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Abstract Climate change is likely to have far-

reaching effects on biotic interactions in aquatic

ecosystems. We investigated the effect of differ-

ent spring warming scenarios on the succession of

three algal groups (cyanobacteria, diatoms and

green algae) in 10-l microcosms. We fitted these

microcosm data to a simple mechanistic model to

estimate the effect of different climate warming

scenarios on the population dynamics of these

algal functional groups. Experimental and model

results indicate that the different algal functional

groups respond differently to climate warming

under phosphorus-limited conditions. Whereas

the successional sequence, from diatoms to green

algae to cyanobacteria, was not affected by the

different climate warming scenarios, cyanobacte-

ria showed a stronger response to the different

climate warming scenarios than diatoms or green

algae. Both the growth rates and peak abun-

dances of cyanobacteria were significantly higher

in the average and warm spring scenarios than in

the cold spring scenario. Our findings illustrate

that integration of models and microcosm exper-

iments are a useful approach in predicting the

impacts of rising temperatures on the dynamics of

phytoplankton communities.
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Introduction

Over the past century the global temperature

has increased on average by ~0.6 degrees

Celsius (Houghton et al., 2001). Climate change

models predict a further increase in temperate

of 1.4–5.8�C by the year 2100, depending on

emission scenarios (Houghton et al., 2001). This

projected climate change is likely to have far-

reaching effects on biotic interactions across

different ecosystems, including range boundary

shifts, physiological and genetic adaptation,

shifts in phenology and shifts in community

composition (Walther et al., 2002; Parmesan &

Yohe, 2003; Mooij et al., 2005).
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According to regional models predicting

changes in climate in the Netherlands, both

temperature and precipitation are expected to

increase, resulting in mild and wet winters,

warmer springs and a higher incidence of extreme

weather events (Kors et al., 2000). The strongest

temperature increase is expected during late

winter and early spring (Van Vliet et al., 2002;

Van Oldenborgh & Van Ulden, 2003). During

late winter and early spring, most lakes in

temperate regions start to develop a characteristic

seasonal succession of phytoplankton groups

(Sommer et al., 1986). An initial spring bloom

of small algae (e.g. centric diatoms and crypto-

phyceae) is triggered by ample nutrient and light

availability towards the end of winter. In shallow

lakes, this initial bloom of small algae is soon

replaced by large pennate diatoms, e.g. Asterio-

nella, and in summer by green algae and cyano-

bacteria (Sommer et al., 1986; Reynolds, 1997).

Time series analysis of lakes in north Western

Europe showed a strong correlation between the

timing of algal spring bloom formation and

proxies of climate change (Müller-Navarra

et al., 1997; Adrian et al., 1999; Weyhenmeyer

et al., 1999; Gerten & Adrian, 2000). In the past

decades, the spring bloom started earlier after

warmer winters. Such changes in algal phenology

may result in a decoupling of trophic relation-

ships, when the advancement of the spring bloom

is not followed by similar changes in the timing of

key herbivores like Daphnia (Winder & Schin-

dler, 2004a, b). Climate change may also cause

quantitative changes in phytoplankton commu-

nity dynamics, shown as changes in phytoplank-

ton species composition or changes in the

seasonal succession of phytoplankton groups. In

among-lake comparisons of phytoplankton com-

munity composition, both Adrian et al. (1995)

and Weyhenmeyer (2001) report that rising tem-

peratures are accompanied by a higher biomass of

cyanobacteria.

Climate warming may favour cyanobacteria

over diatoms and to lesser extent green algae,

both directly and indirectly. As a major direct

effect, Reynolds (1997) showed that with increas-

ing temperature, the maximum growth rate of the

cyanobacteria Microcystis aeruginosa increased

almost twice as much as that of the green alga

Scenedesmus quadriqauda and almost five times

as much as that of the diatom Asterionella

formosa. Coles and Jones (2000) found similar

differences in temperature-dependent growth

rates between three cyanobacteria (Microcystis

aeruginosa, Merismopedia tenuissima and Oscill-

atoria sp.) and the diatom Aulacoseira granulata

var. angustissima. Surprisingly, however, Moss

et al. (2003) did not report an increase in the

abundance of cyanobacteria with temperature in

experimental microcosms. Rising temperatures

will also affect phytoplankton communities in

indirect ways. For instance, changes in the heat

budget of lakes induce seasonal changes in

stratification and turbulent mixing. Reduced

turbulent mixing and enhanced stratification

facilitate the development of surface blooms in

eutrophic lakes, thereby shifting the species

composition of phytoplankton communities in

favour of buoyant cyanobacteria (Harris & Baxter,

1996; Huisman et al., 2004). Furthermore, climate

warming may enhance the eutrophication of

freshwater ecosystems (Mckee et al., 2003; Van

de Bund et al., 2004; Christoffersen et al., 2006),

which may also facilitate the potential of cyano-

bacteria to dominate the phytoplankton commu-

nity (Elliott et al., 2006).

Experimental research mimicking climate

change scenarios in natural lakes is a useful tool

to predict the impact of future climate change on

lake phytoplankton dynamics. Here, we investi-

gate the effect of different spring warming

scenarios on the succession of three algal groups

(cyanobacteria, diatoms and green algae) in 10-l

microcosms. So far, only a few studies have

reported the direct effect of rising temperature

on phytoplankton community structure (Weyhen-

meyer et al., 1999; Weyhenmeyer, 2001; Moss

et al., 2003). Laboratory microcosms cannot

mimic all aspects of climate change, e.g. hydro-

dynamic processes. However, microcosms do

allow detailed investigation of specific mecha-

nisms under controlled conditions. Our 10-l

microcosms enable the growth of natural phyto-

plankton assemblages under controlled labora-

tory conditions, thus providing an intermediate

step of realism and control between artificial

plankton communities (Beisner et al., 1996, 1997),

large-scale outdoor mesocosms (Moss et al., 2003;
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Strecker et al., 2004; Christoffersen et al., 2006)

and correlational time series analysis. We fit these

microcosm data to a simple mechanistic model to

estimate the effects of warming on algal growth

rates and mortality rates. This allows us to

examine how different spring warming scenarios

may affect the population dynamics of the three

algal groups. Our overall hypothesis is that, in

accordance with the results of time series analysis

(Gerten & Adrian, 2000; Weyhenmeyer, 2001;

Weyhenmeyer et al., 2002), increased warming

will affect the succession of the different algal

groups. In particular, we expect that, given the

higher temperature optimum of cyanobacteria

(Reynolds, 1997; Coles & Jones, 2000), increased

warming will result in higher cyanobacterial

abundance.

Material and methods

Experimental set-up

Plankton inoculum was obtained from shallow

eutrophic Lake Tjeukemeer; in the northern

part of The Netherlands (52� 5 N, 5� 5E) on

February, 15, 2005. The plankton inoculum was

sampled at 0.5–1.0 m depth. Large zooplankton

was removed by filtering through an 80 lm

mesh. Small zooplankton (e.g. rotifers and small

crustaceans) was removed by gently bubbling

the inoculum with nitrogen gas at 2 h intervals

for 24 h (Sommer, 1985). To acclimatize the

phytoplankton community to laboratory condi-

tions and to ensure an evenly distributed

phytoplankton composition of the culture ves-

sels, the phytoplankton inoculum was first pre-

cultured in a large mesocosm for a period of

8 days at 8�C (Verschoor et al., 2003). After

this incubation period, 12 experimental 10-l

vessels (transparent polycarbonate carboys;

NALGENE, Rochester, USA) were each inoc-

ulated with 10 l phytoplankton suspension.

Phytoplankton communities were cultured for

61 days, using light and temperature conditions

representative for the period between Julian day

110 and 172 in The Netherlands (Mooij & Van

Tongeren, 1990). This period matches the timing

of the phytoplankton spring bloom. The experi-

mental vessels were treated as semi-continuous

cultures. They were supplied daily with oligo-

mesotrophic lake water (Lake Maarsseveen),

filtered through a 0.45 lm membrane filter

(Schleicher and Schuell Microscience, Dassel,

Germany). The dilution rate was 0.0395 d–1.

Cultures were mixed for 15 min at 100 RPM

every two hours, using a magnetic stirrer. Cul-

tures were also stirred manually prior to sam-

pling. All experimental vessels received a

constant air supply. PHILIPS TLD 30W/33 cool-

white fluorescent tubes were used as light source

(120 lmol photons m–2 s–1, integrated over PAR

range). The day-night light cycle simulated natu-

ral spring conditions in the Netherlands, i.e.

daylight was gradually increased from 14 h and

15 min at the start to 16 h and 55 min daylight at

the end of the experiment.

We chose three climate scenarios, reflecting

the seasonal rise in water temperature during a

cold, an average, and a warm spring (Fig. 1).

Temperature ranged from 9�C to 13�C in a cold

spring, from 9�C to 19�C in an average spring, and

from 9�C to 25�C in a warm spring. These climate

scenarios fell within the bandwidth of spring

warming regimes measured in Lake Tjeukemeer

between Julian day 110 and 172 during the period
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Fig. 1 Time course of temperature in the three climate
scenarios simulated by the experiments. Cold = cold
spring scenario, Medium = average spring scenario,
Warm = warm spring scenario
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of 1971–1987 (Mooij, 1996). The water tempera-

ture at Julian day 172 can be more than 12�C

higher in a warm spring than in a cold spring

(Fig. 1). Each climate scenario was replicated

four times. The rising temperatures were auto-

mated using the FAREX SR minisystem (RKC

instruments inc., Tokyo, Japan), ensuring a tem-

perature control of ±0.5�C.

Sampling procedure and data acquisition

Throughout the experimental period, tempera-

ture was measured every minute. Phytoplankton

was sampled daily, using a sampling tube with an

inner diameter of 56 mm (De Nie et al., 1980).

Immediately after sampling, the total sampling

volume (395 ml) was filtered over a 60 lm mesh

to separate larger phytoplankton (e.g. the diatom

Asterionella formosa) from smaller phytoplank-

ton (e.g. Scenedesmus sp.).

On a daily basis, a 10 ml subsample was taken

from the filtrate for pulse-amplitude modulated

fluorometry (PHYTO-PAM, Effeltrich, Ger-

many). Based on the relative proportion of

pigments present in phytoplankton species PHY-

TO-PAM analysis estimates the relative abun-

dances of different phytoplankton groups, i.e.

cyanobacteria, green algae and diatoms (Walz,

1999).

A 50 ml subsample was taken from the filtrate

every third day for nutrient analysis, and imme-

diately filtered through aquadest rinsed glass

microfibre filters (Whatman GF/F, Maidstone,

UK). The residue was used to estimate weight of

the total seston fraction smaller than 60 lm. The

filtrate was preserved at –20�C for later nutrient

analysis. Soluble reactive phosphorus (SRP) was

determined according to Murphy and Riley

(1962). Soluble reactive silicon (referred to as

silicate) was measured according to Golterman

et al. (1978).

Statistical analysis of experimental data

We tested whether the time course of the phyto-

plankton community and SRP concentration

showed significant differences between treat-

ments using an Analysis of Variance for repeated

measurements (rANOVA). Variables were

square-root transformed prior to analysis, if so

required to meet the assumptions of rANOVA

and ANOVA.

Model analysis of experimental data

To simulate phytoplankton succession under dif-

ferent climate scenarios we developed a compe-

tition model in which the abundances of green

algae (AG), cyanobacteria (AC) and diatoms (AD)

depend on the concentration of one or more

limiting nutrients (N). Because the experiments

revealed that diatoms decreased from the start,

whereas green algae and cyanobacteria initially

increased, we assume that there are two limiting

nutrients in the system. Indeed, nutrient analysis

of the culture medium showed low concentrations

of silicate for the greater part of the experimental

period, most probably limiting diatom growth,

whereas SRP reached limiting concentrations

only after experimental day 18. Therefore, we

omitted an autonomous growth term for the

diatoms. Thus, our model is described by the

following differential equations:

dN

dt
¼ �c rCAC þ rGAGð Þ N

HN þN
�DN

dAD

dt
¼ �dDAD �DAD

dAG

dt
¼ rGAG

N

HN þN
�DAG

dAC

dt
¼ rCAC

N

HN þN
�DAC

Here, rC and rG are the specific growth rates of

the cyanobacteria and green algae and parameter

c represents the nutrient content of these algal

species. We assigned an extra mortality term, dD,

to the diatoms, because they decreased faster

than predicted on the basis of the dilution rate

alone. We use the same value of the
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half-saturation constant, HN, for both green algae

and cyanobacteria, because the model fit did not

improve significantly when these two algal groups

were each assigned their own half-saturation

constant. Finally, we note that all four state

variables (i.e. N, AD, AG and AC) are subjected to

the same dilution rate of D = 0.0395 d–1. The

model parameters and state variables are de-

scribed in further detail in Table 1. Model fits

were obtained by minimization of the residual

sum of squares of square-root transformed

observed and modelled values of the three phy-

toplankton groups. After fitting the model to the

algal data we estimated parameter c by fitting the

resulting nutrient dynamics to the SRP data.

Applying a wide range of values for the half-

saturation constants showed that the precise value

of this parameter hardly affected the fit of the

model. The only difference is that low values of

the half-saturation constant resulted in a sharp

transition from ample nutrient availability to

strong nutrient limitation (i.e. within a day),

whereas high values of the half-saturation con-

stant resulted in a more gradual transition (i.e. a

couple of days).

To quantify the effect of different climate

scenarios on the model parameters, we fitted the

model to the time series data of the experiments.

Given three climate treatments, with four repli-

cates each, this resulted in 12 independent

estimates of the growth rate of green algae (rG),

the growth rate of cyanobacteria (rC) and the

mortality rate of diatoms (dD). Using one-way

ANOVA, these parameter estimates were tested

for climate treatment effects. Pairwise comparisons

were carried out, using Tukey HSD. Prior to

analyses, data were checked for normality and

homogeneity of variances. All statistical analyses

were performed using the software package

STATISTICA version 7.1 (StatSoft, Inc. 2005;

www.statsoft.com).

Results

Spring warming effects on nutrient availability

and total seston

The trends in total seston, soluble reactive phos-

phorus (SRP) and silicate during the course of the

experiment are plotted in Fig. 2. As indicated by

rANOVA, both SRP and total seston showed a

significant response in time (Table 2). In all

treatments, initially sharp ups and downs in

concentrations of SRP could be observed

(Fig. 2a). After day 10, SRP concentrations

decreased more gradually, and from day 18

onwards SRP remained close to limiting levels

(<5 lg SRP l–1) for the remainder of the exper-

imental period. Silicate levels (initial concentra-

tion = 1666 lg l–1) reached limiting levels

(<500 lg l–1) around day 10 (Fig. 2b). Total

seston mass reached its maximum values around

day 12, after which it decreased to low levels

(<5 mg dry weight l–1) until day 45 of the exper-

iment (Fig. 2a). Thereafter, a slow increase in

total seston was observed. The time course of

total seston differed significantly in response to

the different climate scenarios (Table 2, interac-

tion Climate · Time).

Table 1 Parameters and
state variables of the
mechanistic algal
succession model

a Set a priori on basis of
experimental designs
b Set a priori
c Estimated from data

Par/State variable Value Unit Description

N – lg P l–1 Limiting nutrients
AD – lg Chl a l–1 Abundance of diatoms
AG – lg Chl a l–1 Abundance of green algae
AC – lg Chl a l–1 Abundance of cyanobacteria
c 1.77 lg P/lg Chl a Nutrient content of algaec

D 0.0395 d–1 Dilution ratea

HN 2.0 lg P l–1 Half saturation constantb

dD 0.0243 d–1 Mortality rate of diatomsc

rG 0.200 d–1 Growth rate of green algaec

rG 0.143 d–1 Growth rate of cyanobacteriac
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Phytoplankton community response to spring

warming

In all treatments, similar shifts in the relative

abundances of cyanobacteria, green algae and

diatoms were observed (Fig. 3). Diatoms were

initially by far the most dominant phytoplankters;

their rapid decline was followed by peaks of green

algae and cyanobacteria at day 20 and day 30,

respectively. The green algae were more abun-

dant than the cyanobacteria. The results of

rANOVA underlined this significant response in

time of the different algal functional groups

(Table 3, mean effect Time). The time courses

of all three algal functional groups (i.e. diatoms,

cyanobacteria and green algae) differed signifi-

cantly in response to the different climate sce-

narios (Table 3, interaction Climate · Time).

Model results

The model predictions showed a good fit with the

experimental data of the algal groups (Fig. 4,

R2 = 0.875). The model captures the observed

succession of an initial dominance of diatoms

followed by a peak of green algae and cyanobac-

teria, although the modelled peaks of green algae

and cyanobacteria shortly precede those observed

in the experiment. The model predictions for the

limiting nutrient showed a reasonably good fit

with the experimental data on SRP concentra-

tions (Fig. 4, R2 = 0.684). We also examined

slightly more complex models, to see whether

the fit could be further improved. Inclusion of an

extra loss term for the green algae and cyanobac-

teria resulted in R2 = 0.878. Inclusion of a sepa-

rate limiting nutrient for the green algae and a

Table 2 Results of rANOVA testing the effect of the different climate warming scenarios (Climate) on the concentration
of soluble reactive phosphorus (SRP) and dry weight of total seston during the course of the experiment (Time)

Effect SRP Total seston dry weight

df SS P df SS P

Climate 2 0.742 n.s. 2 115.12 n.s.
Time 19 592.43 ** 19 2581.29 **
Time · Climate 38 31.64 n.s. 38 807.27 *

* P < 0.05, ** P < 0.01, n.s. = not significant
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separate limiting nutrients for the cyanobacteria

resulted in R2 = 0.886. Inclusion of recycling of

nutrients stored in the dead diatoms into the

nutrient pool resulted in R2 = 0.868. Because of

the marginal improvement or even slight reduc-

tion of the fits for the more complex models, we

proceeded our analysis with the original model.

Figure 5 displays the model estimates of the

growth rate of cyanobacteria (rC), the mortality

rate of diatoms (dD), and the growth rate of green

algae (rG) for each of the three spring warming

scenarios. The population dynamics predicted by

the model (not shown, except for Fig. 4) revealed

that especially the cyanobacteria reached higher

abundances under the warm and medium climate

scenarios (max abundance 4.18 and 4.37 lg

Chl a l–1, respectively) than under the cold cli-

mate scenario (max abundance 3.34 lg Chl a l–1).

As indicated by ANOVA, the growth rate of

cyanobacteria was significantly lower in the cold

Table 3 Results of rANOVA testing the effect of the different climate warming scenarios (Climate) on the abundance
(lg Chl a l–1) of cyanobacteria, diatoms and green algae during the course of the experiment (Time)

Effect Cyanobacteria Diatoms Green algae

df SS P df SS P df SS P

Climate 2 37.07 n.s. 2 249.25 n.s. 2 507.24 n.s.
Time 60 289.99 ** 60 43356.55 ** 60 6431.63 **
Time · Climate 120 77.15 ** 120 511.59 ** 120 874.75 **

* P < 0.05, ** P < 0.01, n.s. = not significant
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spring scenario than in the medium and warm

spring scenarios (Fig. 5, P < 0.05, Tukey HSD

test). Although the growth rate of green algae also

appeared lower in the cold spring scenario than in

the medium and warm spring scenario, for green

algae this effect was not significant (Fig. 5,

P = 0.10). The mortality rate of the diatoms did

not differ significantly between climate treatments

(Fig. 5, P = 0.95). Given the absence of significant

differences in SRP concentrations between the

different climate treatments (Table 3), we did not

proceed with testing the model estimates of the

nutrient content of the algae.

Discussion

The phytoplankton community in our cultures

showed a significant response to the different

spring warming scenarios. As tested by rANO-

VA, time courses of seston biomass were differ-

ent between the different spring warming

scenarios. This was mirrored by the response of

the algal functional groups. The concentration of

SRP did not differ significantly between different

climate scenarios, suggesting that the responses of
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the phytoplankton community to the climate

scenarios were not driven by changes in nutrient

availability. Our model results suggest that cy-

anobacteria show a stronger response to the

different climate scenarios than green algae and

diatoms. Other laboratory studies confirm the

stronger response of cyanobacteria to rising

temperatures (Reynolds, 1989; Coles & Jones,

2000), which can result in a higher algal biomass.

The differences in temperature sensitivity among

cyanobacteria, green algae and diatoms, however,

did not appear to affect the successional pattern

of these groups in our experiments. In all climate

scenarios, the initial dominance of diatoms was

followed by successive peaks of green algae and

cyanobacteria. In line with our results, Adrian

et al. (1999) showed that the successional

sequence of phytoplankton groups during spring

was in general not affected by climate change.

Increases in the relative contribution of

cyanobacteria with rising temperature have

been observed in lakes across Europe (Adrian

et al., 1995, 1999; Weyhenmeyer, 2001; Van de

Bund et al., 2004). High abundances of cyano-

bacteria in freshwater systems can potentially

disrupt trophic relationships, because of their

low quality as a food source for invertebrate

grazers (DeMott et al., 2001). Moreover, several

cyanobacterial species can produce toxins, pro-

viding a serious threat for water quality, other

aquatic organisms and human health (Carmi-

chael, 2001; Huisman et al., 2005). Results of

warming studies in outdoor mesocosms, how-

ever, point at the importance of species-specific

responses to climate warming (Moss et al., 2003;

Strecker et al., 2004). Individual species within

major phytoplankton groups may respond very

differently to changes in temperature. Further-

more, the effect of rising temperatures on

species performances will depend not only on

their temperature tolerance, but also on other

species-specific characteristics such as nutrient

requirements, buoyancy and light requirements

(Reynolds et al., 2002).

Both experimental and model data reveal that

nutrient limitation played an important role in the

observed algal succession. Diatoms declined from

the start of the experiment. The low availability

of silicate measured in the culture medium, in

combination with the relatively high sinking rates

of diatoms (Reynolds et al., 1982; Reynolds &

Wiseman, 1982) offer a possible explanation for

the strong decline of the diatom population.

Moreover, silicate depletion is known to increase

the sinking rates of diatom species (Bienfang

et al., 1982). With the collapse of diatoms, green

algae and cyanobacteria strongly increased,

reaching peak abundances after 20 days and

30 days, respectively. Both the green algae and

cyanobacteria started to decrease once SRP had

reached (near) limiting levels. The depletion of

SRP in our experiments matches the seasonal

depletion of SRP observed in many mesotrophic

lakes (Sommer et al., 1986). The good fit of the

predicted limiting nutrient with the observed SRP

concentrations provides further support that SRP

is limiting the green algae and cyanobacteria in

our experiments. As recycling of nutrients stored

in dead diatoms back into the nutrient pool did

not increase the fit of the model, we suggest that

phosphorus stored in dead phytoplankton does

not become available for cyanobacteria and green

algae within the time span of the experiments.

In line with our initial hypothesis, our results

highlight potential changes in plankton commu-

nities if the current trends in climate change

continue (Straile & Geller, 1998; Gerten &

Adrian, 2000; Kohler et al., 2005). In accordance

with earlier findings from time series analysis

(Gerten & Adrian, 2000; Weyhenmeyer, 2001;

Weyhenmeyer et al., 2002), we found that, qual-

itatively, the spring sequence of succession from

diatoms to green algae to cyanobacteria is not

affected by different climate scenarios. Quantita-

tively, however, different algal groups show a

different response. In particular, cyanobacteria

respond more strongly to rising temperatures

than green algae and diatoms, resulting in higher

growth rates and peak abundances of cyanobac-

teria in a warming climate.
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