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Marine bacterioplankton are essential in global nutrient cycling and organic matter
turnover. Time-series analyses, often at monthly sampling frequencies, have established
the paramount role of abiotic and biotic variables in structuring bacterioplankton
communities and productivities. However, fine-scale seasonal microbial activities, and
underlying biological principles, are not fully understood. We report results from
four consecutive years of high-frequency time-series sampling in the Baltic Proper.
Pronounced temporal dynamics in most investigated microbial variables were observed,
including bacterial heterotrophic production, plankton biomass, extracellular enzyme
activities, substrate uptake rate constants of glucose, pyruvate, acetate, amino acids,
and leucine, as well as nutrient limitation bioassays. Spring blooms consisting of
diatoms and dinoflagellates were followed by elevated bacterial heterotrophic production
and abundances. During summer, bacterial productivity estimates increased even
further, coinciding with an initial cyanobacterial bloom in early July. However, bacterial
abundances only increased following a second cyanobacterial bloom, peaking in
August. Uptake rate constants for the different measured carbon compounds varied
seasonally and inter-annually and were highly correlated to bacterial productivity
estimates, temperature, and cyanobacterial abundances. Further, we detected nutrient
limitation in response to environmental conditions in a multitude of microbial variables,
such as elevated productivities in nutrient bioassays, changes in enzymatic activities,
or substrate preferences. Variations among biotic variables often occurred on time
scales of days to a few weeks, yet often spanning several sampling occasions. Such
dynamics might not have been captured by sampling at monthly intervals, as compared
to more predictable transitions in abiotic variables such as temperature or nutrient
concentrations. Our study indicates that high resolution analyses of microbial biomass
and productivity parameters can help out in the development of biogeochemical and
food web models disentangling the microbial black box.

Keywords: marine bacteria, phytoplankton, cyanobacteria, production, substrate uptake, enzyme activity,
biogeochemistry
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INTRODUCTION

In many aquatic environments, microbially mediated fluxes of
energy and matter change dynamically over the year, alongside
seasonal variation in community structure and genetic make-
up of marine bacterial assemblages (Fuhrman et al., 2006;
Gilbert et al., 2012; Teeling et al., 2012; Hugerth et al., 2015;
Lindh et al., 2015; Teeling et al., 2016; Bunse and Pinhassi,
2017). This shows that bacterial assemblages can systematically
respond to environmental cues, both in species composition and
metabolic activity, facilitating interactions with the environment.
River runoff and phytoplankton photosynthesis (i.e., primary
production) are major sources of dissolved organic matter
(DOM) for marine heterotrophic bacteria (Cole et al., 1988;
Baines and Pace, 1991). At a global scale, it is in fact estimated
that bacterial assemblages assimilate, respire, and metabolize
around half of the carbon fixed through primary production
(Azam et al., 1983; Azam, 1998). Yet, detailed knowledge is
necessary on the spatiotemporal variability in linkages between
environmental conditions and bacterial community functional
adaptations at relevant temporal scales (days to years), i.e., the
metabolic plasticity of bacteria in terms of heterotrophic activity,
to obtain an understanding of how aquatic microbes ultimately
influence fluxes of DOM, molecules, and nutrients essential for
life.

Phytoplankton biomass and net primary production in
temperate regions change with seasons (Behrenfeld et al., 2005;
Tiselius et al., 2015). In the Baltic Proper, the spring bloom
is comprised of mainly diatoms and dinoflagellates, but in
recent decades a trend toward decreasing diatom biomass and
increasing dinoflagellate dominance has been reported (Klais
et al., 2011; Wasmund et al., 2011; Legrand et al., 2015).
During summer, diazotroph filamentous cyanobacteria [mainly
Aphanizomenon sp., Dolichospermum sp. (previously defined as
Anabaena sp.), and Nodularia spumigena] thrive and form large
blooms in the Baltic Proper (Bianchi et al., 2000; Wasmund
and Uhlig, 2003; Thamm et al., 2004; Suikkanen et al., 2007;
Bertos-Fortis et al., 2016). Also protists (often referred to as
pico- or nanoeukaryotes) in the Baltic Sea are reported to
undergo changes in seasonal succession (Samuelsson et al.,
2006). Therefore, it is paramount to unravel short-term, inter-
, and intra-annual phytoplankton dynamics (i.e., changes in
magnitude and composition) further, and how such variability
affects ecosystem functions at both higher and lower trophic
levels.

Oceanic time-series are essential for understanding marine
processes since they provide knowledge of marine habitat
variability, biogeochemical overturn, regulation of planktonic
processes, and climate trends worldwide (Karl and Lukas,
1996; Tiselius et al., 2015). Using multidisciplinary approaches,
insights into local microbial food webs and natural ecosystem
variability can be gained (Karl and Lukas, 1996). In the semi-
enclosed Baltic Sea, monitoring stations have been established
in most basins to estimate and monitor the eutrophication
status and phytoplankton dynamics of the Baltic Sea following
reports of the Helsinki Commission [for example analyzed
in Wasmund and Uhlig (2003), Suikkanen et al. (2007), and

Backer et al. (2010)]. However, data on several important
microbial variables, such as bacterial abundances, bacterial
community composition, bacterial heterotrophic production,
and other activity estimates, are strikingly missing in Baltic Sea
datasets, with a few notable exceptions (Hoppe et al., 2013;
Huseby and Wikner, 2015; Lindh et al., 2015). Further, even
less information about the linkages between phytoplankton and
bacteria from the Baltic Sea are available at high resolution.
Given the importance of microbial communities for ecosystem
productivity and nutrient (re)cycling, time-series investigating
variability in bacterioplankton productivity linked to ecosystem
dynamics (on time-scales revealing cues to the factors regulating
microbial activity) are imperative.

Here we present high-frequency data of abiotic and biotic
parameters from the Linnaeus Microbial Observatory (LMO),
situated in the Western Baltic Proper, during the period
2011–2014. Several reports have presented data subsets from
this site or shown low frequency data of environmental,
microbial, or genetic data (metabarcoding or metagenomics)
from 2011 to 2013 (Hugerth et al., 2015; Legrand et al., 2015;
Baltar et al., 2016; Bertos-Fortis et al., 2016; Lindh et al., 2017;
Alneberg et al., 2018a,b; Paerl et al., 2018), yet see the 2011 high
frequency study (Lindh et al., 2015). For a full presentation
of the LMO sampling site, please also see: https://lnu.se/en/
research/searchresearch/linnaeus-microbial-observatory-lmo/.
Here we profoundly extend the analysis of the microbial food
web at LMO and present new nutrient limitation bioassays
and substrate uptake rate constants. The aim of the study was
to examine seasonal fluctuations in bacterial heterotrophic
activities (bacterial heterotrophic production, extracellular
enzymatic activities, and substrate uptake rate constants) in
relation to phytoplankton community dynamics and changes
in physicochemical conditions at a multi-year high-resolution
temporal scale – an unprecedented effort for the Baltic Sea. We
hypothesized that an elevated sampling frequency (twice weekly
to bi-weekly or monthly), as compared to typical monitoring
schemes (monthly or longer), would allow analyses of temporal
variability in amplitude of microbial processes, and more firmly
establishing linkages between such processes and environmental
conditions and phytoplankton dynamics. This, in turn, would
allow interpreting potential ecological drivers of more labor-
intensive and less frequently sampled rate measurements and
bacterial activities.

MATERIALS AND METHODS

Field Sampling and Location
The LMO sampling site is located 11 km off the northeast
coast of Öland in the Western Gotland Sea (N 56◦55.8540′, E
17◦3.6420′), belonging to the Baltic Proper. LMO is situated
between SMHI/HELCOM monitoring stations BY38 and BY39
and further details on the sampling site are described in Lindh
(2014) and Legrand et al. (2015). Seawater was collected nearly
twice weekly during 2011–2013 and monthly during 2014. Water
from 2 m depth was sampled using 3 or 5 l Ruttner water
samplers at ∼9 a.m. during each sampling occasion (Figure 1).
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Water was collected into 10 l acid-washed polycarbonate bottles
and transported to the laboratory within ∼1 h. Upon arrival
to the laboratory, samples for chlorophyll a (Chl a), nutrients,
phytoplankton biomass and composition, bacterial abundance,
and heterotrophic production were collected. Extracellular
enzyme activity, substrate uptake rates, and nutrient limitation
samples were taken from the seawater transported to the
laboratory every second week during 2012–2014.

Abiotic Parameters
Temperature and salinity were measured on site. In addition,
temperature, salinity, and light profiles in the whole 40 m deep
water column were sampled using a CTD probe (AAQ 1186-H,
Alec Electronics, Japan) since 2013. Samples for total nitrogen
(TN) and dissolved organic carbon (DOC) were collected in
duplicates; 20 ml seawater were filtered through precombusted
(450◦C, 2 h) GF/C glass fiber filters via gravity and stored in
precombusted tubes with 200 µl HCl (2 M) added, at 6–8◦C
until analysis. DOC and TN were measured via high temperature
catalytic oxidation (HTCO) using a Shimadzu TOC-V analyzer
coupled to a TNM-1 unit (2011–2013) and DOC was further
analyzed by a Shimadzu TOC-L Total Organic Carbon Analyzer
(Shimadzu Corporation) during 2014 (Traving et al., 2017). The
detection limit for DOC using these instruments were at or
below 0.13 mg l−1 and the detection limit for TN is at or
below 5 µg l−1 (company product information and personal
communication with H. Larsson, Umeå Marine Sciences Centre).
The 2011 DOC data were excluded from further analysis due
to DOC contamination during that year. We further identified
two samples (2014-05-06; 682 µM and 2014-11-20; 680 µM)
as outliers which were removed in the graphs and statistical
analyses [Bonferroni Outlier test (outlierTest) (Fox and Weisberg,
2011)]. Averages of duplicates are presented. Dissolved inorganic
nutrients [NO−3 and NO−2 (together presented as nitrate, NO−3 ),
NH+4 , PO3−

4 , and SiO2] and total phosphorus (TP) were collected
and frozen until analysis using colorimetric methods (UV-1600
Spectrometer, VWR) (Valderrama, 1995).

Biotic Parameters
Chlorophyll a was extracted and measured following the
Jespersen and Christoffersen (1987) protocol. Briefly, 500 ml
seawater was filtered on (A/E) glass fiber filters (∼1 µm pore
size) under low vacuum and extracted in ethanol (96%) in
darkness. These filters catch single-celled cyanobacteria down to
the size of Synechococcus that are abundant in the Baltic Sea;
Prochlorococcus are not found in the Baltic Sea and Cyanobium
only at times account for minor portions of the Chl a (Komárek
et al., 1999; Haverkamp et al., 2009; Bertos-Fortis et al., 2016;
Celepli et al., 2017). Chl a concentrations were measured using
a Turner fluorometer, average values of technical duplicates are
presented. Samples for phytoplankton community composition
were collected and counted microscopically after preservation
with acid Lugol’s solution following (Utermöhl, 1931, 1958;
Legrand et al., 2015). Briefly, 500 ml sample for phytoplankton
abundance were fixed using 2% Lugol’s solution and kept in
darkness until processing. Two to ten milliliters of sample

were subsequently transferred into sedimentation chambers and
counted using an Olympus CK X41 microscope. For each sample,
a minimum of 300 cells were counted and identified to genus
or species level when possible. Phytoplankton biomass was
calculated based on biovolume (Olenina et al., 2006) and carbon
content (Edler, 1979).

Bacterial abundance was preserved in duplicates with
formaldehyde as described in Lindh et al. (2015) and enumerated
in a flow cytometer (Facs Calibur Becton Dickinson in 2011–
2012 and Partec Cube8 in 2013–2014) as described in Giorgio
et al. (1996). Bulk bacterial abundance samples were stained with
SYTO13 (Life Technologies) during 2011–2012 and SYBR Green
during 2013–2014 (Life Technologies). Briefly, cells were thawed
in darkness at room temperature, stained using SYTO13 or SYBR
Green (5 µM final concentration) and incubated in darkness for
15 min, before enumeration. Averages of technical duplicates are
presented.

For bacterial heterotrophic production estimates, we diluted
commercial 3H-leucine (Perkin Elmer; 1 mCi ml−1) to 1 µM
using cold leucine (Gasol et al., 1998). Then the samples were
incubated with lukewarm 3H-leucine (40 nM final concentration)
for 2 h at approximate in situ temperatures in at least
triplicates with one killed control [trichloric acid (TCA);
5% final concentration; Sigma-Aldrich] following the leucine
incorporation and centrifugation protocol described in Smith
and Azam (1992). We assumed a conversion factor of 0.86 for the
transformation from cellular carbon to protein, a factor of 0.073%
leucine in total proteins and an isotope dilution of 2 according to
Simon and Azam (1989) as presented in previous LMO reports
[see for example Lindh et al. (2015) and Baltar et al. (2016)].
Average values of technical replicates are presented.

Extracellular enzymatic activity and substrate uptake rate
constants (K) were determined biweekly from March 2012
to December 2013, and monthly during 2014. Extracellular
enzymatic activities; β-glucosidase, leucine aminopeptidase
(LAPase), and alkaline phosphatase (APase) were determined in
technical quadruplicates according to the fluorometric enzyme
assays and conditions described in Baltar et al. (2016). Substrate
uptake rate constants (K) were determined in technical triplicate
10 or 30 ml samples with one formaldehyde killed control
(Sigma-Aldrich; 1.4% final concentration) using 3H labeled
L-leucine and glucose (final concentrations 0.5 and 1.0 nM,
respectively) and 14C labeled L-amino acid mix (dissolved free
amino acids, DFAA), acetate, and pyruvate (final concentrations
1.0, 10, and 10 nM, respectively, PerkinElmer). Samples were
incubated in the dark at in situ temperature for 1 h (a
linear relationship between K and incubation time ranging
between 30 min and 3 h was determined) and killed by adding
formaldehyde (Sigma-Aldrich; 1.4% final concentration) 10 min
prior to filtration through 0.2 µm polycarbonate filters (25 mm
diameter, GVS Life Sciences). Filters were rinsed with 2 ml
0.9 M NaCl three times and placed in scintillation vials. Three
milliliters of Ultima GoldTM XR liquid scintillation cocktail
(Sigma) was added, samples were incubated in the dark for 18 h
and counted in a liquid scintillation counter (Wallac WinSpectral
1414). Disintegrations per minute (DPM) of negative controls
were subtracted from sample mean DPM and K was calculated
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FIGURE 1 | Bathypelagic map of LMO and SMHI monitoring station KARLSÖDJ (BY38) (Ocean Data View, ODV), depth profile in meters.

for mean DPM using Equation (1) according to a first-order
reaction type, where A = total radioactivity added (DPM ml−1),
a = incorporated radioactivity (DPM ml−1), and t = time (h).
Hence, K illustrates the substrate uptake rate constant of a specific
substrate over time.

K = (−ln((A− a)/A))/t (1)

To investigate the potential of limiting nutrients (C glucose,
N ammonium, P phosphate) for bacterial growth, we performed
nutrient limitation assays. Bacterial nutrient limitation was
determined by aliquoting 250 ml of seawater to acid washed and
Milli-Q rinsed polycarbonate bottles and adding 24 µM carbon
(C) as glucose, 4.2 µM nitrogen (N) as ammonium (NH4Cl),
and/or 0.6 µM phosphorus (P) as phosphate (NaH2PO4). As
in previous experiments (Pinhassi et al., 2006), these additions
were chosen since heterotrophic bacteria typically have lower
C:N:P ratios than phytoplankton, e.g., 45:10:1 for bacteria in
the Bothnian Sea (Zweifel et al., 1993) or see ratios reported by
Fagerbakke et al. (1996) from a broad variety of environmental
and laboratory settings (Fagerbakke et al., 1996). Nutrients were
added in duplicate (C, N, P, and CP) or single (CN, NP, and CNP)
treatments compared to control treatments (K) and incubated in
the dark for 24 h at 16◦C 2012 until summer 2013, after summer
2013 bottles were incubated at approximate in situ temperatures.
After 24 h, differential responses to nutrient addition were
determined by measuring bacterial heterotrophic production as
described above. Optimally, these nutrient enrichment bioassays
were done in the dark as to measure the short-term response of
the heterotrophic bacteria to the specific experimental changes
in nutrient availability. However, in reality, multiple biological
activities that are associated with diurnal variations in light are
likely to influence the heterotrophic bacterial production also in
such dark incubations, like changes in production/consumption
of DOC by phytoplankton or mixotrophic flagellates. The

precise influence of such factors on measures of short-term
bacterial activities remains unknown, but the minor changes
in the controls compared to the cases where enrichments
have an effect indicates that, overall, the bioassay approach
provides interpretable results. We consider a response in bacterial
heterotrophic production to nutrient additions, in comparison
to control incubations, as a proxy for growth limitation and
the results are presented as bacterial heterotrophic production
subtracted by the bacterial heterotrophic production of the
control treatment.

Statistical Analysis and Graphical
Outputs
Seasons in the Baltic Proper were defined according to
HELCOM as follows: Spring: March–May, Summer: June–
September, Autumn: October–December, and Winter: January–
February (Wasmund et al., 2011). Standard deviations for
technical replicates (triplicates up to quadruplicates) were
determined using the n−1 method. Correlations between
variables were determined using Spearman’s rank correlation
tests as data were non-normally distributed (n = 124 after
omitting NAs). For the Spearman’s rank correlation tests of
the DOC data, 2011 data and the two outliers were removed
prior correlation analysis and results are presented in a separate
figure (Supplementary Figure 3). For the Spearman’s rank
correlation tests of the substrate uptake rate constants, data
were subsampled to the bi-weekly sampling scheme (n = 38)
prior correlation analysis. All correlations were considered
significant when ρ > 0.25 and p-value after Bonferroni correction
resulted in p < 0.05. Differential nutrient limitation, enzyme
activities, and substrate uptake rate constants between years,
seasons, and substrates/enzymes were tested using Monte Carlo
simulation randomization test (1000 permutations) and results
were considered significant when the p-value after Bonferroni

Frontiers in Microbiology | www.frontiersin.org 4 January 2019 | Volume 9 | Article 3296

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-03296 January 16, 2019 Time: 10:50 # 5

Bunse et al. High-Resolution Microbial Plankton Dynamics

correction resulted in p < 0.05. All statistical tests were performed
in RStudio [Version 1.1.453 –© 2009–2018 RStudio, Inc., R
version 3.3.3 GUI 1.69 Mavericks build (7328)] using the vegan
package (Oksanen et al., 2007). Figure 1 was drawn using Ocean
Data View. All other graphical outputs were made in RStudio
(Version 1.1.453 –© 2009–2018 RStudio, Inc.) using the ggplot2
package (Wickham, 2009).

RESULTS

Patterns in Environmental Conditions
Across the four studied years, temperature ranged from 0.3
to 5.4◦C in Winter and increased during spring, with highest
variability in May (3.5–11.0◦C) and Summer (7.4–16.7◦C)
(Figure 2A). During July and August, temperatures were stable
around 17◦C and the water column was stratified with a
mixed layer depth of approximately 15 m (data not shown).
Temperature decreased with high variability during September
(18.0–8.3◦C) and October (13.7–4.5◦C). Salinity ranged between
6.4 and 7.6 PSU with little inter-annual variation (Figure 2B).
Upon deep water mixing in late autumn and early winter,
nitrate concentrations increased to reach peak concentrations of
∼3.1 µM in February, and then rapidly decreased in early April to
around or below 0.33 µM, with low concentrations until October
(a reduction of >88%, Figure 2C). Phosphate concentrations
in winter ranged 0.61–2.81 µM, and somewhat more slowly
compared to nitrate, decreased during April and May to below
0.2 µM in summer (Figure 2D). Phosphate peaked in December
2011 (2.81 µM) and showed considerably higher concentrations
during the subsequent spring of 2012 compared to the other
years (Supplementary Figure 1). Ammonium concentrations
were fairly stable <1.0 µM through the year, but over the
productive seasons intermittent peaks reaching over 2 µM were
observed (Figure 2E). Concentrations of TN averaged 18.9 µM
during the study with a slight decrease in spring (Figure 2F)
and accumulated over the productive season in 2012. Silicate
concentrations decreased over the productive seasons of 2011 and
2013, from 13 to 1.6 µM and from 17 to 5 µM, respectively,
but in 2012, two periods of intermittent peaks occurred, up to
23 µM (Figure 2G). DOC concentrations in 2012–2014 ranged
between 327.0 and 471.8 µM (mean 360.7 µM) and increased
by ∼50 µM between spring and summer (mean concentrations
of 335.1 µM in March and 384.8 µM in August) followed
by a decrease from September to November (Figure 2H).
Among the physico-chemical parameters, Spearman’s rank
correlation test over the 4 years showed that temperature was
significantly negatively correlated with salinity and the nutrients
phosphate and nitrate and positively correlated with DOC
(Supplementary Figures 2, 3).

Variation in Phytoplankton Species
Composition and Biomass Amplitudes
Chlorophyll a concentrations followed a seasonal pattern over
the years with low concentrations in winter (<0.75 µg l−1) and
elevated values in early April (average 3.82 µg l−1) and summer
(July–August). The highest Chl a concentrations in the current

study were detected during the 2011 spring bloom (13.45 µg l−1)
(Figure 3C). During summer month (June–September), Chl a
concentrations averaged 1.68 µg l−1 (2011), 2.41 µg l−1 (2012),
2.16 µg l−1 (2013), and 2.1 µg l−1 (2014) (Supplementary
Table 1). There was a tendency toward another period of
elevated Chl a in late autumn (October–November, 1.8 µg l−1)
(Figures 2I, 3C). Phytoplankton biomass based on microscopy
counts roughly followed Chl a concentrations; during the spring
bloom, biomass averaged 138 mgC m−3 (up to 354 mgC m−3).
Phytoplankton biomass remained high during May (average
106 mgC m−3) before it dropped in June (average 51 mgC m−3).
During July, phytoplankton biomass increased again (average
101 mgC m−3, with peaks up to 349 mgC m−3), whereas autumn
values remained below 105 mgC m−3 (Figure 2J).

Phytoplankton community composition varied strikingly
across seasons (Figures 3A,B). Diatoms and dinoflagellates
dominated the spring phytoplankton community prior to water
column stratification. In 2011, the highest peak in diatom
spring biomass was observed at 240 mgC m−3, while in the
following years, spring peak diatom biomass was as much
as 10 times lower. Irrespective of spring diatom biomass,
diatoms showed elevated biomass during autumn and in winter.
Notably, from 2012 to 2014, the highest annual diatom biomass
concentrations were detected during autumn and/or winter
(between 25 mgC m−3 in 2012 and 78 mgC m−3 in 2014).
Maximum dinoflagellate biomass was consistently observed in
spring at 114–307 mgC m−3, albeit with maximum biomass
decreasing each year (2011–2014) (Figure 3B).

Filamentous cyanobacteria dominated the summer
phytoplankton community all 4 years, reaching 88–
244 mgC m−3, and bloomed under stratified conditions
from June to September. The cyanobacterial blooms during
2011–2013 were characterized by an initial peak in the end of
June/beginning of July, a slightly lower biomass in mid-July
and a second peak in the end of July/beginning of August. For
each successive year over the sampled period, the maximum
biomass of cyanobacteria slightly increased, with a maximum of
244 mgC m−3 observed in 2014 (Figure 3B). Flagellates biomass
averaged 18 mgC m−3 over the sampling period (from <1 to
max = 73 mgC m−3), and displayed elevated biomass between
May and October (reaching 50–73 mgC m−3 in summer), but in
2011 biomass reached only 25 mgC m−3. Despite the relatively
low biomass during the year compared to dinoflagellates or
cyanobacteria, flagellates frequently contributed >80% of total
phytoplankton biomass during extended periods in autumn
(Figure 3A).

Bacterial Heterotrophic Production and
Bacterial Abundances Over the Seasons
Bacterial heterotrophic production typically increased from low
levels in autumn and winter (<0.06 µgC l−1 h−1) to a first
peak averaging 0.18 µgC l−1 h−1 around mid-April following
phytoplankton spring blooms (Figures 2K, 3D). A second and
larger peak was observed in July averaging 0.36 µgC l−1 h−1.
Bacterial heterotrophic production was generally higher during
2012, particularly in spring (following a strong dinoflagellate
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FIGURE 2 | Boxplots of abiotic biotic data at LMO over the period of 2011–2014, grouped by month. (A) temperature (◦C), (B) salinity (PSU), (C) nitrate (µM), (D)
phosphate (µM), (E) ammonium (µM), (F) TN (µM), (G) silicate (µM), (H) DOC, (I) Chl a (µg l−1), (J) phytoplankton biomass (mgC m−3), (K) bacterial heterotrophic
production (µg C l−1 h−1), and (L) bacterial abundances (cells ml−1). Gray backgrounds indicate summer months. In panel A, the number of samplings per month
over the 4-year time series is indicated above the boxplot (#n), note though that TN and DOC data comprise of less number of samplings.
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FIGURE 3 | Phytoplankton community composition and heterotrophic bacterial heterotrophic production over time (2011–2014) at LMO. (A) Relative carbon
contribution of phytoplankton groups to the total phytoplankton biomass; cyanobacteria (red), diatoms (orange/brown), dinoflagellates (green), flagellates (blue), and
golden algae (pink); (B) phytoplankton biomass (mgC m−3) separated into major phyla: cyanobacteria (red), diatoms (orange), dinoflagellates (green), and flagellates
(blue); (C) Chl a (µg l−1), (D) heterotrophic bacterial heterotrophic production (µg C l−1 h−1), and (E) bacterial abundances (cells ml−1). Gray background lines
indicate Chl a spring bloom maximum and gray background boxes indicate the time between the two summer cyanobacteria maxima.
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bloom). With the monthly sampling frequency in 2014, a spring
peak in production was not detected. Spring peaks in bacterial
heterotrophic production dropped down to baseline levels within
2 weeks and remained low until summer. The timing of the
summer peaks in bacterial heterotrophic production (2011–2014)
coincided with the increase of cyanobacterial biomass in the
beginning of July (Figure 3D). Incidentally, as for cyanobacterial
biomass, the 2011 summer peak was initiated ∼10 days later
compared to subsequent years.

Bulk bacterioplankton cell numbers varied substantially over
the 4 years, ranging between 0.5 and 8.9 × 106 cells ml−1

(Figure 2L). Winter abundances over the 4 years were low
(between 1.3 to 2.8 × 106 cells ml−1) and cell abundance
increases following the phytoplankton blooms were delayed
with respect to bacterial heterotrophic production (Figure 3E).
A slight dip in bacterial abundance followed the spring

TABLE 1 | Correlations of bacterial heterotrophic production (µg C l−1 h−1) and
bacterial abundances (cells ml−1) against measured abiotic and biotic
environmental data (Spearman’s rank correlation test, n = 124).

Bacterial heterotrophic
production

(µg C l−1 h−1)

Bacterial abundance
(cells ml−1)

Variable ρ p-value ρ p-value

Temperature (◦C) 0.54 < 0.000001∗ 0.62 < 0.000001∗

Salinity (PSU) −0.12 0.1677 −0.51 < 0.000001∗

Nitrate (µM) −0.43 < 0.000001∗ −0.16 0.0512

Phosphate (µM) −0.44 < 0.000001∗ −0.64 < 0.000001∗

Silicate (µM) 0.076 0.4005 −0.067 0.4626

Ammonium (µM) −0.18 0.0443 0.069 0.4458

Total N (µM) −0.087 0.3357 0.27 0.0028

DOC (µM) 0.20 0.0398 0.62 < 0.000001∗

Chl a (µg l−1) 0.42 < 0.000001∗ 0.35 0.0001∗

Phytoplankton
biomass
(mgC m−3)

0.40 < 0.000001∗ 0.15 0.1038

Bacterial
abundance
(cells ml−1)

0.28 0.0018 na na

Bacterial
heterotrophic
production
(µg C l−1 h−1)

na na 0.28 0.0018

Diatoms
(mgC m−3)

−0.18 0.0468 −0.19 0.0376

Dinoflagellates
(mgC m−3)

0.034 0.7084 −0.20 0.0284

Cyanobacteria
(mgC m−3)

0.66 < 0.000001∗ 0.43 < 0.000001∗

Golden algae
(mgC m−3)

−0.23 0.0103 0.027 0.7696

Flagellates
(mgC m−3)

0.60 < 0.000001∗ 0.49 < 0.000001∗

Asterisks indicate highly robust correlations (ρ > 0.25, adjusted p-values after
Bonferroni correction p∗ < 0.05). Further details are shown in Supplementary
Figures 2, 3. Note that total N and DOC data is comprised of slightly fewer
samplings.

peak (around early June) before abundances increased toward
summer. The highest variance in bacterial abundances was
observed in July (range of 0.5–6.8 × 106 cells ml−1) and August
(2.8–8.9 × 106 cells ml−1). The spring peak in 2012 was lower
compared to the other years but summer bacterial abundance that
year was high. Remarkably, during 2011–2013 there was a near-
linear increase for approximately 10 days in bacterial abundances
in late July, just prior to the second peak in cyanobacteria
biomass, while bacterial heterotrophic production peaked during
the first cyanobacteria biomass increase (Figures 3D,E).

Spearman’s rank correlation test showed significant
correlations between bacterial heterotrophic production
and abiotic (temperature, nitrate, phosphate) and biotic (Chl
a, phytoplankton biomass, cyanobacterial biomass, flagellate
biomass) parameters (Table 1). Bacterial abundances on the
other hand, correlated significantly with temperature, salinity,
phosphate, DOC, Chl a, cyanobacteria, and flagellate biomass
(Table 1). To evaluate the influence of sampling frequency on
the variance of bacterial and phytoplankton biomass production,
samples were subsampled to monthly intervals (first week
of the month). Thus, looking at the bacterial abundance, as
well as Chl a or phytoplankton biomass at each first week
of the month, a substantial amount of variability was lost
(Supplementary Figure 4). Especially subsampling the 2012
data, spring phytoplankton bloom peak abundances and bacterial
abundances were missed.

Nutrient Limitation
In the nutrient limitation bioassays, we considered a response
in bacterial heterotrophic production to nutrient additions in
comparison to control incubations as a proxy for growth
limitation. Monte Carlo simulation randomization test resulted
in a significant trend for nutrient limitation during spring, as
compared to summer and autumn and differences in 2012 as
compared to 2013 (Figure 4 and Supplementary Figure 5). The
major limiting nutrient was carbon (C, CNP, and CP treatments)
as compared to nitrogen or phosphorus (N, NP, and P treatments)
(Figure 4). In fact, particularly N seemed to be the least
limiting nutrient for heterotrophic biomass production. N and
P additions exclusively did not have a positive effect on bacterial
heterotrophic production until mid-June 2012 (Supplementary
Figure 5). In April 2013, C, N, and P were all limiting bacterial
heterotrophic production. From June to September 2013, C was
not exclusively limiting the heterotrophic community, although
N and P frequently limited bacterial heterotrophic production.
In Autumn 2013 and summer 2014, responses in the nutrient
limitation assays were less explicit.

Organic Substrate Hydrolysis and
Uptake
Enzyme activities were significantly different between
seasons and between the enzymes (Monte Carlo simulation
randomization test, Supplementary Figure 6). APase activity
peaked in early summer (up to 11.1 amol cell−1 h−1 in June
2014) while during late summer the activity remained below
8.0 amol cell−1 h−1 (Figure 5A). Beta-glucosidase (BGase) was
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FIGURE 4 | Boxplots of nutrient limitation bioassays grouped by season, year, or nutrient. Nutrient limitation assays, bacterial heterotrophic production
(pmol Leu l−1 h−1) corrected for control incubations after 24 h incubation with added nutrients grouped by (A) nutrient, (B) season, and (C) year. In the nutrient
limitation assays, C denotes carbon, P denotes phosphor, and N denotes nitrogen, or a combination of the above. The number of measurements per group is
indicated above the boxplot and includes biological replicates as separate data points (#n). Letters above the boxplots indicate significant differences between the
groups sharing a letter (i.e., seasons, years, or nutrients) (Monte Carlo simulation randomization test considered significantly different when ∗p < 0.05).

highest during summer 2013 (up to 4.8 amol cell−1 h−1) and
also showed initial peaks in early June (Figure 5B). Leucine
aminopeptidase (LAPase) activity increased in early June, and
thereafter it stayed above winter and spring values until autumn
(LAPase peaked at 2.26 amol cell−1 h−1 in August 2012)
(Figure 5C).

Uptake rate constants (K) of the five monomeric substrates
studied were elevated during summer and varied significantly
between seasons and substrates (Monte Carlo simulation
randomization test, Supplementary Figure 6). Moreover, rate
constants varied notably over short time spans during the
productive season and the patterns appeared different between
years (Figure 5). During summer, the uptake rate constants for
both glucose (KGlu) and leucine (KLeu) ranged from 0.05 to
0.1 h−1, with intermittent peaks up to 0.15 and 0.25 h−1. The

KLeu and the K for amino acids (Kaa) slowly increased upon
spring blooms in April until they reached an early summer peak.
Interestingly, the K for pyruvate (KPyr) was often higher than for
KLeu and KGlu during summer. The amplitude in variability in
acetate was lower than for the other substrates and the values
were lower compared to the other K values (maximum in July
∼0.03 h−1). Intriguingly, in both 2012 and 2013, temperature
drops in September were mirrored by decreased K-values.

Uptake rate constants of all substrates correlated significantly
with bacterial heterotrophic production, cyanobacteria biomass,
temperature, and phosphate (Spearman’s rank correlation test,
Supplementary Figure 7). In contrast, uptake rate constants
were not significantly correlated to DOC, Chl a, or bacterial
biomass (Supplementary Figures 7, 8). Among the substrates,
KLeu showed the strongest correlation to Kaa, and similarly, KAce
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FIGURE 5 | Extracellular enzymatic activities and substrate uptake rate constants during 2012–2014, plotted against day of year (Julian day). Enzyme
activities/uptake rate constants of (A) alkaline phosphatase (APase), (B) β-glucosidase (BGase), (C) leucine aminopeptidase (LApase), (D) amino acids (Kaa), (E)
leucine (KLeu), (F) glucose (KGlu), (G) acetate (KAce), and (H) pyruvate (KPyr). 2012 data are shown in red, 2013 data in green, and 2014 data in blue. Bulk
extracellular enzyme activity data from March 2012 to August 2013 were previously published in Baltar et al. (2016). Presented are average values of three technical
replicates, gray background indicates summer months.

and KPyr were strongly correlated to each other (Supplementary
Figure 7). Furthermore, glucose correlated more strongly to KAce
and KPyr compared to KLeu or Kaa (Supplementary Figure 7).

DISCUSSION

In this multi-year study, the high-frequency sampling schedule
allowed uncovering a number of unexpected features in

biological variables, emphasizing the extraordinary ecological
responsiveness of microbial succession to environmental drivers.
Accordingly we note: (i) pronounced variation in species
dominance and amplitude of phytoplankton blooms, (ii) marked
differences in dynamics of bacterial production and abundance
following spring compared to summer phytoplankton blooms,
with notably persistent periods of increases/decreases, (iii)
noticeable influence of elevated phosphate input during winter
on the microbial community, and (iv) high variability over
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short time scales in organic substrate hydrolysis and uptake.
These observations formed an important complement to, and
an ample extension of, the seasonally recurrent patterns in
physicochemical and biological variables typically observed in
temperate waters, in the Baltic Proper surface waters, and
elsewhere [see for example Tiselius et al. (2015)]. These recurrent
patterns included the seasonal dynamics in inorganic nutrient
concentrations and phytoplankton blooms (Tiselius et al., 2015;
Teeling et al., 2016; Bunse and Pinhassi, 2017).

Variation in Species Dominance and
Amplitude of Phytoplankton Blooms
In our high-frequency study, the timing of the spring and
summer blooms was highly consistent between years,
irrespectively of phytoplankton community composition.
Notably, the variability in Chl a concentrations during the
spring bloom month April was fourfold higher than during
the summer bloom month July (reflected also, but to a lesser
extent, in phytoplankton biomass). Moreover, phytoplankton
community composition in April was more variable (due to
shifts in dominance of diatoms and dinoflagellates between
years) as compared to July (consistent dominance of filamentous
cyanobacteria). This agrees with recent reports that the Baltic
Sea spring bloom has been shifting significantly in community
structure and intensity over the last decades, and that the
spring dominance of diatoms as compared to dinoflagellates
appears to change with approximately decadal oscillations
(Suikkanen et al., 2007; Wasmund et al., 2011). Also in the
Western Baltic Proper, warmer winters have recently resulted
in a trend toward higher dinoflagellate and less diatom biomass
during spring (Wasmund et al., 2011; Legrand et al., 2015),
potentially superimposed on more long-term oscillations.
Changes in the phytoplankton community composition is likely
to influence both ecological interactions in the pelagic food web
(e.g., changing the conditions for competitors and/or grazers)
and the amount of organic material that is sinking out of the
photic zone (Tamelander and Heiskanen, 2004). We suggest that
the high variability in the ecology of the phytoplankton spring
blooms (especially with respect to amplitude and composition of
blooms) compared to the summer bloom dynamics can influence
how general carbon fluxes or specific microbial responses are
differentially regulated across productive seasons.

During summer, nitrogen fixation by filamentous
cyanobacteria is a main source of nitrogen to the Baltic
Sea aquatic system, acting to increase otherwise low N:P
ratios (Vahtera et al., 2007; Karlson et al., 2015). In this
study, filamentous cyanobacteria dominated the summer
phytoplankton biomass. While the Chl a values during June–
September were slightly lower as reported for the Western
Gotland Basin, trends of higher Chl a variance in 2011 compared
to 2012 and 2013 were in agreement with the HELCOM
monitoring report (HELCOM, 2018). The somewhat lower
concentrations reported in our study might depend on the
different sampling methodologies rather than solely indicating
differing sampling frequencies; namely Chl a measured from
discrete 2 m depth in our study compared to the combined

estimate of in situ sampling of 0–10 m surface water, FerryBox
data, and Earth Observation (EO) remote sensing satellite data
as conducted by HELCOM (2018). Yet, the high-frequency
sampling reported in this study at one sole station allowed
distinguishing two cyanobacterial biomass peaks; the first
peak typically appeared in early July and the second peak
observed in the end of July/beginning of August. Shifts in
cyanobacterial community composition during the course
of the Baltic Sea summer were recently reported; in the
study of Bertos-Fortis et al. (2016), several heterocystous
taxa co-occurred in July, with mainly Aphanizomenon sp.
dominating later in August (Bertos-Fortis et al., 2016). These
twin peaks in biomass and a succession of cyanobacteria
species could provide different ecosystem functions (such as
nitrogen fixation rates, release of different organic carbon
compounds, or toxic substances) that might further affect
heterotrophic bacterioplankton community functioning and
composition.

Protists like pikoeukaryotes and nanoflagellates are important
components of the marine food web, and modern molecular
analyses are providing exciting insight into their diversity
and dynamics (Worden and Not, 2008; Not et al., 2009;
Berdjeb et al., 2018; Yang et al., 2018). Previous studies in
different regions in the Baltic Sea have reported long-term
increases in nanoflagellates from 1972 to 2003 (Suikkanen
et al., 2007), but few studies of the Baltic Sea explicitly discuss
the seasonal dynamics in this microbial compartment (Kuosa,
1991; Piwosz and Pernthaler, 2010). In our study, the extent
of nanoflagellate dominance of the phytoplankton biomass in
late summer and autumn was highly surprising – indicating
this plankton fraction might be overlooked with regards to
its ecological role for structuring natural bacterioplankton
communities.

The relative proportion of flagellates contributed well
above 80% to autumn phytoplankton biomass during an
extended period, even though the overall phytoplankton biomass
was low after summer. Samuelsson et al. (2006) showed
that heterotrophic flagellate biomass increased with higher
primary production in the northern Baltic Proper, and that
the growth of flagellates was limited by bacterial biomass
and temperature (Samuelsson et al., 2006). Thus, if major
portions of the flagellates were heterotrophic or mixotrophic,
it is possible that the increase in relative abundance of
flagellates we observed from late summer is linked with
elevated temperatures and bacterial growth at this time. In a
reciprocal manner, flagellate grazing would then influence the
temporal dynamics in bacterioplankton biomass and production.
Another consequence of the high relative abundance of
flagellates is that it could contribute to explain that Chl a
concentrations were more variable compared to phytoplankton
biomass in autumn. Regardless whether the observed flagellates
were autotrophic (carrying out photosynthesis) and potentially
producing DOM, heterotrophic and grazing on bacteria, or
mixotrophic, their abundance and heterogeneity could have
important effects on bacterioplankton activities during this time
of the year. This issue represents an important venue for the
future.
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Bacterial Heterotrophic Production and
Bacterial Abundance Over the Seasons
We observed pronounced seasonal dynamics in both bacterial
heterotrophic production and abundance during the study
period. Before the spring bloom, bacteria did not show
considerable net growth, underlining the bacterioplankton
dependence on phytoplankton and consecutively autochthonous
DOM in the Western Baltic Proper. Following the phytoplankton
spring bloom peak, bacterial heterotrophic production peaked
after a 0–14 days delay whereas in summer only 0–4 days
delay to the phytoplankton bloom was observed. Such quicker
response in summer could be due to higher temperatures
but could also reflect differences in DOM quantity/quality or
different abilities to respond by different taxonomic groups of
bacteria growing in summer compared to spring. Interestingly,
during the twin cyanobacteria peaks in summer, bacterial
heterotrophic production increased with the first peak (mid-
July), while bacterioplankton biomass increased with the second
peak (August). This imparity could result from compositional
changes in the cyanobacterial community over time; providing
bacteria with different DOM qualities or by producing different
antimicrobial substrates [e.g., Nodularia and Dolichospermum
species in the Baltic Proper produce different potent toxins
(Fewer et al., 2009; Mazur-Marzec et al., 2015)].

Effects of phage infection or flagellate grazing could also
play in to regulate the observed pronounced differences in
bacterial growth dynamics in relation to different phytoplankton
blooms. Bacterial biomass showed remarkable variability over
the productive seasons – although there was a general
increase from April until the end of August/September. Still,
there were recurrent periods of lower bacterial abundances.
Seemingly, the overall bacterioplankton biomass was additively
supported by several events over the productive season, such
as the spring bloom, subsequent temperature stimulation
of bacterial heterotrophic production, and again after the
summer phytoplankton blooms. Few studies have investigated
seasonal dynamics in bacterial heterotrophic production or
abundance/biomass in surface waters of the Baltic Proper, yet
there are reports from various other basins, like the Bothnian
Bay, Bothnian Sea, and German Bight (Kuosa and Kivi, 1989;
Pinhassi and Hagström, 2000; Algesten et al., 2004; Wikner and
Andersson, 2012; Hoppe et al., 2013; Huseby and Wikner, 2015).
In the Kiel Bight, bacterial abundances ranged between 0.5 to
6 × 106 cells ml−1 over 20 years and exhibited highest values
during summer (Hoppe et al., 2013), which is similar to the
abundances observed in our study. Higher bacterial abundances
and production values during summer compared to winter, and
positive correlation between production and temperature were
previously found in the northern Bothnian Sea; but as found in
the Bothnian Bay, highest production rates can also take place
in spring (Zweifel et al., 1993; Pinhassi and Hagström, 2000;
Algesten et al., 2004).

Actually, it has been suggested that DOC accumulates in
spring both due to phytoplankton-derived (autochthonous)
DOC production and due to river discharge of allochthonous
DOC (Zweifel et al., 1995; Seidel et al., 2017). Still, bacteria

accomplished net removal of accumulated DOC during summer
(Zweifel et al., 1993, 1995), demonstrating the critical role
of bacteria in the Baltic Sea carbon cycle. Especially in the
northern basins with high riverine DOC input (e.g., Gulf of
Bothnia), it has been postulated that the pelagic system is net
heterotrophic (Algesten et al., 2004; Wikner and Andersson,
2012; Seidel et al., 2017). Further, upon increasing river-water
discharges including humic substances in the Bothnian Bay, a
decrease in phytoplankton production has been found to coincide
with increased yearly bacterioplankton to phytoplankton biomass
production ratios (Wikner and Andersson, 2012). This study
also revealed that DOC concentrations increased from spring to
summer and our results further agree with the general notion
that bacteria account for higher portions of microbial biomass
when total primary productivity is lower (Gasol et al., 1997;
Church, 2008). Moreover, our findings of pronounced dynamics
in both bacterial abundance and production on the level of weeks
emphasize that the Baltic Sea Proper bacteria are continuously
encountering changes in growth conditions. Thus, while, e.g.,
monthly or annual biomass averages serve an important purpose
in many contexts (e.g., models), such averages by necessity ignore
short-term variability. We pose that understanding microbial
dynamics and their ecological drivers influencing community
productivities over short time scales is important as they may
cumulatively influence biogeochemical processes.

Influence of Elevated Phosphate Input
During Winter
Inorganic nutrient concentrations in temperate waters typically
vary on a yearly basis – yet, the phosphate concentrations
showed a noteworthy increase in December 2011 as compared
to the other years. These elevated surface water concentrations of
phosphate potentially resulted from unusually strong storms in
the end of November and in December 2011, causing extensive
wave height anomalies (Pettersson et al., 2012; Siegel and Gerth,
2012; Bobykina and Stont, 2015) and likely vertical mixing
of the water column. We interpret the low APase activity
between mid-March and mid-May of 2012, compared to the
same time period in other years, as a response to this elevated
phosphate concentration. Moreover, the nutrient limitation
bioassay experiments indicated that the bacterioplankton was not
limited by P or N during the spring of 2012, but rather was limited
by the access to labile organic carbon. Incidentally, bacterial
heterotrophic production was higher during April–May 2012
compared to the other years, potentially indicating a relatively
weak bottom-up control at this time.

It is generally recognized that the availability of (in)organic
nutrients has decisive influence on bacterioplankton growth and
community composition (Church et al., 2000; Pinhassi et al.,
2006; Allen et al., 2012; Karl, 2014). While small amounts
of P addition in the P-limited Mediterranean Sea affect the
bacterial community composition only minimally over short
times (Fodelianakis et al., 2014), excess phosphate loading or
even reactive phosphate concentrations above 0.4 µM can
enhance the speed of temporal succession of bacterioplankton
and stimulate growth of bacteria strains with high RNA content,
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respectively (Chen et al., 2016; Liu and Liu, 2016). Whereas
such high phosphate concentrations were measured frequently
during winter at LMO, we did not detect correlatingly elevated
bacterioplankton productivities (Supplementary Figure 9), likely
due to temperature limitations in winter that inhibited overall
bacterial activities and growth. In fact, the proportion of
dissolved extracellular enzyme activities as compared to bulk
extracellular enzyme activities is elevated during winter as
compared to summer seasons and correlates negatively to
temperature, suggesting a decoupling of hydrolysis rates from
microbial dynamics during winter (Baltar et al., 2016). Of
particular importance in the Baltic Sea is that increased access
to P in summer stimulates growth of filamentous cyanobacteria
(Granéli et al., 1990; Andersson et al., 2015), which can lead to
pronounced cyanobacteria blooms. We infer that experimental
exploration of the linkages between bacterioplankton nutrient
limitation and the nutrient stimulation of phytoplankton growth
could provide important insights into the regulation of microbial
bloom dynamics.

Organic Substrate Hydrolysis and
Uptake
Generally, different phytoplankton groups produce different
DOM suites which in turn select for different marine
bacterioplankton populations and communities (Pinhassi et al.,
2004; Sarmento and Gasol, 2012; Teeling et al., 2012; Becker
et al., 2014; Xing et al., 2015). Temporal differences in substrate
uptake efficiencies between glucose and leucine uptake rates have
for example been observed following spring blooms (Alonso and
Pernthaler, 2006a,b). Bacterial taxa selection is thus likely, in
part, governed by factors such as polymer degradation capacity,
utilization of carbon compound monomers, as well as varying
chemotactic abilities toward organic matter hotspots among
bacteria (Pinhassi et al., 1999; Fandino et al., 2001; Alderkamp
et al., 2007; Teeling et al., 2012; Smriga et al., 2016). Further,
phylogenetic groups of bacteria markedly differ in their uptake
rate activities throughout the year (Alonso-Sáez and Gasol,
2007) and microcosm experiments in the Mediterranean and the
Baltic Sea showed that these carbon compounds stimulated the
growth of different specialist and generalist bacteria, suggesting
distinctive ecological roles of different bacterial taxa in the
turnover of DOM (Gómez-Consarnau et al., 2012).

If above principles apply in our study, the different substrates
could be consumed by distinct bacterial groups, or different
carboxylic acids might be taken up by analogous transport
mechanisms as compared to saccharides or amino acids. In fact,
our current analysis showed that the bulk bacterial uptake rate
constants for multiple sets of studied carbon compounds over
3 years differed dynamically between substrates and changed
seasonally. These results substantially expand the findings from
previous studies that have on one hand investigated in important
detail the uptake rates and concentrations of single carbon
compounds, but on the other hand have been limited in time
or the number of compounds/compound classes analyzed in
parallel [see for example Alonso and Pernthaler (2006b) and
Vila-Costa et al. (2006)]. The carbon compounds studied here

(glucose, the carboxylic acids acetate and pyruvate, and amino
acids), each account for up to 15% of the daily uptake of
organic carbon by bacteria in various sea areas (Suttle et al.,
1991; Rich et al., 1996; Obernosterer et al., 1999; Skoog et al.,
1999; Ho et al., 2002; Simó et al., 2002), indicating that they
are ecologically important to marine bacteria. Different bacterial
groups have been shown to have distinct and dynamic DOM
uptake patterns, especially during nutrient-limiting summer
periods, that were further hypothesized to result from different
affinity uptake systems or microdiversity patterns within bacterial
groups (Alonso-Sáez and Gasol, 2007). Here, we elucidated that
the uptake rate constants were generally higher during summer
when cyanobacteria bloomed and temperatures were elevated as
compared to the spring bloom period also in the Baltic Sea.

Curiously, glucose and carboxylic acids displayed stronger
correlations to bacterial heterotrophic production than leucine
and amino acids, pointing to differences in methodology
between substrate uptake rates (where leucine was provided
in trace concentrations) and bacterial heterotrophic production
estimates (where leucine was provided at saturating levels).
Thus, the bacterial heterotrophic production is a measure of the
community biomass production, while the differences between
substrate uptake rate constant of the different substrates can
be related to functional traits of the bacterial community.
Lastly, environmental or microbial parameters such as Chl a
or bacterial abundances did not robustly explain the variability
in substrate preference or uptake rate constants in our
dataset. This may appear surprising given the dependence of
bacteria on phytoplankton DOM release, but could reflect a
highly dynamic microbial community consisting of various
heterotrophic bacteria, far more specific in their heterotrophic
nature than previously anticipated.

Reports from high resolution time series recently revealed
that gene expression patterns of marine microbial communities
can change within hours and on diurnal cycles, while changes
in bacterial community composition and dynamics may vary
over days to weeks (Mayali et al., 2010; Ottesen et al., 2011,
2014; Needham et al., 2013; Lindh et al., 2015; Needham and
Fuhrman, 2016; Martin-Platero et al., 2018). On the other
hand, marine bacterioplankton communities show seasonal
succession patterns and to a great extend recur annually
(Fuhrman et al., 2006; Hewson et al., 2006; Gilbert et al.,
2012; Fuhrman et al., 2015; Ward et al., 2017). Thus, the
vast short-term variability in our dataset and of the measured
microbial productivities and cell abundance estimates likely is
the result of the combined influence of gene expression and
community composition changes. Reciprocally this means that
cumulative changes in functional genes and proteins (expression
and abundances due to community turnover) would affect
net productivities and stocks of plankton masses at large
scales. Moreover, complex biological food-web interactions,
such as grazing by bacterivorous flagellates or infecting phages
will further influence bacterioplankton dynamics. Addressing
taxonomic and functional diversities in relation to substrate
utilization rates will provide further insights into the spatio-
temporal variability of microbial systems and its ecosystem
functions.
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CONCLUSION

Environmental surface water conditions change on semidiurnal,
daily, and seasonal scales (Gunderson et al., 2016). Traditional
time series based on monthly sampling have established the
importance and persistence of seasonal fluctuations in physical,
chemical, and biological parameters in several temperate marine
areas (Fuhrman et al., 2015; Bunse and Pinhassi, 2017). Further,
marine microbial times-series studies have recently shown the
importance of high-frequency sampling to disentangle changes
in bacterioplankton communities and related gene expression
patterns (Teeling et al., 2012, 2016; Aylward et al., 2015;
Lindh et al., 2015; Needham and Fuhrman, 2016; Ward et al.,
2017; Martin-Platero et al., 2018). In this high-resolution time
series in the Baltic Sea, we showed that monthly sampling
frequencies are adequate to capture the variability in a number
of physical or chemical variables in surface seawater across
years, such as temperature. Yet, it appears that there is extensive
biological variability in microbial parameters, often occurring
on time scales of days to a few weeks, that would be missed
by sampling at monthly intervals. This could lead to over-
or underestimation of microbial abundances, productivities, or
ecological functions.

Bacterial growth was influenced by nutrient availability,
temperature, as well as several successive phytoplankton
bloom events leading to pronounced bacterial abundance
increases. Reciprocally, bacteria feasibly influenced nutrients
and organic substrate stocks and potentially phytoplankton
communities. Curiously, during summer stratification with
stable physicochemical surface water conditions, we observed
the highest heterotrophic rates (such as organic substrate
hydrolysis and uptake) but also the highest variability in
biological parameters. This indicates that the dependence of
biology on physicochemical conditions is complex and may
be driven to important portions by ecological interactions in
the microbial food web, and even with potential linkages to
higher trophic levels. Ultimately, knowledge of the complexity of
bacterial community functioning responses to physicochemical
and biological factors associated with seasonality will facilitate
the understanding of microbial processes and its implications
for fluxes of energy and matter in marine food webs.
Intriguingly, sampling and data collection at these frequencies
may also facilitate the development of biogeochemical- and
food web models incorporating bacterioplankton dynamics.
This would allow for a better understanding and prediction of
ecosystem-wide responses to environmental disturbances in the
Baltic Sea.
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FIGURE S1 | Linegraph of (A) phosphate and (B) APase activity over time.

FIGURE S2 | Spearman’s rank correlation test results of abiotic and biotic
variables against each other 2011–2014, excluding the variable DOC. Spearman’s
rho is indicated as “Cor,” p-values are indicated as “p.” Colors denote significance
thresholds: red p-values denote significant values after Bonferroni correction
∗p > 0.05, red Cor denote Spearman’s rho values > 0.45, blue denotes
Spearman’s rho values > 0.25.

FIGURE S3 | Spearman’s rank correlation test results of abiotic and biotic
variables against each other including DOC values but excluding 2011 data.
Spearman’s rho is indicated as “Cor,” p-values are indicated as “p.” Colors denote
significance thresholds: red p-values denote significant values after Bonferroni
correction ∗p > 0.05, red Cor denote Spearman’s rho values > 0.45, blue
denotes Spearman’s rho values > 0.25.

FIGURE S4 | Subsampled data during 2011–2014. All data points that were
sampled during the first week of the month (days 1–7) are labeled in red,
underlying black points indicate all measured data for temperature (◦C), bacterial
heterotrophic production (µg C l−1 h−1), Chl a (µg l−1), and phytoplankton
biomass (mgC m−3).

FIGURE S5 | Nutrient limitation assays during 2012–2014. Displayed are the
bacterial heterotrophic production estimates (pmol Leu l−1 h−1) of single or
combined nutrient addition assays after 24 h incubation (biological replicates 1 or
2, respectively): N treatments (ammonium), P treatments (phosphate), and C
treatments (glucose). Error bars indicate standard deviation of technical triplicates.

FIGURE S6 | Boxplots of enzyme activities and substrate uptake rate constants,
grouped by season, year, or enzyme/substrate. Enzyme activities normalized to
bacterial abundances (amol cell−1 h−1) grouped by (A) enzyme, (C) season, and
(E) year. APase denotes alkaline phosphatase, BGase denotes β-glucosidase, and
LApase denotes leucine aminopeptidase. Substrate uptake rate constants K (h−1)
grouped by (B) substrate, (D) season, and (F) year; acetate (KAce), amino acids
(Kaa), glucose (KGlu), leucine (KLeu), and pyruvate (KPyr). The number of
measurements per group is indicated above the boxplot and includes biological
replicates as separate data points (#n). Letters above the boxplots indicate
significant differences between seasons, years, or substrates/nutrients/enzymes
(Monte Carlo simulation randomization test considered significantly different when
∗p < 0.05).
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FIGURE S7 | Spearman’s rank correlation test results of substrate uptake rate
constants and biologically relevant variables excluding DOC. Spearman’s rho is
indicated as “Cor,” p-values are indicated as “p.” Colors denote significance
thresholds: red p-values denote significant values after Bonferroni correction
∗p > 0.05, red Cor denote Spearman’s rho values > 0.45, blue denotes
Spearman’s rho values > 0.25.

FIGURE S8 | Spearman’s rank correlation test results of substrate uptake rate
constants and biologically relevant variables including DOC. Spearman’s rho is
indicated as “Cor”, p-values are indicated as “p”. Colors denote significance

thresholds: red p-values denote significant values after Bonferroni correction
∗p > 0.05, red Cor denote Spearman’s rho values > 0.45, blue denotes
Spearman’s rho values > 0.25.

FIGURE S9 | Graph of bacterial productivities and abundances plotted against
phosphate concentrations during 2011–2014. (A) APase, (B) bacterial production,
and (C) cell abundances. The color gradients denote temperatures at time of
sampling.

TABLE S1 | Chl a concentrations during summer time at LMO. Samples derive
from 2m water depth and during the time between June and September.
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