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The dynamics of dissolved organic matter (DOM) and the succession of bacterial

community composition (BCC) were investigated during bloom of filamentous

cyanobacteria in a mesocosm experiment conducted in the western Gulf of Finland, the

Baltic Sea. The effects of labile dissolved organic carbon (glucose), inorganic nutrients (N

and P) and large zooplankton (> 100µm) on the DOM pool, bacterial production and the

composition of bacterial communities were analyzed over a period of 10 days. In addition,

the bioavailability of dissolved organic carbon (DOC) and its turnover by heterotrophic

bacteria (biomass and respiration) were investigated in three 1-week bacterial bioassays.

Heterotrophic bacteria rapidly utilized about 25–55% of the DOC released from the

plankton community, thus assuming it to be highly labile DOC. More than half of the

accumulating net DOC pool was degraded over 7 days, thus assuming it to be labile.

In average, labile autochthonous DOC was degraded with bacterial growth efficiency

of 25%. A distinct succession of bacterial communities accompanied the supply of

autochthonous DOM, with the most prominent responses occurring in a few single

phylotypes of the Delta- and Gammaproteobacterial classes. About 40% of the variation

in the relative shares of dominant bacterial classes could be explained by changes in

the functional groups of autotrophs. Inorganic nutrient treatment proved beneficial to

Deltaproteobacteria and increased bacterial production over that of other mesocosms.

Keywords: Gulf of Finland, the Baltic Sea, cyanobacterial bloom, bacterial community composition, mesocosm

experiments, assimilation of DOC

INTRODUCTION

In surface waters, heterotrophic bacteria, which can process about 50% of primary production
within short time frames (weeks), are the main degraders of the DOM (Ducklow and Carlson,
1992). The biological degradability of DOM molecules forms a continuum from highly labile
DOM (HLDOM) that can be utilized within hours or days, resulting in nanomolar ambient
concentrations, to refractory compounds that can resist bacterial degradation for millennia
(Williams and Druffel, 1987; Keil and Kirchman, 1999). Biologically available DOM pools are
often divided into labile DOM (e.g., Søndergaard et al., 2000; Hoikkala et al., 2012) that causes
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short-term (hours–days–weeks) variability in the DOM
concentrations and semilabile DOM (degraded within months)
that controls the seasonal variability of the DOM concentrations
(e.g., Williams, 2000; Lønborg and Søndergaard, 2009). The
semilabile DOM accumulates in the surface waters during
the productive season (e.g., Copin-Montégut and Avril, 1993;
Carlson et al., 1994; Kulinski et al., 2011; Hoikkala et al., 2012)
and can support the production of specialist bacteria during the
non-productive season such as winter (Kisand et al., 2005).

Carbon cycling is modulated largely by the bacterial
assimilation of DOC, and the transfer efficiency of C via
microbial loop to higher trophic levels. The transfer efficiency
of assimilated C is affected by the bacterial growth efficiency
(BGE; i.e., the ratio of bacterial C biomass produced to the DOC
assimilated). The production of bacterial biomass can fuel higher
trophic levels via grazing by heterotrophic nanoflagellates or
become recycled by viral lysis. The rest of the C assimilated is lost
as CO2 in bacterial respiration. BGE varies with the productivity
of aquatic systems and ranges from 1% in oligotrophic systems to
over 50% in most eutrophic ones (del Giorgio and Cole, 1998).
BGE is largely regulated by temperature and the quality of the
DOM (del Giorgio and Cole, 1998; Apple and Del Giorgio, 2007).
The ratio can vary several-fold within a system. For example,
the BGE values of bacterial communities in the Gulf of Riga, the
Baltic Sea, ranged from 5 to 60% between seasons (e.g., Donali
et al., 1999). How organic C, produced by primary production,
partitions into pools of bacterial biomass, CO2 and DOC, has
important biogeochemical consequences, affecting food chain
efficiency and oxygen consumption and, thus, the CO2 and O2

balance of the photic zone in aquatic systems.
The utilization of DOM compounds varies between major

bacterial phylogenetic groups (e.g., Cottrell and Kirchman,
2000; Elifantz et al., 2005; Alonso-Sáez and Gasol, 2007; Teira
et al., 2010; Gómez-Consarnau et al., 2012; Teeling et al.,
2012). For example, certain Gammaproteobacteria and the
Roseobacter of Alphaproteobacteria can react rapidly to an
increase in easily assimilated low-molecular-weight substrates
(e.g., Eilers et al., 2000; Alonso-Sáez and Gasol, 2007; Teira
et al., 2010; Teeling et al., 2012), whereas the common SAR11
clade ofAlphaproteobacteria can grow on highly diluted substrate
concentrations (Giovannoni et al., 2005). The vast range of
different DOM molecules in marine environments supports the
growth of highly diverse bacterial communities (Sarmento and
Gasol, 2012). The responses of bacterial groups to specific DOM
compounds vary across locations and seasons (Alonso-Sáez and
Gasol, 2007; Teira et al., 2010), suggesting that environmental
conditions, such as the availability of inorganic nutrients, may
modify them (Teira et al., 2010). Bacteria range from specialists
restricted to growth on specific substrates to generalists utilizing
a wide variety of substrates (Gómez-Consarnau et al., 2012).

Cosmopolitan, abundant bacteria with streamlined genomes
can probably grow only slowly, whereas many, rarely abundant
opportunistic taxa are potentially capable of rapid growth under
energy-rich conditions (Yooseph et al., 2010). Phytoplankton
blooms provide bacteria with a relatively rapid change in the
quality and quantity of substrates and, consequently, may induce
rapid changes in the composition of the bacterial plankton
community (e.g., Riemann et al., 2000; Pinhassi et al., 2004;

Teeling et al., 2012; Buchan et al., 2014). Phytoplankton blooms
have been shown to support the growth of limited numbers
of bacterial lineages, mainly members of the Rhodobacteraceae
family of classAlphaproteobacteria (including Roseobacter clade),
Gammaproteobacteria and Flavobacteriia (Riemann et al., 2000;
Pinhassi et al., 2004; Teeling et al., 2012; Buchan et al.,
2014). Major bacterial phylogenetic groups differ in their
responses to DOMs derived from different phytoplankton
species (Sarmento and Gasol, 2012), and differences in the
phytoplankton composition can lead to changes in the BCC
(Pinhassi et al., 2004).

Theoretical models that assume fixed parameter values
seem unable to simulate both bacterial growth intensities and
treatment response patterns recorded in mesocosm experiments,
suggesting that the more accurate reproduction of bacterial
productivity requires more flexible parametrization (e.g., flexible
growth yields, cell sizes or C:N:P stoichiometry, Lignell et al.,
2013). Temporal changes in these parameters can reflect the
succession of dominant groups in a bacterial community.
The complexity of the DOM pools and large taxonomic
diversity of bacterial communities hamper our understanding
of the interactions between bacterial groups and community
functioning (e.g., Gasol et al., 2008). Thus, more information
on the growth of bacterial groups in different environmental
conditions, such as different types of phytoplankton blooms,
is necessary to improve our understanding of the connections
between the composition of bacterial communities and the
biogeochemical cycling of C and nutrients.

The main aims of this study were (1) to evaluate the partition
of autochthonous organic C produced during the development
of a late summer cyanobacterial bloom into bacterial biomass,
CO2 and DOC, and (2) to examine the effects of the bloom
development on the composition of a bacterial community. In
addition, we investigated the sensitivity of C sequestration and
BCC to the availability of inorganic nutrients and labile C, as well
as to the presence of large zooplankton (>100µm), which could
affect bacterial growth via both the DOM supply from “sloppy
feeding” and trophic cascading effects on bacterial grazers.

MATERIALS AND METHODS

Mesocosm Experiment
We carried out a 10-day mesocosm experiment at a sheltered
archipelago site close to the Tvärminne Zoological Station in the
northwest Gulf of Finland, the Baltic Sea, from 2 to 13 July 2007.
In the study area, the water column stratifies during summer
with a thermocline at a depth of 10 to 15 m. After the spring
bloom, the surface layer becomes N depleted, and pico- and
nanophytoplankton dominate the phytoplankton community.
In this location blooms of diazotrophic (N2-fixing) filamentous
cyanobacteria emerge in July–August, driving the plankton
community toward combined N and P limitation (Lignell et al.,
2003).

We enclosed natural surface water into 10 floating 4-m3

plastic bags (diameter 1 m, depth 5 m) the day before the
experiments began. We treated nine mesocosms with nutrients
(NP; combined daily addition of 1µmol NH+

4 -N L−1 and
0.06µmol PO3−

4 -P L−1), glucose-C (S; daily addition of 10µmol
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C L−1) and a top predator (Z; addition of > 100µm to 10
times the natural concentration at the start of the experiment)
in all combinations (complete factorial 23 design; Table 1). Three
replicate mesocosms were treated with all additions (NPSZ). We
left one mesocosm untreated to serve as the Control. We sampled
and determined bacterial production daily, and DOC, DON,
and DOP concentrations every other day. We also sampled the
Control (Cont), NP, S, NPS, Z, and NPZ treatments every other
day for changes in bacterial community composition.

Labile DOC Pool Bioassays
During the mesocosm experiment, we examined the biological
availability of theDOCpool three times from selectedmesocosms
(Table 1). We pre-sieved <20µm of the water samples and
then filtered them through combusted (4 h at 400◦C) GF/F
glassfiber filters (retention at 0.7µm, Whatman) to remove
bacterial grazers and larger organisms. We dispensed five
replicate samples per mesocosm into 1-L glass bottles, amended
them with inorganic N (7.1µmol NH+

4 -N L−1) and P (1.4µmol
PO3−

4 P L−1) to ensure C-limitation of bacterial growth, and
incubated them in the dark at in situ temperature (from 12
to 19◦C) for 1 week. At least every other day, we analyzed
bacterial and heterotrophic nanoflagellate abundance, respiration
and concentrations of DOC and DON. To determine bacterial
community composition, we took samples from one replicate of
each treatment at the beginning, after 3 days and at the end of the
1-week incubation period.

Water Chemistry
We filtered samples through 0.2µm pore size filters (Minisart,
Sartorius) to determine the concentrations of inorganic and
dissolved organic nutrients. In the Tvärminne Zoological
Station laboratory, we measured inorganic nutrients (NH+

4 ,
NO−

3 + NO−
2 , PO3−

4 ) fresh according to Grasshoff et al.
(1983). We then stored filtered samples at −20◦C until the

TABLE 1 | Design of the 10-day mesocosm experiments and 1-week labile

dissolved organic carbon (LDOC) bioassay experiments.

Mesocosm Treatment LDOC bioassays

Day 0 Day 6 Day 10

Control (Cont) No treatment X X X

NP NH+
4 and PO3−

4 – X X

S Glucose – –

NPS NH+
4 , PO3−

4 and glucose – – X

Z Zooplankton – X X

NPZ NH+
4 , PO3−

4 and zooplankton – X X

SZ Glucose and zooplankton – – –

NPSZa-c NH+
4 , PO3−

4 , glucose, and

zooplankton

– – –

Daily nutrient supply rates to the mesocosms: N, 1µmol NH+
4 L−1d−1; P, 0.06µmol PO3−

4

L−1d−1; glucose (S), 10µmol C L−1d−1. We added top predator (Z) to 10 times the natural

concentration of >100µm zooplankton at the start of the experiment. We triplicated the

mesocosm with all its additions (NPSZ) and began LDOC bioassays on three sampling

days using water from selected mesocosms marked with an X.

determination of DOC and total dissolved N using a high-
temperature catalytic oxidation method with a Shimadzu
TOC-V CPH carbon and nitrogen analyser (Lignell et al.,
2008). Total dissolved phosphorus (TDP) was measured
spectrophotometrically after wet oxidation (Solórzano and Sharp,
1980), and DOP concentrations were calculated from TDP
concentrations subtracting PO3−

4 concentrations.

Autotrophs
For determining chlorophyll a (Chl-a) concentrations, duplicate
samples were filtered on GF/F glass fiber filters (Whatman) and
extracted in 96% ethanol (Jespersen and Christoffersen, 1987).
Chl-a fluorescence was measured with a spectrofluorometer
(Shimadzu RF-5000) using excitation and emission wavelengths
of 450 and 670 nm, respectively.

The abundance and size of filamentous cyanobacteria were
recorded on two fixed width transects over the phytoplankton
settling chamber by microscopy. For Aphanizomenon flos-
aquae the length of all filaments was recorded and for
Anabaena lemmermannii the cell number of all filaments was
recorded. For Pseudanabaena sp., the number of filaments was
recorded from each sample and the average filament length
was calculated from four samples and then used to calculate
the biovolumes in all samples. Biovolumes and C biomass
of all filamentous cyanobacteria were determined using values
reported in HELCOM PEG Biovolume reporting.

Bacterial Growth, Respiration, Carbon
Demand, and Growth Efficiency
We used flow cytometry as described in Gasol et al. (1999),
with few exceptions, to count the bacteria. In short, we
fixed 1-mL samples with a mixture of paraformaldehyde
(Sigma, final concentration 1%) and glutaraldehyde (Sigma, final
concentration 0.05%; Marie et al., 1996) incubated at room
temperature for 10min and stored at −80◦C. We stained the
samples with SybrGreen I (Sigma) and then used a Becton
Dickinson LSRII flow cytometer to count the stained cells.
We added Countbright R© absolute counting beads (Invitrogen)
of a known concentration to each sample to determine the
bacterial concentration. We then identified bacteria based on
their signature in a plot of green fluorescence against side light
scattering. We measured bacterial cell volumes (= 200 cells per
sample) with digital image analysis (Massana et al., 1997) using a
Leitz Aristoplan epifluorescence microscope and later converted
the bacterial biovolumes to bacterial biomass using the formula
0.12 pg C× (µm3 cell−1)0.7 (Norland, 1993).

We used the centrifugation method (Smith and Azam, 1992),
with double-labeled samples, to measure bacterial 3H-thymidine
incorporation (TTI) and 14C-leucine incorporation (LeuI). Each
day we double-stained four replicates from each mesocosm and
two formaldehyde-treated blanks with 3H-thymidine (SA 20 Ci
mmol−1; f.c. 20 nmol L−1, NEN, Perkin Elmer) and 14C-leucine
(SA 0.3 Ci mmol−1; f.c. 166 nmol L−1, NEN, Perkin Elmer),
and incubated them for 1 h in the dark at in situ temperature.
We used a HiSafe III scintillation cocktail (Wallac) with an LKB
Wallac Rackbeta 1215 liquid scintillation counter to measure
radioactivity. We then used a thymidine conversion factor of
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1.1 × 1018 cells mol−1 (Riemann et al., 1987) and a carbon
conversion factor of 0.12 pg C × (µm 3 cell−1)0.7 (Norland,
1993) with measured mean bacterial cell volumes to convert
3H-thymidine incorporation to bacterial production (BP), and
a theoretical conversion factor of 1.55 kg C mol−1 to convert
14C-leucine incorporation to BP.

Respiration rate was determined from the net change in
oxygen concentration during a 48 h incubation period. Three
replicate 120mL Winkler-bottles were used for each mesocosm,
and respiration rate was calculated from the average of these.
The concentration of O2 was measured using a fiber optical
dipping probe (PreSens, Fibox 3), calibrated against anoxic (0%
O2, obtained by adding sodium dithionite) and air saturated
water (obtained by bubbling sampled water with air for 5min
followed by 15min of stirring with a magnetic stirrer). The
final O2 concentration was calculated using the Fibox 3 software
including temperature compensation. We used a Respiratory
Quotient (RQ) of 1.2 (Berggren et al., 2012) to convert oxygen
consumption (µmol O2 L−1) to respired CO2 (µmol C L−1), and
used the bacterial growth (biomass increase, 1B) and respiration
(R) responses during the first 1–2 days of incubation in the DOM
bioavailability experiments (BGE = 1B/(1B+R)) to determine
bacterial growth efficiency. Bacterial Carbon Demand (BCD) was
calculated from BGE and BP (BCD= BP/BGE).

Heterotrophic Nanoflagellates
We fixed the samples with glutaraldehyde (final concentration
5%), stained them with proflavine and counted them with an
epifluorescence microscope (Leitz Aristoplan) as described in
Hoikkala et al. (2009). We then used epifluorescence microscopy
with a New Porton grid to determine cell volumes, and used a
conversion factor of 0.22 pg Cµm−3 (Børsheim and Bratbak,
1987) to convert the biovolumes to C biomass.

DNA Extraction, Sequencing, and
Classification of OTUs
We used sterile 0.2-µm polycarbonate membrane filters
(Whatman) to collect samples for bacterial community analysis.
We then used a PowerSoil DNA Isolation Kit (MoBio
Laboratories, Inc.) to extract the DNA, which we later stored at
−80◦C. A two-step PCR was used to amplify the fragments of
the 16S rRNA genes (V1–V3 region), which were then sequenced
with an Illumina MiSeq paired-end multiplex platform at the
Institute of Biotechnology (Helsinki, Finland).

PANDA (Masella et al., 2012), which allows zero mismatches
in the overlapping region, served to pair raw Illumina reads;
thereafter, we removed any chimeric reads and assigned
operational taxonomic units (OTUs) by pairwise similarity at a
threshold of 97% using cd-hit-otu (Li et al., 2012). We used SINA
1.2 (Pruesse et al., 2012) against the SILVA database (v. 115) to
classify unique OTUs and estimated the abundance of each OTU
using in-house Python script. All sequences are deposited int
NCBI SRA archive under Bioproject PRJNA307158.

Statistical Analyses
General regressions over the 10-day mesocosm experiment
served to test the significance of temporal trends in the
DOC, DON, and DOP concentrations, DOM stoichiometry

and bacterial thymidine and leucine incorporation. We then
determined important treatment effects by fitting polynomial
curves to the data with orthogonal regression analysis as
explained in Lignell et al. (2003) and references therein. The
factorial design allowed all single and combined effects of the
treatments (NP, S and Z) to be extracted. We also included four
time steps (Days 0, 3, 6, and 9) into the analyses, resulting in a
4 × 23 design. This allowed the effect of each treatment to be
represented by a polynomial fit with its linear, second- and third-
degree temporal trends, the corresponding significant regression
coefficients being identified by normal probability plots (e.g.,
Lignell et al., 2003).

One-way analysis of variance (ANOVA) served to test
the significance of the treatment effects on the labile DOC
(LDOC) shares of the total DOC pool (%LDOC) and bacterial
responses (respiration, BGE, BCD) in the LDOC bioassays
conducted on Days 0, 6, and 10 of the mesocosm experiment.
Tukey’s comparison of means then served to identify significant
treatment effects. In addition, we used the two-sample Student’s
t-test of all NP-treated samples vs. all samples without NP
treatment to test for the significance of the NP treatment.

Prior to the statistical analysis of the OTU data, we excluded
all singleton and doublet OTUs from the dataset, as well as
OTUs appearing in one sample from any downstream statistical
analysis. In the analysis, we used the relative abundance of OTUs
in each sample which were square-root transformed and omitted
all OTUs affiliated with the chloroplasts and cyanobacteria.
We then tested the effects of the incubation time (succession)
and treatments on the relative shares of the bacterial OTUs
by using permutational multivariate ANOVA (PERMANOVA,
adonis in R package vegan) to compare the variance in the
bacterial community structure. Correspondence analysis (CA)
(vegan package in R) served to describe the variability of the BCC
in the mesocosm and LDOC experiments.

Redundancy analysis (rda analysis in vegan), a constrained
ordination method with a linear response model, served to test
the effects of heterotrophic nanoflagellates (HNF) and functional
groups of autotrophs on the most abundant bacterial classes in
36 analyzed samples. We square-root transformed the bacterial
community data to more closely follow a normal distribution.
We also checked themulticollinearity of the response variables by
inspecting the variance inflation factor (VIF). We then removed
the autotrophic group of size class 2–10µm from the model to
keep the VIF <3. Correlation scaling served in the biplots, which
enabled approximation of the correlations between the response
and explanatory variables from the angles between them.

RESULTS

Responses of Phytoplankton and Bacterial
Production to DOM Dynamics in the
Mesocosms
The different treatments had clear effects on the phytoplankton
and bacterial community. The phytoplankton biomass (Chl-a)
doubled in all mesocosms with NP treatment during the 10-day
period (Figure 1), while in mesocosms without inorganic
nutrient additions, the phytoplankton biomass remained
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relatively stable (about 6µg L−1). Large (> 10µm) algae
accounted for most of the chlorophyll a increase in the NP units.
The biomass of N2-fixing filamentous cyanobacteria more than
doubled, increasing by about 15µmol C L−1 in all mesocosms.

The ambient DOC concentration increased on average
1.9µmol C L−1 day−1 (linear regression, r2 = 0.64, p < 0.001)
in the mesocosms with no added glucose (Figure 2A). In the
mesocosms with added glucose, the DOC accumulated at a
four-fold rate (6.8µmol C L−1 day−1, accounting for 68% of
the daily glucose addition; Table 2). The DON concentration
increased by 0.12µmol N L−1 day −1 (linear regression, r2 =

0.25, p < 0.001) (Figure 2B), with no clear treatment effects.
The DOP concentration stayed at initial level or decreased
slightly (0.1–0.2µmol P L−1) within the 10 days experiment
(linear regression, r2 = 0.2–0.4, p < 0.005 for samples with
and without NP treatment; Figure 2C). The DOC:DON ratio
increased significantly in the glucose-treated samples (linear
regression; r2 = 0.22, p < 0.005), but showed no significant trend
in samples with no added glucose (linear regression, r2 = 0.04,
p = 0.4). Due to increase in DOC and DON but not in DOP
concentrations the DOP content of the DOM pool increased
(linear regression; r2 = 0.31, p < 0.001 for DOC:DOP and
r2 = 0.24, p < 0.001 for DON:DOP).

Bacterial biomass doubled from 5 to 11µmol C L−1

with no consistent treatment effects during the mesocosm
experiment. Bacterial TTI was highest in the NPS-treated
mesocosms where substrate availability did not limit bacterial
production (Figure 3A). According to orthogonal regression

FIGURE 1 | Time course of (A) total number of bacteria (TNB) in all

mesocosms and (B) pooled data of chlorophyll a concentrations in

nutrient addition (NP+) or without (NP−) mesocosms during the 10-day

experiment.

analysis, glucose had the highest positive effect on TTI. TTI
significantly increased also in NP treatment, whereas the addition
of zooplankton decreased TTI (Table 2). Bacterial LeuI was also
highest in the NPS-treated mesocosms. However, LeuI in the
Control sample peaked abruptly on Days 6 and 7 (Figure 3B);
we removed these two outliers from the LeuI data used in further
analyses. Orthogonal regression analysis of LeuI supported the
role of glucose as the most important promoter of bacterial
production. In samples with no added glucose, cumulative
bacterial production estimates over the 10-day incubation period
were on average 41 and 29µmol C L−1, based on the TTI- and
LeuI-derived production estimates, respectively.

FIGURE 2 | Time courses of (A) dissolved organic carbon (DOC), (B)

dissolved organic nitrogen (DON), and (C) dissolved organic

phosphorus (DOP) during the 10-day mesocosm experiment. Treatment

explanations appear in Table 1.
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TABLE 2 | Responses of DOM concentrations and stoichiometry, bacterial

thymidine (TTI), and leucine incorporation (LeuI) to NH+

4
and PO3−

4
(NP),

glucose (S), and zooplankton (Z) treatments during the 10-day mesocosm

experiment following a factorial design with all combinations of

treatments.

Variable r2 Significant treatment effects

DOC 0.96 S (positive)

DON 0.90 No significant treatment effects

DOP 0.84 NP, Z (positive)

DOC:DON 0.88 S, NPZ (positive), NPSZ (negative)

DOC:DOP 0.85 S (positive), NP, Z (negative)

DON:DOP 0.86 NP, Z (negative), NPSZ (positive)

TTI 0.95 S, NP, NPS (positive), Z (negative)

LeuI 0.91 S, NP (positive)

Orthogonal regression analysis served to identify significant regression coefficients (p

< 0.001). Significant linear responses appear in order of importance based on normal

probability plot examinations. Linear decrease (DOP) or increase (other variables) was

significant with all variables. r2 = coefficient of determination for the corresponding

regression model (polynomial fit).

FIGURE 3 | Bacterial incorporation rate of (A) 3H-thymidine (TTI) and

(B) 14C-leucine (LeuI) during the mesocosm experiment. Treatment

explanations appear in Table 1.

Bacterial Degradation of the Labile DOC
Pool (LDOC Bioassays)
The bacterial biomass increased in all LDOC bioassays by 2.2–
6.3µmol C L−1, peaking after 2–3 days (Figure 4) with no clear
treatment effects. We encountered HNF in all samples after
five incubation days, but their biomass remained low (0.10–
0.15µmol C L−1 at the end of the incubation period). Cumulative
bacterial respiration was 13.9–47.0µmol C L−1 within four to
six incubation days (Figure 5). In samples derived from the

FIGURE 4 | Time courses of bacterial biomass (BB,µmol C l−1) during

the 1-week LDOC bioassays in samples drawn from selected

mesocosms (A) at the start of the mesocosm experiment, (B) on Day 6

and (C) at the end of Day 10. Error bars show the SD for the five treatment

replicates. Treatment explanations appear in Table 1.

Control mesocosm, respiration decreased from Day 0 to Day
10, and in samples derived from the Z mesocosm, from Day
6 to Day 10. No such change occurred in samples from the
NP-treated mesocosms. NP treatment significantly increased
bacterial respiration in bioassays that began on Days 6 and
10 (Table 3). Respiration was highest in the the NPS-treated
samples, in the bioassay, which began on Day 10. All referred
samples were treated with inorganic N and P; consequently, the
response differences may have stemmed from variations in the
quality and quantity of bioavailable DOM.

BGE in bioassays increased with incubation time of
mesocosms (Figure 6). In samples from the Control mesocosm,
BGE increased from an initial 0.06–0.13 (Day 0) to 0.19–
0.39 (Day 6 and Day 10). In Day 6 bioassays, average
BGE was significantly (p < 0.05) lower in samples from
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FIGURE 5 | Cumulative bacterial respiration (CR) in the 1-week LDOC

experiments in the samples drawn from selected mesocosms (A) at

the start of the mesocosm experiment, (B) on Day 6, and (C) at the end

of Day 10. Error bars show the SD for the five treatment replicates. Treatment

explanations appear in Table 1.

the NP-treated mesocosms than in Control mesocosms
(Table 3).

In Day 0 bioassay, DOC decline was on average 16µmol C
L−1 accounting for 4% of the total DOC (Table 4). The BCD-
based estimate of degraded DOC was on average 31µmol C L−1

accounting for 8% of the total DOC. On Day 10 bioassay, both
estimates accounted for on average 25µmol C L−1 (6% of the
total DOC pool). Due to the high background of the refractory
DOC, between-replicate variation in direct DOC measurements
was too high to determine significant treatment effects on the
DOC concentration trends. In Days 6 and 10 bioassays, the BCD
and DOC-based estimates of the%LDOC were both significantly
higher (p ≤ 0.001) in samples from the NP-treated mesocosms
than in the ones with no NP treatment (Z and Control, Table 3).

Decline of DOC recorded in Day 0 bioassay was used as an
estimate for ambient net LDOC concentration in the enclosed
initial sample water. Correspondingly, DOC decline recorded
in Day 10 bioassay was used to estimate the labile share

TABLE 3 | Statistical significance of bacterial responses to treatments in

the LDOC bioassays.

Starting

day

Variable p-value,

ANOVA

Significant differences

Tukey

p-value,

t-test NP+/NP–

Day 6 BCD 0.0001 NP vs. Z and Control

Control vs. NPZ

0.0004

LDOC% 0.0001 NP vs. NPZ, Z, Control

Control vs. NPZ

0.001

Respiration 0.0001 NP vs. Z and Control

Control vs. NPZ

0.0005

BGE 0.02 Control vs. NP 0.01

Day 10 BCD 0.00001 NPS vs. NP, NPZ, Z, Control

NP vs. NPZ, Z, Control

NPZ vs. Z, Control

0.00001a

LDOC% 0.00001 NP vs. NPZ, Z, Control

NPS vs. NPZ, Z, Control

NPZ vs. Z, Control

0.00001a

Respiration 0.00001 NPS vs. NP, NPZ, Z, Control

NP vs. NPZ, Z, Control

NPZ vs. Z, Control

0.00001a

BGE 0.05 No pairwise differences 0.04b

One-way analysis of variance (ANOVA) served to test the significance of differences in

bacterial carbon demand (BCD), labile dissolved organic carbon (LDOC), respiration, and

bacterial growth efficiency (BGE). Tukey’s comparison of means then served to identify

significant treatment effects. The two-sample t-test of all NP-treated samples (NP+) vs.

all samples without NP treatment (NP–) served to test the significance of NP treatment on

the increased substrate supply via food web enrichment. Treatment explanations appear

inTable 1
aSamples from the NPS mesocosms were excluded.
bDue to the lack of BGE data from the NPZ samples, we tested only the Control, and NP

samples.

TABLE 4 | Concentration of labile dissolved organic carbon (LDOC) and

bacterial carbon demand (BCD) in the mesocosms during the three

selected sampling days.

Starting day Mesocosm LDOCµmol C L−1

(% of DOC)

Carbon demandµmol

C L−1(% of DOC)

Day 0 Control 16.4± 10.8 (4.1%) 31.4±4.0 (7.9%)

Day 6 Control 4.2± 11.2 (1.0%) 25.4±4.2 (6.4%)

NP 12.5± 11.6 (3.1%) 42.2±5.3 (10.5%)

Z 0± 17.6 (0%) 31.5±3.2 (7.9%)

NPZ 11.4± 10.3 (2.8%) 35.0±3.4 (8.5%)

Day 10 K 19.4± 15.2 (4.7%) 15.3±0.9 (3.7%)a

NP 24.0± 0.9 (5.7%) 40.5±2.1 (10.1%)a

Z 3.4± 13.1 (0.8%) 16.8±2.1 (4.2%)a

NPZ 55.7± 37.4 (12.8%) 28.6±0.7 (6.6%)a

NPS 69.3± 20.9 (13.6%) 48.5±2.1 (9.6%)a

Shares of LDOC and BCD to concentration of total DOC appear in brackets. The shares

of LDOC and BCD of the total DOC pool are marked in parentheses. We determined

LDOC from the decrease in the DOC concentration and BCD from the respiration and

increase in the bacterial biomass during 1-week incubation of bacterial communities from

the different mesocosms under N and P replete conditions.
aBacterial C demand on Days 0–6.

of autochthonous DOC that accumulated by the end of the
mesocosm experiment. Bacterial <0.7µm size fractionation for
the bioassays was done with glass fiber filters, and evidently
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FIGURE 6 | Bacterial growth efficiency (BGE) in the LDOC bioassays

with samples from different mesocosms at the start of the experiment

(0 day), after 6 incubations days (6 days), and at the end of 10 day

incubation (10 days). BGE was determined from the bacterial growth

(biomass increase) and respiration responses either within over 1 day (0–1) or

two (0–2) days, depending on the availability of biomass data. Bars show the

minimum, maximum, and box indicates median of five treatment replicates

(more explanations in Table 1).

part of the bacterial community (e.g., attached bacteria) were
excluded by the pre-screening. Moreover, the pre-screening
removed phytoplankton and zooplankton communities, affecting
the substrate supply to bacteria. Incubations were conducted in
dark, which can also change bacterial development relative to
natural conditions (Gasol et al., 2008). Thus, our bioassay results
cannot directly be extrapolated to mesocosms. However, without
size-based pre-screening estimation of bacterial degradation
of net LDOC pool becomes a challenging task. Our earlier
experiments with <0.7µm bacterial bioassays have shown
that the estimated LDOC shares are quite robust, different
combinations of nutrient and light treatments having only a
small effect on them (Lignell et al., 2008). Thus, altogether we
believe that the time courses of net LDOC pool degradation in
our bioassays are a meaningful way of estimating the size of
these pools.

The availability of inorganic nutrients did not limit
degradation of DOC in any of the LDOC bioassays. In the
LDOC bioassays that began on Days 0 and 10 of the mesocosm
experiment, the NH+

4 concentration in the samples decreased
by 1.6–2.8µmol N L−1 within three days, accounting for about
20–40% of the added NH+

4 . In the LDOC bioassay that began on
Day 6, the NH+

4 concentration remained in the original level.
We recorded no significant decline of the DON in any of the
LDOC experiments. The phosphate concentration decreased by
0.14 (SD 0.07)µmol P L−1 (11% of added PO3−

4 ) in the LDOC
bioassay that began on Day 0 of the mesocosm experiment and
remained constant in the other LDOC bioassays. Thus, in none
of the LDOC bioassays did the availability of inorganic nutrients
limit the degradation of DOC.

DOC Partition in Mesocosms
The major share of BCD was supported by autochthonous
DOM. Assuming that the ambient LDOC in the enclosed initial
sample water degraded over the 10-day experiment, a total of
35 or 50µmol C L−1 (average DOC increase of 19µmol C +

average initial LDOC of 16µmol C L−1 (based on direct DOC
measurements) or 31µmol C L−1 (based on BCD) of new DOC
accumulated during the experiment in the mesocosms with no
added glucose. These values accounted for 37% (SD ± 9) and
65% (SD ± 17) of the cumulative primary production in the
mesocosms with (NP and NPZ) and without (Control and Z)
added NP, respectively.

Assuming an average BGE of ∼0.45 for labile DOM uptake,
recorded previously in enclosed temperate marine plankton
communities (Søndergaard et al., 2000; Hoikkala et al., 2009),
the BCD in the mesocosms without glucose treatment was
on average 64–91µmol C L−1 (average cumulative bacterial
production of 41 and 29µmol C L−1 based on TTI and LeuI,
respectively, divided by 0.45). The initial ambient (net) LDOC
pool (degradable within 1 week) accounted for 18–48% of the
estimated BCD, and thus the major share of BCD (at minimum
52–82%, 33–75µmol C L−1) was supported by DOC released
from the plankton community during the experiment. This BCD
represents the part of released DOC that was taken up by bacteria
over time scales of hours. Based on the above estimates and
the cumulative primary production in the mesocosms, bacteria
could potentially assimilate 36% (SD 10) and 70% (SD 22) of the
primary production in samples with (NP and NPZ) and without
(Control and Z) added NP.

At the end of the 10-d mesocosm experiment, on average
25µmol C L−1 (6%) of the ambient net DOC pool was
degradable by bacterial communities within a week. With the
assumptions above, altogether 50–71% of the accumulating
autochthonous DOC (25µmol C L−1 of 35–50µmol C L−1) was
thus potentially labile.

Bacterial Community Composition in the
Mesocosms
The main effects on bacterial community were due to
temporal development and glucose addition. Based on amplicon
sequencing of the 16S rDNA V1–V3 fragment, Cyanobacteria
was the most abundant bacterial phylum at the beginning of
the mesocosm experiment, accounting for 47% (SD ± 6.5) of
the OTUs. Their share decreased during the experiment in all
samples, falling to 28% (SD ± 9.2) by the end of the 10-
day incubation period. Synecochoccus accounted for 72–90% of
the cyanobacterial species present. When Cyanobacteria were
excluded, the rest of the bacterial community at the begining
of the experiment was dominated by Alphaproteobacteria (51%,
SD ± 2.2; Figure 7), most of which (70–90%) belonged to
the SAR11 clade. By Day 4, the share of Deltaproteobacteria
increased from an initial 0.9% (SD ± 0.2) to 16.0% (SD ± 2.2)
and 10.5% (SD ± 2.5) in samples with (NP, NPZ, NPS)
and without (Control, Z, S) NP treatment, respectively. The
share of Deltaproteobacteria peaked in the NP samples on
Day 6 (Figure 7). During the peak, 99 to 100% of the

Frontiers in Marine Science | www.frontiersin.org 8 June 2016 | Volume 3 | Article 111

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Hoikkala et al. Bacterial Community Composition during Cyanobacterial Bloom

FIGURE 7 | Relative shares of bacterial classes in different treatments during the 10-day mesocosm experiment. Treatment explanations appear in

Table 1.

Deltaproteobacteria in all samples belonged to Myxococcales.
After them, the share of Gammaproteobacteria increased,
peaking on Day 6 in the Control, S and NPS samples,
and on Day 8 in the NP, NPZ, and Z samples. The peak
was highest in the Control and S samples, reaching 60 and
41% of OTUs, respectively (Figure 7), and coinciding with
a marked peak in leucine incorporation (Figure 3B). The
most abundant Gammaproteobacteria were affiliated with two
different Pseudomonas species, one of which increased in the
Control treatment and the other in all other treatments. In the
glucose-treated S and NPS samples, a Gammaproteobacterial
peak was followed by an increase in the relative shares of
Actinobacteria, affiliated withMicrobacteriaceae, peaking (15 and
28%, respectively) at the end of the 10-day incubation period.
The share of Betaproteobacteria constantly decreased toward the
end of the experiment from an initial 7.7% (SD ± 0.8) to 2.2% in
the NPS samples (Figure 7). Bacteriodetes comprised 8% (SD ±

1.7) of the total community in the beginning and grew in the Z

samples to 16%, accounting for a 54% share of the Flavobacterium
species toward the end of the experiment. PERMANOVA analysis
of the relative shares of OTUs in the mesocosms identified the
sampling date as the major factor affecting bacterial community
composition (F. model = 10.38, p = 0.001). In addition, glucose
treatment (S) significantly affected the bacterial community (F.
model = 2.78, p = 0.009), whereas NP and Z showed no
significant effects on the bacterial community (p > 0.2). CA
also showed a clear temporal development of the bacterial
communities. In addition, increasing variation and grouping
according to the treatments (S and NPS together and NP
separated) over time was observed (Figure 8).

In the RDA model of the effects of different functional
groups of autotrophs and the heterotrophic nanoflagellates on
the most abundant bacterial classes, both the first and second
axes proved significant, but together explained only 32% of the
total variation (Figure 9). After removing the most abundant
bacterial class, Alphaproteobacteria, which correlated with none
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of the explanatory variables, the explanatory value of the two
first axes increased to 38% (data not shown). According to
the RDA model, the share of Gammaproteobacteria correlated
with the biomass of autotrophs of size class 10–25µm and the
biomass of Pseudoanabaena. The shares of Betaproteobacteria

FIGURE 8 | Bacterial community composition dynamics in the 10-day

mesocosm experiment. Sample scores of correspondence analysis appear

in the two-dimensional space of the first two major axes (CA1 and CA2).

FIGURE 9 | Redundancy analysis of the effects of the functional groups

of autotrophs and heterotrophic nanoflagellates on the most abundant

bacterial classes. Autotrophic groups: A1 =<2µm, A3 = 10–25µm, A4 =>

20µm non-N2-fixing cyanobacteria (Pseudoanabaena), A5 = > 20µm

N2-fixing cyanobacteria, H2, heterotrophic nanoflagellates.

and Verrucomicrobia correlated negatively with the same groups,
reflecting the decrease in their shares during the development
of the bloom. Deltaproteobacteria correlated most closely with
the autotroph biomass of <2µm, which consisted mainly of
picocyanobacteria, whereas Actinobacteria, which were most
abundant in glucose treated mesocosm showed no clear
correlation with any of the explanatory variables in our RDA
model.

Bacterial Community Composition in
LDOC Bioassays
Degradation of the ambient LDOC led to differentiation of the
bacterial communities from those developed in the mesocosms.
Filtration of the samples (∼0.7µmGF/F) resulted in only modest
changes in the bacterial community composition (mesocosm vs.
LDOC Day 0 samples). Degradation of the ambient LDOC led
to differentiation of the bacterial communities from those that
developed in the mesocosms (Figure 10). In the LDOC bioassays
that began on Days 6 and 10 of the mesocosm experiment, the
shares of Gammaproteobacteria increased within 3 days from 1–
5 to 22–25% and from 1–6 to 7–15%, respectively, suggesting that
they were actively utilizing the LDOC pools that accumulated in
the mesocosms (Figure 11). The only exception was in a sample
from the Control mesocosm on Day 6, where the initially high
share of Gammaproteobacteria (25%) remained constant. The
most pronounced responses in Gammaproteobacteria occurred
in the relative shares of Pseudomonas that also thrived in the
mesocosms, and Cellvibrio, which we observed in the mesocosms

FIGURE 10 | Variation of BCC in the samples from mesocosm and

LDOC bioassay in space of first to CA axes. Color of symbols signifies

origin of the BCC–mesocosm experiment or LDOC bioassay samples.

Incubation days of the LDOC bioassays (0, 3, 7) appear with numbers on the

plot. Treatment explanations appear in Table 1.
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FIGURE 11 | Relative shares of bacterial classes during the 1-week LDOC-experiments in samples taken from selected mesocosms (A) at the start

(Day 0), (B) on Day 6, and (C) at the end (Day 10) of the mesocosm experiment. Treatment explanations appear in Table 1.
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only in low abundance toward the end of the experiment. The
share of Flavobacteriia increased in all LDOC bioassays from
an initial 1–3 to 5–12% (Figure 11). Actinobacteria increased
in the Control samples at each time point (Day 0, Day 6, and
Day 10), but not in other samples. During the phase of the
decrease in bacterial biomass from Day 3 to Day 7 of the LDOC
bioassays, the share of Gammaproteobacteria increased further
in part of the samples (Day 0 Control, Day 6 NPZ, and Day 10
all NP-treated mesocosms NP, NPZ, NPS), whereas the share of
Alphaproteobacteria of the SAR11 clade increased in the rest of
the samples (Day 6 Control, NP, Z, and Day 10 Control and Z).

DISCUSSION

In our mesocosm experiment conducted during the bloom of
filamentous cyanobacteria, the bacterial community responded
most clearly to labile organic carbon (glucose) addition
(Figures 7, 8). In addition, the species diversity of the
heterotrophic bacteria changed along with labile DOM released
by phytoplankton bloom that developed in the mesocoms. A
major part of the organic C released was channeled to highly
labile DOC (HLDOC) and labile DOC (LDOC) and subsequently
was taken up by bacteria, leading to significant changes in the
bacterial community composition.

DOC Partitioning
The accumulation of DOC and BCD that was supported by
autochthonous HLDOM over the 10 days experiment together
accounted for 73 and 135% of primary production in the
mesocosms with and without NP treatment, respectively. These
high values suggest that the plankton food web effectively
recycled C fixed by primary producers via DOM releasing
processes such as “sloppy feeding” and viral lysis. Values
exceeding 100% are possible, because recycling of LDOC would
mean that part of organic C is utilized by bacteria more than
once, allowing BCD to exceed direct C inputs from primary
production (e.g., Elmgren, 1984; Strayer, 1988; Søndergaard et al.,
2000). The recycling of autochthonous DOC produced during
the experiment was probably significant, with a maximal value
of 1.8, assuming a BGE of 0.45 recorded previously in enclosed
temperate marine plankton communities [(Maximum recycled
DOC = 1/(1–BGE) c.f., Søndergaard et al., 2000); BGE values:
Søndergaard et al., 2000; Hoikkala et al., 2009]. Efficient recycling
of HLDOC will lead to high loss of fixed C, since on each round,
a fraction of organic C is lost as CO2 in bacterial respiration.

The minimum estimate for net DOC assimilation was 18–
42µmol C L−1 (assuming maximal recycling, BCD/1.8), which
accounted for 20% (SD ± 6) and 39% (SD ± 12) of the
primary production in samples with (NP and NPZ) and without
(Control and Z) added NP, respectively. Gross DOC production
is the sum of net DOC assimilation and DOC accumulation.
Assuming maximal recycling, gross DOC production accounted
for on average 57 and 104% of production in mesocosms with
and without added NP, respectively. The high percentages show
that most of the net primary production was converted to
DOC. Equally high estimates for the partitioning of net primary
production into DOC (gross DOC production) were obtained

in the Sargasso Sea, where DOC production accounted for 55–
111% of the total production (Carlson et al., 1998). In temperate
marine mesocosms, DOC production also accounted for 82–
111% of the production after an initial 6-day phase of nutrient-
replete growth (Søndergaard et al., 2000). In our experiment,
the partitioning of production into DOC was lower in the
NP-treated samples, where the accumulation of algal biomass
was higher. These results are in accordance with previous
findings that the partitioning of total production into DOC
may be lowest in autotrophic communities with accumulating
biomass (Carlson et al., 1998; Søndergaard et al., 2000). These
results suggest also that availability of nutrients can affect
the partitioning of the primary production into heterotrophic
bacteria.

Using our minimum net DOC assimilation estimates,
heterotrophic bacteria consumed within hours 26–55% of the
autochthonous DOC released from the plankton community
during the experiment. Based on bioassays, more than half
of the accumulated total DOC pool (50–71%) was estimated
to be bioavailable for the bacterial community within a week.
Summing the estimates of DOC that was taken up by bacteria
over time scales of hours with the accumulated net LDOC pool
suggests that the majority (63–87%) of the total DOC release
was potentially degradable for the bacterial community. The high
bioavailability of the DOC yield agrees with a recent budget for
autochthonous DOC in the Baltic Sea, which exported only an
estimated 4–6% of its autochthonous DOC yield to the North
Sea (Hoikkala et al., 2015; DOC export values in Kuliński and
Pempkowiak, 2011; Osburn and Stedmon, 2011; Gusstafsson
et al., 2014). These results suggest that DOC pool may act as a
long term storage for only a small fraction of autochthonously
produced organic C.

The BGE estimates we recorded doubled from low initial (Day
0) values of about 0.1 to on average 0.25 during the latter half
of the mesocosm experiment, most likely reflecting the increase
in fresh substrates originating from the phytoplankton (c.f. del
Giorgio and Cole, 1998; Apple andDel Giorgio, 2007). Our values
fell within the range of BGE values for heterotrophic bacteria
in the Baltic Sea (e.g., 0.05–0.6 in the Gulf of Riga, Donali
et al., 1999), and between the average values of 0.15 and 0.6 for
bacteria degrading phytoplankton detritus and algal exudates,
respectively (reviewed in del Giorgio and Cole, 1998). Based on
our LDOC and BGE values, the bacterial biomass assimilated an
estimated 13–18% of the accumulated DOC and respired about
38–53% of it as CO2. Altogether, the recorded high share of
primary production channeled into LDOC and HLDOC recycled
with the low BGE of bacteria suggests that bacterial respiration
was responsible for the rapid loss of a large share of the organic C
yield as CO2.

The C:N ratio of accumulating net DOM pool did not differ
from that of the initial DOM pool (23; SD ± 1). The 1DOC:1
DON ratio was thus somewhat higher than the seasonal average
value of 17 obtained for seasonal changes in the DOC:DON ratio
in the open-sea nearby our study area (Hoikkala et al., 2012).
These values are double the corresponding ratios in open-ocean
areas (Hopkinson and Vallino, 2005) and could reflect higher
bacterial uptake rates of N-rich DOM compounds.
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Altogether, these results show that a major share of primary
production during early phase of cyanobacterial bloom was
channeled into DOC and assimilated by bacteria within days.
However, this conversion of autochthonous organic C to DOC
was lower when inorganic nutrients were available and primary
production was higher. High values of partitioning of primary
production into DOC indicated recycling of LDOC. Recycling
and BGE of bacteria degrading LDOC suggest that a large share
of the organic C was lost as CO2. Therefore, the communal CO2

assimilation efficiency of the plankton system was low.

Phylogenetic Structure of Bacterial
Communities Degrading Bloom-Derived
Highly Labile DOM and Ambient LDOM
Pools
In this study, we aimed to find the bacteria responsible for
the rapid degradation of bloom-derived HLDOM in mesocosm
experiment and bacteria degrading the ambient bloom-derived
labile DOM pools in separate bioassays. In general, the same
class-level patterns emerged in all mesocosms, even though the
magnitude of the changes differed depending on the treatment.
Since BCD in the mesocosms was supported mainly by the rapid
degradation of new DOC inputs, the observed succession of
bacterial communities reflected the degradation of the bloom-
derived HLDOM.

The initial total bacterial community was dominated
by autotrophic Cyanobacteria (mainly Synechococcus) and
oligotrophic heterotroph Alphaproteobacteria (mainly SAR11
clade), both of which are common in the surface water of
the Baltic Sea in summer (Herlemann et al., 2011). The share
of Alphaproteobacteria showed no clear temporal trend and,
according to the RDA, did not respond to the changes in
the phytoplankton community. Marine and brackish water
Alphaproteobacteria is the group that thrives in oligotrophic
environments by utilizing available low-molecular-weight
DOM (Giovannoni et al., 2005; Malmstrom et al., 2005),
and species, such as Roseobacter, that can consume labile
monomeric compounds, such as amino acids (Alonso-Sáez and
Gasol, 2007). In our experiment, SAR11 clade dominated the
Alphaproteobacteria throughout the experiment.

The first major change in the bacterial community occurred
on Days 4–6, when the share ofDeltaproteobacteria Myxococcales
peaked. Species of Myxococcales are common in terrestrial
habitats, especially in soils (reviewed in Dawid, 2000), and
widely distributed in or above the sediments, but a study
investigating their occurrence in marine environments did
not detect them in surface water (Brinkhoff et al., 2012).
Species of Myxococcales excrete hydrolytic enzymes, degrade
complex biopolymers—including cellulose or chitin—and can
feed on other bacteria and yeasts (Dawid, 2000; Shimkets et al.,
2006). According to RDA, the share of Deltaproteobacteria
in the mesocosms was related to the biomass of autotrophs
<2µm in size, suggesting that they may have utilized organic
matter originating from picocyanobacteria (based on 16S
rDNA sequence fragment analysis of mainly Synechococcus).
Culture experiments have shown species of Myxococcales to lyse

Cyanobacteria Phormidium luridum and to be capable of long-
term control of Cyanobacterial populations (Burnham et al.,
1981, 1984). Their success in our mesocosm experiment could
thus stem from their lysing of picocyanobacteria.

The most pronounced phylogenetic response to the
bloom-derived DOM occurred in the relative abundance of
Gammaproteobacteria. Many Gammaproteobacteria are known
to be copiotrophic opportunists (e.g., Lauro et al., 2009; Spring
et al., 2015), and capable of high growth rates (Teira et al.,
2009). Some of them benefit from algae-derived organic matter
(e.g., Teeling et al., 2012; Eronen-Rasimus et al., 2014) and can
contribute to the decomposition of algal-derived organic matter
during phytoplankton blooms (Teeling et al., 2012). Most of the
Gammaproteobacteria in this study affiliated to Pseudomonas,
which can occasionally be abundant in the Baltic Sea (Hagström
et al., 2000; Koskinen et al., 2011). In addition, it is among the
most abundant genera in bacterial isolates during Cyanobacterial
blooms in lakes, rivers and the Baltic Sea (Berg et al., 2009).
Thus, the increase in the abundance of Pseudomonas could
be related to the growth of filamentous Cyanobacteria in the
samples. However, as the abundance of Pseudomonas in the Gulf
of Finland can be high in spring (Koskinen et al., 2011) when
diatom- and dinoflagellates dominate, they may benefit from
algae-produced organic matter derived from different types of
phytoplankton communities in the Baltic Sea. According to RDA,
Gammaproteobacteria in our mesocosm experiment correlated
most clearly with nanoalgae (10–25µm), which dominated the
autotrophic community in the NP-treated samples, and with
Cyanobacteria Pseudoanabaena.

The bacterial communities degrading ambient LDOC pools
in our bioassays significantly differed from those that degraded
HLDOC in the mesocosms (Figure 9). Bacteria that responded
to ambient (accumulated) LDOC pools were more diverse. In
addition to Pseudomonas, Gammaproteobacteria that increased
in the LDOC experiments included, for example, Cellvibrio sp.,
which was rare in our mesocosms. Moreover, Flavobacteriia, an
important degrader of DOM originating from phytoplankton
blooms (e.g., Pinhassi et al., 2004; Teeling et al., 2012), increased
in the LDOC experiments.

The accumulation of DOC in the surface water can occur
due to its low degradability by the ambient bacterial population
or due to the limitation of bacterial growth by external factors,
such as nutrient deficiency (e.g., Zweifel et al., 1995). Theoretical
models suggest that the accumulation of LDOC can also
occur due to the combination of different factors, such as
the simultaneous limitation of bacterial production by nutrient
availability and the control of bacterial biomass by flagellate
grazing (Thingstad and Lignell, 1997). In our experiment, the
addition of glucose showed the most important treatment effect
and enhanced bacterial production, thereby supporting our
earlier results on the C-limitation of heterotrophic bacteria in
summer in the Gulf of Finland (Lignell et al., 2008; Hoikkala et al.,
2009; Tammert et al., 2012). The accumulation of LDOC in the
mesocosms, despite the C-limitation of the bacterial community,
was probably controlled by the biodegradability of the LDOC
pool combined with strict grazing control of bacterial biomass
(e.g., Thingstad and Lignell, 1997). The difference in the quality
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of the utilized substrates most likely resulted in the observed
differences in the identity of the responding bacteria. Ambient
net LDOM pool probably comprised a large variety of different
compounds in low concentrations, contributing to the greater
diversity of responding bacteria in the LDOC bioassays than in
the mesocosms.

Altogether, our results strongly suggest that phytoplankton
blooms can favor different bacterial types: (1) bacteria that can
rapidly consume releases of highly labile substrates and which
dominate the bacterial community during the bloom, and (2)
bacteria that more slowly degrade the ambient (accumulating)
LDOM of intermediate lability; however, certain bacteria, such
as Pseudomonas in our experiment, can benefit from both
LDOM pools.

Sensitivity of Functional and Qualitative
Responses to Organic C and Nutrient
Availability
Various treatments in our mesocosm experiment markedly
affected the functioning of the bacterial community and
the bacterial community composition. The observed positive
production response to glucose co-occurred with significant
changes in bacterial community composition, supporting the
growth of copiotrophic bacteria with a high affinity for glucose.
The bacteria that benefited most from the glucose treatment were
Gammaproteobacteria, Pseudomonas spp. Glucose can stimulate
several genera of Gammaproteobacteria from various marine
environments (Alonso-Sáez et al., 2009; Gómez-Consarnau et al.,
2012).

NP treatment also significantly increased bacterial
production, which appeared to benefit Deltaproteobacteria
Myxococcales. Based on BCD estimates, the flux into the
LDOC pool was also higher in the NP-treated mesocosms.
Enhanced bacterial production and LDOC accumulation
probably reflected an indirect effect of the enhanced availability
of organic substrates, derived from larger standing stocks of
plankton in these eutrophied mesocosms. The uptake of algal
exudates by heterotrophic bacteria in the study area meets
only ≤25% of their carbon demand (Lignell, 1990), and the
“sloppy feeding” of nanoalgae (10–25µm), which dominated
in the NP-treated mesocosms, probably accounted for most of
the LDOC production. Another possible explanation is that the
availability of inorganic nutrients limited part of the bacterial
community’s growth. Bacterial taxa differ in their ability to
utilize different DOM compounds and comprise species ranging
from generalists to specialists (e.g., Gómez-Consarnau et al.,
2012). Such specialization could lead to different requirements
for inorganic nutrients (e.g., depending on the quality of the
available substrate).

Studies have found that the long-term bioavailability of DOM
correlates positively with BGE (Apple and Del Giorgio, 2007),
but in our experiment, the increased availability of bacterial
substrates did not lead to higher BGE values in the NP-treated
mesocosms. It seems that the increase in the availability of
inorganic nutrients could (via their effects on autotrophic growth
and the subsequent supply of LDOM) even lead to lower BGE

values and thus to higher relative partitioning of autochthonous
LDOC into CO2.

As expected, cascading effects of large zooplankton addition
(mainly cladocera and copepoda) affected the DOM pool and
bacteria less than the glucose and nutrient additions did.
However, the addition of large zooplankton did decrease bacterial
production and appeared to affect negatively the growth of
Gammaproteobacteria, as well as Deltaproteobacteria in the NP-
treated samples. This could be due to a cascading effect in
which increased phytoplankton grazing pressure reduces the
release of DOC.

CONCLUSIONS

Altogether, our results showed that bacteria rapidly degraded
the majority of the DOC produced during a bloom of
filamentous cyanobacteria. In addition, more than half of
the accumulating DOC was labile and presumably consumed
within days by the C-limited bacterial community dominated
by Pseudomonas (Gammaproteobacteria). Gammaproteobacteria
dominated bacterial communities in both mesocosm and LDOM
bioassay; however, LDOM communities were more diverse
and included bacteria such as Flavobacteriia, which were less
abundant in mesocosm experiment. Efficient LDOC utilization
increased the loss of organic C via bacterial respiration of CO2

over the situations where mineral nutrients limited bacterial
growth and allowed LDOC accumulation. Thus, C-limitation
of heterotrophic bacteria reduces the efficiency of CO2 uptake
by the total plankton system, and eventually leads to lower
efficiency in counteracting the greenhouse effect. In conclusion,
our study demonstrates the usefulness of experimental approach
in improving our understanding about carbon cycle processes in
marine systems which are difficult to evaluate on the bases of
observation of non-manipulated natural processes.
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