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INTRODUCTION

The sea surface microlayer (SML) is considered to
be within the 1 mm upper layer of the sea (Liss & Duce
1997). It differs from the subsurface water in many
physical and chemical properties (Hardy 1982). It has
been suggested that the presence of strong environ-
mental pressure, such as pollutants and strong un-
shaded UV radiation, leads to the development of
 specific bacterial communities at the air–water inter-
face (Norkrans 1980, Hermansson et al. 1987). How-
ever, the accumulation of nutrients is an advantage in
this environment (Maki 2003). Bacteria living in the

SML are called bacterioneuston (Naumann 1917), in
comparison to bacterioplankton, which are bacteria
inhabiting the subsurface water (SSW). Recent studies
(Agogué et al. 2005, Franklin et al. 2005, Cunliffe &
Murrell 2009, Stolle et al. 2010, Cunliffe et al. 2011)
have increased the general understanding of the
properties and function of the SML. However, the
 significance and role of the SML are still not well
 understood.

Several studies reporting bacterial numbers, activ-
ity and community structure, as well as other charac-
teristics of the SML, have been published in recent
years. Some groups have reported slightly higher
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numbers of microorganisms in SML than in SSW
(Kuznetsova et al. 2004, Joux et al. 2006), while others
have found even 100-fold enrichment of bacteria in
the SML (Bezdek & Carlucci 1972, Hardy 1982). On
the other hand, lower numbers and cases with no sig-
nificant difference have also been observed (Bell &
Albright 1982, Joux et al. 2006). Results on bacterial
community structure are equally variable. Franklin et
al. (2005) studied the differences in bacterial commu-
nities in the North Sea. Their results showed signifi-
cantly lower bacterial diversity in the SML than in the
SSW. Cunliffe et al. (2009b) ob served that bacterio -
neuston communities differed from the ones in bac -
terioplankton in a mesocosm experiment. The differ-
ence, however, depended on sampling method and
time. Results from an estuarine area in Portugal sug-
gested that SML communities originate from under-
lying waters and that the tides have an effect on the
comparison of bacterioneuston and bacterioplankton
community dynamics (Santos et al. 2009).

The thickness of the SML sampled depends on the
sampling method. There have been studies compar-
ing different sampling methods of SML (Agogué et
al. 2004, Cunliffe et al. 2009a, Stolle et al. 2009),
which is a challenging target to sample because it
can easily get mixed with the subsurface water.
Stolle et al. (2009) found that different sampling
devices affected the bacterial activity measures, but
they did not affect the bacterial counts or community
composition. Our choice of sampler was based on
research done by Agogué et al. (2004) in the Mediter-
ranean Sea near the French and Spanish coasts. They
used a metal screen sampler (Garrett 1965) for the
sampling of the SML. The metal screen samples
approximately the upper 440 µm layer of the sea sur-
face (Daumas et al. 1976), and it has been claimed
that the thickness of the sampled layer dilutes the
SML community with the subsurface water (Cunliffe
et al. 2009a). However, the metal screen allows the
collection of a water sample that can be analyzed
using various methods; whereas, for example, poly-
carbonate membranes can only be used for the sam-
pling of bacteria for DNA-based analyses.

The Baltic Sea is one of the largest brackish waters
in the world. It differs from the oceans in many fea-
tures. The average depth is only 50 m and the salinity
of the Baltic Sea ranges from 1 to 3‰ in the northern
and eastern parts to ~10‰ in the south near the Dan-
ish inlet. The Archipelago Sea in SW Finland has
numerous small islands and is only 23 m deep on
average. Because of the salinity gradients, bacterial
communities of the Baltic are influenced by freshwa-
ter bacterial species, especially in the northern areas

of the Baltic and near river outflows (Vaatanen 1982,
Holmfeldt et al. 2009). Bacteriological variables of
the Baltic Sea have been measured in general; for
example, horizontal and vertical comparison of the
bacterial counts and type (Vaatanen 1980, Gast &
Gocke 1988, Koskinen et al. 2011) and bacterial pro-
duction (Heinanen 1991, Dahlgren et al. 2010) have
been studied. However, there has been very little
previous research on bacteria inhabiting the SML of
the Baltic Sea.

Stolle et al. (2009) found no evidence of distinct
bacterial communities, when they studied the activ-
ity and structure of the bacterioneuston in 2 loca-
tions: one in the southern Baltic and one in the cen-
tral Baltic. In their later study Stolle et al. (2010)
reported differences between particle-attached neus -
tonic and planktonic bacteria, while only small differ-
ences were observed in the free-living fraction of
bacteria. In addition, the influence of wind conditions
on the SML bacterial communities was studied in the
southern Baltic (Stolle et al. 2010). In comparison to
the study of Stolle et al. (2010), our sampling sites
were located in a quite shallow archipelago with
numerous small islands. The samplings were per-
formed in sheltered harbour bays where wind condi-
tions are calmer, and thus the mixing of water is
decreased compared to the open sea.

The aim of the present study was to investigate
whether there are differences in bacterial communi-
ties between SML and SSW collected from the Arch-
ipelago Sea, SW Finland. Both the number of bacte-
ria and community structure were compared. In
addition, the presence of some metals (cadmium,
copper, lead and mercury) and the quality and quan-
tity of dis solved organic matter (DOM) were mea-
sured, because both pollutants and DOM can affect
the composition of a bacterial community. Harbours
of different sizes and an undisturbed bay were cho-
sen for comparison. Bacterial community profiles
were studied using terminal restriction fragment
length polymorphism (T-RFLP), which is a commonly
used method enabling a rapid comparison of bacter-
ial communities (Avaniss-Aghajani et al. 1994, Liu et
al. 1997).

MATERIALS AND METHODS

Sampling

Samples were collected in May, June and July 2007
and June−July 2008. Sampling sites were located in
the Finnish Archipelago in harbour bays of Nauvo
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(N), Stenskär (H) and Raisio (R), and in the undis-
turbed bay in Stenskär (C) (Fig. 1). Site R is located
close to the mainland, near a river inlet, whereas the
other 3 sampling sites are located fairly close to each
other and further out in the archipelago. R is a busy
harbour with place for 700 boats; N is a medium sized
harbour with place for 120 boats; and S is a small har-
bour with place for 15 boats. SML samples were col-
lected using a Garrett metal screen (MS) (Garrett
1965) and samples obtained from several dips of the
MS were pooled. The MS measures were similar to
those described in Agogué et al. (2004). SSW samples
from ~40 cm depth were taken with a sterile bottle.
The sampling depth of the SML was estimated to be
~440 µm. Sampling days were chosen based on the
weather conditions (Table 1), to avoid interference
by hard wind or rain. Samples were kept on ice in a
cooler box until further processing in the laboratory
within 8 h of collection.

Additional SML and SSW samples were collected
to assess the effect of the sampling technique in Octo-
ber 2009 from sampling site R, using both MS and a
polycarbonate membrane (Cunliffe et al. 2009a). In
the polycarbonate sampling method, the membrane
is placed on the SML for 10 s using sterile forceps.
SSW samples were taken both with a glass bottle and
by placing a polycarbonate membrane into a small
plastic bag, which was then opened under water. Af-
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Fig. 1. Sampling sites in the Archipelago Sea of SW Finland. Samples were collected in May, June and July 2007 and
June−July 2008. Sampling sites were located in the Archipelago Sea in harbour bays of Nauvo (N) (60°11’ N, 21°54’ E),
 Stenskär (H) (60°4’ N, 22°3’ E) and Raisio (R) (60°27’ N, 22°7’ E), and in the undisturbed bay in Stenskär (C) (60°4’ N, 22°3’ E)

Site Date Wind Visible Cloudi- Water
(m s−1) slicks ness (0−4) temp. (°C)

C May 31, 2007 1 0 12
C June 14, 2007 0−3 4 15
C June 26, 2007 3 3 16
C July 3, 2008 2−3 1 16
C July 9, 2008 3 2 17
H May 31, 2007 1 0 13
H June 14, 2007 1−3 4 15
H June 26, 2007 0−2 3 16.5
H July 3, 2008 3−4 1−2 16
H July 9, 2008 2−3 1 17
N May 31, 2007 0−3 X 1 17
N June 14, 2007 1−2 4 16
N June 26, 2007 1−2 2−3 16
N July 3, 2008 1 3 17
N July 9, 2008 1−2 0 18
R May 31, 2007 5 3 14
R June 14, 2007 1−3 X 3 17
R June 26, 2007 2 2 20
R July 3, 2008 3−4 2−3 17
R July 9, 2008 1 X 3 16

Table 1. Weather conditions during sampling at the 4 differ-
ent sampling sites (see Fig. 1) in the summers of 2007 and
2008. Table shows wind, visible slicks on the surface (X:
slicks present), cloudiness and water temperature. Sam-
pling days were chosen based on the wind conditions. 

Cloudiness varies from sunny (0) to cloudy (4)



Aquat Microb Ecol 65: 29–42, 2011

ter closing the plastic bag, it was lifted from the water
and the membrane was removed after 10 s and
placed into a sterile Eppendorf tube. Non-filtered wa-
ter was taken for enumeration of culturable bacteria
and the rest of the water was pre-filtered through
11 µm pore size filter papers (MN 615 185; Macherey-
Nagel) and then 6 µm pore size filter papers (What-
man; Schleicher & Schuell), leaving mainly the non-
particle-attached fraction of bacteria for analysis. For
the comparison of sampling methods, water was not
pre- filtered, so both free-living and particle-attached
bacteria were included in the analysis.

Enumeration of culturable bacteria

Enumeration of culturable bacteria was conducted
with samples collected in summer 2007 (first 3 time
points). A quantity of 100 µl of 10−1 and 10−2 diluted
(in 0.5% NaCl2) non-filtered seawater samples were
plated on marine agar 2216 (Difco) and incubated at
room temperature for 6 d. Afterwards, colony form-
ing units (CFUs) were counted.

Enumeration of total bacteria

Total number of bacteria was counted with a flow
cytometer for samples collected in summer 2007.
Three parallel pre-filtered samples were fixed with
2% paraformaldehyde in cryotubes and left at room
temperature for 5 to 10 min. After fixing the cells,
samples were frozen in liquid nitrogen and stored at
−80°C until analysis. Before the flow cytometer ana -
lysis, the samples were stained with 0.01% nucleic
acid dye SYBR-Green (Fluka). Before counting the
bacteria, the samples were kept in the dark for at
least 15 min at room temperature. The total number
of bacteria was analyzed according to green fluores-
cence (fluorescin isothiocyanate, FITC) using a BD
LSR II flow cytometer (Becton-Dickinson).

Molecular analysis of the samples

For DNA extraction, 100 to 300 ml of pre-filtered
water was filtered on 47 mm diameter, 0.22 µm pore
size polycarbonate filters (GE Water & Process Tech-
nologies), with the volume depending on the amount
of organic matter still remaining in the sample after
pre-filtration. Three parallel filtrations were done for
each sample. Filters were stored at −80°C until DNA
extraction.

DNA extraction was carried out as described by
Ghiglione et al. (2005). For T-RFLP analysis partial
16S rDNA was amplified by PCR using bacterial 16S
primers 27F_FAM (AGA GTT TGA TCC TGG CTC
AG) (Pandey et al. 2007, Smalla et al. 2007) and
926R_HEX (CCG TCA ATT CCT TTG AGT)
(Pandey et al. 2007). The reaction mixture consisted
of 1 µl of non-diluted, half-diluted or 10−1 diluted
template DNA, 25 mM dNTPs, 10 µM of each primer,
10× buffer and 0.5 units of KAPA Taq polymerase
(KAPA Biosystems) for 25 µl reaction. The amount of
PCR products was estimated in a 1% agarose gel
and then purified with a PCR purification kit
(Macherey-Nagel). Restriction of purified PCR prod-
ucts was done with HhaI and RsaI restriction
enzymes separately. After a restriction time of 6 h,
products were precipitated in ethanol solution (the
final mixture containing 10−1 volumes of 3 M sodium -
acetate (NaOAC) and 2 volumes of 97% ethanol) for
1 h at −70°C. Then, samples were centrifuged in a
microcentrifuge for 30 min at 12 000 × g, and super-
natants were carefully removed. Pellets were
washed with 500 µl 70% ethanol and centrifuged for
10 min at 12 000 × g. Finally, samples were left to air-
dry in a laminar hood and re-suspended in 10 µl of
sterile water. For the T-RFLP run with an ABI ana-
lyzer, 2 to 6 µl of sample (~50 ng of DNA) was mixed
with 6 to 10 µl of Hi-Di (Applied Biosystems) solution
and 0.01 µl of size-standard 600LIZ (Applied Biosys-
tems). The fluorescent peak profiles were analyzed
with Peak Scanner software (Applied Biosystems),
and the peak data was processed and the peak pro-
files constructed using T-REX (Culman et al. 2009), a
web-based open access program. The T-REX uses
the approach of Abdo et al. (2006) for noise filtering
and the method of Smith et al. (2005) for the peak
alignment. The default values of the program were
used for noise filtering; peak alignment was done
using a clustering threshold of 0.6; data from repli-
cate analyses of the same sample were averaged;
and relative peak heights were used for constructing
the peak profiles. The community profiles were clus-
tered based on the Bray-Curtis similarity matrix of
log(x + 1) transformed data using PRIMER-6 (version
6.1.12, Primer-E).

Metal measurements

The presence of metals (cadmium, copper, lead and
mercury) in the water samples was tested using dif-
ferent whole-cell bacterial reporters, each ex pressing
bacterial luciferase (lux) under the control of regula-
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tory elements induced by a certain metal. The follow-
ing bacterial strains were used: Staphylococcus au-
reus RN4220 (pTOO24) for cadmium, Bacillus subtilis
BR151 (pTOO24) for lead, Escherichia coli MC1061
(pmerRBSBPmerlux) for mercury and E. coli MC1061
(pSLcueR/pDNPcopAlux) for copper. The strains E.
coli MC1061 (pDNlux) and B. subtilis BR151
(pTOO24), which have constitutive expression of lu-
ciferase, were used for the detection of non- specific
cytotoxicity. The sensor strains and their use, includ-
ing the detection limits for each strain have been de-
scribed earlier (Tauriainen et al. 1998, Ivask et al.
2009). Briefly, freeze-dried bacteria were rehydrated
in heavy metal MOPS (3-N-morpholinopropane sul-
fonic acid) (HMM) (LaRossa et al. 1995) Luria-Bertoni
(LB) medium. Then 50 µl of bacterial suspension and
50 µl of water samples (standard dilutions) were
pipetted on a 96-well plate. The plates were incu-
bated for 1 to 2 h at 30 to 37°C depending on the
strain, and luminescence was then measured using a
Luminoscan plate reader (Labsystems).

Analysis of DOM of the samples

The dissolved organic carbon (DOC) of the sam-
ples was determined with a TOC-analyzer, SHI-
MADZU TOC-5000. Additionally, the DOM of the
water samples was characterized by high perfor-
mance liquid size-exclusion chromatography (HPLC-
SEC). Through HPLC-SEC, the fractionation of the
different components of DOM takes place according
to their molecular weight, so that the highest molec-
ular weight compounds are eluted earlier than the
lowest ones. We applied the method as described
earlier by Stedmon et al. (2007), with the modifica-
tion that we used a diode array UV detector in tan-
dem with a fluorescence detector. The samples for
both DOC and HPLC-SEC analysis were first fil-
tered through a 0.45 µm polypropylene filter (What-
man); first, ~1 ml of seawater sample was filtered
directly into 2 separate vials for chromatography;
then up to 5 ml of sample was filtered with the same
filter directly into the vials for the TOC-analyzer.
The filter was prewashed with 100 ml of deionized
water. Fractionation was performed using a
Hewlett-Packard HPLC 1100 system with a TSKgel
G3000SW 7.5 mm × 30 cm column. The UV detec-
tion wavelength was set to 254 nm, which is com-
monly used for the detection of humic compounds.
The fluorescence detector was set to detect protein-
type compounds of the fractions by using trypto-
phan-like and tyrosine-like fluorescence detection

at excitation/emission wavelengths of 270 nm/
355 nm and 270 nm/310 nm, respectively. A total of
10 µM sodium acetate was used as an eluent at a
flow rate of 1 ml min−1 with an injection volume of
30 µl. Peak area was used for quantitative charac-
terization of DOM, with higher peak area represent-
ing a higher amount of corresponding organic frac-
tion. The chromatograms were integrated using
ChemStation software (Hewlett Packard, Agilent
Technologies). Duplicate samples were run through
the system. For the qualitative characterization of
organic fractions separated by size-exclusion, the
HPLC-SEC column was calibrated with Na-salts of
polystyrene sulfonates (PSS), of molecular weight
210, 4300, 6800, 13000 Da (Fluka) and 2200, 3600 Da
(Polymer Standard Services). The void volume and
permeation volume were determined with Blue
 Dextrane (1 000 000 Da) and acetone (58 Da). The
obtained calibration equation (logMW = 5.4375 −
0.301 Rt; where Rt is the retention time equal to the
volume of elution and MW is the molecular weight)
served to determine the apparent molecular weights
of the eluted fractions.

Statistical analysis of data

To assess whether there are significant differences
between the organic parameters such as DOC, high
molecular weight (HMW), and low molecular weight
(LMW) fractions of SML and SSW samples, a 1-way
ANOVA was performed. To compare SML and SSW
at the same site, an independent t-test was used. The
relation between the organic parameters and bacter-
ial counts was assessed by the Pearson correlation
coefficient r. Statistical analysis was performed with
the statistical program SPSS 15.0 (IBM).

RESULTS

Comparison of bacterial numbers in
SML and SSW samples

Culturable and total bacteria were counted from
the SML and SSW samples collected from the Archi-
pelago Sea to study the differences between SML
and SSW. The number of culturable bacteria, deter-
mined as on marine agar plates, was generally
slightly higher in SML samples than in SSW samples.
The only exception was sampling site R on June 26,
2007 (Fig. 2). However, statistically significant differ-
ences (p < 0.05) between SML and SSW were
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observed only in some of the water
samples (Fig. 2).

The bacterial counts on agar plates
represented only ~2% of the total
bacteria. The number of total bacte-
ria was higher in most of the SML
samples than in corresponding SSW
samples; however, the difference
was small. Statistically significant
differences (p < 0.05) between the
SML and SSW were found in the
first 2 sampling time points (Fig. 3).
Overall, our results indicate that the
number of total and culturable bac-
teria is slightly higher in SML than
in the water column just below it.

Bacterial community structure

For each sample, we obtained 2 sep-
arate profiles, both of which included
terminal fragments from both ends of
the amplicon. The hierarchical clus-
tering analysis, based on Bray-Curtis

similarities between profiles, revealed
no systematic difference between the
SML and SSW communities of the
same sampling site (Fig. 4). Three
samples (SML R on July 9; SSW C and
N on July 9) were discarded because
the quality of DNA extracted from
these samples was low, and, conse-
quently they produced profiles that
had low similarity to other samples.

The highest similarities between
SML and corresponding SSW were
observed at sampling site N on June
26, 2007 and site R on July 3, 2008
(Fig. 4). Differences in community pro-
files between SML and SSW were
found at most of the sampling sites, but
no continuous trend was ob served. Be-
cause of the high number of peaks in
each profile (due to 2 fluorescent
primers) and because we used peak
heights for calculation of results, the
maximum similarities between any
samples were restricted to 87%. Based
on this, we considered that sample
profiles having >70% similarity repre-
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Fig. 2. Number of bacteria growing on marine agar plates in 2007 seawater
samples. Surface microlayer (SML; grey bars) and subsurface-water
(SSW; black bars) bacterial counts (CFU ml−1) from 4 different sampling sites
(C, H, R and N; see Fig. 1) and 3 different time points. Figure shows results af-
ter 6 d  incubation. Averages of 3 replicates with error bars indicating the max-
imum and minimum values. *Statistically significant (p < 0.05) differences

between SML and SSW

Fig. 3. The total number of bacterial cells in 2007 seawater samples as deter-
mined by flow cytometer analysis. Surface-microlayer (SML; grey bars) and
subsurface-water (SSW; black bars) samples from each sampling site (C, H, R
and N; see Fig. 1) were compared. Figure shows averages of 3 replicates
with error bars indicating the maximum and minimum values. *Statistically 

significant (p < 0.05) differences between SML and SSW
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sented similar communities. Using this threshold,
~50% of the SML and SSW sampling pairs  compared
were considered to represent diverging communities.
The peak heights reflect the relative amounts of dif-
ferent species in the sample and thus give more infor-
mation on the bacterial com munity structure than
presence/absence data. However, they add to the
total complexity of the com munity profiles, thus re-
ducing the similarity between samples.

In general, more similarity was observed between
bacterial community profiles in sampling sites, for
example C and H (Fig. 4, cluster a), than between the
SML and the SSW of the same site. Most of the R
samples formed a completely separate cluster (Fig. 4,
cluster b). Apart from a few individual samples, the
community profiles constructed with both Hha I and
Rsa I clustered in a similar manner, which suggests
that the clusters are based on real differences
between communities and not merely on random dif-
ferences produced by the method.

Comparison of samples obtained with
polycarbonate membranes and metal screen

To ensure that the community structure analysis
differences between SML and SSW were not caused
by the MS sampling method, we performed an addi-
tional sampling in site R in October 2009 using both
PCM and MS (Fig. 5). The DNA yield was lower in
samples taken with PCM, and we did not succeed in
amplifying the 16S RNA gene from DNA prepara-
tions of some of the replicate polycarbonate mem-
branes. However, the similarity between T-RFLP pro-
files from all samples was >80%, and the sampling
technique did not affect any of the SML and SSW
findings significantly.

Metals and DOM

The presence of bioavailable metals (cadmium,
copper, lead and mercury) and cytotoxicity in the
water samples taken in the summer of 2007 were
detected using recombinant bacterial bioreporters.
The only metal detected was cadmium in the SML
and SSW samples taken from sampling site R on June
14, 2007. Both SML and SSW contained 100 nM of
cadmium (the detection limit of the assay was
70 nM). No significant cytotoxicity was detected in
any of the samples.

The DOC values varied between 318 and 593 µmol
l−1 (Table 2), with averages of 400 µmol l−1 in SSW
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Fig. 4. Dendrogram constructed using hierarchical cluster-
ing and results of terminal fragment length polymorphism
(T-RFLP) analysis, based on samples taken in summer 2007
and 2008 (sampling dates shown) and on Bray-Curtis simi-
larity index. Sampling sites: C, H, N and R (see Fig. 1); grey
boxes: surface-microlayer (SML); black boxes: subsurface-
water (SSW).  Results from (a) sites C and H clustered close
to each other and (b) most of the site R samples formed a
separate cluster. Results of Hha I-restricted samples shown

in this figure correspond with Rsa I results
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samples and 392 µmol l−1 in SML samples. The sam-
ples from the site R had higher DOC values than the
other samples. These results show that there are no
significant differences in DOC of SML and SSW sam-
ples (1-way ANOVA, p > 0.1).

HPLC-SEC analysis was performed to see if there
were any differences in the quantity, as well as qual-
ity of DOM in SML and SSW samples. Further, we
wanted to find out whether there is a relation
between the bacterial counts and the amount and
type of DOM. Typical chromatograms of UV and flu-
orescence detections are presented in Fig. 6.

The chromatograms of our samples show 2 clearly
separated domains. The first domain is comprised of
3 HMW fractions with the apparent molecular weight
range of 5000 to 1000 Da. The second domain is com-
prised of the LMW fraction that contains the com-
pounds with apparent molecular weight range of 500
to 150 Da according to the calibration. It is important,
however, to remember that the calculated molecular
weights are only ‘apparent’ and cannot be deter-
mined precisely, because of the other interactions
than size exclusion in the column that cannot be fully

eliminated. The LMW fraction was also ‘seen’ by
tryptophan- and tyrosine-like fluorescence detection,
suggesting that this fraction might contain protein-
type compounds with tryptophan and tyrosine moi-
eties. All samples produced the same fractions, and
no additional fractions were observed in any of the
chromatograms.

By HPLC-SEC the quantity of organic matter is
given by peak area or peak height. In the present
study we used the peak areas that correlated better
with DOC (Pearson correlation coefficients of r =
0.83, p < 0.01 and r = −0.52, p < 0.05; see Table 3)
than the peak heights (Pearson correlation coeffi-
cients between DOC–HMW peak heights r = 0.4, p
< 0.05, and DOC–LMW peak heights r = −0.3, p <
0.05). The variations of peak area over the sampling
period are presented in Fig. 7a,b. These figures
show that HMW fractions varied to a lesser extent
(max. 40% difference between May 31, 2007 and
June 26, 2007 N samples) than LMW fractions
(max. 220% difference between May 31 and June
26 N samples). The tyrosine- and tryptophan-like
fractions presented the same pattern than LMW
fractions and therefore are not presented. Fig. 7b
also reveals that there were significant differences
between the values of LMW peak areas of the par-
allel measurements occasionally for all of the sites.
Regarding the differences between the DOM of
SSW and SML samples during the sampling period,
no significant differences were found, neither in
the HMW fraction area (1-way ANOVA, p > 0.1)
nor the LMW fraction area (1-way ANOVA, p >
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Station SSW DOC SML DOC
Date (µmol l−1) (µmol l−1)

Stenskär (C)
June 14, 2007 363 393
June 26, 2007 371 −

Stenskär (H)
May 31, 2007 383 342
June 14, 2007 345 351
June 26, 2007 350 392

Raisio (R)
May 31, 2007 − 462
June 14, 2007 593 556
June 26, 2007 575 −

Nauvo (N)
May 31, 2007 344 354
June 14, 2007 358 329
June 26, 2007 318 355

Table 2. Dissolved organic carbon (DOC) values measured
in seawater samples. SSW: subsurface water; SML: surface 

microlayer

Fig. 5. Comparison of sampling methods. T-RFLP results of
polycarbonate membrane (PCM) sampling were compared
with metal screen (MS) sampling of the SML (grey boxes)
and bottle (B) sampling of SSW (black boxes). The similarity
of the communities was measured using the Bray-Curtis
 algorithm. Picture shows results of restriction enzyme Rsa I.
Three parallel samples were taken with the same sampling
method (1–3). The yield of DNA was not sufficient enough
from all of the PCM samples.See Fig. 4 for abbreviations
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0.1), although LMW fractions presented higher
variance than HMW fractions (Fig. 7a,b).

Sampling site R samples presented different pat-
terns in the chroma tograms compared to all the
other sampling sites, having comparatively the high-
est HMW and the lowest LMW fraction content
(Fig. 7a,b).

Most of the organic matter indicators presented
significant correlation with bacterial counts (Table 3).
Unexpectedly, LMW fraction and tryptophan- and
tyrosine-like fluorescence fraction areas presented
negative correlations with bacteria and other organic
indicators (Table 3).

DISCUSSION

SML and SSW bacterial community structures of 4
different sampling sites in the Archipelago Sea of SW
Finland were studied. There were in total 5 sampling
time points during the summers of 2007 and 2008. In
the present study, bacterial community fingerprints

revealed differences between SML
and corresponding SSW communi-
ties in approximately half of the
samplings. Significant enrichment of
bacteria in the SML was not de -
tected. However, in many of the
sampling sites the number of bacte-
ria was slightly higher in SML than
in SSW. The analysis of metals and
DOM revealed no differences be -
tween the chemical composition of
SML and SSW.

We observed distinct SML and
SSW bacterial communities at many
of the sampling sites and time points.
The bacterioneuston of the Baltic
Sea was studied previously by Stolle
et al. (2009, 2010). In their first study
(Stolle et al. 2009), differences be -

tween SML and SSW bacterial communities were not
observed. In the present study, both rotating drum
and metal screen were used as sampling methods
and single-strand-conformation polymorphism (SSCP)
or T-RFLP as a fingerprinting method. Bacterial 16S
rDNA fingerprint results were reported based on
only one of the sampling sites of their study (Stolle et
al. 2009). We had several sampling sites and took
samples from sheltered harbour bays, while Stolle et
al. (2009) had their sampling site located in a rela-
tively open site in the southern Baltic Sea. However,
in their latest study, Stolle et al. (2010) reported some
differences between SML and SSW communities and
the effect of wind conditions to the succession of bac-
terial communities in SML. According to that study,
the uncoupling of the bacterioneuston and bacterio-
plankton occurs in calm wind conditions. This find-
ing resembles our observation about variation of bac-
terial community structure in wind-sheltered bays.

Agogué et al. (2005) studied 2 sampling sites in the
Mediterranean Sea. They found differences between
SML and SSW bacterial communities using the SSCP
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Indicator LMW HMW Flu-Tyrosine Flu-Tryptophan Total bacteria Cultured bacteria

DOC −0.53* 0.83** −0.14 −0.38 0.79** 0.83**
LMW 1 −0.29 0.65** 0.97** −0.56** −0.53*
HMW 1 −0.2 −0.09 0.46* 0.48*
Flu-Tyrosine 1 0.65** −0.04 −0.28
Flu-Tryptophan 1 −0.46* −0.47*
Total bacteria 1 0.52*

Table 3. Pearson correlation coefficients (r) between organic matter indicators and bacterial counts. DOC: dissolved organic
carbon; HMW: high molecular weight; LMW: low molecular weight; Flu: fluorescence. Significance: *p < 0.05; **p < 0.01

Fig. 6. Typical chromatograms of a seawater sample using UV (ultraviolet) and
FLU (fluorescence) detections. mAU: milliAmpere units



Aquat Microb Ecol 65: 29–42, 2011

method, but the results were not reproducible in
samplings performed on consecutive days. Overall,
their results did not show consistent differences
between SML and SSW bacterial species, and the
hypothesis was that most of the bacteria inhabiting
SML were of planktonic origin. This hypothesis got
support from the study of Santos et al. (2009), whose
results indicated that bacterioneuston communities
are mostly of planktonic origin.

There have been studies where the differences
between SML and SSW communities have been

more clear and systematic. Franklin et al. (2005)
observed that the bacterial diversity was significantly
lower in SML than in SSW in the North Sea. Based on
clone library construction, they found 9 operational
taxonomical units (OTUs) from SML samples com-
pared to a total of 48 OTUs observed in SSW. Cunliffe
et al. (2009b) found distinct and consistent bacterial
communities in SML in their study. They used T-
RFLP and denaturing gradient gel electrophoresis
(DGGE) to compare the SML and SSW communities.
Results of a recent study by Wurl et al. (2010) suggest
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Fig. 7. Variations of the (a) HMW (high molecular weight) fractions area and (b) LMW (low molecular weight) fractions area in
surface-microlayer (grey bars) and subsurface-water (black bars) samples in the summer of 2007, as measured by UV-254 nm
detection. Averages of 2 replicates with error bars indicating the maximum and minimum values. Sampling sites: C, H, R 

and N (see Fig. 1)
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that surfactant enrichment in the SML is stronger in
oceanic regions with low productivity than in more
productive coastal regions, unlike previously as -
sumed. This could explain variable results in bacter-
ial analysis between SML and SSW from different
areas.

Our results indicate that the bacterioneuston in the
Archipelago Sea is dynamic and patchy, even in har-
bour areas, where weather conditions are calm com-
pared to the open sea. However, it is difficult to say to
what extent the changes are caused by sampling dif-
ferent moving water masses. Thus, broader spatial
and temporal samplings are required to validate this
statement. In the light of the results of Wurl et al.
(2010), it seems probable that in the present study,
the vicinity to the coast had more effect on differ-
ences between the SML and SSW samples than the
wind conditions, which were ~4 m s−1 at the highest.
Like Agogué et al. (2005), we observed variability in
community profiles at different time points and sam-
pling sites. Differences in SML and SSW communi-
ties were observed at some of the sampling points;
however, distinct SML communities seemed to be
transient. In the present study, there were several
sampling sites and time points. This is an advantage,
because the SML often seems to be a dynamic envi-
ronment. Therefore, it can be presumed that our
results allow a more accurate observation of the pos-
sible variation in the bacterial community appear-
ance opposed to if only a few samples were studied.
However, more research with multiple time points
should be conducted.

T-RFLP results from autumn 2009 PCM sampling
were compared with MS sampling results to observe
possible bias due to the sampling method. According
to Cunliffe et al. (2009a), a sample taken with a metal
screen or a glass plate could be unrepresentative for
the SML communities. However, more recently, they
found differences between SML and SSW bacterial
communities using both MS and polycarbonate
membrane (Cunliffe et al. 2009b). Our results
showed no significant difference between samples
taken with a MS or a polycarbonate filter. However,
this result must be considered as suggestive, as the
comparison was done only for samples taken from
one sampling site. Further, the yield of extracted
DNA differed between sampling methods, which
made the comparison of samples more difficult.

A modest increase in the amount of bacteria in
SML compared to SSW was observed in both cultur-
able and total bacterial counts. Our results show most
significant differences in bacterial counts between
SML and SSW at the first sampling time point at the

end of May 2007. One reason for the higher bacterial
counts on June 14, 2007, at sampling site R could be
busy boat traffic in the harbour. This possibly
increases the bacterial counts, because of waste orig-
inating from the boats. In addition, HMW and DOC
content of site R sample were the highest. Previous
results comparing bacterial counts of SML and SSW
have been variable, depending on the sampling area
(Kuznetsova et al. 2004, Franklin et al. 2005, Joux et
al. 2006). Stolle et al. (2009) did not find differences
in bacterial counts between SML and SSW samples
in the southern and central Baltic Sea when mea-
sured with a flow cytometer.

In the beginning of our study, we hypothesized that
if specific communities developed in the SML, the
different chemical composition of the SML might be
one driver of this process. The enrichment of differ-
ent toxic and organic compounds in the SML has
been shown in many previous studies (Wurl &
Obbard 2004). Thus, we tested whether there was a
difference in the quantity or quality of DOM in the
SML compared to SSW. In addition, the presence of
metals (cadmium, copper, lead and mercury) and
cytotoxicity in samples was detected using recombi-
nant bacterial bioreporters. According to our results,
the chemical composition of SML was not different
from that of the SSW. None of the analysed water
samples were cytotoxic, and the concentration of
cadmium found in sampling site R on June 14, 2007
was similar in SML and SSW samples.

The DOC levels and chromatograms in the present
study resembled those found previously in the Baltic
Sea (Stedmon et al. 2007). The HMW fractions sepa-
rated by size-exclusion chromatography are com-
monly identified as humic-type fractions in the fresh
surface waters (lakes, rivers); these are composed by
humic and fulvic acids, which are mainly of terres-
trial and, to a lesser extent, of autochthonous origin
(Repeta et al. 2002, Leenheer & Croue 2003). The
strong correlation between DOC and HMW found in
the present study is in accordance with previous find-
ing that HMW of molecular weight >1000 Da is a sig-
nificant part of the seawater DOC (Repeta et al.
2002). The strong positive correlations between
DOC, HMW fractions and bacterial counts show the
inter-relationships between organic matter and bac-
teria in the marine environments, where bacteria
synthesize the precursors of marine DOM or use
components of DOM as substrate (Repeta et al. 2002).
Higher HMW and DOC content of site R sample is
due to the location of this sampling site near the
coast, where humus content of the seawater is gener-
ally higher due to terrestrial inputs. That was possi-
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bly one reason for the bacterial community structure
in site R to be so different from the other sampling
sites (Fig. 5, cluster b).

The LMW fraction was the most variable fraction in
our samples. This fraction has earlier been linked with
the salinity of seawater (‘salt peak’) (Stedmon et al.
2007). According to a recent study on well waters,
LMW fraction contains nitrate in addition to organic
matter and is used to assess the nitrate concentration
in the wells (Szabo & Tuhkanen 2010). Nitrate con-
centrations, however, are low in the coastal areas of
the Baltic Sea, of the order of µg l−1 according to Voss
et al. (2010), whereas well-water nitrate levels are in
mg l−1 range. Therefore, it is likely that seawater ni-
trate does not produce a significant increase in the
LMW signal. Our experiments showed also that
nitrate does not produce tyrosine- and tryptophan-
like fluorescence (H. M. Szabo unpubl. data). Never-
theless, in the seawater samples of the present study
the LMW fraction was detected by both tryptophan-
and tyrosine-like detection, suggesting that it contains
so-called ‘protein-type fluorophores’ (Yamashita &
Tanoue 2003) that give the specified fluorescence sig-
nals. It was previously found that tyrosine and trypto-
phan fluorescence intensities of the marine samples
correlate with the amount of aromatic amino acids in
the marine DOM (Yamashita & Tanoue 2003). Thus,
theoretically the LMW fraction should be at least
partly composed by aromatic amino acids (such as
tryptophan, tyrosine or phenylalanine) and/or pep-
tides and proteins that contain these aromatic amino
acids. However, the negative correlations found be-
tween DOC and LMW as well as tyrosine and trypto-
phan fluorescence (Table 3) seem to support rather
the ‘salinity-nature’ than the ‘protein-nature’ of this
peak.

It has been shown previously that the protein-type
fluorescence — unlike the humus-type fluores-
cence — measured by excitation-emission spec-
troscopy (EEM) in the Baltic Sea does not change sig-
nificantly with the relatively small increase of salt
concentration (Kowalczuk et al. 2005). Therefore, it is
likely that the LMW peak contains the protein-type
components of the sample, and it is representative
also for salinity. In order to clarify the composition of
the LMW fraction of seawater samples, further stud-
ies are needed. The significant negative correlations
between bacterial counts and LMW tryptophan-like
fluorescence were unexpected. Although it is possi-
ble that increasing salt concentration causes a
decrease of bacterial numbers in the studied sam-
ples, we think this is unlikely. Another possibility is
that the LMW fraction contains compounds that bac-

teria use as substrate. Gaining more understanding
about the possible reasons of this finding would
require additional studies and measurements. Our
results did not show any significant differences
between the quantity of DOC in SML and SSW sam-
ples. Similar observations or low enrichment factors
in the SML have been made in several previous stud-
ies on oceanic, coastal and lake waters (Gasparovic
et al. 2007, Wurl & Holmes 2008, Baastrup-Spohr &
Staehr 2009). More significant enrichments of SML
were observed previously for a series of organic com-
pounds such as dissolved and particulate fulvic acid
(Calace et al. 2007); transparent exopolymer particles
(polysaccharides, proteins and lipids) (Wurl &
Holmes 2008); and a range of organic pollutants
(Wurl & Obbard 2004). Therefore we expected signif-
icant differences between the organic fractions
eluted through HPLC-SEC of SML and SSW sam-
ples. The reason that there were no differences
might be that the HPLC-SEC is not sensitive enough
to detect these differences. This method is useful for
analyzing up to tens of mg l−1 amounts of global
organic matter. Lower amounts of particular organic
compounds cannot be detected. Additionally, as dis-
cussed earlier in this section, there is uncertainty
related to the composition and detection of LMW
peak containing the protein-type and other LMW
compounds, making the detection of the differences
even more difficult.

DOC and HPLC-SEC measure the global organic
matter content (including: humic matter, proteins,
sugars and extracellular organic polymers). The SEC
column separates the organic mixture into fractions,
and multiple detection allows making differentiation
between the mainly humic fractions (UV-254 detec-
tion) and protein-type fractions (LMW seen by pro-
tein-type fluorescence detection). The exact compo-
sition of the fractions is, however, unknown. It is
possible that, in spite of the equal global organic con-
tent, the composition of the fractions from SSW and
SML samples is different, affecting the bacterial
composition.

Using DOC and HPLC-SEC for characterization of
marine DOM, no significant differences between
SSW and SML samples were detected in the present
study. According to previous research (Kuznetsova et
al. 2004, Reinthaler et al. 2008, Wurl et al. 2010,)
there seems to be enrichment of DOC and surfac-
tants in the SML, particularly at high wind speeds.
Our sampling time points were chosen based on calm
weather conditions, as we assumed the SML bac -
terial communities to be most stable at low wind
speeds (Table 1).
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In the present study, the differences between bac-
terial communities in SML and SSW do not seem to
be due to metal stress, cytotoxicity, or concentrations
of organic matter. We hypothesize that exposure to
UV radiation may be one factor driving the differ -
entiation of bacterioneuston community. However,
more research is needed to find out which environ-
mental factors are essential in the forming of sepa-
rate bacterioneuston communities in the Baltic Sea
causing differing bacterial communities in the Baltic
Sea SML and SSW.

CONCLUSIONS

In the present study, metal concentrations did not
differ substantially between the Archipelago Sea
SML compared to the underlying water. With the
methods used to characterize DOM, such as DOC
determination and HPLC-SEC, no significant differ-
ences in organic matter content were found either.
However, differences between bacterial communi-
ties of SML and SSW were observed. Approximately
half of the SML and SSW sampling pairs compared
were considered to represent diverging communi-
ties, and in some cases more similarity was observed
between bacterial community profiles from different
sampling sites than between the SML and the SSW
of the same site. Since no temporal trends were
obvious, our results suggest that although bacterial
communities in the SML of the Archipelago Sea dif-
fer to some extent from the ones living in SSW, SML
is a dynamic environment where bacterial commu-
nities possibly develop originally from bacterio-
plankton and change over time. Further studies on
the stability of bacterial communities of SML and
their role in the ecosystem of the Baltic Sea need to
be conducted.
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