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Abstract

Analyses of the effects of extreme climate periods have been used as a tool to predict ecosystem functioning and

processes in a warmer world. The winter half-year 2006/2007 (w06/07) has been extremely warm and was estimated

to be a half-a-millennium event in central Europe. Here we analyse the consequences of w06/07 for the temperatures,

mixing dynamics, phenologies and population developments of algae and daphnids (thereafter w06/07 limnology) in

a deep central European lake and investigate to what extent analysis of w06/07 limnology can really be used as a

predictive tool regarding future warming. Different approaches were used to put the observations during w06/07 into

context: (1) a comparison of w06/07 limnology with long-term data, (2) a comparison of w06/07 limnology with that

of the preceding year, and (3) modelling of temperature and mixing dynamics using numerical experiments. These

analyses revealed that w06/07 limnology in Lake Constance was indeed very special as the lake did not mix below

60 m depth throughout winter. Because of this, anomalies of variables associated strongly with mixing behaviour, e.g.,

Schmidt stability and a measure for phosphorus upward mixing during winter exceeded several standard deviations

the long-term mean of these variables. However, our modelling results suggest that this extreme hydrodynamical

behaviour was only partially due to w06/07 meteorology per se, but depended also strongly on the large difference in

air temperature to the previous cold winter which resulted in complete mixing and considerable cooling of the water

column. Furthermore, modelling results demonstrated that with respect to absolute water temperatures, the model

‘w06/07’ most likely underestimates the increase in water temperature in a warmer world as one warm winter is not

sufficient to rise water temperatures in a deep lake up to those expected under a future climate.
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Introduction

Climate change is expected to strongly alter the func-

tioning of ecosystems. However, it is difficult to predict

in necessary detail the consequences of warming for a

specific ecosystem. One possibility to learn about the

effects of warming is to study the effects of extreme

weather periods. For example, the exceptional heat

wave in central Europe during summer 2003 (Schär

et al., 2004) was analysed to provide insights about

temperature gradients, stratification strengths and oxy-

gen dynamics in a warmer world (Jankowski et al.,

2006). The 2003 heat wave not only caused changes in

the abiotic conditions in freshwater systems, but was

also associated with significant changes in the dynamics

of aquatic populations and communities, e.g., excep-

tional blooms of cyanobacteria in lakes (Jöhnk et al.,

2008) and dinoflagellates in the ocean (Gomez &

Souissi, 2008), declines in benthic invertebrate species

richness (Mouthon & Daufresne, 2006), as well as severe

mass mortality events of fish (Buwal & Meteoschweiz,

2004; Wegner et al., 2008) and marine benthic inverte-

brates (Garrabou et al., 2009). Several of these studies

suggested that the ecological consequences of this ex-

treme summer may indeed be expected in a warmer

climate.

Besides summer also winter meteorological condi-

tions have been shown to have strong and long-lasting

effects on the ecology of lakes but also of other ecosys-

tems (Straile & Stenseth, 2007). Winter conditions can

influence survival rates and hence will affect the dis-

persal potential of invasive species (Thieltges et al.,

2004) and/or the size of the ‘founder population’ of

native species for the next growing season (Tonn &

Paszkowski, 1986; Danylchuk & Tonn, 2006). Finally, in

many lakes the end of cold winter conditions which are

either associated with ice cover or winter mixis finally
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releases phytoplankton from light limitation and initi-

ates the phytoplankton spring bloom (Weyhenmeyer

et al., 1999; Peeters et al., 2007b). The importance of

winter and early spring conditions for ecological pro-

cesses actually explains to a large extent the success of

the winter index of the North Atlantic Oscillation as a

predictor of ecological state variables and processes

(Ottersen et al., 2001; Drinkwater et al., 2003; Mysterud

et al., 2003; Straile et al., 2003b; Straile & Stenseth, 2007).

Finally, since warming in the northern hemisphere is

expected to be strongest in winter (IPCC, 2007), analys-

ing the consequences of an extreme winter for the

development of aquatic systems is important for under-

standing the possible effects of climate warming on

plankton succession.

The winter half-year 2006/2007 (w06/07) was an

extreme weather period for Central Europe likely to

be the warmest winter during the last 500 years (Luter-

bacher et al., 2007). Furthermore, the temperatures

observed during w06/07 were within the temperature

ranges expected with climate change at the end of

this century (Beniston, 2007). A comparison with climate

predictions based on the IPCC SRES A2 climate

scenario, which assumes no reduction in CO2 emissions

during this century, suggests that temperatures

observed during w06/07 would occur at least during

1 year within a 2-year time period by 2100 (Beniston,

2007). As a consequence of the extreme meteorological

conditions, strong phenological anomalies have been

observed after w06/07 in terrestrial ecosystems (Luter-

bacher et al., 2007; Maignan et al., 2008; Rutishauser

et al., 2008).

Here we investigate the physicochemical and biolo-

gical response of a large and deep lake to the extreme

conditions of w06/07. Thereby, we use three ap-

proaches: (1) we relate monthly means of several state

variables during w06/07 with the monthly long-term

means of these state variables and calculate how

strongly the observations from w06/07 deviate from

long-term means. (2) We compare depth resolved data

on water temperature, chlorophyll concentration as

well Daphnia abundance measured at a high temporal

and water-depth resolution measured in w06/07 with

data from the preceding winter 2005/2006 (w05/06). (3)

We use a hydrodynamical model to simulate

the water temperature and compare these simulations

with simulations assuming long-term persistence

of w05/06 and w06/07 meteorological conditions,

respectively. Based on data analysis and numerical

experiments, we investigate to which extent the

observed effects can be explained by the w06/07 on

its own and/or by the sequence of w06/07 following

w05/06. Using these three approaches, we do not only

discuss the ecological consequences of extreme weather

conditions in winter on lake ecosystems but also ad-

dress the question, which conclusions derived from the

observations of an extreme year in fact may serve as a

projection of the limnology of deep lakes in a warmer

climate.

Study site and methods

Upper Lake Constance is a large (472 km2), deep

(zmax 5 252 m) and warm-monomictic lake at the north-

ern fringe of the Alps. After the 1950s increased phos-

phorus inflow into the lake resulted in strong

eutrophication, which peaked in the 1970/1980s reach-

ing total phosphorus concentrations around 80mg L�1.

Since then phosphorus inflows were strongly reduced

and total phosphorus concentrations in the lake have

returned now to typical levels (o10 mg L�1) before eu-

trophication. The response of the lake to changes in

phosphorus inflows is well documented (see mono-

graph by Bäuerle & Gaedke, 1998). Likewise, the

response of the lake to climate variability was analysed

in some detail in recent years (Straile, 2000; Straile et al.,

2003a; Peeters et al., 2007a; Peeters et al., 2007b). Model

simulations predict strong increases in epilimnetic as

well as hypolimnetic water temperatures and an earlier

timing of the phytoplankton spring bloom with warm-

ing (Peeters et al., 2007a).

The analysis of w06/07 anomalies was based on

water properties and water sample concentrations from

two sites in Lake Constance (Fig. 1): site C [water

temperature, Schmidt stability (Schmidt, 1928), soluble

reactive phosphorus (SRP), O2 concentration, phyto-

plankton biovolume] at the centre of Upper Lake

Constance (water depth: 250 m), site BM (chlorophyll

a concentration, Daphnia abundance) within the

Überlinger See, a fjordlike appendix of Upper Lake

Constance (water depth: 140 m). Seasonal development

of water temperatures and stratification patterns at the

two sites are very similar as it is possible to very well

simulate water temperature dynamics at site BM with a

hydrodynamical model calibrated with data from site C

(Peeters et al., 2007b). Air temperatures (AT) were

measured at Konstanz (MET in Fig. 1) and provided

by the German National Meteorological Service (DWD).

From time series of monthly data or monthly averages

of data sampled with higher temporal resolution we

calculated anomalies for the w06/07 values, e.g., deter-

mined how many standard deviations the w06/07

values differed from the long-term mean in the respec-

tive months.

The long-term data sets used to calculate the w06/07

anomalies differed in length and dated back to 1964 (water

temperature and O2 concentration), 1967 (SRP con-

centration), 1973 (AT), 1976 (phytoplankton biovolume),
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1979 (Daphnia abundance, but no data in 1983), and 1980

(chlorophyll a concentration, but no data in second half of

1983 and in 1984, 1985). To account for the strong

changes in SRP during eutrophication and oligotrophi-

cation of Lake Constance, for each sampling date and

depth, we calculated the relative SRP concentration as

the ratio between the depth-specific SRP and the

maximum SRP value of each date. The average relative

SRP concentration within the upper 20 m of the water

column (relSRP) was then used as a measure of mixing

(Straile et al., 2003a). RelSRP values approaching

one indicate homogeneous distribution of SRP through-

out the water column and hence the presence of

deep-water mixing. We then use the maximum relSRP

attained within a specific winter (relSRPmax) to quantify

the overall mixing intensity of this winter. As the

length of the reference period differed between vari-

ables, the anomalies are not comparable in a strict

sense. However, all the results presented are robust

against using different reference periods, e.g., for all

variables the period 1980–2006. Further details about

sampling methods and sampling frequencies of these

long-term data sets can be found in Häse et al. (1998),

Kümmerlin (1998), Straile & Geller (1998) and Straile

et al. (2003a).

Samples for the comparison between w05/06 and

w06/07 were taken at site BM (Fig. 1). Water tempera-

tures were measured at a high temporal resolution with

a thermistor chain (17 thermistors within the upper

20 m of the water column, 16 thermistors from 20 to

135 m depth), chlorophyll a samples were taken at

distinct depths, i.e., 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12.5, 15,

17.5, 20, 22.5, 25, 30, 40, 50 and 60 m. Daphnia was

sampled with a Clarke-Bumpus sampler with a vertical

haul from 140 m depth.

Finally, we used a hydrodynamical model, SIM-

STRAT (Goudsmit et al., 2002; Peeters et al., 2007b) to

evaluate to what extent the physical conditions ob-

served in w06/07 are representative of those to be

anticipated with future warming. The model SIM-

STRAT simulates vertical turbulent diffusion on the

basis of a one-dimensional k–e model that is extended

by an energy compartment mimicking the energy flux

from wind energy to seiche energy and from seiche

energy to turbulent kinetic energy and dissipation

(Goudsmit et al., 2002; Peeters et al., 2007b). SIMSTRAT

calculates energy fluxes across the air/water interface

from hourly measurements of wind speed, wind direc-

tion, AT, solar radiation, relative humidity and cloud

cover. Details on the preparation of the meteorological

data for use in the model – e.g., on estimating the wind

speed over open water and the solar radiation penetrat-

ing the lake surface – are given elsewhere (Peeters et al.,

2007b). Based on the energy fluxes across the air/water

interface, SIMSTRAT estimates the turbulent kinetic

energy, k, and the rate of turbulent kinetic energy

dissipation, e, at different depths within the lake. Tur-

bulent diffusivity Kz is estimated from the proportion-

ality Kz � k2/e. With respect to the energy fluxes into the

seiche compartment of SIMSTRAT, we have slightly

modified the original model by assuming that the

energy flux from wind to seiche energy increases line-

arly with the Schmidt stability. Water temperature and

density profiles are calculated based on the heat flux

across the air-water interface, the short-wave radiation

penetrating into the lake and the vertical profile of Kz.

Heat fluxes due to long- and short-wave radiation,

evaporation and conduction are simulated using em-

pirical relationships. Light attenuation coefficients were

based on measured chlorophyll concentrations.

10 km

Upper Lake Constance

Lower Lake Constance

BM

C

MET

Überlinger See

Main Basin

Fig. 1 Location of the two sampling sites (C, BM) within Lake Constance and of the meteorological station (MET).
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In SIMSTRAT, which uses an implicit algorithm to

solve the model equations, an internal vertical spatial

resolution of 0.25 m and a time step of 10 min were

used. The model was calibrated by adjusting seven

constant model parameters to minimize the root mean

square error between simulated and measured water

temperatures during the 6-year time period from 1979

to 1984. Simulations were run continuously to predict

vertical profiles of temperature and turbulent diffusiv-

ity. In this study, we first tested if the model was able to

simulate the temperature development during the two

winters, i.e., w05/06 and w06/07. Then we used the

model to conduct several numerical experiments (1) to

analyse the importance of summer and autumn 2006

meteorology for w06/07 dynamics (in the following

exchange simulations), (2) to model the equilibrium

winter dynamics which would be reached after forcing

the model repeatedly with an annual meteorology file

including w06/07 or w05/06 meteorology, (3) to test

whether the extreme w06/07 limnology was caused

solely by the meteorology of w06/07 or resulted from

the specific sequence of winters, e.g., the cold w05/06

preceding the warm w06/07. In the first experiment

(thereafter exchange simulations), we exchanged the

meteorology of certain time periods from summer and

autumn 2006 with meteorology from corresponding

time periods from summer and autumn 2005 in order

to test which part of summer/autumn 2006 meteorol-

ogy was crucial for w06/07 water temperature dy-

namics. In the second experiment (equilibrium

simulations), we estimated the equilibrium winter dy-

namics of w06/07 by forcing the model repeatedly with

the meteorology from September 1, 2006 to August 31,

2007, i.e., considering a repeated sequence of a single

year that includes w06/07 until the equilibrium seaso-

nal courses of water temperatures were obtained (eq06/

07). Thereafter the model was repeatedly forced with

the meteorology between September 1, 2005 and

August 31, 2006 to study the hypothetical equilibrium

seasonal water temperatures of this time period that

includes w05/06 (eq05/06). In the third experiment

(sequence simulations), we generated 27 artificial

meteorology files all starting from January 1, 1979

but continuing until October 1979, 31 (artificial meteor-

ology 1), October 31, 1980 (artificial meteorology 2), . . . ,

and respectively, October 31, 2005 (artificial meteorol-

ogy 27). Each of these 27 meteorologies were extended

with an additional winter: the meteorology from

November 1, 2006 to March 31, 2007. We used each of

these artificial meteorologies to force the hydrodynamic

model and calculated the winter mixing duration during

the last winter, i.e., that forced with w06/07 meteorol-

ogy. These mixing durations were then compared with

the mixing duration during the winters obtained from

the standard simulation forced with unmodified meteor-

ology files. The duration of the winter mixing period

was estimated as the number of days with a maximum

temperature difference within the entire water column

of less than a threshold of 0.25 1C.

Results

W06/07 anomalies

AT at Konstanz during w06/07 but also in spring 2007

were exceptionally warm (Fig. 2) resulting in exception-

ally large water temperature anomalies from November

to March during w06/07. As a consequence of high

surface temperatures, Schmidt stability anomalies �2,

i.e., a deviation from the mean �2 standard deviations,

were observed from December towards April, with

anomalies even exceeding four in February and March.

This reflects the fact that w06/07 was the first winter

within a 440-year time series with no mixing below

60 m water depth. These stability anomalies were asso-

ciated with strong negative upper water column relSRP

anomalies around three from January through March.

In contrast, no large deep-water O2 anomalies were

observed. Also, anomalies of chlorophyll a,

phytoplankton biovolume and Daphnia abundance

were small compared with e.g., anomalies of water

temperature, Schmidt stability and relSRP. Although

they were measured at two different sampling sites

(BM and C in Fig. 1, respectively), chlorophyll a and

phytoplankton biovolume anomalies were similar,

which further supports that at the scale of this investi-

gation the differences between the two sampling sites

can be considered as negligible.

W06/07 compared with w05/06

W06/07 was preceded by the rather cold w05/06 rank-

ing third coldest in our time series based on average

winter AT and seventh coldest based on upper water

layer (0–20 m) temperatures. As w06/07 was clearly the

warmest winter in both, air and water temperature

records, there was a striking temperature difference

between the 2 years, which needs to be taken into

account when analysing the ecological implications of

w06/07. As a consequence of low AT, w05/06 was

characterized by a long period of homeothermy

throughout the water column lasting 3 months, i.e.,

from January until the end of March and consequently

a considerable cooling of hypolimnetic water tempera-

tures (Fig. 3). In contrast, during w06/07 no period of

homeothermy was observed and mixing during Febru-

ary and March did not extend to depths below the

upper 60 m of the water column. The years differed
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also markedly in the onset of surface warming which

was advanced in 2007 as compared with 2006 by more

than 1 month (Figs 3 and 4). As a consequence of

differences in mixing regime, chlorophyll a dynamics

also differed strongly between years (Figs 3 and 4). Low

chlorophyll a concentrations (0.2mg L�1) were observed

especially during January and February 2006, whereas

the lack of complete mixing resulted in elevated upper-

water layer chlorophyll a concentration throughout

w06/07. Furthermore, in February and March elevated

chlorophyll a concentration extended down to a depth

of approximately 50 m, i.e., the depth of the mixed layer

(Fig. 3). Bloom development was strongly advanced in

2007 as compared with 2006, with an early bloom

developing already in mid-March, whereas it took until

the end of April until similar surface concentration were

obtained in 2006. However bloom onset in 2007 (March

13) defined as the first sampling date where chlorophyll

a concentrations surpassed 3 mg L�1 (Peeters et al.,

2007a) did not show strong anomalies as it was only

1.2 standard deviations earlier than the average bloom

onset in the long-term record (April 1 � 16.9 days).
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Daphnia dynamics did not differ substantially during

the winter period up to the end of March in w05/06 and

w06/07 (Fig. 4), despite the much higher chlorophyll a

concentrations in w06/07 than in w05/06. However, the

timing of minimum (April 18, 2006 vs. March 27, 2007:

22 days) and maximum (May 30, 2006 vs. May 2, 2007:

28 days) Daphnia abundances was considerably earlier

in 2007 as compared with 2006 resulting in a temporal

forward shift of spring growth of Daphnia populations.

In both years, the timing of the minimum was at the last

sampling date before water temperatures finally rose

above 6 1C (April 24, 2006 vs. March 31, 2007: 24 days).

However, in contrast to the only slight forward shift of

the onset of the algal bloom, the timing of the Daphnia

maximum in 2007 was the earliest one in a 28-year time

series, 2.2 standard deviations earlier than the long-

term average timing during 1979–2006 (June 9 � 16.9

days). Note also, that both, Daphnia minimum and

Daphnia maximum abundances were rather similar in

both years.

Modelling

The hydrodynamical model simulating water tempera-

tures over a 29-year time period starting in 1979 ade-

quately predicted the key differences in thermal

stratification observed during the time periods

w05/06 and w06/07: the long period of homeothermy

of w05/06 as compared with incomplete mixing during

w06/07 as well as the advanced onset of the stratifica-

tion in 2007 (Fig. 5). However, the depth of the mixed

layer in w06/07 was approximately 40 m deeper in the

model as compared with the observed values.

Long-term simulation with the meteorology of w05/

06 (eq05/06) did not result into strong differences as

compared with the simulation of w05/06: deep-water

temperatures were slightly reduced and the period of

full mixing started approximately half-month earlier. In

contrast, long-term simulation with the meteorology of

w06/07 revealed striking differences as compared with

the simulations for w06/07: water temperatures were

strongly elevated and approached 7 1C when home-

othermy was established. In this state, the warming of

deeper water layers allowed complete mixing in the

eq06/07 simulations. Interestingly, hydrodynamical

modelling suggests that it would take five w06/07

winters to reach the new equilibrium shown in Fig. 5.

Likewise, five w05/06 winters would be needed to cool

down the lake again to the situation before w06/07.

Note also, that the equilibrium seasonal water tempera-

ture dynamics of the two periods September 1,

2005–August 31, 2006 vs. September 1, 2006–August

31, 2007 do hardly differ regarding their maximum

temperatures obtained during summer, but strongly in

the winter minimum temperatures. This suggests that

the crucial difference in meteorological conditions be-

tween these two periods is during the winter half-year.

This conclusion was further supported by our exchange

simulations. These simulation experiments suggested

that the hydrodynamical key characteristics of w06/07,

i.e., no deep-water mixing and elevated water tempera-

tures depend on the meteorology from November 2006

onwards: An exchange of the meteorology from June 1,

T
(°C)

Chl a 
(µg L–1)

50

100

0

50

100

0

50

100

0

50

100

0

D J F M AN D J F M AN

D J F M AND J F M AN

10

9

8

7

6

5

4

3

5

4

3

2

1

0

D
ep

th
 (

m
) w 05/06

w 06/07

w 05/06

w 06/07

Fig. 3 Comparison of water temperature (left panel) and chlorophyll a dynamics (right panel) during winter half-year 2005/2006 (w05/

06) and winter half-year 2006/2007 (w06/07) at station BM. No water temperature data for November 2006 and no chlorophyll a data

below 60 m water depth are available.

E X T R E M E W I N T E R E F F E C T S O N A D E E P L A K E 2849

r 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 2844–2856



2006 to October 31, 2006 with June 1, 2005–October 31,

2005 did hardly change the simulations for w06/07,

whereas an exchange of November 2006 with Novem-

ber 2005 resulted in whole water column homeothermy

(see supporting online information).

As mixing dynamics showed the strongest anomalies

we examined the relationship between winter AT and

mixing strength expressed as relSRPmax in detail. The

relationship between average (November–March) win-

ter AT and winter mixing was nonlinear (Fig. 6a). A

piece-wise regression suggests a change point at an AT

of 2.3 � 0.6 1C (SE). Below this threshold no relationship

between relSRPmax and AT was apparent (r 5 0.12, ns,

n 5 10), whereas above the threshold a strong inverse

relationship existed (r 5�0.64, Po0.001, n 5 16). How-

ever, the residuals of relSRPmax from the piece-wise

regression model in years with AT below 2.3 1C were

related to the AT of the previous year (Fig. 6b; r 5 0.6,

Po0.09, n 5 9) and to the deep-water temperatures in

November, i.e., at the start of the respective winter (Fig.

6c; r 5 0.64, Po0.05, n 5 10). Residual relSRPmax above

2.3 1C was neither related to AT of the previous winter

(Fig. 6d) nor to hypolimnetic water temperatures in

November (Fig. 6e).

Average mixing duration in standard simulations

was 62.4 � 3.7 (SE) days (Fig. 7). Modelled mixing

duration in the standard simulation was significantly

related to data derived mixing strength as estimated

from relSRPmax (r 5 0.6, Po0.001, n 5 28). W06/07

meteorology in sequence simulations resulted in a mix-

ing duration of 33.8 � 3.4 (SE) days, i.e., lead to a

reduction by 28.6 � 4.4 (SE) days. W06/07 meteorology

would have resulted in five sequences with zero mix-

ing, whereas in our standard simulations only during

the sequence w05/06 ! w06/07 zero mixing was pre-

dicted. On the other hand, sequence simulations sug-

gest that in 23 out of 28 sequences (82%) w06/07 on its

own would not have resulted in a lack of mixing. This

exemplifies the importance of the sequence of winter

meteorology for the extreme mixing conditions during

w06/07. Using another threshold value instead of the

water column temperature difference �0.25 1C as a

criterion for full mixing does change the absolute num-

ber of mixing days but not the difference between

standard and experimental simulations.

Discussion

The winter 2006/2007 had striking effects on the hydro-

dynamics and ecology of Lake Constance. However, the

possibility of using the conditions and dynamics during

2006/2007 as a blueprint for those expected with global

warming will depend strongly on the state variables

and processes that are actually considered: for some
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2006 (w05/06) (continuous line, filled circles) as compared with

winter half-year 2006/2007 (w06/07) (hatched line, open circles)
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phase.
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variables (e.g., plankton phenology) w06/07 may in-

deed be a glimpse for future warming, however,

changes in other state variables and/or processes may

be less strong (e.g., mixing behaviour) or even stronger

(e.g., water temperature) in a warmer climate than the

changes observed from w05/06 towards w06/07.

Partially, anomalies calculated for chlorophyll a, algal

biovolume and Daphnia abundance may also be influ-

enced by changes in the trophic status of the lake.

As both, algal and Daphnia abundances have declined

with oligotrophication (Anneville et al., 2005, D. Straile,

unpublished data), low positive or even negative anoma-

lies during w06/07 may be due to the response to

oligotrophication. However, calculation of anomalies

based on detrended data (results not shown) did not

suggest a strong underestimation of climate related

w06/07 anomalies due to the confounding effects of

oligotrophication. This supports previous results that

especially during winter algal and zooplankton popula-

tion may be more limited by light and low temperatures,

respectively, than by nutrients or food availability (Pe-

eters et al., 2007b; Schalau et al., 2008).

The comparison of w06/07 with w05/06 is not con-

founded by changes in trophic status as the winter

phosphorus concentration integrated over the total

water column was similar in the two adjacent years.

Rather, the comparison emphasizes the importance of

meteorological forcing for the ecology of a large and
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deep lake. Whereas the cold w05/06 caused a long

period of homeothermy, mixing, and cooling of the

complete water body down to 4 1C, mild w06/07 cooled

down upper water layers (0–20 m) to only 5.2 1C. As

deep-water temperatures during w06/07 still were

around 4 1C, the density gradient between upper (light-

er) and lower (heavier) water layers prevented mixing

during w05/06 with consequences for e.g., upward

mixing of nutrients, downward mixing of oxygen and

phytoplankton growth. As phytoplankton growth dur-

ing winter in a deep lake is strongly reduced by mixing

(Peeters et al., 2007b), the absence of deep-water mixing

during w06/07 caused enhanced chlorophyll a concen-

trations down to the mixing depth of approximately

40–60 m. Striking differences between these two winters

were also observed in regard to the microbial plankton

(Kamjunke et al., 2009).

The comparison between plankton developments in

2007 vs. 2006 strongly supports previous modelling

results suggesting that algal development in Lake Con-

stance depends largely on mixing dynamics (Peeters

et al., 2007b) whereas Daphnia development during

spring is strongly controlled by water temperatures

but much less by food availability (Schalau et al.,

2008). Furthermore, these data support the model pre-

diction (Schalau et al., 2008) that an earlier temperature

increase will change the timing of minimum and max-

imum Daphnia abundances but not the height of the

maxima. The change in the timing of maximum abun-

dances resulting from faster growth of Daphnia in

warmer waters in turn leading to an earlier overexploi-

tation of the algal food (Schalau et al., 2008). While

average chlorophyll a concentrations during April

2007 did not differ from those during March 2007 water

temperatures were still below 6 1C in March but in-

creased strongly during April. This suggests that

the increase in Daphnia numbers during April 2007

was predominantly caused by the increase in water

temperatures.

Both, anomaly calculations as well as hydrodynami-

cal modelling suggest that the specific sequence of

winters, i.e., cold w06/07 followed by warm w06/07,

is important for understanding the response of deep

Lake Constance to w06/07. Largest anomalies were

observed for variables related to winter mixing, e.g.,

Schmidt stability and relSRP. The specific sequence of

winters resulted in a large temperature difference in

w06/07 between rather warm surface temperature and

still cold deep-water temperatures remaining from the

last significant cooling during w05/06. The large ver-

tical temperature difference within the water column

caused large w06/07 Schmidt stability anomalies and

relSRP anomalies in the upper water layers. The latter

are primarily caused by the absence of up-ward mixing

of SRP during w06/07. Additionally, enhanced uptake

of SRP due to enhanced phytoplankton biomass

throughout w06/07 possibly further reduced relSRP.

Absence of mixing in w06/07 did not result in large

hypolimnetic O2 anomalies. However, during w06/07

O2 anomalies declined from a positive anomaly of 1.8 in

January 2007 – still due to full mixing and deep-water

oxygen replenishment during w05/06 – towards 0 in

March 2007 reflecting the absence of downward mixing

of O2. The w06/07 hypolimnetic O2 temporal develop-

ment is hence in contrast to the long-term average

temporal hypolimnetic O2 development during winter

in Lake Constance, which is characterized by an in-

crease of O2 concentrations (Fig. 2) due to late winter

mixing. Nevertheless, the absence of winter mixing in 1

year does not cause large hypolimnetic O2 anomalies

because oxygen depletion in the deep water of Lake

Constance appears to be low due to its oligotrophic

state. However, oxygen depletion can result in deep

lakes from a series of warm winters causing a saw-tooth

like development of deep-water temperatures and a

continuous decline of hypolimnetic O2 concentrations

(Livingstone, 1997; Straile et al., 2003a).

Recent climate change scenarios for winter mixing

and the onset of stratification in Lake Constance pre-

dicted that warming should result in an earlier phyto-

plankton spring bloom and in a shorter duration but not
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a complete absence of the winter mixing period (Peeters

et al., 2007a). The complete absence of deep-water

mixing observed during w06/07 seems to suggest that

the reality of warming has already outrun the projec-

tions from scenario simulations. However, the compar-

ison of the w06/07 hydrodynamical simulations with

the eq06/07 hydrodynamical simulation shows that the

strong effect of w06/07 on the mixing regime is at least

partially due to the fact that w06/07 was preceded by

the rather cold w05/06. The latter resulted in rather cool

hypolimnetic waters and w06/07 apparently was not

severe enough to cool upper water layer temperatures

down to those in the hypolimnion, i.e., to reach home-

othermy. In the eq06/07 simulations hypolimnetic tem-

peratures have increased up to 7.5 1C and in this case,

w06/07 meteorological conditions would result in

homeothermy and winter mixing. The complex rela-

tionship between winter AT sequences and mixing

strength was also revealed by the nonlinear relationship

between average winter AT and our measure of mixing

strength (relSRPmax). Warm winters clearly decreased

relSRPmax as a warm winter decreases the likelihood to

cool upper water layers down to hypolimnetic tempera-

tures, i.e., to reach homeothermy. In contrast, average

AT below 3 1C always resulted in relSRPmax larger than

50%. In these years, relSRPmax seems to be partially

related to the AT of the previous winter and conse-

quently to hypolimnetic water temperatures in Novem-

ber. A warm previous winter results in a warmer

hypolimnion throughout the present winter (Straile

et al. 2003a, b) thereby increasing the likelihood of

homeothermy. Hence, winter mixing strength in a deep

lake seems to be strongly influenced by AT of the

current and the previous winter. However, high tem-

peratures in the current winter decrease the likelihood

of homeothermy whereas high temperatures in the

previous winter increase the likelihood of homeother-

my. While the previous winter may have a strong

influence on the mixing dynamics of the current winter

(Fig. 7), the previous summer is much less likely to have

a strong influence (see ‘exchange simulations’ in sup-

porting online information). This is because variability

in summer meteorology mainly influences upper water

layer temperatures but hardly the temperatures of the

large volumes of hypolimnetic water. As a consequence,

summer AT will not have a similarly long lasting effect

on stratification as winter AT, which influence the

temperatures of the hypolimnion.

Statistical analysis of data can solely not answer the

question whether the influence of a warm winter on

mixing and plankton growth is due to the AT of the

warm winter alone or is supported by the specific

sequence of this winter, as a warm winter also increases

the probability that there is a large temperature differ-

ence between two successive winters. However,

sequence simulations showed that although w06/07

would have reduced mixing duration considerably,

w06/07 would have resulted in a complete loss of

mixing only in 18% of the sequences examined, whereas

in 82% of winters the temperature difference between

successive winters was not large enough to prevent

mixing. This suggests that if we take w06/07 as a model

for the effects of climate warming on winter mixing and

its associated consequences, we would overestimate the

effects of a warmer climate on a deep lake. On the other

hand, a large difference in temperatures between two

consecutive winters may be expected to occur more

often in a warmer world as models predict increasing

temperature variability in the next century (Schär et al.,

2004). In conclusion, w06/07 most likely overestimates

the consequences of a warmer climate for winter mix-

ing, although the frequency and duration (Peeters et al.,

2007a) of winter mixing in the future will likely be

reduced as compared to the 20th century.

Regarding absolute water temperature in the epilim-

nion and especially in the hypolimnion w06/07 under-

estimates the effects of warming. One warm winter in a

deep lake is not sufficient to strongly heat up the entire

water column. The eq06/07 simulations suggested that

it would need at least five repetitions of w06/07 me-

teorology for the lake to reach a new equilibrium in

regard to winter water temperatures and mixing re-

gime. This number should however be regarded as a

minimum estimate as the w06/07 simulations showed

that the model tends to overestimate the depth of the

mixed layer during winter which suggests that vertical

turbulent diffusivity was somewhat too strong in the

simulations. A reduced turbulent diffusivity in the

model would result in a longer transition period

towards a new equilibrium.

Nevertheless, in a generally warmer climate with

repeated winter conditions as in w06/07 epilimnetic

and hypolimnetic water temperatures are predicted to

increase beyond the temperatures observed during a

single extreme winter (see eq06/07 simulations and

Peeters et al., 2007a). Especially, the predicted unprece-

dented warming of deeper water layers may have

striking consequences for species which use deeper

water layers within a part of their life cycle. For exam-

ple, in Lake Constance eggs of the dominant plankti-

vorous fish (Coregonus lavaretus) develop on the surface

of and planktonic copepods (Cyclops vicinus) diapause

within deep hypolimnetic sediments (Straile et al., 2007;

Seebens et al., 2009). Hence, strongly increased hypo-

limnetic water temperatures may cause a mismatch of

fish larvae and copepods emerging from the hypolim-

nion with their respective epilimnetic food sources.

In addition deep-water warming is also of concern
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regarding hypolimnetic oxygen concentrations as in-

creased water temperatures may lead to an increase in

the rate of oxygen depletion within the water column

and the sediment.

To conclude, the comparison of w06/07 limnology

with w05/06 limnology, long-term data and simulation

results revealed a complex answer to our question: is

w06/07 limnology also a shape of the limnology

expected to come with warming in a deep lake? The

answer depends on the state variables and processes

considered: regarding the advances in phenology of

e.g., the phytoplankton bloom and Daphnia spring

development, w06/07 may indeed be typical for a

warmer world. However, the reduction in vertical mix-

ing indicated by the observations from warm winter

w06/07 was very strong because w06/07 was preceded

by the rather cold w05/06 and most likely will be less

severe in a generally warmer world. With respect to

absolute water temperatures, w06/07 most likely un-

derestimates the increase in water temperature in a

world as is predicted by IPCC scenarios. Consequently,

the interpretation of observations from extreme winters

as indicators of the consequences of climate warming

for lakes ecosystems must be treated with great care,

especially in deep lakes where the time scales of

changes in abiotic conditions e.g., deep-water heat

content, and their consequences on biota are substan-

tially longer than the duration of the extreme event.
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Kümmerlin RE (1998) Taxonomical response of the phytoplankton community

to upper lake Constance (Bodensee-Obersee) to eutrohication and re-oligotro-

phication. Archives of Hydrobiology Special Issues on Advanced Limnology, 53,

109–117.

Livingstone DM (1997) An example of the simultaneous occurrence of climate-driven

‘‘sawtooth’’ deep-water warming/cooling episodes in several Swiss lakes. Verhand-

lungen Internationale Vereinigung für theoretische und angewandte Limnologie, 26,

822–826.

Luterbacher J, Liniger MA, Menzel A et al. (2007) Exceptional European warmth of

autumn 2006 and winter 2007: historical context, the underlying dynamics, and its

phenological impacts. Geophysical Research Letters, 34, L12704, doi: 10.1029/

2007GL029951.

Maignan F, Breon FM, Vermote E, Ciais P, Viovy N (2008) Mild winter and spring 2007

over western Europe led to a widespread early vegetation onset. Geophysical

Research Letters, 35, L02404, doi: 10.1029/2007GL032472.

Mouthon J, Daufresne M (2006) Effects of the 2003 heatwave and climatic warming on
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Results of exchange simulation experiments on the importance of summer and autumn 

meteorology for water temperature dynamics during w06/07 

 
The importance of meteorology prior to December 2006 for w06/07 water temperature 

dynamics was analyzed by exchanging the meteorology of summer and autumn 2006 with 

that of summer and autumn 2005 for time periods of variable length, e.g., November or June – 

October. This experiment showed that as compared to the standard simulation no large 

differences in water temperature occurred during w05/06 when exchanging June – October 

although this strongly affected epilimnetic and metalimnetic water temperatures in summer 

(Fig. S1 B, F). In contrast, an exchange of November meteorology had strong effects lasting 

throughout the winter (Fig. S1 C, G). Lower 2005 November temperatures in the second half 

of November (Fig. S1 E, the first part of November 2005 was actually warmer then the first 

part of November 2006) would have resulted into enhanced cooling from this point onwards 

with consequences for water temperatures continuing until the next spring. This suggests that 

the rather high air temperatures from the 2nd half of November 2006 until March 2007 but not 

the temperatures from June to October 2006 are important in understanding w06/07 dynamics. 

 

 

Fig. S1 A) Air temperatures (7 day moving average) during the periods from May 2005 until 

April 2006 and May 2006 until April 2007, B) results of the standard simulation from May 

2006 until April 2007, C) Simulation results of the exchange of June to October 2006 

meteorology with June to October 2005 meteorology, D) Simulation results of the exchange 

of November 2006 meteorology with November 2005 meteorology, E) Daily differences in 

air temperature (7 day moving average) between the two time periods shown in A, F) Depth 

and time specific differences in water temperatures between the simulations shown in B and 

C,G)  Depth and time specific differences in water temperatures between the simulations 

shown in B and D. Please note, that maximum and minimum temperature differences extend 

the limits of the colour coding. 
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