
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 405: 101–111, 2010
doi: 10.3354/meps08520

Published April 29

INTRODUCTION

Global warming is considered to be one of the most
important chronic factors driving future ecosystem
changes. Aquatic ecosystems have a climate-buffering
capacity due to their impact on the global carbon cycle
(biological CO2-pump), and each disturbance may ir-
retrievably change the functioning of the Earth eco-
system (Schiermeier 2006).

The temperature of ocean surface waters is pre-
dicted to increase by 1 to 6°C within the 21st century,
depending on the climate scenario (IPCC 2007). As a
consequence of this warming, the structure of marine
ecosystems is expected to change. Drastic changes in
phytoplankton community structure provoke a chain
reaction in marine food webs and might result in the
removal of top predators or herbivores (Smetacek &
Cloern 2008). However, marine ecosystems are also
controlled by top-down processes. Warming might
affect the abundance of top predators and herbivores

and change grazing pressure. Strong top-down effects
of marine fishes on zooplankton with warming have
been shown by Mueter et al. (2009), but the relative
strength of bottom-up and top-down control in the
marine environment across all trophic levels needs to
be better understood.

The spring phytoplankton bloom is one of the most
important seasonal patterns in pelagic food webs, sup-
plying energy to the higher trophic levels after winter
(Townsend et al. 1994). Suspected shifts in the timing
of spring blooms (Edwards & Richardson 2004) may
cause a mismatch between food supply by phytoplank-
ton and food demand by zooplankton according to the
match-mismatch hypothesis (Cushing 1990), thereby
disturbing the energy flow through the system.

In deep, well-stratified water bodies, seasonal warm-
ing and the seasonal onset of higher light availability
are coupled triggers of the spring bloom, because ther-
mal stratification increases the mean light exposure
of phytoplankton cells circulating in the mixed water
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layer (Sverdrup 1953). In shallower, well-mixed water
bodies or in systems where non-seasonal haloclines
restrict mixing even in winter, the spring bloom can
start before the onset of thermal stratification (Rey-
nolds 2006, Sommer et al. 2007, Sommer & Lengfellner
2008). Under such conditions, seasonal phytoplankton
growth can start at extremely low temperatures be-
cause light-limited photosynthesis is rather insensitive
to temperature (Tilzer et al. 1986). However, trophic
interactions should be strongly modified, because het-
erotrophic processes tend to be more sensitive to tem-
perature (Rose et al. 2009). Thus, we can suspect that
warming without increasing light availability will lead
to higher grazing rates by overwintering zooplankton
that will not be balanced by a concomitant increase of
primary productivity. An earlier onset of grazing might
reduce the size of the phytoplankton community be-
fore light conditions permit the built-up of the phyto-
plankton spring bloom, thus leading to food shortage
for zooplankton (Durant et al. 2005), particularly for the
starvation-sensitive larval stages.

Although numerous experiments on the response of
natural phytoplankton communities to light intensity
or temperature changes have been published (Keller et
al. 1999, Huisman et al. 2004, Elliott et al. 2006), there
are few studies where both factors are addressed with
experiments (Berger et al. 2007, Sommer & Lengfellner
2008). Several field observations have shown that in-
creasing temperature provoked changes in community
structure and dynamics of the phytoplankton bloom
(Winder & Schindler 2004, Thackeray et al. 2008,
Nixon et al. 2009). A strong impact of light on the
phytoplankton spring bloom was observed by Berger
et al. (2007) in their in situ enclosure experiments of a
freshwater ecosystem. They did not observe any tem-
perature effect on phytoplankton biomass or bloom
timing, although the abundance of mesozooplankton
changed with warming. Our previous experiments
(Sommer & Lengfellner 2008) with an indoor meso-
cosm system with the natural plankton community
from the Baltic Sea (mesozooplankton added from net
catches at the same concentration as the present study,
see ‘Materials and methods’) suggested a weak tem-
perature effect on the timing of the phytoplankton
spring bloom, but a strong temperature effect on
phytoplankton biomass and composition. Three exper-
iments performed in different years under different
light regimes preliminarily suggested a strong light
effect on timing, phytoplankton biomass and composi-
tion (Sommer & Lengfellner 2008); however, these
studies were not a factorial combination of light and
temperature within the same experiment and there-
fore not a rigorous test of the relative importance of
light and temperature effects. Therefore, in the present
study we utilized an experimental design of 2 temper-

ature scenarios (ΔT = 0 and 6°C) and 3 light regimes
(32, 48 and 64% of sea surface irradiance) in a factorial
combination to test the relative importance of climate
warming and light availability on the phytoplankton
spring bloom.

MATERIALS AND METHODS

Experimental design. Twelve mesocosms were de-
ployed in 4 climate chambers where temperature could
be programmed. Light could be regulated individually
for each mesocosm. We tested 2 temperature and 3 light
scenarios, resulting in 6 treatment combinations; each
treatment was duplicated. Each mesocosm was 1400 l in
volume and 1 m deep, with a gently moving propeller
that mixed the water column. Mesocosms were filled
with the natural winter plankton community containing
algae, bacteria and protozoa from Kiel Bight, Baltic Sea.
Mesozooplankton dominated by Oithona sp. was added
from net catches at a natural concentration of ca. 10 ind.
l–1 (Behrends 1996). Initial nutrient concentrations were
13.8 µmol l–1 nitrate, 0.9 µmol l–1 phosphate, 30.0 µmol l–1

silicate and 0.9 µmol l–1 ammonium. Such concentrations
were high enough to preclude nutrient limitation until
the biomass peak was reached.

The temperature program was derived from the
decadal mean (1993 to 2002) of water surface tempera-
tures in Kiel Bight. We used 2 temperature regimes
(Fig. 1): (1) baseline (i.e. 0°C elevation above the deca-
dal mean, ΔT = 0°C) and (2) +6°C above the baseline
(ΔT = 6°C), in agreement with the most drastic climate
scenario presented by IPCC (2007).

Light conditions mimicked daily irradiance curves and
seasonal light patterns according to the astronomic
model by Brock (1981). We reduced the natural irradi-
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Fig. 1. Temperature profiles for all 12 mesocosms. ΔT: elevation 
of temperature
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ance to 32, 48 and 64% of sea surface irradiance (I0) on
cloudless days to test 3 light scenarios. The highest I0

(64%) was based on a mixed water column mean light
intensity during cloudless days at 10 m mixing depth
(depth of the halocline in situ) and a vertical attenuation
coefficient (k) of 0.18 m–1. The 32% I0 corresponded to
50% light reduction by cloud cover or any combination
of less clouds and a higher attenuation coefficient.

The light system was controlled by a computer pro-
gram (GHL, Prometeus). The starting date for the light
and the temperature programs was set at 15 February
(day of year [DOY] 46).

Sampling and plankton estimation. Water tempera-
ture, fluorescence, pH and nutrient concentrations
were measured every day to monitor the system. Sam-
ples for phytoplankton counts were taken 3 times per
week from the mid depth of mesocosms and fixed with
Lugol’s iodine. Samples for flow cytometry and pri-
mary production measurements were taken at the
same time and measured immediately. Mesozooplank-
ton samples were taken weekly using a net (12 cm in
diameter, 64 µm mesh size), fixed with Lugol’s iodine
and counted with a binocular microscope (Leica MS5).

Phytoplankton were counted using the inverted micro-
scope method (Utermöhl 1958). For cells smaller than
5 µm, flow cytometry (FACScalibur, Becton Dickinson)
was used. Flow cytometric phytoplankton categories
were distinguished by size and pigment fluorescence
(chlorophyll a and phycoerythrin). Cell volumes were
calculated after approximation to geometric models
(Hillebrand et al. 1999) and converted into carbon con-
tent as described by Menden-Deuer & Lessard (2000).

In order to provide a simplified image of phytoplank-
ton composition, phytoplankton species were aggre-
gated into functional groups (see Table 3): microdiatoms,
nanodiatoms, bentho-pelagic diatoms, nanoflagellates,
dinoflagellates and picoplankton. Microdiatoms were
classified as species >20 µm, nanodiatoms were classi-
fied as species <20 µm and bentho-pelagic diatoms were
distinguished separately. Nanoflagellates did not include
dinoflagellates, which were grouped separately. Species
<2 µm were classified as picoplankton.

Measurements of primary production. Primary pro-
duction was measured by the 14C incorporation me-
thod after Gargas (1975). 14C-bicarbonate with 4 µCi
per 30 ml sample was used. Duplicate samples, as well
as a blank (dark) sample, were incubated during 3 to
4 h inside the mesocosms at mid depth. Following
incubation, samples were filtered through cellulose-
nitrate membrane filters (0.2 µm pore size). Filters
were fumed with HCl and fixed with Lumagel scintilla-
tion cocktail. Radioactivity was measured by a liquid
scintillation counter (Tricarb counter, Packard).

Statistical analyses. To test light and temperature
effects, we used general regression models (best sub-

sets, R2) using STATISTICA 6 with temperature as the
categorical factor and light as the continuous factor. If
not stated otherwise, statistics were based on maximal
phytoplankton biomass to exclude the effect of pseudo-
replication by interdependent measurements over time.

Timing of the phytoplankton bloom was defined by
cardinal points: beginning of the bloom (BB), the day
when the community biomass was at a maximum (MB)
and end of the bloom (EB). Species-specific biomass
was transformed according to standard normal varia-
tion. BB and EB were the days corresponding to the
first and third quartiles, respectively, of the maximal
biomass.

We compared the taxonomic phytoplankton compo-
sition in the mesocosms by conducting analysis of
similarities (ANOSIM) and multidimensional scaling
(MDS) using PRIMER 5, based on the Bray-Curtis dis-
similarity coefficient.

RESULTS

Time of the bloom

The phytoplankton bloom started about 1 wk earlier
under warmer conditions (Table 1). We found a signif-
icant effect of warming on BB (p < 0.001, r = 0.92), MB
(p < 0.001, r = 0.79) and EB (p < 0.05, r = 0.81). The MB
at the lower temperature level (ΔT = 0°C) was achieved
at DOY 65 for 48 and 32% of I0 and at DOY 62 for the
highest light intensity (64% of I0). In the warmer treat-
ments (ΔT = 6°C), MB was achieved at DOY 58, 60 and
62 depending on the light conditions (p < 0.001, r =
0.79 for interaction between temperature and light

103

ΔT (°C) I0 (%) BB MB EB

0 32 58 65 83
58 65 83

48 53 65 81
55 65 83

64 58 62 86
55 62 81

6 32 51 62 79
48 62 79

48 48 60 76
48 60 69

64 48 58 74
48 58 76

Table 1. Date of the spring phytoplankton bloom (day of
year). ΔT: elevation of temperature; I0: percentage of sea sur-
face irradiance tested; BB: beginning of the bloom; MB: day 

of maximal biomass; EB: end of the bloom
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intensity, see also Table 1). The bloom duration was
similar among all treatments and did not depend on
temperature or light (p > 0.05, average duration time:
27 ± 2 d [SD]).

Phytoplankton growth and cell size

Growth dynamics of the phytoplankton in our exper-
iment were typical for the spring bloom with an expo-
nential increase, a short peak and decline of biomass
until the clear water phase was achieved (Fig. 2, see

also Reynolds 2006). Small species like picoplankton
and nanoflagellates predominated at the beginning
and the end of the experiment. During the bloom
period there was a shift towards dominance by diatoms
with smaller species at the beginning and a subse-
quent succession towards larger ones.

Primary production started to increase earlier in
warmer conditions, but it did not achieve higher maxi-
mal values in warmer mesocosms than in the colder ones
(Fig. 3). There was no significant difference in maximal
primary production between the 2 temperature condi-
tions (p > 0.05). However, the primary production/
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biomass ratio (P/B) was slightly higher under warmer
conditions relative to colder conditions (warmer: P/B =
0.28 d–1 ± 0.09 [SD]; colder: P/B = 0.19 d–1 ± 0.05 [SD];
p = 0.048). We found that light had a positive, though
insignificant (p > 0.05), effect on primary production dur-
ing the bloom in the warmer mesocosms. After the
bloom, primary production decreased rapidly in the
warmer mesocosms, whereas a more gradual decline
in the colder mesocosms was observed
(Fig. 3). These changes in primary pro-
duction corresponded to changes in
microdiatom biomass (Fig. 4).

At elevated temperatures (ΔT = 6°C),
lower total biomass (p < 0.001, r = –0.83)
and higher picophytoplankton biomass
(p < 0.001, r = 0.25) were observed
(Fig. 2), suggesting a shift to smaller cell
sizes with warming. Indeed, the mean
cell size was smaller under warmer con-
ditions (p = 0.01, r = 0.69; Table 2).

Phytoplankton community structure

Twenty phytoplankton species were
counted using inverted microscopy and
flow cytometry. Additionally, the small-
est fraction (picoplankton, <2 µm) was
distinguished without species identifi-
cation. Picophytoplankton were present
in all treatments, but varied in abun-
dance between colder and warmer
mesocosms (Table 3). Phytoplankton
biomass was dominated by diatoms.
Diatoms differed in size (microdiatoms,
>20 µm; nanodiatoms, 2 to 20 µm) and
function (planktonic and bentho-pela-
gic diatoms, the latter were an indicator
of algal growth on mesocosm walls).

The diatom Skeletonema costatum
was the most abundant species under
all conditions (Table 3). It played a ma-
jor role in forming the bloom, achieving
55 ± 8% of maximal total biomass in the
warmer mesocosms and 19 ± 5% of
maximal total biomass in the colder
mesocosms. In the cold mesocosms,
Thalassiosira rotula and Chaetoceros
curvisetus were also highly abundant
species, as opposed to in the warmer
mesocosms (Table 3). We counted 30
times more T. rotula and 10 times more
C. curvisetus in colder mesocosms than
in warmer mesocosms. In the colder
treatments (ΔT = 0°C), T. rotula (39 ±

6% of maximal total biomass) formed the bloom to-
gether with S. costatum and Rhizosolenia setigera,
whereas under warmer conditions (ΔT = 6°C) T. rotula
played only marginal role in forming the bloom (3 ±
1% of maximal total biomass).

Bloom-forming species (Skeletonema costatum, Rhi-
zosolenia setigera, Thalassiosira rotula) showed highly
significant (R. setigera and T. rotula, p < 0.001; S. costa-
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tum, p < 0.01) responses to warming (Table 4). The bio-
mass of other diatoms also varied significantly be-
tween the 2 temperature levels, except for the pennate
diatoms Pseudo-nitzschia sp., Thalassionema nitzschi-
oides and the rare bentho-pelagic diatom Nitzschia
acicularis, which did not show any effect. The most
important (in terms of biomass) and most abundant
dinoflagellates, Gymnodinium ostenfeldi and Hetero-

capsa rotundata, showed a significant response to
warming as well as to changes in the light regime
(Table 4). Coscinodiscus sp. showed a similar pattern,
but it was a rare species. Dinobryon balticum, Tetra-
selmis sp. and Gyrodinium fusiforme were absent dur-
ing the bloom time period and they were excluded
from Table 4.

We calculated the percentage of total biomass for
each functional group across the bloom period and
found clear responses to warming (Table 3, Fig. 4).
After the bloom, the proportion of diatoms declined
rapidly in warmer conditions, whereas in colder tanks,
this decrease was much slower (Fig. 4).

Light versus temperature effects

The effect of light and temperature on the taxonomic
composition of phytoplankton biomass was analyzed by
calculating the dissimilarity (Bray-Curtis dissimilarity co-
efficient) between the different mesocosms and using
a subsequent MDS plot. The MDS plot showed a clear
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ΔT Mean cell size
I0 = 32% I0 = 48% I0 = 64%

0°C 35 34 38
41 46 38

6°C 21 7 27
25 23 41

Table 2. Mean cell size (pg C cell–1) of phytoplankton under
the different light and temperature conditions. ΔT: elevation
of temperature; I0: percentage of sea surface irradiance
tested. Values represent the mean size of phytoplankton cells 

for each mesocosm during the bloom time period

Phytoplankton group Mean maximal abundance (cell ml–1 ± SD) Percent of maximal total biomass (±SD)
ΔT = 0°C ΔT = 6°C ΔT = 0°C ΔT = 6°C

m-diat
Ceratulina pelagica 6 ± 4 + + –
Chaetoceros curvisetus 478 ± 199 60 ± 50 2 ± 1 +
Coscinodiscus sp. + + + +
Proboscia alata 57 ± 13 34 ± 10 + 1 ± 1
Pseudo-nitzschia sp. 2420 ± 733 3373 ± 1309 1 ± 0 2 ± 2
Rhizosolenia setigera 3 ± 1 6 ± 5 21 ± 2 20 ± 8
Thalassionema nitzschioides 225 ± 69 330 ± 34 1 ± 1 3 ± 2
Thalassiosira nordenskioeldi 74 ± 15 145 ± 74 1 ± 0 3 ± 2
Thalassiosira rotula 464 ± 170 17 ± 8 39 ± 6 3 ± 1

n-diat
Chaetoceros minimum 4454 ± 1278 2889 ± 1107 2 ± 1 1 ± 1
Skeletonema costatuma 32366 ± 4418 46877 ± 11911 19 ± 5 55 ± 8

b-diat
Nitzschia acicularis 65 ± 48 77 ± 33 + +

n-flag
Dinobryon balticum 904 ± 199 84 ± 28 – –
Rhodomonas sp. 244 ± 218 79 ± 41 3 ± 3 1 ± 1
Teleaulax amphioxeia 531 ± 111 592 ± 151 6 ± 4 4 ± 4
Tetraselmis sp. 3 ± 3 21 ± 14 – –

dino
Ceratium tripos + + – +
Gymnodinium ostenfeldi 21 ± 13 9 ± 2 + +
Gyrodinium fusiforme + + – –
Heterocapsa rotundata 1662 ± 523 1837 ± 732 4 ± 2 3 ± 3

pico
Picoplankton from flow cytometry 45390 ± 10152 159960 ± 60116 + 4 ± 4
counting (not identified)

aUndefined real chain length

Table 3. Functional groups of phytoplankton. m-diat: microdiatoms; n-diat: nanodiatoms; b-diat: benthic diatoms; n-flag: nano-
flagellates; dino: dinoflagellates; pico: picoplankton. Rare species (only single cells) are marked with + and – for presence and 

absence, respectively
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separation of mesocosms according to
the temperature regimes (462 permuta-
tions, global R = 1, p = 0.002), while the
different light regimes did not lead to
separation (Fig. 5).

In order to test the potential impact of
mesozooplankton grazing on the phyto-
plankton community, we compared spe-
cies-specific abundance of copepods at
the beginning and end of the experi-
ment. ANOSIM based on the Bray-Curtis
dissimilarity coefficient showed no sepa-
ration at the beginning of the experiment
(462 permutations, global R = 0.232, p =
0.091; Fig. 6A) and clear separation ac-
cording to temperature regime at the end
of the experiment (462 permutations,
global R = 1, p = 0.02; Fig. 6B).

DISCUSSION

Direct and indirect effects of
temperature and light intensity on

phytoplankton

It has been frequently reported that
warming should lead to an earlier phyto-
plankton spring bloom. In most cases, an
earlier ice break or an earlier stabiliza-
tion of the water column was connected
with an earlier spring bloom (Edwards
& Richardson 2004, Elliott et al. 2006,
Hashioka & Yamanaka 2007). These
findings suggest that the potentially
accelerating factors of both tempera-
ture and light could be responsible for
the earlier spring bloom.

Monitoring data from the coastal
shallow waters of the western Baltic Sea
have indicated a shift of the spring
phytoplankton bloom of 1 to 2 wk ear-
lier after warm winters (Göbel et al.
2009), which is in agreement with our
findings. In contrast, Wiltshire & Manly
(2004) reported a retardation of the
spring bloom by warming for the shal-
low German Bight of the North Sea. A
later analysis with more years added to
the time series found strong interannual
variability but no trend related to
warming (Wiltshire et al. 2008).

Other authors have suggested that
temperature has little direct effect on
algal growth, whereas light limitation
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Species Coefficient SE t p df R2 F

C. pelagica
Light 4.516 4.086 1.11 0.30 2 0.58 6.2*
Temperature 1.792 0.534 3.36 0.01

C. curvisetus
Light –53.891 204.126 –0.26 0.80 2 0.80 17.8**
Temperature 159.065 26.667 5.96 <0.001

Coscinodiscus sp.
Light 0.141 0.056 2.53 0.03 2 0.87 30.2**
Temperature 0.053 0.007 7.35 <0.001

P. alata
Light 17.078 7.711 2.21 0.05 2 0.84 30.2**
Temperature –1.672 1.007 –1.66 0.13

Pseudo-nitzschia sp.
Light –6050.781 2812.708 –2.15 0.06 2 0.46 3.8
Temperature –633.583 367.451 –1.72 0.12

R. setigera
Light 19.844 19.356 1.03 0.33 2 0.84 30.2**
Temperature 10.127 2.529 4.00 <0.001

T. nitzschioides
Light –159.219 235.983 –0.67 0.52 2 0.11 0.6
Temperature –25.017 30.829 –0.81 0.44

T. nordenskioeldi
Light 24.219 104.391 0.23 0.82 2 0.27 1.7
Temperature –24.667 13.638 –1.81 0.10

T. rotula
Light 505.406 224.804 2.25 0.05 2 0.88 31.8**
Temperature 224.590 29.368 7.65 <0.001

C. minimum
Light –273.438 2938.728 –0.09 0.93 2 0.48 4.1
Temperature 1105.333 383.914 2.88 0.02

S. costatum
Light 31088.281 18607.006 1.67 0.13 2 0.67 9.3*
Temperature –9641.250 2430.809 –3.97 <0.01

N. acicularis
Light 17.813 30.271 0.59 0.57 2 0.04 0.2
Temperature –0.850 3.955 –0.21 0.83

Rhodomonas sp.
Light –653.906 293.489 –2.23 0.05 2 0.57 5.9*
Temperature 99.867 38.341 2.60 0.03

T. amphioxeia
Light 487.766 227.660 2.14 0.06 2 0.78 15.7*
Temperature 153.987 29.741 5.18 <0.01

C. tripos
Light 0.078 0.035 2.22 0.05 2 0.48 4.1
Temperature –0.008 0.005 –1.81 0.10

G. ostenfeldi
Light 19.063 5.592 3.41 0.01 2 0.82 20.6**
Temperature 3.967 0.731 5.43 <0.001

H. rotundata
Light 2791.250 1007.949 2.77 0.02 2 0.65 8.2*
Temperature 388.900 131.678 2.95 0.02

Picoplankton
Light 72881.466 114894.982 0.63 0.54 2 0.35 2.5
Temperature –31936.328 15009.818 –2.13 0.06

Table 4. Species-specific response to light intensity and temperature changes
(general regression model, best subsets, R2). See Table 3 for full species names. 

*p < 0.05; **p < 0.001
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could be more important as the decisive factor for
photosynthesis (Sommer et al. 1986, Moore et al. 1995,
Sommer & Lengfellner 2008). A previous study using
the same mesocosm system and natural Baltic Sea
plankton as inoculum suggests that light should have a
stronger effect than the temperature on the timing of
the spring bloom (Sommer & Lengfellner 2008). How-
ever, this study did not utilize a factorial combination of
the factors light and temperature. Sommer & Lengfell-
ner (2008) performed 3 experiments with 4 temperature
levels each, but were able to test only one light level
during each experiment. Given the usual interannual
differences in natural plankton communities, this

means that the factors light and inoculum (phytoplank-
ton and zooplankton) were potentially confounded.
Therefore, the parallel responses to temperature found
between the different experiments were considered ro-
bust, but the conclusions related to light were only ten-
tative.

In the present study, with a factorial combination of
light and temperature within the same experiment,
phytoplankton community responses to light limitation
were related to temperature conditions. Light had a
stronger impact on the timing of the phytoplankton
maximum in the warmer mesocosms (Table 1). Surpris-
ingly, however, we observed only a weak response of
phytoplankton to the different light conditions in our
experiment. Moreover, most of the phytoplankton spe-
cies, especially bloom-forming Skeletonema costatum,
Rhizosolenia setigera and Thalassiosira rotula, were
rather insensitive to the different light treatments
(Table 4). Admittedly, the range of the irradiance we
tested was rather narrow (32 to 64% of I0), but a ratio of
>2:1 between the highest and the lowest light treat-
ment is already quite broad, if we consider interannual
differences at the time scale of bloom formation. How-
ever, on a day-to-day time scale, much bigger maxi-
mum to minimum ratios can be expected.

ANOSIM showed a very clear separation of phyto-
plankton community composition according to temper-
ature, but no separation according to light (Fig. 5). We
hypothesize that grazing could have had a stronger
impact on phytoplankton community composition than
light limitation. For mesozooplankton, we found little
change in total abundance of copepods (8 ± 2 [SD] ind.
l–1 at the beginning of our experiment, 7 ± 2 [SD] ind.
l–1 at the end), but remarkable changes in species com-
position related to warming (Fig. 6). Typical overwin-
tering species like Oithona sp. and Pseudocalanus sp.
were replaced in warmer mesocosms by active grazers
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Fig. 5. Multidimensional scaling plot of variation in assem-
blages of phytoplankton among treatments. HH: high temper-
ature and highest light intensity (ΔT = 6°C and 64% of I0),
HM: high temperature and middle light intensity (ΔT = 6°C
and 48% of I0); HL: high temperature and lowest light inten-
sity (ΔT = 6°C and 32% of I0); LH: low temperature and high-
est light intensity (ΔT = 0°C and 64% of I0); LM: low tempera-
ture and middle light intensity (ΔT = 0°C and 48% of I0); LL:
low temperature and the lowest light intensity (ΔT = 0°C and 
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Fig. 6. Multidimensional scaling plots of variation in assemblages of zooplankton among treatments at (A) the beginning and 
(B) the end of the experiment. See Fig. 5 for temperature–light intensity abbreviations
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like Temora sp., Centropages sp. and Acartia sp. (data
not shown), which are typically found later in the sea-
son in Kiel Bight (Behrends 1996). Because all promi-
nent species in our experiment feed on the same
phytoplankton size spectrum (>500 to 1000 µm3 colony
volume, Sommer & Sommer 2006), potentially
enhanced grazing rates with warming might lead to a
reduction of the preferred phytoplankton species. A
very strong temperature dependence of various activ-
ity parameters of Kiel Bight winter zooplankton has
been shown by Isla et al. (2008).

Zooplankton food demand and grazing rates respond
directly to temperature changes (Schalau et al. 2008).
Both the lower total phytoplankton biomass and the
shift towards smaller sizes at higher temperature can be
interpreted as footprints of more intensive grazing by
copepods and ciliates in the warmer mesocosms (Keller
et al. 1999). Similarly, the more rapid decrease of bio-
mass at the end of the bloom in warmer tanks could be
also caused by a grazing effect (daily phytoplankton
biomass decrease: –0.32 ± 0.07 [SD] d–1 at ΔT = 0°C and
–0.42 ± 0.01 [SD] d–1 at ΔT = 6°C). This decline was par-
ticularly apparent for diatoms, which are the preferred
food for herbivorous mesozooplankton (Sommer et al.
1986, Granéli & Turner 2002), but also for winter and
early spring ciliates (Aberle et al. 2007). In contrast,
there is a feeding preference for nanophytoplankton by
summer ciliates (Sommer et al. 2005). We cannot rule
out the feeding competition between ciliates and cope-
pods in our experiment. However, higher abundance of
picoplankton in warmer mesocosms might suggest that
ciliates reduced the abundance of heterotrophic nano-
flagellates and thus their feeding impact on picoplank-
ton and bacteria.

Considering only the abiotic factors acting on phyto-
plankton, one would have hypothesized that the phyto-
plankton spring succession should be less dependent
on temperature than light intensity, because of the rela-
tive insensitivity of light-limited production to tempera-
ture (Tilzer et al. 1986). However, the comprehensive
analysis of phytoplankton species composition showed
that the majority of the species present in the commu-
nity was responsive to temperature changes. The ef-
fects of temperature on biomass, size structure and spe-
cies composition are consistent with the assumption of
an indirect temperature effect, acting via enhanced
grazing. Enhanced zooplankton grazing at higher tem-
peratures appeared to reverse the importance hierar-
chy of the factors light and temperature. While it is ob-
vious that the stepwise and prominent light increase at
the onset of stratification plays the dominant role in the
initiation of the spring bloom in deep waters (Thack-
eray et al. 2008), the light differences used in our exper-
iment did not play as big a role as was previously sus-
pected (Sommer & Lengfellner 2008).

Changes in phytoplankton community structure and
their implication for higher trophic levels

The spring phytoplankton bloom in Kiel Bay, Baltic
Sea, is usually dominated by diatoms, in many years
exemplified by a high abundance of Skeletonema cos-
tatum (Tilstone et al. 2000). The same community com-
position was observed in our experiment, where S. cos-
tatum was the most abundant species in all treatments
and played a major role in forming the phytoplankton
bloom in all mesocosms (Table 3). In an analysis of a
long-term data set of the phytoplankton community in
Kiel Bight, Wasmund et al. (2008) presented changes
in phytoplankton biomass and species composition
similar to those we observed in our mesocosm experi-
ment. Thus, the community structure in the present
study was typical and representative of the spring
phytoplankton bloom in this region of the Baltic Sea.

Diatom blooms are usually composed of a few co-dom-
inant species (Smayda & Reynolds 2003), as was found in
the present study. We found conspicuous, temperature-
related changes in phytoplankton composition affecting
both rare and dominant species like Thalassiosira rotula
and Chaetoceros curvisetus (Table 3). The abundance of
these species was strongly reduced in the warmer meso-
cosms, and there was a concomitant decrease in the
number of co-dominant species forming the bloom.

Some authors hypothesize a shift to smaller species
with an increase in temperature (Hashioka & Yamana-
ka 2007). In the present study, we also observed higher
biomass of picophytoplankton (Table 3) and smaller
mean cell sizes in warmer conditions (Table 2). As
mentioned above, the shift to smaller cell sizes with
warming might be caused by enhanced grazing on
larger phytoplankton species. On the other hand,
physiological and metabolic changes related to warm-
ing are also possible and might change the outcome of
coexistence and competition between different phyto-
plankton species (Brown et al. 2004).

The observed changes in phytoplankton species
composition and the shift to smaller cell sizes with
warming could have important consequences for the
pelagic food web. Phytoplankton species that are
impacted negatively by climate change are reduced,
thus permitting increases for other, better adapted
organisms. The result of such species shifts is a change
in the quality of food available for higher trophic lev-
els, as picophytoplankton and small nanophytoplank-
ton (<500 µm3 cell volume) species are inedible for
copepods (Sommer & Sommer 2006). In such a case,
the path of carbon flow between primary producers
and mesozooplankton may become longer through
heterotrophic flagellates and ciliates, which can re-
duce productivity of higher trophic levels, as described
by Berglund et al. (2007).

109



Mar Ecol Prog Ser 405: 101–111, 2010

The changes in phytoplankton community structure
were mostly caused by temperature. Results of the pre-
sent study indicate that indirect temperature effects,
e.g. enhanced grazing pressure with warming, might
strongly modify the size range and composition of the
phytoplankton community. Understanding the inter-
actions between direct and indirect effects of warming
and the relationships between different species might
be essential to predict the consequences of climate
change.
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