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LIST OF ABBREVIATIONS 

 

AL  Absorption coefficient for long-wave radiation  

AS  Absorption coefficient for short-wave radiation 

C  Cloud cover 

DIN Dissolved inorganic nitrogen 

DL5,8,12 Day lengths at the timing of spring water temperatures of 5 °C, 8 °C, 12 °C  

DO  Dissolved oxygen 

DOh Dissolved oxygen (hourly measured) 

DOw Dissolved oxygen (weekly measured) 

E  Heat content 

ea  Water vapour pressure 

EL  Emission coefficient of the atmosphere 

es  Saturation vapour pressure 

f  Wind function 

G  Global radiation 

G0  Clear-sky global radiation 

HB  Emission of long-wave radiation 

HC  Convection and conduction 

Hcalc Net heat flux into the lake (calculated) 

HE  Evaporation and condensation 

HF  Inflow and outflow (heat flux) 

HL  Absorption of long-wave atmospheric radiation 

Hmeas Net heat flux into the lake (measured) 

HP  Precipitation (heat flux) 

HS  Absorption of short-wave solar radiation 

NAO North Atlantic Oscillation 

NH4 Ammonium 

NO3 Nitrate 

Q  Discharge 

rh  Relative humidity 

SRP Soluble reactive phosphorus 

SRSi Soluble reactive silicon 

T0  Epilimnetic temperature 
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T0,dtr Daily epilimnetic temperature range 

T0,max Daily maximum epilimnetic temperature 

T0,min Daily minimum epilimnetic temperature 

Tair  Air temperature 

Tair,dtr Daily air temperature range 

Tair,max Daily maximum air temperature 

Tair,min Daily minimum air temperature 

Teq  Equilibrium temperature 

Teq,dtr Daily equilibrium temperature range 

Teq,max Daily maximum equilibrium temperature 

Teq,min Daily minimum equilibrium temperature 

Tinflow Mean inflow temperature 

u10  Wind speed 10 m above the lake surface 

WT  Water temperature 

WT5,8,12 Timing of spring water temperature of 5 °C, 8 °C, 12 °C 
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ZUSAMMENFASSUNG 

 

Es gibt bereits viele Hinweise dafür, dass Seen sehr sensibel auf die anthropogen verur-

sachte Klimaerwärmung reagiert haben. Bis jetzt haben sich die Studien der Klima-

folgenforschung hauptsächlichst auf die Auswirkungen der Erwärmung im Winter und 

Frühling konzentriert. Über den Einfluss der Klimaerwärmung auf Seen in den gemäßigten 

Breiten im Sommer ist weniger bekannt. In der vorliegenden Doktorarbeit habe ich einige 

Faktoren, welche die Reaktion von Seen auf die Erwärmung im Sommer vermutlich stark 

mitbestimmt haben, untersucht. Der Schwerpunkt lag dabei auf klimatisch induzierten 

Auswirkungen auf die thermische Charakteristik und die Phänologie und Abundanz des 

Planktons eines flachen und polymiktischen Sees (Müggelsee, Berlin).  

 Zuerst wurde der Einfluss der Klimaerwärmung auf die Phänologie und Abundanz des 

Planktons in verschiedenen Jahreszeiten untersucht. Das schnellwachsende Phyto- und 

Zooplankton (Daphnia) im Frühjahr hat sich vorwiegend synchron vorverschoben, wohin-

gegen Veränderungen des Sommerzooplanktons deutlich artspezifisch und nicht synchron 

waren. Die Phänologie oder Abundanz einiger Sommercopepoden hat sich entsprechend 

der individuellen thermischen Anforderungen innerhalb bestimmter Entwicklungsstufen, 

wie zum Beispiel der Emergenz von der Diapause im Frühling, verändert. Die Studie 

unterstreicht, dass nicht nur der Grad der Erwärmung, sondern auch dessen Zeitpunkt 

innerhalb des Jahres von großer ökologischer Bedeutung ist. Die asynchronen Veränder-

ungen im Sommerplankton haben möglicherweise zu einem Versatz von eng gekoppelten 

Räuber-Beute-Beziehungen geführt. Somit könnte die Klimaerwärmung sich über die 

trophische Kaskade fortpflanzende Effekte auch im Müggelsee ausgelöst haben.  

 Um die Auswirkungen des Klimawandels auf die thermischen Eigenschaften des Sees 

zu erforschen, habe ich die Langzeitentwicklung der täglichen epilimnischen Temperatur-

extrema während des Sommers untersucht. Durch diese Studie wurde zum ersten Mal für 

Seen gezeigt, dass die täglichen epilimnischen Minima (Nacht) stärker angestiegen sind als 

die Maxima (Tag), wodurch sich der tägliche epilimnische Temperaturbereich deutlich 

verringert hat. Diese Tag-Nacht-Asymmetrie in der epilimnischen Temperatur wurde durch 

eine erhöhte Emission von Langwellenstrahlung aus der Atmosphäre während der Nacht 

verursacht. Dies unterstreicht, dass nicht nur Erhöhungen der Lufttemperatur, sondern auch 

Änderungen anderer meteorologischer Variablen wie der Windgeschwindigkeit, der Luft-

feuchte und der Bewölkung eine wichtige Rolle bei der Bestimmung der Seetemperatur im 

Hinblick auf weitere Klimaveränderungen spielen werden.  
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 Changes in the population development of D. polymorpha larvae were probably a con-

sequence of the warming events in both winter/spring and in summer. Their pelagic phase 

started on average 2 weeks early (year of change 1989, concurrent with spring warming, 

Figs II-2j and II-6; Table II-1), and they reached significantly higher peak abundances 

from 1993 onwards, concurrent with summer warming (Fig. II-2j). The start of their 

pelagic phase was correlated with WT in May (p<0.05) and specifically with WT12 

(p<0.01), which was usually surpassed in May. It is well known that adult Dreissena start 

to spawn when ambient water temperatures reach 12 °C (Borcherding 1995). The findings 

of the present study clearly indicate that a spring warming in this temperature range 

induces early spawning of Dreissena mussels in lakes where algal prey is not limiting. As 

fecundity in terms of gonad size or number of oocytes per female is determined by 

winter/spring temperature and prey conditions (Borcherding 1991, 1995), the increase in 

the summer abundance appears to be already initiated by winter/spring conditions 

(Wilhelm and Adrian, unpublished data).  

 

 

Fig. II-6  Sum of the abundances of pelagic Dreissena polymorpha larvae (individuals L
–1

) in 

summer in Müggelsee, 1979-2003. The inner plot shows the week of the year when larvae were 

first detected in the pelagic zone (Start) and the timing of WT12, the temperature threshold when 

Dreissena mussels start to spawn. 

 

 Consequences of summer warming have rarely been examined so far in lakes (but see 

Gerten and Adrian 2002b) – thus, underlying mechanisms of change are not fully under-

stood. During summer, responses seem to be more complex and more species-specific, as 

this study demonstrates. Furthermore, responses in summer will likely be of a more 
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indirect nature. For example, warming should affect the intensity and duration of thermal 

stratification of lakes (Schindler et al. 1990), with repercussions on turbulence and nutrient 

conditions, finally affecting phytoplankton development. The early spawning of Dreissena, 

however, can be directly attributed to the early attainment of the 12 °C threshold 

temperature. Stage-specific food requirements of summer species may add to the 

complexity in their response to environmental changes such as global warming and/or 

reduction in eutrophication. Moreover, as we have shown, summer species can be already 

influenced by previous winter/spring warming, such that warming events earlier in the 

season may propagate in time and, thus, confound processes in summer. To what extent the 

increase in abundances on the one hand and the extension of the pelagic phase on the other 

hand of some summer species affect food web interactions will be discussed elsewhere 

(Adrian, in preparation). 

 

Conclusions 

The detailed seasonal pattern of warming influences the response of floral and faunal 

species to climate change. We show that fast- vs. slow-growing lake plankton species 

differed with respect to the synchrony of change in response to higher WT. Populations of 

fast-growing species, adapted to spring-specific steep gradients in temperature and light 

conditions, are able to directly respond to warming trends (Figs II-2b and d and II-3). This 

is likely also a reason why the rate of change in spring plankton phenology is somewhat 

higher than mean advancements in the spring phenology phases for plant and animal 

species of terrestrial ecosystems (5.1 days per decade; for review see Badeck et al. 2004).  

 By contrast, slow-growing species with longer and more complex life cycles are 

potentially affected by multiple warming events in the course of a year, which do not 

necessarily lead to changes in their phenologies. Warming may be required over the entire 

growing period or at least during decisive development stages. Larvae, for example, often 

represent the bottleneck in a species' life cycle with respect to population development or 

dispersal, such that warming during sensitive developmental stages – such as emergence 

from diapause or spawning – is of particular importance for aquatic and terrestrial 

ecosystems. Moreover, individual effects of multiple warming events within a year may 

propagate throughout the growing season and perhaps into the next year. The 

asynchronous timing of the seasonal warming trends (spring warming started around 1989, 

summer warming started around 1994), may have contributed to the diverse nature of 

observed changes in the copepod and Dreissena phenologies on the one hand and changes 
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in peak abundances on the other hand, which were not per se interrelated (Fig. II-2 f-j).  

 Our findings imply that intra- and inter-annual differences in the timing of warming, 

along with differences in species' life-history strategies, potentially cause disruptions of 

established species interactions in freshwater ecosystems. But, as our results also suggest, 

these mismatches are more likely to occur during summer, when species with long and 

complex life cycles dominate. 

 One challenge is to estimate thresholds of further changes in the phenology of species 

under future climate change scenarios, that predict further warming (Räisänen et al. 2004). 

Apparently, the extent to which plankton phenology can advance in spring is limited. The 

presence or absence of ice, and the WT at specific day lengths, appear to be important 

variables setting these thresholds as they are important drivers of phytoplankton 

development (Reynolds 1984), but they are also important cues for the emergence of 

zooplankton resting stages (Cáceres 1998, Vandekerkhove et al. 2005). During summer, 

changes in the strength of thermal stratification, or in the case of polymictic lakes, changes 

in the frequency of stratified periods, may set some of the boundaries of the responses of 

the summer species. 
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CHAPTER III 

Long-term response of daily epilimnetic temperature extrema to climate forcing 

 

Susann Wilhelm, Thomas Hintze, David M. Livingstone & Rita Adrian (2006)  

Canadian Journal of Fisheries and Aquatic Sciences 63: 2467-2477  

doi: 10.1139/F06-140 

 

Abstract 

Twenty years (1983-2002) of hourly summer temperature data from the epilimnion of 

Müggelsee, a shallow lake in northern Germany, showed a long-term increase, with the 

rate of increase of the daily minima (nighttime temperatures) exceeding that of the daily 

maxima (daytime temperatures). This does not simply reflect the long-term behaviour of 

air temperature, which did not exhibit a significant degree of day-night asymmetry. A 

sensitivity analysis based on a heat balance model revealed that the daily extrema of the 

lake surface equilibrium temperature responded differently not only to shifts in air 

temperature, but also to shifts in wind speed, relative humidity and cloud cover, suggesting 

that long-term changes in all four variables contribute to day-night asymmetry in the 

epilimnetic temperature. A comparison of nighttime and daytime estimates of the heat flux 

components into the lake indicates that the emission of long-wave radiation from the 

atmosphere is likely to be the main process responsible for day-night asymmetry in the 

epilimnetic temperature. While this process is partially dependent on air temperature, it is 

also dependent on relative humidity and cloud cover. The influence of long-term changes 

in these additional driving variables on epilimnetic temperatures cannot therefore be 

neglected. 

 

Introduction 

Over large areas of the earth's surface, long-term warming is known to be proceeding faster 

at night than during the day (e.g. Karl et al. 1993, Kukla and Karl 1993), probably as a 

result of an increase in low-level cloud cover associated with an increase in air pollution 

(Dai et al. 1999, Satheesh et al. 1999). There is some evidence that terrestrial biota may 

already be responding to such asymmetric air temperature increases involving anomalously 

high rates of nocturnal warming. The primary production of the dominant native C4 grass 

Bouteloua gracilis in Colorado, for instance, is decreasing as a result of nocturnal 

warming, whereas the abundance and production of exotic and native C3 forbs is increasing 
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(Alward et al. 1999). Nocturnal warming has also been shown to result in an increase in the 

dark respiration of the tree Populus deltoides (Turnbull et al. 2004), and a rise in the rate of 

development of the cabbageworm Pieris rapae (Whitney-Johnson et al. 2005). 

 Empirical studies show that water temperatures close to the surface of lakes closely 

follow ambient air temperatures (e.g. McCombie 1959, Shuter et al. 1983, Livingstone and 

Lotter 1998). The results of model studies predicting that rising air temperatures will result 

in increasing epilimnetic temperatures (e.g. Hondzo and Stefan 1993, Stefan et al. 1998, 

Peeters et al. 2002) are supported by the existence of long-term historical data series 

demonstrating that, over the past few decades, such increases have indeed occurred (e.g. 

Schindler et al. 1990, Gerten and Adrian 2002a, Livingstone 2003). However, despite the 

likelihood that the rise in epilimnetic temperature may be more closely related to nighttime 

processes, such as the inhibition of nighttime cooling, than to daytime processes 

(Livingstone 2003), very little work has been done on analysing the impact that day-night 

asymmetry in rising air temperatures might have on the long-term warming of lake 

epilimnia. Specifically, there is a lack of knowledge on whether day-night asymmetry 

involving a long-term decrease in the daily temperature range might also be present in lake 

epilimnia, although lake biota would be likely to respond to such a phenomenon. The 

present study attempts to rectify this omission. 

 One of the areas with a marked degree of day-night asymmetry in long-term regional 

warming is central Europe (e.g. Heino et al. 1999). Here, we examine a unique 20-yr set of 

hourly air and water temperature data recorded between 1983 and 2002 for Müggelsee, a 

shallow, polymictic lake in northern Germany, with a view to investigating the long-term 

behaviour of the daily water temperature extrema and their relationship to that of the daily 

air temperature extrema. We focus on the months of June, July and August, when the diel 

cycle in epilimnetic temperature is most pronounced and when the daily maximum 

approaches the tolerance threshold for some aquatic species. To ascertain the meteoro-

logical driving factors most likely to be responsible for long-term changes in the daily 

epilimnetic temperature extrema, and hence in the daily epilimnetic temperature range, a 

sensitivity analysis based on the heat budget and equilibrium temperature approach of 

Edinger et al. (1968) is performed.  
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Materials and methods 

Study site 

Müggelsee is a shallow, eutrophic lake situated 34 m above sea level (a.s.l.) in Berlin, 

Germany (52°26'N, 13°39'E). It has a mean depth of 4.9 m, a maximum depth of 8 m, and 

it covers an area of about 7.3 km
2
. It is one of the intercalated lakes of the River Spree, 

with an average residence time of 6-8 weeks. Within the last 25 years Müggelsee has 

experienced considerable changes in lake catchment and climate. In response to a decrease 

in external nutrient loading, phytoplankton biomass has declined and its composition has 

changed (Köhler et al. 2005). Concurrently, higher water temperatures in spring and 

summer have caused the earlier appearance of various copepods and a prolongation of their 

period of activity (Gerten and Adrian 2002b). 

 

Data 

The epilimnetic temperature of Müggelsee was recorded hourly at a depth of 0.5 m in June, 

July and August from 1983 to 2002, using an AD590 temperature transducer mounted on a 

jetty. Daily minimum and maximum water temperatures (T0,min and T0,max, respectively) 

were extracted from the hourly data. There were a total of 20 gaps in the water temperature 

data, with a mean duration of 3.5 d and a maximum duration of 6 d. These gaps were filled 

by linear interpolation. The daily water temperature range (T0,dtr) was computed as T0,max – 

T0,min. For each year from 1983 to 2002, annual summer means of T0,min, T0,max and T0,dtr 

were computed based on the 92 daily values from 1 June to 31 August. All analyses 

described below were conducted both on the interpolated data and on the original non-

interpolated data. There was no significant difference between the two sets of results; the 

results presented here are those derived from the interpolated water temperature time 

series.  

 Daily meteorological data, covering the same period as the Müggelsee water 

temperature data, were available from Berlin-Schönefeld airport (52°23'N, 13°31'E; 46 m 

a.s.l.), located 10 km southwest of Müggelsee. Data available from this station included 

daily minimum and daily maximum air temperatures (Tair,min and Tair,max, respectively). 

Hourly mean data on wind speed and relative humidity were also available, from which 

nighttime (defined as 20:00 h to 08:00 h) and daytime (08:00 h to 20:00 h) means were 

calculated. Cloud cover data were obtained from Berlin-Tempelhof airport (52°29'N, 

13°24'E; 48 m a.s.l.), located 20 km west of Müggelsee. Cloud cover was recorded three 
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times a day (in octals) at 7:30, 14:30 and 21:30 CET, and daily mean cloud cover was 

defined as the arithmetic mean of the three recorded values, converted to a fraction 

between 0 and 1. The daily air temperature range (Tair,dtr) was computed as Tair,max – Tair,min. 

Analogously to water temperature, annual summer means of Tair,min, Tair,max and Tair,dtr were 

computed for each year from 1983 to 2002. No record of any change in observation 

methods during the study period was found. 

 In the year 2002, from 1 June to 31 August, water temperature profiles and meteoro-

logical data were measured at 5-min intervals at a lake station anchored 300 m from the 

lakeshore in 5.5 m water depth. The water temperature profiles were recorded from 0.5 m 

to 5.0 m depth using a chain of AD592 temperature transducers spaced at intervals of 0.5 

m. The meteorological data measured included air temperature, global radiation, wind 

speed, relative humidity and air pressure; precipitation was measured simultaneously on 

the roof of a building located near the lakeshore. The water temperature and meteoro-

logical data were aggregated to yield hourly means that were used in the calculation of the 

heat budget of the lake during summer 2002. 

 The simultaneous availability of meteorological data measured directly at the lake and 

at Berlin-Schönefeld airport from 1 June to 31 August 2002 also allowed the applicability 

of the airport data to the lake to be assessed. The lake and airport time-series were 

extremely highly correlated, with the proportion of shared variance (R
2
) between them 

being 96% for daily mean air temperature, 92% for daily mean relative humidity and 83% 

for daily mean wind speed (with p<0.001 in all cases). The mean difference between the 

lake and airport time-series was 0.2 K for daily mean air temperature, -9.6% for daily mean 

relative humidity and –0.6 ms
-1

 for daily mean wind speed. Thus air temperature at the lake 

was slightly underestimated by the airport data, while relative humidity and wind speed 

were overestimated. However, this did not affect long-term trends in the data. 

 The water temperature of the River Spree, by far the most important inflow to 

Müggelsee, was measured weekly each Monday morning at 1 m depth at the inlet to the 

lake. The weekly data were interpolated linearly at daily intervals. The rate of inflow to the 

lake was measured daily at the Freienbrink monitoring station, located on the River Spree 

13 km upriver from the inlet.  

 

Heat budget model and equilibrium water temperature 

The method chosen to analyse the effects of meteorological forcing on the epilimnetic 

temperature utilised the equilibrium temperature approach of Edinger et al. (1968). This 
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approach is based on a heat budget model in which the net heat flux into a lake, Hcalc  

(Wm
-2

), is computed as the sum of the major heat exchange terms: 

 

(1)  Hcalc = HS + HL + HB + HE + HC + HF + HP   

 

The processes underlying these terms are the absorption of short-wave solar radiation (HS) 

and long-wave (infra-red) atmospheric radiation (HL) incident at the lake surface; the 

emission of long-wave (infra-red) radiation from the lake surface (HB); the exchange of 

latent heat by evaporation and condensation (HE); the exchange of sensible heat by 

convection and conduction (HC); heat exchange due to mass exchange via the inflow and 

outflow (HF); and heat exchange by precipitation directly on to the lake surface (HP). Heat 

exchange through the lake bottom is normally considered to be negligible compared to heat 

exchange across the air-water interface (Ragotzkie 1978). 

 The short-wave solar radiation absorbed (HS) is given by: 

 

(2)  HS = AS G           

 

where G is the incident global radiation (Wm
-2

), which is highly dependent on cloud cover 

(e.g. Kasten and Czeplak 1980), and AS is an absorption coefficient for short-wave 

radiation that was set to 0.906 following Kuhn (1978).  

 The long-wave atmospheric radiation absorbed by the lake (HL) is given by: 

 

(3)  HL = AL EL (Tair + 273.15)
4
        

 

where the absorption coefficient AL of the water for long-wave radiation was set to 0.97 

(Anderson 1954),  is the Stefan-Boltzmann constant (56.710
-9

 Wm
-2

K
-4

), Tair is the air 

temperature (°C), and EL is the emission coefficient of the atmosphere. Using the formula 

of Brutsaert (1982), this latter is given by: 

 

(4)  EL = 1.24 [ea / (Tair + 273.15)]
1/7

 (1 + 0.17 C
2
)     

 

where ea is the water vapour pressure (hPa), given by the product of the saturation vapour 

pressure es (hPa) and the relative humidity rh (%): 
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(5)  ea = es rh / 100         

 

es was obtained from the Magnus formula (Murray 1967):  

 

(6)  es = 6.1078 exp[(17.2694 Tair) / (237.36 + Tair)]      

 

and C is the degree of cloud cover (ranging from 0 to 1). C was estimated empirically from 

the ratio of incident global radiation (G) to clear-skies global radiation (G0) using the 

equation of Kasten and Czeplak (1980): 

 

(7)  G/G0 = 1 – aC
b
 

 

with a = 0.72 and b = 3.2, values that are considered to be representative for Germany 

(Kasten et al. 1984). The degree of cloud cover during nighttime was estimated by linear 

interpolation of daytime values.  

 The emission of long-wave radiation from the lake surface (HB) proceeds according to 

the Stefan-Boltzmann law with an emission coefficient of 0.97: 

 

(8)  HB = –0.97 (T0 + 273.15)
4
         

 

where T0 is the surface water temperature (°C). 

 The loss of latent heat by evaporation from the lake surface (HE) is influenced by wind 

speed: 

 

(9)  HE = –f (es – ea)          

 

where f is the wind function (Wm
-1

hPa
-1

), here given by modifying the wind function of 

McMillan (1971) by including an air stability term (Dingman 1972) to yield the following 

equation as used by Kuhn (1978) and by Livingstone and Imboden (1989): 

 

(10) f = 4.4 + 1.82u10 + 0.26 (T0 – Tair)       

 

where u10 is the wind speed 10 m above the lake surface (ms
-1

). Assuming a logarithmic 

wind speed profile, the wind speed at the standard meteorological height of 10 m was 
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estimated to be 8% greater than the actual measured wind speed 4 m above the lake 

surface.  

 The convective exchange of sensible heat (HC) is also dependent on wind speed: 

 

(11) HC = –Rf (T0 – Tair)         

 

where R is the Bowen coefficient (Bowen 1926), dependent on air pressure, which relates 

HC to HE. 

 The heat exchange due to the inflow and outflow (HF) is given by: 

 

(12) HF = Qcp(Tinflow – T0)/A0        

 

where Q is the lake discharge (m
3
s

-1
), cp is the specific heat of water at constant pressure 

(4200 Jkg
-1

K
-1

),  is the density of water (1000 kgm
-3

), Tinflow is the mean inflow 

temperature (°C), and A0 is the lake surface area (7.310
6
 m

2
 for Müggelsee). 

 The effect of direct precipitation on the lake surface (HP) on the heat flux of the lake is 

given by: 

 

(13) HP = Pcp(Tair – T0)         

 

where P is the precipitation rate (ms
-1

). 

 The model was verified by comparing the net heat flux calculated from the meteoro-

logical data (Hcalc) with the net heat flux calculated directly from the measured lake 

temperature data (Hmeas), given by: 

 

 (14) Hmeas = dE/dt          

 

where E is the heat content of the lake per unit area. Assuming constant values for cp and 

, E was obtained as follows by integration of the hourly volume-weighted temperature 

profiles:  

 

(15) E = 



cp

A0

Tz Az 0

z m dz          
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where Tz and Az are the temperature and isobath area, respectively, at depth z, and zm is the 

maximum lake depth. 

 The equilibrium temperature Teq of Edinger et al. (1968), defined as the surface 

temperature that would result in zero net heat flux, is the temperature that theoretically 

would ultimately be reached by the water surface under stationary environmental 

conditions. Teq is computed by setting Hcalc = 0 and solving equation 1 for Teq = T0. Teq 

continually changes in response to variations in meteorological forcing; simultaneously, T0 

is continually being driven exponentially toward Teq by the difference between the two. 

Under ordinary circumstances, T0 will cross Teq twice a day, as warming and cooling 

trends alternate in response to the diurnal cycle (Edinger et al. 1968). A further 

characteristic of the response of water temperature to meteorological forcing is the time lag 

that exists between the occurrence of the daily maximum equilibrium temperature and the 

occurrence of the daily maximum water temperature, which may approach a maximum of 

6 h for the diel cycle (Edinger et al. 1968). Teq exhibits a much larger diel amplitude than 

does the lake water surface temperature T0, owing mainly to the strong diel variation in HS 

and HE (Edinger et al. 1968, Marti and Imboden 1986). 

 

Exponential smoothing 

Based on the example of lakes in Greenland, Kettle et al. (2004) introduced a method of 

modelling lake surface water temperature empirically based on the exponential filtering of 

ambient air temperature. As shown by Kettle et al. (2004), this approach is interpretable 

physically in terms of a sensible heat exchange model (e.g. Rodhe 1952, Billelo 1964), 

where the rate of change of T0 with time is driven by the difference between Tair and T0 

and is proportional to this difference. The governing differential equation is that of 

Newton's Law of Cooling: 

 

(16) dT0/dt = k(Tair – T0) 

 

The solution to equation 16 can be written as follows: 

 

(17) T0(t)  = Tair(t) + [T0(0) – Tair(t)] e
-kt

 

 = e
-kt

 T0(0) + [1 – e
-kt

] Tair(t)  
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showing that T0 follows Tair exponentially. Over a time-step t from t–t to t, it follows 

that: 

 

(18) T0(t)  = e
-kt

 T0(t–t) + [1 – e
-kt

] Tair(t) 

 

Setting  = 1 – e
-kt

  yields the difference equation for an exponential filter, where  is the 

exponential smoothing coefficient: 

 

(19) T0(t)  = (1 – ) T0(t–t) + Tair(t) 

 

Thus the sensible heat exchange model described by differential equation 16 is mathe-

matically equivalent to applying exponential smoothing to the ambient air temperature. 

The smoothing coefficient , which is dependent on the sampling interval t, is confined to 

the interval [0, 1], with smoothing being absent at  = 1 and increasing to a maximum as  

 0. Exponential filtering reduces the variance of a time-series and introduces a time 

delay. The approach of Kettle et al. (2004) – i.e. equation 19 – has been used successfully 

to model the surface temperature of mountain lakes in the Swiss Alps (Livingstone et al. 

2005) and the Tatras (Šporka et al. 2006) based on air temperature alone, although Kettle 

et al. (2004) also included clear-sky solar radiation in their original model.  

 To take account of meteorological driving variables other than just air temperature, the 

same approach can be applied to the equilibrium temperature, as the rate at which T0 is 

driven towards Teq is proportional to Teq – T0, which results in T0 tending towards Teq 

exponentially (e.g. Edinger et al. 1968, Sweers 1976, Livingstone and Imboden 1989): 

 

(20) dT0/dt = k(Teq – T0) 

 

Replacing Tair by Teq in equations 17-19, it follows that differential equation 20 is 

equivalent to applying exponential smoothing to the equilibrium temperature: 

 

(21) T0(t)  = (1 – ) T0(t–t) + Teq(t)  

 

 Viewed purely empirically, double exponential smoothing (i.e. smoothing the 

exponentially smoothed data a second time) would be more suited to time-series in which a 

trend is present, Holt-Winters smoothing would cope better with periodic data, and a 
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combination of both techniques would cope best with time-series that contain both a trend 

and a periodic component. However, the advantages of the physical interpretability of 

equations 19 and 21 outweigh any empirical advantage, which might be conferred by full 

double exponential Holt-Winters smoothing (which also requires two additional smoothing 

parameters). In the following, we use equations 19 and 21 with t = 1 h to model lake 

surface temperature not only in terms of the air temperature Tair alone, but also in terms of 

the equilibrium temperature Teq.  

 

Results  

Long-term changes in daily air and water temperature extrema and ranges 

For the 20-yr period 1983-2002, we illustrate a comparison of the time-series of the 

summer means of T0,min and T0,max (Fig. III-1a) with the summer means of Tair,min and 

Tair,max (Fig. III-1b). Although the four time-series exhibit similarities in their temporal 

structure, there are also substantial differences in behaviour, especially in the long-term.  

 

 

Fig. III-1   Summer (June-August) means of (a) daily minimum epilimnetic temperature (T0,min, □) 

and daily maximum epilimnetic temperature ( T0,max, ●), (b) daily minimum air temperature 

(Tair,min) (□) and daily maximum air temperature (Tair,max, ●), (c) daily epilimnetic temperature range 

(T0,dtr = T0,max – T0,min) and (d) daily air temperature range (Tair,dtr = Tair,max – Tair,min)  for Müggelsee 

from 1983 to 2002. 
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To test for the presence of linear trends in these non-normally distributed time-series, the 

Theil-Sen trend, defined as the median of all possible slopes between the data points, taken 

pairwise (Theil 1950, Sen 1968), was computed and tested for statistical significance at the 

p<0.1 level using the non-parametric Kendall tau statistic (Helsel and Hirsch 1992). A 

significant increasing trend was confirmed in both T0,min and Tair,min, but not in either T0,max 

or Tair,max (Table III-1). The long-term changes in daily water and air temperature extrema 

described above are reflected in the corresponding daily temperature ranges (Fig. III-1c 

and d). Although the daily air temperature range (Tair,dtr) exhibited no detectable long-term 

trend, the daily water temperature range (T0,dtr) showed a distinct decreasing trend (p=0.05) 

(Table III-1). In all cases, the Theil-Sen trends in the water temperature time-series were 

stronger than those in the corresponding air temperature time-series (Table III-1).  

 

Table III-1.  Statistics of the epilimnetic temperature of Müggelsee and of the air temperature at 

Berlin-Schönefeld airport, 10 km from Müggelsee. 

 

 
Overall median 

temperature (°C) 

Median absolute 

deviation (K) 

Theil-Sen trend 

(Kyr
-1

) 

p 

 

T0,min 19.1 0.5   0.083 0.06 

T0,max 21.3 0.8   0.069 ns 

T0,dtr   1.9 0.2 –0.016 0.05 

Tair,min 12.4 0.5   0.054 0.08 

Tair,max 23.4 0.8   0.054 ns 

Tair,dtr 11.0 0.6 –0.015 ns 
 

 

T0,min, mean summer daily minimum epilimnetic temperature; T0,max, mean summer daily maximum 

epilimnetic temperature; T0,dtr, mean summer daily epilimnetic temperature range (= T0,max – T0,min). 

Tair,min, Tair,max, Tair,dtr, analogous values for air temperature. Summer was defined as 1 June - 31 

August and the period covered was 1983 to 2002. Significance levels (p) of the Theil-Sen trend 

were calculated from the Kendall tau statistic (ns, not significant at the p<0.1 level). 

 

 

Heat budget model and equilibrium water temperature 

The calculated overall mean net heat flux into the lake (Hcalc) during summer 2002 was 6.9 

Wm
-2

. An analysis of the individual heat flux terms contributing to Hcalc (Fig. III-2a) con-

firmed that in Müggelsee, as in other lakes, the emission and absorption of long-wave 

radiation at the lake surface are the most important processes involved, with HB (–413.7 

Wm
-2

) having the highest magnitude and HL (354.2 Wm
-2

) the second highest. HS (180.9 

Wm
-2

) and HE (–96.4 Wm
-2

) were also important terms, with HS being the most important 

forcing term during the daylight hours. The contribution of HC (–15.9 Wm
-2

) was relatively 

minor, and that of HF (–1.7 Wm
-2

) was negligible. The heat flux HP due to precipitation 
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was the least important on average (-0.7 Wm
-2

), but decreased to as low as -102 Wm
-2 

during individual precipitation events. Thus HP can be relevant to the lake heat budget in 

the short term.  

 

 

Fig. III-2  Time series of the heat flux into Müggelsee during summer 2002. (a) 24-hour moving 

averages of the individual heat flux terms of eq. 1 (note that the very small terms HF and HP are not 

shown as they would be indistinguishable from zero on this plot); (b) comparison of 5-day moving 

averages of the net heat flux calculated from eq. 1 (Hcalc, solid line) with 5-day moving averages of 

the net heat flux obtained from temperature profile measurements (Hmeas, dotted line). 

 

 A comparison of calculated and measured heat fluxes revealed that, although the 

amplitude of the diel variation in Hmeas was not well accounted for by Hcalc, averaging over 

several days drastically reduced the discrepancy between the two time-series, so that Hcalc 

provided a good estimate of longer-period temporal variations in Hmeas (Fig. III-2b). 

Discrepancies between Hmeas and Hcalc at higher frequencies are likely to be irrelevant, 

since the high-frequency variability of Hmeas is almost certain to be predominantly an 

artefact due to seiching. When stratified, Müggelsee exhibits basin-wide circulation in 

response to wind pulses that set up internal seiches, thus causing local variations in the 

depth of the thermocline (Lorke 1998). This process can produce huge, rapid changes in 

Hmeas, which depends on temperature profiles measured at only one location in the lake  

that do not in fact reflect the situation pertaining in the water body as a whole. This 
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interpretation is supported by the results of a comparison of Hmeas during periods of 

stratification (when seiching can occur) with Hmeas during periods of homothermy (when 

seiching cannot occur), which revealed that the variability of Hmeas was much higher during 

the former than during the latter. 

 Hourly values of the equilibrium temperature (Teq) calculated from the heat budget 

model are compared with corresponding values of the measured temperature at 0.5 m, 

which is here taken to represent the lake surface temperature (T0) (Fig. III-3a). The mean 

value of Teq (20.6
 
°C) agreed very well with that of T0 (21.3 °C). The amplitudes of the diel 

cycles of T0 and Teq, however, were vastly different, with that of Teq (mean value of 12.9 

K) exceeding that of T0 (0.7 K) by a factor of about 18 (Fig. III-3a). This agrees with the 

theoretical conclusions of Edinger et al. (1968), who showed that the diel amplitude of T0, 

which is driven by Teq, can be only a small proportion of the diel amplitude of Teq itself.  

 The exponential smoothing approach of Kettle et al. (2004) was used to model T0 

empirically based on air temperature (Tair) alone using equation 19 with t = 1 h. An 

optimum value of the smoothing coefficient  was determined by minimising the root 

mean square error (RMSE) between the measured and modelled time-series of T0. The 

optimum fit was found for = 0.010, yielding an overall RMSE of 2.7 K. The model 

successfully reproduced the main features of the temporal structure of T0, although the 

modelled values were consistently somewhat low (on average, 2.2 K) and the high-

frequency variability was suppressed (Fig. III-3b). The exchange coefficient k = –[ln(1–

)]/t corresponding to  = 0.010 and t = 1 h is 0.24 d
-1

, which agrees well with the value 

of k corresponding to the mean value of  found by Kettle et al. (2004) for lakes in 

southwest Greenland ( = 0.23, t = 1 d, k = 0.26 d
-1

).  

 An analogous approach was then employed to model T0 based on Teq instead of Tair, 

using equation 21 with t = 1 h. Since Teq incorporates the forcing effects not only of air 

temperature, but also of the other relevant meteorological variables (mainly wind speed, 

relative humidity and cloud cover), equation 21 should yield a better simulation of T0 than 

equation 19. This was indeed found to be the case; the optimum value found for the 

smoothing coefficient ( = 0.015; i.e. k = 0.36 d
-1

) yielded an RMSE of 0.9 K, 

substantially better than the value obtained in the case of Tair. The model successfully 

reproduced not only the main features of the temporal structure of T0, but much of its high-

frequency structure as well (Fig. III-3b). The superiority of an approach based on 

smoothing Teq rather than Tair is most obvious in the later part of the summer (Fig. III-3b),  
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Fig. III-3  Comparison of the measured epilimnetic temperature of Müggelsee (T0) with the air 

temperature measured at Berlin-Schönefeld airport (Tair) and with the calculated equilibrium 

temperature of the lake surface (Teq) during summer 2002: (a) comparison of unsmoothed hourly 

values of T0 (solid line) and Teq (dotted line); (b) comparison of hourly values of T0 (solid line) with 

hourly values of Tair (dashed line) and Teq (dotted line) smoothed using eqs. 19 and 21; (c) the root 

mean square error (RMSE) between T0 and Teq (smoothed). 

 

when the RMSE was generally very low (Fig. III-3c). Comparing the ability of equations 

19 and 21 to reproduce the measured values of T0,min, T0,max and T0,dtr (Table III-2), it again 

emerges that the approach based on Teq (equation 21) is superior to that based on Tair 

(equation 19), with consistently lower RMSE values in all cases. The simulation of T0,dtr, 

with an RMSE of only 0.3 K, was exceptionally good. A linear regression of T0,min on 

Tair,min after smoothing, and of T0,max on Tair,max after smoothing, yielded R
2
 values of 0.82 

and 0.76, respectively. The corresponding R
2
 values for linear regressions based on Teq,min 
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and Teq,max after smoothing – 0.88 in both cases – were distinctly higher. A linear 

regression of the daily temperature range T0,dtr on Teq,dtr after smoothing (R
2
 = 0.52) also 

yielded better results than a linear regression of T0,dtr on Tair,dtr after smoothing (R
2
 = 0.26). 

This clearly demonstrates the improvement in fit achieved by basing the model on Teq 

rather than Tair. 

 

Table III-2.  Root mean square errors (RMSE) between observed values of T0,min and between 

smoothed values of Tair,min and Teq,min; between observed values of T0,max and smoothed values of 

Tair,max and Teq,max; and between observed values of T0,dtr and smoothed values of Tair,dtr and Teq,dtr for 

summer 2002. 

   RMSE (K) 

  Tair Teq 

T0,min 1.8 1.1 

T0,max 4.0 0.8 

T0,dtr 0.8 0.3 
 

Smoothing was accomplished by using eq. 19 with α = 0.010 for Tair and eq. 21 with α = 0.015 for 

Teq. See Table III-1 for definitions of symbols. 

 

 

Modelling the effect of the meteorological driving variables on the daily water temperature 

extrema 

The heat exchange processes described by equations 1-13 are dependent on very few 

driving variables. In addition to clear-sky solar radiation, which is essentially a 

predetermined astronomical variable, the most important of these are air temperature, wind 

speed, relative humidity and cloud cover (e.g. Edinger et al. 1968, Sweers 1976, 

Livingstone and Imboden 1989). Because T0 is determined predominantly by Teq, a 

sensitivity analysis based on the heat budget model can be used to determine the relative 

influence of these driving variables on the daily extrema of Teq, and hence on T0,min and 

T0,max. This was done by calculating Teq not only based on the hourly measured 

meteorological data, but also based on the values that result when these data are decreased 

and increased by amounts corresponding to the lower and upper quartiles of each input 

data set, respectively. For each of the hourly time-series of air temperature, wind speed, 

relative humidity and cloud cover from 1 June to 31 August 2002, the median and the 

upper and lower quartiles were calculated. For each of the four time-series, two new time-

series were created by decreasing each hourly value in the original time-series by the 

difference between the median and the lower quartile, and by increasing each hourly value 

in the original time-series by the difference between the upper quartile and the median. 
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This allowed the effect on Teq of lowering or raising each of the four variables by one 

quartile to be determined. This non-parametric approach made it unnecessary to make any 

assumptions about the form of the probability distributions of the driving variables.  

 An increase (decrease) in either air temperature or relative humidity resulted in an in-

crease (decrease) in both Teq,min (Fig. III-4a) and Teq,max (Fig. III-4b). Although an increase 

(decrease) in either wind speed or cloud cover resulted in a decrease (increase) in Teq,max 

(Fig. III-4b), variations in these two driving variables had essentially no effect on Teq,min 

(Fig. III-4a). Teq,min reacted most sensitively to variations in relative humidity and air 

temperature, whereas Teq,max reacted most sensitively to changes in cloud cover and 

relative humidity.  

 The effect of variations in the four meteorological driving variables differed between 

nighttime (Teq,min) and daytime (Teq,max) (Fig. III-4a and b). This day-night asymmetry in 

the effects of each meteorological driving variable resulted in corresponding increases or 

decreases in Teq,dtr (Fig. III-4c). Increases (decreases) in either wind speed or cloud cover 

resulted in corresponding decreases (increases) in Teq,dtr that, in the case of cloud cover, 

were substantial. The effect of variations in air temperature and relative humidity on Teq,dtr 

were comparatively slight. 

 

 

Fig. III-4  The root mean square deviation (RMSD) between the equilibrium temperature of the 

surface of Müggelsee during summer 2002 calculated (i) from measured meteorological data and 

(ii) by increasing (+) and decreasing (–) the meteorological driving variables air temperature (AT), 

wind speed (WS), relative humidity (RH) and cloud cover (CC) by amounts corresponding to the 

upper and lower quartiles of the data measured during the period 1983-2002. (a) RMSD for the 

daily minimum equilibrium temperature (Teq,min), (b) RMSD for the daily maximum equilibrium 

temperature (Teq,max), (c) RMSD for the daily equilibrium temperature range (Teq,dtr = Teq,max – 

Teq,min). 

 

 During the period 1983-2002, the summer means of air temperature, wind speed, 

relative humidity and cloud cover varied within the ranges 16.2-20.4 °C, 3.0-3.9 ms
-1

, 

62.1-76.6% and 46.9-64.0%, respectively. While there was no obvious long-term change in 
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either air temperature or relative humidity, both wind speed and cloud cover appeared to 

undergo a slight long-term increase. However, given the high degree of interannual 

variability, these apparent long-term increases were not statistically significant, and 

therefore in themselves do not offer a convincing explanation for the long-term changes in 

T0,min, and hence in T0,dtr.  

 To investigate the causes and consequences of the long-term increase in T0,min in more 

detail, nighttime and daytime estimates of the most important meteorologically dependent 

heat flux terms were computed from equations 2-11 for each day of each summer from 

1983 to 2002. During both night and day, HF and HP were assumed to be negligible. 

During the night, HS was assumed to be zero. Nighttime estimates of HL, HB, HE and HC 

were computed from Tair,min, T0,min, C (daily mean), u10 (nighttime mean) and rh (nighttime 

mean); daytime estimates of HL, HB, HS, HE and HC were computed from Tair,max, T0,max, C 

(daily mean), u10 (daytime mean) and rh (daytime mean). The lack of data on cloud cover 

during the night necessitated the use of the daily mean cloud cover (actually a daytime 

mean) to compute both nighttime and daytime estimates. For both nighttime and daytime, 

the estimates were then averaged to provide separate estimates of the nighttime and 

daytime heat flux terms for each summer from 1983-2002. The respective Theil-Sen trends 

were then computed and tested for significance using the Kendall tau test as before (Table 

III-3).  

 Of the five major components of the heat flux, two – HS and HE – exhibited no 

significant long-term trend in either their nighttime or daytime estimates. Terms HB and HC 

exhibited no significant long-term trend in their daytime estimates, but did exhibit 

significant decreasing trends in their nighttime estimates. Finally, both the daytime and 

nighttime estimates of HL exhibited a significant increasing trend, with the nighttime trend 

exceeding the daytime trend by 37%.  

 The long-term behaviour of the heat flux terms can be explained in terms of the 

relevant driving variables. The only driving variables to exhibit a statistically significant 

long-term trend are T0,min and Tair,min. During the night, a long-term increase in lake surface 

water temperature automatically results in the increased emission of long-wave radiation 

from the lake surface (equation 8), causing a long-term decrease in HB. The long-term 

increase in T0,min exceeds that in Tair,min by 54% (Table III-1); this difference in trend 

suffices to induce a long-term increase in nighttime convective heat loss (equation 11); i.e. 

a long-term decrease in HC. The emission of long-wave radiation from the atmosphere (HL) 

is a comparatively complex process that is driven by air temperature, relative humidity and  
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Table III-3.  Statistics of meteorological driving variables and corresponding estimates of the 

nighttime and daytime heat flux terms into Müggelsee during summer. 

 
Overall median 

value 

Median absolute 

deviation Theil-Sen trend p 

Nighttime     

u10   3.0 ms
-1

 0.2 ms
-1

   0.018 ms
-1

yr
-1

 ns 

rh   77.6% 3.4%   0.204% yr
-1

 ns 

HL   305.8 Wm
-2

 3.0 Wm
-2

   0.512 Wm
-2

yr
-1

 0.004 

EL   0.83 0.01   0.001 yr
-1

 0.06 

SBL   377.1 Wm
-2

 2.8 Wm
-2

   0.288 Wm
-2

yr
-1

 0.08 

HB –401.5 Wm
-2

 3.0 Wm
-2

 –0.458 Wm
-2

yr
-1

 0.04 

HE –37.3 Wm
-2

 6.7 Wm
-2

   0.032 Wm
-2

yr
-1

 ns 

HC –52.3 Wm
-2

 5.4 Wm
-2

 –0.563 Wm
-2

yr
-1

 0.05 

Daytime     

u10   4.0 ms
-1

 0.2 ms
-1

   0.012 ns 

rh   63.6% 3.1% –0.105% yr
-1

 ns 

C   58.9% 4.1%   0.172% yr
-1

 ns 

HS   182.5 Wm
-2

 6.5 Wm
-2

   0.064 Wm
-2

yr
-1

 ns 

HL   376.7 Wm
-2

 2.8 Wm
-2

   0.373 Wm
-2

yr
-1

 0.04 

EL   0.89 0.01   0.000 yr
-1

 ns 

SBL   438.2 Wm
-2

 4.9 Wm
-2

   0.317 Wm
-2

yr
-1

 ns 

HB –413.5 Wm
-2

 4.6 Wm
-2

 –0.406 Wm
-2

yr
-1

 ns 

HE –114.6 Wm
-2

 18.1 Wm
-2

 –0.431 Wm
-2

yr
-1

 ns 

HC   12.1 Wm
-2

 3.2 Wm
-2

 –0.226 Wm
-2

yr
-1

 ns 
 

The equivalent statistics of the epilimnetic temperature of Müggelsee (T0) and of the air 

temperature at Berlin-Schönefeld (Tair) are listed in Table III-1. u10, wind speed at Berlin-

Schönefeld airport; rh, relative humidity at Berlin-Schönefeld airport; C, cloud cover at Berlin-

Tempelhof airport; HS, heat flux due to absorption of short-wave (solar) radiation; HL, heat flux due 

to absorption of long-wave (atmospheric) radiation; EL, emission coefficient of the atmosphere; 

SBL = (Tair + 273.15)
4
, heat flux emitted from a black body by Stefan-Boltzmann radiation (eq. 3); 

HB, heat flux due to the emission of long-wave radiation from the lake surface; HE, heat flux due to 

latent heat exchange; HC, heat flux due to convective heat exchange. Summer was defined as 1 

June - 31 August and the period covered was 1983 to 2002. Significance levels (p) of the Theil-Sen 

trend were calculated from the Kendall tau statistic (ns, not significant at the p<0.1 level). The units 

of the Theil-Sen trend are the respective units of the variable concerned per year. 

 

cloud cover. Taken individually, none of these driving variables exhibits a significant long-

term daytime trend; taken together, however, the long-term changes in all three variables 

do yield a statistically significant long-term increase in daytime HL (Table III-3). Given the 

significant increasing trend in Tair,min, the long-term increase in nighttime HL is not only 
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much more highly significant than that in daytime HL, it is also 37% greater in magnitude 

(Table III-3). The main process responsible for the significant long-term increase in T0,min 

is therefore the emission of long-wave radiation from the atmosphere. Looking at this 

process in more detail, during the night a significant long-term increase is detected not 

only in Tair,min (and in the factor σ(Tair,min + 273.15)
4 

= SBL), but also in the factor EL, the 

emission coefficient of the atmosphere (Table III-3). From equations 4-6, an increase in EL 

can result because of the increase in es, and hence in ea, that would result from an increase 

in Tair,min. However, it can also result from an increase in ea associated with an increase in 

relative humidity, or from an increase in cloud cover. However, the lack of a statistically 

significant trend in either of the latter two meteorological variables suggests that the long-

term increase in the nighttime values of EL are also predominantly the result of the long-

term increase in Tair,min.  

 

Discussion 

An asymmetric increase in the daily air temperature extrema, leading to a decrease in the 

daily air temperature range, has characterised recent climate warming throughout the 

Northern Hemisphere (e.g. Karl et al. 1993). Our study demonstrates for the first time that 

an analogous phenomenon can be detected in lake epilimnetic temperatures. During 

summer, from 1983 to 2002, T0,min in Müggelsee increased more rapidly than T0,max, 

resulting in a distinct decrease in T0,dtr. However, the decrease in T0,dtr cannot be explained 

simply in terms of a response to Tair,dtr, which in fact remained essentially constant during 

the study period. 

 Various studies have shown that daily minimum air temperatures have generally been 

rising faster than daily maximum air temperatures not only globally (e.g. Easterling et al. 

1997), but also in central Europe (e.g. Wibig and Glowicki 2002), including Germany 

(Heino et al. 1999). This is not always the case, however: according to Brázdil et al. 

(1996), the daily air temperature range in central Europe changed very little between 1951 

and 1990. In agreement with this, we find that both Tair,min and Tair,max in Berlin rose by 

~0.05 Kyr
-1

 during our 1983-2002 study period, resulting in essentially no long-term 

change in Tair,dtr. Air temperature is arguably the most important of the meteorological 

variables driving Teq, and hence T0, since it is involved in most daily heat exchange 

processes (e.g. Edinger et al. 1968). However, substantial discrepancies with respect to 

both fluctuations and long-term trends exist between T0,min and Tair,min, and between T0,max 

and Tair,max. These discrepancies lead to even more pronounced discrepancies between T0,dtr 
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and Tair,dtr. Thus the asymmetric increase in T0,min and T0,max is unlikely to be interpretable 

in terms of air temperature alone; the influence of other meteorological driving variables 

must also be taken into account. 

 In addition to air temperature, the most important meteorological driving variables 

involved in determining the lake heat budget, and thus Teq and T0, are wind speed, relative 

humidity and cloud cover (e.g. Edinger et al. 1968). The good fit between measured values 

of T0 and exponentially smoothed values of Teq indicates that an analysis of the sensitivity 

of Teq,min and Teq,max to variations in these driving variables can be interpreted to show their 

relative influence on T0,min and T0,max. The results of the sensitivity analysis demonstrate 

that each of the four meteorological driving variables has a perceptible effect on one or 

both of Teq,min and Teq,max. The pronounced effects of relative humidity and cloud cover on 

the magnitude of Teq agree with the results of Marti and Imboden (1986) and Livingstone 

and Imboden (1989), who showed the strong dependence of the net heat flux on these 

variables.  

 The effects of the meteorological driving variables on Teq,min and Teq,max are not only 

substantial, they are also asymmetric. The greatest degree of day-night asymmetry in the 

effects of these variables was exhibited by cloud cover, and to a lesser extent by wind 

speed, suggesting that these two variables may have contributed substantially to the diel 

asymmetry in Teq, and hence to the discrepancy between T0,dtr and Tair,dtr. Because of the 

nonlinearities inherent in the equations describing the heat flux terms, fluctuations in the 

daily means of the driving variables can therefore induce a degree of day-night asymmetry 

in Teq – and hence in T0 – without day-night asymmetry necessarily having to be present in 

the driving variables themselves. 

 The presence of day-night asymmetry in the driving variables themselves makes the 

situation more complex. Computation of nighttime and daytime estimates of the individual 

heat flux components based on a coarse day-night separation of the driving variables 

revealed significant long-term increases in nighttime heat loss from the lake due to the 

emission of infra-red radiation from the lake surface and to convective processes in the 

atmospheric boundary layer above the lake surface, which in both cases can be confidently 

traced back to the observed long-term increase in epilimnetic temperature. These processes 

are essentially negative feedback processes that automatically regulate lake temperatures, 

preventing them from increasing steeply when subjected to increasing heat input (e.g. 

Peeters et al. 2002). This increasing heat input can only result from increases in incident 

radiation, either short-wave (HS) or long-wave (HL), both of which generally account for a 
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very high proportion of the incoming heat flux. An increase in incident short-wave (solar) 

radiation can be ruled out not only because it exhibits no significant long-term trend during 

the study period, but also because any increase in incident solar radiation would clearly 

affect daily maximum (daytime) water temperatures much more strongly than daily 

minimum (nighttime) temperatures. This leaves the long-term increase in incident long-

term atmospheric radiation as the only likely root cause of the overall long-term gross 

increase in heat input. Not only is HL the only component of the heat balance to exhibit a 

statistically significant increasing long-term trend, but this trend is also substantially 

steeper during nighttime than during daytime. Although HL is the most difficult of all the 

major heat flux terms to parameterise (Edinger et al. 1968), it is clear that air temperature, 

relative humidity and cloud cover are the major meteorological variables that determine it. 

The only relevant meteorological driving variable with a statistically significant increasing 

nighttime trend is air temperature, which has both a direct effect on HL via Stefan-

Boltzmann emission, and an indirect effect because it influences the emission coefficient 

of the atmosphere. Thus, despite the fact that the epilimnetic temperature can be modelled 

more accurately based on the equilibrium temperature than on air temperature alone, and 

although it can be shown that driving variables other than air temperature – especially 

cloud cover – have a substantial influence on the equilibrium temperature, the only 

variable that we can confidently assert to be at least partly responsible for the long-term 

increase in the daily minimum epilimnetic temperature, and hence for the daily 

temperature range in the epilimnion, is the daily minimum air temperature. Nevertheless, 

there are strong indications that relative humidity and cloud cover should not be neglected 

in future modelling studies, as any long-term increase in either of these variables will act to 

support the effect of a long-term increase in daily minimum air temperature on the 

nighttime emission coefficient of the atmosphere, and hence on the nighttime emission of 

long-wave atmospheric radiation. This is the process that is predominantly responsible for 

the phenomenon of day-night asymmetry in the epilimnetic temperature. 

 The results of this study are not only of physical, but also of biological significance. 

The importance of water temperature as an ecological factor in lakes is undoubted, since it 

is a dominant regulator of nearly all physico-chemical cycles, and consequently of lake 

metabolism and productivity (Wetzel 2001). The potential biological relevance of the long-

term decrease in the daily epilimnetic temperature range resulting from the increase in the 

daily minimum is less clear, since this is the first time to our knowledge that this 
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phenomenon has been observed. Demonstrating experimentally the ecological implications 

of such a decrease is, however, likely to be a challenging task. 
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Abstract 

In comparison to dimictic lakes, temperate polymictic lakes exhibit frequent and irregular 

interruptions of thermal stratification by mixing. From hourly measured water temperature 

profiles the mixing regime of a polymictic lake (Müggelsee, Germany) was determined 

from 2003 to 2006. Stratification events lasting less than one day were by far the most 

frequent but during summer prolonged thermal stratification events occurred one to three 

times a year, lasting from about 1 week to 2 months. During stratification events the hypo-

limnetic temperature continuously increased, stimulating the depletion of dissolved oxygen 

and the accumulation of dissolved nutrients (especially of phosphorus). Limiting dissolved 

oxygen concentrations affected up to 66% (< 5 mg L
-1

) and 40% (< 2 mg L
-1

) of the total 

lake volume. The breakdown of each long stratification event was followed by a pulse of 

dissolved nutrients into the euphotic layer. These multiple nutrient pulses resulted in the 

development of phytoplankton blooms, the magnitude of which depended on the previous-

ly accumulated dissolved phosphorus and silicon. During stratification the functional 

phytoplankton composition shifted from species that are sensitive to stratification to 

species that are tolerant to or favoured by stratification. Contrary to predictions, cyano-

bacteria did not generally profit from rising water temperatures or prolonged stratification 

events. Even during extremely long stratification events the thermal characteristics and the 

nutrient accumulation were not generally comparable to those observed in shallow dimictic 

lakes during summer stratification. In the future, summer stratification events will be very 

likely amplified with respect to projected climate changes. Consequently, the dissolved 

oxygen depletion and dissolved nutrient accumulation in the hypolimnion may increase, 

stimulating the formation of phytoplankton blooms. 

 

Introduction 

Shallow lakes are widespread across the northern hemisphere and because of their morpho-

metry are often polymictic, experiencing alternating periods of mixing and thermal strati-
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fication during summer driven by prevailing weather conditions (Wetzel 2001). These 

lakes quickly respond to actual weather conditions and are thus particularly prone to 

changes in climate. Impacts of climate warming on thermal conditions of temperate lakes 

are widely documented for dimictic lakes (reviewed by Gerten and Adrian 2002a), in-

cluding shortened ice-cover periods (e.g. Weyhenmeyer et al. 1999), increasing water tem-

peratures (e.g. Schindler et al. 1990), an advanced onset of thermal stratification (Gerten 

and Adrian 2001) and an increased lake stability (e.g. King et al. 1997). Modelling studies 

based on future climate scenarios suggest further amplifications in these changes in the 

thermal characteristics of dimictic lakes (De Stasio 1996, Peeters et al. 2002). Effects of 

climate warming on polymictic lakes are less well understood (Gerten and Adrian 2001). 

Here changes in climate may not only affect single thermal characteristics as water tem-

perature but also the mixing regime in general and thus the frequency and duration of 

intermittent thermal stratification events.  

 Prolonged thermal stratification in the context of climate warming has already been 

shown to particularly influence hypolimnetic oxygen conditions (Jankowski et al. 2006), 

enhancing stress to aquatic organisms (Weider and Lampert 1985, Seager et al. 2000, 

Wilhelm and Adrian 2007). Moreover, nutrient release processes at the sediment-water 

interface are supported by oxygen depletion and by high hypolimnetic temperatures 

(Marsden 1989, Søndergaard et al. 2003). Higher hypolimnetic temperatures also stimulate 

the mineralisation of organic matter, which contributes to the accumulation of dissolved 

nutrients in the hypolimnion (Søndergaard et al. 2003). The internal nutrient loading, 

especially of phosphorus, is important for the nutrient budget of productive polymictic 

lakes (Riley and Prepas 1984, Scheffer 1998), because alternating stratification and mixing 

events cause – other than in dimictic lakes – multiple nutrient pulses into the euphotic layer 

during summer.  

 For phytoplankton the strength and frequency of turbulence governed by the mixing 

regime of a lake is a primary factor influencing growth and competition (Ptacnik et al. 

2003, Huisman et al. 2004). Particularly buoyant species like cyanobacteria are advantage-

ous over non-motile species (e.g. diatoms) in a stratified water column (Reynolds 1997). 

The breakdown of thermal stratification is followed by nutrient pulses into the euphotic 

zone inducing phytoplankton blooms (c.f. French and Petticrew 2007), which is a well 

known phenomenon in dimictic lakes after the overturn in fall (Sommer et al. 1985). 

 Previous studies on the mixing regime of temperate polymictic lakes and the impacts 

on dissolved oxygen, nutrients and the plankton community (Weithoff et al. 2000, Watts et 
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al. 2001, Wiedner et al. 2002), including those on Müggelsee (e.g. Behrendt et al. 1993, 

Kleeberg and Dudel 1997), were often limited to short periods of time or to a low sampling 

frequency. However, high frequency measurements are especially important for the study 

of polymictic lakes, because their thermal characteristics vary on short time scales (Wetzel 

2001).   

 To account for this high temporal variability we measured water temperature profiles 

at hourly intervals between 2003 and 2006. We determined the frequency, duration and 

intensity of stratification events and aimed at ascertaining the impact of long stratification 

events on hypolimnetic dissolved oxygen, dissolved nutrient concentrations (phosphorus, 

nitrate, silicon) and on phytoplankton biomass and functional composition. The investi-

gation period includes the European heatwave in 2003 (Schär et al. 2004) and the recent 

extremely warm summer in 2006 and thus provides an excellent opportunity to assess the 

functioning of polymictic lakes with respect to the projected future climate warming 

(Cubasch et al. 2001).  

 

Materials and methods  

Study site 

The Müggelsee is a shallow, eutrophic and polymictic lake in eastern Berlin, Germany. It 

has a mean depth of 4.9 m, a maximum depth of 8 m and covers an area of 7.3 km
2
. The 

lake is flushed by the River Spree and had a mean theoretical water retention time of 25-28 

weeks during the summer months (June, July and August) from 2003 to 2005 (S. Wilhelm, 

unpublished data). The surrounding topography is flat and the lake basin is oriented from 

East to West, hence, the lake is highly exposed to the prevailing winds from Southwest.  

 

Data 

The water temperature profile of the lake from 2003 to 2006 was recorded at 5-min inter-

vals at a lake station anchored 300 m offshore using a chain of AD592 temperature trans-

ducers (Analog Devices, Norwood, USA) that were deployed from 0.5 to 5.0 m water 

depth at 0.5-m intervals. Water temperature measurements were used from April to 

October (except for 2003 when recordings started at the end of May) and were aggregated 

to yield hourly means. The lake was defined as thermally stratified if the water temperature 

difference exceeded 1 K between the surface (0.5 m depth) and 5.0 m depth (at the lake 

station). This water temperature difference ranged from 1.0 to 11.1 K and was also used to 

characterise the intensity of stratification, because the water column stability – estimated 
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by the square of the Brunt-Väisälä frequency (c.f. Behrendt et al. 1993) – could not be 

calculated due to the lack of hourly conductivity profiles in 2003. From 2004 to 2006 

hourly stratification intensity and the Brunt-Väisälä frequency-based stability were signify-

cantly correlated (r = 0.99, p<0.001), indicating the applicability of the stratification inten-

sity based on water temperature alone.  

 During stratification the thermocline depth that separates the upper from the lower 

water layer (referred to epilimnion and hypolimnion in the following) was defined as the 

depth where the maximum temperature difference between two consecutive measurement 

depths occurred. This depth ranged from 0.75 to 4.75 m at intervals of 0.5 m. Water tem-

perature profiles exhibiting double thermoclines were characterised using the deepest 

thermocline. Thermocline depths located beneath 5.0 m due to internal seiches that occur 

in the lake (Lorke 1998) were set to 4.75 m (in 139 incidents with a mean duration of 4.5 

hours). Mean epilimnetic and hypolimnetic water temperatures were computed based on 

the profile measurements above and below the thermocline depth. 

 At the lake station hourly profiles of dissolved oxygen concentrations (DO) were 

measured from 2004 to 2006 from 0.5 to 5.0 m depth at 0.5-m intervals using a YSI 6600 

probe (YSI Inc., Yellow Springs, USA) that was mounted on a winch. Since hourly DO 

profiles at the lake station were not available for 2003, weekly DO profiles were used from 

2003 to 2006, measured at the deepest part of the lake from 0.5 to 7.0 m at 0.5 m intervals 

with a Hydrolab probe (Hach Corporation, Loveland, USA). The hourly and weekly DO 

concentrations averaged over the lake profile showed no significant difference for the years 

2004 to 2006 (Wilcoxon paired-sample test, p>0.05). Thus, hourly DO (DOh) and weekly 

DO (DOw) measurements could equally be applied in the analysis. Both DOh and DOw 

were used to determine the relative frequency, quantity and duration of lake volumes 

containing less than 5 and 2 mg DO L
-1

. These concentrations are known to limit the 

growth and survival of aquatic organisms, especially of fish species (e.g. Alabaster and 

Lloyd 1982). We identified the water depth below which DO was lower than 5 mg L
-1

 

(2 mg L
-1

) and calculated the affected lake volume (in %) by means of the hypsographic 

curve of the lake. The volume beneath the depth of 7 m corresponds to a total lake volume 

of 1.1% and beneath 5 m depth (about average lake depth) to 18.7%. For DOh the affected 

lake volume was computed from 18.7% onwards, due to the maximum water depth of 5 m 

at the lake station. The hypolimnetic means of DOw and DOh were computed based on the 

profile measurements below the thermocline depth. 
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 Dissolved nutrients, i.e. soluble reactive phosphorus (SRP), nitrate (NO3), ammonium 

(NH4) and soluble reactive silicon (SRSi), and phytoplankton biomass (fresh weight) from 

2003 to 2006 were determined at weekly intervals (Driescher et al. 1993). During the 

absence of thermal stratification a mixed sample over the lake profile was taken (mean lake 

conditions), whereas during stratification two mixed samples were taken separately, 

representing the upper (0.5-3.5 m depth) and lower (4.5-7.0 m depth) water layers 

(Driescher et al. 1993). The separation of the upper and lower water layer may not always 

correspond to the  epi- and hypolimnion as determined by the thermocline depth. Never-

theless, the two mixed samples representing the upper and lower water layers compare well 

with the mean thermocline depth as calculated in the present study (3.5 ± 1.3 m; see 

Results). Epilimnetic phytoplankton species were assigned to functional groups according 

to Reynolds et al. (2002), with each group being more likely to occur under particular 

environmental conditions such as mixing or stratification (Table IV-1). To analyse the 

overall phytoplankton composition during and after a stratification event, the dominant 

functional group was selected from each weekly sample. A phytoplankton bloom during 

and after long stratification events was defined as at least a doubling of biomass compared 

to the last sampling before stratification or before complete mixing.  

 

Table IV-1. Dominant phytoplankton functional groups of Müggelsee according to Reynolds et al. 

(2002) during summer from 2003 to 2006. 

 

Codon Description Representatives Sensitivity  

C  larger diatoms Stephanodiscus stratification 

P summer diatoms Aulacoseira, Fragilaria stratification 

S1 filamentous cyanobacteria Planktothrix neither 

X2 eutrophic nanoplankter Chrysochromulina mixing 

Y nanoplanktonic flagellates Cryptomonas, Rhodomonas neither 

H1 nitrogen-fixing cyanobacteria Aphanizomenon mixing 

LM motile colonies Ceratium mixing 
 

 

Data analysis 

To examine the mixing regime of Müggelsee we compiled a frequency distribution of the 

duration of stratification events between 2003 and 2006 and analysed their seasonal 

distribution. All further analyses were conducted with the data associated with strati-

fication events with a duration of more than one week, as data on nutrients and phyto-

plankton were derived from weekly sampling intervals only. Mean values of hourly strati-

fication intensity, thermocline depth, epilimnetic and hypolimnetic water temperature and 
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weekly hypolimnetic DOw, dissolved nutrients and phytoplankton biomass were calculated 

for each event and the Kruskall-Wallis H test was applied to test for significant differences 

between events. The Wilcoxon paired-sample test was used to test for differences in 

dissolved nutrient concentrations between the epi- and the hypolimnion. Spearman cor-

relation was performed to test for relationships between physical, chemical and biological 

variables (i.e. stratification duration and intensity, hypolimnetic temperature DOw and 

DOh, dissolved nutrients and phytoplankton biomass). To evaluate the relationship between 

the thermal characteristics of the lake and each of the depending chemical or biological 

variable partial correlation analysis (e.g. Lozán and Kausch 1998) was performed. The 

proportion of shared variance (r) was calculated between each of the influencing variables 

(i.e. stratification duration, intensity, thermocline depth and hypolimnetic temperature) and 

the depending variable (hypolimnetic DO, SRP or epilimnetic phytoplankton functional 

groups), to describe the strength of the relationship between two variables whilst taking 

away the effects of the other influencing variables. 

 

Results 

Mixing regime 

From 2003 to 2006, 150 stratification events of different duration were recorded between 

April and October. Very short events with a duration of less than 1 day were by far the 

most frequent, representing 79.3% of all events (Fig. IV-1a). Long events that lasted for 

more than 1 week occurred with an incidence of 5.3% or 8 events in total and lasted from 

1.3 to 8.6 weeks (Fig. IV-1a and b). First stratification events occurred in March or April 

and the last in October or November. The onset of long stratification events was found 

from the end of May to the end of August (Fig. IV-1b). During fall the lake was usually 

completely mixed, while during summer the amount of stratification exceeded that of 

mixing (Fig. IV-1c). The longest stratification events developed during the European 

summer heat waves in 2003 and 2006 (events 1 and 2 in Table IV-2; Fig. IV-1b).  

 

Physical characterisation of long stratification events 

The eight prolonged stratification events were characterised by a wide range in their 

duration (Table IV-2), an overall mean thermocline depth of 3.5 ± 1.3 m and a mean strati-

fication intensity of 3.5 ± 2.3 K (maximum of 11.1 K in 2006). The stratification events 

showed a high variability in thermocline depth and stratification intensity within and 

between events (Fig. IV-2a and b; Table IV-2). On the one hand, thermocline depth and 
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Fig. IV-1   The mixing regime of Müggelsee from 2003 to 2006: (a) duration of stratification 

events, (b) distribution of the eight prolonged summer stratification events and c) seasonal dis-

tribution of mixing and stratification. 
 

stratification intensity exhibited stable periods as well as rapidly occurring steep changes 

during each event – even obvious after averaging over 48 h (Fig. IV-2) – but revealed no 

substantial correlation with each other. On the other hand,  significant differences for 

thermocline depth and intensity between the events (both p<0.001) were found. The 

thermocline decreased significantly with increasing duration of stratification (r = 0.40, 
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p<0.05; Fig. IV-2a). Mean epilimnetic temperature per event ranged between 21.3 and 24.4 

°C and was positively correlated with mean stratification intensity (r = 0.81, p<0.05). Mean 

hypolimnetic temperature per event ranged from 15.7 to 21.5 °C (Table IV-2) and was 

significantly correlated with the duration of stratification (r = 0.60, p<0.01), indicating an 

increase in hypolimnetic temperature with increasing stratification duration.  

 

Table IV-2. Characterisation of long stratification events from 2003 to 2006 (mean values and 

standard deviation). 
 

           Phytoplankt. (mgL
-1

) 

Event 

(#) 

Duration  

(h) 

Thermocline  

(m) 

Intensity 

(K) 

Hypolimn.  

temp. (°C) 

DOw      

(mgL
-1

) 

SRP            

(µgL
-1

) 

Strati-

fication 

Peak            

(after) 

1 1456 3.8 ± 1.0 5.0 ± 2.5 19.6 ± 2.6 2.3 ± 2.5 328 ± 331   8.2 ± 5.3 13.1 

2 751 3.4 ± 1.3 3.8 ± 1.6 21.5 ± 1.4 2.6 ± 0.8 359 ± 145   1.8 ± 0.6 14.9 

3 496 3.3 ± 1.4 3.1 ± 1.8 18.8 ± 1.5 3.6 ± 2.7   70 ± 53   1.9 ± 1.9 - 

4 432 3.9 ± 1.1 2.9 ± 2.0 20.1 ± 1.4 1.8 ± 0.6 124 ± 33   3.0 ± 2.4   6.1 

5 410 3.5 ± 1.4 2.0 ± 1.0 15.7 ± 1.4 7.1 ± 2.0   33 ± 8   2.7 ± 0.9   7.0 

6 356 3.2 ± 1.3 2.5 ± 1.2 20.8 ± 0.8 2.4 ± 0.7 183 ± 67   1.0 ± 0.2 12.6 

7 325 2.8 ± 1.5 1.7 ± 0.9 20.0 ± 0.4 6.1 ± 0.7 207 ± 3 10.3 ± 6.3 10.4 

8 223 2.9 ± 1.2 2.3 ± 1.3 21.0 ± 0.9 4.0 ± 4.8       64   2.5 ± 1.2 14.3 
 

 

DOw, weekly hypolimnetic dissolved oxygen; SRP, hypolimnetic soluble reactive. Events are 

sorted by their duration and there was only one sample for SRP during event 8. The epilimnetic 

peak biomass after breakdown of stratification cannot be given for event 3, because at the first 

sampling after breakdown of stratification the next event had started. 

 

 

Dissolved Oxygen 

Hypolimnetic DOw concentrations were highly variable (Table IV-2) but no statistically 

significant difference was found between the events. Oxygen depletion (DOw ) affected up 

to 40% (< 5 mg L
-1

) and 25% (< 2 mg L
-1

) of the total lake volume (Fig. IV-3a). On an 

hourly basis oxygen depletion (DOh) affected up to 66% (< 5 mg L
-1

) and 40% (< 2 mgL
-1

) 

of the total lake volume (Fig. IV-3a). These low oxygen conditions were usually rather 

short-lived lasting for 1 to 12 hours (Fig. IV-3b), but persisted up to a maximum of 9 days 

(DOh < 5 mg L
-1

) during the extreme summer in 2006. To determine the influence of the 

thermal characteristics of the lake on hypolimnetic DOh and the lake volumes containing 

less than 5 and 2 mg DOh L
-1

, partial correlation analysis was performed. All tested 

thermal lake characteristics were important in determining overall DO concentrations 

(Table IV-3). This was not the case when considering the lake volumes affected by the two 

threshold concentrations as both were, e.g., unaffected by thermocline depth. 
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Fig. IV-2  Time series of the eight prolonged stratification events of Müggelsee from 2003 to 2006: 

48-h moving averages of (a) thermocline depth and (b) stratification intensity. 

 

 

 

 

 

Fig. IV-3  Hypolimnetic dissolved oxygen conditions during stratification: (a) frequency of affected 

lake volumes containing less than 5 and 2 mg L
-1 

of weekly (DOw) and hourly (DOh) measured 

dissolved oxygen and (b) duration of hourly measured dissolved oxygen concentrations (DOh) of less 

than 5 and 2 mg L
-1

. 
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Table IV-3. Partial correlation coefficients (r) between the thermal characteristics of the lake and 

dissolved oxygen, SRP and epilimnetic phytoplankton. 
 

  Lake volume  Functional group 

  
DOh  

(mgL
-1

) 

DOh                 

< 5 mgL
-1

 

DOh           

< 2 mgL
-1

 

SRP   (µgL
-

1
) 

C 

(mgL
-1

) 

X2 

(mgL
-1

) 

Stratification duration –0.28** 0.17** 0.44**   0.71**   ns ns 

Stratification intensity –0.37** 0.41** 0.28**   ns   ns 0.41* 

Thermocline depth –0.54** ns ns –0.49* –0.49* ns 

Hypolimnetic temperature –0.23** 0.25** ns   0.44*   ns ns 
 

 

DOh, hourly hypolimnetic dissolved oxygen; SRP, hypolimnetic soluble reactive phosphorus; ns, not 

significant at p<0.5; *, significant at p<0.05; **, significant at p<0.01. 

 

 

Nutrients 

Epi- and hypolimnetic concentrations of dissolved nutrients exhibited a wide range bet-

ween and within stratification events, particularly SRP (Tables IV-2 and IV-4), and were 

significantly higher in the hypolimnion than in the epilimnion (for all nutrients p<0.01). In 

contrast to hypolimnetic DIN and SRSi that generally remained at lower concentrations, 

hypolimnetic SRP concentrations strongly increased during most stratification events 

(Table IV-4) as obvious from the high mean values and their large standard deviations 

(Table IV-2). The magnitude of the hypolimnetic SRP accumulation mainly depended on 

the duration of stratification but also on thermocline depth and hypolimnetic temperature 

(Table IV-3). After the breakdown of stratification mean SRP concentrations increased by 

a factor of 3.3, DIN by 2.8 and SRSi by a factor of 1.2 as compared to previous epilimnetic 

concentrations (Table IV-4). The increase in SRP concentrations after mixing depended on 

hypolimnetic SRP concentrations reached by the end of each stratification event (r = 0.93, 

p<0.01). For DIN (r = 0.52, p>0.05) and SRSi (r = 0.70, p>0.05) concentrations no such 

significant relationship was found.  

 

Table IV-4. Ranges of dissolved nutrients during and directly after breakdown of stratification 

events (c.f. Table IV-2) in the epi- and hypolimnion. 
 

  During stratification After mixing 

  Epilimnion Hypolimnion Epilimnion 

SRP (µgL
-1

)      4 - 138    26 - 933    34 - 267 

DIN (mgL
-1

) 0.03 - 0.18 0.05 - 1.5 0.05 - 0.33 

SRSi (mgL
-1

)   0.1 - 5.9   0.9 - 6.9   0.8 - 5.6 
 

 

SRP, soluble reactive phosphorus; DIN, dissolved inorganic nitrogen; SRSi, soluble reactive 

silicon. 
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Phytoplankton 

Mean epilimnetic phytoplankton biomass during the eight stratification events was highly 

variable (Table IV-2), and so was the phytoplankton composition. Nevertheless, some 

general pattern was found. Before the onset of stratification the functional groups C, Y and 

LM (c.f. Table IV-1) dominated the summer phytoplankton (Fig. IV-4a). With the begin-

ning of stratification functional groups P and X2 became dominant, while group C lost 

dominance after 1 week of stratification. The functional group H1 representing cyano-

bacteria appeared during the longest stratification event in 2006 only. During most events 

(5 of 8 events) maximum phytoplankton biomass was recorded 1 to 6 weeks after the onset 

of stratification, otherwise phytoplankton biomass remained rather stable or decreased 

steadily in the course of stratification. Functional groups C, P or H1 dominated the phyto-

plankton during the peak of a bloom. We tested the influence of the thermal conditions on 

the dominant functional groups and found that groups C and X2 were significantly cor-

related with thermocline depth or with the stratification intensity (Table IV-3). There were 

no significant correlations between the concentrations of dissolved nutrients and the bio-

mass of distinct functional groups in the epilimnion.  

 

 

Fig. IV-4  Dominant phytoplankton functional groups of Müggelsee during summer from 2003 to 

2006: (a) during stratification (note that the week before the onset of stratification was referred to 

as week 0) and (b) directly after breakdown of stratification and during the biomass peak of the 

phytoplankton blooms. 

 

 

 After the breakdown of the stratification events the phytoplankton composition was 

mostly dominated by functional groups P and Y (Fig. IV-4b). Each stratification event was 

followed by a phytoplankton bloom occurring about 3 weeks after complete mixing. The 

peak biomass of these phytoplankton blooms (Table IV-2) was on average 5.5 times higher 

than the biomass of the last epilimnetic sample before breakdown of stratification and was 
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mostly dominated by functional group C (Fig. IV-4b). Only the extremely long event in 

2006 was followed by a bloom of cyanobacteria (group S1). Except for DIN, we found 

significant relationships between hypolimnetic SRSi (r = 0.86) and SRP (r = 0.71, both 

p<0.05) concentrations reached by the end of stratification and the magnitude of the sub-

sequent phytoplankton bloom. 

 

Discussion 

Mixing regime 

In Müggelsee thermal stratification turned out to be more frequent than mixing during 

summer from 2003 to 2006. Between June and August 1 to 3 prolonged stratification 

events occurred per year, which highly varied in their length from about 1 week to 2 

months and which reached maximum durations during the extremely warm summers in 

2003 and 2006. The stratification event in 2006 was the longest on record between 1979 

and 2006 (S. Wilhelm, unpublished data).  

  Even during the extremely long stratification events the thermal characteristics of the 

lake differed from those typically found in shallow dimictic lakes, which exhibit a contin-

uous stratification during summer. The water temperature difference between lake surface 

and bottom (stratification intensity) was rather small (mean of 3.5 K), because long strati-

fication events built up during summer when mean lake temperatures were already quite 

high. Therefore, hypolimnetic temperatures were much higher than in shallow but dimictic 

lakes that start to stratify earlier in the year (e.g., about 7-15 °C for Upper Rock lake, 

Agbeti et al. 1997; about 5-13 °C for Heiligensee, Gerten and Adrian 2001). In addition, 

hypolimnetic temperatures increased with increasing duration of a stratification event, 

most likely caused by heat conduction from the epilimnion to the hypolimnion during 

periods of low stratification intensity (Imberger and Patterson 1990). This process results 

in an extension of the epilimnion leading to a deepening of the thermocline throughout the 

period of thermal stratification (Fig. IV-2). The strong short-term variations in strati-

fication intensity and thermocline depth in Müggelsee were mainly caused by variations in 

meteorological forcing at the lake surface (c.f. Wilhelm et al. 2006) and by internal seiches 

generated by wind (c.f. Lorke 1998), which is generally known for lakes exhibiting thermal 

stratification (Imberger and Patterson 1990, Imboden and Wüest 1995). 
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Effects of long stratification on dissolved oxygen, nutrients and phytoplankton 

As expected, hypolimnetic DOh depletion was strongly linked to the actual thermal con-

ditions (Table IV-4). Interesting is the discrepancy between the duration of stratification 

(weeks to months) and the rather short-lived DOh depletion in the hypolimnion (hours to 

days). This may be attributed to the frequent occurrence of internal seiches in Müggelsee 

(c.f. Lorke 1998), causing the thermocline to tilt (Imboden and Wüest 1995). This tilting of 

the thermocline leads to a “dis- and reappearance” of the hypolimnetic layer (at the near-

shore measuring station), resulting in alternating high and low oxygen concentrations in 

deeper waters at rather short time intervals (Imboden and Wüest 1995). Deeper parts in the 

middle of the lake (5-8 m) are likely much longer affected by limiting DOh concentrations, 

since these regions are not as strongly influenced by the tilting of the thermocline as near-

shore regions. Oxygen depletion in Müggelsee was less severe than in shallow dimictic 

lakes, where the hypolimnion remains at low DO concentration throughout the course of 

summer stratification (Adrian et al. 1995, Scheffer 1998). This confirms an earlier study by 

Behrendt et al. (1993), who considered Müggelsee to be well supplied with DOw. How-

ever, their study was based on the period 1979-1990, when the epilimnetic temperature lay 

about 1.5 K below the average summer water temperature reached from the mid 1990s on-

wards (Adrian et al. 2006, Wilhelm et al. 2006). Therefore it is likely that long 

stratification events have been less frequent or shorter during the colder period 1979-1990, 

resulting in less oxygen depletion. From 2003 to 2006, in contrast, hypolimnetic DOh often 

dropped below biologically relevant threshold concentrations, affecting up to two thirds of 

the total lake volume. 

  We previously pointed out that the freshwater mussel Dreissena polymorpha may have 

been inhibited from reproduction due to unfavourable low DO conditions during the 

European summer heat wave in 2003 (Wilhelm and Adrian 2007). This extreme event also 

caused decreasing densities and species richness in the mollusc communities in a French 

river (Mouthon and Daufresne 2006). As in 2003, the abundance of D. polymorpha larvae 

in 2006 distinctly decreased with the onset of the extremely long stratification event 

without recovering (data not shown), which provides further evidence for a negative 

impact of longer lasting low oxygen concentrations on the reproduction of this species. 

Impacts of prolonged stratification on other organisms of the lake are not yet known or 

analysed. However, benthic organisms, zooplankton and fish species may also be influ-

enced by low hypolimnetic DO concentrations in that they abandon not inhabitable lake 

sites (Watts et al. 2001, Järvalt et al. 2005) and/or experience changes in survival, growth 



Chapter IV                                                  Summer stratification events in a polymictic lake 

 65 

and reproduction (Weider and Lampert 1985, Hamburger et al. 2000, Seager et al. 2000). 

Particularly, species interaction, e.g. in predator-prey relationships, may be influenced by 

stressful low DO conditions, because prey may be hindered to react to predators or their 

ability to use habitat refugia may be reduced (Moore and Townsend 1998, Dawidowicz et 

al. 2002, Saloom and Duncan 2005). 

  The alteration of mixing and long stratification events may enhance the hypolimnetic 

SRP accumulation, making polymictic lakes even more vulnerable to the internal eutro-

phication than shallow dimictic lakes (c.f. Riley and Prepas 1984). There are two mecha-

nisms that are relevant in polymictic other than in dimictic lakes. First, the frequent alter-

nation of stratification and mixing may stimulate phosphorus release processes by de-

creasing high SRP gradients at the sediment-water interface that hamper further 

phosphorus release (Marsden 1989). Second, the higher hypolimnetic temperatures during 

stratification enhance both the mineralisation of hypolimnetic organic matter and the SRP 

release from the sediment and, hence, stimulate the hypolimnetic phosphorus accumulation 

(Scheffer 1998, Søndergaard et al. 1999 and 2003). Direct temperature effects on the 

phosphorus release from anaerobic sediment are particularly prone in iron reach sediments 

(Scheffer 1998), the sediment type found in Müggelsee (Kleeberg and Dudel 1997). There-

fore, overall SRP release rates during summer stratification may be higher in productive 

shallow polymictic than in productive shallow dimictic lakes (c.f. Riley and Prepas 1984, 

Scheffer 1998).   

  In comparison to shallow dimictic lakes that usually experience one nutrient pulse 

from deep waters not before complete overturn in late summer or fall (Scheffer 1998), the 

polymictic Müggelsee exhibited multiple nutrient pulses during summer. The magnitude of 

the epilimnetic nutrient enrichment of DIN and SRSi, in contrast to SRP, did not signify-

cantly depend on their hypolimnetic concentrations before complete mixing of the lake. 

This may be attributed to the sampling procedure, since epilimnetic dissolved nutrients 

were determined from a mixed sample between 0.5 and 3.5 m (c.f. Materials and methods). 

As the thermocline deepened with increasing duration of stratification epilimnetic waters 

diluted the hypolimnetic sample, resulting in an underestimation of hypolimnetic nutrient 

concentrations. In case of DIN and SRSi that exhibited small differences in their concen-

tration between the epi- and hypolimnion this effect likely obscured a significant re-

lationship as found for SRP.  

  The upwelling of hypolimnetic nutrient rich water positively affected the phyto-

plankton biomass resulting in phytoplankton blooms (mainly of diatoms), which has been 
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frequently reported for eutrophic lakes (Riley and Prepas 1984, MacIntyre 1998, French 

and Petticrew 2007). The different magnitudes in peak biomass and therefore in the 

intensity of a bloom depended on the amount of SRP and SRSi distributed over the entire 

water column, indicating that the phytoplankton after breakdown of stratification was 

mainly limited by SRP or SRSi but not by DIN. This contradicts the interpretation by 

Köhler et al. (2005), who proposed a change towards nitrogen limitation concurrent with 

the decrease in external nutrient load in Müggelsee. However, they used total phosphorus 

and total nitrogen concentrations for their analysis. 

  The alteration between stratification and mixing clearly altered the functional phyto-

plankton composition. During stratification the dominance shifted from diatoms exhibiting 

a negative correlation with thermocline depth (group C) to small species exhibiting a 

positive correlation with stratification intensity (group X2) and to motile colonies that are 

tolerant to or favoured by stratification (groups LM and H1), which is a well known process 

in stratifying lakes (Reynolds 1997, Ptacnik et al. 2003, Huisman et al. 2004). The 

dominance of summer diatoms (group P) until 3 weeks of stratification is surprising, since 

they are sensitive to stratification (Reynolds et al. 2002). Ptacnik et al. (2003) observed no 

decreasing cell densities for the summer diatom Fragilaria in enclosure experiments in a 

deep lake up to 9 m mixing (or thermocline) depth. Therefore, the shallow Müggelsee in 

comparison to deeper lakes may promote the persistence of small summer diatoms for a 

longer period of time during stratification through the relatively low thermocline depth 

and, hence, the small epilimnion exhibiting sufficient turbulence for sinking species (c.f. 

Reynolds 1997). The effect of thermal stratification on the functional phytoplankton 

composition increased with increasing duration of stratification events. Thus, short and less 

intense stratification events (duration of 1-3 weeks) in polymictic lakes may not negatively 

affect summer diatoms (group P) or promote small and motile species like flagellates and 

cyanobacteria (groups X2, LM, H1).  

  The lack of cyanobacteria during and after stratification events from 2003 to 2005 is 

surprising, because they usually dominated over diatoms during summer in the years prior 

to our investigation period (Köhler et al. 2005). During three stratification events from 

2003 to 2005 a steadily decreasing or stable phytoplankton biomass was observed, 

probably indicating a constant epilimnetic nutrient depletion or strong zooplankton pre-

dation (Reynolds 1997). Since motile and nitrogen-fixing cyanobacteria (group H1) that 

are favoured by stratification and low nitrogen concentrations (Reynolds et al. 2002) and 

that are less suitable for zooplankton (e.g. De Bernardi and Giussani 1990) did not 
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establish during these events, it is possible that other nutrients, particularly SRP, limited 

the epilimnetic phytoplankton growth as discussed above for the magnitude of phyto-

plankton blooms after mixing.  

 

Implications for future climate changes 

Simulation analysis using two different regional climate models (RCM‟s) and future 

scenarios for the Müggelsee catchment reveal a general increase air temperature (by about 

3.0-5.0 K) and reductions in wind speed (by about 0.5-1.5 ms
-1

) and precipitation (by about 

5-20 mm) within the next decades during summer (P. Samuelsson, SMHI Sweden, un-

published data). The Max Planck Institute for Meteorology in Germany recently published 

climate projections for the 21. century, reporting an increased probability for the 

occurrence of summer heat waves in central Europe; temperatures prevailing during the 

heat wave in 2003 will probably be very common by the end of this century (http://www. 

mpimet.mpg.de/fileadmin/grafik/presse/Klimaprojektionen2006.pdf).  

  According to these future projections stratification events in Müggelsee may occur 

more often and/or feature higher water temperatures, longer durations and stratification 

intensities within the next decades. The extremely long and intense stratification events in 

2003 and 2006 may have already shown “the shape of things to come”.  In contrast to the 

hypolimnetic temperature of shallow dimictic lakes, which will likely decrease along with 

further global warming (Gerten & Adrian 2001), hypolimnetic temperatures of polymictic 

shallow lakes will likely increase. An amplification in stratification duration and hypo-

limnetic temperature would result in an increase in the severity of dissolved oxygen 

depletion as predicted for dimictic and polymictic lakes of the temperature zone with 

respect to future climate warming (Fang and Stefan 1997). Following from this, the 

hypolimnetic nutrient accumulation, the frequency and magnitude of nutrient pulses and 

the magnitude of subsequent phytoplankton blooms are likely to increase. This implies that 

this enhanced internal phosphorus loading during summer would strongly counteract the 

reduction in external load (Kleeberg and Dudel 1997, Søndergaard et al. 2003, Köhler et al. 

2005). For the phytoplankton we cannot confirm that an increase in water temperature will 

favour the dominance of cyanobacteria as anticipated by Huisman et al. (2004) and Mooij 

et al. (2005). The period from 2003 to 2006 was distinctly warmer than the 1980s (Adrian 

et al. 2006, Wilhelm et al. 2006) and, except for 2006, did not promote cyanobacteria but 

rather diatoms.  
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Conclusions 

Our analysis on the mixing regime of Müggelsee revealed that the thermal characteristics 

of the lake even during extremely long stratification events were not generally comparable 

to those of shallow dimictic lakes during summer stratification. Particularly hypolimnetic 

temperatures were much higher in the polymictic lake, favouring the hypolimnetic oxygen 

depletion and the accumulation of dissolved nutrients (especially of SRP). Thermal strati-

fication directly affected the phytoplankton functional composition and indirectly 

stimulated the phytoplankton growth through the upwelling of nutrient rich hypolimnetic 

waters. These frequently occurring nutrient pulses are specific for polymictic lakes in 

contrast to shallow dimictic lakes that experience one nutrient pulse not before the 

complete overturn in fall. We assume that chemical and biological processes that are deter-

mined by thermal stratification will be amplified in the future with respect to projected 

climate changes. Hence, climate change may induce an internal nutrient accumulation and 

subsequent phytoplankton biomass growth that may generally be stronger for polymictic 

lakes than for shallow dimictic lakes. 
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Abstract 

Müggelsee, a shallow eutrophic lake (Berlin, Germany), has been subject to global 

warming and concurrent reductions of anthropogenic nutrient loading during the past 

decades. Here, we focus on the recent increase in abundance of Dreissena polymorpha 

larvae. We aimed at ascertaining whether the change in abundance of larvae was driven by 

changes in climate, especially by climate warming, and/or by the concurrent changes in 

trophic state of the lake. Both the numbers of small, newly developed larvae and their 

lengths have increased in recent years, suggesting that conditions for overall reproductive 

success have improved. The timing of the increase in abundance of larvae was matched by 

changes in nutrient loading and phytoplankton biomass, induced by a reduced inflow of 

nutrients into the lake. Besides a correlation between the first appearance of larvae in each 

year and the timing of the requisite temperature for first spawning (12 °C), no relationship 

between changes in water temperature and abundance, length and survival rates of larvae 

was found. However, a sudden drop in abundance of larvae in 2003 may be primarily 

attributed to low dissolved oxygen conditions during an unusually long period of 

stratification, induced by anomalous meteorological conditions. The increase in length and 

survival rates of larvae was most likely due to changes in food composition, which 

followed the decrease in nutrient availability, and to changes in the occurrence of 

planktivorous fish. The results suggest that the first appearance of larvae per year and the 

decline in abundance of larvae in 2003 were driven by climatic influences, while the 

overall increase in abundance and length of D. polymorpha larvae in Müggelsee was more 

likely caused by changes in the trophic state of the lake rather than by climate warming. 

 

Introduction  

Impacts of recent changes in physical and biological conditions have been widely 

documented for freshwater (Gerten and Adrian 2002a, Anderson et al. 2005) and marine 
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(Marcus 2004, Hays et al. 2005) ecosystems and have mainly been related to climate 

warming and changes in nutrient loading, which affect the trophic state of habitats. In the 

past decades lakes were often subject to the concomitant influence of climate warming and 

re-oligotrophication (Anneville et al. 2002, Edmondson et al. 2003, Anneville et al. 2005, 

Jeppesen et al. 2005) and so was Müggelsee (Köhler et al. 2005), our study lake in Berlin, 

Germany. Warming from winter until summer has caused substantial changes in the 

phenology of ice cover, phytoplankton and zooplankton communities in spring (Gerten and 

Adrian 2000 and 2002b). Furthermore, phytoplankton biomass has declined and its 

composition has changed, due to reduced external nutrient loading (Köhler et al. 2005). 

However, often it remains difficult to link alterations in species or communities to 

concurrently changing forcing factors, such as changes in climate and nutrient availability, 

because of the array of environmental factors that regulate the survival, growth and 

reproduction of species (Wetzel 2001), especially during summer. 

 Concurrently with the reported changes in lake plankton of Müggelsee, the maximum 

abundance of larvae of Dreissena polymorpha (Pallas) reached during summer has 

increased (Chapter II). D. polymorpha, also known as zebra mussel, is a neozoon that 

expanded its range dramatically over the past 200 years (Stańczykowska 1977, Kinzelbach 

1995). It was first recorded in 1827 in lakes around Berlin (Oderbrecht 1957). D. 

polymorpha is unusual among freshwater molluscs in having free-swimming larvae and a 

flexible reproductive cycle, which together facilitate a rapid spread of this non-native 

species (Stoeckmann and Garton 2001). The influences of environmental factors on this 

“pest” species were extensively studied – reinforced by the rapid spread of D. polymorpha 

into the Great Lakes of North America (Hebert et al. 1989) – providing a good base for 

studying the impact of concurrent changes in forcing factors on D. polymorpha larvae. 

Water temperature, pH, calcium content and trophic state are known to be highly relevant 

for the survival, growth and reproduction of D. polymorpha, affecting the life cycle 

continuously throughout the year (Stańczykowska and Lewandowski 1993, Nichols 1996). 

Water temperature is important for the start of oogenesis and spawning of adult D. 

polymorpha (Borcherding 1991) and for survival and development of larvae (Sprung 

1993). Nutrient availability influences the colonisation success of D. polymorpha 

(Stańczykowska and Lewandowski 1993). Trophic-related food composition and oxygen 

conditions are known to affect not only adult D. polymorpha, but also their larvae 

(Stańczykowska 1977, Stoeckmann and Garton 2001, Wacker and Elert 2002).  
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 Following up a recent study on the phenology of Dreissena polymorpha larvae 

(Chapter II), the purpose of this study is to examine whether the dramatic increase in 

abundance of D. polymorpha larvae in Müggelsee was related to climate warming or to the 

concurrent decline in nutrient availability or both. The strong increase in larvae and, hence, 

the possible increase in adult Dreissena polymorpha, may provoke important changes in 

the composition of planktonic and benthic communities of Müggelsee, as reported for 

other lakes (Nalepa and Schloesser 1992). For our analysis we used a unique long-term 

data set on the appearance, abundance and length of D. polymorpha larvae and on 

environmental variables that reflect thermal and trophic conditions, such as water 

temperature, nutrient loading, phytoplankton biomass and dissolved oxygen, before and 

during the reproductive season between 1988 and 2004. We focused on potential under-

lying mechanisms that drive annual and monthly abundances of larvae, the timing of first 

and last occurrences of larvae, and larval length. Further analysis on larval length were 

conducted to determine whether survival rates and survivorship curves that were estimated 

from size-frequency distributions of larvae changed within the period under study. All 

environmental variables were analysed for relationships with the appearance, abundance, 

length and survival rates of D. polymorpha larvae.  

 

Materials and methods  

 Study site 

Müggelsee, a shallow (mean depth 4.9 m) and eutrophic lake in Berlin, Germany (52°26' 

N, 13°39' E), covers an area of about 7.3 km
2
 and is flushed by the River Spree. The mean 

discharge declined by about 34% between the periods 1980-1990 and 1997-2003 (Köhler 

et al. 2005), but mean monthly water retention time of the lake was rather long with about 

11-19 weeks for May to August between 1988 and 2004 (S. Wilhelm, unpublished data).  

 

Data 

The abundance of epilimnetic Dreissena polymorpha veliger larvae (henceforth larvae) 

was estimated from a mixed sample taken at five different stations across the lake at 

weekly sampling intervals between 1988 and 2004. Sampling details are fully described in 

Köhler et al. (2005). The study period was chosen because of the high sampling frequency 

that reduces the uncertainty at determining the timing of larval appearance and spawning 

events (biweekly sampling between 1979 and 1987). However, the same point in time was 

found for the incipient increase in the abundance of larvae, when the longer time series 
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from 1980 to 2004 was considered (C. Wagner and R. Adrian, submitted). The beginning 

and ending of the pelagic occurrence refer to the first and last week within a year when 

larvae were found in the samples. Unusual counts of < 1 ind. L
-1

 during winter were not 

considered, since these larvae probably survived during winter in the pelagic zone (cf. 

Nichols 1996). For 1989 the beginning of the pelagic occurrence could not be defined 

because of an unusual first appearance of 1 ind. L
-1

 in February (three months early), with 

a subsequent linear increase of about 1 ind. L
-1

 per week until the middle of June. That 

year was excluded from the calculations of annual mean abundance of larvae, which was 

computed as the mean number of larvae found during their pelagic occurrence (henceforth 

reproductive season). Monthly mean abundance of larvae was calculated for May to 

September, which corresponded to the period of pelagic occurrence of the larvae. The 

frequency and timing of spawning events was estimated from peak abundances of larvae 

throughout the annual reproductive season; peaks were defined as local maximum 

abundances with preceding and succeeding abundances of lower levels. An analysis on the 

size distribution of larvae during peak abundances in July revealed that all peaks were 

strongly dominated by small larvae. Local maxima of < 5 larvae L
-1

 at the beginning and 

the end of the reproductive season were not considered as peaks.  

 Epilimnetic phytoplankton biomass, zooplankton abundances and nutrient concen-

trations (total phosphorus and nitrogen) were determined from weekly samples, as well as 

depth profiles of water temperature and dissolved oxygen concentrations, as described in 

Köhler et al. (2005). Phytoplankton is, besides bacteria, a primary food source for both the 

adults and larvae of D. polymorpha (Sprung 1995). We did not distinguish between edible 

and non-edible phytoplankton prey, because most of the ingestible phytoplankton species 

(1-5 µm size for larvae) were not identified to species level before 1995. For analysis total 

phytoplankton biomass and total biomasses of cyanobacteria, bacillariophyceae, chryso-

phyceae, cryptophyceae, dinophyceae and chlorophyceae were used. In general, there 

exists a competitive rather than predatory interaction between larvae and other zooplankton 

species, because only few copepods are known to feed on larvae (Liebig and Vanderploeg 

1995). For studying competition between larvae and zooplankton, abundances of ciliates, 

rotifers, cladocerans and copepods. Temperature and chemical conditions, such as total 

phosphorus and dissolved oxygen, are known to be important factors affecting growth, 

reproduction and survival of D. polymorpha (Stańczykowska and Lewandowski 1993, 

Nichols 1996). Depth profile measurements of water temperature and dissolved oxygen 

were averaged over the profile, so that average conditions for the survival of adult mussels 
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from the benthic zone and of larvae from the pelagic zone could be examined. All 

environmental variables were aggregated to monthly means. Unfortunately, there are no 

long-term records of adult D. polymorpha mussels for Müggelsee. 

 The lengths of larvae (  10 µm) were measured for each year from weekly preserved 

samples from July (the month with maximum abundances of larvae), so that we could 

examine the long-term development of the size-frequency distributions of larvae during the 

study period. The sampling size for the length measurements was determined from the 

estimated abundance of larvae per sample; about 15% of all larvae per sample were 

randomly selected under a microscope, and their lengths (widest dimension) were mea-

sured at ×10 magnification. This procedure ensured a good comparability, since the 

probability of measuring rare lengths (e.g. large larvae) was similar among samples. For 

samples with low abundance levels of larvae a higher proportion of larvae was measured to 

assure a sufficient sampling size for statistical analysis, i.e. at an abundance of about 40 

larvae L
-1

 at least 20 larvae were measured. Samples containing < 20 larvae L
-1

 were 

excluded from the analysis. Results from weekly samples were aggregated for the whole 

month July. The yearly maximum length of larvae for July was defined as the mean of the 

largest 10% of the measured larvae. 

 Larval stage was identified in addition to the length of larvae; however, a distinction 

between veliconcha and pediveliger larvae (cf. Ackerman et al. 1994) was unfortunately 

not possible, because larvae with a developed foot were never found in the samples. This 

can be attributed to withdrawal of soft parts into the shell due to preservation of samples, 

as larvae with a velum were very rarely observed. Since we could not distinguish between 

all planktonic larval stages, we classified measured larvae into three different groups 

according to their length, with a maximum overlap of two larval stages. The first group 

(small larvae) included exclusively D-veliger larvae from 70-110 µm; the second group 

(medium larvae) included D-veliger and veliconcha larvae from 120-160 µm; the third 

group (large larvae) was made of by veliconcha and pediveliger larvae from 170-290 µm. 

For each group the relative annual abundance in July was computed and was used to split 

up the monthly mean abundance of larvae from July into the three different size groups. 

Survival rates from small to medium, medium to large and small to large larvae in July 

were computed as the percentage remainder from the younger to the older size group for 

each year (cf. Fig. V-3).  
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 Data analysis 

All analyses described below were conducted both with and without the data of 2003, 

because of the exceptional low abundance of larvae during that year. There was no 

significant difference between the two sets of results; the results presented here are those 

derived from the data set not including 2003.  

 To examine whether the annual and monthly mean abundances of larvae, the timing of 

first and last occurrences of larvae, the frequency of spawning events per year and monthly 

water temperature changed during the study period, we calculated the non-parametric 

Mann-Kendall test statistic Z to test for monotonic trends in the time series (Sneyers 1975). 

The Mann-Kendall trend test was chosen because distribution of data did not satisfy 

normality, but homogeneity of data was confirmed and no serial correlation was detected. 

 The annual mean abundances of larvae were transformed into z-scores, which are the 

deviations from the long-term mean of the series divided by its standard deviation, and the 

plot of the cumulative sums (CUSUMS) of the z-scores was used to search for a change 

point in the temporal development of this time series (Page 1955). The CUSUM plot 

indicates the transient behaviour and helps specifically to distinguish periods with 

predominantly positive anomalies from periods with predominantly negative anomalies. 

Based on the maximum deviation at 1995, the time series of the annual mean abundances 

was separated into a cluster with lower abundance levels (1988-1995, henceforth cluster A) 

and a cluster with higher abundance levels (1996-2002 and 2004, henceforth cluster B). 

Based on significantly different maximum lengths in July (Mann-Whitney U = 0.0, p<0.01, 

N = 16), the time-series of the annual mean abundances of larvae were separated into two 

other clusters (Fig. V-1) with either a small mean maximum length of 153.4  3.9 µm 

(1988-1990 and 1993, henceforth cluster C) and a large mean maximum length of 203.1  

15.3 µm (1991, 1992, 1994-2002 and 2004, henceforth cluster D). For each cluster mean 

values for the abundance and survival rates of larvae were formed from corresponding 

years and the nonparametric Mann-Whitney U-Test was applied to test for significant 

differences between clusters A and B and C and D. We compiled larval size-frequency 

distributions for the clusters A to D from all particular length measurements of the cor-

responding years to estimate survivorship curves (cf. Wetzel 2001) of the larvae during 

their planktonic phase that describe the survival from small to large, i.e. from young to old, 

larvae including all intermediate lengths. The size frequency distributions of clusters are 

advantageous compared to distributions of single years, as spawning events within July of 

one year cannot reproduce a characteristic survivorship curve for D. polymorpha larvae, 
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since spawning may occur first in mid or late July so that large larvae may not be included 

in the analysis. Combining several years compensates this effect. To test for distribution 

differences between corresponding clusters the χ
2
-test was used. 

 

Fig. V-1  Annual maximum length and standard deviation of D. polymorpha larvae in July from 

1988 to 2004. Enclosed by circles are years belonging to either cluster C (1988-1990 and 1993) or 

cluster D (1991-1992, 1994-2002 and 2004). Data of 2003 are not associated with either cluster 

(see “Materials and methods” for further description). 

 

 Spearman correlation was performed to evaluate the influence of monthly water 

temperature, nutrient and dissolved oxygen concentrations, phytoplankton biomass and 

zooplankton abundances on the abundance of larvae from June to July (the months with 

significant increases in larval abundances), on their maximum length and on the survival 

rates of the three size groups, estimated for July. When significant correlations were found 

for subsequent months, data from weekly measurements were averaged over the respective 

period and correlation analysis was rerun to summarise the results.  

 

Results  

 Appearance and abundance of larvae 

On average, the first appearance of D. polymorpha larvae in the pelagic zone was in May 

(week 19  1) and the last appearance was in September/October (week 41  4) throughout 

the study period. Both the first and the last appearance showed no long-term trends and 

thus, the duration of pelagic occurrence of larvae (spawning season) did not change during 

the study period. The first peak abundance or spawning event was on average in week 20  

2 and showed no temporal long-term trend during the study period. However, the annual 

mean abundance of larvae increased considerably (Fig. V-2). This increase was statistically 
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significant (Z = 2.87, p<0.01) as well as the increase in mean abundance in June (Z = 3.29, 

p<0.01) and July (Z = 3.74, p<0.001), but not in other months. The mean annual abun-

dance of larvae for cluster A (43.3  19.0 ind. L
-1

) was significantly lower than for cluster 

B (159.6  66.6 ind. L
-1

) (U = 0.0, p = 0.001). 

 

Fig. V-2  Annual mean abundance and standard deviation of D. polymorpha larvae from 1988 to 

2004. Arrows indicate cluster A (1988-1995) and cluster B (1996-2002 and 2004). Data from 2003 

are not associated with either cluster (see “Materials and methods” for further description). 

 

 Frequency of spawning events 

No change in the frequency of spawning events was detected within the study period. The 

annual mean was estimated with 5  1 spawning events. Note that the number of spawning 

events is not necessarily related to individual mussels; spawning can be highly syn-

chronised, but mussel aggregations may be spatially far apart, which can lead to multiple 

spawning events from different sub-populations within the lake. The high variability in 

abundance of larvae within one year, which is due to several spawning events (followed by 

a strong decline in larval abundance until the next spawning), is reflected in the large 

standard deviations of the annual mean (Fig. V-2). 

  

 Length of larvae 

Trends to increasing abundances were observed for small and large larvae (p<0.01) and, 

especially, for medium larvae (p<0.001) (Fig. V-3). For small and medium larvae (p<0.01 

for both) and for large larvae (p<0.05) the abundances were significantly lower for cluster 

A than for cluster B. For cluster C, abundances of small larvae (p<0.05) and, especially of 

medium and large larvae (p<0.01 for both), were lower than for cluster D. The abundance 
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of large larvae equalled zero for cluster C, whereas high abundance levels were estimated 

for cluster D (Fig. V-3). Maximum length in July (Fig. V-1) was not significantly cor-

related to mean abundance of larvae from June to July (R
2
 = 0.11, p = 0.2, N = 16).  

 

Fig. V-3  Monthly mean abundance of size groups of D. polymorpha larvae for July from 1988 to 

2004. 

 

Survivorship curves and survival rates of larvae 

The size-frequency distributions from clusters A to D showed a good fit to an exponential 

decay model (Fig. V-4), indicating a constant death rate from small to large larvae for 

Müggelsee as is often assumed for larvae (cf. Wetzel 2001). This contradicts results from 

Schneider et al. (2003) and Stoeckel et al. (2004), who found development-specific mor-

tality rates. As our sampling procedure (see method section) not allows to trace distinct 

cohorts of larvae within the lake, a direct comparison to these studies was not possible. The 

size-frequency distribution for cluster A was significantly different from those of cluster B 

(Fig. V-4a, b) (χ² = 40.5, p<0.01, N = 1737), although no differences in survival rates for 

the three size groups were found (Table V-1). In cluster C none of the larvae had grown 

larger than 170 µm (Fig. V-4c). Clusters C and D (Fig. V-4c, d) showed different size-

frequency distributions (χ² = 51.3, p<0.001, N = 1737), even if we only used the length 

range from 70 to 170 µm for analysis (χ² = 32.8, p<0.001, N = 1532). The annual survival 

rates from small and medium larvae to large larvae were significantly lower for cluster C 

than for cluster D (U = 0.0 and p<0.01 for both), but no significant differences were found 

for the survival rates from small to medium larvae (Table V-1). 
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Fig. V-4  Size-frequency distribution for D. polymorpha larvae in July: (a) cluster A, (b) cluster B, 

(c) cluster C and (d) cluster D. Lines represent fitted exponential decay models starting at 90 µm 

length. 

 

 

Table V-1.  Mean survival rate and standard deviation (percentage) of D. polymorpha larval size 

groups for clusters A to D. 

Size groups Cluster A 

(1988-1995) 

Cluster B 

(1996-2002, 

2004) 

Cluster C 

(1988-1990, 

1993) 

Cluster D 

(1991, 1992, 

1994-2002, 2004) 

Small-to-medium larvae 76.4 ± 43.3  71.7 ± 44.2 58.9 ± 32.4 79.2 ± 45.2 

Medium-to-large larvae 41.9 ± 47.8 53.3 ± 24.0   1.9 ± 3.9 62.8 ± 29.2 

Small-to-large larvae 39.6 ± 49.8 34.5 ± 21.1   1.9 ± 3.9 48.7 ± 35.6 
 

 

 

Environmental conditions 

Mean water temperature during the reproductive season ranged from 16.6 to 20.4 °C 

between 1988 and 2004 and increased significantly in May and June (p<0.1) and especially 

in August (p<0.05). A significant correlation was found between the timing when 12 °C 

water temperature was reached and the timing of first appearance of larvae in the pelagic 
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zone (Fig. V-5). However, no significant relationship between water temperature and abun-

dance of larvae or their maximum length was found. Chemical and biological conditions of 

the lake were significantly related to abundance (Fig. V-6) and maximum length of larvae. 

We found negative correlations between mean total phosphorus contents for the period 

March to July and the mean abundance of larvae from June to July (Fig. V-6a). Mean total 

phytoplankton biomass was correlated with abundance of larvae for the period March to 

May (Fig. V-6b), but not for the summer months. The long-term development of some 

phytoplankton groups was related to the increase in abundance of larvae; we found 

negative correlations for cyanobacteria (R
2
 = 0.73, p<0.001) and bacillariophyceae (R

2
 = 

0.64, p<0.001) and a positive correlation for chlorophyceae (R
2
 = 0.25, p<0.05). Larval 

abundance was related to the dissolved oxygen concentration in June (Fig. V-6c), but no 

relationship for oxygen conditions in previous months was detected. It is interesting to note 

that the lowest concentration of dissolved oxygen was 6.9  1.8 mg L
-1

 in June 2003, the 

year with the exceptional low abundance levels of larvae during summer. A positive 

correlation was found between mean ciliate abundances and larvae abundances (Fig. V-

6d), whereas a negative correlation was found with mean cladoceran abundances (Fig. V-

6e) for the period June to July. No relationship was found between abundances of larvae 

and abundances of rotifers and copepods.  

 

Fig. V-5  Spearman correlation between the timing of the first appearance of D. polymorpha larvae 

and the timing of 12 °C water temperature per year. 

 

 The maximum length of larvae correlated negatively with mean total phosphorus 

concentration (R
2
 = 0.35, p<0.05) and phytoplankton biomass (R

2
 = 0.36, p<0.05) for the 

period March to July, but neither dissolved oxygen conditions prior the reproductive 

season nor during this period were related to maximum length of larvae. Yearly survival 
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rates of larvae from the three different size groups were not correlated with any physical, 

chemical, or biological variables. 

 

 

 

Fig. V-6  Spearman correlation between the abundance of D. polymorpha larvae from June to July and 

(a) total phosphorus from March to July, (b) total phytoplankton biomass from March to May, (c) 

dissolved oxygen in June, (d) ciliate abundance from June to July and (e) cladoceran abundance from 

June to July. Marked data from 2003 were not included in the analysis (see “Materials and methods” 

for further description). 
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Discussion  

The present results show that the annual mean abundance of D. polymorpha larvae in 

Müggelsee has increased since 1995, although the abundance of larvae in 2003 drastically 

dropped to very low levels. Not only the abundance of small larvae but also the abun-

dances of medium and large larvae have increased; large larvae were hardly present in the 

epilimnetic samples in the early years (cluster C).  

 The increase in abundance of larvae cannot be explained by a change in the duration of 

the spawning season or by the overall spawning frequency, since no shift in spawning 

season and frequency occurred within the study period. The rise in abundance of larvae 

was restricted to an increase in abundance in June and July, which resulted not only from 

increased abundances of all larval size groups, but also from a general increase in length of 

larvae. This implies that both the production of larvae from mussels and the survival of 

larvae in the pelagic zone were increased, suggesting that conditions for the reproduction 

of D. polymorpha have been improved during the study period. Unfortunately, there are no 

long-term data on the abundance or reproductive effort of adult mussels in Müggelsee, thus 

we cannot identify any changes in the population. Nevertheless, the timing of the 

appearance, the abundance and also the maximum length of larvae were related to 

environmental conditions prior and during the reproductive season. This suggests that not 

only larvae, but also the adult D. polymorpha population before first spawning were 

influenced by changes in environmental conditions. 

 Water temperature is an important factor affecting growth, reproduction and survival 

of D. polymorpha. Many studies agreed that a temperature threshold of 12 °C provides a 

requisite condition for gamete maturation and thus, for the onset of first spawning 

(reviewed by Nichols 1996). For Müggelsee this temperature threshold could be confirmed 

for the first appearance of larvae in the pelagic zone (Fig. V-5, see also Chapter II). 

Therefore, it is unlikely that the onset of gamete production of mussels was limited by 

factors such as food availability prior to the reproductive season during the study period, as 

the first appearance of larvae was not delayed (Borcherding 1991, Neumann et al. 1993). 

In a recent study, which was based on a longer time period (1979-2003), we showed that 

the pelagic phase of D. polymorpha started on average two weeks earlier concurrent with 

spring warming (Chapter II).  Abundance, length and survival of larvae were not correlated 

to monthly mean water temperature before and during the reproductive season. This 

indicates that water temperature was not a limiting factor for production and development 

of larvae during the study period, as also reported by Burla and Ribi (1998) for Lake 
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Zürich, where mean annual counts of juvenile and mussels were not correlated with mean 

water temperature.  

 The increase in abundance of larvae was negatively correlated with total phosphorus, 

which was reduced by more than 50% from the hypertrophic (1979-1990) to the eutrophic 

period (1997-2003) in Müggelsee, due to a reduced inflow into the lake (Köhler et al. 

2005). Our findings are in accordance with many studies, which have found that increased 

nutrient loadings may be the cause of a decrease in population density (reviewed by 

Stańczykowska and Lewandowski 1993). According to Stańczykowska and Lewandowski 

(1993) D. polymorpha was absent or did not occur in substantial numbers in polymictic 

lakes of the Mazurian Lakeland at phosphorus concentrations higher than 100 µg L
-1

. 

Except for 2003, mean total phosphorus from March to July was below a threshold of 100 

µg L
-1 

between 1996 and 2004 (cluster B), but exceeded this value between 1988 and 1995 

(cluster A). Therefore, it is likely that living conditions for D. polymorpha based on 

nutrient conditions had been improved during the latter years. 

 Following the reduction in nutrient loading in Müggelsee, total phytoplankton biomass 

declined gradually, mainly caused by a decrease in cyanobacteria biomass (Köhler et al. 

2005). Food quantity prior to the reproductive season affects the gamete production of 

mussels; Borcherding (1995) found that gamete production decreased at a low food avail-

ability. However, the abundance of larvae in June to July increased while total phyto-

plankton biomass decreased from March to May, which indicates that the production of 

gametes by adult mussels was probably not limited by food quantity during the study 

period (Fig. V-6b). However, food quality seems to have changed probably due to 

alterations in the composition of the phytoplankton community; cyanobacteria and 

bacillariophyceae were negatively correlated to the abundance of larvae, whereas 

chlorophyceae were positively correlated with the abundance of larvae. Several studies 

suggest that rather food quality than food quantity is an important factor for growth and 

reproduction of D. polymorpha; when fed a poor diet that lacked essential fatty acids adult 

mussels experienced a high mortality (Schneider et al. 1998, Stoeckmann and Garton 

2001). A poor food quality did not support the development of larvae as well (Vanderploeg 

et al. 1996, Wright 1996, Wacker and Elert 2002). Therefore changes in food composition 

after 1995 probably improved the conditions for growth and reproduction of D. 

polymorpha in Müggelsee, since cyanobacteria, which are considered a low quality food 

(Dionisio Pires et al. 2004) have shown decreasing biomasses, while chlorophyceae, which 

are generally considered a high quality food (Dionisio Pires et al. 2004), increased in 
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biomasses. The increase in high quality algal biomass despite an overall reduction in food 

quantity may have positively affected larval development.  

 Low oxygen conditions are not suitable for successful growth and reproduction of D. 

polymorpha (Stańczykowska 1977). Indeed, we found higher abundances of larvae at 

higher dissolved oxygen concentrations (Fig. V-6c) after 1995, suggesting that repro-

duction of D. polymorpha was favoured from 1995 onwards. In 2003 an unusual decline in 

the abundance of larvae occurred from June onwards, which was associated with a very 

low mean oxygen concentration at this time. This drop in dissolved oxygen concentrations 

was due to an unusual prolonged phase of thermal stratification of the lake driven by a high 

air temperature at low wind speeds; usually, polymictic Müggelsee stratifies for a longer 

time-period only in August, associated with a decrease in dissolved oxygen concentration 

in the hypolimnion (S. Wilhelm, unpublished data). It is well documented that native and 

introduced freshwater mussels are able to survive a short-term exposure (less than 5 days) 

to anoxic or hypoxic conditions in their habitat (Johnson and McMahon 1998). In June 

2003 the oxygen saturation in Müggelsee at 7 m depth was below 6.5% and from 3 to 4 m 

depth the oxygen saturation was partly below 50% at mean water temperatures from 20 to 

23 °C for three successive weekly samplings. Johnson and McMahon (1998) reported 50% 

mortality for adult mussels at an oxygen saturation of 7.5% after 10 days and 100% 

mortality after 15 days (at 25 °C). Walz (1973) found that D. polymorpha could survive for 

9 days without oxygen at a water temperature of 19 °C. Although D. polymorpha can 

survive for some time at very low oxygen concentrations, these conditions may not be 

conducive to growth or successful reproduction (Woynarovich 1961). Therefore, it is likely 

that D. polymorpha in Müggelsee may have experienced unfavourable oxygen conditions 

produced by a heat wave in central Europe in summer 2003 (Schär et al. 2004), which 

prevented a successful reproduction during the reproductive season. In 2004 reproduction 

was comparable to the years prior to 2003, suggesting that the mussel population in 

Müggelsee may have been rather inhibited from reproduction than experiencing a high 

mortality in 2003.  

 Ciliates and cladocerans are not known to prey on D. polymorpha larvae, therefore the 

main interaction between larvae and both zooplankton groups is competition for shared 

algal resources. The opposed changes for ciliates and cladocerans in accord with the 

increase in abundance of larvae (Fig. V-6d, e) suggest that changes in zooplankton may 

have not affected the development of larvae.  
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 The duration of the planktonic life span of larvae was lengthened in 1991, 1992 and 

1994 to 2004 (cluster D), since the survival rates from small and medium larvae to large 

larvae have increased (Table V-1). The mortality of large larvae has decreased, as their 

abundance and length have both increased. Mortality of larvae in field populations has 

been attributed to a variety of causes, such as problems in finding settlement substratum, 

specific environmental conditions and predation (Nichols 1996). There are no data on 

substrate availability in Müggelsee. However, substrate seemed to play – at least for the 

earlier years – a minor role for survival of larvae, since for some years despite a low abun-

dance of larvae (1991, 1992 and 2003; Fig. V-2) and thus, less competition for substrate, a 

high maximum length of larvae was reached (Fig. V-1). In other words, competition for 

substrate due to high larval abundance can affect larval length in that larvae that have 

already reached settling size, but cannot find a suitable substrate for settlement, will 

continue growth beyond settlement size until they find a substrate or die. Additionally, the 

largest mean maximum length of 156.7  11.5 µm reached in 1988 to 1990 and 1993 

(cluster C) was still below 200 µm, the length above which larvae are in general con-

sidered to be competent to settle (Stoeckel et al. 2004). This suggests that the majority of 

larvae in the earlier years lacked favourable conditions for a successful development until 

settling size. The increase in maximum length of larvae in July was correlated with the 

decrease in total phosphorus and total phytoplankton biomass from March to July, which 

implies that conditions prior and during the appearance of larvae have been improved. 

Larvae were unlikely limited by food availability, since they reached larger lengths despite 

a reduced and altered phytoplankton biomass. As noted above for abundances of larvae, it 

is likely that an altered food composition improved larval development in the latter years. 

 Predation is another reported cause of larval mortality. Fish including their larvae, 

some copepods and even adult D. polymorpha are known to feed on larvae (Nichols 1996). 

Large larvae are mainly preyed upon by planktivorous fish and their larvae (Wellborn 

1994, Molloy et al. 1997). Our results show that overall survival of large larvae did 

increase. However, the survival rates of small to medium larvae, which are especially 

preyed by copepods (Liebig and Vanderploeg 1995) and adult mussels (MacIsaac et al. 

1991), did not increase. Unfortunately, there are no long-term data on fish counts for 

Müggelsee; however, data on annual catches of fish species during the study period could 

be obtained from the Fischereiamt, Berlin (Fischereistatistik, unpublished data). Annual 

catches of the main species bream (Abramis brama), roach (Rutilus rutilus) and zander 

(Sander lucioperca), which are known to feed on larvae (Molloy et al. 1997), decreased 
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between 1988 and 1991, but were relatively stable thereafter. Note that the decrease in fish 

catch was related to a drop in commercial fishery following the reunification of Germany 

in 1989/1990; however, stocking of fish was also reduced at the same time, pointing to a 

probable stable fish abundance on a lower level with the beginning of the 1990s. Mills et 

al. (1995) showed that in years when planktivorous fish were abundant and larvae sparse, 

planktivorous fish could substantially reduce larval numbers in a fairly short period. 

Therefore, it is likely that improved food composition and/or a probable decrease in fish 

abundance have enhanced conditions for survival of large larvae within the years of cluster 

D. 

 Besides changes in climate and nutrient loading, predation is an important factor 

determining adult mussel densities and thus their reproductive effort. D. polymorpha 

provide a potential food source for diving waterfowl such as coot (Fulica atra) (Stań-

czykowska 1977) and fish such as bream and roach (Molloy et al. 1997), which are very 

common in Müggelsee (Driescher et al. 1993, T. Becker and S. Hilt, unpublished data). 

There are no long-term data on waterfowl and fish abundance for Müggelsee and, 

therefore, a direct comparison with abundances of larvae was not possible. However, 

bream and roach abundances are presumed to have decreased in recent years as noted 

above, which may have had a positive influence on adult D. polymorpha densities. 

 In conclusion, the timing of the increase in abundance of Dreissena polymorpha larvae 

of Müggelsee was matched by changes in nutrient loading and phytoplankton biomass and 

composition, induced by a reduced inflow of nutrients into the lake. However, we cannot 

conclude whether the increase in abundance of larvae resulted from either higher adult 

population density or higher reproduction of adult mussels in response to improved 

environmental conditions. The sudden drop in abundance of larvae in 2003 can possibly be 

attributed to longer lasting low dissolved oxygen concentrations in June followed from an 

unusual long period of stratification, accompanied by a high total phosphorus con-

centration, which may have inhibited mussel reproduction. The increase in length and 

survival of larvae was most likely due to changes in food composition and fish predation 

pressure. Our results suggest that the increasing abundance of D. polymorpha larvae in 

Müggelsee was more likely caused by changes in trophic state rather than by climate 

warming; however the influence of weather and climate cannot be neglected referring to 

the sudden drop in abundance of larvae in 2003. 
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CHAPTER V I 

GENERAL DISCUSSION AND CONCLUSIONS 

 

Climate induced impacts on lake functioning in summer 

Besides shorter ice durations and earlier ice break-ups in winter and spring, increased 

summer temperatures and particularly the occurrence of heat waves within recent decades 

have increased the concerns among limnologists studying temperate lakes. So far, much is 

known about climate induced impacts on lake properties during winter and spring and 

there is striking evidence that the interannual variability in limnological variables is partly 

synchronised among lakes exposed to the same climatic regime (Gerten and Adrian 2002a, 

Straile et al. 2003, Anneville et al. 2005). In summer, the direct and indirect effects of 

climate warming on lakes are less comprehensively studied and during this season the 

influence of large-scale climate fluctuations as the NAO are anticipated to be of minor 

importance in comparison to site-specific conditions (Straile et al. 2003). Thus, it is 

difficult to extrapolate from local studies and to predict how lakes might respond to climate 

change in summer. Here I discuss some aspects, which may be strongly involved in 

determining the response of a lake to climate warming in summer and which may define 

the degree of spatial coherence among lakes, in the view of my results.  

 My study showed that climate warming has induced changes in the phenology of the 

lake plankton throughout the examined seasons. However, the changes among the summer 

zooplankton were not synchronous as found for the plankton in spring (Adrian et al. 2006; 

Chapter II). The fast-growing spring phytoplankton and Daphnia were directly affected by 

the warming in winter and spring and thus advanced at more or less similar rates main-

taining the synchrony in their species interaction, which has also been observed in Swedish 

lakes (Weyhenmeyer et al. 1999). By contrast, long-term changes in the phenology of 

slow-growing summer zooplankton were clearly species-specific and not synchronised as 

found for the plankton in spring. The different slow-growing summer copepod species 

showed unique alterations in their phenology and abundance. Thermocyclops oithonoides 

and Acanthocyclops robustus showed a different lengthening of their pelagic phase, ac-

cording to their individual thermal requirements at decisive developmental stages such as 

emergence from diapause in spring. Other copepods as Mesocyclops leuckarti and Dia-

cyclops bicuspidatus did not change in phenology but increased in abundances according 

to higher spring water temperatures (c.f. Gerten and Adrian 2002b). Since the influence of 

increased summer water temperatures proved not important in determining the develop-
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ment of these copepods, a direct effect of increased summer temperatures can be mainly 

excluded. Past and recent average summer temperatures were well within the optimum 

range of the different species. A further increase in summer temperature may probably lead 

to limitations in the growth of certain species that are exposed to temperatures at or 

exceeding their upper thermal tolerances, as e.g. D. bicuspidatus (Maier 1989). This study 

strongly highlights and confirms that not only the degree of warming, but also its timing 

within the annual cycle is ecologically important (Adrian et al. 1999, Benndorf et al. 2001, 

Gerten and Adrian 2002b). If the long-term warming would have been less pronounced in 

spring, probably only minor and insignificant changes in the phenology of summer cope-

pod species would have been observed.  

 The observed asynchronous changes in summer zooplankton may have led to dis-

ruptions in predator-prey relationships involving the examined copepod species. This is an 

important fact concerning further climate impact studies across the trophic cascade of the 

lake, since a mismatch in the timing of reproduction or peak biomass to optimal food 

availability will have profound effects on the development of the predator population 

(Cushing 1990). Along with the recent global warming the mistiming in species inter-

actions across the trophic cascade has already been observed in terrestrial (reviewed by 

Harrington et al. 1999) and aquatic ecosystems (Edwards and Richardson 2004, Winder 

and Schindler 2004). The results suggest that climate induced trophic mismatches in 

Müggelsee may have been more probable in summer than in spring. However, this may 

change with respect to further climate warming (Cubasch et al. 2001). So far, climate in-

duced synchronous changes in spring plankton were found in ice covered temperate lakes 

(Weyhenmeyer et al. 1999, Gerten and Adrian 2000, this study), but not in non-freezing 

temperate lakes (Lake Constance, Straile and Adrian 2000 and Lake Washington, Winder 

and Schindler 2004). In non-freezing lakes variances in the timing of the spring phyto-

plankton were not determined by light availability but rather by other driving factors such 

as the wind driven onset of thermal stratification in Lake Constance (Gaedke et al. 1998). 

A further climate warming probably may arise asynchronous changes in the phenology of 

spring plankton in freezing lakes (including Müggelsee) following from extremely warm 

winters featuring very short or no ice covers at all. Whereas in summer, further increases in 

water temperature across the seasons may not only promote strong shifts in the phenology 

and abundance of the prevailing species and thus mismatches in species interactions, but 

also changes in overall plankton composition. Thermophilic species such as the copepod T. 
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oithonoides may be strongly favoured, as well as species that are less sensitive to or benefit 

from amplifications in the stratification pattern.  

 The recent climate warming during summer has not only been associated with a 

general increase in air temperature across the Northern Hemisphere (Folland et al. 2001), 

but also with a reduction in the diurnal air temperature range over the second half of the 

20
th

 century (Easterling et al. 1997). My study demonstrated for the first time that this 

reduction in daily temperature range was also present in the epilimnion of a lake (Wilhelm 

et al. 2006; Chapter III). During summer the daily epilimnetic minima (during nighttime) 

have increased more rapidly than daily epilimnetic maxima (during daytime). This day-

night asymmetry in epilimnetic temperature does not reflect the long-term changes in air 

temperature that did not exhibit a significant decrease in daily air temperature range in 

Berlin, Germany, which contradicts the findings of most studies on this phenomenon on 

global and regional scales (e.g. Easterling et al. 1997, Heino et al. 1999, Wibing and 

Glowicki 2002). The nighttime emission of long-wave radiation from the atmosphere is 

likely to be the main process responsible for the day-night asymmetry in the epilimnetic 

temperature. This process is determined by the meteorological variables air temperature, 

relative humidity and cloud cover (Edinger et al. 1968). Thus, my results underline that the 

epilimnetic temperature is not solely determined by air temperature, although lake surface 

temperatures have been successfully modelled based on the exponential filtering of air 

temperature alone (e.g. Kettle et al. 2004, Livingstone et al. 2005, Šporka et al. 2006). 

Variations in air temperature and other driving meteorological variables such as relative 

humidity and cloud cover may play an important role in determining the epilimnetic tem-

perature with respect to further climate change.   

 Projections on future climate within the 21
st
 century reveal an increase in global mean 

surface temperature by 1.4 to 5.8 K (1990-2100), which is a much more rapid rate of 

warming than during the 20
th

 century (Cubasch et al. 2001). On a regional scale, summer 

air temperatures in northern Europe were projected to increase even more strongly in 

comparison to the global mean (Ruosteenoja et al. 2003), with increases of 0.7 to 2.2 K in 

the near future (2010-2039) and of 1.6 to 6.5 K in the far future (2070-2099). This increase 

in summer air temperature will be accompanied by reductions in wind speed and cloud 

cover (about 0.5 to 1.5 ms
-1

 and 5% to 20% for the Müggelsee catchment from 2070 to 

2100, P. Samuelsson, SMHI Sweden, unpublished data). Furthermore, future climate 

projections reveal an increase in the frequency and magnitude of climate extremes around 

the globe (Cubasch et el. 2001). In temperate regions and especially in Europe the occur-
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rence of heat waves and droughts will be particularly amplified during summer (Max 

Planck Institute for Meteorology 2006).  

 The projected climatic changes and especially the amplification of heat waves will 

have profound consequences on lakes during summer and, hence, any assessment of the 

impact of climate change on lakes should include an estimation of the potential effects of 

such extreme events. The extremely long and intense stratification events that occurred in 

Müggelsee during the recent heat waves in 2003 (Schär et al. 2004) and 2006 may have 

already shown “the shape of things to come” within the next decades (Chapter IV). These 

heat waves had led to a hypolimnetic dissolved oxygen depletion (see also Wilhelm and 

Adrian 2007; Chapter V) and nutrient accumulation (especially of dissolved phosphorus) 

of enormous magnitudes in the eutrophic lake. Jankowski et al. (2006) also observed an 

extraordinarily strong hypolimnetic oxygen depletion during the heat wave in 2003 in two 

Swiss lakes. In northern Europe the warmest summer on record occurred one year earlier 

in 2002, causing similarly strong impacts on hypolimnetic oxygen and nutrient accumu-

lation in a Swedish lake (Weyhenmeyer et al. 2004). Both extreme stratification events in 

Müggelsee were followed by particularly heavy phytoplankton blooms, which were 

stimulated through the upwelling of the highly nutrient enriched hypolimnetic waters, as 

observed for other productive lakes (Riley and Prepas 1984, French and Petticrew 2007).  

 The effects of the extremely long stratification events on the chemical and biological 

processes in the polymictic lake were not generally comparable to those observed during 

the summer stratification of shallow dimictic and productive lakes. Particularly, hypo-

limnetic temperatures were much higher in the polymictic lake (c.f. Agbeti et al. 1997, 

Gerten and Adrian 2001), strongly stimulating the hypolimnetic oxygen depletion and 

dissolved nutrient mineralisation and accumulation (Scheffer 1998, Søndergaard et al. 

2003). Therefore, dissolved nutrient – especially internal phosphorus – accumulation rates 

during summer are very likely higher in shallow polymictic than in shallow dimictic lakes 

as observed in two shallow Canadian lakes of different mixing regime (Riley and Prepas 

1984). Furthermore, polymictic lakes experience multiple alternations between strati-

fication and mixing during summer and, hence, phytoplankton growth is more frequently 

stimulated by the upwelling of nutrient enriched water in contrast to shallow dimictic lakes 

that experience a nutrient pulse not before the complete overturn in fall (Scheffer 1998). 

Thus, the distinct nature of the mixing regime strongly determines the functioning of 

productive shallow lakes during summer, particularly the magnitude of the internal nutrient 

loading and the associated phytoplankton development.  
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 From my results I conclude that polymictic lakes are more vulnerable to alterations in 

the thermal regime than shallow dimictic lakes with respect to further climate change 

during summer. This assertion may not be generalizable among all polymictic lakes, since 

there is a huge range in the characteristic of polymixis in temperate shallow lakes (Gorham 

and Boyce 1989, Padisák and Reynolds 2003). The polymictic mixing regime during 

summer can be strongly dominated by wind induced mixing (e.g. Dutch lakes, Mooij et al. 

2005) or by intermittent thermal stratification (e.g. Müggelsee, Germany, this study) or can 

exhibit any state in between. Padisák and Reynolds (2003) suggested the use of the 

Wedderburn formulation (including the impact of wind fetch) to determine and distinguish 

the stratification behaviour of shallow lakes. Consequently, lakes exhibiting lake depths 

and lengths similar to Müggelsee would very likely show analogous responses in their 

mixing regime to climate warming, if not sheltered from wind action. Polymictic lakes that 

stratify for only very short periods, e.g. on a daily basis, may not be as strongly affected by 

climate change as polymictic lakes that exhibit stratification for several days or weeks.  

 So far, the role of polymixis with respect to climate change is only sparsely examined 

(Zhang and Prepas 1996, French and Petticrew 2007, this study) although there are many 

shallow and potentially polymictic lakes particularly in the Northern Hemisphere, mainly 

formed through the Pleistocene glaciation (Wetzel 2001). These lakes quickly respond to 

actual weather conditions and are thus particularly prone to changes in the polymictic 

mixing regime according to changes in climate. I strongly suggest that further climate 

impact studies on shallow lakes should involve a thorough determination of the nature of 

the mixing regime, especially since mean or maximum lake depth are not sufficient in 

describing the behaviour of a shallow lake along with climate change (c.f. Padisák and 

Reynolds 2003).  

 In conclusion there is to say that the extend of spatial coherence in climate induced 

responses among lakes in summer may stronger vary between the different limnological 

variables as in spring, depending on the degree of direct effects of climate change. Parti-

cularly, changes in the daily development of epilimnetic temperatures may be highly 

coherent among lakes exposed to similar climatic regimes, since the upper water layer is 

directly affected by ambient climate and weather conditions (Edinger et al. 1968). 

However, the extend and magnitude of the spatial coherence may be less pronounced as for 

climate induced changes in the daily air temperature range around the globe (Fig. VI-1), 

since not only air temperature but also other meteorological driving factors such as cloud 

cover were found to be highly important in determining the daily epilimnetic temperature 
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range. There is already strong evidence for a high degree of coherence in mean lake sur-

face temperatures among Northern Hemispheric lakes in all seasons (Benson et al. 2000, 

Livingstone and Dokulil 2001, Livingstone and Padisák, in press). Livingstone and Dokulil 

(2001) found that the spatial coherence in central Europe during summer was related to 

large-scale variations in high altitude cloud cover and thus appeared to be of a more 

regional nature than found for the spatial coherence in winter and spring.  

 

 

 

Fig. VI-1  Trends in annual daily air temperature range (°C/decade), from 1950 to 1993, for non-

urban stations only, updated from Easterling et al. (1997). Decreases are in blue and increases in 

red. Redrawn from Folland et al. (2001). 
 

 In contrast, more indirectly climate driven lake processes such as the hypolimnetic 

dissolved oxygen depletion and internal nutrient loading that strongly depend on site-

specific conditions as the mixing regime may only show minor regional coherence. Here, 

not only the geographical position but also the morphology and the trophic state of a lake 

are highly relevant factors confounding spatial coherence, which are also known to partly 

limit spatial and temporal coherence especially in biotic properties among lakes in spring 

(Straile et al. 2003). I expect the smallest degree of spatial coherence among climate 

induced changes in the phenology and abundance of aquatic organisms in summer, since 

my results emphasised the clearly indirect nature of climate induced impacts in this season 

and their strong dependency on site-specific conditions as the mixing and the trophic 

regime. Hence, there is a need for comparative studies on climate driven responses across 

geographical and climatic gradients as well as across the different thermal and trophic con-

ditions of lakes to enhance our knowledge on climate induced effects on lakes and the level 

of spatial coherence in limnological variables among lakes during summer.  
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Simultaneous changes in climate and nutrient availability in lakes 

Moss et al. (2003) concisely expressed one of the major issues in freshwater science: 

“Climate is changing. Existing impacts of nutrients in freshwater systems remain”. Studies 

on temperate lakes increasingly take into account more or less simultaneous impacts of 

changes in both the climate and the nutrient availability, particularly of the reduction in 

nutrient loading (George et al. 1990, Carvalho and Kirika 2003, Anneville et al. 2005, Jep-

pesen et al. 2005), including Müggelsee (Köhler et al. 2005). All of these long-term studies 

have underlined the difficulty of separating the effects of the concomitantly occurring 

changes. Climate warming and decreases in nutrient loading have resulted in complex re-

sponses of lake plankton, both directly or indirectly (through changes in zooplankton abun-

dance) provoking declines in phytoplankton biomass (Carvalho and Kirika 2003) and 

changes in phyto- and zooplankton abundance and composition (Anneville et al. 2005, 

Adrian et al. 2006, Wilhelm and Adrian 2007; Chapters II and V).  

 Some limnologists anticipate that the effects of climate change likely offset the 

positive impact of the reduced nutrient loading on shallow temperate lakes, mimicking the 

effects of nutrient enrichment (Jeppesen et al. 2005, Mooij et al. 2005). The results of my 

study provide strong evidence for counteracting effects of climate warming – especially of 

the recent heatwaves in 2003 and 2006 – to the reduced external nutrient load in Müggel-

see. On the one hand, these heatwaves caused severe oxygen depletions and, hence, drastic 

declines in Dreissena polymorpha larvae, albeit the positive effect of the improved en-

vironmental conditions on the larvae due to the decreased external nutrient load (Wilhelm 

and Adrian 2007; Chapter V). On the other hand, the heatwaves provoked particularly 

heavy phytoplankton blooms following from an intense internal nutrient loading, although 

the phytoplankton biomass had strongly declined through the reduction in external nutrient 

loading (Chapter IV). The magnitude of these phytoplankton blooms was comparable to 

blooms that occurred during the hypertrophic period in the 1980s (Köhler et al. 2005). 

However, less productive and/or deeper lakes might not show such counteracting effects 

along with future climate change. Therefore, it is very important to understand and to be 

able to predict the response of different lakes to changes in several important driving 

environmental factors, especially when concerning the lake management with respect to 

future climate conditions.  

 Consequently, further climate impact studies on lakes using long-term data analyses 

could be distinctly enhanced by conducting micro- or macrocosm experiments or by per-

forming analyses supported by process based models. The microcosm experiments by 
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Moss et al. (2003) proved very useful in studying the influence of changes in three in-

fluencing environmental factors – warming, nutrient addition and fish – on the functioning 

of shallow lake ecosystems. Thereby, the warming treatments produced considerably 

smaller effects on the phytoplankton community than nutrients or fish additions. Further-

more, Elliot et al. (2006) successfully used the well validated model PROTECH (Phyto-

plankton RespOnses To Environmental Change) to experiment with the effects of in-

creased water temperature and increased nutrient load on phytoplankton succession and 

productivity for a large lake in the English Lake District. The best approach in this regard 

may, however, be the conceptual model introduced by Blenckner (2005), which includes 

the landscape and internal interactions to help explain different responses of individual 

lakes to climatic variations. By using a “landscape filter” including the geographical 

position, catchment characteristics and the morphology of a lake as well as an “internal 

filter” including the lake history and biotic/abiotic interactions, this concept helps to 

explain WHY lakes respond individually to changes in climate.  

 

Conclusions 

The results of this thesis shed light on some key aspects that are important in determining 

the response of lakes to climate warming in summer. Not only the nature of climate change 

and thus the timing and the magnitude of climate warming throughout the seasons and 

climatic extremes such as heatwaves, but also lake-specific conditions as the mixing 

regime and the trophic state are crucial in controlling climate induced impacts on internal 

lake processes. There is, however, already some evidence that human induced changes in 

the environment produce synergistic effects in lakes, which superimpose and/or counteract 

each other. Hence, it is highly important to ascertain how individual lakes respond to 

complex environmental changes, especially with respect to the projected future climate 

change. The systematic long-term monitoring of lakes should therefore be continued or 

further promoted and, on a wider international scale, national databases should be com-

bined (c.f. Blenckner 2005). Furthermore, process based models comprising an extensive 

input of lake and catchment specifics will be of major importance to allow for a com-

prehensive understanding of human induced environmental changes in lakes. This 

knowledge together with clear communication between scientists and decision makers will 

greatly facilitate the lake management and the assessing of adaptation strategies, which 

compensates for human induced influences on freshwater ecosystems.  
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