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Abstract Shifts in the timing and magnitude of the spring
plankton bloom in response to climate change have been
observed across a wide range of aquatic systems. We
used meta-analysis to investigate phenological responses
of marine and freshwater plankton communities in
mesocosms subjected to experimental manipulations of
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temperature and light intensity. Systems differed with
respect to the dominant mesozooplankton (copepods in
seawater and daphnids in freshwater). Higher water temperatures advanced the bloom timing of most functional
plankton groups in both marine and freshwater systems. In
contrast to timing, responses of bloom magnitudes were
more variable among taxa and systems and were influenced
by light intensity and trophic interactions. Increased light
levels increased the magnitude of the spring peaks of most
phytoplankton taxa and of total phytoplankton biomass.
Intensified size-selective grazing of copepods in warming
scenarios affected phytoplankton size structure and lowered intermediate (20–200 lm)-sized phytoplankton in
marine systems. In contrast, plankton peak magnitudes in
freshwater systems were unaffected by temperature, but
decreased at lower light intensities, suggesting that filter
feeding daphnids are sensitive to changes in algal carrying
capacity as mediated by light supply. Our analysis confirms
the general shift toward earlier blooms at increased temperature in both marine and freshwater systems and supports predictions that effects of climate change on plankton
production will vary among sites, depending on resource
limitation and species composition.

Introduction
A large number of studies have reported that the timing and
magnitude of seasonal plankton blooms are shifting in
response to climate change (Adrian et al. 2006; Edwards
and Richardson 2004; Meis et al. 2009; Shimoda et al.
2011). Plankton blooms are important features in seasonal
aquatic environments where they drive many ecosystem
and community processes and are a major source of energy
input for higher trophic levels (Hjermann et al. 2007;
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Smayda 1997; Winder and Cloern 2010). Seasonal plankton succession is a community phenomenon that is controlled by processes that regulate population dynamics of
various primary producers and consumers (Sommer et al.
1986). Blooms are triggered by individual species’ life
history and physiological responses to changing abiotic
conditions. Timing and magnitude of blooms are controlled
by population feedbacks and mediated through resource
dynamics and predator–prey interactions (Carpenter et al.
2001; Jäger et al. 2008; Sommer et al. 1986). In aquatic
systems, seasonally changing abiotic conditions involve
both changes in the supply of basal resources, most notably
light, and in physical conditions, most notably temperature.
The latter differentially affects the rates of various metabolic processes involved in resource acquisition and respiration of both producers and consumers (Englund et al.
2011; Eppley 1972; Vasseur and McCann 2005). It can
therefore be expected that influences of climatic change on
plankton succession act both directly by affecting the
availability of resources and indirectly by altering the
balance of metabolic processes in interacting populations.
The onset of plankton spring blooms is usually initiated
by changes in water temperature and light supply. In deep
systems, spring phytoplankton blooms are coupled to the
onset of thermal stratification, which increases the mean
light exposure of phytoplankton cells in the mixed surface
layer. Under these conditions, spring blooms are triggered
by correlated increases in temperature and seasonal light
availability (Edwards and Richardson 2004; Peeters et al.
2007; Winder and Schindler 2004). In shallow, well-mixed
systems, phytoplankton blooms are strongly coupled to the
external light regime that is influenced by ice cover, cloud
cover or day length, and can occur independently of temperature change (Adrian et al. 1999; Sommer and Lengfellner 2008). In both deep and shallow systems, increasing
temperature and food availability trigger population growth
of zooplankton that in turn can feed back on phytoplankton
bloom dynamics through tight trophic coupling (Sommer
and Lewandowska 2011). From a physiological perspective, rates of photosynthesis are less sensitive to temperature than is the metabolism of heterotrophic organisms
(Allen et al. 2005; Lopez-Urrutia et al. 2006). Warming
should therefore increase consumption by herbivores more
strongly than primary production. This can strengthen top–
down control over primary production by increasing
grazing rates under warmer conditions, as has been shown
in marine and freshwater experimental studies (Kratina
et al. 2012; O’Connor et al. 2009; Sommer and Lewandowska 2011).
In contrast to temperature, light supply affects not only
the growth rate but also the carrying capacity of primary
producers (Jäger et al. 2008, 2010). Increased primary
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production at high light and sufficient nutrient supply can
enhance zooplankton production, which may then feed
back on phytoplankton. Under this scenario, earlier
occurrence of the peak of a phytoplankton spring bloom is
not necessarily just a direct phytoplankton growth response
to increased temperature and light supply, but may result
from faster zooplankton growth and higher grazing rates
that terminate the phytoplankton bloom earlier (Berger
et al. 2010; Jäger et al. 2008). Grazing impacts depend,
however, on the taxonomic identity of the dominant primary consumers, which typically differ between marine
and freshwater systems. Copepods dominate marine mesozooplankton communities, whereas cladocerans (mainly
Daphnia) often dominate in lentic freshwater systems.
Copepods have complex life histories with relatively long
development times and graze selectively on larger-sized
algae ([20 lm) and ciliates, which releases small-sized
cells from grazing by microzooplankton (Sommer et al.
2001; Stibor et al. 2004). In contrast, Daphnia feed nonselectively on a broad size range of algae and protists, and
parthenogenetic reproduction enables fast population
growth (Sommer et al. 2001). It might therefore be
expected that warming results in faster grazer responses
and stronger top–down control of overall phytoplankton
bloom development in cladoceran dominated systems and
in more subtle shifts in phytoplankton species composition
in copepod-dominated systems (Lewandowska and Sommer 2010).
As a result of the complex interactions of physical
drivers with food web processes, phenological responses
to climate change are not trivial to predict. Mesocosm
experiments have been identified as a tool for studying
the underlying mechanisms (Berger et al. 2007; McKee
and Atkinson 2000; Sommer et al. 2007). Such experiments in marine and freshwater systems have yielded
diverse patterns of phytoplankton and zooplankton bloom
development in response to altered temperature and light
supply (Aberle et al. 2007; Berger et al. 2010; Lewandowska and Sommer 2010; Sommer and Lengfellner
2008). Yet, responses across systems and trophic levels
have never been compared in a systematic way. Here, we
present a meta-analysis testing direct and interacting
effects of temperature and light manipulations on marine
and freshwater plankton communities from mesocosm
experiments and disentangling the interplay of physical
drivers with density-dependent processes. We hypothesize
that warming advances the bloom timing of most functional plankton groups in both marine and freshwater
systems. Responses of the magnitude of bloom peaks are,
however, expected to be much more variable among taxa
and systems and influenced by light intensity and trophic
interactions.
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corresponding to the most drastic prediction of temperature
increase by the end of this century (IPCC 2007). Light
intensities were set to daily light curves and seasonal light
patterns calculated from astronomic equations (Brock
1981) and February 4 (2005 and 2006) or 15 (2008 and
2009) were set as the simulated starting date for the temperature and light regimes. Irradiance differed between
experiments to account for clouds and underwater light
attenuation; 3 light levels were used in the 2008 experiment
and 1 light level in all others (Table 1). Starting nutrient
concentrations ranged 0.8–0.6 lmol L-1 for phosphorus
(PO4), 8.7–21.5 lmol L-1 for NO3, 1.3–5.6 lmol L-1 for
NH4, and 18.9–30.5 lmol L-1 for Si. A study by Sommer
et al. (2012) suggests that variation in nutrient levels over
these ranges does not affect phytoplankton peak
magnitude.
The three freshwater experiments were conducted in
Lake Brunnsee (47°560 N, 12°260 E), Germany, during the
springs of 2005, 2006, and 2007. Lake Brunnsee is a small
(area 5.8 ha) hardwater lake with a maximum depth of
19 m. The lake is poor in total phosphorus (\10 lg L-1)
but rich in silica and nitrate ([2 mg L-1) and usually
freezes over in November or December. Ice-off, followed
by the onset of stratification, occurs between February and
April. The experiments were initiated as early as possible
after ice breakup (March or April, Table 1). For each
experiment, twelve (six in 2006) mesocosms with a
diameter of 0.95 m and a total length of 10 m were filled
with lake water filtered through 30 lm gauze. This
excluded most crustacean zooplankton but preserved microzooplankton and the natural phytoplankton community

Methods
Experimental mesocosm design
We used data from five marine and three freshwater mesocosm experiments (labeled by year) that were designed to
investigate the effects of water temperature and light
intensity on the spring succession of plankton communities
(Table 1). This resulted in a total of 66 individual mesocosm from which we extracted phenological responses to
temperature and of 24 mesocosm for light treatments.
Detailed descriptions of the respective experiments are
available elsewhere (Berger et al. 2007, 2010; Sommer
et al. 2007; Sommer and Lewandowska 2011) and are
summarized briefly below.
The marine experiments were conducted in temperaturecontrolled rooms at GEOMAR in spring using four (2005
and 2006) or twelve (2008 and 2009) gently stirred mesocosm (volume: 1,400 L; depth: 1 m), each with a separate
light unit. Mesocosms were filled with seawater from Kiel
Fjord, Western Baltic Sea in January or February, containing the over-wintering populations of phytoplankton,
bacteria, and microzooplankton. Mesozooplankton, mainly
consisting of copepods, was added from net catches.
Plankton communities were acclimated to the mesocosms
for some days under identical conditions before they were
exposed to their respective temperature and light treatments (Table 1). The natural seasonal temperature increase
was simulated during the experiments based on the decadal
(1993–2002) mean sea surface temperature in Kiel Fjord
and a 6 °C warming scenario (Table 1), the latter

Table 1 Summary of temperature and light treatments of the mesocosm experiments (identified by year) included in the meta-analysis
System

Marine

Year (ID)

Starting
date

Temp
(low)
(°C)

Temp
(high)
(°C)

Light dose
(Watt m-2)

Light
intensity
(Imix %)

N

References

MA 2005

Feb 4

4.4 ± 0.1

9.2 ± 0.4

32.3

–

4

Sommer et al. (2007)

MA 2006-1

Jan 6

2.2 ± 0.3

7.5 ± 0.6

201.6

–

4

Sommer et al. (2007)

MA 2006-2
MA 2008

Feb 17
Feb 6

2.4 ± 0.2
2.8 ± 0.3

8.1 ± 0.6
8.3 ± 0.3

129.1
Ll: 265.2

–
–

4
12 (8)

Sommer et al. (2007)
Lewandowska
and Sommer (2010)

MA 2009

Jan 9

2.5 ± 0.8

8.2 ± 0.4

317.6

–

12

Lh: 381.0

Freshwater

FW 2005

Apr 24

12.7 ± 0.5

16.5 ± 0.6

–

Ll: 17; Lh: 51

FW 2006

Apr 18

11.6 ± 0.7

13.8 ± 0.1

–

Lm: 20

FW 2007

Mar 20

11.9 ± 0.4

14.7 ± 0.8

–

Ll: 15; Lh: 30

12 (8)
6
12 (8)

Sommer and
Lewandowska (2011)
Berger et al. (2010, 2007)
–
Sebastian et al. (2012)

Starting date indicates the date when experimental manipulation was applied. Each experiment consisted of two temperature (Temp) treatments
and one or three light intensity treatments that were fully cross-classified (intermediate light intensities are excluded for light effect size
calculation). Temp is mean water temperature ± sd over the duration of the experiment. Light levels are daily light doses at the start under
simulated field conditions in marine experiments. Light levels are depth-averaged values (Imix) in percent of incident radiation at the water
surface (Iin) under ambient field conditions in freshwater experiments (Ll low, Lm intermediate, Lh high light intensity). N number of mesocosms per temperature (light) treatment included in the analysis
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of Lake Brunnsee, which typically does not include large
single-celled taxa or colonial growth forms. Instead, the
spring community was dominated by small taxa with initial
amounts of 30–70 % centric diatoms (Cyclotella),
10–30 % small chlorophytes (Oocystis), and 3–21 % small
crysophytes (Rhodomonas). Prior to the establishment of
the mixing regimes, all mesocosms were fertilized down to
the bottom to an initial total phosphorus content of
*25 lg L-1 to mimic the nutrient pulse associated with
spring overturn. Each mesocosm was kept well mixed to a
pre-defined stratification depth. Small inocula of Daphnia
hyalina, which is the naturally occurring species in Lake
Brunnsee, were added to all mesocosms once to twice per
week over the first 2–4 weeks of the experiments to simulate spring recruitment from an egg bank. All Daphnia
were descendants of three to four clones that had been
isolated from Lake Brunnsee and had been pre-cultured
separately at 20 °C (see also Sebastian et al. 2012). Prior to
stocking, the Daphnia were gradually acclimated to
appropriate lower temperatures in a climate chamber.
Two temperature treatments (ambient and cold) were
cross-classified with one to three light levels in the mixed
surface layer. High, medium, and low light levels were
accomplished with different stratification depths (2, 4, 8 m
in 2005, 3 m in 2006, and 1.5, 3.5, 6.5 m in 2007, Table 1).
Expressed as percent of incident light, this corresponded to
depth-averaged mean light intensities in the mixed surface
layers of 30–51 % (high), 20–30 % (intermediate), and
15–17 % (low) in different years (Table 1). Mesocosms
experiencing ambient temperatures were placed freely in
the lake, while cold mesocosms were placed inside a large
limnocorral. The latter was permanently mixed down to
12 m depth, thus providing a cold water bath. Both temperature treatments experienced seasonal increases in water
temperature, which were stronger in ambient treatments.
Averaged over the entire experimental duration, the mean
temperature difference between ambient and cold mesocosms ranged from 2 to 4 °C (Table 1).
Mesocosm sampling
Samples in the marine experiments were taken three times
per week for phytoplankton and once per week for zooplankton (Aberle et al. 2007; Lewandowska and Sommer
2010; Sommer et al. 2007). Samples from the mixed surface layer of freshwater mesocosms were taken once or
twice a week from close to the surface (phytoplankton and
ciliates) and by vertical net hauls (Daphnia). In 2006,
phytoplankton biomass was only measured as chlorophylla. In all other experiments, phytoplankton and ciliates were
identified to species or genus level, counted under an
inverted microscope and approximated to geometric standards for biovolume calculations; the latter were converted
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to carbon equivalents (for details, see Aberle et al. 2007;
Berger et al. 2010; Sommer and Lewandowska 2011).
Mesozooplankton was counted and identified to species or
genus level under a dissecting microscope, and life (copepodid) stages were determined for copepods (except in
the MA 2005 experiment).
Data analysis
Blooms of various taxa are cardinal phenological events in
early seasonal plankton succession. For all functional and
taxonomic plankton groups, we therefore focused our
analyses on the peaks of their respective spring blooms,
which can be characterized by two straightforward
descriptors: (1) peak timing, which was defined as the day
of the maximum in density or biomass during an experiment, with day zero being the starting date on which the
treatments were first applied; (2) peak magnitude, which
was defined as the difference between the largest and
smallest density or biomass values observed during an
experiment. We subsequently investigated how peak timing and peak magnitudes of different plankton groups were
affected by temperature and light treatments across all
experiments.
Phytoplankton was categorized into taxonomic groups
including chlorophytes, chrysophytes, cryptophytes, diatoms, autotrophic dinoflagellates, and marine heterotrophic
dinoflagellates. We also distinguished three phytoplankton
size classes according to their largest linear dimension as
nano- (\20 lm), micro- (20–200 lm), and mesophytoplankton ([200 lm) following Sieburth et al. (1978). For
marine copepods, data were included from the 2006-2 and
2008 experiments; for the 2006-2 experiment copepodid
and adult stages and for the 2008 experiment the C1 stage
of calanoids were used as a proxy for copepod development, because other copepodid and adult stages did not
develop clear peaks over the duration of the experiment.
For nauplii, copepod C1 stages, and chlorophytes in the
2008 cold marine treatments peak timing were set to the
last day of the experiment because no clear peak developed
during the experiment (Fig. 1).
The log-response ratio (LR) was used as an index of
effect size, which is one of the most commonly used effect
metrics in ecological meta-analysis (Hedges et al. 1999).
The LR for temperature was calculated as ln(Xw/Xc) from
each pair of mean values (X) of the warm (w) over the cold
(c) treatment at a given light level for each experiment
(Table 1). The LR for light was correspondingly calculated
as ln(Xh/Xl), where h and l are the high and low light
treatments at a given temperature level, respectively. Thus,
LR measures the bloom peak responses in the warm relative to the cold treatments and in the high light relative to
the low light treatments. Light effect size was calculated
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Fig. 1 Succession of total phytoplankton and representative zooplankton taxa in marine (MA) and freshwater (FW) mesocosm
experiments. Data represent averages across temperature (Tw low,
Tc high) and light intensity (Ll low, and Lm intermediate, and

Lh high) treatments of the respective year of the experiment.
Phytoplankton and ciliate biomass calculations follow Sommer and
Lewandowska (2011) and Aberle et al. (2007), respectively

from the marine 2008 and freshwater 2005 and 2007
experiments (excluding intermediate light treatments)
because other experiments had a single light treatment
(Table 1). A factorial meta-analysis approach was therefore not possible, and the effect sizes of temperature and
light responses were calculated separately.
For each experiment, the size and variance of temperature
and light effects, weighted by the number of replicates, was
calculated. Weighted LRs and variance from these independent studies were used to calculate overall effect sizes and
95 % confidence intervals (CI) for the different taxonomic
and functional groups separately for the marine and freshwater
systems using random effects meta-regression with restricted
maximum-likelihood estimator (Viechtbauer 2010). LR is a
dimensionless ratio. A value of 0.69 corresponds to a 100 %

increase and a value of -0.69 to a 50 % decrease, respectively, in performance of the response variable.
Random-effect models were used to examine for significant influences of light intensity on the average sizes of temperature effects on timing and magnitude of phytoplankton
peaks by including light as a moderator (Viechtbauer 2010).
To assess heterogeneity due to the influence of light manipulation, the Q statistics based on a Chi-squared test was used
to describe the difference between categories. Therefore,
P-values associated with Qbetween (Qb) were examined, which
describe the variation in effect sizes that can be ascribed to
differences between light categories. Analysis was carried out
using the ‘‘wq’’ (Jassby and Cloern 2011) and ‘‘metafor’’
(Viechtbauer 2010) libraries in the R software environment
2.14.1 (R Development Core Team 2009).
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Results
Temporal trajectories and dominant taxa
Total phytoplankton biomass and the dominant taxonomic
groups of phytoplankton and zooplankton developed pronounced peaks over time in the vast majority of treatments
in both marine and freshwater experiments (Fig. 1).
Blooms of marine primary producers were dominated by
diatoms and to a lesser extent by cryptophytes; these taxonomic groups plus chlorophytes also dominated the
freshwater phytoplankton (Table 2). Ciliates, heterotrophic
dinoflagellates, and copepods (nauplii and copepodid
stages) were the dominant zooplankton taxa in the marine
experiments (Table 2). In the freshwater experiments,
zooplankton was dominated by ciliates (not available for
2006) and Daphnia (Table 2).
Peak timing
Increased temperature significantly advanced peak timing
of (1) total phytoplankton biomass and (2) all phytoplankton size fractions and taxonomic groups, with cryptophytes showing the strongest response in both marine and
freshwater systems (Fig. 2a) and the exception that
increased temperature had no statistically significant effect
on chrysophytes in the freshwater system (Fig. 2a). In

Table 2 Grand means (averaged across all treatments and experiments) ± SD of peak timing (day of experiment) and peak magnitude
of total phytoplankton biomass, phytoplankton size fractions, and
Functional/taxonomic group

Phytoplankton (total)

addition, increased temperature significantly advanced
peak timing of ciliates, copepods, nauplii, and heterotrophic dinoflagellates in marine experiments and of Daphnia
in freshwater experiments (Fig. 2b). Shifts in peak timing
of phytoplankton taxa in response to increased temperature
were comparable in marine and freshwater experiments,
whereas responses of zooplankton were stronger in marine
experiments.
Effects of light on peak timing were generally weaker
and less consistent than effects of temperature. Diatoms
were the only group that responded consistently to light in
both marine and freshwater experiments. In addition,
marine chrysophytes and freshwater mesophytoplankton
reached their peaks earlier at higher light levels, while peak
timing of the remaining categories of phytoplankton was
not significantly affected by light (Fig. 2). Because diatoms
were the by far dominating marine phytoplankton taxon,
peak timing of total phytoplankton in the marine experiments was also accelerated by higher light levels. The
timing of both marine and freshwater zooplankton peaks
was not significantly affected by light intensity (Fig. 2).
Analysis of heterogeneity did not reveal any significant
influence of light on the effects of temperature on the
timing of phytoplankton peaks (p = 0.5), with the exception that marine dinoflagellates showed a reduced response
to temperature increase at medium light level (Qb = 6.9,
P = 0.03; data not shown).

taxonomic and functional groups of phytoplankton and zooplankton
in marine and freshwater experiments

Timing (day of experiment)

Magnitude

Marine

Freshwater

Marine

Freshwater

15.9 ± 3.4

25.5 ± 4.8

1,388 ± 973

967 ± 487

Phytoplankton \20 lm

15.9 ± 3.6

39.2 ± 9.4

760 ± 519

355 ± 147

Phytoplankton 20–200 lm

15.7 ± 3.2

26.5 ± 5.6

458 ± 527

588 ± 371

Phytoplankton [200 lm

21.3 ± 3.9

37.3 ± 16.4

235 ± 247

123 ± 64

Chlorophytes

39.2 ± 9.4

23.6 ± 5.1

2±2

221 ± 81

Chrysophytes

39.8 ± 5.9

23.3 ± 5.2

3±3

20 ± 30

Cryptophytes

12.9 ± 4.7

24.2 ± 7.6

Diatoms

16.0 ± 3.7

37.9 ± 14.7

145 ± 103

337 ± 338

1,257 ± 914

435 ± 352

Dinoflagellates

17.5 ± 5.3

20.7 ± 4.2

56 ± 57

96 ± 79

Ciliates

22.2 ± 9.0

15.8 ± 12.0

34 ± 45

160 ± 84

Heterotroph dinoflagellates

32.9 ± 93.0

–

29 ± 87

–

Nauplii

35.8 ± 14.6

–

54 ± 50

–

Copepods

40.6 ± 10.1

–

11 ± 17

–

Daphnia hyalina

–

52.6 ± 11.6

–

72 ± 44

Values for phytoplankton, ciliates, and heterotrophic dinoflagellates are given in units of biomass (lg C L-1 for marine phytoplankton and
heterotrophic dinoflagellates; lm3 L-1 for freshwater phytoplankton), values for nauplii, copepods, and Daphnia hyalina are given in units of
abundance (ind L-1)
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a

Freshwater

Marine

0.5

-0.6 -0.4 -0.2 0.0 0.2

b

-3

-0.6 -0.4 -0.2 0.0 0.2

Marine

-1

Fig. 2 Log ratio effect size of temperature increase (Temp) and light
intensity (Light) on peak timing of a phytoplankton functional groups
and b zooplankton taxonomic groups for marine and freshwater
mesocosm experiments. Bars denote ±95 % confidence intervals. A
mean effect is significantly different from zero when its 95 %
confidence interval does not bracket zero. Negative mean effect sizes
indicate that peak timing is earlier in warm or high light relative to
cold or low light intensity treatments, respectively. Dashed lines are
zero effects; values within the figure indicate upper confidence
interval

Peak magnitude
In the marine experiments, increased temperature significantly reduced the magnitude of the biomass peaks of
(1) diatoms, (2) total phytoplankton, and (3) all phytoplankton size fractions except nanophytoplankton, while
peak magnitude of all other phytoplankton categories and
of ciliates was unaffected by temperature (Fig. 3). Peak
magnitudes of marine chlorophytes (Tetraselmis sp.) and
chrysophytes were also affected by temperature, but
these groups made only negligible contributions to total
marine phytoplankton biomass (Table 2). In contrast,
peak magnitudes of all freshwater phytoplankton and
zooplankton categories were unaffected by temperature
(Fig. 3). Peak magnitudes of marine calanoids increased
significantly at higher temperature, which was strongly
pronounced in the 2006-2 experiment and less in 2008
(Figs. 3b, 1).

1
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Fig. 3 Log ratio effect size of temperature increase (Temp) and light
intensity (Light) on peak magnitude of a phytoplankton functional
groups and b zooplankton taxonomic groups for marine and
freshwater mesocosm experiments. Negative mean effect sizes
indicate that peak magnitude is higher in cold or low light relative
to warm or high light intensity treatments, respectively. See Fig. 2 for
a more detailed description

Higher light levels significantly increased the magnitude
of the biomass peaks of (1) diatoms, cryptophytes, and
dinoflagellates, (2) total phytoplankton, and (3) all phytoplankton size fractions except mesophytoplankton in both
systems (Fig. 3a). The qualitative light response of these
different taxa and of total phytoplankton was consistent
across marine and freshwater experiments, but more pronounced in freshwater experiments. Freshwater cryptophytes showed a particularly strong light-dependent increase
in peak magnitude. Freshwater ciliates and Daphnia showed
also higher peak densities at high compared to low light
(Fig. 3b). In contrast, light did not affect the magnitude of
marine copepod peaks and biomass of marine heterotrophic
dinoflagellates decreased at high light intensity.
Analysis of heterogeneity did not reveal any significant
influence of light on the effects of temperature on the
magnitude of phytoplankton peaks, with the exception that
freshwater chrysophyte peak biomass was significantly
higher at high light and warm temperature compared to low
light conditions (Qb = 14.1, P \ 0.001; data not shown).
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Discussion
Our meta-analysis of mesocosm experiments identified
several general patterns that seem to hold across both
marine and freshwater systems. First, increased temperature shifted the timing of spring peaks in essentially all
taxonomic groups toward earlier appearance. Second,
increased light levels increased the magnitude of the spring
peaks of most phytoplankton taxa and of total phytoplankton biomass. Third, most observed effects of temperature and light appeared to be independent of each
other. There were also responses that differed between
marine and freshwater systems. Observed differences
cannot always be attributed to biological characteristics of
the community (e.g., copepod vs. daphnid dominance), but
were likely influenced by design differences between
marine and freshwater experiments. Owing to the specific
research questions and to practical constraints, light treatments within a single experiment differed more strongly in
the freshwater experiments, while absolute temperatures
were lower and temperature differences between treatments were higher in the marine experiments (Table 1).
We therefore focus the discussion primarily on general
patterns observed across both marine and freshwater systems, and emphasize differences between the systems only
when they can be attributed to biological characteristics
such as community composition.
Increased temperature advanced spring peaks consistently across systems and taxonomic groups, which agrees
with predictions from dynamical models of pelagic producer–grazer systems (De Senerpont Domis et al. 2007;
Schalau et al. 2008) and with long-term observations in
lakes and marine systems (Edwards and Richardson 2004;
Shimoda et al. 2011; Weyhenmeyer et al. 1999; Winder
and Schindler 2004). The degree of advance in primary
producers varied considerably among taxonomic groups.
Cryptophytes and diatoms, the most abundant taxa in all
experiments (Berger et al. 2010; Lewandowska and Sommer 2010), showed the strongest response to warming. This
is in agreement with physiological characteristics of these
taxa (Gervais 1997; Litchman et al. 2007). Both have high
maximum growth and nutrient uptake rates and are able to
outcompete other groups under nutrient replete conditions,
which were the starting condition in all experiments.
Similarly, chlorophytes have relatively high growth rates
under sufficient nutrient supply (Litchman et al. 2007) and
warming accelerated growth of this group in both freshwater and marine systems. Chrysophytes, which contributed only a small proportion to overall biomass in both
systems, were the least responsive to warming.
Similar to primary producers, peak timing of micro- and
mesozooplankton species advanced at increased temperature, which is consistent with widespread observations in
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freshwater and marine systems (Blenckner et al. 2007;
Straile 2002; Thackeray et al. 2010). Overall, the successional pattern suggests that zooplankton responded more
strongly to warming than phytoplankton, as indicated by
the faster acceleration of initial population growth rates in
high temperature treatments (Fig. 1). This suggests that the
earlier occurrence of phytoplankton peaks at higher temperatures is most likely driven by negative feedback from
faster growing grazers, that is, increased grazing pressure
at higher temperatures terminated the phytoplankton spring
bloom earlier. This explanation is consistent with the
observed negative (marine) or neutral (freshwater)
response of phytoplankton peak magnitude to warming, in
spite of higher phytoplankton growth rates at higher
temperatures.
Evidence for tight phytoplankton–grazer interactions is
particularly suggestive in the marine experiments. Here,
the magnitudes of phytoplankton and zooplankton peaks
showed opposite responses to warming. Nauplii and copepodid developed faster and reached higher densities at
higher temperatures over the experimental duration.
Intensified copepod grazing at higher temperature is suggested by the significantly lower peak magnitude of intermediate phytoplankton cells (20–200 lm) and of diatoms
and chrysophytes that largely contributed to this size class.
Diatoms, dominated by Skeletonema costatum and Thalassiosira spp., and the chrysophyte Dinobryon balticum
are within the preferred prey size range of copepod species
(Granéli and Turner 2002; Nejstgaard et al. 2001). These
results agree with previous observations from marine
plankton experiments (Aberle et al. 2007; O’Connor et al.
2009; Sommer and Lewandowska 2011) and confirm that
intensified copepod grazing at increased temperature can
affect phytoplankton size structure (Lewandowska and
Sommer 2010). A caveat of our analysis is that, due to the
long generation time of copepods at the prevailing low
temperatures (*3 °C), copepods did not reach peak densities in the cold treatments, except in 2006-2. The strong
temperature effect on peak magnitude of copepods is
therefore likely an artifact of delayed development in the
cold treatments and limited duration of the experiment.
Despite this methodological shortcoming, enhanced top–
down control can be expected at increased temperature
given sufficient food supply as shown in long-term freshwater experiments (Kratina et al. 2012).
Model investigations of phytoplankton-Daphnia dynamics
predict that the magnitude of algal and Daphnia spring
peaks is fairly insensitive to changes in temperature (De
Senerpont Domis et al. 2007; Schalau et al. 2008) but
rather sensitive to changes in algal carrying capacity as
mediated by light supply (Jäger et al. 2008; Schalau et al.
2008). These expectations were confirmed in the freshwater experiments, that is, the magnitudes of phytoplankton
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Fig. 4 Phytoplankton peak magnitude as a function of light dose
across the five marine experiments (see Table 1) in the low (Tc) and
high (Tw) temperature (Temp) treatments. Experiments that were
included in the meta-analysis of light effect size are indicated by filled
circles. Points represent peak phytoplankton magnitude of individual
mesocosm; dashed line represents a linear regression

and Daphnia peaks were unaffected by temperature, but
increased with increasing light supply. While field observations have shown higher abundances of Daphnia in
warm (high NAO) years (Straile 2002), this trend can be
attributed to shifts in timing of spring maxima rather than
to overall increases in abundance (Blenckner et al. 2007),
which is consistent with our results. Overall, the results
indicate that light limitation had pronounced effects on
plankton succession in lentic experiments and suggests that
tight predator–prey coupling can suppress a response of
phytoplankton and grazer peaks to increased temperature.
Comparable phytoplankton responses to increased light
intensity can, in principle, be expected between marine and
freshwater environments. The somewhat weaker response
in the 2008 marine experiment is most likely a consequence of the rather modest light treatment range in the
2008 marine (factor 1.5) compared to the freshwater (factor
2–3) experiments (Table 1). Comparably strong, positive
responses of phytoplankton peak height to increased light
supply became, however, apparent when earlier marine
experiments (2005 and 2006) covering lower light levels
were included in the analysis (Fig. 4). These earlier
experiments could not be included in the meta-analysis of
light effects because each experiment used a single light
treatment (Sommer et al. 2007). Light dose, however,
differed between experiments and the response of peak
magnitude across all marine experiments confirmed that
high light intensity increased phytoplankton bloom magnitude (r = 0.62, p \ 0.001, Fig. 4), similar to observations in freshwater systems (Berger et al. 2010). Effects of
light supply on the timing of phytoplankton peaks were
largely consistent between freshwater and marine systems.

Specifically, light affected bloom timing in diatoms and
chrysophytes independently of temperature. This supports
observations that light is an important trigger for population growth of fast-growing diatoms, which often dominate
spring blooms (Sommer et al. 1986). In natural systems,
diatom blooms are linked to increasing radiation such as
after ice breakup in shallow systems (Adrian et al. 1999) or
after the onset of stratification in deep systems (Winder and
Schindler 2004).
While climate-related phenological shifts toward earlier
spring events are widespread across marine and freshwater
habitats (Thackeray et al. 2010), there is less consensus on
bloom magnitude (Adrian et al. 1999; Boyce et al. 2010;
Straile 2002; Taucher and Oschlies 2011). Our analysis
confirms the general shift toward earlier blooms at
increased temperature and supports predictions that the
effects of climate change on plankton production will vary
among sites, depending on resource limitation and species
composition. In the short term, the great sensitivity of
heterotrophs to temperature change can strengthen top–
down control over primary production by increasing
grazing rates. However, resource availability and food web
feedbacks can constrain trophic control at increased temperature. The response of phytoplankton to warming will
depend on light intensity and likely also on nutrient
availability, which was not addressed in our experiments.
Our study indicates that plankton bloom dynamics are
influenced by a complex interplay of physical and physiological effects on predator–prey interactions and that
climate impacts on bloom dynamics can therefore be
strongly modulated by trophic interactions.
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