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Predicted increases in sea surface temperatures are expected to shift the balance

between autotrophic production and the heterotrophic degradation of organic matter

toward a more heterotrophic system. For early phytoplankton spring blooms at low water

temperature the impact of rising temperatures has beenmainly investigated inmesocosm

experiments, while field observations are scarce. During a Baltic Sea research cruise we

examined early spring bloom conditions, characterized by low temperatures (0–3◦C),

and performed on-board warming experiments to compare the responses of phyto- and

bacterioplankton production to an increase in temperature. In the northern Baltic Sea,

the low phytoplankton biomass indicated pre-bloom conditions. In the southern Baltic

Sea, a diatom-dominated phytoplankton bloom with increased primary production (PP)

occurred. Associated with this bloom were increases in bacterial production (BP) and

bacterial abundance as well as shifts in bacterial community composition toward an

increased proportion of Gammaproteobacteria and Bacteroidetes. However, the low

BP/PP ratios (average: 1.2 ± 0.14%) indicated weak coupling between the bacterial and

phytoplankton communities. Short-term warming (6 h, 1+6◦C) significantly enhanced

PP (mean Q10 1.4) and especially BP (mean Q10 2.3). Hence, the higher water

temperature increased both carbon flow into the bacterial community and bacterial

processing of organic matter, thereby confirming previous experimental studies. By

contrast, BP/PP ratios remained relatively low after warming (average: 1.7 ± 0.5%),

unlike in previous mesocosm experiments performed at comparable temperatures and

with similar plankton communities. Overall, these results imply that bacterial activities are

suppressed during early phytoplankton blooms at low temperatures in the Baltic Sea and

are not substantially altered by short-term warming events.

Keywords: phytoplankton spring bloom, bacteria, primary production, bacterial production, temperature, global

warming, Baltic Sea, bacterial community composition
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INTRODUCTION

Under various greenhouse gas emission scenarios, ocean surface
temperatures are predicted to increase 2–5◦C by the end
of this century (IPCC, 2013). Rising temperatures directly
and indirectly impact pelagic organisms and aquatic food
webs, leading to changes in the structure and functioning
of marine ecosystems (Boyd and Doney, 2002; Sarmiento
et al., 2004). Phytoplankton account for ∼50% of global net
primary production (PP) and are the main energy source for
aquatic ecosystems (Field et al., 1998). The major consumers
of phytoplankton-derived organic matter are heterotrophic
bacteria present in the upper water layers of aquatic ecosystems.
The coupling of phytoplankton dissolved organic carbon
(DOC) production with DOC consumption by heterotrophic
prokaryotes (mostly bacteria) plays a central role in the
biogeochemistry of pelagic food webs (Azam, 1998; Ducklow,
2000). The phytoplankton-bacteria relationship and the coupling
between the two components is generally analyzed by comparing
primary production to bacterial production (BP) rates (Hoppe
et al., 2002; Morán et al., 2002, 2013) or, more comprehensively,
to bacterial carbon demand (BCD), thereby also including
bacterial respiration (del Giorgio et al., 1997; Rivkin and
Legendre, 2001). The degree of coupling between autotrophic
producers and heterotrophic decomposers in planktonic systems
has a strong impact on the fate of organic matter and
its partitioning into different pathways, such as microbial
utilization, transfer to higher trophic levels, or accumulation
and export (Wohlers et al., 2009). The DOC production by
phytoplankton also shapes the succession of bacterial taxa and
their specific functions (Sarmento and Gasol, 2012; Teeling
et al., 2012), and the amount and the composition of the
released DOM strongly depend on phytoplankton species and
the physiological status of this cell (Nagata, 2000; Thornton,
2014).

In principle, all biological processes are modulated by
temperature but the observed effects on metabolism in marine
plankton are generally stronger for heterotrophic than for
autotrophic organisms (Pomeroy and Deibel, 1986; Morán
et al., 2006). The metabolic theory of ecology (Brown et al.,
2004) predicts that respiration increases at higher rate than
photosynthesis with increasing temperature, due to the lower
activation energy of autotrophs (Harris et al., 2006). Moreover,
phytoplankton are most often limited by light or nutrient levels
(Tilzer et al., 1986), which diminishes the temperature sensitivity
of growth (Edwards et al., 2016). The effects of temperature
are reflected in reduced bacterial growth during phytoplankton
spring blooms at low temperatures (e.g., polar regions), which
may temporarily uncouple heterotrophic DOC consumption
from autotrophic organic matter production (Pomeroy and
Deibel, 1986; Kirchman et al., 2009). Conversely, an increase
in water temperature has the potential to intensify the degree
of phytoplankton-bacterioplankton coupling by stimulating
bacterial growth and substrate consumption more than for the
phytoplankton. Therefore, an increase in temperature potentially
shifts the balance of autotrophic production and heterotrophic
consumption toward the latter (Hoppe et al., 2002; López-Urrutia

et al., 2006; Morán et al., 2006; O’Connor et al., 2009; Degerman
et al., 2013).

Over the last decade, the impact of temperature changes on
phyto-bacterioplankton coupling and the consequences for the
marine carbon cycle have mainly been investigated in mesocosm
studies that included experimental warming (e.g., Morán et al.,
2006; O’Connor et al., 2009; Lindh et al., 2012). For example,
the effect of sea surface warming on food web dynamics and
pelagic carbon flow patterns has been investigated in several
indoor-mesocosm experiments using natural spring plankton
communities from the Baltic Sea (Sommer et al., 2012; Wohlers-
Zöllner et al., 2012). Among other results, a temperature increase
was repeatedly shown to strongly stimulate bacterial abundance,
bacterial production (BP), and bacterial respiration, resulting in
an increased processing of phytoplankton-derived organicmatter
by heterotrophic bacteria and a higher carbon flow into the
microbial food web (Hoppe et al., 2008; Wohlers et al., 2009;
von Scheibner et al., 2014). The results of other experiments,
performed both in the Baltic Sea (Müren et al., 2005; Eriksson
Wiklund et al., 2009; Degerman et al., 2013; Vaquer-Sunyer
et al., 2015) and in other marine areas (e.g., Keller et al.,
1999; O’Connor et al., 2009), also revealed that an increase in
temperature increases planktonic respiration and intensifies the
coupling of primary producers and heterotrophic consumers.
Overall, warming-induced increases in heterotrophic activities
resulted in a higher net consumption of DOC and subsequently
in a reduced net consumption of dissolved inorganic carbon
(DIC), thus constituting a positive feedback response to global
warming (Wohlers et al., 2009).

However, current knowledge of the underlying mechanisms
by which surface water warming influences food web dynamics
and phyto-bacterioplankton coupling is still limited, and it is
not clear whether the results from mesocosm studies can be
extrapolated to in situ conditions. This is due to a paucity of field
studies investigating the coupling of phyto- and bacterioplankton
production under the in situ conditions of the early spring
bloom, when water temperatures are low and the phytoplankton
development depends on a first and generally weak stratification
of the water column.

The Baltic Sea is a brackish, semi-enclosed shelf sea, with
pronounced phytoplankton blooms in spring and autumn. In
the southern Baltic, the phytoplankton spring bloom normally
occurs between late February and early April whereas in northern
regions it often begins later and extends until May, depending on
the intensity of the surface irradiance, water stratification, and
ice cover (Spilling and Markager, 2008; Wasmund et al., 2008;
Klais et al., 2013). The spring blooms are typically dominated
by diatoms (e.g., Chaetoceros spp. and Skeletonema costatum)
although in some parts of the Baltic Sea (e.g., the central Baltic
Sea) cold-water dinoflagellates may be dominant, especially after
warmer winters (Wasmund et al., 2008, 2011; Klais et al., 2011,
2013). A strong increase in annual mean surface temperature is
predicted for the Baltic Sea, with pronounced winter warming by
up to 6◦C expected by the end of this century (HELCOM, 2013).

The aim of this study was to investigate the phyto-
bacterioplankton coupling during early spring bloom conditions
at low water temperatures in the Baltic Sea, and to examine
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their response to short-term warming. We hypothesized
that at these low temperatures the activity and production
of planktonic bacteria would be suppressed compared to
phytoplankton. For this purpose, we collected water samples
from different stations in the northern and southern Baltic
Sea, assessed phyto- and bacterioplankton composition and
measured primary and bacterial production. Additionally, we
performed shipboard incubations, where PP and BP levels
in response to an increase in temperature were measured.
Some of the results confirmed those of previous mesocosm
warming studies, but striking differences with respect to
the strength of phyto-bacterioplankton coupling became also
obvious.

MATERIALS AND METHODS

Sampling
Water samples were taken at eight stations (stations 1–8),
extending from the Gulf of Finland to the southern Baltic
Sea, during a research cruise of the R/V Alkor between
March 4 and 11, 2009 (Figure 1). Surface water samples were
collected directly after sunrise using a rosette comprising 24
10-L bottles equipped with a conductivity/temperature/depth
(CTD) sensor (SeaBird 911) and sensors for fluorescence.
The concentrations of inorganic nutrients were determined as
described by Grasshoff et al. (1999). To collect microbial biomass
for DNA extraction, water samples of 1–1.5 L were filtered
onto 0.2-µm polycarbonate filters (without pre-filtration) and
stored frozen at −80◦C. DNA was extracted as described in
Weinbauer et al. (2002). For phytoplankton, 250-mL samples
were fixed with Lugol’s iodine and a subsample was later counted
using an inverted microscope (Utermöhl, 1958). Phytoplankton
species identification was performed in agreement with the
HELCOM COMBINE protocol and the Checklist of Baltic Sea
Phytoplankton Species (Baltic Sea Environment Proceedings No.
95, Helsinki Commission). Phytoplankton cell volumes were
calculated after an approximation to geometric standards and
converted to phytoplankton biomass (µg C L−1) according to
HELCOM recommendations (Olenina et al., 2006).

Heterotrophic and autotrophic picoplankton were analyzed
by flow cytometry using a FACScalibur (Becton & Dickinson)
with a constant flow rate (35 µL min−1) and yellow-green
latex beads (0.5µm, Polysciences), which served as an internal
standard. Duplicates of unfiltered 4-mL samples were fixed
with 400 µL of 1% paraformaldehyde and 0.05% glutaraldehyde
(final concentration), shock frozen in liquid nitrogen, and stored
at −20◦C. Smaller autotrophic cells, including Synechococcus
as well as pico- und nanoeukaryotic phytoplankton (<5µm),
were distinguished by size and fluorescence (chlorophyll-a and
phycoerythrin). Heterotrophic cells were analyzed after staining
with 2.5µM (final concentration) SYBR Green (Molecular
Probes). Bacteria were detected by their characteristic position in
a plot of side scatter (SSC) vs. green fluorescence (FL1) and were
further divided into high nucleic acid (HNA) and low nucleic
acid (LNA) bacterial cells as described by Gasol and del Giorgio
(2000).

FIGURE 1 | Map of the Baltic Sea, showing the study area and the position of

the eight sampling stations. According to the GPS coordinates, the station

map was plotted using Ocean Data View (Schlitzer, 2011).

Primary Production and Bacterial
Secondary Production
The first CTD in the morning (7:30 a.m. for all stations except
stations 1, 5, and 8, 10:30 a.m.) was used to collect surface water
(1–2.5m) for the experimental incubations and the PP and BP
measurements at in situ and experimentally increased (+6◦C)
temperatures. PP was measured using the [14C]-bicarbonate
incorporation method of Gragas (1975), with 200 µL of [14C]-
bicarbonate (10 µCi/mL) per 250-mL sample and three different
light intensities (100, 75, and 50% of in situ light irradiation) to
simulate the first few meters of the surface water layer. Triplicate
samples of each light intensity and of one sample subjected to
dark conditions (covered with aluminum foil) were incubated
in a closed transparent incubator for 6 h on the deck of the
ship at two different temperatures (10◦C and 1+6◦C) (Figure
S1). The temperature was carefully adjusted to 1+6◦C using
a thermostatic water bath according to the measured ambient
water temperature (Table 1). The reactions were terminated by
immediately filtering the samples through cellulose-nitrate filters
(0.2µm) and then exposing them to HCl fumes for 10min before
they were fixed with Lumagel scintillation cocktail (Packard). The
PP values were used to calculate the surface water production
rates (µg C m−3). Due to technical problems in gathering data
of daily rates of photosynthetically active radiation (PAR), daily
production rates were roughly estimated by doubling the values
for the half-day incubations (6 h) (Wasmund et al., 2001).

BP was measured based on [3H]-leucine (306 mCi mmol−1)
incorporation as described by Simon and Azam (1989). Triplicate
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TABLE 1 | Overview of the baseline parameters for all sampled stations in the Baltic Sea.

Station no. Temperature

[◦C]

Salinity NO−

3

[µmol L−1]

PO3−

4

[µmol L−1]

Phytoplankton

[µg C L−1]

Bacteria

[106 ml−1]

1 0.1 5.24 6.78 0.85 50.9 –

2 1.4 6.33 6.45 0.88 16.9 0.59

3 3.1 7.33 1.89 0.57 14.4 0.43

4 3.2 7.40 4.01 0.57 – 0.47

5 2.8 7.51 5.32 0.6 104.0 0.90

6 2.5 8.35 0.93 0.45 201.1 0.74

7 2.8 8.45 1.02 0.45 169.8 0.73

8 2.6 10.1 0 0.24 378.1 0.64

10-mL aliquots of the unfiltered samples and of one blank were
incubated in dark with [3H]-leucine (100 nMfinal concentration)
at two different temperatures (10◦C and 1+6◦C) for 2 h before
the reactions were stopped by the incorporation of formaldehyde
(1% final concentration). The blank consisted of a sample in
which formaldehyde was added before the addition of [3H]-
leucine. The same thermostatic water bath, as for the PP, was
used to adjust the temperature to 1+6◦C. All samples were
filtered onto 0.2-µm polycarbonate filters (Millipore) and rinsed
with 10mL of cold 5% trichloroacetic acid. The filters were
dissolved in 4mL of scintillation cocktail (Lumagel Plus) and
the incorporated label subsequently counted in a scintillation
counter (Packard). BP was calculated, assuming a leucine to
carbon conversion factor of 1.5 kgC mol−1 leucine (Kirchman,
2001). Bacterial carbon demand (BCD) was estimated based on
BP and an estimate of bacterial respiration, using the models
proposed by Rivkin and Legendre (2001) as well as by del Giorgio
and Cole (1998), Table 2.

Activation energy for metabolic rates (PP and BP) was derived
from the Arrhenius equation by

ln(k2/k1) = Ea/R
∗(1/T1 − 1/T2) (1)

where k1 and k2 are the metabolic rates at in situ and elevated
temperature, respectively, T1 and T2 are the corresponding in situ
and elevated incubation temperatures in Kelvin (K) and R is the
gas constant (8.314472 mol−1 K−1). The Q10 (the relative change
in a metabolic rate expected for a 10K temperature increase) was
calculated by using the equation of Raven and Geider (1988):

Q10 = e10Ea/RT2 (2)

where Ea is the activation energy, R is the gas constant and T is
the mean temperature in Kelvin.

Analysis of Bacterial Community
Composition
DNA was amplified using the bacterial 16S rRNA gene primers
Bakt_341F (CCTACGGGNGGCWGCAG) and Bakt_805R
(GACTACHVGGGTATCTAATCC) (Herlemann et al., 2011)
and sequenced using pyrosequencing technology. For data
analysis, the resulting sequences were assembled using QIIME

1.9.1 (Caporaso et al., 2010) and the “joins paired-end Illumina
reads” function with default settings to merge forward and
reverse sequences with an overlap of at least 30 bp. Sequences
without overlap were discharged. After converting fastq to
fasta using the “convert_fastaqual_fastq” function, the resulting
sequences were evaluated using the SILVA NGS pipeline
(Klindworth et al., 2013) with default settings. This automated
pipeline aligns the reads to a curated database using the SINA
aligner (Pruesse et al., 2012), in which problematic reads such as
PCR artifacts (including potential chimeras) and non-ribosomal
reads are filtered out. The reads were quality filtered with the
following settings: reads <50 aligned nucleotides and reads
with >2% ambiguities, >2% homopolymers, or low alignment
quality. After alignment, the sequences were dereplicated by
clustering according to their 98% sequence identity with each
other (pairwise distance and single linkage clustering) using
CD-HIT (Li and Godzik, 2006). The longest read in each
cluster was BLAST searched against SILVA SSU Ref 128 for
the classification of sequences. The resulting classification of
the reference sequence of a cluster was mapped to all members
of the respective cluster as well as to their replicates. Similar
classifications (approximately resembling genus level) were
merged to operational taxonomic units (OTUs). Closest related
sequences in the SILVA SSU Ref 128 database to the sequence
with most abundant reads are shown for the dominant OTUs
in Table S1. Sequences having an average BLAST alignment
coverage and alignment identity of <93% were considered
as unclassified and assigned to the group “no relative.” OTU
counts were rarefied to 1000 reads per sample using the
single_rarefraction.py script implemented in Qiime version 2.0
(Caporaso et al., 2010). The 16S rRNA gene sequences were
part of a previous study (Herlemann et al., 2016). The raw
sequencing data were deposited at the Short Sequence Archive
under accession number PRJEB14590.

Statistical Analyses
PP and BP data sets were statistically analyzed using the paired
t-test to determine the significance of the temperature effects
at the in situ (10◦C) and elevated (1+6◦C) temperatures. The
significance level was set at p < 0.05 (IBM SPSS Statistics 20).
To compare the dominant taxa between stations, the relative
abundances of the >75% most abundant OTUs (>40 reads)
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were visualized in a heatmap. Explicet (Robertson et al., 2013)
was used to estimate richness and Shannon diversity for the
eight stations. Bacterial OTUs that significantly differed in their
relative abundances between stations were identified using a
linear discriminant analysis effect size (LEfSe) analysis (Segata
et al., 2011) with the default settings, except the “One against all”
strategy, for multi-class analysis.

RESULTS

In Situ Conditions of the Baltic Sea
During the cruise in early March, the in situ water temperatures
were between 0.1◦ and 3.2◦C (Figure 1, Table 1). Within the
first part of the transect (hereafter called “northern stations”),
extending from the Gulf of Finland (station 1) to those in the
central Baltic Sea (stations 3–4), there was no indication of an
ongoing phytoplankton spring bloom. Phytoplankton biomass
(5.1–39.2 µg C L−1) (Figure 2A, Table 1) and production
(Figure 3A) levels in the surface waters were very low, with
no sign of nutrient depletion (Table 1). The phytoplankton
community was dominated by the dinoflagellate Scrippsiella
sp., which at station 1, for example, contributed ∼95% to
total phytoplankton biomass (Figure 2A, Table S2). Several
large ciliates (mainly Lohmaniella sp.) were also identified. By
contrast, at stations in the southern Baltic Sea (5–8), developing
phytoplankton blooms were evidenced by biomass and PP levels
up to 10 times higher than at the northern stations (PP: 180–
330 vs. 2–20 µg C L−1 day−1, respectively; Figures 2A, 3A) and
by the depletion of nutrient concentrations, particularly nitrate
(Table 1). The phytoplankton communities at the southern
stations were dominated by the diatom Skeletonema costatum
(59–93% of phytoplankton biomass), with minor contributions
by the dinoflagellate Gymnodinium ssp. and other diatoms
(Chaetoceros spp., Thalassiosira rotula) (Figure 2A). Overall,
26 different phytoplankton species within nine phyla (e.g.,
Dinophyta or Heterokontophyta) were detected over the whole
transect (Table S2).

Heterotrophic bacterial abundance was also higher at the
southern (0.64–0.90 × 106 cells mL−1) than at the northern
(0.43–0.59 × 106 cells mL−1) stations but the increase was
relatively modest (Figure 2B). HNA bacteria accounted for 0.13–
0.16 × 106 cells mL−1 at the northern and 0.24–0.35 × 106 cells
mL−1 at the southern stations (average 30 ± 4% and 39 ± 3%
of total prokaryotes, respectively) (Figure 2B). The difference in
BP was much stronger, as the rates measured at the southern
stations were 8-fold higher (Figure 3B). Picocyanobacteria
(mainly Synechococcus), picoeukaryotes, and nanoeukaryotes,
enumerated by flow cytometry, did not show a similarly clear
pattern. Their abundance was highest at station 5 and lowest at
station 2 (Figure 2B).

Temperature Effect on
Bacteria-Phytoplankton Coupling
The experimental temperature rise of △+6◦C resulted in a
significant increase in PP at all stations (paired t-test, p = 0.008,
n= 8) (Figure 3A). This warming-dependent increase in PP was
recorded for incubations at 100 and 75% light intensity, while
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FIGURE 2 | (A) Biomass of the dominant phytoplankton taxa or taxonomic

groups, as well as that of ciliates (µg C L−1) according to the different

stations. No data were obtained for station 4. (B) Bacterial abundance (106

mL−1) at the different stations. Heterotrophic bacteria were distinguished

according to their low and high nucleic acid (LNA and HNA) content.

Autotrophic cells, determined by flow cytometry, are divided into

Synechococcus, picoeukaryotes, and nanoeukaryotes (gray bars).

at 50% light intensity PP remained almost constant (Figure S3).
The temperature increase of △+6◦C led to a stronger relative
increase in PP at stations with a low phytoplankton biomass and
a low rate of PP (stations 1–4; up to 250% at station 3) than at
stations with high PP rates (stations 5–8). The increase at the
latter stations during the incubation period was only 20% on
average (Figure 3A,Table 2), with the strongest increase (36%) at
station 8. The calculated Q10 values were in the range of 1.2–1.7
for the southern, high-PP stations and 1.3–8.2 for the northern,
low-PP stations (Figure 2A; Table 2). However, for the northern
stations these values should be interpreted with caution as the PP
values were very low and the measured increases were in some
cases close to the detection limit.

With a warming of 1+6◦C, BP also increased significantly
(paired t-test, p = 0.008, n = 8), although with a high variability
(mean increase 59± 31%) (Figure 3B). At both the northern and
the southern stations BP increased by 2- to 4-fold (Figure 3B,
Table 2). The resulting Q10 for bacterial production ranged
between 1.1 and 2.8 (mean 2.2 ± 0.7) at high-PP stations (5–8)
and were comparable with BP at low-PP stations which ranged
between 1.5 and 2.2 (mean 1.9 ± 0.3 (Table 2). The calculated
ratios of BP/PP and BCD/PP were much lower at the southern
stations (5–8), where the phytoplankton blooms had developed,
than at the northern non-bloom stations (1–4) (Table 2). This

FIGURE 3 | (A) Primary production (PP) and (B) bacterial production (BP)

rates [µg C L−1 days−1] at two different temperatures (10◦C and 1+6◦C) at

the different stations. Mean (±SD) of three replicate measurements.

was independent of the chosen model for calculating BCD
(Table 2). The experimental temperature increase did not result
in significantly different ratios of BP/PP and BCD/PP at any of
the northern stations (paired t-test, p = 0.798, n = 8) (Table 2).
However, for the southern stations only, warming resulted in
clearly increased BP/PP and BCD/PP ratios.

Bacterial Community Composition
The northern stations (1–4) of the Baltic Sea were dominated
by Actinobacteria (13.4–26.7% of the total sequences),
Alphaproteobacteria (18.7–24.5%), and Bacteroidetes (10.5–
13.9%) (Figure 4). At the southern stations (5–8), where the
diatom-dominated phytoplankton spring bloom occurred,
the same phyla/classes predominated but the proportion of
Bacteroidetes was much larger (15.5–40%). The contribution
of Cyanobacteria (mainly Synechococcus) was maximal at
station 5 (17.9%) and decreased with increasing phytoplankton
biomass in the southern Baltic Sea (stations 7 and 8). This
pattern was consistent with the cell counts of picocyanobacteria
determined by flow cytometry (Figure 2B). Compared to the
northern stations (1–4), the proportions of Bacteroidetes and
Gammaproteobacteria nearly doubled at the southern stations
(5–8), whereas those of Betaproteobacteria, Planctomycetes, and
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Verrucomicrobia decreased (Figure 4). In addition, the bacterial
α-diversity decreased with increasing phytoplankton biomass
(number of bacterial genera, Shannon index; Figure S2).

Among the 75% most abundant bacterial OTUs, LEfSe
analysis identified 14 that differed significantly between
stations with a high (stations 5–8) and low (stations 1–4)
phytoplankton biomass (Figure 5). In the phytoplankton-
dominated samples of the southern stations, several OTUs
belonging to Flavobacteria (unclassified Cryomorphaceae,
Ulvibacter, unclassified Flavobacteriaceae) were particularly
abundant, with OTU NS3a reaching a relative abundance of
16.8% at station 8 (Figure 5). LEfSe analysis also identified
the enrichment of Candidatus Aquiluna (Actinobacteria) as
well as representatives from the unclassified PeM15 group
(Actinobacteria) and the BAL58 group (Betaproteobacteria) at
the southern stations. The dominant OTUs from the northern
stations were more diverse and included representatives from
the Alphaproteobacteria, Betaproteobacteria, Acidobacteria,
and Chloroflexi but also from the flavobacterial NS9 group.
Additionally, several OTUs occurred in higher abundance at all
eight of the investigated stations (Figure 5).

DISCUSSION

Early Spring Plankton Development in the
Baltic Sea
The Baltic Sea is characterized by annual phytoplankton spring
blooms. These occur during late February to early April in
the southern parts but may last into May in the northern
parts (Groetsch et al., 2016). Sufficient light is essential
for the onset of phytoplankton blooms. Diminished vertical
mixing and the associated earlier onset of thermal stratification
depend on the balance of surface warming and wind energy.
In the Baltic Sea, there is a strong inter-annual variation
in the springtime water temperature, which ranges between

−1◦ and +5◦C (HELCOM, 2013). In the northern Baltic,
low water temperatures prevent thermal stratification such
that the phytoplankton spring bloom generally does not start
before April (Spilling and Markager, 2008). However, short-
term warming periods can result in a temporal stratification,
warmer surface temperatures, and the initiation of smaller,
earlier phytoplankton blooms (e.g., Wasmund et al., 1998).
Recent trends of ongoing sea surface warming have already
been shown to impact the phytoplankton spring bloom in the
Baltic Sea, in the form of earlier bloom onsets and changes
in community composition (Klais et al., 2011, 2013; Wasmund
et al., 2011). For example, during recent winter periods, the
earlier stratification of the water column due to the increasing sea
surface temperature frequently led to changes in phytoplankton
composition and abundance, such that the proportions of cold-
water species, including Diatomophyceae, declined and those of
warm-water species, such as Dinophyceae and Cyanophyceae,
increased.

Our study missed the beginning of the early spring bloom
at the northern Baltic Sea stations, where we encountered
pre-bloom conditions, but it did encompass a typical diatom-
dominated spring bloom (mainly Skeletonema costatum), which
developed in late February and reached a peak in early
March (Wasmund et al., 2013; Groetsch et al., 2016), at the
sea’s southern stations. Hence, this study detected the normal
phytoplankton spring succession, whereby stations 5–7 probably
covered the initial phase and station 8 the maximum of
the spring bloom. Here the diatoms were probably already
experiencing nutrient limitation, especially by nitrate availability
(Table 1). This high phytoplankton biomass of 347 µg C L−1 at
station 8 was in accordance with previous phytoplankton peaks
observed during springtime in the Baltic Sea (e.g., Wasmund
et al., 2008). The dominance of one or few taxa during the
phytoplankton spring blooms in the Baltic Sea, as observed here
for Skeletonema costatum (e.g., ∼95% of total phytoplankton

FIGURE 4 | Relative abundance of the major bacterial phyla/classes at the different stations sampled based on 16S rRNA gene analysis.
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FIGURE 5 | Heatmap of the 75% most abundant operational taxonomic units (OTUs) detected in samples from the different stations. The affiliation with the respective

phylum is shown in parentheses.

biomass at station 8) is also a typical feature (Wasmund
et al., 2013). Phytoplankton provides labile organic carbon,
either directly through the exudation of DOC (which resembles
dissolved PP) or indirectly through grazers or viral lysis, thereby
activating the bacterioplankton community and triggering the
growth of adapted bacterial taxa (Sarmento and Gasol, 2012;
Teeling et al., 2012; Wear et al., 2015). However, at very low
temperatures bacterial growth can be suppressed or delayed
despite organic matter production by the phytoplankton spring
blooms (Pomeroy and Deibel, 1986). The latter presumption
has been challenged by studies that demonstrated considerable
bacterial activity at low temperatures (Yager et al., 2001;
Kirchman et al., 2009). Interactive effects between temperature
and substrate supply complicate predictions of the response to
temperature by bacterioplankton communities (Pomeroy and
Wiebe, 2001; Hall and Cotner, 2007; Kritzberg et al., 2010).

In our field study, where the temperature at all stations was
in the 0–3◦C range, activation of the bacterial communities by
blooming phytoplankton was apparent at stations with high PP

(Figures 2B, 3B). Here, increases in bacterial abundance and
production, as well as in the proportion of HNA bacteria, a
common indicator of more active bacterial cells (Gasol et al.,
1999), were recorded. A similar temperature experiment revealed
that in situ BP and BR were positively related to temperature but
BR responded more strongly to temperature than BP, indicating
that increased temperature may result in a higher bacterial
carbon demand and decreased growth efficiency (Kritzberg et al.,
2010). Thus, overall there is considerable evidence that increasing
temperature results in a higher carbon turnover in surface waters
during phytoplankton spring blooms.

At the level of the main phylogenetic phyla/classes, there were
only minor differences in bacterial community composition
(BCC) across the stations sampled (Figure 4) whereas
larger differences were visible at the genus level based OTU
composition (Figure 5). Although salinity is a dominant factor
for BCC in the Baltic Sea, major shifts occur when salinities drop
to <3 or rise to >10 (Herlemann et al., 2011). Modest changes
in main bacterial phyla in our study area can be explained by
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the fact that only stations in a salinity range of 5.2–10 were
covered. Temperature is another strong factor for the BCC, but
since the conditions of the sampled stations were also relatively
similar in terms of temperature (0–3◦C), we assume that the
presence of phytoplankton was probably the main driver for the
differences in the dominating OTUs at the different stations.
Both bacterial richness (here, the number of different OTUs)
and the Shannon index decreased with increasing phytoplankton
biomass (Figure S2), indicating that adapted bacteria became
more dominant. OTUs belonging to Gammaproteobacteria and
Bacteroidetes, which became more dominant at the stations
with high phytoplankton biomass, are characteristic for diatom-
dominated phytoplankton blooms (Teeling et al., 2012; Buchan
et al., 2014; Bunse et al., 2016). For example, at station 8 with
the phytoplankton bloom peak, one OTU of the NS3a marine
group within the Flavobacteriales dominated. The same taxon
occurred in high abundance in a previous mesocosm experiment
with a comparable diatom-dominated phytoplankton bloom
(clone-157; 16% of all 16S rRNA clones; von Scheibner et al.,
2014) as well as in another field study carried out in the same
area of the Baltic Sea during a spring bloom (OTU_000022; 16%
of all 16S rRNA gene sequences; Bunse et al., 2016). This suggests
a key role for this flavobacterial taxa in carbon processing during
early diatom spring blooms in the Baltic Sea. Most of the other
abundant OTUs in our study differed from those reported by
Bunse et al. (2016), perhaps due to the fact that those authors
encountered a higher phytoplankton biomass, with a different
phytoplankton composition in the northern Baltic than was
the case in our study. Generally, the OTUs that were abundant
during the phytoplankton bloom at station 8 were more closely
related to the OTUs from the southern Baltic Sea in the study of
Bunse et al. (2016).

Phyto-Bacterioplankton Coupling and the
Impact of Warming
Although bacterial abundance and production were elevated
at the southern stations (5–8), characterized by high PP rates,
proportionally much stronger increases in phytoplankton
and lower BP/PP ratios (1.0%–1.3%) than generally known
for phytoplankton blooms were recorded. Despite our
measurements of PP are probably only rough estimates of
daily production, as changes in light and radiation could not be
considered, and PP may change from day to day, we do not think
that more extensive PP measurements would have provided very
different BP/PP ratios. For example, the incubations at stations
1, 5 and 8 started later in the morning, and higher radiance over
midday may have resulted in higher PP values, BP increased
equivalent to PP, resulting in comparable BP/PP values. The Q10
values have to be interpreted with caution as the calculation
was based on only two temperatures. However, the obtained
Q10 values are well within the range of reported values from
experimental warming experiments.

According to global observations, water temperature
correlates positively with BP/PP ratios, which increase from 2
to 10% in cold and temperate climate zones up to roughly 40%
at lower latitudes (Carlson and Ducklow, 1996; Ducklow et al.,

1999; Hoppe et al., 2002). This suggests that the low temperature
in our study area suppressed bacterial growth and therefore
prevented stronger phytoplankton-bacteria coupling. The low
BP/PP ratios are comparable to those reported in other studies of
low temperature waters, in which ratios < 10% were interpreted
as evidence of “uncoupled” BP and PP (Cole et al., 1988; Nielsen
and Richardson, 1989). The low water temperatures during early
spring blooms in the Baltic Sea probably delay the bacterial
degradation of phytoplankton-derived organic matter and may
result in the gradual temporal accumulation of DOC. A temporal
delay of bacteria-phytoplankton coupling is often recorded at
these low water temperatures, since the bacterioplankton peak
follows the phytoplankton bloom peak often with a delay of
1–2 weeks and could be a critical factor for the low bacterial
abundance and production in this study (e.g., Hoppe et al.,
2008). Furthermore, high grazing pressure is often observed for
controlling the bacterial growth during phytoplankton spring
blooms at low temperatures and could be another factor for the
reduction in phytoplankton-bacteria coupling (Lignell et al.,
1992; von Scheibner et al., 2014).

Bacterial growth is more dependent on dissolved primary
production (DPP) than on particulate primary production
(PPP) (e.g., Morán et al., 2002). Data concerning the percent
extracellular release (PER) of PP in the Baltic Sea during
phytoplankton spring blooms are scarce, but studies from other
systems indicate that PER is usually <20% of total PP (Nagata,
2000; Teira et al., 2001; Marañón, 2005; Morán et al., 2013).
At a PER of 20%, the estimated BCD at the northern stations
would exceed DPP whereas at the southern stations BCD could
be entirely fueled by DPP. However, other mechanisms also
contribute to the transfer of phytoplankton carbon to bacteria,
such as sloppy feeding by zooplankton or viral lysis. As we did
not measure DPP, we used PPP as a proxy for phytoplankton
organic carbon production, which can fuel the microbial loop.
Although BP/PP ratios are insufficient to completely describe the
pelagic carbon flow, they are indicators of the current relation
between autotrophic production and heterotrophic consumption
of organic matter. Including measurements of DPP, bacterial
respiration, and grazing rates in assessments of the carbon flow
during the phytoplankton spring bloom would lead to more
precise estimates but probably would not change the overall
finding of low phytoplankton-bacteria coupling.

Warming (1+6◦C) stimulated both PP and BP, with distinctly
higher average Q10 values for BP (2.1 ± 0.7) than for PP (1.4
± 0.2) during phytoplankton bloom conditions at the southern
stations (Table 2). This positive effect of higher temperature on
bacterial production rates is in agreement with many previous
studies in the Baltic Sea and other marine locations in this climate
zone (Vázquez-Domínguez et al., 2007; Hoppe et al., 2008;
Panigrahi et al., 2013). However, in some studies the Q10 for BP
even exceeded the normal range of 2–3 known for heterotrophic
organisms during phytoplankton spring blooms (Vaquer-Sunyer
et al., 2015). PP increased significantly with higher temperatures
in all samples, resulting in Q10 values between 1.2 and 8.2
(Table 2). These were within the range reported in other field
studies (e.g., Panigrahi et al., 2013) and in marine mesocosm
experiments in the Baltic Sea (Hoppe et al., 2008; von Scheibner
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et al., 2014). In our study, the warming-related increase in PP
suggested light saturation of phytoplankton, since light-limited
rates of PP are insensitive to temperature changes (Tilzer et al.,
1986), as also shown in mesocosm studies of marine plankton
(e.g., Lewandowska and Sommer, 2010; Lewandowska et al.,
2012; Sommer et al., 2012). Q10 values between 1.2 and 1.7 at
stations with high PP rates indicated that short-term warming
did not greatly disturb biochemical processes. In addition,
these values are in accordance with those of previous studies
demonstrating lower temperature-sensitivity of phytoplankton
growth and production (Marañón et al., 2014). A more detailed
picture would be obtained by measuring not only the response
of particulate but also that of dissolved primary production
(e.g., Morán et al., 2006) as this is expected to be more related
to bacterial substrate utilization. However, other temperature-
sensitive factors, such as grazing pressure (Duarte et al., 2005;
Aberle et al., 2007), qualitative and quantitative aspects of
phytoplankton exudation (Zlotnik and Dubinsky, 1989; Morán
et al., 2006), and substrate affinity (Nedwell, 1999), can strongly
interfere with phytoplankton-bacteria interactions and will have
to be considered for a more comprehensive understanding of
the effects of temperature. Their inclusion would also help to
explain the absence of a temperature effect on the BCD/PP
ratio in samples obtained from the non-bloom conditions of the
northern Baltic Sea (stations 1–4). In these waters, temperature
more strongly stimulated PP than BP, such that carbon flow to
heterotrophic decomposers was reduced by ∼1% per 1◦C. The
high proportion of Dinophyceae (e.g., Scrippsiella sp.), which
often establish a high biomass at low temperature in the northern
Baltic Sea (Kremp, 2000; Kremp et al., 2008), may have been
responsible for the reduced carbon flow to bacterioplankton.
However, at these very low PP and BP rates, carbon budget
calculations should be interpreted with caution, since small
changes, close to the detection limit, nonetheless strongly impact
BP/PP ratios.

Comparison of Field Data With
Experimental Warming Experiments
Our results from the Baltic Sea are consistent with those of
other field studies performed at a similar cold temperature range
(Hoppe et al., 2002; Morán et al., 2002; Duarte et al., 2005).
They suggest that only a small fraction of the fixed carbon
of phytoplankton enters the heterotrophic bacterial community
during early bloom conditions at cold temperatures. Previous
mesocosm studies of Baltic Sea spring communities, examined
at a temperature range similar to that tested in the present work,
showed that BP during phytoplankton spring bloom conditions
was strongly stimulated by warming (Wohlers et al., 2009; von
Scheibner et al., 2014), leading to a closer temporal coupling
of autotrophic and heterotrophic processes as the temperature
rose (Wohlers-Zöllner et al., 2012). The mean Q10 of 2.2 for
the bacterial response in our study was nearly identical to that
reported in a previous experimental warming experiment (Q10 =

2.4) (Hoppe et al., 2008).
However, bacterial stimulation by warming was much less in

this field study than in previous mesocosm studies mentioned

above, as BP/PP ratios were low (0.9–2.1%) even during the
diatom blooms at the southern stations (Table 2), implying
that BP was largely uncoupled from PP also at the elevated
experimental temperatures. By contrast, in the mesocosm
experiments the BCD/PP ratio during the bloom peak was∼19%
at the in situ temperature (∼2◦C) and ∼24% in response to a
warming of +6◦C (von Scheibner et al., 2014). Major differences
with our field study were the higher phytoplankton biomass
(1,000–1,500 µg C L−1) and PP in the mesocosm experiments
(Hoppe et al., 2008; Wohlers et al., 2009; Lewandowska and
Sommer, 2010), significant grazing by mesozooplankton and
a longer duration. This might have provided higher substrate
supply from phytoplankton origin for heterotrophic bacteria.
Several studies already highlighted that bacterial growth is rather
depended on the supply of dissolved PP than to particulate
PP. Moreover, in experimental warming study with slight
temperature increase of 2◦C resulted in massive increase of
dissolved PP, whereas the particulate PP nearly stable (Morán
et al., 2006). In the more unstable physical conditions of the
Baltic Sea (e.g., higher vertical mixing or drifting), phytoplankton
biomass is much lower (Table 1). This could explain the
differences in the carbon flow patterns between the mesocosm
experiments vs. in situ conditions in our study. Another reason
for the distinct differences in phyto-bacterioplankton coupling
might be that the duration of warming in this study was not
sufficient to allow acclimatization of the bacterial communities to
a similar extent as in the mesocosm studies, which were generally
conducted for several weeks.

CONCLUSIONS

Overall, the appearance of diatom-dominated phytoplankton
blooms in the southern Baltic Sea led to a strong activation of
the bacterial communities, in contrast to the northern Baltic Sea,
where the phytoplankton biomass was low and dominated by
dinoflagellates. The experimental temperature increase during
the phytoplankton bloom significantly enhanced both PP and,
especially, BP. This partially confirmed our hypothesis and
previously published considerations that warming results in a
stronger stimulation of bacterioplankton than of phytoplankton
communities under cold-water conditions. However, according
to the low BP/PP ratios, bacteria were still relatively uncoupled
from phytoplankton growth, a situation that remained essentially
unchanged after a temperature increase of 6◦C. This is in contrast
to results from previousmesocosm experiments and suggests that
during the early spring bloom in the Baltic Sea increased sea
surface temperatures will not strengthen bacterio-phytoplankton
coupling to a similar extent as in mesocosm experiments. The
clear differences in carbon flow pattern between field conditions
and experimental studies could be due to different factors such
as physical conditions, food web structure and acclimation,
which remain to be examined. The temporal response patterns
of microbial communities to warming as well as possible
bacterial adaptations are important avenues for future field and
experimental research. By careful comparisons of the results of
experimental mesocosm with those of in situ studies, including
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