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ABSTRACT: The sea-surface microlayer (SML) is considered to be an ‘extreme’ environment. However, it is still unclear how bacteria that inhabit the SML (bacterioneuston) react to conditions within
this interface. This deficiency is partly caused by the difficulty in obtaining representative samples.
Our aim was to examine different sampling devices and characterize bacterioneuston activity in the
Baltic Sea. Initial in situ studies revealed a decreased incorporation of 3H-thymidine (3H-TdR) by up
to 90% in both glass-plate and metal-screen samples compared to the underlying bulk water. However, a series of tank experiments showed selective inhibition of bacterial productivity with either of
these sampling devices, although bacterial cell counts and community composition were unaltered.
The inhibition introduced by the glass plate could not be nullified by different cleaning treatments,
but by the wiping technique used to scrape off the sample. Even with this modified, unbiased glassplate technique, 3H-TdR incorporation of the bacterioneuston was still reduced by 50 to 80% compared to that in the underlying water, whereas the abundance of 5-cyano-2, 3-ditolyl tetrazolium
chloride (CTC)-positive cells was not affected. Our in situ study thus revealed that in the Baltic Sea
the presence of a pronounced bacterioneuston community different from that in the underlying water
is unlikely. Reduced bacterial activities within the SML support the concept of a demanding habitat.
Additionally, this study emphasizes the need to carefully evaluate the sampling devices used when
measuring bacterial parameters. Furthermore, it supports the view that caution is required in comparisons of results from different studies.
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The air–water interface spans 71% of the Earth’s
surface. This layer, which constitutes the boundary
between the atmosphere and underlying water bodies,
is crossed by fluxes of mass and energy. Several models describe the organization of the interface as a more
or less stratified surface film (Norkrans 1980, Sieburth
1983, Falkowska 1999b), with the top layer referred to
as the sea-surface microlayer (SML). The SML is considered to be an ‘extreme’ environment because of its
physicochemical properties relative to those of the
underlying water (Maki 1993). According to this view,
the bacterioneuston (i.e. bacteria within the SML) is
exposed to intense UV-radiation (Maki 2002) as well as
to the accumulation of pollutants (Wurl & Obbard

2004) and heavy metals (Hardy & Cleary 1992). In contrast, the accumulation of organic and inorganic substrates in the SML may be beneficial to its microbial
communities (Williams 1986).
The physical, chemical, and biological properties in
a variety of surface films, including those of different
marine and limnic habitats, have been investigated in
several studies. Earlier studies suggested that the SML
is enriched in several chemical and biological compounds (Sieburth et al. 1976, Hardy 1982). However,
conflicting results, especially those regarding bacterioneuston parameters, can be found in the literature.
Cell counts of bacteria in the SML have been shown to
be enriched in several habitats (Kuznetsova & Lee
2002, Joux et al. 2006), but similar abundances of
bacterioneuston and bacterioplankton have also been
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reported (Hermansson et al. 1987, Reinthaler et al.
2008). The enzymatic activity of the bacterioneuston
has been found to be generally enhanced compared to
that of bacterioplankton (Münster et al. 1997,
Kuznetsova & Lee 2001), as opposed to bacterial productivity in SML samples, which was found to be
decreased or highly variable compared to bulk measurements (Obernosterer et al. 2008, Reinthaler et al.
2008). Additionally, the diversity of bacterial and
archaeal communities in the SML, based on 16S rDNA
and functional gene analysis, has been shown to differ
from that of the underlying water (Franklin et al. 2005,
Auguet & Casamayor 2008, Cunliffe et al. 2008). However, such differences have been found to be highly
dynamic, implying that the presence of a different bacterial community in the SML is not a general phenomenon (Agogué et al. 2005).
Consequently, there is no consistent view regarding
the structure and function of the bacterioneuston or
whether a particularly adapted bacterial community
exists in the SML. This inconsistency can be explained
by several reasons. (1) The SML undergoes highly
dynamic spatial and temporal changes. These include
longer time scales (e.g. seasonality) as well as shorter
time scales (e.g. disintegration of surface slicks). Accordingly, bacterioneuston community structure at a
single sampling site has been found to differ substantially from one day to the next (Agogué et al. 2005).
(2) The predominant problem of studying the SML is
obtaining proper samples (Maki 1993). Investigation of
an undisturbed SML, i.e. one in which the native surface-to-volume ratio is maintained, is preferable (Hermansson & Dahlbaeck 1983); however, since most
characterizations depend on obtaining larger water
volumes, a change in the SML surface-to-volume ratio
is generally unavoidable. Ideally, SML samples should
be diluted as little as possible with bulk water. Current
sampling devices obtain SML layers of different thickness depending on their operating mode. The thinner a
collected SML sample is, the more selective the
respective sampling device is thought to be. Therefore,
sampling of the SML must take the following into
account (Garrett & Duce 1980, Huehnerfuss 1981): (1)
thickness of the SML sample, (2) selectivity of the sampling device, (3) sampling volume and time, and (4)
handling of the sampling device. Additionally, other
factors such as wind speed, water temperature, and
wave states at the time of collection have been
reported to influence the thickness of SML samples
(Carlson 1982, Falkowska 1999a).
Glass-plate (GP), rotating-drum (RD), and metalscreen (MS) sampling devices are the most widely
used in studies of the SML. Both the GP and the RD
function as solid adsorbers (Harvey 1966, Harvey &
Burzell 1972). The samples collected with these

devices are therefore much thinner (22 to 100 µm) than
samples taken with the MS (150 to 440 µm), which
traps the water within its mesh by surface tension
forces (Garrett 1965). These inherent differences in
layer thickness imply the collection of different water
samples. Indeed, laboratory experiments have shown
different recovery rates of artificial surface films by GP
and MS devices, with the efficiency of either one
dependent upon the film materials used (Hatcher &
Parker 1974, van Vleet & Williams 1980). A recent and
very extensive study investigated the possible bias of
different samplers (Agogué et al. 2004). The authors
concluded that neither the GP nor the nylon screen
used in their study influenced the characterisation of
the investigated biological parameters. However, as
the authors pointed out, there has been no further comparative study which evaluates the possible selective
effects of these sampling devices on biological constituents of the SML.
In the present study, we sampled the SML using GP,
MS and RD sampling devices in order to examine bacterioneuston abundance and activity in the southern
Baltic Sea. We then conducted tank experiments to
evaluate potential bias introduced by the GP and MS
to determine an appropriate sampling technique.
Finally, SML samples were taken with a modified version of the GP device in the southern and central Baltic
Sea, yielding new, unbiased measurements of bacterioneuston activity.

MATERIALS AND METHODS
Sampling site. Sampling was conducted in the
southern Baltic Sea, offshore of Warnemuende, from
July to September 2006 and June to August 2007. To
avoid the effects of pollutants, high nutrients loads,
and the plume of the Warnow River, sampling sites
opposite the wind direction were chosen. Additionally,
SML samples were obtained in the central Baltic Sea
(Gotland basin) in July 2007. All samples were taken
under calm wind conditions (< 4 Beaufort), usually
between 07:00 and 09:00 h (UTC).
SML sampling. SML samples were taken with a
Harvey GP and a Garrett MS from a zodiac and an
RD placed on a catamaran. Sampling with the GP
and the MS was usually conducted windward to
avoid contamination from the zodiac. The MS had an
overall area of 375 cm2 and consisted of wire with a
diameter of 0.17 mm and 1 mm2 mesh, forming an
open-space area (i.e. effective collection area) of
281 cm2. During sampling, the MS was placed horizontally on the sea surface, lifted carefully, and then
orientated vertically to allow samples to drain into
sterilized glass bottles.
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The GP had dimensions of 500 × 250 × 4 mm, with an
effective sampling area of about 2000 cm2 (including
both sides of the plate). Samples were collected by vertically inserting the GP into the water column and
withdrawing it the same way, with a sampling velocity
of about 10 cm s–1. The samples were scraped off the
GP with either a manual hand-wiper or framed wipers
and collected in sterilized glass bottles. In both cases,
the wipers consisted of 0.4 mm-thick Teflon blades.
Both the MS and the GP were cleaned with Milli-Q
water and ethanol (70%) and intensively rinsed with
seawater before being used.
The RD (Harvey 1966), which consists of a ceramiccoated drum with a sampling area of 5750 cm2, was
placed on a catamaran. The device is battery-driven
and was operated at constant speed against the wind
direction. Comparable to the GP, the samples were
scraped off using a Teflon wiper and then pumped
backwards for collection into sterilized glass bottles.
Bulk water was collected from a depth of 1 m with a 2
l glass collection tube and the ends were closed by a
drop-weight mechanism. Results from the SML samples were compared to those from bulk-water measurements and are expressed as enrichment factors
(EF) as defined in the following equation: EF =
[x]µ/[x]b, where [x] is the concentration of a given parameter in the SML (µ) or bulk water (b) (Hardy et al.
1997). The thickness of the SML layer was determined
by the sample volume per area of the sampling device.
Tank experiments. To evaluate possible selectivity of
the MS and GP sampling devices, tank experiments
were carried out using 60 l of seawater filled in a plastic container. For this purpose, surface water was
obtained in the morning from the pier in Warnemuende. Experiments started immediately upon the
return to the institute, i.e. usually <1 h later. To avoid
formation of a sea-surface film, the water was stirred
prior to each sampling. This stirring most likely does
not inhibit formation of a microlayer, as the reformation of organic surface films was described to be very
fast (Hardy 1982). However, the water was homogenized to prevent the formation of a thickening surface
film during the experiment. Reference water was
obtained with a glass bottle that was opened in the
middle of the tank. Three independent experiments
were conducted to evaluate the MS and the GP in
which the water was sampled once, twice and 3 times
in the first, second and third experiment, respectively
(n = 6). SML thicknesses of the MS and GP samples
were 223 ± 62 and 29 ± 5 µm, respectively. Additionally, 2 experiments were conducted to test the effect of
cleaning the GP as well as a new wiping device for the
GP. In each of these experiments, the water was sampled 3 times (n = 3). SML thicknesses in these experiments were found to be higher (56 ± 4 and 36 ± 5 µm)
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than in the first experiments, but neither the cleaning
procedures nor the wiping device had an influence on
the thickness compared to the respective control GP. In
all experiments, 300 to 500 ml of water was collected
with each sampling device for subsequent analysis.
The water temperature in the tank did not change
throughout the experiments (data not shown).
Bacterial cell counts. Bacteria were counted with a
flow cytometer. Samples of 4 ml were incubated with
400 µl paraformaldehyde (1% final concentration)/
glutaraldehyde (0.05% final concentration) in the dark
for 1 h at 5°C. After fixation, the samples were frozen
in liquid nitrogen and stored at –80°C. Heterotrophic
bacteria were stained with SYBR Green (2.5 µM final
concentration, Molecular Probes) for 30 min in the
dark. Cells were counted using a Becton & Dickinson
FACScalibur equipped with a laser emitting at 488 nm
at a constant flow rate (35 µl min–1). 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).
Enumeration of metabolically active (CTC-positive)
cells. From each sample, 900 µl was 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 1 to 3 h.
CTC uptake was stopped by fixation of the samples
with paraformaldehyde (1% final concentration)/
glutaraldehyde (0.05% final concentration) in the dark
for 10 min at 5°C. The samples were then frozen in liquid nitrogen and stored at –80°C. Cells were counted
with a flow cytometer as described in ‘Bacterial cell
counts’, except that the beads for the internal standard
were 1 µm in size and cells were detected by their signature in a plot of orange fluorescence (FL2) versus red
fluorescence (FL3).
Bacterial productivity. The incorporation of 10 nM
3
H-methyl-thymidine (3H-TdR) (60.1 Ci mmol–1,
Moravek Biochemicals) was measured to determine
the heterotrophic bacterial productivity in 5 ml water
samples. Additionally, 5 ml samples from the tank
experiments were dual-labeled with 10 nM 3H-TdR
and 50 nM 14C-leucine (261 mCi mmol–1, Movarek Biochemicals) and then extracted with cold trichloroacetic
acid (TCA) according to the method of Chin-Leo &
Kirchman (1988). Triplicate samples were incubated
for at least 1 h at the in situ temperature in the dark.
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 of the radioactively
labeled substrates. In situ samples collected in 2006
were filtered on 0.22 µm nitrate-cellulose membranes.
Samples from the tank experiments and those ob-
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tained in situ in 2007 were filtered on 0.22 µm polycarbonate filters (Millipore), as these filters yielded less
background signals. Four milliliters of scintillation
cocktail was added to the filters after which the incorporated substrates were counted in a scintillation
counter (Packard).
DNA extraction. Water samples were filtered on
3 µm Isopore filters (Millipore), which are presumed to
retain the particle-attached fraction. The flow-through
(i.e. the non-attached fraction) was then filtered on
0.22 µm Isopore filters (Millipore). All filters were
rapidly frozen in liquid nitrogen and then stored at
–80°C. DNA from frozen filters was extracted using a
phenol-chloroform-extraction method, according to
Weinbauer et al. (2002). DNA in the extracts was quantified spectrophotometrically using a NanoDrop ND1000 (NanoDrop Technologies).
Fingerprint analysis. The 16S rDNA fingerprints of
the bacterial community were analyzed based on
single-strand-conformation polymorphism (SSCP) or
terminal restriction fragment length polymorphism (TRFLP) analysis. For the former, DNA extracts were
PCR-amplified using primers Com1 (5’CAG CAG CCG
CGG TAA TAC3’) and Com2-Ph (5’CCG TCA ATT
CCT TTG AGT TT3’) (Schwieger & Tebbe 1998),
which amplify Escherichia coli 16S rDNA positions 519
to 926, and following a protocol described elsewhere
(Labrenz et al. 2007). Single-stranded DNA was generated and purified and the SSCP analysis carried out as
described in Schwieger & Tebbe (1998). Cluster analysis of band patterns was done with GelCompare II
(Applied Maths NV). Comparisons of the samples were
based on the absence or presence of individual bands
(Jaccard coefficient) or on their densiometric profile
(Pearson correlation).
T-RFLP fingerprints were done with PCR amplicons
under the conditions described by Lehours et al.
(2005), with 1 ng of template DNA and the primers
27f (5’AGA GTT TGA TCC TGG CTC AG3’) and 907r
(5’CCG TCA ATT CMT TTR AGT TT3’), according to
Liu et al. (1997). Primer 27f was 5’-labeled with 6-carboxyfluorescin (FAM). PCR products were purified
using a Nucleospin®Extract II kit (Macherey & Nagel).
Sixty nanograms of purified amplicons were digested
overnight with MspI (Fermentas) following the manufacturer’s instructions. The terminal restriction fragments were cleaned, separated, and analyzed as
described in Hannig et al. (2006). Comparisons of the
different samples followed the iterative normalization
procedure as introduced by Dunbar et al. (2001).
Analysis of total organic carbon and total nitrogen.
Ten milliliter water samples were sealed in HClprecleaned and precombusted (450°C, 6 h) glass
ampoules using a portable propane torch. The sealed
ampoules were quickly frozen, without the addition of

preservatives, and stored at –20°C until analysis in the
laboratory.
Total organic carbon (TOC) and total nitrogen (TN)
were quantified using a high-temperature combustion
method, carried out in the presence of a Pt-catalyst on
a Shimadzu TOC-V analyzer supplemented with a Shimadzu TNM-1 nitrogen detector and a Shimadzu ASIV autosampler. This system allows simultaneous determination of TOC and TN in the same sample. 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 to calibrate (4-point calibration)
TOC and TN measurements.
Prior to their analysis, the samples were acidified
with 2N HCl (suprapure grade) to a final pH of 2. Concentrations of TOC and TN were calculated based on 4
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
material in a seawater matrix for TOC and TN and
using reference material for measurement of the
blank. The reference material was obtained from the
Consensus Reference Materials program (D. Hansell,
University of Miami). Measured concentrations of TOC
and TN are reported as µmol C l–1 and µmol N l–1,
respectively.
Statistical analysis. The Kolmogorov-Smirnov test
was applied to determine the hypothetical normal distribution of the samples, which was true for all measurements. To examine the equality of means between
the SML samples and the underlying water as well
between the samples from the control experiment, the
t-test for independent samples with a confidence level
of 95% was chosen; p < 0.05 indicated that the means
of the samples were significantly different.
Spearman’s rank correlation was applied to test the
association between bacterial 3H-TdR incorporation
and CTC-positive cells and between these parameters
and the wind speed.

RESULTS
SML samples 2006
Coastal SML samples were obtained from the southern Baltic Sea in the summer of 2006 using GP and MS
sampling devices. GP samples, from 9 different stations, were 28 ± 3 µm thick compared to 267 ± 43 µm
for MS samples, taken from 12 stations (data not
shown). The total bacterial cell counts of SML samples
from the GP and MS sampling devices did not differ
from those of the underlying bulk water or among each
other (t-test, p > 0.397) (Fig. 1). In contrast, 3H-TdR
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1.8

Bacterial cell counts
3
H-TdR incorporation

Enrichment factor (r.u.)

1.6
1.4

*

Table 1. Comparison of different sea-surface microlayer samples and the underlying bulk water from 12 September 2006
showing the layer thickness, bacterial cell counts, and productivity (3H-thymidine, 3H-TdR, incorporation; ± SD from
triplicate measurements). nd: not determined

1.2
1
0.8

***

Water
sample

Layer
Bacterial
Bacterial producthickness cell counts
tivity (pmol 3H(µm) (105 cells ml–1)
TdR h–1 l–1)

0.6
Bulk water
Glass plate
Rotating drum
Metal screen

0.4
0.2

27
68
264

9.22
9.07
9.51
8.42

19.02 ± 2.27
nd
21.63 ± 1.92
0.33 ± 0.35

0
–0.2

(n = 11)

(n = 9)

Glass plate

(n = 13)

(n = 12)

Metal screen

Fig. 1. Sea-surface microlayer samples collected in 2006 with
a glass plate and a metal screen. Box-whisker plots show bacterial cell counts and 3H-thymidine (3H-TdR) incorporation of
samples obtained with each device compared to the values in
the underlying water (Enrichment factor). Dashed line indicates unity of values. Diamonds indicate box-whisker plot
outliers, defined as any point falling above the following:
upper quartile – (1.5 × interquartile range). r.u.: relative units
Enrichment factor. *p < 0.05; ***p < 0.001

incorporation of the bacterioneuston, although highly
variable, was significantly lower (20 to 90%) than the
incorporation measured in bulk water (MS: p < 0.001;
GP: p = 0.027) (Fig. 1).
Interestingly, this decrease in 3H-TdR incorporation
was not measured in a 68 µm-thick SML sample collected at another time point and obtained from the RD
sampler (Table 1). Subsequently, MS and GP samples
were taken from the same station on the same day. 3HTdR incorporation in the MS sample was reduced by
an order of magnitude compared to that in either the
RD sample or bulk water (Table 1). This difference was
not due to changes in bacterial abundance or community composition. Total bacterial cell counts of SML
samples taken with all 3 sampling devices were comparable among each other and with those in underlying bulk water (Table 1). The bacterial community

composition of these samples, as revealed by 16S
rDNA fingerprints from the RD and MS samples, was
also similar to that in bulk water (Fig. 2). In both the
particle-attached and non-attached size fractions, all 3
samples clustered together in Jaccard and Pearson
comparisons. However, the similarity values of the
non-attached fraction were higher (> 94.9% in Pearson
and > 86.4% in Jaccard comparisons) than those of the
particle-attached fraction (> 81.4% in Pearson and
> 50.6% in Jaccard comparisons).

Tank experiments
A possible influence of these samplers was tested in
a series of tank experiments. Homogenized seawater
sampled with either the GP or the MS device indeed
showed a selective reduction in 3H-TdR incorporation
of 70 to 80% compared to reference water (t-test, p =
0.011). In contrast, the total bacterial cell counts of all
samples did not differ (p > 0.713) (Fig. 3A). Additionally, T-RFLP analysis revealed a similar community
composition among all samples (Fig. 3B), with each
sample showing 30 distinct peaks. Only 5 (out of 90)
peaks were solely detected in one of the samples (2
peaks in the reference water and in the GP; 1 peak in
the MS). Two peaks were not detectable in the refer-

Fig. 2. 16S rDNA fingerprints of sea-surface microlayer samples and of underlying bulk water from 12 September 2006 reveal
similar bacterial community compositions in the particle-attached (3 µm) and non-attached (0.2 µm) fractions. Similarity of the
band patterns is shown by (A) Pearson and (B) Jaccard comparisons
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Fig. 3. Results from tank experiments designed to examine the potential bias of sea-surface microlayer sampling devices. (A) Bacterial cell counts and 3H-thymidine (3H-TdR) incorporation (n = 6) as well as (B) bacterial community composition by 16S rDNA
fingerprints of glass plate (GP) and metal screen samples; (C) effects of different cleaning treatments on bacterial cell counts, 3HTdR and 14C-leucine incorporation for GP samples (n = 3); (D) results of 2 GP wiping techniques, with subsequent analysis of all
parameters including CTC uptake (n = 3). Results from A, C and D are expressed as enrichment factors. Dashed lines indicate
unity of values between sea-surface microlayer sampling device and reference water. r.u.: relative units. *p < 0.05; **p < 0.01;
***p < 0.001. Error bars are SD

ence water and MS sample but in the other samples.
Only 1 peak was not detectable in the GP sample.
Taken together, all similar peaks contributed to more
than 93% of total peak height.
The effect of different GP cleaning procedures on the
recovery of 3H-TdR incorporation was also examined.
Neither a Milli-Q water treatment nor treatment with
silane or HCl showed an effect on the reduced 3H-TdR
incorporation (Fig. 3C). However, the high variability in
the absolute values of 3H-TdR incorporation in the control samples most probably retained statistical significance (0.05 < p < 0.376). Moreover, 14C-leucine incorporation, used as a second parameter for measuring
bacterial productivity in the same samples, was reduced to an even greater extent (60 to 80%, p < 0.011).
Finally, 2 different wiping techniques were compared. The first consisted of a manual hand-wiper
equipped with a Teflon blade. This device was used in
all of the previously described experiments of the present study. The second technique was similar, except
that the wiper blades were fixed in a PVC frame in a
construction modified from the one described in Hardy
et al. (1985) and by T. Reinthaler (pers. comm.).

Although the layer thicknesses in this experiment did
not differ between the wiping techniques, it was generally found that the fixed-blade wiper collected
thicker SML samples (48 ± 6 µm) than the hand-wiper
(32 ± 7 µm) in the 2007 samples (data not shown). This
was most likely due to more efficient retrieval of the
water sample from the GP because the plate was completely dry after wiping, which was not true for the
manual hand-wiper. Surprisingly, the use of this new
wiping technique restored 3H-TdR incorporation (p =
0.370) and CTC uptake (p = 0.705) (Fig. 3D), but 14Cleucine incorporation was still reduced by about 50%
(p = 0.009). The fixed-blade device had no effect on
total bacterial cell counts (Fig. 3D) or community composition (data not shown) compared to the values
obtained with the reference water.

SML samples 2007
The GP combined with the fixed-blade device was
found to be the sampling technique with the fewest
biases for measurements of bacterial parameters. Thus
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18 Jun 2007
18 Jun 2007
19 Jun 2007
20 Jun 2007
10 Jul 2007
10 Jul 2007
11 Jul 2007
11 Jul 2007
14 Jul 2007
07 Aug 2007
14 Aug 2007

Thickness
(µm)

Location

44
38
42
49
54
52
nd
57
nd
53
41

WMD
WMD
WMD
WMD
GB
GB
GB
GB
GB
WMD
WMD

Wind Visible
(m s–1) slicks
0.9
1.8
2.8
5.6
3.5
4
3
1.5
3.9
2.3
1.3

–
–
–
–
–
–
+
+
–
+
+

30
25

WMD

GB

WMD

A

20
15
10
5
0

1 2 3 4 5 6 7 8 9 10 11

CTC-positive cells (cells x 105 ml–1)

Total bacterial cells (cells x 105 ml–1)

it was chosen to collect a further set of SML samples
from the southern Baltic Sea (Warnemuende) and the
central Baltic Sea (Gotland Basin) in summer 2007
(Table 2). The absolute values of the total bacterial cell
counts were comparable in SML and bulk samples (p =
0.592) (Fig. 4A). Interestingly, 3H-TdR incorporation
was still reduced by 50 to 80% (p < 0.001) compared to
incorporation in the underlying bulk water (Figs. 4C
& 5). This was evident throughout the sampling season
and was measured in SML samples from the southern
as well as the central Baltic Sea (Fig. 4). However, the
enumeration of CTC-positive cells showed highly variable but overall comparable absolute and relative cell
counts for bacterioplankton and bacterioneuston (p =
0.710) (Figs. 4B & 5).
The variability in the number of CTC-positive cells
did not correlate with the rates of 3H-TdR incorpora-

6
5

WMD

**

2.5
2

1
*

0.8

1.5
***

0.6

1

0.4
0.5

0.2
0

(n = 12)

(n = 12)

(n = 12)

(n = 5)

(n = 8)

0

Fig. 5. Relative ratios (enrichment factor) of sea-surface
microlayer samples compared to the underlying bulk water,
both collected in summer 2007. Total bacterial cell counts, 3Hthymidine (3H-TdR) incorporation, CTC-positive cells, total
organic carbon (TOC), and total nitrogen (TN) are shown.
See Fig. 1 for explanation of figure

tion for absolute numbers of the SML and the underlying water (data not shown) or the enrichment factors of
both parameters (Spearman’s rank, r = 0.055, p = 0.873)
(Fig. 6C). Additionally, the relative uptake of CTC and
3
H-TdR and the variations within did not correlate with
the wind speed during sampling (CTC: r = –0.045, p =
0.894; 3H-TdR: r = 0.364, p = 0.272) (Fig. 6A,B), which
is known to change the properties of the SML. Wind
speed also did not correlate with either TOC or TN
accumulation (data not shown); both of which were
always enriched when measured. The accumulation of
TN (25 to 125%, p = 0.002) was more pronounced than
the accumulation of TOC (25 to 50%, p = 0.028)
(Fig. 5).

GB

8

WMD

B

4
3
2
1
0

3

TOC
TN

1.2

Bacterial productivity
(pmol 3H-TdR h–1 l–1)

1
2
3
4
5
6
7
8
9
10
11

Date

incorporation
CTC-positive
cells

1.4

Enrichment factor (r.u.)

Stn

Bacterial cell counts
3H-TdR

Enrichment factor (r.u.)

1.6

Table 2. Sea-surface microlayer sampling stations in the
southern (Warnemuende, WMD) and central Baltic Sea (Gotland Basin, GB). Thickness of the layer of the glass-plate samples, wind speed, and occurrence (+) of slicks are reported for
summer 2007. nd: not determined

1 2 3 4 5 6 7 8 9 10 11

WMD

GB

WMD

C
6

4

2

0

1 2 3 4 5 6 7 8 9 10 11

Station
Fig. 4. Comparison of absolute values for (A) total bacterial cell counts, (B) CTC-positive cells, and (C) 3H-thymidine (3H-TdR)
incorporation in sea-surface microlayer samples (D) and the underlying bulk water (s). Samples were collected in summer 2007
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DISCUSSION
The SML is known to influence exchange processes
between the atmosphere and water bodies by physicochemical processes, e.g. the dampening of capillary
waves induced by surface-active substances (Frew
1997). It has long been suggested that bacteria within
the SML (bacterioneuston) play a pivotal role in these
exchange processes. However, determining whether
the bacterioneuston is ‘successful’ (Maki 1993) remains
controversial, with previous studies reporting conflicting results regarding bacterioneuston activity, abundance, and diversity compared to bacterioplankton.

Critical evaluation of SML sampling techniques
The application of SML sampling techniques must
take into account the thickness of the sampled SML
and the mode of operation of the chosen sampling
device, especially its degree of selectivity. Astonishingly, and as pointed out by others, only a few studies
have examined the potential bias of sampling devices
with respect to biological parameters (Hatcher &
Parker 1974, Agogué et al. 2004, Franklin et al. 2005).
In one such study, which extensively examined the
possible bias of MS- and GP-type samplers, no selective effects were found for most of the bacterial parameters studied (Agogué et al. 2004).
In light of those observations, 3H-TdR incorporation
in different SML samples of the southern Baltic Sea
was measured. Variable but overall reduced 3H-TdR
incorporation was measured in GP and MS samples
compared to incorporation in the underlying water;
this was in contrast to the unchanged incorporation
measured on one occasion in an RD sample, where MS

and RD samples were taken simultaneously at the
same station. Assuming that the SMLs of the MS and
RD samples were identical except for the thickness of
the collected layer, these results are surprising since
inhibitory factors should have had a more pronounced
effect on the RD samples because of less dilution with
bulk water. This discrepancy was examined in tank
experiments with the GP and MS samples; the results
showed a strong reduction of 3H-TdR incorporation in
samples obtained with either device compared to the
incorporation measured in reference water. A selective
reduction of bacterial productivity has not been
reported before, although productivity measurements
in another tank experiment involving GP and MS samplers were quite variable (Agogué et al. 2004).
Sampling devices differ in their mode of operation
and in the material of the sampler itself (Huehnerfuss
1981). Based on the results of the present study, we
conclude that the modes of operation of GP and MS
devices are most likely not selective, because bacterial
abundance and community composition, based on 16S
rDNA fingerprints, were comparable to the reference
water in all experiments. Adsorption of bacteria to the
GP might stress the cells, reflected in a reduction of
bacterial productivity, but a similarly pronounced
reduction occurred in samples collected with the MS,
in which the water is simply trapped within the mesh
of the screen.
Another reason for the observed reduction in bacterial productivity might have been the presence of
inhibitory substances originating from the sampling
devices themselves. Most authors of previous research
either did not mention how or if their sampling devices
were treated, or reported treatment of the GP with
Milli-Q water and ethanol (Agogué et al. 2004), HCL
(Reinthaler et al. 2008), or silane (Gever et al. 1996).
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We tested these different treatments, none of which
had an effect on the reduced 3H-TdR incorporation.
Furthermore, in all treatments the rate of 14C-leucine
incorporation was reduced.
Ultimately, we developed a sampling technique
using a different wiping mechanism that restored 3HTdR incorporation and CTC uptake. One possible, but
highly speculative, reason for the success of this
method is that it increased the speed of sampling,
which was twice as fast as that of the framed-wiper
technique and thus reduced the time between sampling and the start of the incubations. However, 14Cleucine incorporation in our experiments was still
reduced, which might have been caused by isotope
dilution due to higher leucine concentrations in the GP
samples. In our experiments, we did not measure
amino acid concentrations, but they have been shown
to be enriched in the SML (Kuznetsova et al. 2004) and
considered as external dilution factors in productivity
rates of the bacterioneuston (Reinthaler et al. 2008).
Although the water was homogenized prior to sampling, the rapid accumulation especially of hydrophobic amino acids might have occurred. While there is no
satisfactory explanation for the persistent decrease in
14
C-leucine incorporation, it suggests that bacterial
activity parameters are unequally affected by SML
sampling devices. Furthermore, 3H-TdR incorporation
was found to be the suitable method to measure bacterioneuston productivity with our sampling device.

Interpretation of SML samples 2007
During our studies in the Baltic Sea, bacterial cell
counts did not differ between SML samples and the
underlying bulk water. Absolute cell numbers were
consistent with those previously reported for the surface waters of the southern and central Baltic Sea
(Heinänen 1991, Schumann et al. 2003). An enrichment of colony-forming units in some SML samples
from the western Swedish coast has also been reported
(Hermansson et al. 1987). However, to the best of our
knowledge, cultivation-independent bacterial cell
numbers in SML samples from the Baltic Sea have,
until now, not been published.
The abundance of CTC-positive cells in our SML
samples was highly variable but overall similar to that
of the underlying water. This was evident for absolute
cell counts and relative values (8 to 37%) compared to
total bacterial cells. Additionally, flow cytometric
analysis of samples of the SML and the underlying
water showed a similar abundance of bacterial cells
with a high nucleic acid content (data not shown),
which are thought to represent the active part of the
bacterial community (Gasol et al. 1999).
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These results imply that an active bacterioneuston
community exists. The SML is thought to reflect conditions favourable to heterotrophic bacteria (Sieburth et
al. 1976) due to the accumulation of organic and inorganic substrates (Hardy et al. 1997). Enriched concentrations of TOC have been found to correlate with
increased community respiration in the SML compared
to the underlying bulk water (Obernosterer et al.
2005). Elevated substrate supply might also explain
enhanced enzymatic activities of the bacterioneuston
in different aquatic systems (Münster et al. 1997,
Kuznetsova & Lee 2001). However, several authors
have reported highly variable or no significant
changes of bacterial productivity in the SML (Joux et
al. 2006, Reinthaler et al. 2008), or even a decrease
compared to the underlying bulk water (Obernosterer
et al. 2008), although in all studies organic matter has
been found to be enriched in the SML.
In the present study we also detected an accumulation of TOC and TN in the SML of the Baltic Sea. The
enrichment of TN was more pronounced, in agreement
with a recent report in which dissolved organic nitrogen (DON) was more enriched than dissolved organic
carbon (DOC) (Reinthaler et al. 2008). Due to sample
volume limitations, we were only able to determine
total organic material (TOM) and therefore could not
differentiate between the dissolved and the particulate
fraction. A recent study found a constant accumulation
of particulate organic carbon (POC) but not DOC in
nylon screen samples (Obernosterer et al. 2008), a
result consistent with previous reports which concluded that enrichments for dissolved matter are not as
pronounced as those for the respective particulate
material (Hunter 1997). However, this is not a common
feature, as the TOC in SML samples obtained with a
GP as well as in the underlying water, has been found
to contain similar high ratios of DOC (Reinthaler et al.
2008).
The enrichment of TOM in our samples apparently
did not fuel bacterial activity. Instead, there was an
overall reduction in the incorporation of 3H-TdR in
SML samples collected from different stations during
the summer of 2007, suggesting that DNA synthesis
and thus cytokinetic activities were generally impaired. However, one recent study to use 3H-TdR as a
measurement for bacterial production in SML samples
obtained from a GP showed that incorporation was
highly variable but overall not significantly changed
compared to incorporation in the underlying water
(Agogué et al. 2004). Diverse factors seem to influence
the relationship between substrate supply and bacterial productivity in the SML. Variable 3H-TdR incorporation has been discussed to be affected by diel cycles,
with increasing uptake during the night, although
overall incorporation was still found to be consistently
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lower compared to the underlying water (Carlucci et
al. 1986). This might result from the inability of the
bacterioneuston to take up the rich pool of nutrients
during high UV exposure, as reported for bacterioplankton (Herndl et al. 1993), perhaps due to direct
(DNA damage) or indirect (photochemical alteration of
substrate) effects. Yet these diel patterns do not always
explain the variable productivity of the bacterioneuston, e.g. they might be masked by wind influences
(Reinthaler et al. 2008).
Wind speed influences the properties of the SML. A
recent study found that decreasing leucine incorporation by the bacterioneuston was correlated to low wind
speeds (Obernosterer et al. 2008). In our experiments,
however, the observed activity patterns did not correlate with the actual wind speed during sampling or
with the wind history, defined as the mean wind speed
up to 6 h prior to sampling (data not shown). Furthermore, we found no correlation between CTC uptake
and 3H-TdR incorporation in the SML samples. Therefore, it seems that the bacterioneuston community
remains metabolically active but does not proliferate
as intensely as the bacterioplankton. This activity pattern was found in SML samples from coastal and open
water samples as well as those in slick and non-slick
samples.
Taken together, our data show that, despite the
accumulation of TOM in the SML, bacterioneuston
productivity is not enhanced. Rather, although the
abundance of active cells is comparable to that in the
underlying water, certain cellular activities, e.g. cytokinesis, are impaired.

CONCLUSIONS

encing bacterioneuston activity. For this purpose, characterizations of the effects of different physicochemical
parameters at the community and single-cell levels are
essential.
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