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Abstract
The distribution of prokaryotic metabolism between maintenance and
growth activities has a profound impact on the transformation of carbon sub-
strates to either biomass or CO2. Knowledge of key factors influencing pro-
karyotic maintenance respiration is, however, highly limited. This
mesocosm study validated the significance of prokaryotic maintenance res-
piration by mimicking temperature and nutrients within levels representative
of winter and summer conditions. A global range of growth efficiencies
(0.05–0.57) and specific growth rates (0.06–2.7 d�1) were obtained. The
field pattern of cell-specific respiration versus specific growth rate and the
global relationship between growth efficiency and growth rate were repro-
duced. Maintenance respiration accounted for 75% and 15% of prokaryotic
respiration corresponding to winter and summer conditions, respectively.
Temperature and nutrients showed independent positive effects for all pro-
karyotic variables except abundance and cell-specific respiration. All treat-
ments resulted in different taxonomic diversity, with specific populations of
amplicon sequence variants associated with either maintenance or growth
conditions. These results validate a significant relationship between specific
growth and respiration rate under productive conditions and show that ele-
vated prokaryotic maintenance respiration can occur under cold and oligo-
trophic conditions. The experimental design provides a tool for further study
of prokaryotic energy metabolism under realistic conditions at the meso-
cosm scale.

INTRODUCTION

Aerobic respiration is one of the fundamental pro-
cesses in marine ecosystems that consumes dissolved
oxygen and may cause hypoxia and oxygen minimum
zones (OMZs). Prokaryotic respiration constitutes
approximately half of aerobic respiration and is thereby
an important process in the context of marine ecosys-
tem health (Carstensen et al., 2014; Diaz &
Rosenberg, 2008; Robinson & Williams, 2005;
Schmidtko et al., 2017). The bioenergetic cost for pro-
karyotic specific respiration (ρ) in an aquatic ecosystem

can be attributed to energy spent on maintenance activ-
ities and biomass synthesis. The proportion of prokary-
otic maintenance respiration (ρm) to ρ is particularly
large under oligotrophic conditions (i.e. low prokaryotic
specific growth rates, μ) (Pirt, 1982; Vikström &
Wikner, 2019). Maintenance energy is potentially used
for the regulation of internal pH, osmoregulation, mac-
romolecular turnover, re-establishing ion gradients,
proofreading, defence mechanisms and motility (Cajal-
Medrano & Maske, 1999; Russell, 2007; van
Bodegom, 2007). Vikström and Wikner (2019) pointed
out that a change in ecosystem productivity will lead to
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a shift between maintenance and growth-based respi-
ration with a moderate increase in μ, resulting in a
minor influence on total respiration. This may explain
the relatively stable levels of prokaryotic respiration
found in field studies (Maranger et al., 2005;
Obernosterer et al., 2008).

Temperature and nutrients are major controlling fac-
tors for prokaryotic growth rates and respiration,
thereby influencing ρm. Experimentally controlling these
factors in a mesocosm experiment should enable
reproduction of the relationship between ρ and μ
observed in the field and in culture studies. Short-term
incubation experiments have shown that temperature is
the main controlling factor for bacterial biomass produc-
tion and specific growth rates within the range 3�C to
<20�C, in contrast to substrate additions (Shiah &
Ducklow, 1994). Pomeroy and Wiebe (2001) reviewed
several studies and concluded that temperature and
substrate interact at all substrate-temperature levels to
control prokaryotic growth rates. Studies of this interac-
tion under natural aquatic conditions are, however, few
and differ with temperature regime. At elevated temper-
atures increased bacterial biomass production, commu-
nity respiration and phyto-bacterioplankton coupling
during spring bloom has been demonstrated in a tem-
perate zone, when winter water was subjected to warm-
ing (Hoppe et al., 2008). Similar results of warming with
increasing growth rates of marine prokaryotes have
been obtained in different mesocosm systems (von
Scheibner et al., 2014; Wohlers et al., 2009; Wohlers-
Zöllner et al., 2012). Reports of the global range of μ
are scarce, but a compilation by Kirchman (2016)
shows 0.06–2.7 d�1 as a current estimate for marine
surface waters.

The prokaryotic growth efficiency (PGE) is the pro-
portion of prokaryotic carbon demand used for prokary-
otic biomass growth (del Giorgio & Cole, 1998). The
global range of PGE is 0.05–0.6 in marine ecosystems
(Obernosterer et al., 2008; Roland & Cole, 1999).
Some reports, however, suggest that PGE can be just
a few percent in ultraoligotrophic regions ranging from
0.01 to 0.08 (Gasol et al., 1998; Pedr�os-Ali�o
et al., 1999). PGE responds positively to ecosystem
productivity and thus prokaryotic growth (del
Giorgio, 2000). In contrast, PGE shows an inverse rela-
tionship with temperature in some studies (Apple
et al., 2006; Rivkin & Legendre, 2001; Schimel
et al., 2007). However, the pattern of a monotonic
decrease in PGE with increasing temperature is not
universal and is dependent on the temperature range
under investigation, with a peak at 15�C (L�opez-
Urrutia & Mor�an, 2007). Sufficiency of inorganic nutri-
ents (N and P) can promote a negative PGE–
temperature relationship, while no relationship was
found when inorganic nutrients were scarce (Berggren
et al., 2010). Direct estimates of PGE from oligotrophic
coastal waters are still limited (Alonso-S�aez

et al., 2007; del Giorgio et al., 2011; Lee et al., 2009),
but the low PGE values reported from many environ-
ments, as mentioned earlier, indicate that ρm is
considerable.

The prokaryotic specific rate of substrate utilization
(e.g. O2) is related to the specific growth rate (μ) and
maintenance energy (m), as shown in culture experi-
ments with bacteria (Pirt, 1982). The levels of oxygen
consumption and maintenance respiration in these
experimental systems were regulated by the type of
limiting nutrients under carbon-replete conditions. The
highest m was observed under phosphorus limitation
(i.e. a high C:P ratio). Significant ρm has recently been
demonstrated in a subarctic estuary, applying a simpli-
fication of the Pirt model (Vikström & Wikner, 2019).
Annual ρm accounted for 24% of ρ using coefficients
from a linear model. This was based on a significant
relationship between ρ and μ during the productive
season (August), while oligotrophic conditions in late
winter (April) resulted in a seemingly elevated ρ without
a clear relationship to μ. This elevated contribution
from ρ in the late winter season indicated higher main-
tenance requirements during famine at low tempera-
ture. Further investigation of ρm is required to better
understand its influence on and regulation in the natu-
ral environment. An advanced understanding of ρm in
natural ecosystems is motivated by both ecological
and evolutionary concerns. A large share of energy
spent on maintenance metabolism will also impose
selective forces on associated activities from an evolu-
tionary perspective.

To investigate how ρm varies in relation to a realistic
and wide range of μ, we designed conditions mimicking
late winter and summer conditions in a mesocosm
experiment initiated during winter (February) with
brackish water collected from the Baltic Sea. By using
temperatures of 1 and 10�C, respectively, winter and
summer temperatures representative of the mixed layer
of a temperate environment were simulated. The addi-
tion of nutrients was used to simulate increased nutrient
supply from protozoan and zooplankton excretion and
sloppy feeding during late summer. We hypothesized
that the winter conditions should lead to low μ and thus
high ρm, while late summer conditions would provide
low ρm at high μ. ρm was assumed to be described by
the established relationship between ρ and μ
(Vikström & Wikner, 2019). The overarching aim of this
study was thus to experimentally reproduce, at the
mesocosm scale, patterns of ρ observed in the field,
enabling controlled investigation of ρm and its influence
on PGE. The specific questions addressed were as fol-
lows: (1) How do winter and summer conditions repro-
duced in a mesocosm setup influence the relationship
between prokaryotic specific respiration and specific
growth rates? (2) How do temperature and nutrients in
interaction control the range of prokaryotic specific
growth rates, specific respiration and growth efficiency
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observed in natural waters? (3) Is there a relationship
between the specific growth rate, maintenance respira-
tion and prokaryotic community composition?

EXPERIMENTAL PROCEDURES

Experimental treatments and mesocosm
setup

To investigate the influence of temperature and nutrient
status on prokaryotic maintenance respiration and
growth efficiency, experimental conditions were
designed to encompass their full seasonal range in
temperate climate zones. Late summer conditions were
therefore simulated in winter collected seawater in an
indoor mesocosm system at Umeå Marine Sciences
Centre, Umeå University, Sweden, situated in the
Northern Bothnian Sea (63�340 N, 19�500 E). We per-
formed a full factorial experiment with temperature and
addition of dissolved organic matter (DOM) as treat-
ment factors with a natural pelagic food web containing
all trophic levels except fish. A total of four experimental
treatments were set up with three replicates each
(Table 1). The mesocosm facility consisted of 12 insu-
lated black polyethylene tanks 2 m3 in volume, 0.75 m
in diameter and 5 m in height. Each mesocosm was
filled with a mix of brackish seawater provided by tubes
with inlets 800 m offshore at 2 and 8 m. All mesocosms
were filled in parallel to avoid differences among them
to limit variability with respect to inlet water. The water
was first prefiltered using system filters of 2 mm mesh
size to remove large zooplankton, fish, and debris.
Temperatures of 1�C without the addition of labile DOM
represented late winter conditions (treatment C), and
10�C with recurring additions of labile DOM simulated
plankton excretion of nutrients (treatment TN) and late
summer conditions in the Baltic Sea. This was
designed to promote a full seasonal range of μ. Ele-
vated temperature to 10�C without nutrient addition
(treatment T) and recurring additions of DOM at 1�C
(treatment N) provided a full factorial design, enabling
determination of factor effects and interactions
(Table 1).

The whole water column was set at a uniform tem-
perature using a temperature control system
(Honeywell AB) with convective stirring (4 h turnover
time) to avoid handling of the water layers. The addition
of DOM in the form of yeast extract (Merck Millipore,
granulated, cat. no. 1.03753.0500) was performed the
day after filling the mesocosm, and later additions were
performed every third day after sampling. The yeast
extract was added at 477 mg unit�1 after each sam-
pling. For the whole experiment, this addition amounted
to 59 μmol C dm�3, or +17% of the ambient carbon
concentration (Table 1). The total addition of nitrogen
and phosphorus was 16 μmol N dm�3 and 1.0 μmol P
dm�3, respectively, as measured in the added yeast
extract solution (Table S1). The DOM additions were
mixed by pulling a PVC plate (30 � 30 cm) attached to
a rope up and down the whole water column. The light
climate simulated a gradual change during a day at the
end of April with a solar spectrum provided by LED
lamps (lightDNA R258 and software lightDNA8, Valoya,
Finland). A 12:12 h light–dark cycle was applied. For all
units, the quantum flux density at 1.5 m was set to the
photosynthetic active radiation (PAR) level at 4 m at the
end of April (SMHI, 2020), corresponding to
10 μmol m�2 s�1. The software mimics the spectra of
the sun based on latitude. The average irradiance at
the surface was 122 μmol m�2 s�1.

Sampling and analysis

The experiment was run for 27 days, and a total of eight
samplings were performed with a frequency of two
samplings per week in a randomized fashion. The first
day of mesocosm filling was defined as label ‘S’, repre-
senting the starting community in the metabarcoding
experiment, while the first addition of nutrients on the
subsequent day was defined as Day 0. The light irradi-
ance profiles of PAR were measured from the surface
down to 4 m at each 0.5 m interval using a Licor LI1400
radiometer with a LI-193 spherical sensor (LI-COR®).
The total sample volume collected for analysis of vari-
ous variables was always ≤1.2% of the total mesocosm
volume at all sampling days (based on max. 25 dm3

from 2 m3). Water samples were first collected in acid
washed (1 mol dm�3 HCl) 25 dm3 polycarbonate bot-
tles from a hose connected to a mesocosm faucet at
1.5 m depth and were immediately transferred to walk-
in climate control rooms maintained at in situ meso-
cosm temperatures (1 and 10�C) for prefiltration setup,
sample collection and processing. The water samples
were prefiltered through <1.2 μm and 142 mm polycar-
bonate filters (Isopore, Merck Millipore™) at �20 kPa
to remove phytoplankton, heterotrophic nanoflagellates
and other large organisms to measure variables at the
prokaryotic level only. All the filtration units, silicon tub-
ing, glass and polycarbonate bottles were first washed

TAB LE 1 Experimental design for the mesocosm treatments (C,
N, T and TN)

Treatment

Temperature (�C)

1 10

DOM (μmol C dm�3) No addition C T

+ 59 N TN

Note: Temperature and nutrient addition (yeast extract, DOM) was the two
factors in the experiment. Each treatment had triplicate mesocosm units.
Natural DOM was present in all treatments. The added concentration of DOM
shows the amount for the whole experiment made in aliquots every third day
(cf. also Table S1 for other elements).

PROKARYOTIC MAINTENANCE RESPIRATION 723
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and rinsed with 1 mol dm�3 HCl, followed by rinsing in
Milli-Q water prior to use. After prefiltration, the samples
were analysed for prokaryotic respiration, growth,
abundance, and total dissolved carbon, nitrogen, and
phosphorus. Due to the limitation of running only eight
samples for prokaryotic respiration in the incubator box,
the remaining four samples were run on the day after
the 24 h period, considering them to be part of a single
sampling only.

Prokaryotic respiration

The prokaryotic respiration rate estimates (PR) were
determined by measuring oxygen in prefiltered samples
(1.2 μm) with optodes during incubations as described
earlier (Vikström & Wikner, 2019; Wikner et al., 2013)
using an incubator box based on the Peltier element
technique (±0.1�C). Four slots of the incubator box
were set at 1�C, while the remaining four were set at
10�C. Briefly, 1 dm3 sample bottles filled with <1.2 μm
filtered seawater samples with a magnetic stirrer and
optode stopper were inserted in the slot of the incubator
box. The change in oxygen concentration was mea-
sured with an optode for 20 h. Respiration rates are
derived using a quadratic polynomical function for the
best accuracy and precision of oxygen consumption.
The specific respiration rate (ρ) was calculated by divid-
ing the prokaryotic respiration rate (PR) by the cell
abundance (PA).

Prokaryotic growth

The prokaryotic growth rate (PG) was estimated in trip-
licate subsamples (<1.2 μm filtered) with one control
based on the thymidine incorporation method
(Fuhrman & Azam, 1982). Handling of samples was
performed in temperature-controlled walk-in climate
rooms. Radioactively labelled 3H-thymidine (2 mm3,
81 Ci mmol�1, 25 nmol dm�3 final concentration; GE
healthcare, Buckinghamshire, UK) was added to a
1 cm3 sample and TCA-killed control for 1 h of incuba-
tion at the in situ temperature. An empirical thymidine
conversion factor of 1.5 � 1018 mol�1 of incorporated
thymidine was applied based on a compiled dataset
from the Baltic Sea (Wikner & Hagström, 1999). The
specific prokaryotic growth rate (μ) was calculated by
dividing the growth rate (PG) by the cell abun-
dance (PA).

Prokaryotic abundance

Estimation of prokaryotic abundance (PA) was per-
formed using direct epifluorescence microscopy (Zeiss
Axioscope 5, Plan-Apochromat 63�/1.4, oil, ∞/0,17,

Zeiss GmBH Germany) according to Hobbie et al.
(1977). Briefly, 15 ml falcon tubes were rinsed with
sample water and fixed with 37% formaldehyde (2%
final concentration). Sample aliquots (5 cm3) were vac-
uum filtered on 0.2 μm black-stained polycarbonate fil-
ters (25 mm, DHI) and stained with acridine orange
(10 mmol dm�3, Sigma-Aldrich) for whole-cell labelling
and accurate cell volume estimation. Cell abundance,
morphology and biovolume were estimated using
image analysis using neural network technology
(Blackburn et al., 1998; LabMicrobe, Bioras™,
Denmark). Cell volume was converted to cell carbon
density according to the function described by Norland
(1993) and Simon and Azam (1989).

Prokaryotic growth efficiency

Prokaryotic growth efficiency (PGE) was calculated
based on the prokaryotic community growth rate
(PG) and prokaryotic respiration rate (PR) variables as
follows:

PGE¼PG=PGþPR ð1Þ

where PG and PR are both in carbon units (μmol C
dm�3d�1). A respiration quotient (RQ) of 1.0 was
applied to convert O2 consumption to carbon units
(Reinthaler et al., 2006).

Nutrients and dissolved carbon

Prefiltered (<1.2 μm) water samples from each treat-
ment were collected in 50 cm3 falcon tubes prerinsed
with Milli-Q water. Samples were filtered through
0.2 μm sterile filters (0.2 μm Supor filters: Pall Corpora-
tion), and the filtrate was stored in the dark at 4�C until
further processing for nutrient and DOC estimation.
Oxidation of stored nutrient samples (TDP and TDN)
was performed by autoclaving in acidic potassium per-
oxodisulfate prior to analysis in a four-channel autoana-
lyser (QAAtro marine; Bran & Luebbe®, Sweden). The
samples were stored in the dark at 4�C and analysed
based on standard operating procedures from Umeå
Marine Sciences Centre and the method by Grasshoff
et al. (1999).

For DOC estimation, the stored filtered samples
were acidified with 1.2 mol dm�3 HCl and purged with
an inert gas for 10 min before analysis. Potassium
hydrogen phthalate was used as a standard for calcu-
lating the carbon concentration. Analysis was per-
formed using a Shimadzu TOC-5000 (Shimadzu
Corporation, Kyoto, Japan), a high-temperature cata-
lytic oxidation instrument with nondispersive infrared
(NDIR) detection and a TOC-L instrument
(Norrman, 1993; Sugimura & Suzuki, 1988).
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Maintenance respiration

The Pirt model explaining the relationship between ρ
and μ was simplified following a published method
(Vikström & Wikner, 2019). The simplified model
showed that the maintenance respiration (ρm) can be
estimated either using Model II linear regression with a
major axis loss function or the nonlinear, polynomic
quadratic model depending on the fit of the data (equa-
tions 2 and 5, Vikström and Wikner (2019)). Model II
regression was preferred, as it complies with the theory
for maintenance respiration and gave a better coeffi-
cient of determination (r2) than the nonlinear regression
in our analysis. ρ is the measured per cell (specific) res-
piration consisting of both maintenance respiration (ρm)
as the intercept on the y-axis and the prokaryotic respi-
ration associated with prokaryotic community growth
(expressed as bμ), where b represents the slope and μ
refers to the measured cell-specific prokaryotic growth
rate (Equation 2). Outliers were removed based on
Cook’s distance before proceeding with the regression
analysis for all treatments.

ρ¼ ρmþbμ ð2Þ

Metabarcoding of the 16S rRNA gene

Approximately, 2.5 dm3 seawater was prefiltered
through 3 μm pore size polycarbonate filters (GVS) and
then filtered onto Sterivex filters (0.22 μm). Subse-
quently, 1.8 ml of TE-buffer was added, and samples
were stored at �80�C until extraction. DNA was
extracted using the FastDNA™ Spinkit for soil (MPbio)
according to the manufacturer’s instructions. Following
extraction, the V3–V4 region of the 16S rRNA gene
was amplified using the primers 341F and 805R
(Herlemann et al., 2011) following the protocol of
Hugerth et al. (2014). The samples were sequenced at
NGI (Stockholm, Sweden) using the Illumina MiSeq
platform and a 2 � 300 bp setup.

Statistical and bioinformatic analysis

The effects of temperature and the addition of nutrients
on the response variables were tested using repeated
measures analysis of variance (RMANOVA) with a gen-
eralized linear model. The measures were recorded in
a repeated fashion within the different treatments using
temperature and nutrient additions as fixed factors. Par-
tial eta-squared (η2) values were used to indicate the
effect size for determining the amount of variation
explained exclusively by a particular factor. No variable
followed the assumption of Mauchly’s test of sphericity
(p < 0.05), so Greenhouse-Geiser correction was
applied. The quantitative changes in the different

variables were tested using trend analysis by simple
linear regression or the Mann–Kendall trend test (Sen’s
slope) based on the distribution of the data. Differences
among different treatments for all independent vari-
ables were tested using pairwise multiple comparison
tests. Based on the Shapiro–Wilk test, the data were
found to be normally distributed only for μ and PGE.
Transformation based on inverse and natural logarithm
failed to achieve normal distribution so independent
sample k-median with a two-tailed test and Bonferroni
correction was used, while in case of normally distrib-
uted data, a post hoc Tukey-HSD-test was applied. The
standard error for PGE was calculated from sum of
squared errors for PG and PR as reported earlier
(Toolan, 2001). All statistical tests were conducted in
SPSS software (IBM® SPSS® Statistics Version 25),
and graphical outputs were generated in R software
(Version 3.6.3; R Development Core Team, 2020)
using the ggplot2 package (Wickham, 2016).

For sequence data, the resulting FASTQ files were
denoised and taxonomically annotated using the nf-
core/ampliseq pipeline (Straub et al., 2020). Briefly,
sequence libraries were inspected using FastQC
(v0.11.8; Andrews, 2011) and MultiQC (v1.9; Ewels
et al., 2016), and primers were removed with Cutadapt
(v2.8; Martin, 2011). Reads were trimmed to 259 (for-
ward) and 199 (reverse) bp with QIIME2 (Bolyen
et al., 2019), and the resulting sequences were
denoised with QIIME2’s DADA2 (Callahan et al., 2016)
implementation and annotated against the Silva data-
base (v.132; Quast et al., 2013). The resulting abun-
dance and taxonomy tables were imported into R
studio for further analysis using the vegan (Oksanen
et al., 2020) and pheatmap (Kolde, 2019) packages.
Pairwise Bray–Curtis distances were calculated on
Hellinger-transformed counts using the RDA function
from the vegan package. PERMANOVA was used to
investigate the influence of treatments on the commu-
nity using the adonis function from the vegan package.
To identify statistically significant correlations between
individual ASVs and maintenance respiration as well as
prokaryotic growth, multiple Spearman correlations
were run for all ASVs, and the p values were then cor-
rected using Bonferroni correction. The correlation
between community composition, maintenance respira-
tion and specific growth rate was determined using the
Mantel test.

RESULTS

Temporal dynamics in prokaryotic
variables

Statistics for the different prokaryotic variables in all the
treatments are presented in Table S2. The prokaryotic
community growth rate (PG) and respiration rate
(PR) showed a slight increase in the TN treatment after

PROKARYOTIC MAINTENANCE RESPIRATION 725
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the 3-day conditioning of the mesocosm units, while PA
was similar between treatments (Figure 1). The TN
treatment showed higher values in general during the
experiment followed by the T treatment, while the N
treatment and especially the control (C) remained low
and comparably stable. A peak was observed for PG
and PA at Day 17, while this was less clear for
PR. Compared to the TN treatment, there was a slower
gradual increase in PG in the T treatment until Day
20 (Sen’s slope = 0.21, n = 18; p < 0.001), followed by
a decline (Sen’s slope = �0.54, n = 9; p < 0.05). A
similar gradual increase was observed for PA in the T
treatment but remained at the highest level among
treatments to the end of the experiment. PR in the TN
treatment had already reached a higher level on the
first day of sampling (Day 3), and the average fold
change was 5-fold higher than that in the other treat-
ments (2.2–4.3) (Figure 1C). After the PR peaked in the
TN treatment at Day 17, the values declined to a similar
level as the other treatments at Day 24, despite recur-
rent nutrient addition (Sen’s slope = �0.72, n = 9;
p < 0.05). The T treatment showed a tendency
(0.05 < p < 0.10) to increase PR until Day 6 (Sen’s
slope = 1.3, n = 6; p = 0.06) and then a gradual
decline (Sen’s slope = �0.12, n = 21; p < 0.05). PR in
the C and N treatments remained at low and stable
levels during the experiment (slope = 0.04,
n = 24; p > 0.05).

The level of specific prokaryotic respiration (ρ) in the
N treatment was highest during the second half of the
experiment from Day 13, albeit with a weak tendency
(0.05 < p ≤ 0.10) to increase due to high variation
between treatment replicates (Sen’s slope = 0.21,
n = 15; p = 0.10; Figure S1a). ρ in the control was sta-
ble and showed an increase toward the end of the
experiment. The T treatment showed an 8.3-fold
change in ρ, although the only significant increase was
seen from Day 3 to Days 6 (Sen’s slope = 1.08, n = 6;
p < 0.05), followed by a significant decline (Sen’s
slope = �0.13, n = 21; p < 0.05) (Figure S1b). In the
TN treatment, ρ started at a high level, showing a simi-
lar significant gradual decline from Day 10 (Sen’s
slope = �0.16, n = 18; p < 0.05) and was, together
with the T treatment, lowest at the end of the
experiment.

A rapid increase in μ in the T and TN treatments
was observed from Days 3 to 6, and a decline was
observed from Days 17 to 20, respectively
(Figure S1b). μ was clearly highest from days 10 to
17 for TN treatment in contrast to the T treatment
(paired t-test, n = 9, p < 0.001). On average, the TN
treatment showed 1.6 times higher μ values than the T
treatment (paired t-test; n = 24; p < 0.05). Among all
the treatments, the average levels of μ remained lowest
for the control (Table S2). μ in the N treatment showed
a gradual increase, reaching 1.1 d�1 at Day 13, and

F I GURE 1 Temporal dynamics of (A) prokaryotic abundance
(PA), (B) prokaryotic community growth rate (PG) and (C) prokaryotic
community respiration (PR). The x-axis shows the time from start of
the experiment, which is the same for all panels. Treatments are
defined in Table 1. Error bars show 2 � S.E.M. for triplicate
mesocosm units.
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then stabilizing. The control sustained the lowest μ level
with 2.6-fold variation (based on treatment average)
throughout the experiment, followed by the TN treat-
ment with a 4.1-fold variation. The N and T treatments
showed the highest (18- to 20-fold) variation in μ due to
the obtained minimum and maximum values
(Table S2). The lower variation in the TN treatment
compared to the N and T treatments was mainly due to
a higher μ value in the first sampling.

TN showed higher PGE values than the other treat-
ments, with a tendency to increase until Day
13 (slope = 0.02, n = 12; p = 0.06), followed by a sig-
nificant decline (slope = �0.27; n = 12; p < 0.05)
(Figure S1c). The N treatment also increased, albeit to
a slightly lower level, until Day 13, while a gradual
increase in PGE continued in the T treatment until Day
24 (slope = 0.02, n = 21; p < 0.05). The variation in
PGE values was higher in the N and T treatments
(8.5-fold) than in the C and TN treatments (2.7-fold).

Effect of temperature and nutrients

PR was positively influenced by temperature and show-
ing a tendency to an effect by nutrients (Table 2). Tem-
perature and addition of nutrients both independently
and positively influenced the μ values, while ρ was posi-
tively influenced by nutrients alone (Table 2). The same

pattern was also seen in the marginal mean estimation
(Figure 2A,B).

PGE was enhanced by temperature alone, while
the addition of nutrients showed a tendency to increase
PGE, explaining a lower share of the variation than
temperature (Table 2). The prokaryotic community
growth rates were found to be positively influenced by
both temperature and nutrient addition, while only tem-
perature showed a significant positive effect on the pro-
karyotic community biomass. No synergistic or
interaction effects of temperature and nutrients on any
of the studied variables were observed (Table 2).

Patterns of ρ and μ

Based on the Model II linear regression, only the TN
treatment showed a significant relationship between ρ
and μ (r2 = 0.32; Figure 3B). The y-intercept coefficient
representing the ρm value was 0.45 fmol O2 cell�1 d�1

(±0.37, 95% CI), and the linear slope coefficient
(b) was 1.1 fmol O2 cell

�1 (±0.30, 95% CI). A nonlinear
regression with the polynomic quadratic model was
also applied to the data, but the coefficient of determi-
nation was found to be approximately half (r2 = 0.17).
Based on the better fit of the data and in accordance
with current models (van Bodegom, 2007), the coeffi-
cients of the linear Model II regression were assumed

TAB LE 2 RMANOVA with direction of significant treatment effects

Parameter PA PG PR ρ μ PGE

Temperature " (0.00, 0.87) " (0.00, 0.84) " (0.00, 0.67) n.s. " (0.00, 0.92) " (0.00, 0.81)

Nutrients n.s. " (0.01, 0.57) ↗ (0.06, 0.36) " (0.02, 0.51) " (0.00, 0.84) ↗ (0.07, 0.37)

Temperature � Nutrients n.s. n.s. n.s. n.s. n.s. n.s.

Note: The value in parenthesis signifies the probability of Type I error (p value) and the partial eta-squared value (η2) variance explained by the independent variable.
Arrows show ", significant positive effect (p < 0.05); ↗, tendency to show positive effect (0.05 < p < 0.1); n.s., non-significant.
Abbreviations: PA, prokaryotic abundance; PG, prokaryotic community growth rate; PGE, prokaryotic growth efficiency; PR, prokaryotic community respiration;
RMANOVA, repeated measures analysis of variance; ρ, cell-specific respiration; μ, specific growth rate.

F I GURE 2 Marginal mean plots of (A) cell-specific respiration rate (ρ), and (B) specific growth rate (μ), based on repeated measures
analysis of variance (RMANOVA) with nutrient and temperature levels. The nutrient levels are addition and no addition, and temperature levels
refer to 1 and 10�C. Error bars show the marginal mean ± 95% confidence interval.
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to be applicable to all treatments and used to calculate
the proportion of prokaryotic maintenance respiration.
The control showed a large range of ρ values within the
narrow range of μ values observed, with a mean ρ of
1.8 fmol O2 cell

�1 d�1 (±0.4, 95% CI; Figure 3).

Maintenance respiration modelling

A range of simulated μ values in individual treatment
replicates between 0.1 and 0.25 d�1 was used for
modelling the share of ρm relative to ρ, resulting in an
exponential decrease in ρm with a corresponding
increase in μ values (Vikström & Wikner, 2019, figure
4). The calculated ρm/ρ values showed an exponential
increase with decreasing μ and were >50% for values

of μ less than 0.4 d�1 (Figure 4A). To select time points
reflecting clear treatment effects for μ after equilibration
of the mesocosm system, Days 10 (third sampling),
13 (fourth sampling) and 17 (fifth sampling) were used
to calculate ρm/ρ for all treatments (Figure 4B).

The selection of Days 10, 13 and 17 was motivated
by a large difference in μ between the control and the
TN treatment (paired t-test, n = 9; p < 0.001) and a low
within-treatment variability. This would enable the study
of microbial metabolism associated with a high propor-
tion of maintenance respiration. It was further assumed
that the coefficients derived from the TN treatment were
applicable to the other treatments. Based on Days
10, 13 and 17, the median ρm/ρ values were found to
be higher for the C treatment (75%), followed by the N
(34%), T (27%) and TN treatments (15%) (n = 9 each;

F I GURE 3 Cell-specific respiration rate (ρ) as a function of specific growth rate (μ) for (A) all treatments and (B) specific treatments.
(A) Individual data points for each treatment representing the average of triplicates for eight samplings. Error bars show 2 � S.E.M. calculated
from the triplicate treatment. (B) Scatterplot of ρ and μ for the C (n = 22) and TN treatments (n = 21) after outlier removal based on Cook’s
distance. The line represents the linear fit of the recorded data for the TN treatment (see Figure 1 for colour scheme of different treatments).

F I GURE 4 Share of (A) growth (bμ/ρ) and maintenance respiration (ρm/ρ) relative to total respiration and (B) maintenance respiration (ρm/ρ)
in different treatments. (A) Growth- and maintenance-related respiration as a function of prokaryotic specific growth rate (μ) in 0.25 d�1 bins
based on the regression coefficients from the TN treatment dataset. (B) Boxplot representing the share of maintenance respiration (ρm/ρ)
calculated from Days 10, 13 and 17 for all treatments assuming TN coefficients applicable (n = 9 each). The bar with n.s. label indicates lack of
significant difference between covered treatments based on post hoc Tukey-HSD-test.
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Figure 4B). Moreover, the median ρm/ρ values based
on all sampling points per treatment also indicated a
higher share of maintenance in the control (68%,
n = 22), followed by N (34.3%, n = 24), T (33.9%,
n = 21), and TN (22.4%, n = 21) (data not shown). By
multiple pairwise comparisons of ρm/ρ among the differ-
ent treatments, these were found to be significantly dif-
ferent based on a post hoc Tukey-HSD test (n = 9
each, p < 0.05), except between the N and T treat-
ments. The corresponding average μ values for Days
10, 13 and 17 were 0.2, 0.8, 1.0, and 2.4 d�1 for the C,
N, T and TN treatments, respectively (n = 9 each).

Patterns of PGE

The observed range of prokaryotic growth efficiencies
(PGEs) for all treatments was 0.05–0.57. PGE was
found to be lowest in the control and N treatments
(Figure 5A). The average values of PGE in each treat-
ment were 0.12, 0.23, 0.37 and 0.40 for the C, N, T and
TN treatments, respectively (Figure S1c and Table S2).
All pairwise differences between treatments were found
to be statistically significant except for the T and TN
pair (Tukey’s HSD post hoc test, n = 24 each,
p < 0.05). The variation in PGE over the course of the
experiment within treatments was considerable, espe-
cially in the T treatment. PGE showed a significant lin-
ear relationship with μ in the N, T and TN treatments
and statistically significant r2 values corresponding to
0.33, 0.35 and 0.52, respectively (Figure 5B and
Table S3). All treatments and data points combined
showed a significant linear fit (n = 95, r2 = 0.49). A lin-
ear relationship between PGE and PG was also signifi-
cant for each treatment except C. Model II fit showed
significant r2 values of 0.78, 0.51, and 0.54 for N, T,
and TN, respectively. All data combined showed a

significant linear fit (n = 94, r2 = 0.53), but a better fit
for the data was observed using the square root func-
tion as presented in Equation (3) (n = 94, r2 = 0.70).

PGE¼ 0:004þ0:351� sqrt PGð Þ½ � ð3Þ

The calculation of PGE as reported by del Giorgio
and Cole (1998), their equation 3, resulted in a lower r2

value of 0.52 (n = 94).

Prokaryotic community composition
analysis

The 16S rRNA gene analysis showed that the prokary-
otic community composition diverged over time in the
treatments compared to the control (Figure 6). The C-
treatment remained rather stable and was character-
ized by a temporary increase in the Methylophilaceae
family and an increase in Burkholderiaceae until Day
17. In the N-treatment, Burkholderiaceae rapidly
increased until Day 13 and together with Flavobacteria-
ceae came to dominate the community. In the T-treat-
ment, distinguishing features were a quick increase in
Nitrincolaceae (up to 20%) on Day 8, followed by an
increase in Ilumatobacteraceae from Day 17 onwards
(reaching 25%). In the TN treatment, Flavobacteria-
ceae made up �15% from Days 10 to 24. During this
period, there were transient increases in Nitrincola-
ceae, ‘Unknown’ and Sporichtyaceae.

Further insight into community composition dynam-
ics was obtained from a PCA plot (Figure 7). This
showed a close clustering of all control samples
together with starting community (S) and Day 6 samples
from the T and N treatments (the TN samples had
diverged already by Day 6). From Day 10 onwards, the

F I GURE 5 (A) Prokaryotic growth efficiency (PGE) in all treatments and its relationship to (B) specific growth rate (μ), and (C) prokaryotic
community growth rate (PG). (A) Boxplot represents the distribution of PGE (n = 24, each treatment). The comparison between T and TN
treatment based on post hoc Tukey-HSD-test is non-significant as shown by the bar above both treatments with n.s. label. (B) Relationship
between PGE and μ for all treatments with Model II linear fit. (C) Relationship between PGE and PG for all treatments with a nonlinear fit.
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samples deviated substantially so that they formed
clusters essentially separating the treatments. In gen-
eral, the treatments were most dissimilar from the start-
ing community from Days 10 to 24. On Day 27, a large
spread was seen among the C and N treatment
replicates.

To identify the individual populations driving the
dynamics in community composition, we investigated
the patterns of the 50 most abundant amplicon
sequence variants (ASVs), which accounted for 73% of
the total community (Figures 6 and S2). The C-
treatment showed high abundances of ASVs belonging
to Methylophilaceae (ASV14, reaching 7.9% relative
abundance) and Rhodobacteraceae (ASV3) until Day
17, followed by an increase in Burkholderiaceae ASVs
(ASV1 and �4). The N treatment was characterized by
a cluster of several Burkholderiaceae and Flavobacter-
iaceae ASVs generally showing a high relative abun-
dance from Day 6 onwards. The T-treatment included
an early rise in ASV15 (Nitrincolaceae), peaking at
17% relative abundance, followed by three

Burkholderiaceae ASVs (ASV23, �2 and �16 peaking
during Days 12–26), and an increase in Ilumatobacter-
aceae ASVs (ASV11 and �5) during Days 20 and 24.
The TN treatment was characterized by a group of six
taxonomically diverse ASVs that were abundant from
Days 6 to 17. These included ASVs belonging to Flavo-
bacteriaceae (ASV28), Nitrincolaceae (ASV15), Rhodo-
bacteraceae (ASV7) and Burkholderiaceae (ASV2
and �16).

Statistical analysis showed that prokaryotic commu-
nity composition was significantly different between
treatments (PERMANOVA, R2 = 0.17, P = 0.001),
which was further determined using pairwise treatment
comparisons for all treatment pairs (Table S4). Further-
more, community composition was positively correlated
with maintenance respiration (Mantel test, Spearman’s;
r = 0.17, p = 0.002). ASVs positively correlated with
high maintenance respiration (Spearman’s; r > 0.53;
Bonferroni-corrected p < 0.05) were found to be most
prominent in the C-treatment (Table S5). In contrast,
ASVs positively correlated with μ (Spearman’s; r > 0.4;

F I GURE 6 Relative abundance of taxa at the family level in the different treatments; family names are preceded by class-level taxonomy.
The label ‘S’ on the x-axis represents the starting prokaryotic community on the first day of mesocosm filling.
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Bonferroni-corrected p < 0.05) were abundant in the
TN treatment (Table S5).

DISCUSSION

Global range of prokaryotic variables
obtained

By conducting a mesocosm experiment starting during
winter in a temperate estuary and promoting
prokaryotic growth by increases in temperature and
nutrients, we could reproduce a range of prokaryotic
specific growth rates representative of values typically
observed globally in the natural environment. This
was also true for prokaryotic growth efficiency and res-
piration. Indeed, our measured range of PGE (0.05–
0.57) and μ (0.06–2.7 d�1) covered most of the global
range reported in the literature (del Giorgio &
Cole, 1998; Kirchman, 2016) (Table S2 and
Figure S1a,b). This is a valuable insight for investigat-
ing ecological questions under controlled conditions
and enabling larger sample volumes required for
obtaining quantitative estimates of parameters such
as metabarcoding and metatranscriptomics. The key
for obtaining a natural range of values was the initia-
tion of the experiment during the season with the low-
est production and the coldest temperatures during
winter in a temperate zone. This enables the use of
temperature and nutrients for increasing productivity.
The increase of mesozooplankton biomass, primarily
in the TN treatment (10 times that in C), was evidence

that applied treatment and the time frame of the exper-
iment was sufficient to manifest summer conditions
(data not shown). Reducing temperature in a devel-
oped plankton community during summer is a more
challenging task. Making an experiment starting dur-
ing the productive season would also require reducing
the naturally high DOM concentrations. To our knowl-
edge, mesocosm studies started during the temperate
winter with a similar design have not previously been
reported, although reports of elevated temperature
and its effect on the winter bacterial and phytoplankton
communities exist (Hoppe et al., 2008; von Scheibner
et al., 2014, 2018).

Field patterns between reproduced ρ and μ

The pattern for ρ versus μ experimentally observed
(Figure 3A,B) constitutes an important validation of
recent field observations in the nearby estuary
(Vikström & Wikner, 2019, figure 3). This mesocosm
design thereby provides a tool for further investigations
of maintenance respiration and other microbial metabo-
lism. The control treatment matched well with the pat-
tern of ρ versus μ observed in late winter, while the TN
treatment showed a significant linear relationship
observed during late summer in the field. The N and T
treatments fell in between those seasons, but it is not
straightforward to relate them to either spring or
autumn, as both temperature and nutrient supply vary
markedly during these seasons. From the TN treat-
ment, we estimated coefficients where the y-intercept

F I GURE 7 Principal component analysis (PCA) depicting prokaryotic communities of different treatments. Squares are added to help the
reader identify the clustering of treatments.
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of 0.45 fmol O2 cell�1 d�1 (±0.37 95% CI) was close to
and not significantly different from the field value of
0.32 (±0.18 95% CI) (Vikström & Wikner, 2019). The
slope coefficient in the adjacent oligotrophic subarctic
estuary (8.0 fmol O2 cell�1, ± 3.0 95% CI) was, how-
ever, clearly higher than that estimated in the meso-
cosm experiment (1.1 fmol O2 cell�1, ±0.3 95% CI)
(Table S3). The slope coefficient is defined as

1
Yg

� m0

μm0

� �
, ð4Þ

by Pirt (1982, equation 6), where Yg is the maximum
growth yield at the realized growth condition, μm0 is the
maximum specific growth rate subtracted by the spe-
cific maintenance rate, a, and m0 is the growth rate-
dependent energy requirement at μ = 0. As a is also a
product of Yg, an increase in the growth efficiency will
decrease the slope. That is, better growth conditions
will lead to less respiration required for a given increase
in μ. Both the quality of bioavailable substrate and tem-
perature are factors that contribute to better growth
conditions for prokaryotes. The higher slope value
observed in the adjacent oligotrophic subarctic estuary
consequently indicates poorer growth conditions and a
lower growth efficiency compared to the conditions over
a global range of values obtained in the mesocosm
setup. Replete growth conditions represented by the
mesocosm system consequently require less energy
spent by the prokaryote for a given increase in μ than
an oligotrophic field site. The high nutritional quality and
amount of yeast extract used to increase the DOM level
created a global range of growth efficiency and covered
half of the global range for prokaryotic growth rates but
clearly higher levels than typical for the adjacent sub-
arctic estuary (del Giorgio & Cole, 1998; Vikström &
Wikner, 2019). This showed that the experimental con-
ditions were relevant to the natural environment.
Reduced amounts of added yeast extract or using a
nutrient source closer to the stoichiometric composition
of natural nutrients could be applied to achieve a lower
slope value.

Assuming the relationship between ρ and μ in the
TN treatment to be applicable to all treatments, a
5-fold difference in the share of ρm between the C
(75%) and TN treatments (15%) was demonstrated
(Figure 5A). The latter was closer to the annual aver-
age reported for a subarctic estuary (24%; Figure 4A;
Vikström & Wikner, 2019). For comparability, the value
based on a linear model was used from the field esti-
mate. The influence of ρm in the control is probably
underestimated. The pattern of ρ versus μ indicates a
higher share of ρm during winter conditions
(Figure 3B), matching observed field value in April (1.8
fmol O2 cell�1 d�1, ±0.45 95% CI) (Vikström &
Wikner, 2019).

Independent effects of temperature and
nutrient addition

Previous mesocosm studies have provided important
insight into the influence of increased temperatures on
driving increases in PG and PR of winter microbial
assemblages (Hoppe et al., 2008; von Scheibner
et al., 2014). Our results confirmed that temperature
was a prime and independent controlling factor in regu-
lating the prokaryotic metabolic processes measured
here, except for specific respiration (Table 2). Previous
results of nutrient amendment experiments from tem-
perate regions indicate that organic substrates (glu-
cose, dissolved free amino acids, and plankton extract)
enhance heterotrophic metabolism more than inorganic
substrates (NH4

+, PO4
3�) (Church et al., 2000;

Kirchman, 1990, 2000). Natural nutrient sources con-
sist of exuded organic and inorganic substrates, with
yeast extract resembling the former (Catala
et al., 2021; Sundh, 1992). Active remineralization by
protozoo- and metazooplankton probably also played a
role in our experiment, providing nutrients and organic
substrates from consumed prey. The different
responses to temperature observed for PR and ρ can
be related to the significant positive effect of tempera-
ture on PA. A higher PA has been reported from the
field during the summer season in the same sea area
and explained by an increase in carrying capacity at
higher temperatures (Wikner & Hagström, 1999, table
3). Significant interaction effects of temperature and
nutrients on PG or μ could not be demonstrated in this
study, as in some other studies (Felip et al., 1996;
Yager & Deming, 1999). This means that temperature
and nutrients had a stimulating effect on the studied
quantities irrespective of the level of the other. Pomeroy
et al. (1991) reported a larger effect on measured respi-
ration by nutrients at cold temperature using sea water
cultures in vials. Indeed, ρ in our study showed a ten-
dency of a similar effect, albeit not statistically signifi-
cant (Figure 2A). The higher ρ at low temperatures is in
accordance with observations of the controls and field
studies in late winter (Vikström & Wikner, 2019). This
can be explained by a strategy of organisms in general
to increase their intracellular adenosine triphosphate
(ATP) concentrations at low temperatures (Amato &
Christner, 2009).

Positive relationship between PGE, μ
and PG

The PGE values in the control (Figure S1c and
Table S2) were slightly higher than the values observed
during oligotrophic field conditions (mean PGE: 2%–

7%; Kirchman et al., 2009; Ortega-Retuerta
et al., 2012; Reinthaler et al., 2006). The PGE values in
the TN treatment were close to estimates from the
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productive mesotrophic system (PGE range: 9%–52%;
Carlson et al., 1999; Smith & Prairie, 2004). Lower
PGE values indicate that prokaryotic communities allo-
cate more carbon and energy for sustaining mainte-
nance activities. Furthermore, lower μ values in the
control mean higher maintenance costs compared to
the TN treatment according to Figure 4. The addition of
nutrients at lower temperatures had a significant effect
on PGE compared to additions at higher temperatures,
suggesting that higher temperature obscures the effect
of nutrient amendments. We hypothesize that elevated
temperatures led to an increased amount of bioavail-
able organic compounds by reducing the activation
energy required for catabolism of natural substrates by
prokaryotes (Figure 5A). It is noteworthy that the
increase in temperature to 10�C alone (T treatment)
mobilized a natural substrate pool with nutritional value
comparable to that when yeast extract was also sup-
plied (Figures 1A and 5A). Our results further refute the
model suggesting an inverse temperature-PGE rela-
tionship (Rivkin & Legendre, 2001) while supporting the
model that PGE is promoted by prokaryotic productivity
and the availability of organic carbon and nutrients
(Figures 5B,C) (del Giorgio & Cole, 1998; Roland &
Cole, 1999). This may be explained by differences in
the scales of investigations, as cross-ecosystem ana-
lyses over several latitudes using temperature are con-
founded with productivity levels. The realistic
temperature range between 1 and 10�C in our study is
also a reason for a positive relationship, as this is more
likely to occur below 20�C (Apple et al., 2006). The shift
from 1 to 10�C in our treatments resulted in a significant
positive effect on PGE, while a tendency towards a
positive nutrient effect was indicated, especially at low
temperature (Table 2 and Figure 5A). A positive rela-
tionship between PGE and μ (n = 94) is also in line with
observations in continuous culture systems (Figure 5B)
(Middelboe et al., 1992). This observed positive rela-
tionship was demonstrated for the whole community
and individually for each treatment, except in the con-
trol with low variability in prokaryotic variables
(Figure 5B and Table S3). In the T and TN treatments
the average temporal variation was higher for prokary-
otic growth (8.7-fold) than for prokaryotic respiration
(5-fold) during the experiment (Figures S1a and S2b).
This indicated that the PGE variation in our study was
influenced mainly by variation in prokaryotic growth.

del Giorgio and Cole (1998) did not find a relation-
ship between PGE and μ in a cross-ecosystem compi-
lation (n = 52). This may be explained by the inevitable
influence of different methodologies and environmental
conditions in the cross-system comparisons. In our
experiment, still covering the global range of PGE
values by manipulating temperature and nutrient levels,
we demonstrated a positive significant relationship
between PGE and μ, both in the individual treatments
and the combined dataset (Figure 5B and Table S3).

Furthermore, and in accordance with del Giorgio and
Cole (1998), we corroborated the nonlinear relationship
between PGE and PG for all the treatments
(Figure 5C). However, a square root function
(Equation 3) showed a better fit to our data (Table S3)
than the nonlinear model reported by del Giorgio and
Cole (1998) (r2 = 0.70, Table S3). Their model, being
derived from field observations including rivers, oceans,
lakes, and estuaries, still explained >50% of the vari-
ability in our data. This was a further indication that the
conditions for prokaryotic growth and metabolism
attained in our mesocosm system corresponded to con-
ditions prevalent in natural ecosystems.

Interactive forcing of prokaryotic
community composition

Temperature and nutrients markedly influenced the
prokaryotic community composition. Each of these fac-
tors alone drove succession in different directions over
time, and when combined, they induced a more rapid
succession and caused a community different from
those found in mesocosms exposed to either factor
alone. This observation complements recent findings
on single and combined effects of factors like tempera-
ture, nutrients, and acidification in shaping the aquatic
microbiomes (Lindh et al., 2013; Suleiman et al., 2021).
These findings collectively suggest that effects on pro-
karyotic community composition can be markedly differ-
ent if factors work alone or in concert.

Two interrelated questions emerged that are rele-
vant to consider for interpreting the community compo-
sition analysis: (i) How similar was the community
composition in the experiment as compared to the natu-
ral environment and (ii) Did the community succession
in the mesocosms match the winter to summer transi-
tions in the Baltic? Throughout the experiment, the pro-
karyotic community in the mesocosms included a
representative set of major taxa that are found in the
Baltic Sea, for example, Actinobacteria, Gammaproteo-
bacteria and Bacteroidia, and this was the case also for
several orders and families (Camarena-G�omez
et al., 2021; Lindh et al., 2015; Lindh & Pinhassi, 2018).
However, it is important to recognize that community
composition in natural waters is highly dynamic at a
variety of timescales, even down to days and weeks
(Bunse & Pinhassi, 2017; Galand et al., 2018; Martin-
Platero et al., 2018; Yeh & Fuhrman, 2022). Therefore,
and given the paucity of seasonally resolved studies
from the Baltic, it is difficult to assess precisely if—or to
what extent—the changes in the mesocosms corre-
sponded to changes that would occur for example in
the transition from winter to spring/early summer in the
field. Nevertheless, we think the maintenance of a
broad diversity in the mesocosms, with different key
players in the different treatments, indicated that the
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dynamics in prokaryotic community could be informa-
tive for interpreting successional dynamics. In the fol-
lowing, we relate our observations to what is known
about the ecology and physiology of individual taxa.

The observed dynamics induced by nutrients and
temperature involved several major taxa. Within the
Betaproteobacteria, the prominence of the family
Methylophilaceae in the C-treatment was noteworthy in
that it positively correlated with the share of mainte-
nance respiration. Methylophilaceae specializes in the
metabolism of substrates with no carbon–carbon bonds
(C1 compounds, such as methanol and methylated
amines) with high carbon conversion efficiency
(Windass et al., 1980). This high carbon conversion
efficiency of Methylophilaceae in oligotrophic systems
might be relevant both for anabolic (growth) or catabolic
(respiration) reactions and provide a competitive
advantage at a low supply of carbon substrates.

Previous 16S rRNA gene analysis from another
mesocosm system showed increased occurrence of
Flavobacteriaceae and Betaproteobacteria at a temper-
ature of 6�C in contrast to 0�C (von Scheibner
et al., 2014) In our work, the occurrence of Flavobacter-
iaceae was higher in treatments with added organic
nutrients (N and TN treatment), especially at low tem-
peratures (N-treatment). Accordingly, this family is
known to encode genes associated with the degrada-
tion of phytoplankton-derived matter (Bennke
et al., 2016; Gavriilidou et al., 2020; Mann et al., 2013).
The higher abundances of Nitrincolaceae in the treat-
ments with elevated temperatures (T and TN treatment)
were another noteworthy effect. Nitrincolaceae share
the same strategy for carbon acquisition as Methylophi-
laceae, which is associated with the degradation of
small molecules and C1 metabolism (Francis
et al., 2021). The predominance of Ilumatobacteraceae
in the C and T treatments coupled with decreased
abundance in treatments with nutrient additions (N and
TN treatment) suggests a preference for natural sub-
strates supplied in the bulk water and that they are out-
competed by other taxa when labile organic nutrients
are available.

The presence of Burkholderiaceae in all treatments
is consistent with previous Baltic Sea mesocosm obser-
vations of Betaproteobacteria becoming abundant
(Lindh et al., 2013). Compared to the stable family-level
dynamics, Burkholderiaceae exhibited pronounced
dynamics at the level of individual ASVs (Figure S2).
For example, the major Burkholderiaceae population in
the N-treatment, ASV4, belonged to the genus Rhodo-
ferax, whereas ASV6, which became dominant in the
controls, was affiliated with the genus Polaromonas,
which is known to encompass psychrotolerant strains
(Ciok et al., 2018). In both treatments with elevated
temperature, ASV2 (genus unclassified) was instead
the prominent Burkholderiaceae, suggesting a selective
forcing based on temperature within the family. This is

also consistent with the observation that temperatures
of approximately 6�C or higher may cause a loss of
some psychrotolerants (Lindh et al., 2013). It can be
noted that archaeal ASVs were observed, but not
abundant, matching the observation of archaeal pres-
ence in winter surface waters (occasionally at relative
abundance up to 12%) in the Baltic Proper (Lindh
et al., 2015).

A complimentary view on ASV responses in our
experiment was the temporal succession within the Fla-
vobacteriaceae in the N-treatment. Such successions
within the Flavobacteriaceae have been shown in rela-
tion to spring phytoplankton blooms (Lindh et al., 2015)
and might be induced by a succession in substrate
availability (Teeling et al., 2012). Also in the TN-treat-
ment, there was a pronounced succession of ASVs,
although in this case the ASVs spanned a variety of
families. Taken together, significant differences in pro-
karyotic community composition were demonstrated,
making taxon-specific metabolisms a candidate to
explain some of the differences in maintenance respira-
tion observed between the treatments.
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