
AQUATIC MICROBIAL ECOLOGY
Aquat Microb Ecol

Vol. 51: 105–115, 2008
doi: 10.3354/ame01198

Published May 19

INTRODUCTION

Climate change is expected to increase water tem-
perature in the temperate climate zone, particularly
during winter and spring. An increase in the annual
mean surface temperatures of 3 to 5°C during the 21st
century (‘business as usual’ scenario) is predicted to
cause a doubling of CO2 emissions. In winter, tempera-
tures may increase by as much as 5 to 10°C (prediction
for the years 2070 to 2100 compared to the reference
period 1960 to 1990, IPCC 2001). Warming will have
consequences for the aquatic food web in terms of its
composition and the activity of its components at the
different trophic levels (Beisner et al. 1997, Tian et al.
2003, Muren et al. 2005). Light-dependent phototrophic
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ABSTRACT: The response of the phytoplankton and
bacterial spring succession to the predicted warming of
sea surface temperature in temperate climate zones
during winter was studied using an indoor-mesocosm
approach. The mesocosms were filled with winter water
from the Kiel Fjord, Baltic Sea. Two of them were started
at ~2°C and the temperature was subsequently increased
according to the decadal temperature profile of the fjord
(ΔT 0°C, baseline treatment). The other mesocosms were
run at 3 elevated temperatures with differences of ΔT +2,
+4 and +6°C. All mesocosms were exposed to the same
light conditions. Timing of peak phytoplankton primary
production (PP) during the experimental spring bloom
was not significantly influenced by increasing tempera-
tures, whereas the peak of bacterial secondary produc-
tion (BSP) was accelerated by about 2 d per °C. This sug-
gests that, in case of warming, the spring peak of
bacterial degradation of organic matter (in terms of BSP)
would occur earlier in the year. Furthermore, the lag time
between the peaks of PP and BSP (about 16 d for ΔT 0°C)
would diminish progressively at elevated temperatures.
The average ratio between BSP and PP increased
significantly from 0.37 in the coldest mesocosms to 0.63
in the warmest ones. Community respiration and the
contribution of picoplankton (<3 µm fraction) to this also
increased at elevated temperatures. Our results lead to
the prediction that climate warming during the winter/
early spring in temperate climate zones will favor bac-
terial degradation of organic matter  by tightening the
coupling between phytoplankton and bacteria. However,
if PP is reduced by warming, as in our experiments, this
will not necessarily lead to increased recycling of organic
matter (and CO2).
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An indoor mesocosm used to determine the effect of warming
on microbial communities. Inset: Recycling of organic matter
inside the mesocosm is mediated by the interaction of phyto-
plankton and bacteria. 
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communities may be less affected by rising tempera-
tures than heterotrophic microorganisms, which are
mainly responsible for re-mineralisation of organic
matter and respiration (CO2 recycling). Furthermore,
the coupling between C-fixation by phytoplankton and
organic C-utilisation by heterotrophic bacteria may be
influenced with respect to the (relative) timing of these
processes during the spring. The duration of the lag
time between the peaks of the phytoplankton spring
bloom and enhanced bacterial degradation is of great
ecological importance. During a long lag time, dead
phytoplankton may be lost by sinking, leading to a re-
duction of substrate for bacterial degradation in surface
waters. In contrast, a close temporal coupling would
favour instantaneous degradation of photosynthesised
organic matter within the productive layer. In the latter
case, re-mineralisation products remain in the photic
zone and CO2 is recycled directly to the atmosphere. Fi-
nally, elevated temperatures during winter and spring
could influence the efficiency of organic matter conver-
sion by bacteria and other microbial loop organisms, as
observed in permanently warm (sub)tropical regions
(e.g. Hoppe et al. 2002, Kirchman et al. 2005). This
would lead to a higher proportion of the total photosyn-
thesised organic matter being metabolised and recy-
cled by heterotrophic microorganisms.

The Baltic Sea is ideal for studying the effects of
warming because its extension from north to south
within the temperate climate zone creates pronounced
temperature gradients during the spring. Information
on the reaction of the biota to warm or cold winters
could also be derived from long-term monitoring pro-
grams; however, it has to be taken into consideration
that changes in other variables (e.g. hydrographic con-
ditions) besides temperature may play a role. In the
present study, the exclusive effects of temperature on
microbes were analysed in an advanced indoor-meso-
cosm system, in which temperature and light were
adjusted and varied according to environmental condi-
tions. Plankton from the Kiel Fjord (western Baltic Sea)
served as a model for moderately deep water basins,
where the start of the spring bloom of phytoplankton
precedes the onset of thermal stratification. Our
hypothesis was that the different temperature sensitiv-
ities of food web components cause a loss of synchrony
between the autotrophic substrate supply and hetero-
trophic substrate demand, with far-reaching conse-
quences on the ecosystem, as predicted by the
‘match–mismatch’ theory (Cushing 1975, Edwards &
Richardson 2004).

The aim of our study was to investigate changes in
the temporal coupling between primary production
(PP) and bacterial growth (bacterial secondary produc-
tion [BSP] and respiration) in response to the predicted
warming of sea surface temperature in the temperate

climate zone. For this purpose we used temperature-
controlled indoor mesocosms and the natural, late
winter plankton community from the Baltic Sea.

MATERIALS AND METHODS

Experimental set-up. The experiment was conduc-
ted from 7 February (38th day of the year) to 25 April
(115th day of the year) 2005, as part of the
AQUASHIFT program (Sommer et al. 2007). The cylin-
drical mesocosms were 1.4 m in diameter, 1 m deep
(water level) and contained 1.4 m3 of water. A pro-
peller was installed for gentle mixing of the water col-
umn. Smaller benthos chambers were linked to the
mesocosms and served as a source of organisms from
benthic resting stages. The dimensions of the meso-
cosms (surface:volume ratio) were close to those rec-
ommended by Berg et al. (1999) for optimal simulation
of natural conditions. The mesocosms were filled
simultaneously with unfiltered water from Kiel Fjord,
which contained the over-wintering populations of
phytoplankton, bacteria, protozoans and mesozoo-
plankton larvae. Mesozooplankton (mainly copepods)
obtained from net catches from the fjord were added at
natural abundance (ca. 20 ind. l–1). The initial concen-
trations of nutrients in the mesocosms were represen-
tative of those in the fjord during winter: nitrate
21.49 µmol l–1, ammonia 2.2 µmol l–1, phosphate
0.78 µmol l–1, silicate 24.70 µmol l–1.

Eight mesocosms were established (duplicate meso-
cosms exposed to 4 temperature regimes in climate
chambers). The initial temperature in the climate
chamber with the 2 ‘baseline’ mesocosms (ΔT 0°C
treatment) was adjusted to 2°C, the normal in situ tem-
perature during February. The temperature in this
chamber was subsequently increased according to the
decadal mean temperature of the winter/spring season
in Kiel Fjord. The temperature of the other climate
chambers was initially adjusted to 4, 6 and 8°C and
was subsequently run in parallel to the baseline;
accordingly, mesocosms within the chambers were
called ΔT +2°C, ΔT +4°C and ΔT +6°C, respectively.
The initial temperature difference  of 2°C between the
different treatments was slowly reduced by 0.25°C
mo–1, with the upper limit defined as the average sum-
mer temperature (Fig. 1) (Sommer et al. 2007). The
temperature inside the chambers was computer-
controlled; adjustments were made 4 times per day by
temperature sensors calibrated with a WTW tempera-
ture sensor. Temperature regulation of the climate
chambers was not efficient enough to keep the temper-
atures inside the mesocosms exactly at the planned
levels (Fig. 1), but the intended temperature ranking
between the treatments could be maintained through-
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out the entire experiment. Therefore, the planned ini-
tial ΔT was used for the statistical analyses of biological
responses to temperature.

The light regime was similar in all mesocosms and
was adjusted to the mean light intensity (Imix) in a 12 m
mixed water column (mixing depth of the fjord during
the winter/spring season). This resulted in an Imix of
~16% of the incident light (I0) according to the
equation of Riley (1957): 

Imix =  I0 (1 – e–kz)(kz)–1

where k (0.5 m–1) is the average light attenuation coef-
ficient and z the depth of the halocline (Sommer et al.
2007). Day length, daily light curve and cloudiness
were controlled by a computer program according to
meteorological data from the region.

Sampling. Samples for chemical and biological
measurements were taken at least 3 times per week,
during the blooming period even daily. Samples from
the mesocosms were taken at 09:00 h and treated
immediately as described below.

Chlorophyll and primary production. Chlorophyll
was measured as the in vivo fluorescence of phyto-
plankton (proxy variable for chlorophyll, Beutler et al.
2002), using a Turner Fluorometer 10 AU (Turner
Design).

Primary production (PP) was measured in samples
incubated inside the mesocosms at medium depth. PP
was calculated from [14C]-bicarbonate (4 µCi per 30 ml
bottle) uptake (Gargas 1975) under the in situ light
conditions in the mesocosms for about 4 h, with dupli-
cate samples and 1 blank (dark). After incubation, the
samples were filtered (0.2 µm polycarbonate filters),
fumed with HCl and then radio-assayed (Packard

Tricarb counter, Lumagel scintillation cocktail). PP was
calculated as mg C m–3 d–1, using the light curve from
sunrise until sunset.

Counts of bacteria and nanoflagellates. Samples for
bacterial counts (total bacterial number, TBN) were
fixed with 2% (final concentration) formalin and
counted after staining with DAPI (4,6-diamidino-2-
phenylindole, final concentration 100 µg ml–1) in a
Zeiss Axioplan epifluorescence microscope (Porter &
Feig 1980) at 1000× magnification.

Heterotrophic nanoflagellates (HNF) were stained
with DAPI (final concentration 100 µg ml–1) and their
numbers determined microscopically with an epi-
fluorescence microscope.

Bacterial growth. Bacterial growth in terms of BSP
was assessed by [3H]methyl-thymidine incorporation
(TTi, DNA synthesis, Fuhrman & Azam 1982). A final sat-
urating concentration of 5.8 nM [3H]methyl-thymidine
(specific activity 67 Ci mmol–1, Amersham) was added to
20 ml samples (triplicates and 1 blank), which were then
incubated in the dark for 2 to 4 h at in situ temperatures
(in the climate chambers). Incubation was terminated by
the addition of 1% formalin. The bacteria were collected
on 0.2 µm polycarbonate filters (Poretics) and rinsed 10
times with 1 ml ice-cold 5% trichloroacetic acid. Samples
were radio-assayed in a Packard Tricarb counter with
Lumagel as the scintillation cocktail. A conventional con-
version factor (13.75 kg C mol–1 thymidine, Fuhrman &
Azam 1982) was used to calculate bacterial C-production
from thymidine incorporation. Bacterial growth was
expressed as µg C l–1 h–1 or mg C m–3 d–1 or as total
bacterial growth, integrating all the data over the entire
experimental period or during the defined periods.

Respiration. Total community respiration and the
respiration of organisms <3 µm were determined using
the Winkler method (100 ml Winkler bottles, 3 parallel
samples for the initial and for the final O2 measure-
ments), modified by photometrical end-point determi-
nation of the titration. Incubation in the dark at the in
situ temperature lasted 48 h. Respiration was mea-
sured as O2 uptake (mg l–1 d–1) from the decrease of O2

concentration during the incubation period. This value
was multiplied by a recommended factor of 0.32
(Gocke & Hoppe 1977) in order to express C-utilisation
for respiration as mg C m–3 d–1.

Data analysis. The data sets were statistically
analysed using Sigma-stat analytical tools (test of nor-
mal distribution, Kolmogorov-Smirnov test), the least
square fit method, and Mann-Whitney rank sum test.
The timing of the peaks of maximal bacterial produc-
tion and of the phytoplankton spring bloom in relation
to temperature was computed from the regression
between the days when these peaks occurred and the
temperatures of the respective mesocosms (ΔT °C).
Several outliers were omitted if technical problems
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were obviously involved. The time scale applied in this
study is ‘day of the year’ because temperature, light
and nutrient conditions in the baseline mesocosms
were accurately adjusted to those in the Kiel Fjord dur-
ing springtime.

RESULTS

Chlorophyll and phytoplankton composition

The timing of the chlorophyll maxima (measured by
in situ fluorescence) during the spring bloom in the
mesocosms was not significantly influenced by tem-
perature. Peaks of chlorophyll occurred between day
of the year (DOY) 87 and 89, ca. 50 d after the start of
the experiment. Highest fluorescence was measured in
the cold mesocosms, with decreasing fluorescence in
the increasingly warmer ones (cf. Aberle et al. 2007,
Sommer et al. 2007).

The patterns of chlorophyll (fluorescence) were
accompanied by changes in the taxonomic composi-
tion of phytoplankton in the mesocosms (Sommer et al.
2007). The phytoplankton composition started to
diverge already during the phase before the bloom. In
the coldest mesocosms, diatoms (mainly Chaetoceros
curvisetus and Probosica alata) predominated. To-
gether, these 2 species comprised 45 to 70% of the total
algal biomass. Nanoflagellates, mainly represented by
Chrysochromolina (12 to 23%), were also present. In
contrast, in the warmest mesocosms, diatoms were
insignificant whereas flagellates of the species Plagio-
selmis prolonga, Teleaulax acuta and Chrysochro-
mulina sp. dominated the phytoplankton biomass (46
to 56%) during the spring bloom. During the post-
bloom phase, these trends were no longer apparent,
replaced by a unimodal response of pico-phytoplank-
ton to temperature.

Bacterial abundance and heterotrophic 
nanoflagellates

The average values of bacterial counts per ml (TBN)
over the experimental period were similar for all meso-
cosms and the variability (SD) was relatively low

(Table 1). However, the counts differed significantly
from the considerably higher values obtained from the
reference station in Kiel Fjord (Table 1). HNF devel-
oped strongly (up to 911 ind. ml–1) during the pre-
bloom phase, particularly in the warmest mesocosms,
while their numbers remained lower (684 ind. ml–1) in
the coldest mesocosms (data not shown). During the
bloom, HNF were present in relatively low numbers in
the warmest mesocosms (417 ind. ml–1) but increased
in abundance in the post-bloom phase (up to 1350 ind.
ml–1). In contrast, the concentration of HNF increased
to 1800 ind. ml–1 during the bloom in the coldest meso-
cosms and decreased thereafter.

Primary production

Although the mesocosms were initially well sup-
plied with nutrients from the Kiel Fjord winter water,
PP started at a very low level in all mesocosms
(Fig. 2). Soon after the start of the experiment, there
was a slight decrease in PP, which was more pro-
nounced in the warm mesocosms. A similar decrease
was observed for the other microbial variables and
may have indicated a period of re-conditioning after
the turbulence caused by filling of the mesocosms.
During DOY 68 to 74, PP escalated and peaked a few
days later. Due to the development of diatoms, the
highest peaks of the phytoplankton bloom were
recorded in the cold baseline mesocosms (ΔT 0°C),
while peaks were lower in the warmer mesocosms, in
which nanoplankton were dominant. After the spring
bloom, PP declined rapidly. This decrease was steeper
in the cold than in the warm mesocosms (Fig. 2). Lin-
ear regression analysis revealed that the timing of the
peaks of PP did not depend on the incubation
temperature of the mesocosms (not significant at the
p < 0.05 level) as expected in a low-light regime. On
average, the parallel mesocosms peaked at DOY 89,
87, 83 and 85 in the mesocosms started at ΔT = 0, 2, 4
and 6°C, respectively.

In contrast to the timing of the spring bloom peak,
there was a pronounced and statistically significant
(negative) correlation between PP and temperature
when the integrated values of PP (PPint) from the differ-
ent mesocosms were compared:
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Mesocosm treatment In situ 
ΔT 0°C ΔT +2°C ΔT +4°C ΔT +6°C Kiel Fjord

TBN 1.66 ± 0.41 1.66 ± 0.57 1.72 ± 0.56 1.72 ± 0.49 1.61 ± 0.37 1.83 ± 0.59 1.61 ± 0.46 1.74 ± 0.68 2.47 ± 0.94

Table 1. Mean (±SD, n = 49) values of total bacterial numbers (TBN × 106 ml–1) in 8 mesocosms (2 at each temperature) and 
in the Kiel Fjord over the experimental period
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PPint =  511 – 42.6ΔT (1)
r2 = 0.68; p = 0.012

In this equation, PPint is the integrated PP over the
phytoplankton bloom from DOY 68 to 76 (start of the
bloom in the different mesocosms) to DOY 110 (end of
the PP measurements) at a given ΔT compared to the
baseline treatment ΔT 0°C (in mg C m–3, derived from
the geometric means of PP between sampling dates).

Bacterial secondary production

The patterns of BSP for the different treatments dur-
ing the experimental period are shown in Fig. 3. BSP
started at a relatively high rate, probably benefiting
from the initial turbulence and quite high DOC (dis-
solved organic carbon, cf. ‘Discussion’) in the meso-
cosms. Thereafter, BSP decreased for several days
until the peak of degradation occurred. In contrast to

PP, the rates of BSP remained relatively
high in the post-bloom phase.

The timing of peak BSP with respect to
temperature is important for assessing
the time lag between the peaks of the
phytoplankton bloom and of bacterial
degradation of organic matter derived
from phytoplankton. Bacterial produc-
tion peaked between DOY 84 and 108.
On average, the parallel mesocosms
peaked at DOY 103, 102, 97 and 90 in the
mesocosms ΔT 0, ΔT +2, ΔT +4 and ΔT
+6°C, respectively. However, there was
considerable variation between the par-
allel mesocosms. A comparison of the
timings of peak PP and BSP (derived
from averages of parallel mesocosms)
showed that the difference between
them accounted for about 14 d in the
mesocosms ΔT 0, ΔT +2 and ΔT +4°C,
but only 5 d in ΔT +6°C.

However, in contrast to the timing of
peak PP, which did not correlate with tem-
perature, the peaks of BSP were closely
related to temperature, as shown by:

tmaxBSP = 105 – 2ΔT (2)
regression: p = 0.044; constant:

p < 0.001

where tmaxBSP is the time of the maximum
of BSP (DOY) and ΔT the difference in
the temperature between a given meso-
cosm and the baseline treatment ΔT 0°C.
With respect to the predicted warming
during winter/early spring, application
of Eq. (2) suggests that bacterial degra-
dation (BSP) would reach its peak about
2 d earlier in the year per °C of tempera-
ture increase, compared to the recent
conditions. If the timing of peak PP is not
affected by an increase in temperature,
as suggested by our experiments, the in-
dicated thermal acceleration of BSP
would be expected to reduce also the lag
time between PP and BSP (C-fixation
and C-mineralisation). For example, in
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the mesocosms ΔT 0°C PP peaked at DOY 89 while
BSP peaked at DOY 105 (as determined from Eq. 2).
Acceleration of BSP by (theoretically) 2 d per °C would
reduce the corresponding lag time of 16 d to 4 d in the
warm mesocosms ΔT +6°C).

In contrast to integrated PP (Eq. 1), integrated BSP
(BSPint, Table 2) was not significantly related to tem-
perature. BSPint over the experimental period re-
mained fairly constant and obviously did not react to
changes in temperature and PP occurring in the meso-
cosms (Table 2).

Ratio between primary production and bacterial
secondary production

An aim of the present study was to assess the tem-
perature dependency of the trophic status (PP:BSP
ratio). Eq. 3 is based on the production values (PP and
BSP), expressed as mg C m–3 d–1 and integrated over
the experimental period (Fig. 4):

BSP:PP (%) = 39.7 + 4.2ΔT (3)
r2 = 0.6; p = 0.024

BSP:PP increased continuously, from 40% at ΔT =
0°C up to 63% in the mesocosms started at ΔT = +6°C
(Fig. 4). This means that at elevated temperatures a
relatively higher percentage of PP (proxy for bacterial
substrate availability) was utilised by bacteria than at
low temperature, thus shifting the trophic status of the
system towards heterotrophic. In detail (Table 3), BSP
exceeded PP before the start of the spring bloom, but
the absolute values of both variables were low, partic-
ularly those of PP. During the bloom, BSP was rela-
tively low in relation to PP, especially in the cold meso-
cosms (Table 3, Fig. 5). Soon after the bloom, BSP
increased again and approached or exceeded PP,
particularly in the cold mesocosms.

Respiration, bacterial growth efficiency and bacterial
carbon demand 

The mean values of community respiration increased
about 2.5 times along the tested temperature gradient.
The contribution of the <3µm size fraction, consisting
mainly of bacteria and flagellates (bacterial respira-
tion, BR), to community respiration increased consider-
ably at elevated temperatures (Fig. 6). In detail, the
contributions of BR to community respiration over the
experimental period were 59, 67, 74 and 77, averages
of the parallel mesocosms ΔT 0, ΔT +2, ΔT +4 and
ΔT +6°C, respectively. Added mesozooplankton died
within a short period, particularly in the warm meso-
cosms, and did not contribute significantly to total res-
piration (but to substrate supply). In any case, BR

exceeded BSP several times (Fig. 5). Bac-
terial growth efficiency (BGE, the per-
centage of total organic matter uptake
used for bacterial biomass production)
decreased from ca. 21% in the cold meso-
cosms to 13% in the warm ones (calcu-
lated from data in Fig. 5).

The ratio between bacterial carbon
demand (BCD, bacterial C-incorporation
plus C-respiration) and PP, which is an
important variable for evaluating
changes in the marine C-cycle, was also
influenced by temperature. Commonly,
it is expected that the autochthonously
produced organic matter (PP, particu-
larly in offshore regions) is sufficient to
supply the C demands for growth and
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Mesocosm treatment
ΔT 0°C ΔT +2°C ΔT +4°C ΔT +6°C

PP 9.0 7.7 5.9 5.0 4.2 5.5 4.8 4.5 
± 13.6 ± 11.1 ± 7.8 ± 5.7 ± 4.2 ± 6.4 ± 3.6 ± 5.3

Total PP 647 558 425 363 279 395 348 320
(602) (394) (337) (334)

BSP 3.4 2.9 3.3 2.2 2.9 2.6 3.3 2.6 
± 1.7 ± 2.2 ± 2.8 ± 1.2 ± 1.8 ± 1.7 ± 2.1 ± 1.2

Total BSP 245 210 240 161 204 184 234 182
(228) (200) (194) (208)

Table 2. Primary production (PP) and bacterial secondary production (BSP)
rates (mean ± SD; mg C m–3 d–1) and total PP and total BSP integrated over
the experimental period (mg C m–3; mean in parentheses) in 8 mesocosms 

(2 at each temperature)
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respiration of bacteria and the rest of the heterotro-
phic community. In our experiments, in which
inshore water with additional allochthonous organic
matter was used, the PP measured in the warm (ΔT

+6°C) mesocosms covered only 22 to 26% of the
BCD, whereas in the cold mesocosms (ΔT 0°C), PP
and BCD were more balanced (84 to 95%, based on
the data in Fig. 5).
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Fig. 6. Average values of total respiration compared to
respiration measured in organisms comprising the particle
size class <3 µm (bacteria and other microheterotrophs) in the
different bacterial secondary production treatments. Columns
show mean values of 7 to 8 measurements distributed over
nearly the entire experimental period. Error bars are +SD 

between parallel mesocosms

Mesocosm treatment BSP:PP

Total incubation period ΔT 0°C 37 (1)
ΔT +2°C 51 (9)
ΔT +4°C 58 (17)
ΔT +6°C 63 (8)

Before bloom ΔT 0°C 191 (10)
ΔT +2°C 166 (17)
ΔT +4°C 169 (24)
ΔT +6°C 209 (76)

During bloom ΔT 0°C 19 (6)
ΔT +2°C 29 (7)
ΔT +4°C 35 (10)
ΔT +6°C 44 (19)

After bloom ΔT 0°C 215 (68)
ΔT +2°C 216 (19)
ΔT +4°C 115 (5)
ΔT +6°C 72 (19)

Table 3. Ratios (%) between bacterial secondary production
(BSP) and primary production (PP) during different phases
of the spring bloom. SDs of the parallel mesocosms in 

parentheses
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DISCUSSION

Organic matter fluxes and nutrient recycling in the
sea are controlled by microbes (Azam 1998) and
strongly affect global climate (Rivkin & Legendre
2001). However, predictions of the biotic responses to
climate change may be misleading if changes in the
interaction of species are ignored (Davis et al. 1998).
This holds true for the interactions between food web
components or trophic levels and their response to
climate variability. In the present study, we focused on
changes in the interaction (coupling) between photo-
trophic and heterotrophic microbes in order to try to
understand ‘the scales over which climate will change
and living systems will respond’ (Harley et al. 2006,
p. 228). To approach this problem, in addition to carry-
ing out field investigations, ecosystem experiments are
required, which lead to ‘conclusive tests of key
hypotheses and paradigms’ as suggested by Duarte et
al. (1997, p. 101).

Results of field studies in the Baltic Sea and in other
seas of the temperate climate belt suggest that low
springtime temperatures may cause a delay in the
bacterial degradation of organic matter produced by
phytoplankton during the spring bloom (e.g. Blight et
al. 1995, Jost & Pollehne 1998). However, information
on the extent of this delay is scarce and investigations
with regard to the predicted scenario of global warm-
ing are missing. In the present study, we have tried to
fill this gap by more accurately specifying this period
of bacterial enhancement (or retardation). Our experi-
ments were carried out in temperature-controlled
indoor mesocosms filled with winter water from Kiel
Fjord. The initial temperature range of 2 to 8°C
(approaching 6 to 11°C, respectively, after 75 d incuba-
tion, Fig. 1) was realistic in consideration of the pre-
dicted climate change scenarios; nevertheless, it was
relatively narrow with respect to the reactivity of
thermotolerant biological processes. Thus, it could not
be expected that the responses of flexible microbial
populations within the applied temperature range
would be very strong and easily measurable by the
available methods.

Temporal succession patterns of phytoplankton 
and bacteria

Changes in the temporal coupling between phyto-
plankton and bacteria, analysed through simultaneous
investigation of the individual components, have rarely
been reported (Pomeroy & Deibel 1986, Blight et al.
1995, Pomeroy & Wiebe 2001). In our experiments, the
timing of the maxima of PP (spring bloom) and BSP
differed in response to changes in temperature. While

the timing of maximal PP was not significantly affected
by an increase in temperature, a pronounced trend
was observed concerning the thermal acceleration of
peak BSP from DOY 103 to 90 (average of the parallel
mesocosms, Fig. 3). This implies that coupling between
the phytoplankton spring bloom and bacterial degra-
dation was probably tighter at elevated temperatures
because the time lag between production and degra-
dation of organic matter diminished. Specifically, peak
BSP occurred 16 d later than peak PP in the cold meso-
cosms (ΔT 0°C), and this time lag was reduced to ca. 4 d
in the warmest mesocosms (ΔT +6°C). Our observa-
tions correspond surprisingly well to the 1 to 2 wk time
lag between the peaks of spring bloom and community
respiration (dominated by bacteria) reported by Blight
et al. (1995) in their study of 3 seasonal cycles in the
Menai strait (Irish Sea). Remarkably, the geographical
latitude of the strait is similar to that of Kiel Fjord,
which implies that the temperature regimes were
comparable.

Quantitative relationships between primary 
production and bacterial secondary production

As a consequence of the different responses of
phytoplankton and heterotrophic bacteria to increases
in temperature, the temporal coupling between these
trophic levels changed. This was accompanied by
changes in the ratio of BSP to phytoplankton PP
(BSP:PP), which increased from 37 to 63% along the
temperature gradient between the mesocosms (de-
rived from the regression line shown in Fig. 4). These
values were rather high compared to the ratios
reported from similar temperature gradients in natural
environments, e.g. 12 to 22% in gradients of the South-
ern Atlantic (Lochte et al. 1997), and the even lower
ratios determined by Hoppe et al. (2002) along a
meridional Atlantic transect. Very low values of the
ratio (1 to 10%), accompanied by a weak coupling
between PP and BSP, were measured by Duarte et al.
(2005), who studied in situ mesocosms filled with cold
Antarctic water. In contrast, our ratios are close to
those reported by Li et al. (1993) in their investigation
of the spring bloom in the western North Atlantic (16 to
36%). The relatively high ratios determined in the pre-
sent study were probably due to carbon partitioning
between POC (particulate organic carbon) production
and DOC, which strongly favoured the latter, as
observed by Søndergaard et al. (2000) in their meso-
cosm experiments. It should be noted that the increase
in the ratio measured in our warmer mesocosms was
mainly caused by a reduction in PP (relative to the
cold mesocosms), which was probably supported by
changes in phytoplankton species composition (see
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‘Results; Chlorophyll and phytoplankton composi-
tion’). Thus, we derive from our results that, as it may
be combined with climate warming, a higher BSP:PP
ratio (and a closer temporal coupling between PP and
BSP) will not necessarily lead to an increase in the
amount of recycled products, if the source of organic
matter (PP) is negatively affected.

Responses of respiration, bacterial growth efficiency
and bacterial carbon demand to warming

Community (total) respiration increased at elevated
temperatures as did the contribution of bacteria and
other microheterotrophs (particle size fraction < 3 µm) to
total respiration (Fig. 6). Since the substrate supply was
similar and sufficient (DOC varied over the experimen-
tal period between 100 and 215 µmol l–1; J. Wohlers
unpubl.) in each of the mesocosms, we conclude that
temperature must have been mainly responsible for
the increased respiration in the warm mesocosms. In
contrast, Lopez-Urrutia & Moran (2007) suggested that,
in warm oligotrophic waters, strong resource limitation
of bacterial growth but not temperature may stimulate
respiration. Thus, temperature may regulate microbial
respiration by 2 different means: If substrate supply
is sufficient (as in our experiments), temperature seems
to be the principal regulator, whereas, if substrate
is scarce, temperature may no longer be as important.

In contrast to respiration, BGE decreased from
roughly 21% in the cold mesocosms to 13% in the
warm ones (calculated from data shown in Fig. 5). This
is at the lower end of BGE ranges observed in different
aquatic regions, derived from data collected during
ocean-wide cruises (del Giorgio et al. 1997, Duarte &
Agusti 1998, Middelboe & Søndergaard 1993, Rivkin &
Legendre 2001). Nevertheless, in general, our results
are consistent with the observation of decreasing BGE
values at elevated temperatures in surface waters.

BCD exceeded PP, particularly during the pre-bloom
phase (as also observed by Kankaala et al. 1996, and
by Williams et al. 2004 at an oligotrophic ocean site)
but decreased to relatively low values shortly before
the bloom peaked (Fig. 5). The fact that the degrada-
tion of organic matter surpassed PP during the pre-
bloom phase may have been partly due to the organic
matter load present in the winter water transferred to
the mesocosms. Initial concentrations of DOC in the
mesocosms were relatively high (ca. 180 µmol l–1), but
decreased to baseline values of ca. 130 µmol l–1 within
a few days (J. Wohlers unpubl.). Another source was
probably dying mesozooplankton, added to the meso-
cosms at the beginning of the experiments, which sup-
ported BCD in addition to autochthonous PP. Further,
Williams et al. (2004) attributed such phenomena of C

over-consumption to differences in the dynamics of
photosynthesis (more dynamic) and respiration (less
dynamic), which may (theoretically) lead to discrepan-
cies between these 2 variables (if integrated over a
longer period) in the case of under-sampling. Finally,
the observed mismatch between PP and BCD can
possibly be attributed to faster recycling and re-utilisa-
tion of C by the microbial food web and to wall growth
of algae (which was not considered in our PP measure-
ments), particularly in the warm mesocosms.

During the spring bloom, PP surpassed BCD for
growth (Table 3, Fig. 5) and there was a clear trend
along the temperature gradient from cold to warm
mesocosms. This trend was reversed during the post-
bloom phase, dominated by bacterial degradation.
Thus, it seems that the relatively low level of degrada-
tion in the cold mesocosms during the bloom was
balanced by elevated degradation during the post-
bloom phase. Conversely, in the warm mesocosms,
much of the organic matter produced during the spring
bloom was immediately degraded by bacteria such
that less remained for subsequent bacterial degrada-
tion in the post-bloom phase.

The observed increases in bacterial conversion of
organic matter (PP) together with enhanced respiration
(lower BGE) suggest faster bacterial C-mineralisation
at elevated temperatures, which ultimately may affect
the CO2 exchange between water and the atmosphere.
However, the question remains whether this effect can
be reduced or even eliminated by decreasing PP
possibly in combination with warming.

Other regulating factors and perspectives

While the effect of an increase in temperature on
microbial communities during winter/spring was the
focus of this study, the roles of other regulating factors,
such as grazing (Zubkov et al 2000), organic matter
supply (Pomeroy et al. 1991), light conditions and viral
infection, on the observed temperature response can-
not be ignored. Flagellates were particularly abundant
during the initial period in the warm mesocosms, while
in the cold mesocosms they developed strongly during
the spring bloom (cf. ‘Results’). These patterns of HNF
abundance were likely responsible for the relatively
low numbers of bacteria (not shown) in the cold meso-
cosms during the bloom, but there were obviously no
effects on BSP. In all other cases, negative correlations
between HNF and bacteria were not observed, proba-
bly due to the control of HNF by their grazers (e.g.
ciliates). Strong effects of a viral infection can probably
be excluded because no ‘catastrophes’ occurred with
respect to bacterial numbers and bacterial production
during the experiment.
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Middelboe & Lundsgaard (2003) investigated the
relative effect of both substrate supply and tempera-
ture on microbial activities in natural environments
and emphasised the dominance of organic substrate
over temperature. The same holds true concerning
inorganic nutrient availability (Christoffersen et al.
2006). In our experiments, substrate and nutrient sup-
plies were similar (at least initially) and constantly high
(cf. ‘Results’) in all mesocosms. Thus, we attribute the
results mainly to the influence of temperature on the
measured microbial variables.

Another interesting aspect involves the ratios of vari-
ables related to particulate organic matter (POM) (data
not shown, cf. Sommer et al 2007) during the final
degradation phase (dominated by bacteria). C:N ratios
of POM remained fairly constant over the total experi-
ment (ca. 8), whereas C:P and N:P ratios increased
considerably during the final phase (from about 130 to
250 and 18 to 30, respectively; J. Wohlers unpubl.),
probably indicating P deficiency in the degrading
bacterial community. However, there seemed to be no
pronounced effects of temperature on these ratios.

Reliable predictions of the effects of climate warm-
ing on light intensity are not available. Light intensity
was very low at the beginning of our experiment
(~16% of incident light, partly due to the high degree
of simulated cloud cover). These conditions caused a
long lag phase preceding the start of the spring bloom,
during which the surfaces of the mesocosms were
increasingly colonised by algae. Thus, we confine the
validity of our results to shallow coastal regions where
the sessile benthic microflora participates (e.g. by re-
moving nutrients for photosynthesis from the water)
in the regulation of pelagic relationships between PP
and BSP.

One experiment is certainly not sufficient to draw
firm conclusions. In some cases, the development of
organisms and activities in parallel mesocosms varied
considerably, even though the water quality in the
mesocosms was initially exactly the same. Neverthe-
less, the present study has shown that it is possible to
reproduce the typical pattern of in situ succession, i.e.
a spring bloom of phytoplankton (Sommer et al. 1986,
2007) followed by a period of enhanced bacterial
degradation of organic matter. It was also possible to
define the lag time between the spring bloom and the
peak of bacterial degradation, which is predicted to
change in response to global warming. Although the
temporal relationship between the peaks of PP and
BSP was statistically not significant, it suggested a
trend that might be elucidated in further investiga-
tions. We are convinced that mesocosm experiments of
this type can provide relevant information on biologi-
cal phenomena combined with climate change in
terms of the predicted temperature increase.
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