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ABSTRACT (ENGLISH) 

The role of ecological factors in generating phenotypic and genetic diversity through 
natural selection has received increasing attention in evolutionary biology during the 
last decade, especially with respect to diversification in sympatry. Sympatrically 
occurring and closely related species are used as model systems to study the causes and 
mechanisms of ecological and evolutionary diversification. A sympatric pair of fish 
species coexists in the North-German Lake Stechlin: common vendace (Coregonus 
albula) and endemic Fontane cisco (C. fontanae). A speciation in sympatry within the 
lake has been suggested for these coregonids based on genetic analyses. Both species 
are morphologically similar planktivores with weak divergence in diet composition that 
co-occur within the pelagic area at slightly different water depths. Segregating 
mechanisms that facilitate ecological divergence and might have fostered the speciation 
were not known. Based on this knowledge, I investigated the eco-physiological and 
evolutionary divergence of this species pair. It was hypothesized that the species would 
differ in physiology and/or behaviour with respect to the most important environmental 
factors of their natural habitat. These factors are food density, light intensity and 
temperature. We studied the feeding efficiencies, metabolic rates, and temperature 
preferences of both species previously hatched and raised under identical laboratory 
conditions. Our results show that the divergence in feeding efficiency was insignificant 
for the most relevant environmental conditions. However, metabolic rates at various 
temperatures differed significantly between the species, suggesting that the deeper 
living Fontanae cisco is competitively superior at lower, but inferior at higher 
temperatures, compared to sympatric vendace. The conclusion that temperature-related 
physiological adaptations promote ecological divergence was supported by thermal 
preference tests showing that Fontanae cisco prefers significantly lower temperatures 
than vendace. The thermal preferences comply with temperatures of minimum net 
swimming costs, showing that performance is optimized at the respective thermal 
preference of the species. Hence, the use of slightly different thermal microhabitats 
within the pelagic area reduces exploitative competition and facilitates species’ 
coexistence. This eco-physiological specialization along the vertical lake axis might 
have played a crucial role during sympatric speciation. To theoretically support this 
hypothesis, we developed a mathematical evolutionary model based on our field 
observations and laboratory experiments. The model showed that evolutionary splitting 
of an ancestral population into two populations with different temperature optima along 
the temperature-depth gradient is likely in this system. In conclusion, ecological and 
evolutionary diversification along the temperature-depth gradient is an empirically and 
theoretically plausible scenario for the sympatric speciation of the Lake Stechlin 
coregonids. 
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ABSTRACT (GERMAN) 

Die Bedeutung ökologischer Faktoren bei der Entstehung phänotypischer sowie 
genetischer Vielfalt durch natürliche Selektion, besonders bei sympatrischer Artbildung, 
ist derzeit ein Fokus der Evolutionsforschung. Gemeinsam vorkommende und nah 
verwandte Arten werden daher als Modellorganismen verwendet, um die Ursachen und 
Mechanismen ökologischer und evolutionärer Diversifizierung zu untersuchen. Ein 
sympatrisches Fisch-Artenpaar existiert im norddeutschen Stechlinsee: die Kleine 
Maräne (Coregonus albula) und die endemische Fontane-Maräne (C. fontanae). 
Genanalysen deuten auf eine sympatrische Artbildung dieser morphologisch sehr 
ähnlichen Coregonen im Stechlinsee hin. Beide Arten sind rein planktivor, haben eine 
sehr ähnliche Nahrungszusammensetzung und kommen gemeinsam im Freiwasser in 
leicht unterschiedlichen Wassertiefen vor. Mechanismen, die zur ökologischen 
Segregation und damit zu einer beständigen Koexistenz beitragen, sowie die 
sympatrische Speziation bewirkt haben könnten, waren bisher nicht bekannt. Darauf 
basierend habe ich in meiner Doktorarbeit die öko-physiologische und evolutionäre 
Diversifizierung dieses Artenpaars untersucht. Die Hypothese war, dass sich die 
Physiologie bzw. das Verhalten der Arten im Bezug auf die wichtigsten 
Umweltfaktoren ihres Lebensraumes, Lichtintensität, Futterdichte und Temperatur, 
unterscheiden würden. Dazu haben wir Fraßeffizienz, Stoffwechselraten und 
Temperaturpräferenzen beider Arten untersucht, nachdem diese zuvor unter identischen 
Laborbedingungen herangezogen worden waren. Die Fraßeffizienz unterschied sich 
nicht signifikant im Bereich relevanter Umweltbedingungen. Allerdings zeigten beide 
Arten einen temperaturbedingt unterschiedlichen Stoffwechsel, was für die tiefer 
vorkommende Fontane-Maräne auf einen Vorteil bei niedrigeren Temperaturen, aber 
auf einen Konkurrenznachteil bei höheren Temperaturen hindeutete. Die Folgerung, 
dass temperaturbedingte Adaptationen die ökologische Diversifizierung fördern, wurde 
durch Verhaltensexperimente zu den thermischen Präferenzen der Tiere bestätigt. Die 
tiefer lebende Fontane-Maräne bevorzugt niedrigere Temperaturen als die Kleine 
Maräne. Die Temperaturpräferenzen entsprechen zudem den Temperaturen niedrigster 
Schwimmkosten, was wiederum auf eine Optimierung der Schwimmleistung in diesem 
Bereich hindeutet. Daraus folgt, dass die beiden Arten unterschiedliche Mikrohabitate 
nutzen, was die zwischenartliche Konkurrenz verringert und eine gemeinsame Existenz 
ermöglicht. Diese öko-physiologische Spezialisierung entlang der Vertikalachse des 
Sees könnte zudem ein entscheidender Faktor bei der Artbildung gewesen sein. Um 
diese Hypothese theoretisch zu stützen, haben wir basierend auf den Freiland- und 
Labordaten ein mathematisches Evolutionsmodell entwickelt. Demnach ist ein 
Aufspalten einer Ausgangspopulation in zwei Populationen mit unterschiedlichen 
Temperaturoptima wahrscheinlich. Eine ökologische und evolutionäre Diversifizierung 
entlang des Temperaturgradienten ist somit ein empirisch und theoretisch plausibles 
Szenario für die sympatrische Artbildung der Stechlinsee-Maränen. 
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1 BACKGROUND 

1.1 Natural selection and adaptive speciation 

A central question in evolutionary biology is how the stunning biological diversity on 
earth came about. The question dates back to Charles Darwin and his seminal book 
about the origin of species by means of natural selection (Darwin 1859). Darwin 
introduced the idea that populations evolve over the course of generations through the 
process of natural selection, which ultimately leads to evolutionary divergence. After 
being widely neglected during the late 19th and early 20th century, his ideas were finally 
rediscovered in the mid-20th century due to an increasing amount of theoretical and 
empirical evidence for natural selection and its fundamental role for evolutionary 
processes by biologists like Dobzhansky (1937), Mayr (1942), Lack (1947) and 
Simpson (1953). The modern theory of adaptive speciation and radiation is in line with 
this tradition of evolutionary thinking that micro-evolutionary processes driven by 
natural selection may finally lead to macro-evolutionary phenomena of diversification 
(Orr & Smith 1998; Schluter 2000; Coyne & Orr 2004; Dieckmann et al. 2004). It states 
that phenotypic and ecological diversity are ultimately the outcome of divergent or 
disruptive natural selection arising from differential resource use, competitive 
intraspecific interactions and ecological opportunity. Of major importance for the theory 
is that intraspecific competition can be frequency-dependent, which means that the 
selection pressures acting on a population depend on its phenotypic composition. 
Accordingly, empirical studies have confirmed that intraspecific competition can be 
frequency-dependent (Swanson et al. 2003; Schluter 2003) and it has been demonstrated 
that competition can cause ecological diversification within natural populations 
(Svanbäck & Bolnick 2007). 

The idea that natural selection acting on competition for resources or habitats causes 
speciation, as already favoured by Darwin (1859), requires by definition ‘sympatry’, i.e. 
the absence of geographic barriers among diverging populations. In contrast, the 
architects of the neo-Darwinian synthesis reasoned that populations must be 
geographically isolated, i.e. in ‘allopatry’, for speciation to occur (Dobzhansky 1937; 
Mayr 1942). Otherwise, populations would be homogenized by gene flow, which 
prevents reproductive isolation. This view was later challenged by both theory and 
empirical data (Maynard Smith 1966; Bush 1969; Felsenstein 1981; Rice & Hostert 
1993). Today, there is a lot of enthusiasm in favour of sympatric speciation and models 
support that it is theoretically possible and plausible, even despite high levels of gene 

‘Natural selection, also, leads to divergence of character; for more living beings can be supported on the

same area the more they diverge in structure, habits, and constitution…’ (Darwin 1859) 
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flow (Dieckmann & Doebeli 1999; Kondrashov & Kondrashov 1999; Doebeli & 
Dieckmann 2003; Gavrilets 2004). The most convincing empirical examples for 
sympatric speciation come from isolated environments like oceanic islands (Savolainen 
et al. 2006), crater lakes (Schliewen et al. 1994; Barluenga et al. 2006) or postglacial 
lakes (Gislason et al. 1999; Lu et al. 2001; Knudsen et al. 2006). However, empirical 
evidence is still scarce and the controversy whether species can arise in sympatry and 
how common this process might be in nature continues up to date (Jiggins 2006; Ortiz-
Barrientos & Rieseberg 2006; Bolnick & Fitzpatrick 2007, Räsänen & Hendry 2008).  

Empirical evidence is in fact difficult to gain since the speciation history cannot directly 
be studied. Therefore it is fundamental to investigate the specific traits that may be 
exposed to divergent natural selection and the ecological conditions that promote 
diversification of these traits (Coyne & Orr 2004). By studying the ecology, physiology 
and behaviour of closely related species, we cannot directly infer mode of speciation, 
but we might detect traits or characters under selection and elucidate the ecological 
forces shaping processes of ecological and evolutionary diversification. This is crucial 
to evaluate ecology’s role in adaptive evolutionary processes. 

1.2 The ecology of speciation and coexistence 

Not only whether species can arise in sympatry is under debate in evolutionary biology, 
but also whether one should continue to distinguish sympatric and allopatric speciation 
modes or rather concentrate on the mechanisms by which new species evolve. The 
mechanisms of ecologically based sympatric and allopatric speciation appear to be 
strikingly similar (see Schluter 2000). In both, disruptive or divergent natural selection 
is the driving force and the evolution of reproductive isolation is enhanced when 
ecological traits under selection lead to assortative mating (e.g. Dieckmann & Doebeli 
1999; Bürger et al. 2006) or are correlated with other traits that cause assortment (e.g. 
location or timing of mating: Fry 2003; Friesen et al. 2007). ‘Ecological speciation’ is a 
concept that unites speciation processes, might it be in sympatry or in alloparty, with 
divergent natural selection on traits between environments and competition for 
resources as the two main processes driving phenotypic diversification and ultimately 
speciation. Laboratory experiments have shown that reproductive isolation has evolved 
as a by-product of adaptation to different environments in manipulative experiments 
(Rice & Hostert 1993) and there is also convincing evidence for its operation in nature 
(Schluter 2001). Furthermore, ecological specialization is the most important driving 
force for the evolution of reproductive isolation in theoretical models on sympatric 

‘Although I do not doubt that isolation is of considerable importance in the production of new species, on 

the whole I am inclined to believe that largeness of area is of more importance…’ (Darwin, 1859) 



 10

speciation (Doebeli & Dieckmann 2003; Dieckmann & Doebeli 2004; Rundle & 
Schluter 2004). Hence, biotic and abiotic environmental factors are potential forces for 
shaping patterns of diversification and their characteristics determine the strength of 
selection acting on phenotypic evolution and speciation (Losos et al. 1998; MacLean & 
Bell 2003; Kawecki & Ebert, 2004; Langerhans & Dewitt 2004). 

The process of ecologically based speciation in sympatry by disruptive natural selection 
does not only require reproductive isolation between diverging populations, but it 
simultaneously requires the ability of the divergent populations to coexist (Coyne & Orr 
2004; Gavrilets 2004). It is often the same ecological conditions allowing coexistence of 
different species that produce the kind of disruptive selection which is ultimately 
responsible for speciation. The ‘competitive exclusion principle’ predicts the outcome 
of interspecific competition as elimination or extinction of one of two species or 
populations that co-occur without niche differentiation (Gause 1934; Hardin 1960; 
Tilman 1982; Pianka 2000; Webb et al. 2002; but see also Darlington 1972). 
Consequently, closely related species that co-occur within the same habitat need to 
specialize in ecology, physiology or behaviour to avoid competitive exclusion and 
enable a persistent coexistence. This is often achieved by specialization along the diet, 
time or habitat niche axes (Robinson & Wilson 1994; Schluter 1996). 

1.3 Environmental conditions  

The habitat selection and life-history of fishes is influenced by many interacting 
environmental parameters. Environment refers to biotic and abiotic elements of habitat 
as well as inter- and intraspecific interactions. Important abiotic factors are for example 
water temperature, light intensity, and oxygen content, whereas predation, food 
availability and competition are the major biotic factors (Clark & Levy 1988; Werner & 
Hall 1988; Becker & Eckmann 1992; Milinski 1993). Three of the major environmental 
resources for freshwater fishes in lake ecosystems are food, light and temperature. Food 
abundance and structure are critical parameters determining fish growth, reproduction 
and foraging behaviour. Light intensity is important because it enables visual predation, 
which affects the predator and prey interactions of planktivorous fishes. Fish vision is 
generally well adapted to the light characteristics of the environment and most 
planktivores highly depend on vision to catch prey (Janssen 1978; Lythgoe 1979; 
Gurthrie & Muntz 1993). The amount of light penetrating a water body further 
determines the temperature profile by providing energy for heating the water and the 
spatial distribution of primary production as a food resource for higher trophic levels. 

‘It is notorious that each species is adapted to the climate of its own home: species from an arctic or even 

from a temperate region cannot endure a tropical climate, or conversely…’ (Darwin, 1859) 
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Temperature is a critically important factor because of its fundamental effect on all 
biochemical processes (Wootton 1998). Especially poikilothermic animals like small 
fishes usually have a body temperature that matches the ambient temperature of their 
immediate surrounding medium. This has profound effects on individual performance 
and fitness (Huey & Berrigan, 2001), since most fishes adjust their behaviour to control 
body temperature within a species-specific range to optimize physiological processes 
and minimize disadvantageous temperature effects (Freidenburg & Skelly, 2004). 
Accordingly, in thermally heterogeneous environments, fishes select a temperature 
where physiological function is relatively efficient (Beitinger & Fitzpatrick, 1979; 
Angilletta et al., 2006).  

One of the most important temperature-related traits in fishes is the foraging or 
swimming capacity, which largely determines success in food capture, reproduction, 
and predator avoidance (Videler 1993; Plaut 2001). The swimming physiology is thus 
presumed to be subjected to selection pressures that enhance evolutionary fitness (Reidy 
et al. 2000; Arnott et al. 2006). Accordingly, differences in metabolic rates between 
populations of one species may reflect adaptations to specific environmental conditions 
(Álvarez et al. 2006). This has immediate consequences for the competitive interactions 
between sympatrically occurring species or populations in thermally heterogeneous 
environments. It has been suggested that the existence of vertical gradients in water 
temperature may directly influence the competitive strengths of fish populations (Jensen 
et al. 2006). Moreover, temperature, not food or energetic potential, primarily 
determines the habitat choice in fishes (Garner et al. 1998; Krause et al. 1998; 
Wildhaber 2001). The behavioural trade-off between temperature, food availability and 
predation risk is of particular importance in patchy environments or those with 
relatively steep ecological gradients. Such environments are found in deep temperate 
lakes of the northern hemisphere, in which water temperature as well as zooplankton 
density and predatory fish are highly structured with regard to depth. 

1.4 Sympatric pairs of freshwater fishes 

Temperate freshwater fishes occupying postglacial environments are model systems for 
the study of adaptive diversification, because several taxa have generated species and 
ecological diversity in a manner consistent with the theory of adaptive speciation 
(Schluter 1996, 2000). These fishes are also predestined to study the role of ecological 
forces in causing evolutionary divergence, because most postglacially colonized lakes 
are small isolated and depauperate systems that offer ecological opportunities to occupy 

‘For it should be remembered that the competition will generally be most severe between those forms 

which are most nearly related to each other in habits, constitution, and structure…’ (Darwin 1859) 
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niches where potential competitors or predators are absent. There is increasing evidence 
that ecological opportunity in species-poor postglacial lakes promotes adaptive 
divergence in polymorphic fishes in combination with relatively high intraspecific 
competition within the ancestral populations (Lu & Bernatchez 1999; Robinson et al. 
2000; Vamosi 2003; Bolnick 2004; McKinnon et al. 2004).  

Sympatric species pairs have been described in several fish groups from temperate 
regions of the Northern Hemisphere (see Taylor 1999). Examples come from 
sticklebacks (Gasterosteus spp.), smelts (Osmerus spp.), charrs (Salvelinus spp.) as well 
as whitefishes and ciscoes (Coregonus spp.). Some of these species pairs provide 
evidence for the process of sympatric speciation (e.g. Gislason et al. 1999; Knudsen et 
al. 2006), mostly driven by competition for resources or habitats (see also Robinson & 
Wilson 1994; Schluter 1996). There are many examples of sympatric fish pairs and 
most of them tend to divide resources and habitat in the same way. The common 
situation in these systems is the occurrence of limnetic-benthic species pairs that 
diverged into distinct ecotypes or species by exploiting either benthic food in profundal 
or littoral habitats, or planktonic food in pelagic habitats (Schluter & McPhail 1993, Lu 
& Bernatchez 1999; McKinnon & Rundle 2002; Amundsen et al. 2004; Kahilainen & 
Østbye 2006; Knudsen et al. 2006). This divergence is called trophic polymorphism and 
is thought to be a response to competitive pressures within a single ancestral population 
(Robinson et al. 1993; Skulason & Smith 1995). In contrast to systems displaying 
trophic polymorphism, species pairs that do not diverge in diet also co-occur (e.g. Smith 
& Todd 1984; Turgeon et al. 1999). In these cases, alternative segregating strategies that 
contribute to coexistence have not been described so far. 

Coregoninae as a sub-family of the Salmonidae family have been subject of intense 
research efforts in evolutionary ecology because of their high phenotypic diversity and 
the co-occurrence of sympatric forms of divergent and reproductively isolated 
populations throughout the northern hemisphere (Taylor 1999). These fishes have 
undergone extensive radiation since the last glaciation period and species flocks as well 
as sympatric pairs have evolved in many taxa in the group, including the genus 
Coregonus (Behnke 1972; Svärdson 1979; Smith & Todd 1984). The distinct ecotypes 
and species most often vary in shape, growth rate, and body size, feeding preference or 
habitat selection (see Hudson et al. 2007). A great deal of the research on coregonines 
has investigated ecological and morphological differences between sympatrically 
occurring species, whereas only few studies exist that incorporate physiological 
measurements (e.g. Rogers et al. 2002). It appears that the sympatric speciation mode 
may not be uncommon in coregonines and some cases of collapses of several lineages 
into a single panmictic population suggest a prevalent role of ecology in coregonine 
speciation processes (Hudson et al. 2007). It is clear, however, that the modes of 
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speciation vary considerably between the different lineages and geographic areas. 
Sympatric pairs of vendace (Coregonus albula) and a coexisting sister species occur in 
several systems in the Baltic region, for instance in Finland (Vuorinen et al. 1981), 
Russia (Sendek 2002) and Germany (Schulz & Freyhof 2003; Schulz et al. 2006). In the 
North-German Lake Breiter Luzin and Lake Stechlin, autumn-spawning vendace 
populations coexist in sympatry with a spring-spawning, dwarf-sized sister species. The 
parallel evolution of the spring-spawning populations in both lakes by sympatric 
speciation has been suggested based on genetic analyses (Schulz et al. 2006). The 
species pair of Lake Stechlin was the study object for my work. 

1.5 The study system 

Lake Stechlin is a postglacial meso-oligotrophic lake in the northeast of Germany 
(53°10'N; 13°02'E). The lake was formed 12,000 years ago during the last glaciation 
period. It features no surface in- or outflows, has a mean depth of 22.8 m, a maximum 
depth of 68.5 m and a surface area of 4.25 km2. The dominant pelagic fish species in 
Lake Stechlin is vendace, Coregonus albula (L.), which lives in sympatry with the 
endemic dwarf-sized Fontane cisco, Coregonus fontanae (Schulz & Freyhof 2003). The 
two species are easily distinguished by differential spawning times. Vendace spawns 
during winter (mid-December to mid-January), whereas Fontanae cisco spawns from 
spring to summer (end-March to mid-July). The species differ in some morphological 
characteristics, for instance in the number of scales in the lateral line, in body depth at 
dorsal fin origin and in interorbital distance of dorsal head length (Schulz & Freyhof 
2003). The evolution of this species pair by sympatric speciation has been suggested 
from mtDNA and microsatellites analyses (Schulz et al. 2006) as well as AFLPs (K. 
Pohlmann, unpublished data). Both species perform regular diel vertical migrations by 
ascending from their deepwater daytime habitat into shallower water layers during 
nighttime (Mehner et al. 2007). However, the average nighttime population depths 
differ between the species, with Fontane cisco being found some meters deeper in the 
water column than vendace all over the year (Helland et al. 2007). This divergence in 
vertical distribution is associated with a difference in mean experienced water 
temperature (see Fig. 1). Despite the fact that the weak depth segregation within the 
pelagic area may facilitate a depth-related feeding divergence, diet compositions of both 
species are rather similar with a clear dominance of planktonic food. Consequently, 
trophic divergence does not contribute to competition avoidance and hence to the 
species’ coexistence (Helland et al. 2008). This contrasts the commonly observed 
diversification along the limnetic-benthic axes found in many other sympatric 
freshwater fish pairs (Schluter & McPhail 1993, Lu & Bernatchez 1999; McKinnon & 
Rundle 2002; Amundsen et al. 2004; Kahilainen & Østbye 2006; Knudsen et al. 2006). 
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Fig. 1: Schematic illustration of the Lake Stechlin system. The pelagic and planktivorous 
coregonids inhabit the open water area of the lake below the thermocline, i.e. the hypolimnion, 
where they segregate ecologically along the temperature-depth axis. The resource density 
continuously declines with depth. Some piscivorous predators, mainly perch, are present in the 
epilimnion above the thermocline. 
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2 OBJECTIVES AND METHODS 

The general objectives of my thesis were i) to detect environmental factors responsible 
for the ecological diversification of the Lake Stechlin coregonids, ii) to describe 
physiological and behavioural traits subjected to selection pressures, and iii) to infer 
potential forces and mechanisms that lead to the evolution of this species pair in 
sympatry. Recent investigations on present-day ecological segregation revealed a slight 
divergence of the two species along the temperature-depth axes of the pelagic 
environment (Helland et al. 2007), but no divergence in diet composition (Helland et al. 
2008). This raised the question how the species reduce exploitative competition and 
persist in sympatry with such similar diet preferences and habitat characteristics. We 
therefore hypothesized that they might show physiological and/or behavioural 
differences with respect to the most determining biotic and abiotic factors of their 
natural habitat, food abundance, light intensity and water temperature.  

2.1 Experimental approaches 

Three main questions were posed with respect to a potential segregation of the species 
along the environmental gradients light intensity, food density and water temperature:  

1. Do the species differ in their efficiency to consume zooplankton at various light 
intensities and food densities as an evolutionary adaptation to slightly different 
environmental conditions along the vertical lake axis? 

To answer this question, we studied the foraging efficiency as a function of light 
intensity and food density of both species by performing functional response tests in the 
laboratory (Paper I). The fish were exposed to a range of naturally occurring food 
densities and light intensities to determine the relationship between prey density and 
consumption rate (Appendix: Fig. 2). Our assumption was that the deeper-living 
Fontane cisco is more efficient at low light levels and low prey densities which are 
typical for the deepwater areas, whereas vendace was expected to be superior at the 
brighter light and higher prey densities found in shallower water. Differential feeding 
efficiencies would reduce exploitative competition between the species by enhancing 
their competitive strength under the respective environmental conditions.  

2. Do the species differ in the temperature-dependence of their standard and active 
metabolic rates as an evolutionary adaptation to slightly different thermal conditions? 

To answer this question, we measured the metabolic rates of both species at various 
temperatures using respiration analyses in the laboratory (Paper II, III). We measured 
oxygen consumption rates in flow-through respirometers at temperatures to which the 
species are naturally exposed to compare the metabolic costs of living at different 
thermal regimes (Appendix: Figs. 3, 4). Our hypothesis was that the species might show 
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heritable trait differences in metabolic rate, i.e. physiological adaptations to the slightly 
differing microhabitats with respect to environmental temperature. Such a 
correspondence between field observations and experimental results could indicate how 
divergent natural selection may directly act on physiological traits thus contributing to 
ecological and possibly evolutionary divergence.  

3. Do the species show different thermal preferences according to the slight divergence 
in vertical habitat use? 

To answer this question, we determined the final thermal preferenda of the species 
(Paper IV). Our hypothesis was that they would behave differently in their temperature 
selection and that they would finally gravitate into different water temperatures in our 
experimental setup. We determined the thermal preferences by using a shuttle-box 
design where the fish were allowed to control body temperature over several weeks by 
altering the water temperature of the system (Appendix: Fig. 5). Our assumption was 
that the deeper-living Fontane cisco prefers cooler temperatures compared to sympatric 
vendace. A difference in thermal preference would indicate that thermal behaviour can 
facilitate ecological diversification and thereby reduce exploitative competition. A 
comparison with optimum temperatures for swimming served to evaluate whether 
thermal preference coincides with temperatures maximizing performance.  

2.2 Theoretical approach 

We further developed a data-based mathematical model of the evolutionary 
diversification of the coregonids in Lake Stechlin with the main question: 

4. Is an evolutionary diversification of the coregonids along the temperature-depth 
gradient in the lake a theoretically plausible scenario for the speciation in sympatry? 

The model we designed for this purpose was based on the adaptive dynamics theory, 
which has been used in many theoretical models investigating ecology-based processes 
of evolutionary diversification (Paper V). It assumes one quantitative adaptive trait (the 
optimum foraging temperature), a depth-dependent population dynamics with logistic 
competition for a single unstructured resource at each depth and an adaptive foraging 
behaviour of the fish along the temperature-depth axis according to food abundance, 
feeding conditions and predation risk. The main question was whether a system with a 
hypothetical ancestral population with any initial optimum temperature would 
experience evolutionary branching and a subsequent stable coexistence of two distinct 
morphs under the empirically derived parameter values and assumptions. Such an 
evolutionary splitting would indicate that the ecological conditions might have favoured 
a diversification of the Lake Stechlin coregonids and that a sympatric speciation along 
the temperature-depth axis is a theoretically plausible scenario. 
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3 MAIN RESULTS  

In our experiments on the species’ feeding behaviour we found only marginal 
divergence in capture rates between Fontane cisco and vendace (Paper I). In both 
species, capture rates decreased significantly with decreasing light intensity and 
increased with increasing prey density according to a type II functional response (i.e. at 
decreasing rate until satiation). Significant differences between the species were only 
found at the combination of highest light intensity and highest prey density, which 
represents a rather extreme and uncommon situation under natural condition. At all 
other light intensity and food density combinations, we observed no significant 
differences in their functional response. Thus, in contrast to our hypothesis, the 
ecological segregation between the co-occurring species is not facilitated by differences 
in feeding efficiency. Together with analyses of the species’ diet compositions (Helland 
et al. 2008) these data suggested that the coregonids of Lake Stechlin are functionally 
similar planktivores without clear divergence in food use. Because of the ecological 
segregation along the vertical lake axis (Helland et al. 2007), where light intensity and 
food density decline continuously with depth (Mehner et al. 2005), the species are 
subjected to unequal consequences with respect to energy-budgeting. The deeper living 
Fontane cisco has to sustain energetic disadvantages compared to vendace, because it 
experiences lower food abundances and less favourable light conditions without 
showing any compensatory mechanism via enhanced feeding efficiency (Paper I). 
Although these disadvantages are partly compensated for by the general temperature 
effect on metabolic costs (i.e. lower costs in deeper and cooler water layers), this raised 
the question how the deeper living Fontane cisco is capable of sustaining a life-
supporting energy budget under these conditions in direct competition with vendace. 
Alternative segregating mechanisms not related to feeding were suspected in order to 
facilitate coexistence between the species.  

In our study on the swimming physiology of vendace (Paper II) we have used 
multivariate non-linear regression techniques to evaluate influences of body size, 
temperature and swimming speed on metabolic rates. This analysis showed that 
standard metabolic rates increased continuously with temperature, whereas total or net 
active metabolism did not. Further, vendace occurred to be very efficient in foraging, 
especially at intermediate temperature, with remarkably high optimum swimming 
speeds. Based on these analyses, we compared the maintenance and active metabolic 
costs of both species with respect to environmental temperature and foraging speed to 
determine whether temperature influences the species' metabolism differently (Paper 
III). We found that Fontane cisco has a reduced standard metabolic rate compared to 
vendace over the whole range of environmental temperatures. However, the net active 
metabolic rate was lower in Fontane cisco at 4°C, but higher at 8 and 15°C compared to 
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vendace. As a consequence, total metabolic costs when foraging at optimum speeds 
were higher in vendace at 4°C, but higher in Fontane cisco at 8°C or more (Fig. 6). This 
was in accordance with the ecological field surveys which indicated that the Fontane 
cisco population was not found in water layers with a temperature above approximately 
8°C (Helland et al. 2007). Fontane cisco is thus better adapted to lower temperatures 
with respect to metabolism than vendace, suggesting that species-specific physiological 
adaptations contribute to ecological divergence and a stable coexistence of the species. 
Hence, besides the general temperature effect, a metabolic adaptation in Fontane cisco 
(Paper III) implies further compensation of the energetic disadvantages associated with 
living in deeper water (Paper I). Moreover, our results indicated that standard 
metabolism was under strong selection in Fontane cisco (Paper III), probably due to 
the relatively high maintenance compared to swimming costs in these fishes (Paper II). 
Since different physiological traits or cellular processes can be subjected to differential 
selection pressures, we were left in uncertainty whether the reported temperature-
dependences of the active metabolic costs represented an optimizing strategy on the 
organism level and whether the species would prefer these temperatures accordingly. 

Our temperature preference tests revealed significant differences in the species’ 
temperature selection behaviour (Paper IV). The species-specific final thermal 
preferenda were 9.0°C for vendace and 4.2°C for Fontane cisco, indicating evolutionary 
cold adaptation in the deeper living species (Fig. 6). These results were in line with our 
study on the species’ metabolic costs (Paper III) since Fontane cisco preferred a 
temperature where it is competitively superior with respect to metabolism, compared to 
vendace. In our study on the swimming physiology of vendace we had demonstrated 
that net swimming costs in this species showed no clear trend with temperature (Paper 
II). After re-evaluating the metabolic rates data for both species, it became evident that 
net costs of swimming are optimized at the range of thermal preference in both, Fontane 
cisco and vendace. Net swimming costs were lowest in Fontane cisco at 4°C and in 
vendace at 8°C (Paper IV). This correspondence of thermal preference and thermal 
physiology (Fig. 6), together with the vertical habitat segregation (Helland et al. 2007), 
finally showed that the species are adapted to different thermal regimes within their 
pelagic environment.  

We had hypothesised that this thermal adaptation might have played an important role 
during the evolutionary diversification in sympatry, since it facilitates the ecological 
segregation observed in the system. The evolutionary, adaptive dynamics based model 
showed that the ecological conditions in Lake Stechlin may have led to evolutionary 
branching along the temperature-depth gradient (Paper V). In our model, a hypothetical 
ancestral population evolves to an evolutionary singular strategy, where it experiences a 
fitness minimum and thus disruptive selection on the adaptive trait (optimum foraging 
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temperature) leading to evolutionary branching. Subsequently, dimorphic evolution 
proceeds to a point where the selection gradient vanishes and two populations with 
divergent temperature optima and depth-distributions are established. The dimorphic 
system represents an evolutionary endpoint since it is not subjected to further branching 
processes. The model outcome resembles the real system remarkably well. The trait 
values of the model populations are similar to the measured temperature preferences and 
metabolic optima and the resulting depth distributions are in good accordance with the 
observed average population depths of the Lake Stechlin coregonids. 

 

Fig. 6: Overview of the most important temperature-related physiological attributes of vendace 
(black) and Fontane cisco (grey). Shown are final thermal preferences (FTP, dashed lines) and 
the total metabolic rates (MR, squares and solid lines), which are calculated for a 20g fish 
swimming at optimum speed. The metabolic advantages of the species in comparison to each 
other at the respective thermal preferences are indicated by double-arrows. These make up about 
30% of total energy use at optimum speed. The temperature range of the hypolimnion is 
indicated by the dotted lines for the bottom temperature (4°C) and the thermocline (9.8°C, 
averaged over all months of stratification). 
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4 CONCLUSIONS  

4.1 Eco-physiological divergence 

It has been shown that the sympatric species pair of Lake Stechlin displays an 
ecological segregation along the vertical axis of the pelagic environment (Helland et al. 
2007). No significant differences were found with respect to feeding morphology 
(Schulz & Freyhof 2003), feeding preference (Helland et al. 2008) or feeding efficiency 
(Paper I). Both species are thus pelagic planktivores without clear divergence in food 
use. This contrasts the majority of other systems with sympatric fish pairs, where the 
common pattern is that of resource partitioning along the limnetic-benthic axes (e.g. 
Schluter & McPhail 1993; Gislason et al. 1999; McKinnon & Rundle 2002; Knudsen et 
al. 2006), as well as other systems with sympatrically occurring coregonids (Bernatchez 
et al. 1999; Lu & Bernatchez 1999; Amundsen et al. 2004; Kahilainen & Østbye 2006). 
Some studies have described a separation in vertical habitat use between closely related 
coregonids (Smith & Todd 1984; Gjelland et al. 2007). In these cases, however, 
segregating mechanisms other than divergence in depth distribution were not proposed.  

With our finding that the Lake Stechlin coregonids show distinct temperature-related 
physiological adaptations (Papers II, III), we describe a novel mechanism of eco-
physiological specialization of a sympatric pair of freshwater fish. The reported 
metabolic adaptations promote ecological divergence. This facilitates a stable 
coexistence, because the species achieve energetic advantages over the competitor 
within the respective thermal regime thereby avoiding competitive exclusion. This 
conclusion was corroborated by our analysis of the thermal preferences of both species 
which differ according to the ecological segregation and coincide with temperatures of 
minimum net swimming costs (Paper IV). Swimming performance is thus optimized at 
the respective preferred temperature (Fig. 6), indicating that thermal preference and 
thermal physiology are coadapted. Such a correspondence of thermal preference and 
temperatures maximizing performance has never been described so far for the 
divergence of closely related sympatric species. Based on these experimental results and 
the ecological field data (Helland et al. 2007; Mehner et al. 2007), it became evident 
that temperature, rather than food use or light regime, is the predominant environmental 
factor shaping the competitive interaction and ecological divergence of this species pair. 
Temperature mediated the eco-physiological specialization by allowing the species to 
occupy different microhabitats along the vertical lake axes. With our theoretical 
approach we were able to support these conclusions by showing that, irrespective of the 
evolutionary dynamics, a stable coexistence of two morphs with different optimum 
foraging temperatures is possible in this system when using our data-based assumptions 
and parameter functions (Paper V).  
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4.2 Temperature effects  

It is widely accepted that fishes are usually well adapted to the environmental 
temperature of their natural habitat on small spatial scales (Magnuson et al., 1979; 
Johnson & Kelsch, 1998; Pörtner, 2002) and that the broad-scale biogeography of fishes 
is shaped by the direct effects of temperature as well (Murawski 1993, Pörtner et al. 
2007). Accordingly, it has been suggested that adaptive differences in thermal 
physiology promote ecological divergence between intertidal animals (Somero 2002; 
Pulgar et al. 2005) and even macro-ecological and phylogeographic patterns in 
ectothermic animals may be explained by variations in temperature-related 
physiological attributes (Bernardo et al. 2007). Temperature differences between 
adjacent microhabitats are further believed to cause disruptive selection on various 
adaptive traits (e.g. Baker et al. 2005). Moreover, it has been shown that niche 
segregation of fishes can be facilitated by differentiation in thermal preference (Larsson 
2005). The relationship between thermal physiology and interspecific differences in 
habitat use of fishes is nonetheless poorly understood.  

Here, we present the first case of closely related species for which it is shown that 
temperature-related metabolic adaptations lead to ecological divergence by differential 
thermal microhabitat use (Papers III and IV). This segregating mechanism might be 
the cause of stable coexistence of other sympatrically occurring fishes for which 
differences in food do not seem to cause divergence. That might be the case, for 
instance, in the cisco populations of the North American Great Lakes (see Smith & 
Todd 1984; Turgeon et al. 1999) or the vendace and whitefish populations of the 
Scandinavian Pasvik watercourse (see Gjelland et al. 2007; Bohn et al. 2008). In the 
latter case, it has already been suggested that the use of different microhabitats along a 
lake’s depth-gradient enables a persistent coexistence of native whitefish (Coregonus 
lavaretus) and invading vendace.  

4.3 Ecologically based speciation 

It is widely believed that the same ecological conditions that produce disruptive natural 
selection and cause adaptive speciation drive ecological differentiation and enable the 
coexistence of closely related species in sympatry (Schluter 2000; Coyne & Orr 2004). 
With our theoretical approach based on the adaptive dynamics theory, we showed that 
the same ecological conditions that are believed to facilitate a persistent coexistence of 
the two coregonids in Lake Stechlin are prone to evolutionary branching of a 
hypothetical ancestral population (Paper V). The model thus demonstrated that 
metabolic thermal adaptation along the temperature-depth gradient as a basis for 
evolutionary diversification is a theoretically feasible scenario. It is the first empirically 
motivated and data-based model showing the plausibility of a sympatric speciation 
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along a gradient in environmental temperature. Hence, the combination of i) the 
observed vertical segregation, ii) temperature-related metabolic adaptations, iii) the 
reported differences in thermal preference and iv) the evolutionary model, suggest the 
temperature-gradient as a driving environmental factor that fostered the evolutionary 
diversification of the Lake Stechlin coregonids.  

Similar processes of ecologically based adaptive speciation along temperature gradients 
may have occurred in other systems of freshwater fishes. The idea is corroborated by 
general theoretical studies suggesting that speciation along environmental gradients may 
be a common process in nature (Doebeli & Dieckmann 2003). Moreover, other 
empirical studies have found that the effect of natural selection operating along 
ecological gradients can be sufficiently strong to overcome the homogenizing effect of 
gene flow and induce evolutionary novelty (e.g. Schneider et al. 1999). A growing body 
of evolutionary models nowadays favours sympatric speciation as a driving force in 
generating biological diversity (see Coyne & Orr 2004; Dieckmann et al. 2004; 
Kirkpatrick & Ravigne 2002; Bolnick & Fitzpatrick 2007) and the number of theoretical 
approaches that incorporate ecological gradients into the study of diversification are 
increasing (e.g. Mizera & Meszéna 2003; Leimar et al 2008). 

Other factors, besides the presence of an environmental gradient, that have been 
proposed as pre-requisites for an ecologically based adaptive diversification of 
freshwater fishes are a species-poor environment and a relatively high intraspecific 
competition within the ancestral population (Lu & Bernatchez 1999; Robinson et al. 
2000; Vamosi 2003; Bolnick 2004; McKinnon et al. 2004; Hudson et al. 2007). It can 
be assumed that these pre-requisites were present in Lake Stechlin after the last 
glaciation. At the time the lake was colonized by an ancestral coregonid population, it 
presumably was a species-poor environment with low productivity and thus high 
intraspecific competition within the ancestral population, but low numbers of predator 
species as well as competing planktivores within the pelagic area. Still today this lake 
holds only few other fish species than the coregonids, namely roach (Rutilus rutilus), 
perch (Perca fluviatilis) and bleak (Alburnus alburnus), and all of them are low in 
abundance (Mehner & Schulz 2002; Schulz et al. 2003). Further, biogeographical 
considerations support the conclusion that these system characteristics were important 
for the evolutionary diversification. Sympatric pairs of Coregonus spp. occur in only 
two lakes in Germany, Lake Stechlin and Lake Breiter Luzin (Schulz et al. 2006). These 
two lakes are the deepest in that region (Mehner et al. 2005) and both are located at the 
southern border of the vendace distribution range (Kottelat & Freyhof 2007). 
Consequently, these lakes have the broadest temperature ranges and the steepest 
gradients compared to other lakes where vendace occurs.  
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An alternative hypothesis about the species’ evolution is sympatric speciation by 
temporal separation of spawning time, since the coregonids in Lake Stechlin spawn at 
different times of the year (Schulz & Freyhof 2003). Many sympatric populations of 
coregonids have temporal or spatial divergence in spawning (Kottelat & Freyhof, 2007). 
It has been demonstrated in other animal taxa that temporal separation of reproduction 
can sufficiently reduce gene flow between closely related sympatric species and cause 
sympatric speciation to occur (e.g. Friesen et al. 2007). However, the evolution of 
reproductive isolation is not sufficient to explain a persistent coexistence of species if 
habitat and food use is identical. Population density of the competitively inferior 
population would be expected to decrease to extinction as a consequence of competitive 
exclusion (Pianka 2000). Consequently, competition avoidance and hence coexistence 
has to be based on ecological divergence (Coyne & Orr 2004; Gavrilets 2004). Since we 
found surprisingly similar food use between the species, differential use of thermal 
microhabitats might be the only mechanism by which this is achieved. Whether the 
divergence in thermal microhabitat use caused a shift in spawning time cannot be 
answered based on the present work. A possible explanation for the shift is that 
bioenergetic constraints for individuals preferring lower temperatures delayed 
maturation thereby causing a switch from winter- to spring-spawning. In this case, 
selection on the thermal preference trait would indirectly cause assortment and 
consequently reproductive isolation between the species.  

In conclusion, my thesis shows that the temperature-depth gradient of the lake mediates 
the eco-physiological divergence of this species pair suggesting this gradient as a 
driving force for the speciation in sympatry. The thesis thereby highlights the 
importance of temperature gradients for shaping processes of ecological and 
evolutionary diversification. This is a new perspective on the ecologically based 
evolution of closely related sympatric species, especially with respect to fish pairs that 
commonly display a divergence in food use or are believed to do so. The work further 
suggests that it might be advantageous to consider the adaptive potentials of species and 
their evolutionary history for applying successful protection plans for endangered 
freshwater fishes that are highly subjected to temperature changes, and for evaluating 
potential impacts of climate change on fish populations and communities.  
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5 PERSPECTIVES  

To emphasize the significance of this work and to give some perspectives, suggestions 
for future research in this field are made (general). Further, a couple of questions with 
respect to the Lake Stechlin coregonids remain unsolved and appear to be promising 
research areas (specific). The latter are partly thought ahead by other researchers of our 
group (J. Freyhof, I.P. Helland; F. Hölker, T. Mehner, G. Staaks). 

General 

Studies on the ecological and evolutionary diversification of closely related fish species 
have rarely focused on physiological traits (but see Rogers et al. 2002). Their role thus 
needs further attention. Especially temperature-related physiological differences of 
sympatric fish pairs have never been studied so far, although adaptation to 
environmental temperature is a common phenomenon in poikilothermic animals. 
Thermal adaptation occurs at various levels of biological organisation, ranging from 
molecular to organismal. Nevertheless, knowledge about the detailed events that occur 
between the reception of ecological or evolutionary stimuli and the manifestation of the 
response in terms of physiological traits is scarce (see Feder et al. 2002; Clarke 2003) 
and functional links between genetic/molecular and ecological/evolutionary adaptive 
processes are barely understood (Pörtner et al. 2006). In order to obtain a mechanistic 
understanding of thermal metabolic adaptation, we need analyses of the genes involved 
and the functions of their products within the organism and use these to provide a link 
between the various levels of organisation. A functional understanding of thermal 
adaptation is further necessary to provide meaningful solutions to problems like 
biodiversity conservation and global climate change. 

Specific 

What are the impacts of climate change on the Lake Stechlin coregonids? 

A predictive model simulating a future temperature increase could evaluate the adaptive 
response of the Lake Stechlin coregonids to an increase in water temperature. Such a 
model could be based on the presented evolutionary model (Paper V) and a previously 
developed model that predicts the impacts of temperature change on the lake’s water 
body and plankton communities (Gerten & Adrian 2001). This approach would provide 
insights to the potential threats for the system resulting from future climate change. 

Which life-history traits are involved in the divergence in spawning time? 

Since we have no conclusive explanation for the divergence in spawning time, future 
research might use life-history traits to shed light on the question how temporal 
isolation in spawning, and consequently reproductive isolation, evolved. Different 
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spawning grounds or temperatures of hatching fry may have differential selective effect 
on the two species, thereby increasing the relative fitness of one or the other.  

Are the species completely reproductively isolated? 

Hybridization experiments could be used to determine whether the species can still 
interbreed with each other and produce fertile offspring. To perform such experiments, 
it is necessary to synchronize the species’ maturation in the laboratory or fertilize 
mature eggs from one of the species with previously frozen spermatozoa from the other. 
If hybrids hatch, a fertility test with the offspring itself is needed. In case of unfertile 
offspring, the test would provide the final proof for their status as distinct species. 

To what degree is microhabitat selection a genetically fixed or ontogenetically learned 
behaviour? 

Tagging experiments with laboratory fish of both species raised under the same 
conditions that are released into Lake Stechlin could be used to determine whether 
thermal habitat use in these fishes is a fully heritable behaviour or influenced by 
ontogenetic effects. Similar behaviour of laboratory raised and wild fish of the same 
species should be observed if microhabitat selection is mainly determined by genetic 
effects, whereas similar behaviour of laboratory fish of both species would emphasise 
the ontogenetic influence on habitat selection. 

Are bioenergetic constraints responsible for the shift in spawning time? 

Bioenergetic analyses and individual-based modelling could be used to identify whether 
thermal adaptation with its immediate energetic consequences can explain a shift in 
spawning time due to a delayed maturation of those phenotypes that prefer lower 
temperatures.  

Which biochemical processes are involved in thermal metabolic adaptation? 

To study the sequences (amino acids), concentrations (gene expression, mRNA) and 
activities (milieu) of enzymes that are involved in temperature adaptation, for instance 
lactate dehydrogenase (LDH), might be helpful to increase the functional understanding 
of the quantitative processes involved (see Somero 2004). 

What is the genetic basis for the thermal metabolic adaptation? 

Genome screening for DNA polymorphisms might elucidate the genetic basis of the 
adaptive differences between these closely related species, since it is likely that the 
selective regimes that caused disruptive selection produced different quantitative trait 
loci (Storz 2005). Hence, if specific target genes can be identified, a genome screening 
may detect the locus-specific signatures, which can then be related to phenotypic 
divergence, thereby providing a causal link between genotype and phenotype.  
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APPENDIX 

Figures 

 

 

 

Fig. 2: Functional response test for capture rate determination. Feeding behaviour was observed 
in glass aquaria placed in a climatic chamber which was darkened with light-impermeable 
curtains. Luminaries equipped with halogen bulbs connected to a digital/analogue dimmer were 
installed above the aquaria. Daphnia were introduced through a tube from a reservoir above the 
aquaria. Additionally, infrared lamps were installed to allow observation of the feeding activity 
at very low light intensities using night-vision glasses. 
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Fig. 3: Flow through respirometer for standard metabolic rate determination. Five fish were 
placed in Plexiglas chambers for measurements of metabolic rates using a flow through system 
driven by a tubing pump. The sixth chamber was used to determine microbial respiration. The 
oxygen content of the water was measured using an oxygen probe connected to an oxymeter 
which transferred the data to a notebook for subsequent processing. 
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Fig. 4: Intermittent-flow through swim tunnel for active metabolic rate determination. Fish were 
forced to swim against a water current of a given speed generated by a rotary pump. During 
swimming the oxygen consumption of the fish was measured continuously with a fixed oxygen 
probe and recorded by a computer. The oximeter allowed automated flushing and measuring by 
opening and closing a ventilation cycle via a magnet valve. During flushing the preset oxygen 
content of the measuring unit was re-established. A video camera was used for monitoring the 
fish during experiments (modified from Ohlberger et al. 2005). 
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Fig. 5: Shuttle box system for temperature preference determination. Three fish were placed in 
each of the two interconnected compartments of an aquarium separated by a plastic panel with a 
centred hole. After acclimation, a constant temperature difference of 2 Kelvin was established 
between the sections by cooling coils and electric heaters, which were controlled by a computer. 
Infrared transmitters and photocells continuously monitored the activity of the fish within the 
sections. The system was automatically cooled down or heated up in a dynamic manner 
according to the distribution of the fish. 
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