
all, bacterioneuston abundance and productivity correlateghorganic matter between the SML and the ULW suggest
with changing concentrations of particulate organic matterhat the ULW is also a major source of these compounds
Moreover, changes in the community composition in the ﬁe|d(Baastrup-Spohr and Staehr, 2009: Carlson, 1983; Joux et
study were stronger in the particle-attached than in the nong|. | 2006). High concentrations of colloidal material (Bigg et
attached bacterioneuston. This implies that decreasing wing 2004) and transparent exopolymer particles (TEP) (Cun-
enhances the importance of particle-attached assemblag@ge et al., 2009b; Wurl and Holmes, 2008) support a model
and finally induces a succession of the bacterial communityin which the SML is a gelatinous film (Sieburth et al., 1976;
inthe SML. Eventually, under very calm meteorological con- cunliffe and Murrell, 2009). A strong enrichment of partic-
ditions, there is an uncoupling of the bacterioneuston fromyjate as opposed to dissolved matter has often been found
the ULW. 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
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suggesting that organic matter in the SML is not only highly about 50 um (Stolle et al., 2009) and is in the range of mea-
concentrated but also utilizable for microbial uptake. How- sured SML thicknesses by pH microelectrodes (Zhang et al.,
ever, low bacterial growth efficiencies in the SML indicate 2003). However, there is evidence that glass-plate samples
that the bacterioneuston only maintains cellular biomass anthias measurements of bacterial parameters in the SML due
does not grow strongly (Reinthaler et al., 2008). Other stud-to dilution with bulk water (Cunliffe et al., 2009a) or due
ies, in which increased bacterial respiration rates and deto the glass-plates’ mode of operationifiherfuss, 1981).
creased bacterioneuston productivity in the SML were re-Nonetheless, this sampling method was chosen in order to
ported, confirmed this observation (Obernosterer et al., 2005¢btain sufficient quantities of the SML. Furthermore, it was
Stolle et al., 2009). previously shown that no bias is introduced into measure-

The high spatial and temporal variability in the SML might ments of many bacterial parameters (Agégt al., 2004;
be a reason for this overall inconsistent picture. VariationsStolle et al., 2009). Control samples from the ULW were
of SML properties are due to import and export processedaken from a depth of 1 m using a 2-| glass collection tube
(atmospheric deposition, turbulent mixing), temporal suc-whose ends were closed by a drop-weight mechanism. Sam-
cessions (seasonality, trophic state), and the accumulatioples were returned to the laboratory and processed for subse-
of inhibitory substances (organic pollutants, heavy metals)quent analysis usually within 1 to 2 h after sampling. SML
Moreover, meteorological conditions cause variable patterngneasurements were compared to results from the ULW and
in the SML. For instance, UV radiation was suggested to in-are expressed as enrichment factors (EF) according to the
fluence diurnal cycles of organic matter transformations andollowing definition: EF = k]smi/[x]uLw, where k] is the
changing bacterial productivity in the SML (Carlucci et al., concentration of a given parameter (GESAMP, 1995). Wind
1986; Falkowska, 2001). Furthermore, concentrations of parspeed was recorded and the data were provided by the me-
ticulate organic carbon and bacterial productivity in the SML teorological station in Rostock-Warnemuende, located at the
were shown to be related to wind speed (Obernosterer et alshore in proximity to the study site.

2008). However, these factors do not fully explain patterns
of bacterioneuston activities (Reinthaler et al., 2008; Santo.2 Mesocosm experiments
et al., 2009).

The complexity of processes in the SML clearly leaves Mesocosm experiments were performed in a marina within
large uncertainties about the relation between bacterithe Warnow River estuary (848 N, 12°09 E) using circu-
oneuston communities and the physical and chemical envilar floatation barriers. Each mesocosm had a surface area of
ronment of the SML. The aim of this study was to eluci- 10.5n? and was open to the bottom. Three independent ex-
date the dynamics of organic matter accumulation as wellperiments were conducted in November and December 2008,
as bacterial abundance, activity, and community compositiorwith each experiment performed on four consecutive days.
in the SML during minimized wind-induced surface mixing. While, initially, three mesocosms were employed in each ex-
Wwind influences the general physico-chemical properties ofoeriment, in each experiment only one mesocosm remained
the SML in that, with decreasing wind speed, the stability intact during the 4-day period. The other 2 mesocosms in
of the SML is expected to increase. Therefore, SML sam-€ach experiment lost air pressure in the floatation rim and,
ples were taken in the southern Baltic Sea on four consecuthus, had to be rejected. Samples were collected daily be-
tive days under constant low-wind conditions, following the tween 08:00 and 09:00 LT. About 50 ml of the SML was sam-
formation and disintegration of a visible surface film (slick). pled, which was achieved using 7-10 glass-plate samplings.
Additionally, mesocosms were installed in a Baltic Sea ma-Given the SML’s thickness of 27 um-38 um and a sampling
rina in order to compare naturally influenced and artificially area of the glass-plate of 2000&m.3-19% of the total area
calmed sea surfaces. 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

2 Methods sampled in triplicate, with ULW samples taken from a depth
of 30 cm inside and outside the mesocosms. In order to avoid
2.1 Field study site and sampling misleading results of chemical and biological parameters in

the SML due to initial disturbance upon installation of the
Samples from the SML were taken in the coastal zone neamesocosms, SML samples from the first day inside the meso-
Warnemuende in the southern Baltic Sea in proximity tocosms were not included in the analysis.
position 5419 N, 12°05 E from 6 to 9 May 2008. Sam-
pling was performed between 09:00 and 11:00LT (local2.3 Bacterial abundance and activity
time) from a zodiac against wind direction to avoid contam-
ination of the samples. SML samples were obtained using~or the analysis of total bacterial cell numbers, samples
the glass-plate technique (Harvey and Burzell, 1972) andvere fixed with paraformaldehyde (1% final concentra-
a framed wiping device which collects layer thicknesses oftion)/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 and a pH-dependent procedure was applied to extract DNA
—80°C until analysis by flow cytometry. Heterotrophic bac- (phenol-chloroform pH =7.5-8) or RNA (phenol-chloroform
teria were stained with SYBR Green (2.5uM final concen-pH=4.5-5). The resulting extracts were washed and the
tration, Molecular Probes) for 30 min in the dark. Cells were nucleic-acid content was quantified spectrophotometrically
counted at a constant flow rate (35 pl miyusing a Becton  using a NanoDrop ND-1000 Photometer (NanoDrop Tech-
& Dickinson FACScalibur flow cytometer equipped with a nologies).

laser emitting at 488 nm. Yellow-green latex beads (0.5pm, For the analysis of the presumably active bacterial com-
Polysciences) were used as an internal standard. Bacteri@unity, the RNA was reverse transcribed into complemen-
were detected by their signature in a plot of side scatter (SSCary DNA (cDNA). Co-precipitated DNA was removed us-
versus green fluorescence (FL1). ing DNAsel (DNA-free kit, Ambion), following the man-

To assess the abundance of highly active bacteria in theifacturer’s instructions. cDNA was synthesized from 10—
mesocosm experiments, 900 pl of a sample were incubated0ng RNA in a reverse-transcriptase polymerase chain re-
with 100l of a 5-cyano-2,3-ditolyl tetrazolium chloride action (RT-PCR) using the universal primer 1492R (5'-
(CTC, Polysciences) solution (4 mM final concentration) in GGTTACCTTGTTACGACTT-3") (Lane, 1991) and the
the dark at the in situ temperature for no longer than 1 hiScript cDNA synthesis kit (Bio-Rad). The complete removal
(Gasol and Aistegui, 2007). CTC uptake was stopped by of DNA was determined with an additional RT-PCR without
fixation of the samples with paraformaldehyde (1% final con-enzyme. Successful synthesis of the cDNA was confirmed in
centration)/glutaraldehyde (0.05% final concentration) in thea following PCR, as described below.
dark for 10 min at 5C. The samples were then frozeninlig- The 16S rRNA (presumably active bacteria) and
uid nitrogen and stored at80°C. Cells were counted with 16S rRNA gene (total bacteria) fingerprints of the bac-
a flow cytometer as described above, except that the beadgrial communities were analyzed using single-strand-
for the internal standard were 1 pm in size and the cells wereonformation polymorphism (SSCP). DNA extracts as
detected by their signature in a plot of orange fluorescencavell as cDNA amplicons were PCR-amplified using
(FL2) versus red fluorescence (FL3). the primers Coml (5'°CAGCAGCCGCGGTAATACS’) and

The incorporation of 3H-methyl-thymidine fH-TdR, Com2-Ph (5'CCGTCAATTCCTTTGAGTTT3’) (Schwieger
60.1 Cimmot?l, 10nM final concentration, Moravek Bio- and Tebbe, 1998), which amplifyscherichia colil6S rRNA
chemicals) was measured to determine heterotrophic bactetene positions 519-926, following the protocol described
rial productivity in 5-ml water samples from the field study, in Labrenz et al. (2007). The annealing-temperature was
according to the method of Chin-Leo and Kirchman (1988).50°C. Single-stranded DNA was generated and purified and
Triplicate samples were incubated for 1 h at the in situ tem-the SSCP analysis carried out as described in Schwieger and
perature in the dark. Due to sample-volume limitations, trip- Tebbe (1998). Cluster analysis and pairwise comparisons of
licates of only 2.5 ml of each sample were incubated in thethe band patterns in digitised images were done with Gel-
mesocosm experiments. This, however, had no effect on th€ompare 1l (Applied Maths NV) based on their densito-
observed bacterial productivity compared to 5-ml samplesmetric profiles (Pearson correlation coefficient) after back-
(data not shown). Incorporation was stopped by fixing theground subtraction, least-square filtering, and optimization
cells with formaldehyde (10% v/w) in the dark overnight at which were used for background removal, smoothing of the
5°C. A fourth sample, serving as a blank, was fixed for at profiles and to optimize the settings for the analyses, re-
least 10 min prior to the addition ofH-TdR. All samples  spectively, according to the manufacturers’ instructions. The
were filtered on 0.22-um polycarbonate filters (Millipore). pairwise comparison of the bacterioneuston and bacterio-
Four ml of scintillation cocktail were added to the filters, af- plankton community is expressed as the percentage dissimi-
ter which the incorporated substrates were counted in a scinarity.
tillation counter (Packard).

2.5 Analysis of organic carbon and nitrogen
2.4 Extraction of nucleic acids and fingerprint analysis

Ten-ml water samples from the mesocosm experiments were
Water samples from the field study were filtered on 3-um Iso-sealed in HCl-precleaned and precombusted {4506 h)
pore filters (Millipore), which were presumed to retain the glass ampoules using a portable propane torch. The sealed
particle-attached fraction. The filtrate (i.e., the non-attachedampoules were quickly frozen without the addition of preser-
fraction) was then filtered on 0.22-um Isopore filters (Milli- vatives and then stored at20°C until analysis in the
pore). Water samples from the mesocosm experiments werkaboratory. Total organic carbon (TOC) and total nitro-
filtered unfractionated on 0.22-um Isopore filters. All filters gen (TN) were quantified using a high-temperature com-
were rapidly frozen in liquid nitrogen and stored-s80°C. bustion method, carried out in the presence of a Pt-catalyst
DNA and RNA from frozen filters were extracted using a on a Shimadzu TOC-V analyzer supplemented with a Shi-
phenol-chloroform-extraction method, according to Wein- madzu TNM-1 nitrogen detector and a Shimadzu ASI-V
bauer et al. (2002). After cell lysis, the samples were dividedautosampler (Shimadzu Europe Ltd.). This system allows
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simultaneous determination of TOC and TN in the same S8MTable 1. Wind speed in May 2008 during sea-surface microlayer

ple. The temperature of the catalyst was kept at®B@nd  sa3mpling as well as mean values for a 6-h period prior to sampling.

carbon-free air produced by a Whatman gas generator waamples were taken in the southern Baltic Sea offshore Warne-
used as carrier gas (flow rate: 150 mimb Acetanilide  muende in proximity to position 349 N; 12°05 E.

was used for a 4-point calibration. Prior to analysis, the sam-
ples were acidified with 2N HCI (suprapure grade) to a final  pgie Wind speed (ms)  Wind speed (msY)
pH < 2. Calculations of TOC and TN concentrations were 6h mean

based on four injections of the sample (injection volume:

75 ul). All samples were run in duplicate. The reliability of 673 mgz ;882* flgsc()) fgg
each analytical run was checked using external reference ma- 8 May 2008 150 512

terial in a sgawater matrix for TOC and TN and using refer_- 9 May 2008 260 253
ence material for blank measurement. The reference material
was obtained from Dennis Hansell's CRM program (Dennis.iipje siick formation
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-3 Results
set of samples from the mesocosm experiments) of sample
were filtered through Whatman GF/F glass-fiber filters (ap-3.1 Field study
proximately 0.7 um pore size, precombusted at 45dor
6 h). After filtration, the filters were transferred into 10-ml The SML in the southern Baltic Sea was sampled on four
rolled-rim vials and stored at20°C. Prior to analysis, par- consecutive days, from 6 to 9 May 2008 (days 1-4), using
ticulate inorganic carbon (PIC) was dispersed by acidifyingthe glass-plate technique. SML thickness, determined by the
the thawed filter with 100 pl of 2N HCI. After an incubation sample volume per area of the sampling device, was only
of approximately 30 min, the filters were dried at°@Dfor measured on day 2 and was 46 pm. This was in the range of
4 h. For final measurements, the dry filters were transferregreviously reported values (Stolle et al., 2009). All sampling
into small tin boats and analyzed in an Elementar vario MI-days were characterized by a wind spee8.8 ms* during
CRO cube elemental analyzer (Elementar Analysensystemsampling as well as within the 6 h prior to sampling (Table 1).
GmbH, Germany) using the standard protocol recommende®n day 2, the sea surface was very calm, resulting in the
by the manufacturer. Acetanilide was used for calibration.formation of a visible surface film (slick) with considerably
The filtrate, i.e. dissolved organic carbon (DOC) and dis-altered visible reflectance characteristics. The following day,
solved nitrogen (DN) was analyzed as described for TOC andhis slick began to disintegrate and it disappeared completely
TN (see above). Measurements uncertainties for DOC, DNpy day 4, in parallel with the increasing wind speed of up to
POC and PN were: 5pmol 1, <3pumol 1, <1.3pMand 2.6ms?t.
< 0.5uM, respectively.

3.1.1 Organic carbon and nitrogen
2.6 Statistical analysis
o The pool of organic carbon and nitrogen in the SML un-
Statistical analyses of the results from the mesocosm expeigenwvent major changes throughout the sampling period,
iments were based on non-parametric tests, as normal diggjth high-level accumulations during slick formation (day 2,
tribution was either rejected using the Kolmogorov-Smirnoff Fig. 1a). The concentrations of POC and PN in the SML
test or the sample numbers were too small for proper testingincreased from 25.2 umol POCY and 5.9 umol PN on
To examine the equality of the means between the SML anqjay 10 791.3 POC pmott and 76.4 PN pmot! on day 2.
the ULW samples as well as among the SML samples, thg, the ULW, POC ranged between 20.8 and 35.1 umbl |
Wilcoxon test and the Friedman test, respectively, were chozng PN between 2.8 and 5.5 unmot! This resulted in high
sen. Asignificance level gf < 0.05 indicated that the means aprichment factors for POC (26.8) and PN (19.5) on day 2.
of the samples were significantly different. Spearman’s ra”kDisintegration of the slick (days 3 and 4) was accompanied
correlation was applied to test the association between payy a3 subsequent decrease in the absolute and relative val-
rameters in the SML and the ULW. Agaip,< 0.05indicated  es of POC and PN in the SML, although there was still an
significant correlation. 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 umolt? and 34.4 umolt!, respectively), but over
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the remaining sampling period they were relatively sta-
ble (310.6-314.5 umott and 15.7-17.4 umott, 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.& 10° bacterial cells mt! 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 &htd

TdR incorporation in the ULW decreased slightly on day 2
(slick) and increased on day 3. Therefore, the enrichment
factor for3H-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-

throughout the formation and disintegration of a visible surface fimtion. Nonetheless, cluster analysis of the particle-attached
(slick) in the southern Baltic Sea. Values are given as enrichment] 6S rRNA fingerprints showed that the bacterioneuston com-
factors (EF), i.e., relative ratios between the sea-surface microlayefnunity in the slick was least similar to all other samples

and the underlying water. Dashed lines indicate EF =1, in which
case the values in the samples were equal. Additionally, absolut

values for the bacterial parameters are indicated.

www.biogeosciences.net/7/2975/2010/

(Fig. 20).

In summary, slick formation in the southern Baltic Sea
enhanced bacterial abundance and productivity in the SML
and induced strong changes in bacterioneuston community

Biogeosciences, 7, 29882010
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the opposing inflow of water from brackish (Baltic Sea) and
‘;‘ 100 | _ 16S IRNA fingerprints; . . .
2 A :- 0.2um fraction limnic (Warr_loyv River) sources. Nevertheless, mea_surements
~ m A I¢ 165 IRNA gene fingerprints; of several biotic and abiotic parameters revealed highly com-
2 80- ' ?:; T;{:?ﬂ\c:z;erprints; parable conditions in all ULW samples inside and outside the
- A ° 3umiracton mesocosms (Supplement Fig. 1).
(_U — :A ;ﬁ§n2$a%0%ene fingerprints;
E 60 - A " o 3.2.1 Dynamics of organic carbon and nitrogen
g N @ A Absolute concentrations of TOC and TN in all samples as
'.E 40 - A well as DOC, DN, POC and PN in a subset of samples (see
o o below) were in the range of previously reported values from
] 7 the southern Baltic Sea (Nausch et al., 2009; Supplement
E 20 - 4 Table 1). Inside and outside the mesocosms, TOC and TN
in the SML showed similar characteristics. The concentra-
© N . 'y tions of both were highly variable but overall enriched com-
o 0 | | : Q pared to the ULW (Wilcoxon tesf < 0.008,n > 9; Table 2).
N N n ™ The enrichment factors for TN were higher than those for
85\ 6@‘ 6{) b@\ b,g\ TOC (Wilcoxon test; p < 0.008, n > 9), but the two sets
\6\\ of values correlated significantly with each other (Spearman
rs>0.767, p <0.016,n > 9). Absolute concentrations of
R, these parameters in the SML did not correlate with those of
) the ULW inside the mesocosms and did so only weakly out-
B 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-
449 ﬂE:;"‘L’::: ment. Enrichment factors for POC and PN ranged between
0.0 2.2 and 16.4 and about doubled throughout the first and third

SML day2 (slick)

=
o o a ° 2 ° 8
T AT AAVURTUTIN VOUDTTOUIE SORTRTUTIN AR TN

76.8 ULWday 1
ﬁww

SMLday 4

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

i S 22.6 (Table 3). In the SML inside the mesocosms, 27-60%
2.1 68,7 ULWday 2 slick of TOC consisted of POC (Table 3), compared to 4-8% in

ULWday 3

SMLday 2 (slick)

d

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

Fig. 2. Analysis of the bacterial community composition in the Slightly but similarly enriched in all SML samples (1.1-1.3
Baltic Sea field study based on 16S rRNA and 16S rRNA geneand 1.0-1.7, respectively).
fingerprints. (A) Pairwise dissimilarity between bacterioneuston
(SML) and bacterioplankton (ULW) community profiles for the 3.2.2 Bacterial parameters
particle-attached and non-attached fraction. (B, C) Cluster analy-
ses of 16S rRNA fingerprints of the non-attach@) and of the  Bacterial abundance and productivity in the SML were, in
particle-attachetﬂC)_ fractigns s_how stron_g changes in the bacteri- general, highly variable (Fig. 3c—e). Overall, CTC-positive
oneuston community during slick formation. cells were enriched in all SML samples (Wilcoxon test;
p <0.008,n >9; Table 2, Fig. 3d), but the absolute values
gof 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. 3¢c)®H-TdR incorporation in
the SML outside the mesocosms was slightly decreased com-
Temporal changes of the SML under artificially calmed pared to the ULW (Wilcoxon tesp =0.010,z = 36; Table 2,
vs. natural, wind-affected sea surfaces were studied in mesd-ig. 3e) whereas in the SML inside the mesocosms it was
cosm experiments. The study site was heavily influenced bynighly variable and not significantly different frof-TdR

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

3.2 Mesocosm experiments
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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 testp =0.347,n=9;
Table 2, Fig. 3e). Bacterial cell numbers &t 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 afH-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

for the sea-surface microlayer inside (coloured circles) and outsidg | \ inside the mesocosms occurred on the third day (82.9%
(white circles) the mesocosms. Results of three experiments argnd 72.3% in experiment 1 and 3, respectively). By con-

shown. Error bars indicate standard deviation of three independe

samples.

www.biogeosciences.net/7/2975/2010/
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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 amon:
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  Spearmarv§) Wilcoxon  Spearman-§) Friedman

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

Total nittogen 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 **x p=35 n=9

CTC-positive p=0.008 0.333 p<0.001 0.197 p=0.008
cells n=9 n.s.n=9 n=36 n.s.n =36 n=9

SH-TdR p=0374 0.217 p=0.010 0.947 p=0.04¢
incorporation n=9 n.s.n=9 n=36 **% =36 n=9

Bold values indicate significantly different (Wilcoxon test) or significantly correlated (Spearman-rho) compagis@pearmarp correlation coefficient; level of significance is
indicated as follows: ***=p < 0.001; **=p < 0.01;% = p < 0.05; n.s. = not significan 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 tak
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. 2.1#1.02
(14.1) (13.2)
4 12.76 6.13:3.19 9.62 4,94 2.86
(48.8) (30.0) (43.0) (27.1)
2 1 n.d. 6.98+2.38 n.d. 7.141.99
(24.5) (18.0)
4 9.48 6.44+ 1.57 7.74 4.881.98
(27.4) (23.2) (29.8) (20.4)
3 1 n.d. 5.2 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)
* Mean4 standard deviatiom(= 3; values without standard deviatiorF 1).
between the SML and the ULW were consistenty9%. Taken together, all of the parameters in the SML inside and

During this experiment, there was a drastic change in com-outside the mesocosms were highly dynamic and highly vari-
munity composition of the bacterioplankton between the firstable, with changes in their enrichment factors within each
and the second day, most likely due to an inflow of brackishexperiment (Fig. 3). Nevertheless, although the differences
water into the limnic harbor (Supplement Fig. 1b). Theseamong all SML samples were not significant, the enrichment
changes were also observed in the SML inside and outsidéactors inside the mesocosms, especially for bacterial param-
the mesocosms (Fig. 4b). eters, tended to be higher than the mean enrichment outside
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the mesocosms (Fig. 3). Additionally, the enrichment of par-fractions was only possible in a subset of samples, the

ticulate matter inside the mesocosms was always enhancethanging concentrations of particles in the SML were most

compared to values outside the mesocosms. 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
4.1 Organic matter in the sea-surface microlayer present study could not be elucidated, there were several in-
) ) ) i dications of a contribution by the ULW: (1) Concentrations
Organic matter in the SML is a complex mixture of sub- DOC, DN, POC, and PN in the ULW on 6 May were
stange;, with 'm.ajor contributions of carbohydrates, proteinssnghﬂy higher than in the following days<(15%, data not
and lipids (Williams et al., 1986; Kattner et al., 1985). It ghqyn). The high particulate load in the slick might therefore

is_well known tha_lt the disso_lved fr_action of organic matter is have arisen from the aggregation of dissolved and/or partic-
slightly, but consistently enriched in the SML (Hunter, 1997). ulate matter in the ULW (Azetsu-Scott and Passow, 2004:

Also, SML samples from the coastal zone of the southermyarner et al., 2003), with subsequent transport to the SML

Baltic Sea in this study showed only minor enrichments of by buoyant particles or rising bubbles (Wallace and Duce,

DOC and DN. Enrichme.nt factors ranged between l.Q and1978)_ (2) Phytoplankton activity can support the accumu-
1.3, comparable to previously reported values from differ- |40 of material in the SML by the production of TEP or

ent aquatic habitats (Momzikoff et al., 2004; Reinthaler et ¢ tants (Cunliffe et al., 2009b; Bzarové et al., 2007:
al., 2008; Wurl and Holmes, 2008). Moreover, absolute andy,,r and Holmes, 2008). In the present study, slick for-

relative concentrations of dissolved organic matter revealeq, ation developed during the productive spring season and
only slight temporal variability throughout the sampling pe- e refore, might have been fueled by autotrophic production.
riod. This was even observed during the formation and disiny, 5 qgition, the lowest enrichment of particulate matter in
tegration of a dense surface film (slick), which confirms the i, 1eg0cosms was measured during the second experiment,
findings of a previous study, in Wh'Ch, concentrqtlons of dis- \hich was characterized by constantly low concentrations of
solved organic matter were constant in a transition zone fro”bhlorophylla in the ULW, implying a reduced influence of

a “cle.an" SML to a dense slick (Carlson, 1982). . ~ phytoplankton activity (Supplement Fig. 1b).
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, in4'2 Bacterial dynamics in the SML
that study, most of the samples were taken when wind speeds
were>4ms1. High contributions of POC and PN to the Absolute bacterial abundance in the SML from the coastal
total organic matter pool were determined in our field studyBaltic Sea was comparable to that in a recent study in this
during and after slick formation. Overall, in the SML, en- area (Stolle etal., 2009). Based on the strong increase in par-
richment of the particulate fractions of organic carbon andticulate organic matter in the slick, bacteria could have been
nitrogen was consistently higher than that of the dissolvedPassively transported to the SML by attachment to existing
fractions. Enrichment factors for POC in the visible and in or newly formed particles in the ULW, which, in turn, might
the disintegrating slick were 26.8 and 24.0, respectively, and1ave caused the increase in the abundance of bacterial cells
were similar to the values reported for other coastal slicks,n the slick. Similarly, import from the bulk water was pre-
although 40-fold enrichments have also been cited (Carlsonviously suggested to be the major source of enrichment of
1983; Garabetian et al., 1993). bacterial cells and virus-like particles in coastal and open-
In the mesocosm experiments, similar proportions of theocean SML samples (Kuznetsova et al., 2004). Comparable
dissolved and particulate fraction were observed as in thd0 slick formation, the abundance of total and CTC-positive
field study. Enrichment factors of DOC and DN ranged be-Ce€lls as well as productivity in the SML changed during the
tween 1.0 and 1.7 and were not different in the artificially first and third experiments inside the mesocosms, although
calmed mesocosms compared to the natural wind-influencethe enrichment of CTC-positive cells was highly variable in
SML outside the mesocosms (data not shown). In contrastall SML samples, as previously reported (Stolle et al., 2009).
enrichment factors for POC and PN ranged between 2.2 and Generally, the dynamics of the SML outside the meso-
30.4 and were always higher inside than outside the mesoeosms were similar to those inside the mesocosms through-
cosms. Furthermore, POC (up to 60%) and PN (up to 71%)ut the three experiments. This was most likely due to the
had major contributions to the total organic matter pool of overall low influence of waves and wind in the sheltered har-
each element. Again, contributions were much higher inbor and resulted in similar enrichments inside and outside the
the artificially calmed SML inside the mesocosms. Conse-mesocosms. Nevertheless, within each experiment, the high-
quently, although distinction of the dissolved and particulateest enrichment factors were measured inside the mesocosms,

4 Discussion
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especially for bacterial productivity and concentrations of or- of material from the SML into the ULW, and might account
ganic matter. for the strong increase in bacterioplankton productivity that
Overall, for bacterial parameters, the highest enrichmenbccurred on 8 May.
factors followed the patterns of TOC and TN concentra- Studies of bacterioneuston community composition are
tions, suggesting that the accumulation of new material in thestill scarce and to the best of our knowledge no attempt has
SML was coupled to the responses of the bacterioneustoryet been made to distinguish the non-attached and particle-
High concentrations of organic matter could explain previ- attached members of bacterioneuston communities. Sev-
ous reports of enhanced exo-enzymatic activities in the SMLeral studies from coastal and estuarine habitats have shown
(Minnster et al., 1997; Kuznetsova and Lee, 2001; Santoslistinct bacterioneuston and bacterioplankton communities
et al., 2009). However, low bacterial growth efficiencies in (Fehon and Oliver, 1979; Franklin et al., 2008; Cunliffe et
the SML of the Atlantic Ocean and the Mediterranean Seaal., 2008). However, also strong variability in the bacte-
imply that high bacterioneuston metabolism does not reflectioneuston community from one day to the next has been
enhanced cell growth (Reinthaler et al., 2008). These obsereported (Agogé et al., 2005). Moreover, Cunliffe et
vations were suggested as indicators of stressful conditional. (2009c) showed that the bacterioneuston community in a
in the SML (Dietz et al., 1976). Similar conclusions can be thick SML (~ 400 um) differed increasingly from the bacte-
drawn from the present study, since despite the strong inrioplankton throughout the course of artificially induced phy-
crease in absolute bacterioneuston productivity in the slicktoplankton blooms in closed mesocosms. Similarly, in this
cell-specific activity H-TdR incorporation/cell) remained  study, the community composition of non-attached bacteria
less than in the ULW (data not shown). This was also truein the coastal SML changed drastically upon slick forma-
for cell-specific activity in the SML of the mesocosm exper- tion and disintegration, whereas bacterioplankton commu-
iments, except on the third day of each experiment (data nohity composition was stable over the sampling period. In
shown). This exception might have been at least partiallycontrast, differences in particle-attached community compo-
due to a smaller inhibitory influence of UV radiation in the sitions were more pronounced and of longer duration. Again,
mesocosm experiments due to the sampling season as wehe strongest effect was observed in the bacterioneuston upon
as the sampling time shortly after sunrise. The SML receivesslick formation. However, a dynamic pattern was also noted
higher doses of UV radiation than the ULW (Maki, 1993). for the particle-attached community in the ULW between
Generally, seasonally low radiation levels might also explaingé May (pre-slick) and 7 May (slick). This implies that the
why 3H-TdR incorporation was not decreased to the samemovement and transformation of particles strongly impacts
extent as in SML samples from the Baltic Sea, in this and inoverall community structure. In the mesocosm experiments,
a previous study (Stolle et al., 2009). However, there is conthe changing patterns of total bacterial community compo-
tradictory evidence regarding whether UV radiation gener-sition followed the dynamic enrichment of TOC and TN.
ally causes diel patterns of bacterioneuston activity (CarlucciTherefore, our results suggest that the observed dynamic
et al., 1986; Santos et al., 2009). Thereby, the matrix-likevariability in community composition was greatly influenced
structure of the SML might on the one hand protect the bac-hy the particle-attached community. Moreover, the bacteri-
terioneuston from UV-radiation comparable to biofilm habi- oneuston was found to be greatly influenced by the ULW,
tats (Elasri and Miller, 1999) or on the other hand increaseas the large changes in bacterioplankton community compo-
stress by photodegradation products such g8;HAnesio  sition that occurred in the second experiment were imme-
et al., 2005). Nonetheless, cell-specific activity might havediately recognizable in the SML. In that experiment, gen-
been even overestimated, as particle-attached bacteria weegal changes of the bacterioneuston inside the mesocosms
not counted due to methodological reasons. Particle-attachegere relatively small, and, interestingly, accompanied by the
bacteria have been reported to be present in high numbers ilowest concentrations of particulate organic matter in the
the SML (Aller et al., 2005), which could explain the exten- SML, additionally indicating the importance of particles in
sive enrichment of bacteria, up to several orders of magnithe SML.
tude, in slick samples (Hardy and Apts, 1984). Furthermore,
relative bacterial productivity was found to be smallest when4.3 Succession of the SML
concentrations of particulate matter were highest (Obernos-
terer et al., 2008). This implies that particle attachment doesThe SML is physically stable due to surface tension forces.
not shelter bacteria from stress factors in the SML, althoughwhile wave breaking disrupts the sea surface, re-assemblage
the general high activity of particle-attached bacteria in sur-of the SML occurs very rapidly (Hardy, 1982). Decreasing
face waters is known (Grossart et al., 2007). Bacterial atwind speed and an increasing accumulation of matter in the
tachment to particulate matter in the SML could also explainSML reduces surface tension, which finally dampens capil-
the decrease in bacterial abundance and productivity duringary waves and induces slick formation. Slicks are frequently
slick disintegration. Increasing wind speed and a collapseobserved in marine systems (Romano, 1996). Therefore, the
of the SML due to increasing surface pressure and converSML is altered between these extremes, further complicat-
gent forces (Wheeler, 1975) most likely caused a transporing 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 fron
May 2008 as well as on several mesocosm samples (see Table 3).

Total organic carbon Particulate organic carbon

r's P n r's 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

r's P n r's P n

0.406 0.002 57 0.835<0.001 23

Total bacterial cells

CTC-positive cells 0.408 0.001 58 0.739<0.001 24
SH-TdR incorporation  0.187 ns 58 0.384 n.s 24
rs=Spearman rank correlation coefficiepts level of significancer = number of samples
interface. Itis clear, however, that wind induces both removal + Tur {Wind) > -

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;,

Atmosphere

Sea-surface

pounds in the SML cannot be concluded (Kuznetsova et al.,
2004; Reinthaler et al., 2008).
Field studies and mesocosm experiments in the coasta

zone of the Baltic Sea were employed in the present study toHydresphere

examine the effects of minimized wind-induced turbulence

microlayer

OC/N TdR cells 168 OCIN

...............................
......
"""

TdR  cells  16S

on the coastal SML. Generally, mesocosms provide valuable

experimental setups to study biological responses to perturrig. 5. Model of the effect of decreasing wind speed on organic mat-
bations in aguatic systems (Riebesell et al., 2008). There ar@er enrichment and bacterioneuston parameters in the sea-surface
however, potential drawbacks that complicate the extrapolamicrolayer compared to the underlying water. The present study
tion of the results obtained to unperturbed, natural system#dicates that slick formation and an artificial calming of the sea
(Riebesell et al., 2008). In the present study, the mesocosmsurface result in an increasing importance of the particulate fraction
might have e.g. artificially enhanced the enrichment of or-in the SML under lower wind conditions. (OC/N =organic carbon
ganic matter in the SML by preventing horizontal dilution or and nitrogen, TdR 2H-thymidine incorporation, cells = bacterial
dispersion. However, the characteristics of the organic mat&2undance, 16S = differences in community composition based on
ter and its enrichment are comparable to the extensive slicl%68 FRNA fingerprints).

formation in the same area (see above). Furthermore, as this

study aimed to investigate the principal mechanisms of Olin the ULW as well as an increased coupling of organic mat-
ganic_matter enrichment and the bacterioneuston reSPONSEar and bacteria in the SML under decreasing wind-induced
we think that potential artefacts CaPse‘?‘ by the MESOCOSMSrtace mixing. Total bacterial abundance and productivity
can be neglected. Such an overestimation of organic mattef, ye ML outside the mesocosms correlated very well with
conqentra_tlons,_however, has to be conS|der§d when f_Uturehanging concentrations in the ULW. In contrast, this corre-
studies might aim to balance fluxes of organic matter into, 5o was absent in the artificially calmed sea surfaces inside
away or across the SML under varying low wind conditions. the mesocosms. There is contradictory evidence whether
Although the present study has some limitations due to thematter in the SML is related to that in the ULW (Dietz et
limited observation period, it can be speculated that very Iowa|_, 1976; Williams et al., 1986: Joux et al., 2006). Our study
wind speed induces a succession of phys!co—ch?m'ca| feas'uggests that an uncoupling of the SML is favored under low-
tures of the coastal Baltic Sea SML and its inhabiting bacte-ing conditions. This is especially pronounced during slick

rial community (Fig. 5). This succession is characterized byformation, when bacterial parameters change strongly.
an uncoupling of bacterial parameters in the SML from those

www.biogeosciences.net/7/2975/2010/ Biogeosciences, 7, 29882010



2986 C. Stolle et al.: Succession of the sea-surface microlayer in the coastal Baltic Sea

Under these conditions, the contribution of the particulateReferences
fraction to the dynamic enrichment of organic matter and
bacterial parameters in the SML increases. This is supporte@909te, H., Casamayor, E. O., Joux, F., Obernosterer, I, Dupuy,
by strong correlations between the enrichment of POC and C- Lantoine, F., Catala, P., Weinbauer, M. G., Reinthaler, T.,
PN and the enrichment of bacterial abundances in the SML tl;l_e:nd_l, (? ;]] and L_ebgron,fPH. Comparflson OT sa:nplersl_for thle
(Table 4). Considering all of the data from this study and a l0logical € aracterization of the sea surface micro ayer, Limnol.

. Oceanogr.-Meth., 2, 213-225, 2004.
previous one (Stolle et al., 2009), patterns of TOC and TNpgq6 H., Casamayor, E. O., Bourrain, M., Obernosterer, 1., Joux,

enrichment do not as adequately explain the changes in bac-"¢_'emdl, G. J., and Lebaron, P.: A survey on bacteria inhabiting
terial abundances as do POC and PN enrichments. Patternsine sea surface microlayer of coastal ecosystems, FEMS Micro-
of bacterioneuston productivity were not or only weakly biol. Ecol., 54, 269—280, 2005.

linked to changing quantities of organic matter in the SML, Aller, J. Y., Kuznetsova, M. R., Jahns, C. J., and Kemp, P. F.: The
contrary to previously reported correlations between commu- sea surface microlayer as a source of viral and bacterial enrich-
nity respiration and TOC enrichment in the SML (Obernos_ ment in marine aerosols, J. Aerosol Sci., 36, 801-812, 2005.
terer et al., 2005). Nonetheless, the results of the preserfinesio, A. M., Gragli, W., Aiken, G. R., Kieber, D. J., and Mop-
study underline earlier suggestions that the bacterioneuston Per. K.: Effect of Humic Substance Photodegradation on Bacte-
community is not specifically adapted to this unusual habitat rial Growth and Respiration in Lake Water, Appl. Environ. Mi-

concerning the cycling of organic matter in the SML (Ober- crobiol., 71, 62676275, 2005,
9 ycling 9 Azetsu-Scott, K. and Passow, U.: Ascending marine particles: Sig-
nosterer et al., 2008).

nificance of transparent exopolymer particles (TEP) in the upper
ocean, Limnol. Oceanogr., 49, 741-748, 2004.

Baastrup-Spohr, L. and Staehr, P.: Surface microlayers on temperate
lowland lakes, Hydrobiologia, 625, 43-59, 2009.

. e . Bigg, E. K., Leck, C., and Tranvik, L.: Particulates of the surface
Taken together, the high variability in the physical and chem- microlayer of open water in the central Arctic Ocean in summer,

ical environmen_t of the SML makgs general characterizgtion; Mar. Chem., 91, 131—141, 2004.

of SML properties and assumptions about processes in thigarison, D. J.: Phytoplankton in marine surface microlayers, Can.
habitat a challenging task. The present study implies that fur- 3. Mmicrobiol., 28, 1226-1234, 1982.

ther knowledge of particle transformation is essential to un-Carlson, D. J.: Dissolved organic materials in surface microlayers:
derstand patterns of the coastal bacterioneuston community. Temporal and spatial variability and relation to sea state, Limnol.
Finally, meteorological conditions dominantly influence the  Oceanogr., 28, 415-431, 1983.

status of the SML, and calm conditions have the potentialCarlucci, A. F., Craven, D. B., Robertson, K. J., and Williams, P. M.:

to induce a succession of the bacterioneuston community, Surface-fi!m m.icrobial populations: diel aminq acid metabolism,

which, in turn, might be important for specific processes, carbon utilization, and growth rates, Mar. Biol., 92, 289-297,

. . . 1986.
€.g., gas exchange, especially during extensive surface ph)élhin-Leo, G. and Kirchman, D. L.: Estimating bacterial production
toplankton blooms.

in marine waters from the simultaneous incorporation of thymi-
dine and leucine, Appl. Environ. Microbiol., 54, 1934-1939,

5 Conclusions

Supplementary material related to this 1988.

article is ava_llable or}hne at: Cunliffe, M., Schafer, H., Harrison, E., Cleave, S., Upstill-Goddard,
http://www.biogeosciences.net/7/2975/2010/ R., and Murrell, J. C.: Phylogenetic and functional gene analy-
bg-7-2975-2010-supplement.zip sis of the bacterial and archaeal communities associated with the

surface microlayer of an estuary, ISME J., 2, 776-789, 2008.

Cunliffe, M., Harrison, E., Salter, M., Séffer, H., Upstill-Goddard,
AcknowledgementsiVe are very grateful to W. Mohr for concep-  R. C., and Murrell, J. C.: Comparison and validation of sampling
tual discussions and thank U. Hehl, M. Poetzsch, and A. Brietzke  strategies for the molecular microbial analysis of surface micro-
for excellent assistance during sampling in the southern Baltic Sea layers, Aquat. Microb. Ecol., 57, 69-77, 2009a.
and during installation of the mesocosms. The technical assistancgunliffe, M., Salter, M., Mann, P. J., Whiteley, A. S., Upstill-
of C. Meeske and A. Gruettmueller during lab work is also highly  Goddard, R. C., and Murrell, J. C.: Dissolved organic carbon
appreciated. Furthermore, we thank I. Topp for chlorophyll-a and  and bacterial populations in the gelatinous surface microlayer of
S. Weinreben for salinity measurements. This study was financed a Norwegian fjord mesocosm, FEMS Microbiol. Lett., 299, 248—
by the German Leibniz Society (WGL-PAKT project FILGAS) 254, 2009b.
and the Federal Ministry of Education and Research (SOPRANCunliffe, M., Whiteley, A. S., Newbold, L., Oliver, A., Schafer, H.,

Phase ). and Murrell, J. C.: Comparison of bacterioneuston and bacte-
rioplankton dynamics during a phytoplankton bloom in a fjord
Edited by: T. J. Battin mesocosm, Appl. Environ. Microbiol., 75, 7173-7181, 2009c.

Cunliffe, M. and Murrell, J. C.: The sea-surface microlayer is a
gelatinous biofilm, ISME J., 3, 1001-1003, 2009.

Biogeosciences, 7, 2978988 2010 www.biogeosciences.net/7/2975/2010/


http://www.biogeosciences.net/7/2975/2010/bg-7-2975-2010-supplement.zip
http://www.biogeosciences.net/7/2975/2010/bg-7-2975-2010-supplement.zip

C. Stolle et al.: Succession of the sea-surface microlayer in the coastal Baltic Sea 2987

Dietz, A. S., Albright, L. J., and Tuominen, T.: Heterotrophic activ- Kuznetsova, M. and Lee, C.: Enhanced extracellular enzymatic
ities of bacterioneuston and bacterioplankton, Can. J. Microbiol., peptide hydrolysis in the sea-surface microlayer, Mar. Chem., 73,

22,1699-1709, 1976. 319-332, 2001.

Elasri, M. O. and Miller, R. V.: Study of the Response of a Biofilm Kuznetsova, M. and Lee, C.: Dissolved free and combined amino
Bacterial Community to UV Radiation, Appl. Environ. Micro- acids in nearshore seawater, sea surface microlayers and foams:
biol., 65, 2025-2031, 1999. Influence of extracellular hydrolysis, Aquat. Sci., 64, 252-268,

Falkowska, L.: 12-hour cycle of matter transformation in the sea 2002.
surface microlayer in the offshore waters of the Gdansk BasinKuznetsova, M., Lee, C., Aller, J., and Frew, N.: Enrichment of
(Baltic Sea) during spring, Oceanolgia, 43, 201-222, 2001. amino acids in the sea surface microlayer at coastal and open

Fehon, W. C. and Oliver, J. D.: Taxonomy and distribution of sur-  ocean sites in the North Atlantic Ocean, Limnol. Oceanogr., 49,
face microlayer bacteria from two estuarine sites, Estuaries, 2, 1605-1619, 2004.

194-197, 1979. Labrenz, M., Jost, G., andidyens, K.: Distribution of abundant

Franklin, M. P., McDonald, I. R., Bourne, D. G., Owens, N. J. prokaryotic organisms in the water column of the central Baltic
P., Upstill-Goddard, R. C., and Murrell, J. C.: Bacterial diver-  Sea with an oxic-anoxic interface, Aquat. Microb. Ecol., 46,
sity in the bacterioneuston (sea surface microlayer): the bacteri- 177-190, 2007.
oneuston through the looking glass, Environ. Microbiol. 7, 723— Lane, D.: 16S/23S rRNA Sequencing, in: Nucleic acid techniques
736, 2005. in bacterial systematics, edited by: Stackebrandt, E. and Good-

Garabetian, F., Romano, J. C., Paul, R., and Sigoillot, J. C.: Organic fellow, M., John Wiley & Sons, Chichester, 115-175, 1991.
matter composition and pollutant enrichment of sea surface mi-Liss, P. S. and Duce, R. A.: The sea surface and global change,
crolayer inside and outside slicks, Mar. Environ. Res., 35, 323— Cambridge University Press, Cambridge, 1997.

339, 1993. Maki, J. S.: The air-water interface as an extreme environment, in:

Gasol, J. M. and Astegui, J.: Cytometric evidence reconciling the  Aquatic microbiology: an ecological approach, edited by: Ford,
toxicity and usefulness of CTC as a marker of bacterial activity, T. E., Blackwell Scientific Publication, Boston, Massachusetts,
Aquat. Microb. Ecol., 46, 71-83, 2007. 409-439, 1993.

Gasparove, B., Plagic, M., Cosovi, B., and Saliot, A.: Organic  Momazikoff, A., Brinis, A., Dallot, S., Gondry, G., Saliot, A., and
matter characterization in the sea surface microlayers in the sub- Lebaron, P.: Field study of the chemical characterization of the
arctic Norwegian fjords region, Mar. Chem., 105, 1-14, 2007. upper ocean surface using various samplers, Limnol. Oceanogr.-

GESAMP: Biological effects of chemical and radiative change in  Meth., 2, 374-386, 2004.
the sea surface, in: The sea-surface microlayer and its role irMunster, U., Heikkinen, E., and Knulst, J.: Nutrient composition,
global change, GESAMP Reports and Studies, 27-51, 1995. microbial biomass and activity at the air-water interface of small

Grossart, H.-P., Tang, K. W., Kigrboe, T., and Ploug, H.. Com- boreal forest lakes, Hydrobiologia, 363, 261-270, 1997.
parison of cell-specific activity between free-living and attached Nausch, G., Feistel, R., Umlauf, L., Nagel, K., and Siegel,
bacteria using isolates and natural assemblages, FEMS Micro- H.: Hydrographisch-chemische Zustandseidszhng der Ost-
biol. Lett., 266, 194-200, 2007. see, Meereswissenschaft. Ber., 77, 3-99, 2009.

Hardy, J. T.. The sea surface microlayer: biology, chemistry andObernosterer, I., Catala, P., Reinthaler, T., Herndl, G. J., and
anthropogenic enrichment, Prog. Oceanogr., 11, 307-328, 1982. Lebaron, P.: Enhanced heterotrophic activity in the surface mi-

Hardy, J. T. and Apts, C. W.: The sea-surface microlayer: phy- crolayer of the Mediterranean Sea, Aquat. Microb. Ecol., 39,
toneuston productivity and effects of atmospheric particulate 293-302, 2005.

matter, Mar. Biol., 82, 293-300, 1984. Obernosterer, I., Catala, P., Lami, R., Caparros, J., Ras, J., Bricaud,
Harvey, R. W. and Burzell, L. A.: A simple microlayer method for ~ A., Dupuy, C., van Wambeke, F., and Lebaron, P.: Biochemical
small samples, Limnol. Oceanogr., 17, 156-157, 1972. characteristics and bacterial community structure of the sea sur-

Hunter, K. A.: Chemistry of the sea-surface microlayer, in: The face microlayer in the South Pacific Ocean, Biogeosciences, 5,
sea-surface and global change, edited by: Liss, P. S. and Duce, 693-705, doi:10.5194/bg-5-693-2008, 2008.
R. A., Cambridge University Press, Cambridge, 287-320, 1997.Ploug, H.: Cyanobacterial surface blooms formed Agha-
Huehnerfuss, H.: On the problem of sea surface film sampling: nizomenonsp. andNodularia spumigenan the Baltic Sea:
a comparison of 21 microlayer-, 2 multilayer-, and 4 selected Small-scale fluxes, pH, and oxygen microenvironments, Limnol.
subsurface-samplers, Part 1, Sonderdr. Meerestechnik, 12, 137— Oceanogr., 53, 914-921, 2008.
142, 1981 Reinthaler, T., Sintes, E., and Herndl, G. J.: Dissolved organic mat-
Joux, F., Agog@, H., Obernosterer, I., Dupuy, C., Reinthaler, T., ter and bacterial production and respiration in the sea-surface mi-
Herndl, G. J., and Lebaron, P.: Microbial community structure  crolayer of the open Atlantic and the western Mediterranean Sea,
in the sea surface microlayer at two contrasting coastal sites in Limnol. Oceanogr., 53, 122—-136, 2008.
the northwestern Mediterranean Sea, Aquat. Microb. Ecol., 42 Riebesell, U., Bellerby, R. G. J., Grossart, H.-P., and Thingstad,
91-104, 2006. F.: Mesocosm C@perturbation studies: from organism to com-
Kattner, G., Nagel, K., Eberlein, K., and Hammer, K.-D.: Com- munity level, Biogeosciences, 5, 1157-1164, doi:10.5194/bg-5-
ponents of natural surface microlayers and subsurface water, 1157-2008, 2008.
Oceanol. Acta, 8, 175-183, 1985. Romano, J.-C.: Sea-surface slick occurrence in the open sea
Kerner, M., Hohenberg, H., Ertl, S., Reckermann, M., and Spitzy, (Mediterranean, Red Sea, Indian Ocean) in relation to wind
A.: Self-organization of dissolved organic matter to micelle-like  speed, Deep-Sea Res. Pt. |, 43, 411-423, 1996.
microparticles in river water, Nature, 422, 150-154, 2003.

www.biogeosciences.net/7/2975/2010/ Biogeosciences, 7, 29882010



2988 C. Stolle et al.: Succession of the sea-surface microlayer in the coastal Baltic Sea

Santos, A. L., Mendes, C., Gomes, N. C. M., Henriques, I., Cor-Wallace, G. T. and Duce, R. A.: Transport of particulate organic
reia, A., Almeida, A., and Cunha, A.: Short-term variability matter by bubbles in marine waters, Limnol. Oceanogr., 23,
of abundance, diversity and activity of estuarine bacterioneuston 1155-1167, 1978.
and bacterioplankton, J. Plankton Res., 31, 1545-1555, 2009. Weinbauer, M. G., Fritz, I., Wenderoth, D. F., andfté, M. G.:

Schwieger, F. and Tebbe, C. C.: A new approach to utilize PCR- Simultaneous extraction from bacterioplankton of total RNA and
single-strand-conformation polymorphism for 16S rRNA gene- DNA suitable for quantitative structure and function analyses,
based microbial community analysis, Appl. Environ. Microbiol.,  Appl. Environ. Microbiol., 68, 1082-1087, 2002.

64, 4870-4876, 1998. Wheeler, J. R.: Formation and collapse of surface films, Limnol.

Sieburth, J. M. and Conover, J. T.: Slicks associated with Tri- Oceanogr., 20, 338—-342, 1975.
chodesmium blooms in the Sargasso Sea, Nature, 205, 830-83Williams, P. M., Carlucci, A. F., Henrichs, S. M., van Vleet, E. S.,
1965. Horrigan, S. G., Reid, F. M. H., and Robertson, K. J.: Chemical

Sieburth, J. M. N., Willis, P. J., Johnson, K. M., Burney, C. M., and microbiological studies of sea-surface films in the southern
Lavoie, D. M., Hinga, K. R., Caron, D. A., French, F. W., John- Gulf of California and off the west coast of Baja California, Mar.
son, P. W., and Davis, P. G.: Dissolved organic matter and het- Chem., 19, 17-98, 1986.
erotrophic microneuston in surface microlayers of the North At- Wurl, O. and Holmes, M.: The gelatinous nature of the sea-surface
lantic, Science, 194, 1415-1418, 1976. microlayer, Mar. Chem., 110, 89-97, 2008.

Sodergren, A.: Origin and composition of surface slicks in lakes Zhang, Z., Cai, W., Liu, L., Liu, C., and Chen, F.: Direct deter-
of differing trophic status, Limnol. Oceanogr., 32, 1307-1316, mination of thickness of sea surface microlayer using a pH mi-
1987. croelectrode at original location, Sci. China Ser. B, 46, 339-351,

Stolle, C., Nagel, K., Labrenz, M., andirgens, K.: Bacterial ac- 2003.
tivity in the sea-surface microlayer: in situ investigations in the
Baltic Sea and the influence of sampling devices, Aquat. Microb.

Ecol., 58, 67-78, 2009.

Biogeosciences, 7, 2978988 2010 www.biogeosciences.net/7/2975/2010/



