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ABSTRACT: In order to determine how concentration, composition, and degradation states of particulate organic matter (POM) influence lacustrine bacteria, we analyzed changes in bacterial
community (BC) structure and total bacterial cell abundance throughout the water columns of 2
contrasting deep lakes in Switzerland. Lake Brienz is oligotrophic and fully oxic while Lake Zug is
eutrophic and partially anoxic. The community composition of the particle-associated (> 5 µm) and
free-living (> 0.2, < 5 µm) bacteria was analyzed by automated ribosomal intergenic spacer analysis
(ARISA). Cluster analysis showed that the lakes comprised distinct BCs. However, the BCs of both
lakes were structured with depth. Although particulate amino compounds appeared to impact the
number of ARISA-operational taxonomic units of the particle-associated BCs throughout the lake
water columns, the compositional dynamics of this bacterial fraction were affected more strongly
by the sampling date and physico-chemical parameters, such as pH. For the free-living BCs, the
chlorin index (CI), an indicator for the degradation state of primary produced POM, appeared to
significantly impact the vertical community shifts. The vertical changes of the total bacterial cell
abundance were also significantly determined by the CI and by shifts in particulate amino compounds. The present study shows that not only bulk environmental parameters but also POM
composition and degradation state shape the abundance and composition of lacustrine BCs.
KEY WORDS: Lake · Freshwater · Degradation index · Microbial community · Variation
partitioning · Environmental factors · Amino sugars · Amino acids
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One of the big challenges in aquatic microbial ecology is to derive the most important environmental
factors that structure the bacterial community composition (BCC) and to relate the BCC dynamics to
specific ecosystem functions. This is a prerequisite
for creating predictive aquatic ecosystem models.
Culture-independent molecular methods have facilitated the characterization of bacterial communities
(BCs) in lakes over the last decades (Hiorns et al.

1997, Casamayor et al. 2000, Lindström 2000, Van
Der Gucht et al. 2001, Zwart et al. 2002, Yannarell &
Triplett 2004, Newton et al. 2011). Several studies
have determined environmental factors that constrain the BCC in these freshwater systems. For instance, the availability of nutrients and organic
carbon (Yannarell & Triplett 2004) and the physicochemical characteristics of a lake, such as pH, temperature (Methé & Zehr 1999, Lindström et al. 2005,
Rösel et al. 2012), and oxygen concentrations (Shade
et al. 2008), have been reported to shape the BCC.
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Biotic factors such as bacterivorous grazing, phage
dynamics, and phytoplankton succession have also
been demonstrated to determine BCC (Jürgens et al.
1999, Šimek et al. 2001, Kent et al. 2004, 2006,
Salcher et al. 2011, Zeng et al. 2012).
A crucial function of aquatic bacteria is the degradation of organic matter and the resulting recycling
of nutrients and carbon (Azam et al. 1983, Sherr &
Sherr 1991). Of the planktonic primary production,
30 to 60% is mineralized by heterotrophic bacteria
(Biddanda et al. 1994, Del Giorgio et al. 1997). In
aquatic environments, organic matter is divided into
dissolved organic matter (DOM) and particulate
organic matter (POM). In lakes, the POM fraction is
estimated to contribute approximately 10% of the
total organic matter and mainly consists of polymeric,
high molecular weight compounds (Siuda & Chróst
2002). Amino sugars (ASs) and amino acids (AAs) are
building blocks of a number of these biopolymers.
Among these biopolymers are proteins, polysaccharides exuded from phytoplankton (Giroldo et al.
2003), and chitin, which is synthesized by diverse
aquatic organisms (crustaceans, fungi, diatoms).
ASs and AAs have been used to indicate the quality and origin of POM. For instance, the relative
abundance of specific particulate ASs and AAs can
indicate the degradation state of POM (Lee & Cronin
1984, Haake et al. 1992, Dauwe & Middelburg 1998).
In a previous study on the lakes studied here (see
below), the ratios between the particulate ASs glucosamine (GlcN) and galactosamine (GalN) showed
a strong decline below the zone of primary production (Carstens et al. 2012). This finding was related to
a shift from the AS signature of organisms of higher
trophic levels in the euphotic zone towards the signal
of heterotrophic microorganisms and progressing
degradation of POM. Relative to ASs, AAs are preferentially utilized and, thus, the ratios between AAs
and ASs decrease during microbial decomposition
(Dauwe & Middelburg 1998, Davis et al. 2009).
A different measure for the degradation state of
primary produced POM is the chlorin index (CI)
introduced by Schubert et al. (2005). The CI is based
on the oxidation state of chlorins, the degradation
products of chlorophyll. It increases for degraded
material and has proven to be a powerful tool for
characterizing the initial stages of POM degradation
in marine and lake environments (Meckler et al.
2004, Schubert et al. 2005, Bechtel & Schubert 2009,
Carstens et al. 2012).
Organic particles have been identified as hot spots
of microbial activity. Particle-associated bacteria
have been shown to hydrolyze more organic matter

than they take up and, thus, they are considered to
provide significant growth substrates for free-living
bacteria in the surrounding waters (Smith et al. 1992,
Grossart & Simon 1998). As specific bacterial guilds
are specialized in the degradation of certain substrates (Peter et al. 2011, Salcher et al. 2012), it would
be expected that organic matter quality and composition have a strong impact on the structure of BCs.
Shifts in freshwater BCC related to organic matter
quality changes in time or between water bodies
have been shown previously (Crump et al. 2003,
Roiha et al. 2011). Recently published studies on
diverse temperate lakes have further revealed distinct dynamics of particle-associated (> 5 µm) and
free-living (> 0.2, < 5 µm) BCs in relation to biotic and
abiotic factors (Allgaier et al. 2007, Parveen et al.
2011, Rösel et al. 2012). However, at present our
understanding of the interactions between organic
matter and BCC in the particle-associated and freeliving fractions during the sedimentation process in
deeper lakes is very limited.
In the present study, we aimed to analyze the vertical compositional changes of BCs in relation to compositional shifts and quality of POM in the water column of 2 contrasting lakes. The particle-associated
and the free-living BCs were separated via serial filtration. The vertical compositional changes of both
BCs were analyzed by automated ribosomal intergenic spacer analysis (ARISA) and linked to bulk
parameters such as total organic carbon (TOC),
oxygen (O2), pH, temperature (T), and to various
parameters indicating POM degradation state and
composition.
We hypothesized that shifts in the composition and
degradation state of POM in a lake water column are
accompanied by shifts in bacterial abundance and
BCC. Further, we hypothesized that distinct environmental parameters shape the BCs in an oligotrophic,
fully oxic water column compared to a eutrophic,
partially anoxic water column. Finally, different
structure−function relationships were expected for
particle-associated versus free-living BCs.
To test these hypotheses, we applied redundancy
analysis (RDA) and partial RDA in combination with
forward selection to identify the environmental
parameters with the strongest impact on the BCC
dynamics. Variation partitioning was performed to
test the significance of the individual contribution of
each variable. Whereas amino-compound based degradation indices performed less well as predictors
for the structure of the particle-associated BCs, the
CI appeared to be a good explanatory parameter for
the total bacterial cell abundance and the vertical
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compositional shifts of the free-living BCs. In comparison to the free-living BCs, the particle-associated
BCs of both lakes appeared to be more determined
by the sampling date and pH.
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graph (1.7 mM nitric acid/0.7 mM dipicolinic acid
eluant, 0.9 ml min−1 flow rate) equipped with a
Metrohm Metrosep C4 column.

Particulate amino acids
MATERIALS AND METHODS
Sampling site and sampling
The characteristics of the 2 lakes studied in
Switzerland are described in detail elsewhere (Köllner et al. 2012). Briefly, Lake Brienz (LB) is an oligotrophic, fully oxic lake with a maximum depth of 259
m. The South Basin of eutrophic Lake Zug (LZ) is
meromictic and anoxic below 130 m. It has a maximum depth of 200 m.
The sampling procedure is also described in detail
elsewhere (Köllner et al. 2012). Briefly, LB was sampled in mid-May and mid-September 2009, and the
South Basin of LZ was sampled at the end of March
and end of October 2009. Based on T and O2 profiles,
water from LB was sampled at 5, 10, 20, 30, 40, 70,
100, 150, 200, and 240 m depth and from LZ at 5, 10,
15, 25, 60, 80, 100, 130, 170, and 190 m. For both
lakes, the samples were collected over the deepest
point of the basin. For AA, AS, and CI analyses
(described below), POM from the same depths was
sampled onto 2 stacked pre-combusted glass fiber
filters (nominal pore size 0.7 µm, 142 mm diameter;
Whatman) with in situ pumps (McLane Research
Laboratories) until filters were clogged.

Water chemistry
Concentrations of TOC and total nitrogen (TN)
were taken from Köllner et al. (2012). Total phosphorus (TP) concentrations were determined photometrically in unfiltered water samples with the molybdenum blue method of Vogler (1965). Alkalinity was
analyzed by titration with 0.1 N HCl to pH 4.3 with
an automatic titration system (716 DMS Titrino,
Metrohm). For determination of chloride (Cl−), nitrate
(NO3−), and sulfate (SO42−) concentrations, aliquots
were filtered through cellulose acetate filters with
0.45 µm pore size (Whatman). Analysis was performed using a Metrohm ion chromatograph (3.2 mM
Na2CO3/1.0 mM NaHCO3 buffered solution, 0.7 ml
min−1 flow rate) and a Metrohm Anion Metrosep A
Supp 5 column. Concentrations of the base cations
calcium (Ca2+), magnesium (Mg2+), and sodium (Na+)
were also measured with a Metrohm ion chromato-

The concentrations of 14 particulate AAs, alanine
(Ala), glycine (Gly), threonine (Thr), serine (Ser),
valine (Val), leucine (Leu), isoleucine (Ile), proline
(Pro), aspartic acid (Asp), methione (Met), glutamic
acid (Glu), phenlyalanine (Phe), tyrosine (Tyr), and
lysine (Lys), were measured. For this purpose, one
quarter of each 0.7 µm filter was hydrolyzed with
6 mol l−1 HCl for 20 h at 110°C under N2. Prior to
hydrolysis, L-norleucine (Sigma) was added as an
internal standard. The samples were then processed
as described previously (Carstens & Schubert 2012)
using a GC system with a flame ionization detector
(Shimadzu Scientific Instruments) and a 5MS/NP
column (20 m, 0.25 mm inner diameter, and 0.25 µm
film thickness, GL Sciences).

Degradation index, particulate amino sugars,
and CI
The data for particulate ASs, the degradation index
(DI), and the CI, which is based on the degradation
state of chlorins, have been published previously and
methods of analysis were described in detail elsewhere (Carstens & Schubert 2012, Carstens et al.
2012). The DI is an amino-acid based index that was
developed by Dauwe & Middelburg (1998) and
Dauwe et al. (1999) and was applied with minor modifications as described by Carstens & Schubert
(2012).

Total bacterial cell counts
The data for total number of bacterial cells were
published previously (Carstens et al. 2012). Analysis
was performed with a CyFlow Space instrument
(Partec) as described elsewhere (Carstens et al.
2012). Briefly, water was sampled using sterile 50 ml
centrifuge tubes (Greiner Bio-One). Bacterial cells
were fixed by adding freshly prepared 20% paraformaldehyde (Sigma) to a final concentration of 2%.
Of the fixed sample, 1 ml was mixed with 10 µl ml−1
SYBR Green I (1:100 dilution in dimethyl sulfoxide;
Molecular Probes) and incubated in the dark for
15 min at room temperature to stain bacterial cells.
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DNA extraction
To separate the free-living and the particle-associated BCs, ~5 l of water from each sampled depth
were filtered through a 5.0 µm isopore membrane
filter (Millipore) and a 0.2 µm polycarbonate filter
(Whatman), each 142 mm in diameter, connected in
series and processed for DNA extraction as described
previously (Köllner et al. 2012).
The quality of DNA extracts was checked using
agarose gel (1%) electrophoresis. Extracted DNA
was quantified by fluorescence spectroscopy using
the Quant-iT PicoGreen dsDNA Assay Kit (Molecular Probes) and a Synergy HT microplate reader (BioTek Instruments). The DNA extraction yields per
filter and water depth are available in Table S1 in the
Supplement at www.int-res.com/articles/suppl/a069
p081_supp.pdf).

Amplification of ribosomal intergenic spacer
fragments
Intergenic ribosomal spacer fragments were amplified from 10 ng of extracted DNA as described previously (Fisher & Triplett 1999, Yannarell et al. 2003).
One µl of ARISA-PCR product was added to a master
mix containing 0.5 µl of internal size standard LIZ
1200 (GeneScan, Applied Biosystems) and 9 µl of
deionized Hi-Di formamide (Applied Biosystems). After denaturation for 3 min at 95°C, the samples were
immediately placed on ice. Fragment size analysis
was performed on an ABI 3130xl capillary sequencer
using a 50 cm, 16-capillary array and POP-7 polymer
(Applied Biosystems). Fragment analysis was performed with GeneMapper software v 4.0 (Applied
Biosystems). Only peaks with sizes between 350 and
1250 bp and a minimum peak height of 150 fluorescence units were considered for analysis. The capillary
electrophoresis was performed with triplicate ARISAPCR samples of the particle-associated BCs and quadruplicate ARISA-PCR samples of the free-living BCs.
Only peaks with a consistent presence in 2 (particleassociated) to 3 (free-living) ARISA-PCR replicates
were included in further analyses.

Binning
Binning of ARISA fragments was performed as described previously (Ramette 2009). In order to determine the best window size (WS), the automatic R (R
Development Core Team 2009) binning script (avail-

able online at www.mpi-bremen.de/en/Software_2.
html) was applied to replicates of at least 1 representative sample (highest number of ARISA fragments) for
each sampling and both bacterial size fractions. The
correlation between the replicates and the respective
number of operational taxonomic units (OTUs) for a
series of WS values (0.5, 1, 1.5, 2, 3, 4, and 5 bp) and a
shift value (Sh) of 0.1 bp was calculated. As a compromise between high resolution and high similarity between sample replicates, a WS of 3 bp was used for the
OTU binning algorithm for ARISA profiles from both
free-living and particle-associated BCs.

Statistical analyses
All statistical analyses were performed using the
statistical software R version 2.14.0 with packages
VEGAN (Oksanen et al. 2011) and BIODIVERSITY R
(Kindt & Coe 2005). For cluster analysis, average
linkage of hierarchical cluster analysis was used with
the distance among communities calculated as BrayCurtis distances. Prior to cluster analysis and RDA,
the ARISA-OTU data were Hellinger-transformed
(Legendre & Gallagher 2001, Ramette 2007). The
environmental data used for principal component
analysis (PCA) and RDA were z-standardized to offset different units and scales, and their corresponding abbreviations are given in Table 1. For linear
model analysis, environmental data that were not
normally distributed (Shapiro-Wilk test, p > 0.001)
were log-transformed. Variables that were not normally distributed even after transformation were not
included in the analysis.
RDA was performed as described by Borcard et al.
(2011b). For variable reduction and in order to create
an efficient model from the most significant explanatory variables, forward selection of constraints using
the forward.sel function of the R package packfor
(Dray et al. 2009) and VEGAN’S ordistep function
were applied according to Borcard et al. (2011a). Two
variable selection procedures were applied to test
whether both select for the same most significant explanatory variables. The RDA model was tested by
performing partial RDA, with depth as the conditional
variable, and variation partitioning (Legendre & Gallagher 2001, Peres-Neto et al. 2006) to test the significance of the contribution of each individual variable.
In order to investigate whether there are significant differences in the composition of free-living and
particle-associated BCs, a multiple response permutation procedure (MRPP) was computed using the R
package VEGAN.
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Table 1. Environmental variables used for ordination analyses (principal component and redundancy analyses) and
their corresponding abbreviations
Variable

Abbreviation

Total organic carbona
Total nitrogena
Ratio between total organic carbon
and total nitrogena
Total phosphorusa
Nitratea
Sulfatea
Calciuma
Sodium
Chloride
Magnesium
Alkalinitya
Oxygena
pHa
Temperaturea
Particulate glucosaminea
Particulate mannosaminea
Particulate galactosaminea
Particulate muramic acida
Particulate glutamic acida,b
Ratio between particulate glucosamine
and particulate galactosaminea
Sum of particulate amino acid concentrations divided by the sum of particulate
amino sugar concentrationsa
Chlorin indexa
Degradation index

TOC
TN
C:N
TP
NO3−
SO42−
Ca2+
Na+
Cl−
Mg2+
–
O2
–
T
GlcN
ManN
GalN
MurA
Glu
GlcN:GalN
AAs:ASs

CI
DI

a

Parameters used for redundancy analysis
A strong correlation between the various AAs was
observed (Fig. 3), Glu was used as representative of the
14 amino acids (AAs) measured. For abbreviations of
other individual AAs evaluated in this study see the section ‘Particulate amino acids’ and www.ncbi.nlm.nih.
gov/Class/MLACourse/Modules/MolBioReview/iupac_
aa_abbreviations.html

b

The total bacterial cell number and the number of
ARISA-OTUs each were analyzed as a function of
multiple factors (lake, sampling date, depth) by a
linear model approach using ANOVA in R. In order to
find the best subset of environmental variables for
predicting total bacterial cell counts and OTU number,
the stepAIC() function from the R package MASS
(Venables & Ripley 2002) and ANOVA were used.

RESULTS
Physico-chemical and biological characterization
on the sampling dates
The physico-chemical and biological characterization of the lakes, which were sampled in spring and
fall 2009, are described in detail elsewhere (Carstens
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et al. 2012, Köllner et al. 2012) and are available in
Table S2 in the Supplement). In short, at both sampling times, the water column of LB was fully oxic.
For LZ, anoxic conditions were measured below
130 m (O2 < 0.1 mg l−1). LB was thermally stratified on
both sampling dates. In May, T was constantly 5°C
below a water depth of 70 m (hypolimnion), while in
September the hypolimnion ranged from 40 to 240 m
water depth. The maximum T of 14°C was measured
in September at 5 m water depth in LB. For LZ, the
maximum T of 13°C was measured in the surface
waters (5 and 10 m water samples) in October, when
a late fall phytoplankton bloom was observed. In
March, the water column of LZ was not thermally
stratified, with T values below 5°C throughout the
water column. For both lakes, the pH was higher in
spring than in fall and ranged from 7.2 (LZ October,
190 m) to 8.5 (LZ March, 15 m).

Degradation indices based on particulate amino
acids and amino sugars
The vertical shifts of particulate AS concentrations
were published elsewhere (Carstens et al. 2012) and
are available in Table S2. Particulate AA concentrations are shown in Table S3. For both lakes and sampling dates, the particulate AA concentrations decreased with water depth with a slight increase just
above the sediments. The most abundant AAs were
the acidic AAs Glu (up to 473 nmol l−1) and Asp (up to
393 nmol l−1) and the neutral AAs Leu (up to 309 nmol
l−1), Ala (up to 287 nmol l−1), and Gly (up to 239 nmol
l−1). Maximum AA concentrations were measured for
the 5 m water depth of LZ sampled in October. The
AA concentrations of LZ were 2- to 10-fold higher
than for LB. Minimum concentrations (<1 nmol l−1)
were measured for the sulfuric AA Met and the aromatic AA Tyr for both lakes and sampling dates.
The DI, which is based on the variation of mole percentages of particulate AAs, and the AA:AS ratios
are shown in Fig. S1 in the Supplement at www.intres.com/articles/suppl/a069p081_supp.pdf in the context of the vertical profiles of GlcN:GalN and CI,
which were already published elsewhere (Carstens
et al. 2012). As Ala could not be detected for 10, 150,
and 240 m water depth of LB in September, the DI
was not calculated for these samples. In May, the DI
showed a trend towards lower values with depth,
which would indicate a degradation of sedimenting
material (Dauwe et al. 1999). For LZ, the DI showed a
drop in the water depth where the water column got
anoxic and increased again for deeper water layers.
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Total bacterial cell counts
The highest total bacterial cell counts were detected in the epilimnion of LZ (Carstens et al. 2012).
Linear model analysis using ANOVA was applied to
investigate the effect of multiple factors (lake, sampling date, depth) on the total bacterial cell abundance. Each of the 3 factors had a significant effect
on the total bacterial cell abundance (lake: p < 0.001,
depth: p < 0.001, sampling date: p < 0.05), but not in
an interactive manner. According to the results of the
Shapiro-Wilk test (p > 0.001) linear model analysis
(ANOVA) in combination with stepwise selection
was performed with the following variables: TN, pH,
DI, log(TP), log-transformed ASs, log-transformed
AAs, log(GlcN:GalN), log(CI), log(C:N) and log(AAs:
ASs). Instead of using all AAs in the linear model
analysis, log(Glu) was used to represent all AAs. The
final model for the total bacterial cell counts was
log(cells) ~ log(GlcN) + log(CI) + log(AAs:ASs).

OTU number and community structure of
particle-associated and free-living bacteria

mental constraints as described for the total bacterial
cell number resulted in the following final model:
OTUs ~ TN + pH + DI + log(TP) + log(GlcN) +
log(Glu) + log(C:N) + log(AAs:ASs).
For the OTU number of the free-living BCs, the
most significant effect was the lake−sampling date
interaction (p < 0.001), followed by the lake−depth
interaction (p < 0.01), the sampling date−depth interaction (p < 0.05), season (p < 0.05) and depth (p <
0.05). Linear model analysis (ANOVA) and stepwise
selection of environmental contraints resulted in the
following final model for the vertical shifts of the OTU
number of the free-living BCs: OTUs ~ DI + log(TP) +
log(GlcN) + log(GalN) + log(MurA) + log(Glu) +
log(GlcN:GalN) + log(CI) + log(C:N) + log(AAs:ASs).
The cluster analysis of the ARISA profiles of particle-associated BCs separated LB and LZ into distinct
clusters (Fig. 2A). Within the LZ cluster, the anoxic
water samples were separated from the oxic water
samples. The subclustering of the oxic water samples
of both lakes was determined by the sampling date.
In comparison, for the free-living BCs the 2 main
clusters were formed by the anoxic water layers of LZ
and the oxic water layers of both lakes (Fig. 2B). In
the oxic water cluster of LZ, the 25 m water depth
sampled in October was distinct from the epilimnion
and grouped with the water depths sampled along
the oxycline of LZ. Within the LB cluster, the hypolimnion was distinct from the epilimnion. The LB

The number of OTUs was defined by the number
of detected ARISA fragments. Per water depth, it
ranged from 48 ± 1 (mean ± SD) to 75 ± 2 and from
21 ± 1 to 69 ± 1 for the free-living and the particleassociated BCs, respectively (Fig. 1).
When performing a pairwise comparison per sampling depth (separately for
each sampling date and lake), the
OTU number of the free-living BCs
was significantly higher compared to
the particle-associated BCs (pairwise
t-test, α = 0.05, p < 0.0001) with the
exception of LZ in October (t-test, α =
0.05, p = 0.08). Comparing lakes, the
number of OTUs was not significantly
different (t-test, α = 0.05: free-living,
p = 0.80; particle-associated, p = 0.60).
As for the total bacterial cell number, the effect of multiple factors (lake,
sampling date, depth) on the number
of ARISA-OTUs was investigated. For
the OTU number of the particle-associated BCs, the most significant effect
Fig. 1. Number of ARISA-operational taxonomic units (OTUs) analyzed for the
was the lake−depth interaction (p <
free-living bacterial communities (BCs; open symbols) and particle-associated
0.001) and sampling date (p < 0.001).
BCs (filled symbols) of (A) Lake Brienz sampled in May and September 2009
The effect of the lake−sampling date
and (B) Lake Zug sampled in March and October 2009. Error bars indicate
interaction was also significant (p <
standard deviations of triplicate or quadruplicate ARISA fragment analysis of
particle-associated or free-living BCs, respectively
0.05). Stepwise selection of environ-
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Fig. 2. Hellinger-transformed ARISA data of (A) particle-associated and (B) free-living bacterial communities (BCs). Water of
Lake Brienz (LB, triangles) was sampled in May and September 2009 and of Lake Zug (LZ, circles) in March and October 2009
based on temperature and O2 profiles (Köllner et al. 2012). Symbol colors indicate grouping by season and water layer, i.e. for
LB epi- and hypolimnion and for LZ, oxic, oxycline, and anoxic water layers. Hierarchical cluster analysis was performed using
average linkage, and Bray-Curtis distances were calculated from ARISA peak abundance. Bootstrap values in % from 1000
replicates are given at branch nodes

hypolimnion cluster included the 70 to 240 m water
depth of the spring sampling and the 40 to 240 m
water depth of the fall sampling. This finding is in
good agreement with recorded conductivity-temperature-depth profiles (Köllner et al. 2012).
The MRPP test showed that for both lakes the
particle-associated BCs were significantly different
from the free-living BCs (mean distance within
groups = 0.58, mean distance between groups =
0.79). The BCs appeared more similar within the
free-living fraction (LB: δ = 0.41, LZ: δ = 0.57) than

within the particle-associated fraction (LB: δ = 0.63,
LZ: δ = 0.71). The significance of the delta scores
based on 999 permutations was 0.001.

Explanatory variables with the strongest influence
on between- and within-lake variability of the
bacterial community structure
In total, we assembled and evaluated 36 variables
(listed in Table 1), which included concentrations of
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TOC, TN, TP, ions, alkalinity, pH, T, O2, concentrations of particulate ASs and AAs, ratios thereof, the
DI, and the CI to determine their influence on the BC
structures.
As a first step, PCA was performed on this initial
set of environmental variables. The circle of equilibrium contribution identified TP, TOC, ions, alkalinity,
O2, and T as the variables contributing most to the
ordination graph (Fig. 3). The 2 lakes were clearly
separated, which reflects the high concentrations of
ions, TOC, and TP of LZ and the high SO2–
4 and O2
concentrations of LB. The 5 to 25 m and the 5 to 15 m
water layers of LZ sampled in spring and fall, respectively, segregated from the main LZ cluster (Fig. 3).
The 5 and 10 m water samples from fall plotted outside of the equilibrium circle. This is mainly due to
the high AS and AA concentrations in the surface
waters of LZ. Fig. 3 further illustrates the high degree
of overall correlation between the various amino
compounds measured, as well as their distinctness
from bulk parameters such as TN and TOC.
Based on the observed collinearities between various AAs and between various ions measured, the
RDA was based on a reduced set of 19 explanatory
2+
variables, TOC, TN, TP, NO3−, SO2–
4 , Ca , alkalinity,

Fig. 3. Principal component analysis of 36 environmental
variables and circle of equilibrium contribution which highlights the variables contributing significantly to the ordination, i.e. variables that have vectors outside of the equilibrium circle. The first 2 axes represent 76.8% of the variance.
For abbreviations used see Table 1. Water samples from
Lake Brienz are symbolized by triangles and Lake Zug by
circles. For color code see Fig. 2

O2, pH, T, GlcN, ManN, GalN, MurA, Glu (as representative for all AAs), GlcN:GalN, C:N, AAs:ASs, and
the CI.
As the anoxic communities of LZ followed a very
different dynamic (Fig. 2), particular trends between
the different BCs of the 2 lakes may be obscured in
the RDA. In this section, we mainly describe the
results for the RDA of the oxic water samples. The
RDAs including the anoxic water samples are shown
in Fig. S2 in the Supplement.
Given the considerable collinearities between the
various environmental variables, variable selection
was applied. The forward.sel and the ordistep functions both selected the same set of 10 explanatory
variables for the RDA of the particle-associated BC
data (Fig. 4A). pH was strongly correlated with
axis 2, which indicates its influence on the sampling
date related variation of the particle-associated
BCC. The separation of the particle-associated BCs
of LZ and LB along the first axis and of the sampling
dates along the second axis was preserved in the
RDA also comprising the anoxic water samples (see
Fig. S2A in the Supplement). Variation partitioning
showed that all variables in the RDA model contributed significantly to the model, except for TOC
(see Table S4 in the Supplement). The highest individual contributions were attributed to T, C:N, and
CI. Partial RDA with depth as the conditional variable (Fig. S3A in the Supplement) slightly emphasizes the effect of T.
For the free-living BCs, the same explanatory variables as for the particle-associated BCs except for pH
were selected (Fig. 4B). The parsimonious RDA indicated that within-lake variability was best explained
by the variables T, NO3−, and CI. Partial RDA with
depth as the conditional variable (Fig. S3B in the
Supplement) reduces the apparent effect of the
highly depth-correlated CI. Variation partitioning
showed that all variables in the RDA model contributed significantly to the model (see Table S4 in
the Supplement). The highest individual contributions were attributed to T, C:N, and SO2–
4 .
Reflecting the main differences between the 2
lakes (Fig. 3), the BCs of LB were always correlated
−
to high SO2–
4 , O2, and NO3 concentrations, and the
BCs of LZ were always correlated to high alkalinity,
C:N, TOC, and TP concentrations (Figs. 4 & S2).

DISCUSSION
We investigated the influence of concentrations
and quality of particulate organic compounds in
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Fig. 4. Redundancy analysis (RDA) triplots of Hellinger-transformed ARISA data of (A) particle-associated and (B) free-living
bacterial communities (BCs) and constraining environmental variables. Only oxic water samples were plotted. For the RDA of
the particle-associated BCs, the first 2 canonical axes explain 37.8% of the total variance of the data. For the RDA of the
free-living BCs, the first 2 canonical axes explain 40.5% of the total variance of the data. Water samples from Lake Brienz are
symbolized by triangles and Lake Zug by circles. For color code see Fig. 2

addition to bulk physico-chemical parameters on the
vertical structure of BCs in the water columns of 2
contrasting lakes. Due to the strong depth-related
gradients by which a lake water column is characterized and many of which are autocorrelated, care has
to be taken in identifying the environmental variables that drive vertical bacterial dynamics. In the
present study, we used a stepwise reduction of variable complexity aided by forward selection to extract
the set of environmental variables with the strongest
influence on the BCC dynamics. We analyzed both
full and partial datasets, e.g. separate analysis of the
oxic/anoxic water body, to confirm consistency of
trends. Further, we applied partial RDA with water
depth as the conditional variable and variation partitioning to test the significance of the individual contribution of each environmental variable. Finally, we
evaluated the probable causality of the considered
variables.
The BCs in the 2 contrasting lakes selected for this
study were clearly separated (Fig. 2), which was best
explained by the distinct concentrations of TOC, TP,
SO4, NO3, O2, and alkalinity (Fig. 4), variables generally related to the different trophic statuses of the 2
lakes. Gradients of TOC together with primary productivity were suggested previously as fundamental
determinants of freshwater BCC dynamics (Yannarell & Triplett 2004, Allgaier & Grossart 2006), as
these parameters integrate over the sources of
energy used by bacteria for growth.

As expected, the anoxic hypolimnion of LZ harbored a unique BC. As bacteria in this region will
have to rely on anaerobic respiration and fermentation, it is to be expected that only few organisms with
highly flexible metabolism will thrive both above and
below the oxycline.
The strong effect of T on both the composition of
the particle-associated and the free-living BCs probably reflects the physical and biological structure of
the lake, rather than it being a direct influence by
itself: warm and light zone of primary production in
the surface waters versus dark and cold conditions in
the hypolimnion, the zone of detrital matter turnover.
T has previously been demonstrated as a significant
variable reflecting the variance between epilimnion
and hypolimnion BCs (Shade et al. 2008).
In comparison to the free-living BCs, the particleassociated BCs were more variable in their composition and stronger influenced by the sampling date
and pH. pH has previously been identified as an
important driver of biogeochemical transformations
and as a cause of shifts in lake BCC (Lindström 2000,
Yannarell & Triplett 2005). pH is also the most important driver of soil BCC (Fierer & Jackson 2006).
The stronger impact of the sampling date on particle-associated BCs compared to free-living BCs is in
good agreement with recently published studies on
the dynamics of these bacterial groups in lakes
located in Germany (Rösel & Grossart 2012, Rösel
et al. 2012). The pronounced seasonal dynamics of
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particle-associated BCs were linked to their tighter
coupling to phyto- and zooplankton, as particle-associated bacterial species strongly correlated to algal
species and zooplankton biomass were found (Rösel
et al. 2012). In the lakes presented here, the zooplankton and phytoplankton of LZ differed substantially between the spring and the fall sampling, in
both biomass and composition (Köllner et al. 2012),
while it remained more constant in LB. This may be
reflected in the stronger separation of particle-associated BCs in LZ by the sampling date (Fig. 4A). The
influence of seasonal phytoplankton successions on
the BCC was shown previously, as different algal
species are sources for different types of substrates
utilized by the bacterioplankton (Lindström 2001,
Crump et al. 2003, Eiler & Bertilsson 2007, Šimek et
al. 2011). The > 5 µm fraction probably also comprises
the preferred food particle size of crustaceans (Langenheder & Jürgens 2001). Therefore, BCs in the
> 5 µm fractions are probably more closely associated
with the seasonal dynamics of these biota.
The abundance of specific particulate amino compounds and the derived degradation indices performed less well as predictors for BCC dynamics in
the lake water columns. The GlcN:GalN and the
AAs:ASs patterns (Fig. S1 in the Supplement) indicate that within the water column of both lakes, the
degradation dynamics of particulate amino compounds were mainly restricted to the surface waters.
However, linear model results assigned particulate
amino compounds as significant determinants for
the number of ARISA-OTUs (Fig. 1) of both the particle-associated and the free-living BCs, and for the
total bacterial abundance. Particulate amino compounds are not only significant growth substrates
for particle-associated BCs, which accomplish the
hydrolysis of POM, but also for the free-living bacteria profiting from the hydrolysis products released
as DOM in the surrounding water (Grossart &
Simon 1998, Beier & Bertilsson 2011, Salcher et al.
2012). DOM is the major source of carbon and
energy for aquatic microbes (Azam et al. 1983).
However, in oligotrophic LB, concentrations of dissolved amino compounds were below the limit of
detection. For LZ, for which concentrations of dissolved ASs could be measured, the degradation
indices AAs:ASs, CI, and C:N correlated significantly (p < 0.001, n = 20, data not shown) with the
concentrations of dissolved GlcN and GalN and
DOC, which indicates the significance of the degradation of particulate amino compounds and primary
produced POM for the release of important growth
substrates for aquatic biota.

The chlorin-based degradation index CI was found
to be associated with the within-lake variation of the
free-living BCC (Figs. 4B & S2B in the Supplement).
This was the case in both lakes despite the contrasting nutrient and redox conditions. We do, however,
note that CI is highly correlated with water depth in
both systems, and consequently, its explanatory
power is reduced when the effect of the water depth
is eliminated (partial RDA, Fig. S3B in the Supplement). For both lakes and samplings, the CI increased throughout the water column towards the
lake sediments, indicating POM degradation of sedimenting material (Carstens et al. 2012). Variation
partitioning and linear model analysis showed that
the CI also contributed significantly to explaining the
variance of the particle-associated BCs and the total
bacterial abundance. CI may be a particularly good
indicator for the influence of organic matter on the
abundance and composition of lacustrine bacteria
since it is based on the degradation of chlorophyll
and thus directly linked to the main source of
degradable organic matter in the studied lakes, i.e.
phytoplankton. Similarly, Rösel & Grossart (2012)
associated increased bacterial abundance following
phytoplankton spring blooms with higher abundance
of algal detritus.
In conclusion, the present study provides evidence
that not only bulk environmental parameters like
TOC, O2, T, and pH, but also the concentration and
quality of POM, drive the abundance and composition of lacustrine BCs. The stronger temporal dynamics and the higher compositional variability of
the particle-associated BCs compared to the free-living BCs fit well to previous long-term studies of particle-associated bacteria in temperate lakes (Rösel et
al. 2012). Thus, future studies on the environmental
factors shaping the vertical dynamics of lacustrine
BCs should be analyzed on separated bacterial size
fractions. We further recommend including the CI as
a proxy for organic matter degradation state in future
investigations on the ecology of lacustrine bacteria.
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