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Summary 
 
 
 
The fish yield of Lake Brienz, Switzerland, has decreased substantially in the 
last 30 years. It collapsed in the year 1999, concurrently with a prolonged spring 
flood and the disappearance of the Daphnia population (water fleas, the main 
food source of the predominant whitefish). Due to these events, the Lake Brienz 
Project was initiated to investigate the ecological impacts of anthropogenic 
changes on this ultra-oligotrophic and turbid lake. The interdisciplinary project 
focused on the effects of oligotrophication and hydropower operation. The main 
goals of our study were to investigate: a) the ecology and population dynamics 
of Daphnia, with special attention to the effects of low food levels and high 
inorganic particle concentrations; b) the causes of the general decline in the 
Daphnia population over the last decades; and c) the reasons for the population 
collapse in 1999. We also examined how the Daphnia population survives the 
bottleneck of winter, and if the taxonomic composition of the population 
changed in the course of eutrophication and subsequent oligotrophication in the 
20th century. To put our results into perspective, we included more productive 
lakes in some of the analyses (Lake Thun, Lake Constance and Greifensee). 
 
In the first part of this thesis (Chapter 2), we performed an experiment to test if 
suspended glacial particles have a negative effect on the fitness of Daphnia, 
especially when simultaneously exposed to low food conditions. We found that 
the concentrations of suspended particles present in the lake do not reduce the 
fitness of the filter feeders, even during a flood. We could therefore exclude 
suspended particles as an important factor in the population collapse of spring 
1999. However, we showed that the harsh winter and prolonged spring flooding 
were most likely responsible for the disappearance of the Daphnia population 
(Chapter 3). According to our model calculations, the spring growth of the 
Daphnia population, limited by poor food conditions and reduced by 
extraordinarily low water temperatures, could not compensate for the losses due 
to washout. By analyzing the ephippia abundance in the sediment, we showed 
that there was no permanent Daphnia population present in Lake Brienz before 
the start of eutrophication in the 1950s (Chapters 3 and 5). 
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To test if Daphnia can survive a harsh winter in an ultra-oligotrophic lake in the 
water column, and to see if clones from Lake Brienz are adapted to local 
conditions, we exposed clones from three lakes with contrasting trophic states 
(Lake Brienz, Lake Constance and Greifensee) to realistic winter conditions of 
low food concentration and low temperature (Chapter 4). We found that 
Daphnia generally can withstand starvation for several weeks, and that it is not 
the taxon, but the origin of the clones which determines the resistance to 
starvation. Finally we could show that the trophic state of a lake not only 
determines the persistence of a population, but also its taxonomic composition 
(Chapter 5). In contrast to Lake Brienz, D. galeata was able to establish itself in 
more productive Lake Thun during eutrophication. The novel species hybridized 
with the native D. hyalina population and disappeared again. The hybrids are 
still frequently found in the pelagic population. 
 
In conclusion, anthropogenic changes like eutrophication and oligotrophication, 
even if low in magnitude as in Lake Brienz, can have major impacts on a 
Daphnia population. Eutrophication in the 20th century not only resulted in a 
permanent Daphnia population in Lake Brienz, it also provided the basis for the 
establishment of D. galeata in Lake Thun. The re-oligotrophication of Lake 
Brienz has not only drastically reduced the size of the Daphnia population (with 
the consequent effect of low fish yield), but has also made the population more 
susceptible to external factors like an intensive flood. An ongoing 
oligotrophication of Lake Brienz will most likely threaten the persistence of this 
key species of the aquatic food web.  
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Zusammenfassung 
 
 
 
Der Fischertrag des Brienzersees (Schweiz) hat in den letzten 30 Jahren stark 
abgenommen. Zeitgleich mit einem langen Frühjahrshochwasser und dem 
Verschwinden der Daphnien (Daphnia, Wasserflöhe), der wichtigsten 
Futterquelle der Felchen, brach der Ertrag 1999 fast vollständig ein. Wegen 
dieser Ereignisse wurde das Brienzersee-Projekt initiiert. Das interdisziplinäre 
Projekt sollte die ökologischen Folgen anthropogener Veränderungen auf den 
ultra-oligotrophen und trüben Brienzersee untersuchen, wobei die Schwerpunkte 
in der Oligtrophierung und Wasserkraftnutzung lagen. Die Hauptziele unserer 
Studie waren: a) Untersuchung der Ökologie und Populationsdynamik der 
Daphnien unter besonderer Berücksichtigung der tiefen Futter- und hohen 
anorganischen Schwebstoffkonzentrationen; b) Analyse der Gründe für den 
generellen Rückgang der Daphnienpopulation; sowie c) Erforschung der 
Ursachen für den Zusammenbruch der Daphnienpopulation im Jahre 1999. Des 
Weiteren sollte analysiert werden, ob und wie die Daphnienpopulation den 
Winter überlebt, und inwieweit sich die Artenzusammensetzung im Zuge der 
Eutrophierung und Re-oligotrophierung im 20. Jahrhundert verändert hat. Um 
unsere Resultate in Bezug zu setzen, haben wir auch die Populationen von 
produktiveren Seen (Thunersee, Bodensee, Greifensee) in einige Analysen 
miteinbezogen. 
 
Im ersten Teil dieser Dissertation (Kapitel 2) sollte untersucht werden, ob 
Schwebstoffe (Gletscherwasser) die Fitness von Daphnien reduzieren, 
insbesondere in Kombination mit tiefen Nahrungskonzentrationen. Unser 
Experiment zeigte, dass die im Brienzersee vorhandenen 
Schwebstoffkonzentrationen keinen negativen Einfluss auf die Daphnien haben, 
auch nicht während eines Hochwassers. Daher konnten die Schwebstoffe als 
Grund für den Populationszusammenbruch im Frühling 1999 ausgeschlossen 
werden. Es zeigte sich aber, dass der intensive Winter und das Hochwasser mit 
grosser Wahrscheinlichkeit trotzdem für das Verschwinden der Daphnien 
verantwortlich waren (Kapitel 3). Gemäss unserer Modellrechnungen konnte das 
Wachstum der Daphnien im Frühling jene Verluste, welche infolge des starken 
Abflusses entstanden, nicht kompensieren, da es sowohl durch schlechte 
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Nahrungsbedingungen limitiert, als auch durch ausserordentlich tiefe 
Wassertemperaturen reduziert war. Analysen der Ephippiendichte im Sediment 
zeigten zudem, dass es im Brienzersee vor dem Beginn der Eutrophierung in den 
1950'er Jahren keine ständige Daphnienpopulation gab (Kapitel 3 und 5). 
 
Ob Daphnien den harten Winter in ultra-oligotrophen Seen als frei 
schwimmende Klone überleben können, und inwiefern sich Klone des 
Brienzersees den lokalen Verhältnissen angepasst haben, sollte in einem 
weiteren Experiment getestet werden (Kapitel 4). Zu diesem Zweck simulierten 
wir realistische Winterbedingungen mit tiefer Temperatur und niedrigen 
Nahrungskonzentrationen, und analysierten das Überleben von Daphnien aus 
Seen mit unterschiedlicher Trophie (Brienzersee, Bodensee, Greifensee). Wir 
konnten zeigen, dass Daphnien für mehrere Wochen hungern können. Während 
das Taxon der Klone keinen Einfluss auf das Überleben hatte, war die Herkunft 
der Klone hingegen entscheidend. Schliesslich konnten wir zeigen, dass die 
Trophie des Sees nicht nur bestimmt, ob sich Daphnien etablieren können, 
sondern auch die Taxonzusammensetzung beeinflusst (Kapitel 5). Im Gegensatz 
zum Brienzersee konnte sich D. galeata im leicht produktiveren Thunersee 
während der Eutrophierungsphase behaupten. Diese invasive Art hybridisierte 
mit der heimischen D. hyalina Population und verschwand später wieder. Die 
Hybriden hingegen kommen im Thunersee noch heute häufig vor. 
 
Fazit: Anthropogene Veränderungen, wenn auch nur schwach ausgeprägt wie  
im Falle des Brienzersees, können Folgen für die Daphnienpopulation haben. 
Die Eutrophierung im 20. Jahrhundert bildete nicht nur die Grundlage für eine 
Daphnienpopulation im Brienzersee, sondern war auch die Basis für die 
Etablierung von D. galeata im Thunersee. Die Re-oligotrophierung des 
Brienzersees reduzierte nicht nur die Daphnienpopulation (und damit den 
Fischertrag), sondern machte die Population auch anfälliger für externe Faktoren 
wie ein starkes Hochwasser. Eine anhaltende Oligotrophierung würde die 
Existenz der Daphnien, einer Schlüsselart des aquatischen Nahrungsnetzes, 
gefährden. 
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Chapter 1 
 
 
 
Introduction and outline of the thesis 
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Ecological impacts of anthropogenic changes on freshwater lakes 
As a consequence of increasing human population size and ongoing 
industrialization in the past 100 years, most freshwater lakes and their food webs 
have been directly or indirectly altered. Some of the major anthropogenic 
changes are: disappearance of natural lake shores, regulation of lake levels, 
increase in chemical pollutants, change of the inflow regime due to hydropower 
operation, and increased input of nutrients (eutrophication). In central Europe, 
fish biomass and yield have been decreasing for the last 30 years (Jeppesen et al., 
2005; Gerdeaux et al., 2006). This is primarily a result of the successful 
measures that were introduced in the 1970s and 1980s by many countries to 
reduce the phosphorus load into eutrophicated lakes. Because phosphorus is the 
limiting nutrient for primary production in most lakes, its concentration 
influences the productivity at all trophic levels (Correll, 1998; Schindler, 2006; 
Lampert and Sommer, 2007). In unproductive lakes, oligotrophication has led to 
such a low fish yield that the use of the local fish population has become 
economically unattractive for the fishery. 
 
 
Lake Brienz Project 
In Lake Brienz, Switzerland, whitefish yield has decreases by more than 90% 
since the end of the 1970s (Müller et al., 2007a). Local fisherman had repeatedly 
claimed that the intensive hydropower operation upstream of Lake Brienz 
severely affected the ecosystem dynamics of Lake Brienz in the course of the 
20th century by, for example, increasing turbidity and thereby reducing primary 
production (Wüest et al., 2007). In the years 1999 and 2000, after a prolonged 
spring flood, the fish yield collapsed to about 10% of the previous years and 
recovered at a low level afterwards. Concurrent Daphnia could not be detected 
in routine sampling from January to August 1999, but they were found again in 
the following year (Rellstab et al., 2007). After these events, the Cantonal 
Government of Bern decided in 2003 to initiate a project investigating the 
ecological impacts of anthropogenic changes on Lake Brienz, with a focus on 
the effects of hydropower operation and re-oligotrophication. The seven parts of 
the project were: transport and lacustrine sedimentation (Anselmetti et al., 2007), 
inorganic colloids (Chanudet and Filella, 2007), nutrients (Müller et al., 2007a), 
light regime (Jaun et al., 2007), primary production (Finger et al., 2007), 
zooplankton-fish interactions (Müller et al., 2007b), and the Daphnia population 
(this thesis). Results of the project are reviewed in Wüest et al. (2007). 
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The main goals of our study were to investigate: a) the ecology and population 
dynamics of Daphnia in Lake Brienz with special attention to the low food 
levels and high inorganic particle concentrations; b) the causes of the general 
decline in the Daphnia population size over the last decades; and c) the reasons 
for the population collapse in 1999 and the probability that a similar collapse 
could happen again in the future. In addition, we tested if Daphnia from Lake 
Brienz can survive winter as asexual clones, and if they are adapted to their local 
winter conditions by comparing them to clones from other lakes with different 
trophic state (Lake Constance and Greifensee). Finally, we wanted to know if 
the taxonomic composition of the Daphnia population changed over the course 
of eutrophication and re-oligotrophication. To test whether the trophic state of a 
lake is a key factor in potential taxonomic shifts, we compared the past and 
present Daphnia populations of Lake Brienz with the population of nearby and 
slightly more productive Lake Thun. 
 
 
Study systems 
Lake Brienz (564 m asl) is situated just north of the Bernese Alps in Switzerland 
(Figure 1) in a deep valley which was eroded by the Aare glacier during the last 
glaciations. It is a typical example of a peri-alpine lake in the European Alps: 
steep slopes (therefore no shallow littoral zones), a deep basin, and a low trophic 
state. Lake Brienz has a volume of 5.1 km3, a surface area of 30 km2 and a 
maximum depth of 259 m. Its mainly glacial catchment covers an area of over 
1,100 km2, of which over 50% are above 2,000 m asl. It receives annually over 
300,000 tons of glacial particles (Finger et al., 2006), leading to turbidity that 
increases light attenuation (Jaun et al., 2007) and consequently decreases 
primary production (Finger et al., 2007). Only 3% of these particles are 
transported through the Aare channel into downstream Lake Thun, the rest is 
deposited as sediment in Lake Brienz. Two major inflows are present. Although 
the flow pattern of the Lütschine has remained almost unaltered in the past, the 
hydrology of the Aare has undergone a substantial shift due to the hydropower 
dams in the Grimsel region. The hydropower operation reduces the total amount 
of glacial particles transported into the lake (as a major proportion of particles 
settles in the storage lakes) and the number of deep intrusions into Lake Brienz 
(Finger et al., 2006). Moreover, particle inputs are shifted from summer towards 
winter, resulting in increased turbidity in winter and decreased turbidity in 
summer, affecting the light regime and the dynamics of phytoplankton growth. 
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Figure 1: Map of Lake Brienz and Lake Thun (additional study system in Chapter 5) with 
their major inflows and towns (italic). The map of Switzerland also shows the location of 
Greifensee and Lake Constance which are topics in Chapter 4.  
 
Lake Thun (558 m asl), which we used as an additional study system in Chapter 
5 of this thesis, is larger (17.5 km3 and 48 km2) but not as deep (217 m) as Lake 
Brienz. Its two major inflows are the Aare (connecting it to Lake Brienz by a 5 
km long channel) and the Kander, which was redirected into the lower end of 
the lake in 1714, after originally running parallel to the lake and joining the Aare 
after the outflow of Lake Thun. The Kander transports a significant amount of 
glacial particles into the lake (100,000 t yr-1, Fahrni and Liechti, 1984). 
Nevertheless, Lake Thun has a significantly lower content of inorganic particles 
than Lake Brienz. As in Lake Brienz, fish yield has been decreasing in the last 
30 years (Gerdeaux et al., 2006). 
 
Production in both lakes is phosphorus limited. With a total phosphorus 
concentration of 3-4 μg l-1 (spring circulation values) they are categorized as 
ultra-oligotrophic lakes (Lampert and Sommer, 2007). Despite this similarity in 
phosphorus content, Lake Brienz is significantly less productive than Lake Thun, 
because a major part of the phosphorus is not bioavailable as it is bound to 
inorganic particles (Müller et al., 2006). Also, primary production is strongly 
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limited because of light attenuation due to suspended inorganic particles (Jaun et 
al., 2007). The sediments of both lakes are well investigated (Sturm and Matter, 
1972; Sturm, 1976; Sturm and Matter, 1978; Girardclos et al., 2007). As a 
consequence of a high and often constant sedimentation rate (depending on the 
location), they present an ideal opportunity to reconstruct past changes in the 
food web and in the environment. In some locations in the lakes (especially 
Lake Brienz) the sediment is varved, which facilitates and improves the dating 
of the sediment. Although calanoid copepods are the dominant zooplankton 
group in both lakes, the predominant whitefish (Coregonus) feeds mainly on 
Daphnia (Müller et al., 2007b). Since 1994 (in Lake Thun since 1996) the 
Cantonal authorities (GBL Bern) have performed a monthly routine monitoring 
program that includes measurements of several abiotic factors and sampling of 
phytoplankton and zooplankton. 
 
In Chapter 4, we included clones from Lake Constance and Greifensee (Figure 1) 
in the experiment. Mesotrophic Lake Constance (TP = 13 µg l-1, Stich, 2004) is 
situated at the border of Switzerland, Germany and Austria. Its surface area 
covers 571 km2 and the maximum depth is 252 m. Lake Constance is one of the 
most studied lakes in Europe, with complete long-term data available back to the 
1950s (Straile and Geller, 1998). Eutrophic Greifensee (TP = 63 µg l-1, 
Wolinska et al., 2007a), is situated in the Swiss lowland close to the town of 
Zürich. The lake is rather small (8.5 km2) and shallow (maximum depth 33 m, 
Keller et al., 2002). The Daphnia population of Greifensee has been the subject 
of various studies in the past years (e.g., Spaak and Keller, 2004; Keller et al., 
2007; Wolinska et al., 2007b). 
 
 
Ultra-oligotrophic turbid lakes 
Located at the lower end of the trophic scale, large ultra-oligotrophic lakes like 
Lake Brienz are almost only present in sparsely populated regions close to 
mountain ranges as such as the European Alps, the Rocky Mountains and 
Alaska. In their food webs, top-down control seems to play a minor role 
(Jeppesen et al., 2003), because the consumer at the upper level is not able to 
establish the necessary population size to significantly reduce the population 
size of the prey at the lower level. The coupling between zooplankton and 
phytoplankton generally decreases with decreasing trophic status (Carney and 
Elser, 1990; Bürgi et al., 1999) and fish populations are often not capable of 
significantly influencing the population size of zooplankton (e.g., Müller et al., 
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2007b). The number, swiftness and magnitude of clear-water phases increase 
with trophic state (Bürgi et al., 1985; Sommer et al., 1986); ultra-oligotrophic 
lakes often lack pronounced clear-water phases (Balvay et al., 1990). In general, 
only one zooplankton maximum per season can be found in late summer to 
autumn (Sommer et al., 1986).  
 
Inorganic particles, which are often present in these lakes due to their proximity 
to glacial regions, can have a substantial impact on the lake and its food web by 
changing the physical (e.g., light transmission, Jewson and Taylor, 1978) and 
chemical (e.g., binding of nutrients, Müller et al., 2006) properties of the system. 
Ultra-oligotrophic and turbid lakes exhibit a specific composition of adapted 
species at all trophic levels. The zooplankton population is normally dominated 
by copepods and rotifers; cladocerans like the water flea Daphnia are rare (e.g., 
Adalsteinsson, 1979) or even totally absent (Koenings et al., 1990). The 
copepod dominance is a result of differences in response to low food conditions 
(Richman and Dodson, 1983; but see Lampert and Muck, 1985; Schulze et al., 
1995), in susceptibility to the inhibitory effects of inorganic particles (Kirk and 
Gilbert, 1990), in sensitivity to predation (Byron et al., 1984; Lazarro, 1987) or 
in life-history strategies. As a consequence of reduced visibility for 
planktivorous fish (Vinyard and O'Brien, 1976), the larger species of 
zooplankton are often predominant in turbid lakes (McCabe and O'Brien, 1983) 
or turbid locations within a lake (Zettler and Carter, 1986). 
 
 
Study organism 
The aquatic invertebrate Daphnia (Crustacea, Cladocera) is abundant in most 
freshwater lakes and can cope with food of various types and forms (Lampert, 
1987). Due to their extraordinary reproductive ability Daphnia populations can 
quickly react to changing food conditions. It is a major food source for many 
planktivorous fish species (e.g., Buktenica et al., 2007; Müller et al., 2007b) and 
therefore represents a key species in the aquatic food web. Most Daphnia 
species are cyclical parthenogens, as they can switch between asexual (clonal) 
and sexual reproduction. Under favourable conditions females produce offspring 
that are genetically identical to their mother (Frey, 1982). When conditions 
deteriorate (for example before winter or before a clear-water phase), they 
produce males and sexual haploid eggs covered by an ephippium. These eggs 
normally need to be fertilized by males, which results in new genotypes and an 
opportunity for interspecific hybridization (Hebert, 1988). Ephippia can 
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withstand extreme temperatures, desiccation (Bilton et al., 2001) and even 
passage through fish guts (Mellors, 1975). They normally sink to the lake 
bottom where they represent a so-called egg bank (De Stasio, 1989). When 
conditions ameliorate (i.e., when certain hatching stimuli are present, Kleiven et 
al., 1992), juvenile daphnids hatch out of ephippia and populate the water 
column.  
 
Ephippia serve not only as diapausing stages during periods with unsuitable 
conditions, but also act as dispersal units to colonize new habitats by, for 
example. water birds (Green and Figuerola, 2005). Because diapausing eggs can 
stay viable for several decades or more, sediments present useful evolutionary 
and ecological archives (Brendonck and De Meester, 2003), especially in 
association with the use of molecular markers, a combination that has received 
increasing attention in the past years (e.g., Hairston et al., 1999; Duffy et al., 
2000; Limburg and Weider, 2002). Genetic analyses of the egg banks can be 
done either on the hatchlings (Weider et al., 1997; Hairston et al., 1999; 
Jankowski and Straile, 2003; Keller and Spaak, 2004) or directly on the resting 
eggs (Reid et al., 2000; Cousyn et al., 2001; Limburg and Weider, 2002).  
 
Parental species and hybrids of the D. hyalina/galeata species complex are 
commonly found sympatrically in lakes across Europe (Spaak, 1995; Schwenk 
and Spaak, 1997). D. hyalina prefers large oligotrophic lakes and is predominant 
north of the Alps (Keller, 2006). D. galeata occurs mostly in more productive 
systems at lower elevations and is the most frequent taxon south of the Alps. It 
is a successful hybridizer (Taylor et al., 2005) and most probably colonized the 
northern lakes in the 20th century. It could establish high abundances after the 
start of eutrophication and locally produced hybrids with native species (Spaak, 
1997; Weider et al., 1997; Jankowski and Straile, 2003; Sandrock, 2005). 
Consequently, D. hyalina × galeata hybrids are now widespread in northern 
pre-alpine lakes (Keller, 2006). Besides habitat preference, taxa of the D. 
hyalina/galeata species complex differ in many life history traits, including 
migration behaviour (Weider and Stich, 1992), timing and extent of sexual 
reproduction (Jankowski and Straile, 2004), genetic diversity (Jankowski and 
Straile, 2004; Keller and Spaak, 2004), parasite prevalence (Wolinska et al., 
2006), and sensitivity to predation (Spaak et al., 2000). 
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Daphnia in ultra-oligotrophic and turbid lakes 
In ultra-oligotrophic lakes, Daphnia often have to deal with food concentrations 
below the threshold level (defined as the concentration needed for the 
population to maintain its size or for the individual to produce eggs, Lampert, 
1977, 1978; Gliwicz, 1990, 1991). Although food concentration is not the only 
important factor in determining the persistence of a population, non-permanent 
Daphnia populations seem to be a common phenomenon in ultra-oligotrophic 
lakes. In Lake Tahoe and Castle Lake (USA), Daphnia populations appeared 
and disappeared repeatedly over the last 30 years, as a consequence of low food 
concentration, competition with other grazers and predation by fish and 
invertebrates (Richards et al., 1975; Byron et al., 1986; Larson et al., 2007). In 
Lake Brienz (Switzerland), the study system of this thesis, Daphnia have 
repeatedly been reported to be absent from the lake in the period before 
eutrophication (Lutz, 1878; Burckhardt, 1900; Flück, 1926; Wuhrmann and 
Corti, 1947), but were found to be present in at least one year (Heuscher, 1901). 
In Lake Chapo (Chile), Daphnia are not present at all although they can be 
found in small lagoons nearby - the lake is extremely unproductive (SRP = 0.5 
µg l-1, Villalobos et al., 2003). 
 
The filter feeder Daphnia ingests particles in proportion to its abundance in the 
environment (Demott, 1982). Consequently, inorganic particles with no 
nutritional value are also consumed if they are in the same size range as algae. 
The filtrate can be rejected as a whole (Kirk, 1991), but this strategy will not 
result in increased fitness in permanently turbid lakes. A high concentration of 
inorganic particles reduces the fitness of Daphnia (and cladocerans in general), 
especially when combined with low algal concentration (e.g. Zurek, 1982; 
Arruda et al., 1983; McCabe and O'Brien, 1983; Kirk, 1992). Copepods and 
rotifers can withstand much higher concentrations of inorganic particles and 
normally dominate lakes with inorganic turbidity (e.g. Adalsteinsson, 1979; Kirk 
and Gilbert, 1990). As mentioned above, turbidity also represents a refuge from 
visually hunting planktivorous fish (Vinyard and O'Brien, 1976). 
 
 
Thesis outline 
In Chapter 2 we hypothesized that inorganic suspended particles present in 
Lake Brienz reduce the fitness of Daphnia, especially when combined with low 
food concentration. We tested this hypothesis by exposing individuals to particle 
and food concentrations commonly found in the lake. In Chapter 3 we 
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investigated the cause of the general decline of the Daphnia population in Lake 
Brienz, and tested several hypotheses that could explain the population collapse 
in the year 1999, in the course of a harsh winter and a prolonged spring flood. 
We also discussed the probability that such a collapse could happen again in the 
future. Chapters 2 and 3 mainly investigate the ecology and population 
dynamics of Daphnia in Lake Brienz. The subsequent chapters also focus on the 
evolutionary ecology and genetic structure of the Daphnia population, including 
comparing it to other lakes in Switzerland. In Chapter 4 we asked if Daphnia 
can survive winter under low food and temperature conditions typical for ultra-
oligotrophic lakes, and if local clones from ultra-oligotrophic Lake Brienz are 
better adapted to these local winter conditions than clones from mesotrophic 
Lake Constance and eutrophic Greifensee. Stimulated by the results revealed by 
the sediment cores of Lake Brienz in Chapter 3, we looked at the present and 
past genetic structure of the Daphnia populations from Lake Brienz and nearby 
Lake Thun (Chapter 5). We hypothesized that, in contrast to more productive 
Lake Constance and Lake Greifensee, D. galeata was not able to colonize the 
two ultra-oligotrophic lakes. All chapters are presented as manuscripts (Chapter 
2 and 3 are already published) and can be read on their own. Consequently there 
is some overlap between chapters concerning, for example, the description of 
the study sites or literature references. The thesis concludes with Chapter 6, in a 
synopsis of the previous chapters with discussion of the results in a broader 
perspective, and recommendations for future research.  
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Abstract 
Suspended particles are abiotic factors that can affect the abundance of 
cladocerans such as daphnids. Ultra-oligotrophic Lake Brienz, situated in the 
front ranges of the Swiss Alps, is dominated by two major inflows that annually 
transport over 300,000 tons of suspended glacial material into the lake. A 
laboratory flow-through experiment was performed to test whether these 
suspended particles have an influence on the fitness of Daphnia hyalina from 
Lake Brienz, measured as body size, fecundity and juvenile growth rate, 
especially when they are simultaneously exposed to low food concentrations. 
Our results show that the concentration of suspended particles present in Lake 
Brienz does not reduce the fitness of daphnids, even at very low food 
concentration. In fact, a low concentration of suspended particles increased the 
fitness. Reduction of fitness could only be observed at a suspended particle 
concentration of over 25 mg l-1, a level that has never been recorded in Lake 
Brienz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords 
Lake Brienz, Daphnia hyalina, ultra-oligotrophic, fitness, food, suspended 
particles. 
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Introduction 
Deep ultra-oligotrophic, pre-alpine lakes present a harsh environment for 
biological production. Water temperature is low for most of the year and slows 
biological processes. These lakes are often protected from wind by surrounding 
mountains, which, in combination with a deep water column, reduces mixing 
activity (Lampert and Sommer, 1999). Thus, few nutrients are re-released into 
the epilimnion where they can be used by the photosynthesizing algal 
community. If the lake is also influenced by rivers that originate from glacial 
regions, another factor affects the system: glacier water transports a large 
amount of inorganic suspended material, whose characters depend on the 
catchment geology. This material can have several effects on organisms as it 
changes the physical and chemical parameters of the water (like conductivity, 
specific weight, pH, light transmission) and thus influences the entire ecosystem. 
Reduced light transmission is the most influential factor on the food chain in 
lakes, decreasing phytoplankton biomass and productivity (Jewson and Taylor, 
1978; Krause-Jensen and Sand-Jensen, 1998). Inorganic suspended particles can 
also bind to nutrients (Müller et al., 2006) and prevent them from being used for 
primary production. The combination of low water temperatures, low nutrient 
input and high concentrations of inorganic suspended material makes this type 
of lake very unproductive and normally is favourable for copepods and rotifers 
rather than for cladocerans, at least in winter (e.g., Adalsteinsson, 1979; Kirk 
and Gilbert, 1990). 
 
Daphnia are major herbivores in many lakes as well as in small ponds and play 
an important role in the aquatic food web (e.g., Manca and Ruggiu, 1998). They 
link the primary production of planktonic algae with vertebrate predators like 
planktivorous fish. Laboratory and in situ feeding experiments have 
demonstrated that, in general, daphnids ingest particles in a size range of 0.5 to 
40 μm. As they are filter feeders, they ingest particles in proportion to their 
abundance in the environment (Demott, 1982). Cladocerans ingest inorganic 
suspended particles because their food-size niches overlap the range of 
suspended particles sizes commonly found in nature (Arruda et al., 1983; 
Gliwicz, 1986). 
 
Several field studies have revealed an inverse relationship between the 
abundance of planktonic cladocera or even total zooplankton biomass and 
suspended particle concentration (e.g., Hart, 1986; Zettler and Carter, 1986; Hart, 
1987; Koenings et al., 1990). In some cases (e.g., Zurek, 1980; Koenings et al., 
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1990), when the concentration of suspended particles was particularly high, 
cladocerans were even totally absent. Most of these studies were done on small 
and shallow lakes, where turbidity originates from the re-suspended lake 
sediment. Only few researchers (Zurek, 1980; Zettler and Carter, 1986; 
Koenings et al., 1990) have addressed the importance of inorganic material 
coming from glacial or mountain rivers.  
 
Many laboratory studies have examined the effect of suspended particles, by 
exposing daphnids or other cladocerans to different kinds of inorganic material, 
which differ in particle size distribution and chemical composition. These 
studies could show that natural concentrations of suspended particles can reduce 
the ingestion rate, fecundity, survival, fitness and population growth rates of 
cladocerans (e.g., Zurek, 1982; Arruda et al., 1983; McCabe and O'Brien, 1983; 
Kirk, 1992; Bozelli, 1998), especially when simultaneously exposed to low 
algae concentrations. In most cases the threshold concentration of suspended 
particles at which negative effects started to occur was 50 mg l-1 or higher. Only 
Bozelli (1998) and McCabe & O’Brien (1983) could show a decrease in carbon 
ingestion rate or assimilation efficiency at lower concentrations. There seems to 
be large variation in responding to suspended particles, depending on the 
particle type (Kirk and Gilbert, 1990; Kirk, 1991a) and cladoceran species 
(Arruda et al., 1983; Kirk and Gilbert, 1990). The inhibitory effects of inorganic 
suspended material on cladocerans is caused primarily by a decrease in the 
ingestion rate of nutritious phytoplankton cells (Adalsteinsson, 1979; Zurek, 
1982; Arruda et al., 1983; McCabe and O'Brien, 1983; Bozelli, 1998) rather than 
by a direct impact of the particles itself.  
 
Interestingly, low concentrations of suspended particles, in combination with 
low food levels, sometimes increased population growth and reproduction rate 
of daphnids (Robinson, 1957; Kirk and Gilbert, 1990; Hart, 1992). High 
concentration of inorganic suspended particles can also have a positive effect on 
daphnids as it leads to reduced water transparency and therefore to a reduced 
predation pressure from visually hunting planktivorous fish (Vinyard and 
O'Brien, 1976; Carvalho, 1984). Daphnids in turbid lakes can be larger than 
daphnids in comparable lakes without turbidity (McCabe and O'Brien, 1983; 
Zettler and Carter, 1986). Another positive effect of high concentration of 
suspended particles is their ability to reduce the bioavailability of organic 
hydrophobic toxicants (e.g., McCarthy, 1983) caused primarily by sorption to 
organic carbon (Chiou et al., 1979). 
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Ultra-oligotrophic Lake Brienz (SRP = 0.9 µg l-1; Ptot = 3.0 µg l-1), situated in 
the front ranges of the Swiss Alps at 564 m asl (maximum depth 259 m, area 30 
km2), is dominated by two major inflows, the rivers Aare and Lütschine. These 
rivers transport annually over 300,000 tons of suspended material into the lake 
(Finger et al., 2006). Only 3% of this suspended material is transported through 
the outflow, while the rest sediments into the lake. The Lütschine catchment is 
mostly composed of limestone, whereas the Aare has primarily a crystalline 
geology (Sturm and Matter, 1978). Investigations Finger et al. (2006) show a 
maximum concentration of suspended particles of 24 mg l-1 (dry weight) in the 
upper layer of the lake in late August and early September, whereas normal 
concentrations were only 4-8 mg l-1 in summer and 1-3 mg l-1 in winter. 
Epilimnetic temperatures in the lake reach 17-20°C in summer. 
 
We hypothesized that a high concentration of suspended particles, in 
combination with low food concentrations, decreases the fitness of Daphnia 
hyalina. To test this hypothesis, we performed a laboratory experiment where 
we exposed daphnids to various combinations of algae and suspended particle 
concentrations. The obtained results are then related to the actual conditions in 
the lake and their consequences for the Daphnia population. 
 
 
Material & Methods 
According to Müller-Navarra & Lampert (1996), POC (particulate organic 
carbon) concentration is the most realistic way of measuring food quantity 
(others include biovolume, levels of chlorophyll, nitrogen or proteins). In order 
to quantify the food conditions of daphnids in Lake Brienz, water samples at 
depths of 0, 2, 4, 6, 8, 10, 15, 20, 30 and 40 m were taken in the centre of the 
lake with a Friedinger water sampler. Sampling was performed at least monthly 
between September 2004 and October 2005. From these samples, POC 
concentrations were determined (combustion at 880°C and subsequent 
measurement of the generated CO2 with a Horiba IR-detector). 
 
A clonal culture of D. hyalina, the most abundant taxon in Lake Brienz found in 
2003-2005 (Rellstab et al., in preparation), was maintained in the laboratory at 
20°C in filtered (0.45 µm) lake water from non-turbid Lake Greifensee. 100-150 
animals were kept in 1.5 l glass jars and fed 1 mg C l-1 (chemostat grown 
Scenedesmus obliquus) three times a week. Starting two weeks before the 
experiment, animals were fed daily. In order to obtain juveniles of nearly equal 
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size and age, individuals born within 24 hours were used for the experiment. At 
the start of the experiment, 40 juveniles were randomly chosen and body size, 
from the base of the spine to the top of the eye, and dry weight (in groups of 5 
animals) were determined. 
 
We used a flow-through system to perform the feeding experiment. For each 
experimental unit, 5 animals were placed in 150 ml Perspex cylinders 
(containing 132 ml of water) closed with plankton gauzes (mesh size 150 µm). 
Exchange rate was 10 times the water volume per day. The cylinders were 
distributed randomly in two water baths in a temperature controlled room at 
20°C under constant light:dark regime of 16:8 hours. The experiment lasted for 
6 days. For each algae and particle concentration, a medium at double 
concentration was prepared daily in a 10 l glass bottle. Every cylinder was 
connected to two media, one for the algae and one for the particles. The media 
in the reservoir bottles were stirred and aerated continuously and kept in the 
dark. Four different algae (chemostat-grown Scenedesmus obliquus) and five 
different particle concentrations were combined and replicated three times (60 
experimental units). The following concentrations of algae were used: 0.0 (no 
algae), 0.1 (winter situation), 0.4 (summer) and 1 mg C l-1 (“ad libitum”). 
Concentrations of suspended particles were: 0 (no particles), 5 (normal), 10 
(high), 25 (floods) and 100 mg l-1 (“ad libitum”). Glass bottles containing the 
media were washed daily and autoclaved every second day. At the end of the 
experiment, the following parameters were measured: mortality, body size, dry 
weight (average per experimental unit) and fecundity (clutch size). From the 
increase in the dry weight, the juvenile growth rate (Lampert and Trubetskova, 
1996) was calculated. 
 
Dry material of suspended particles was prepared from a sediment core taken in 
the bay of Iseltwald, Lake Brienz, in March 2004, at 20 m depth. This location 
was chosen as the sediment is consisting of particles from both inflows. Former 
investigations showed that it is composed of apatite, epidote and hornblende 
(Sturm, 1976). It is virtually carbonate free, contains no sand-sized particles and 
its mean grain size lies within the fine silt grade (Sturm and Matter, 1978). The 
material was autoclaved and then freeze dried. The dry sediment was weighed 
daily, mixed with filtered lake water and put in an ultrasonic bath. After sieving 
it through a 45-µm net, the solution was connected to the flow-through system. 
Subsamples of the particle media were taken and particle size distribution was 
measured by static light scattering and polarization intensity differential 
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scattering (PIDS) using a Beckman Coulter LS 230 instrument. The POC 
concentration was determined in order to quantify the organic proportion of the 
sediment.  
 
The arc-sine-square-root transformed mortality data were analyzed using a 2-
way ANOVA, with the algae (POC) concentration and the suspended particle 
concentration used as fixed factors. The effects of the treatments on the three 
measured life history characters (body size, juvenile growth rate and fecundity) 
were first analyzed as a MANOVA (as they are not independent), with 
subsequent 2-way ANOVA’s (factors: POC concentration, suspended particle 
concentration) on experimental unit means (significance threshold p ≤0.05). 
Tuckey’s post hoc tests were used to distinguish among treatments. All 
statistical analyses were performed using SPSS (version 11.0). 
 
 
Results 
The POC concentrations in the lake ranged from 0.03 (21 December 2004, lake 
surface) to 0.53 (29 June 2005, 4 m depth) mg C l-1. Average POC concentration 
of the upper 30 m was 0.20 to 0.38 mg C l-1 in late spring and summer (May to 
September) and 0.04 to 0.16 mg C l-1 in the rest of the year (Figure 1). Highest 
POC concentrations were normally found at a depth of 4 m. After heavy rainfall 
or floods, POC concentrations increased throughout the 40-m water column that 
was measured (e.g., November 2004 and August/September 2005). These POC 
concentrations served as a basis for the POC treatments chosen for the 
experiment. 
 
The particle size range was 0.1 - 40 µm, with particles of 0.2 µm being the most 
abundant and particles of 0.3 and 3.0 µm having the largest proportions in terms 
of volume. This size distribution is similar to the distribution found in open 
water lake samples. The sediment contained 1% of organic material. 
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Figure 1: Contour plot of the POC 
concentrations of Lake Brienz at 
different depths from September 2004 
to October 2005. Grey scales and lines 
indicate different POC concentrations. 
 

 
The 2-way ANOVA showed no effect of POC concentration (F3,40 = 0.33, p = 
0.804), and suspended particle concentration (F4,40 = 1.017, p = 0.410) nor its 
interaction (F12,40 = 1.847, p = 0.073) on mortality after six experimental days. 
Mortality in treatments showed high variation (0 to 46%) and no clear pattern. 
Average overall mortality was 19% (± 2.8% standard error). Nevertheless, in 
those treatments with the highest suspended particle concentration (100 mg l-1), 
mortality was high (40%) in the no food treatment, intermediate (13-26%) in the 
medium food treatments and absent (0%) in the highest food concentration. 
 
The MANOVA (Table 1), analyzing the overall effect of the fixed factors on the 
three dependent response characters, showed that POC and suspended particle 
concentration and its interaction had a significant effect on the three measured 
life history characters of Daphnia. Subsequent univariate analyses (Table 1) 
showed that POC and suspended particle concentration and its interaction had a 
significant effect on all response variables, except that the interaction had no 
significant influence on the juvenile growth rate. 
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Table 1: Summary of the multivariate (MANOVA) and subsequent univariate analyses (2-
way-ANOVA) for body size, juvenile growth rate and fecundity (clutch size) of Daphnia 
hyalina at the end of the feeding experiment. 

Analysis Dependent  
variable 

Source Wilks' λ df Type III Sum 
of Squares 

F P 

 POC 0.192 9, 92  10.002 0.000
 SP 0.345 12, 101  4.162 0.000

MANOVA 

 POC×SP 0.299 36, 113  1.583 0.036
Body size POC 3  0.279 45.683 0.000
 SP 4  0.082 23.328 0.000
 POC×SP 12  0.022 30.371 0.000
 Error 40  0.006  

POC 3  0.064 3.546 0.001
SP 4  0.023 2.940 0.005
POC×SP 12  0.003 1.566 0.142

Juvenile  
growth rate 

Error 40  0.002  
Fecundity POC 3  20.171 13.454 0.000
 SP 4  3.579 4.139 0.007
 POC×SP 12  2.542 10.932 0.000

2-way  
ANOVA 

 Error 40  0.865  

Fixed factors are food (POC) and suspended particle (SP) concentration. Significant terms are 
highlighted in bold. 
 
Body size increased with higher POC concentrations (Figure 2). Tuckey’s post 
hoc test confirmed this finding, though there was no significant difference 
between the 0.4 and 1.0 mg C l-1 treatments (Table 2). Body size increased with 
low suspended particle concentration, reached its maximum at 25 mg l-1 and 
then decreased at the maximum suspended particle level on all food treatments. 
The latter effect was especially pronounced in the treatment with 0.1 mg C l-1. 
Tuckey’s post hoc test found no significant differences in the influence of 
suspended particle concentration of 5, 10 and 100 mg l-1, but body size was 
significantly lower at 0 mg l-1 and significantly higher at 25 mg l-1. The 
treatment with most algae and no suspended particles did not result in largest 
body size; animals from medium food levels were larger. 
 
 



Suspended particles Chapter 2 

- 30 - 

Suspended particle concentration (mg l-1)

0 5 10 25 100

B
od

y 
si

ze
 (m

m
)

1.0

1.2

1.4

1.6

1.8

POC 0.0 mg l-1
POC 0.1 mg l-1
POC 0.4 mg l-1
POC 1.0 mg l-1

 

Figure 2: Influence of particulate 
organic carbon (POC) and 
suspended particle concentration 
on the body size of Daphnia 
hyalina after 6 experimental days. 
Error bars show standard errors. 

 
Table 2: Summary of Tuckey’s post hoc tests to distinguish between the effects of the 
treatments on the response variables body size, juvenile growth rate and fecundity (clutch 
size) of Daphnia hyalina.  

Response variable POC SP 
Body size 0.0 < 0.1 < 0.4 < 1.0 0 < 5 < 100 < 10 < 25 
Juvenile growth rate 0.0 < 0.1 < 0.4 < 1.0 0 < 5 < 100 < 10 < 25 
Fecundity 0.0 < 0.1 < 0.4 < 1.0 0 < 5 < 100 < 10 < 25 

Underlined subsets of treatments show no differences. POC = food concentration, SP = 
suspended particle concentration. 
 
Juvenile growth rate showed a very similar pattern like body size: as expected, 
juvenile growth rate was increased with higher food concentrations (Figure 3). 
Again, Tuckey’s post hoc test did not find any significant difference between the 
0.4 and 1.0 mg C l-1 treatments (Table 2). Moderate concentrations of suspended 
particles had a positive influence on juvenile growth rate. Juvenile growth rate 
reached its maximum at 10 or 25 mg l-1 and then decreased or stayed the same at 
100 mg l-1 of suspended particles. Juvenile growth rate of the treatment with no 
food and maximum suspended particle concentration did not decrease 
comparing to lower suspended particle concentrations. 
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Figure 3: Influence of particulate 
organic carbon (POC) and 
suspended particle concentration 
on the juvenile growth rate of 
Daphnia hyalina after 6 
experimental days. Error bars 
show standard errors. 

 
Fecundity, measured as clutch size, also increased with higher food 
concentrations (Figure 4). Again Tuckey’s post hoc test confirmed this finding 
and did not find any significant difference between the 0.4 and 1.0 mg C l-1 
treatments (Table 2). Suspended particle concentration had a similar effect on 
fecundity as it did on body size, as fecundity was highest at intermediate 
concentrations (10-25 mg l-1) of suspended particles. Daphnids that did not 
receive any algae produced no eggs when exposed to a suspended particle 
concentration higher than 10 mg l-1. When suspended particle concentration was 
low (0-10 mg l-1), some of the females produced eggs. Surprisingly, animals 
with maximum food and no suspended particles produced nearly identical 
numbers of eggs as animals with no food and no suspended particles. 
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Figure 4: Influence of particulate 
organic carbon (POC) and 
suspended particle concentration 
on the fecundity (clutch size) of 
Daphnia hyalina after 6 
experimental days. Error bars 
show standard errors. 
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Discussion 
Food in Lake Brienz is scarce for daphnids all year round. From December 2004 
to April 2005, POC concentration never exceeded 0.2 mg C l-1. Lampert (1977) 
determined a concentration of 0.05 mg C l-1 (D. pulex fed on Scenedesmus sp.) 
as the threshold level for maintaining a population in the field. In a later study 
(Lampert, 1978), adult daphnids (D. longispina group) needed a minimum of 0.2 
mg C l-1 for egg production. Given these facts, a high population density in Lake 
Brienz is only possible starting early summer (earliest May, average POC 
concentration >0.2 mg C l-1), which is confirmed by quantitative and qualitative 
data (Rellstab et al., 2007). 
 
All three life-history response variables (body size, juvenile growth rate, 
fecundity) responded similarly when daphnids were exposed to different 
combinations of POC and suspended particle concentrations. A low 
concentrations of suspended particles (5-25 mg l-1) increased them (with all food 
treatments), whereas a higher concentration (25-100 mg l-1) decreased them, at 
least in treatments with a low food concentration (0.0 and 0.1 mg C l-1). There 
was one exception: juvenile growth rate in the treatment with 0.0 mg C l-1 and 
100 mg l-1 suspended particles increased in comparison to the treatments with 
the same algae but lower suspended particle concentration. Juvenile growth rate 
is an important fitness measure (Lampert and Trubetskova, 1996), as it is a 
robust predictor of the intrinsic rate of population increase (r). In our case, when 
the suspended particle concentration was high, juvenile growth rate seemed to 
be a less appropriate measure of fitness: as the animals had a large amount of 
suspended particles in their guts, the actual weight of the inorganic particles 
could have biased our measure of the juvenile growth rate, calculated from the 
dry weights of the animals. Therefore the values of the juvenile growth rate in 
the treatments with the highest suspended particle concentration should be 
treated with caution. G-Toth et al. (1986) found that inorganic particles 
accounted on average for 24% of the dry weight of D. galeata after removal 
from a highly turbid lake. Increase in body size does not represent an ideal 
measure for fitness: being large does not mean automatically being fit, as energy 
could be invested into reproduction instead of size. In contrast, fecundity is a 
crucial factor for population growth, as the number of eggs has direct 
consequences for population growth (Paloheimo, 1974). 
 
Surprisingly, all three replicates of the treatment with highest algae 
concentration and no suspended particles had very low values in all three 
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response variables, being in the range of treatments with very low food 
concentrations. A problem in the algae medium because of bacteria or because 
of poor quality can be excluded as the rest of the treatments with highest food 
level always showed high values in all response variables. Reasons for this 
phenomenon remain unclear. Regardless, Tuckey’s post hoc test did not find any 
significant difference between the 0.4 and 1.0 mg C l-1 treatments in general, 
indicating that this unexpected outlier actually would be in the same range as the 
0.4 mg C l-1 treatment. 
 
Many mechanisms have been proposed to account for the decrease in cladoceran 
algal feeding rates in the presence of a high concentration of inorganic 
suspended particles, but some of them have not yet been tested (modified after 
Kirk, 1991b): 1) Decreased pumping rate of the thoracic feeding appendages 
(McCabe and O'Brien, 1983). 2) Increased rejection of collected algal particles 
from the food groove before injection (shown by Kirk, 1991b). 3) Increased 
number of cells washed out of the branchial chamber before being captured by 
the thoracic appendages (Scavia et al., 1984; Vanderploeg et al., 1987). 
Additionally, ingested inorganic material caused an increase in specific weight 
of D. hyalina and, as a result, in the velocity of sinking and the frequency of 
antenna beats (Zurek, 1982). With higher suspended particle concentrations in 
the gut, it would take more energy for an individual to stay at the same depth. 
All these mechanisms were not particularly tested in our study, but we suppose 
that the high proportion of inorganic material in the nutrition of the daphnids 
reduces the algal ingestion rate as the animals have to filter more water to obtain 
their required energy (“starving with a full gut”). In our experiment, suspended 
particle concentrations higher than 25 mg l-1 seem to shift the ratio of inorganic 
to organic material to a disadvantageous level. Rejection of the collected algae 
could prevent the daphnids from ingestion of suspended particles, but as 
turbidity in Lake Brienz is permanent, this would then result in a reduced energy 
uptake, combined with a larger filtering effort. 
 
As shown in many studies, the influence of suspended particles not only 
depends on the algae concentration, but also on the Daphnia species, particle 
type and size. In studies of Kirk (1991a) and Kirk & Gilbert (1990), fine clay 
(<1 µm) had no inhibitory effect on Daphnia, in contrast to coarse clay (1-2 µm). 
In our study, over 90% of the number and over 50% of the volume of the 
particles were smaller than 1 µm. This could explain, at least in part, why 
particles of Lake Brienz have no negative impact on Daphnia fitness, at least in 
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low and in situ concentrations. In some studies, the negative effect was more 
pronounced in small species of Daphnia (e.g., Kirk and Gilbert, 1990). In 
contrast, Arruda et al. (1983) found the larger D. pulex to be more susceptible 
than the smaller D. parvula. Such differences might just be the consequence of 
the species-specific inter-setular spacing and therefore the filter mesh size of the 
filtering apparatus of Daphnia, and its interaction with the particle size. 
 
As stated above, in treatments with low concentrations of suspended particles 
(up to 25 mg l-1), we could find an increased fitness of D. hyalina. This is 
confirmed by several other studies (e.g., Robinson, 1957; Kirk and Gilbert, 1990; 
Hart, 1992). It is not completely clear which mechanisms are responsible for that 
but some untested hypotheses are: 1) Animals can feed on the organic portion 
other than algae of the suspended particles (Gliwicz, 1986) (in our case the 
fraction of organic material accounted for 1%). 2) Suspended particles adsorb 
dissolved organic matter, and thus make it available for assimilation by 
suspension feeders (Arruda et al., 1983). At limiting food concentrations, this 
additional source of energy could increase the fitness of the animal. 3) 
Retardation of the intestinal transit rate, exposing the algae longer to the 
digestive enzymes, which could result in better extraction of the cell content 
(Maedamartinez et al., 1995). 4) Mechanical grinding of the algae in the gut by 
the inorganic particles, leading to better digestion of the food, as shown in many 
bird species (e.g., Gionfriddo and Best, 1996). In our case, the proportion of 
organic material in the suspended particles could explain at least a part of the 
beneficial effect, but also other hypotheses have to be taken into account. 
 
Recently recorded concentrations of suspended particles in Lake Brienz seem to 
be too low to reduce the fitness of D. hyalina, as the highest ever measured 
suspended particle concentration in the epilimnion in the centre of the lake was 
24 mg l-1 (Finger et al., 2006). Nevertheless, during heavy rainfall or floods, 
concentrations could be much higher, at least temporary (several days) and in 
certain areas or depth layers of the lake. According to the results of our study, 
reproduction and growth of individuals would then be reduced, resulting in a 
decreased population growth. The particular time of the year when such a flood 
would happen is of considerable importance for the Daphnia population. In 
spring, algal concentrations and temperature are both low and a flood likely 
brings in almost pure melting water, without significant particulate organic 
carbon. In contrast, a flood in summer (like in September 2005, Figure 1) occurs 
with a completely different background: the Daphnia population is larger, and 
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water temperature and algae concentrations are higher. The suspended particles 
brought in by the river contain more organic carbon, which could, as shown in 
this study, be used as an additional food source. Moreover, in Lake Brienz, 
turbidity is not distributed evenly over the whole depth strata. The two main 
inflows intrude into specific depth layers, depending on the temperature of the 
rivers and the lake, and the particle concentration (Finger et al., 2006): In 
summer, maximum turbidity is found at a depth of 20-25 m. During daytime, 
adult daphnids in Lake Brienz stay in 25-35 m (Christian Rellstab, unpublished 
data). Even if daphnids would encounter much higher concentrations than 25 
mg l-1, they would still have the possibility to avoid the most turbid layer, as 
they are able to perform diel vertical migration (Lampert, 1989). 
 
In conclusion, we demonstrated that suspended particles, in combination with 
different food levels, have an effect on Daphnia fitness. Low concentrations of 
suspended particles increased fitness, while after a certain threshold (25 mg l-1) 
fitness is reduced when food concentrations were low. However, natural 
concentrations of suspended particles in Lake Brienz are too low to reduce the 
fitness of daphnids, even at very low food concentrations like in winter. 
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Abstract 
The cyclical parthenogen Daphnia is a key species in aquatic food webs. Its 
abundance is influenced by environmental factors like food quantity and quality, 
predation, diseases, temperature and washout by discharge. In ultra-oligotrophic 
Lake Brienz (Switzerland), which is turbid from suspended glacial material, 
Daphnia density has continuously decreased since the 1990s. In spring and 
summer 1999, during and after a severe flood, Daphnia density was below 
detection level, but the population recovered the following year. Simultaneously, 
a drastic two-year decline occurred in the yield of whitefish (Coregonus sp.), 
which mainly feed on Daphnia. Several hypotheses were tested to explain the 
collapse of the Daphnia population: a negative effect of the suspended particles, 
a covering of the diapausing eggs by sediment, and a combined 
washout/temperature effect. A direct negative effect of the particles and 
covering of diapausing eggs could be excluded. According to model calculations, 
the spring growth of the Daphnia population could not compensate the washout 
losses, as it was limited by poor food conditions due to re-oligotrophication and 
reduced by extraordinarily low water temperatures. Moreover, ephippia 
abundance analysed from sediment cores was consistent with the process of 
eutrophication and re-oligotrophication and indicated that daphnids did not 
persist in the lake in the period before eutrophication (until 1955). Like most 
peri-alpine lakes in Europe, Lake Brienz has returned to its natural ultra-
oligotrophic state and is now unable to support a large Daphnia population and 
fishing yield. 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords 
Washout, suspended particles, bottom-up effects, sediment cores, cladocera, 
flood. 
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Introduction 
Daphnia (Cladocera) are filter feeders that play an important role in the food 
webs of many lakes: they graze mostly on phytoplankton and are a main food 
source for planktivorous fish. Fluctuations in Daphnia populations can have 
large top-down as well as bottom-up effects. Whereas top-down effects have 
received much attention in the past (e.g., Elser and Goldman, 1991; Bürgi et al., 
1999), direct bottom-up effects of daphnids have rarely been shown (Müller et 
al., 2007b). Understanding the mechanisms that influence Daphnia populations 
is therefore of great importance. Basically, the size of a population is the result 
of the net population growth rate, i.e., the difference between birth and death 
rate. Several environmental factors, biotic and abiotic, can affect these rates: 
food quantity and quality, water temperature, discharge (which leads to dilution 
due to washout), predation, parasites, etc. In this study, we analyzed the first 
four parameters in the context of a population collapse that happened in ultra-
oligotrophic Lake Brienz in Switzerland. This lake is turbid from inorganic 
suspended particles coming from glaciers in its catchment. The influence of 
predation on the Daphnia population is described in Müller et al. (2007b). 
 
Food quantity 
Daphnids, due to their small size and short generation time, respond rapidly to 
changes in algal food density. One of the most important life history traits 
affected by food quantity is fecundity (Lampert, 1978) and, subsequently, birth 
rate (Paloheimo, 1974). Food quantity is primarily influenced by temperature, 
light availability and nutrients. Inorganic suspended particles increase the light 
attenuation and therefore decrease primary production (Jewson and Taylor, 1978; 
Krause-Jensen and Sand-Jensen, 1998). In most peri-alpine lakes of Europe, 
phosphorus is the limiting nutrient. In lakes with inorganic turbidity, some of the 
phosphorus can be bound to suspended particles and is hence prevented from 
being used for primary production (Müller et al., 2006). The most reliable 
parameter for measuring food quantity for daphnids is particulate organic carbon 
(POC), others are chlorophyll and biomass of phytoplankton (Müller-Navarra 
and Lampert, 1996).  
 
As long as food conditions are good, Daphnia normally reproduce asexually, 
which results in juveniles being genetically identical to their mother. When food 
conditions get worse, they can switch to sexual reproduction (Korpelainen, 
1989), resulting in diapausing eggs sheltered in an envelope called an ephippium 
(Zaffagnini, 1987). In stable habitats such as large lakes, sexual reproduction is 
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less frequent since the over-wintering of asexual females seems to be a more 
optimal mechanism (Lynch, 1983). Because ephippia normally sink to the lake 
bottom, sediments represent egg banks (De Stasio, 1989; Hairston et al., 1996) 
that can function as biological archives (e.g., Keller et al., 2002; Jankowski and 
Straile, 2003). The hatching of juvenile daphnids from diapausing eggs, though 
not yet completely understood, needs abiotic stimuli like change in temperature 
or photoperiod that could be prevented by intense sedimentation of organic or 
inorganic particles (Gyllstrom and Hansson, 2004).  
 
Food quality 
Daphnids do not feed selectively within a certain size range (Demott, 1982), but 
they can either accept or reject the filtered material as a whole. They not only 
ingest algae, but can also assimilate bacteria (Kankaala, 1988) or the organic 
fraction of suspended particles (Gliwicz, 1986). The quality of the food is a 
crucial parameter and depends not only on morphology and size (Lürling and 
Van Donk, 1996), but also on the stoichiometry of C, N and P (Sterner and Elser, 
2002), the content and nature of fatty acids (Brett and Müller-Navarra, 1997) 
and toxicity (Laurén-Määttä et al., 1997). For example, if the phytoplankton 
exhibits a C:P ratio of over 300:1, Daphnia growth is predicted to be lowered 
due to a direct deficiency of P (e.g., Urabe et al., 1997). As inorganic suspended 
particles overlap the size range of organic particles ingested by daphnids (0.5 to 
40 μm, Lampert, 1987), they are ingested and have an influence on food quality. 
In alpine or peri-alpine lakes, suspended particles are transported from glacial 
regions by tributaries (Sturm and Matter, 1978; Bezinge, 1987).  
 
Several field studies have shown a negative correlation between suspended 
particle concentration and the abundance of planktonic cladocera or even total 
zooplankton (e.g., Adalsteinsson, 1979; Hart, 1986, 1987). In lakes with a high 
content of inorganic particles, copepods and rotifers are normally favoured over 
cladocerans (Adalsteinsson, 1979; Kirk and Gilbert, 1990). To our knowledge, 
only four studies exist about the effect of suspended glacial particles on 
cladocerans in oligotrophic lakes (Zurek, 1980; Zettler and Carter, 1986; 
Koenings et al., 1990; Rellstab and Spaak, 2007), all other studies focus on 
shallow lakes or reservoirs, in which particles originate from resuspension of the 
sediment. Laboratory studies have shown negative effects (e.g., reduction of 
ingestion rate, fecundity, survival, fitness and population growth rates) of 
suspended particles on daphnids that were usually more pronounced when 
combined with low food conditions (Zurek, 1982; Arruda et al., 1983; Kirk, 
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1992). However, in some studies, low concentrations of suspended particles had 
a positive effect on daphnids when combined with low food quantities (Kirk and 
Gilbert, 1990; Hart, 1992).  
 
Temperature 
Like most aquatic organisms, daphnids are strongly influenced by the 
surrounding water temperature. Egg development time (generation time) is 
solely temperature dependent (Bottrell, 1975; Saunders et al., 1999) and it 
directly influences, in combination with clutch size, the birth rate of a population 
(Paloheimo, 1974).  
 
Discharge 
As daphnids are not able to influence their horizontal position in a lake and are 
transported passively by currents, a short retention time of the water during a 
flood could result in a dilution of the Daphnia population (washout). Both zoo- 
and phytoplankton density could be reduced but the effect is likely to be more 
severe on zooplankton than phytoplankton, as the generation time of the former 
is significantly longer (Wetzel, 2001). The effect of washout on the population 
size of daphnids or other zooplankton has rarely been investigated, and existing 
studies have focused mainly on reservoirs (Zurek and Dumnicka, 1989; 
Campbell et al., 1998; Seda and Machacek, 1998) and floodplains (e.g., Bozelli, 
1994), but not large natural lakes. Washout was shown to be one of several 
important factors explaining variation in Daphnia density in a large reservoir 
(Dirnberger and Threlkeld, 1986). Moreover, studies on downstream drift of 
lake plankton showed a similar species composition in the stream as in the lake 
above (e.g., Campbell, 2002), except when water level and discharge were low 
(Jann and Bürgi, 1988). 
 
Study system 
Lake Brienz, situated in the front range of the Swiss Alps (at 564 m asl), is an 
ultra-oligotrophic system (SRP = 0.9 μg l-1, Ptot = 3.0 μg l-1, spring circulation 
values, A. Wüest, unpublished) with a volume of 5.1 km3, a surface area of 30 
km2 and a maximal depth of 259 m. Like in most Swiss lakes, production in 
Lake Brienz is phosphorus limited. Due to anthropogenic inputs, its phosphorus 
content increased until the late 1970s. Since then it has continuously decreased 
due to nutrient input control (Müller et al., 2007a). The two major inflows, the 
rivers Aare and Lütschine, annually transport over 300,000 tons of suspended 
glacial material into the lake, leading to a maximum suspended particle 
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concentration of 24 mg l-1 (dry weight) in the epilimnion of the centre of the lake 
in summer (Finger et al., 2006). Normal concentration of suspended particles is 
4-8 mg l-1 in summer and 1-3 mg l-1 in winter. This surface turbidity reduces 
light availability (Jaun et al., 2007) and subsequently hampers primary 
production (Finger et al., 2007). Only 3% of this suspended material is 
transported through the outflow, the rest is deposited as sediment in the lake.  
 
Heavy snowfall in winter 1999 resulted in a large amount of melt water running 
into Lake Brienz in April and May. Additionally, intensive rainfall during May 
and June led to the highest measured lake level and discharge in the 20th century 
(Wüest et al., 2007). From February to August 1999, daphnids were 
undetectable. Simultaneously, in the years 1999 and 2000, a drastic decline of 
over 90% in whitefish (Coregonus sp.) yield was observed. The disappearance 
of daphnids, the most important food organism of whitefish in Lake Brienz (at 
least in summer and autumn), was most likely responsible for the poor fishing 
yield in these two years (Müller et al., 2007b). For more detailed information on 
the study system see Wüest et al. (2007). 
 
Aims and hypotheses 
The present study was part of an interdisciplinary research project investigating 
the ecological impacts of anthropogenic changes in Lake Brienz and its 
catchment, which is strongly influenced by hydropower operation (Wüest et al., 
2007). Other research studies included particle transport and lacustrine 
sedimentation (Anselmetti et al., 2007), inorganic colloids (Chanudet and Filella, 
2007), nutrients (Müller et al., 2007a), light regime (Jaun et al., 2007), primary 
production (Finger et al., 2007) and zooplankton-fish interactions (Müller et al., 
2007b).  
 
The main aim of our study was to test different hypotheses for the collapse of 
the Daphnia population in 1999. To put this collapse into a temporal perspective, 
to assess if a similar collapse could happen again, and to obtain data for model 
calculations of hypothesis 3 (described below), basic data on the population 
dynamics of Daphnia had to be acquired in two ways: 
 
a) The density of ephippia in several sediment cores was determined to assess 

how the Daphnia population developed during the eutrophication and re-
oligotrophication of Lake Brienz in the 20th century. 
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b) To investigate the more recent history of the Daphnia population and its food 
condition, zooplankton and phytoplankton samples from a routine sampling 
program (established in 1993) and water temperature measurements were 
analyzed. Additionally, earlier zooplankton samples from 1985 to 1987 
(taken by Kirchhofer, 1990) were included. 

 
To explain the extraordinary collapse in 1999, the following hypotheses were 
tested: 
 
Hypothesis 1: Negative influence of suspended particles. Inorganic suspended 
particles have a negative influence on Daphnia fitness and subsequently 
population growth rate, especially when combined with low food concentration. 
During the flood, this led to the collapse of the Daphnia population. To test this 
hypothesis, we performed a flow-through experiment, exposing daphnids to 
different combinations of suspended particle and algae concentrations. Details of 
this experiment are described elsewhere (Rellstab and Spaak, 2007), but as it is 
one of the main hypotheses, the main results are included and discussed here. 
 
Hypothesis 2: Covering of diapausing eggs. Due to the flood and the large 
amount of suspended particles transported into the lake, the sedimentation rate 
in spring 1999 was elevated, covering the diapausing eggs and preventing 
daphnids from hatching. To test this hypothesis, we compared the proportion of 
ephippia containing eggs with sedimentation rates in different sediment layers. 
 
Hypothesis 3: Washout. In 1999, growth of the Daphnia population could not 
compensate for the losses due to washout, which was extraordinarily high 
because of the high discharge. Moreover, the harsh winter and the short water 
retention time during the flood led to a reduced water temperature, slowing 
down population growth even more. As a consequence, the Daphnia density was 
below detection level. To test this hypothesis, we performed model calculations 
of spring population growth. 
 
 
Material and methods 
Analyzing the Daphnia population of the 20th century by sediment cores 
Sediment cores were taken with a gravity corer (diameter: 63 mm) in March and 
November 2004 from two different locations (see Figure 1 in Wüest et al., 2007): 
1) cores BRZ1 and BRZ2: distal to the tributaries at a depth of 20 m (in the bay 
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of Iseltwald); 2) core BRZ3: proximal to the tributary Aare at a depth of 190 m 
(near Brienz). The sediments of Lake Brienz are well investigated (Sturm and 
Matter, 1978): in the shallow area distal to the tributaries, sedimentation is low 
and constant. In the deep area proximal to the tributaries, sedimentation is high 
and mainly influenced by flooding and depositional events, and hence is highly 
variable. All cores were cut into 0.5 (BRZ1 and BRZ2) or 1.0 cm (BRZ3) slices. 
In BRZ1 and BRZ2, dating was done by measuring the clearly visible varves 
(using the image processing and analysis software Image-Pro Plus) and verified 
by determining the 137Cs concentration of the different sediment layers (Appleby, 
2001). In BRZ3 only the latter method could be applied. Sediment layers were 
sieved through a 250 µm mesh and ephippia in all layers were counted.  
 
Routine sampling of Daphnia, phytoplankton and temperature from 1985 to 2005 
Quantitative sampling of the daphnids was performed at least monthly from 
June 1985 to January 1988 and from December 1993 to December 2005 using a 
twin net with a mesh size of 95 µm, sampling the depth range of 0-100 m. 
Samples were preserved in 4% formalin and densities of the daphnids were 
determined thereafter. Quantitative sampling of the phytoplankton (0-20 m) was 
performed at least monthly between December 1993 and January 2006 using an 
integrating sampler (Schroeder, 1961). Samples were preserved with Lugol’s 
solution and counting was performed thereafter. From February 1994 to 
December 2005, water temperature profiles were measured monthly using a 
Seabird 19 CTD. All measurements described above were performed near the 
centre of the lake, at the location of maximum depth. 
 
Negative influence of suspended particles (Hypothesis 1) 
To test hypothesis 1, we performed a flow through experiment - as described in 
detail in Rellstab and Spaak (2007). In brief, we exposed juvenile daphnids from 
Lake Brienz to different concentrations of suspended particles (freeze-dried 
sediment material) and algae (Scenedesmus obliquus). After 6 days, mortality 
and several life-history traits (fecundity, length and juvenile growth rate) were 
measured to determine fitness. 
 
Covering of diapausing eggs (Hypothesis 2) 
To test hypothesis 2, we compared the proportion of ephippia with eggs 
(obtained from the cores described above) to the sedimentation rate 
(measurement described above) for different time intervals during the last 
century.  
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Washout (Hypothesis 3) 
To test hypothesis 3, we performed model calculations. First, spring growth 
rates of the Daphnia population from years other than 1999 were determined by 
analyzing the quantitative data from routine sampling. These net growth rates 
were then used for parameter estimation. Second, the effect of elevated 
discharge and lower water temperatures in 1999 on the spring population growth 
was calculated. 
 
The total density of daphnids normally shows an exponential growth from early 
spring to summer: 
 

rt
0 eDD(t) ⋅=  (1)

  
where D(t) = total density (individuals m-2) of daphnids on day t, t = day of year, 
D0 = virtual density at beginning (t = 0) of the year (individuals m-2), and r = 
average net population growth rate (d-1). By fitting an exponential curve to the 
density data during spring population growth, r and D0 were estimated - using 
the least-square method - for each year from 1986 to 1987 and 1994 to 2005, 
except 1999.  
 
The net population growth rate r is the difference between the instantaneous 
birth rate b and the total death rate d (Paloheimo, 1974), which is a sum of 
predation, natural death (which are here both assumed to be constant when 
comparing years) and loss by washout (dW). As the parameter r, defined above, 
already includes a certain loss due to washout in average years, we defined dW 
(d-1) as the difference between the loss in 1999 and the corresponding value for 
an average year on the same day of the year: 
 

V
(t)Q(t)Q

)t(d average1999
W

−
=   (2) 

 
where Q1999 = discharge in 1999 (m3 d-1) at the outflow in Ringgenberg (see 
Figure 1 in Wüest et al., 2007) on a specific day of the year (t), Qaverage = 
discharge in an average year (m3 d-1, 1996 to 2005 without 1999) on the same 
day of the year, and V = volume of the upper 10 m (0.29 km3). Discharge data 
from 1996 to 2005 were obtained from the Swiss Federal Office for the 
Environment (FOEN) and volumetric data from the Swiss Federal Office of 
Topography (Swisstopo). In our model we assumed that only the upper 10 m of 
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the water column reach the outflow and that all daphnids are evenly distributed 
within this layer. Diel vertical migration (DVM, see Lampert, 1989; De Meester 
et al., 1999) was excluded for the following reasons: (1) juvenile daphnids in 
Lake Brienz do not migrate; (2) we did not observe DVM in 2005 in the same 
months when the flood occurred in 1999 (May and June), DVM started in July; 
and (3) a third of the adult Daphnia population does not seem to perform DVM 
(Ch. Rellstab, unpublished data). 
 
A decreased water retention time should not only result in losses due to washout, 
but also in a reduced water temperature, as large amounts of cold water enter the 
lake in spring. This would reduce the instantaneous birth rate (b), which is 
negatively correlated with the temperature-dependent egg development time 
(Paloheimo, 1974). We therefore calculated a scaling factor (bR) to account for 
the change in birth rate due to different temperatures in 1999, using the egg 
development times from Saunders et al. (1999). Water temperature data (average 
0-10 m) from the monthly CTD profiles, linearly interpolated between sampling 
dates, were used.  
 
Overall, we performed model calculations applying the following relationship: 
 

( ) D(t) (t)dr(t)btD(t)/ WR ⋅−⋅=∂∂  (3) 
 
using an average r over the whole time period and daily values for dW(t) and 
bR(t). For modelling the population growth of 1999, this would mean: If dW is 
negative, the population would grow faster than assumed. If dW is positive, but 
smaller than bR·r, the population growth in 1999 would have been slower. If dW 
is larger than bR·r, the Daphnia density would even decrease on this specific day 
due to washout. In this case, population growth could no longer compensate 
washout losses. 
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Results 
Analyzing the Daphnia population of the 20th century by sediment cores 
Based on 137Cs dating, the sediment cores BRZ1 and BRZ2 showed an average 
sedimentation rate from 1963 to 2004 of 0.35 cm yr-1. Much higher 
sedimentation rates were evident in core BRZ3; 1.14 cm yr-1 from 1986 to 2004 
and 0.91 cm yr-1 from 1963 to 1986. The oldest layer analyzed for ephippia 
originated from approximately 1920. Figure 1 shows changes in ephippia 
abundance from around 1920 to 2004. Sediment core data of both locations 
show a good consistency: no ephippia were found from around 1920 to 1955 
(BRZ1 and BRZ2) and 1930 to 1955 (BRZ3). After this period, ephippia were 
frequent, with two clear abundance peaks around 1960 to 1970 and 1980. In the 
beginning of the 1990s, no ephippia were found for several years. Ephippia were 
present again from 1995 to 2004, but in lower densities than before.  
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Figure 1: Abundance of ephippia in three different cores of Lake Brienz from approximately 
1920 to 2004. Age of the sediment layers was determined by the 137Cs-method. Error bars 
represent standard errors. 
 
Routine sampling of Daphnia, phytoplankton and temperature from 1985 to 2005 
Figure 2 shows the total Daphnia density and total phytoplankton biomass 
during the long-term routine sampling. The density of Daphnia in Lake Brienz 
has been declining continuously since 1996. Winter and early spring densities 
have become especially low. During recent winters, a density below detection 
level (44 ind. m-2) was usually observed for several months. However, in winter 
2004 and 2005 daphnids were, despite their general absence in quantitative 
samples, always present in qualitative samples that represented a larger volume 
of filtered water (Rellstab et al., in preparation). From 2003 to 2005 the Daphnia 



Population collapse Chapter 3 

- 50 - 

population of Lake Brienz consisted mostly of parental D. hyalina (normally 
90% of adult females), but also hybrids between D. hyalina × D. galeata and 
their backcrosses could be found (Rellstab et al., in preparation). Asexual gravid 
females were usually absent from January to April. The July peak of the 
population observed in the 1990s does not occur or is only weakly pronounced 
since 2000. Sexual stages (females with ephippia and males) were almost always 
present in autumn. Maximum annual density has decreased from more >150,000 
individuals m-2 in 1996 and 1997 to <50,000 individuals m-2 after 2003. The 
phytoplankton shows a similar trend, decreasing in biomass since 1996. After 
the usual density decline in January 1999, daphnids could not be detected in any 
zooplankton samples until September 1999. In contrast, phytoplankton biomass 
did not collapse and showed a normal annual pattern in 1999. 
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Figure 2: Total Daphnia density (line) and total phytoplankton biomass (grey shading, wet 
weight) in Lake Brienz from 1985 to 1988 and 1994 to 2005.  
 
To compare between years, annual averages and averages between February and 
June (representing the period of the spring population growth) were calculated 
for total Daphnia density and phytoplankton biomass (Figure 3) from 1994 to 
2005. Linear regressions showed a significant decrease with time in each of the 
following variables: annual average density of Daphnia (r2 = 0.35, p <0.05) and 
average Daphnia density between February and June (r2 = 0.35, p <0.05); 
average annual phytoplankton biomass (r2 = 0.41, p <0.05) and average 
phytoplankton biomass between February and June (r2 = 0.51, p <0.01). A 
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positive correlation was found between the annual average Daphnia density and 
phytoplankton biomass (Pearson’s r = 0.61, p <0.05, n = 12) and average 
Daphnia density and phytoplankton biomass between February and June 
(Pearson’s r = 0.70, p <0.05, n = 12). Average Daphnia density from February 
to June was around 25 times higher during the mid-90s compared to after 2001. 
The ratio between annual average density and average density between February 
and June has increased considerably, from 1-6 to 20-30, indicating a delay in 
high density values towards later in the year. Phytoplankton biomass also 
decreased by 25-50% of the values measured in the mid-90s, but the ratio 
between the period from February to June and the whole year has not changed. 
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Figure 3: Average total Daphnia density (columns) and total phytoplankton biomass (lines, 
wet weight) in Lake Brienz from 1994 to 2005 for the whole year (black) and seasonally for 
February to June (white/cross-hatched).  
 
Water temperatures in the upper 10 m from January to August were significantly 
lower in 1999 compared to the temperature in an average year (paired t-test, p 
<0.001, n = 8): mostly the difference was between 0.2 and 1.2°C, the maximum 
difference of 2.6°C was found in June. Variation between years is normally low. 
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Negative influence of suspended particles (Hypothesis 1) 
Detailed results are described in Rellstab and Spaak (2007). In summary, results 
showed that the concentration of suspended particles present in Lake Brienz 
does not reduce the fitness of daphnids, even at low food concentration. In fact, 
a low concentration of suspended particles increased fitness. Reduction of 
fitness could only be observed at a suspended particle concentration of over 10-
25 mg l-1 and in combination with low food concentrations. 
 
Covering of diapausing eggs (Hypothesis 2) 
Sediment layers from the core proximal to the River Aare (BRZ3) contained a 
significantly higher proportion of ephippia with eggs (total mean: 41.2% ± 7.9 
over the whole time period) than those from the cores distal to the tributaries 
(BRZ1/2, 13.4% ± 4.6) when comparing the same decades (paired t-test, p <0.01, 
n = 5) (Figure 4). Sedimentation rate of BRZ1/2, calculated by measuring varves 
and pooled into decades showed no significant correlation with the transformed 
proportion of ephippia with eggs of cores from the shallow and deep area 
(Pearson’s correlation, p = 0.79 and p = 0.21 respectively, n = 5). Sedimentation 
rate in 1999 was below average at 0.20 cm yr-1. 
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Figure 4: Columns: proportion of 
ephippia with eggs from areas with 
differing sedimentation rates in Lake 
Brienz in different decades: cores 
BRZ1 and BRZ2 (pooled) show low, 
and BRZ3 high annual sedimentation 
rates. Line: average annual 
sedimentation rate in cores BRZ1 and 
BRZ2, determined by measuring the 
clearly visible varves. Error bars 
represent standard errors. 
 

 
Washout (Hypothesis 3) 
Table 1 shows the results of the regressions of the spring population growth in 
different years, where r represents an average net population growth rate during 
the exponential growth period in spring. With one exception (0.015 d-1 in 2001), 
significant regressions always result in a net growth rate between 0.031 and 
0.045 d-1. These growth rates do not show any trend in time (linear regression, r2 
= 0.03, p = 0.61). 
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Table 1: Results of the exponential regressions (Equation 1) of total Daphnia density against 
time (day of year) in Lake Brienz from 1986 to 1987, 1994 to 1998 and 2000 to 2005 for 
months with exponential spring increase.  

Year r (d-1) D0 (ind. m-2) Months R2 
1986 0.068 1.2 Apr - Jun 0.83 
1987 0.032 34.8 Mar - Jul 0.93* 
1994 0.032 46.1 Feb - Jun 0.61* 
1995 0.020 1669.1 Feb - Jun 0.74 
1996 0.035 61.1 Mar - Jul 0.95** 
1997 0.094 0.04 Mar - Jun 0.87 
1998 0.031 322.6 Feb - Jun 0.94** 
2000 0.042 6.5 Feb - Jul 0.91** 
2001 0.015 1290.6 Feb - Jul 0.97*** 
2002 0.041 1.9 Apr - Sep 0.97*** 
2003 0.045 4.6 Mar - Jul 0.97** 
2004 0.040 3.3 May - Aug 0.94* 
2005 0.048 3.1 Apr - Jul 0.78 

r = average net population growth rate in the corresponding year; D0 = virtual density at the 
beginning of the year. Months = months with exponential population growth included in the 
regression; stars mark significant regressions (* p <0.05, ** p <0.01, *** p <0.001). 

 
During May and June 1999, losses due to washout (d1999, see Equation 2) were 
always higher than 0.03 d-1 and reached a maximum of 0.08 d-1 on May 15th, 
implying that 8% of the upper 10 m were exchanged within 24 h (data not 
shown). Such a high water exchange rate was only observed for one other period 
(flood in August/September 2005, over 8% d-1 in the upper 10 m) in the record 
span for the lake. Compared to average, the loss due to washout in 1999 (dW, see 
Equation 2) was higher for almost two months (April 21st to June 17th), reaching 
a maximum difference of almost 0.06 d-1 on May 15th (Figure 5). Values of bR 
(temperature scaling factor for growth rate r) were always below 1 until the end 
of August, reaching a minimum of 0.75 in the middle of June 1999, thus 
reducing the birth rate (and therefore r) by 25% (Figure 5). 
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Figure 5: Data used for the 
model calculations. Solid line: 
increased death rate due to 
washout calculated from the 
discharge (data: Federal Office 
for the Environment, FOEN, 
Switzerland). Dashed line: 
temperature factor representing 
the reduction in birth rate, 
calculated from the average 
water temperature in the upper 
10 m. Values of both parameters 
are shown as the difference of 
1999 and the average from 1996 
to 2005 (without 1999). 

 
Based on the information obtained above, we modelled growth from a low, but 
realistic (see Table 1) virtual starting density (D0, see Equation 1) of 5 
individuals m-2, using three different net population growth rate scenarios: high 
(0.06 d-1), average (0.04 d-1) and low growth rate (0.02 d-1). Figure 6 shows the 
model calculations for 1999 (solid line) of the three different scenarios 
compared to the corresponding average net spring growth assuming average 
conditions (dotted line). In all scenarios, compared to average, the modelled 
1999 population size was already smaller before the flood started, as the reduced 
water temperature led to lower birth rates. Using the high growth rate scenario (r 
= 0.06 d-1, Figure 6a), growth becomes negative only on May 15 if the elevated 
discharge and reduced temperature are applied. Growth is slower over the whole 
time period, but the population still reaches a high number of individuals at the 
end of June (25,000 ind. m-2). Using the average growth rate scenario (r = 0.04 
d-1, Figure 6b), the negative effect of washout and temperature is more 
pronounced. During five days (around May 15) the net growth is negative when 
the 1999 conditions are applied. The population needs 8 additional days to reach 
the original size again. The calculated population size at the end of June - 1,000 
ind. m-2 - is small and considerably depressed compared to the value of 7,000 if 
no negative effects of increased washout and reduced temperature are applied. 
Using the low growth rate scenario (r = 0.02 d-1, Figure 6c) results in a period of 
almost 5 weeks with negative growth around the middle of May 1999. Recovery 
of the population to the same size takes almost another 4 weeks. At the 
beginning of July, the Daphnia density is around 40 ind. m-2, which would still 
be below the detection level of the routine sampling. The scenario with the low 
growth predicted the observed data the best. 
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Figure 6a-c: Modelled spring 
population growth in Lake 
Brienz in 1999 with different 
growth rates (a-c). Dotted line: 
Modelled Daphnia density 
with average discharge and 
average temperature. Solid 
line: Modelled Daphnia 
density with elevated 
discharge and reduced water 
temperature of 1999. The grey 
shading shows the period of 
the flood. Note the different 
scales on the y-axes. 
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Discussion  
History of the Daphnia population in Lake Brienz 
Our analyses of several dated sediment cores show that Daphnia ephippia were 
produced extremely rarely or not at all between around 1920 and 1955 (Figure 
1), suggesting that daphnids were not present during that time period. Thereafter, 
with the exception of the first half of the 1990s, ephippia were always present in 
cores, with two distinctive peaks in abundance: between 1960 and 1970, and 
around 1980. Basically the abundance of ephippia in the sediment showed a 
similar pattern as the reconstructed total phosphorus concentration for the same 
time period (Müller et al., 2007a), although the peaks are shifted in time. This 
indicates that the size of the Daphnia population in the lake, which normally 
increases with increasing P concentration up to a certain threshold (Lampert and 
Sommer, 1999), is the most important parameter determining ephippia 
abundance in the sediment (Keller et al., 2002; Jankowski and Straile, 2003). 
Still, we must be careful in analyzing the abundance of ephippia in the sediment, 
as it is also influenced by taxa composition (Jankowski and Straile, 2003; Keller 
and Spaak, 2004) and possible pre- and post-mating barriers (Keller et al., 2007).  
 
The presence of ephippia during a certain period implies the concurrent 
existence of Daphnia, but not necessarily vice versa, as it could also be the case 
that Daphnia are present but do not produce ephippia. However, there is strong 
evidence in the historic literature that daphnids were absent or very rare during 
that time: in all but one publication (Heuscher, 1901) daphnids were either not 
mentioned (Lutz, 1878) or described as not present (Burckhardt, 1900; Flück, 
1926; Wuhrmann and Corti, 1947). Still, due to the asexual reproduction of the 
daphnids, even a population with a low density could persist for a longer period 
without being detected by the conventional plankton nets. Nevertheless, in the 
case of Flück (1926), no single Daphnia was found in 500 samples collected 
during two years. Considering all available data, it appears likely that daphnids 
did not establish themselves permanently in the lake before 1955.  
 
The results of our routine sampling showed that the Daphnia population has 
been decreasing over the last 11 years (Figs. 2 and 3). The average size of the 
population has recently declined to less than a third when compared to years 
with the highest densities in the mid-1990s. Fishing yield data (Müller et al., 
2007b) and the abundances of ephippia in the sediment (Figure 1) indicate that 
the Daphnia density must have been even larger during the 1970s. In winter, 
densities have been below detection level for several consecutive months in 
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recent years. However, we know from qualitative samples that a part of the 
Daphnia population overwinters as asexual females. Nowadays, the population 
needs more time to reach the annual maximum size compared to the 1990s. The 
July peak of the population observed in the 1990s is rarely pronounced since 
2000. It is possible that this shift is a consequence of a change in the taxa 
composition in the lake: in Lake Constance, D. galeata is know to have its 
density peaks in summer and D. hyalina in autumn (Jankowski and Straile, 
2004). However, the hatching of diapausing eggs from the sediment cores under 
laboratory conditions do not reveal any evidence for the existence of a different 
taxa in the past (Ch. Rellstab, unpublished data).  
 
Overall, the general decline of the Daphnia population is correlated with the 
decline in phytoplankton biomass (Figure 3), which is again a consequence of 
the declining phosphorus content (Müller et al., 2007a). Moreover, although we 
lack C:P ratio data of phytoplankton in Lake Brienz, it can be assumed that, as a 
consequence of the reduction of phosphorus input, the C:P ratio has increased in 
the past. Since daphnids are sensitive to a high C:P ratio (Gulati and DeMott, 
1997), food quality in terms of stoichiometry is therefore also a possible 
explanation for the decreasing population size. Inorganic suspended particles 
cannot be responsible for the decline, as their concentration is too low to lower 
daphnid fitness (Rellstab and Spaak, 2007). Moreover, the particle content of 
Lake Brienz has not increased during the considered time period. The particle 
concentration is subject to strong interannual fluctuations, influenced by 
meteorological conditions such as flooding or intense glacier melting (Finger et 
al., 2006). Interestingly, the density of copepods (mainly Eudiaptomus gracilis) 
has not decreased that dramatically in the past. They are the dominating 
zooplankton species in the lake, but not a major prey for whitefish (Müller et al., 
2007b). As Eudiaptomus is characterized by lower food threshold concentrations, 
they are better adapted to the food conditions in oligotrophic lakes (Lampert and 
Muck, 1985).  
 
POC measurements in 2004 and 2005 showed that the average POC 
concentration from 0-10 m is below 0.1 mg C l-1 from December to April 
(Rellstab and Spaak, 2007). Even from May to November, POC content is still 
low (max. 0.35 mg C l-1), indicating that food limits the growth of the Daphnia 
population all year. If we combine these data with the results of the quantitative 
sampling shown here, the food threshold level - inferred from females with eggs 
present or population growth - lies between 0.08 and 0.16 mg C l-1. This is 
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comparable to previous laboratory or field studies with similar Daphnia species 
(Lampert, 1978; Müller-Navarra and Lampert, 1996).  
 
The collapse in 1999 (Hypotheses 1-3) 
The collapse of the Daphnia population in Lake Brienz cannot be explained by 
the observed decline in food level alone. Monthly phytoplankton data show no 
extraordinary low algal biomass in 1999, neither for the period from February to 
June nor for the whole year (Figure 3). No changes in the phytoplankton 
composition (regarding species or size classes) compared to other years were 
observed (data not shown here). However, these measurements were performed 
only monthly and are a good measure for food quantity but not quality. Model 
calculations of in-situ primary production, based on light attenuation data, 
indicate that elevated turbidity and low water temperature led to a reduction of 
11% in phytoplankton growth for the year 1999 overall and a reduction of 23% 
for May and June compared to the average (Finger et al., 2007).  
 
Inorganic suspended particles could also be excluded as a direct cause for the 
collapse in 1999 (Hypothesis 1). In a flow-through experiment described in 
Rellstab and Spaak (2007) we show that the concentration normally found in 
Lake Brienz (1-8 mg l-1, Finger et al., 2006) does not reduce, but actually 
increases the fitness of daphnids. Negative effects were only observed with a 
suspended particle concentration higher than 10-25 mg l-1 and in combination 
with very low food levels (0-0.1 mg C l-1). This is in agreement with most 
laboratory studies, where a particle concentration below 50 mg l-1 normally had 
no negative effect (e.g., Zurek, 1982; Arruda et al., 1983; Kirk, 1992). Such a 
high concentration rarely occurs in Lake Brienz (maximum concentration 
measured is 24 mg l-1 in August 2005, Finger et al., 2006). Moreover, the 
highest inorganic particle concentration is normally found in summer at the 
same time as the highest POC concentrations (Rellstab and Spaak, 2007). In 
1999, the period with increased particle content in the upper layer of the lake 
(from April to September) was exceptional rather than the concentration of 
suspended particles (max. 6 mg l-1). In fact, longer periods of turbidity outside 
the range of harmful concentrations can even have a positive effect on Daphnia, 
as the reduced water transparency lowers the reactive distance of visually 
hunting planktivorous fish (Vinyard and O'Brien, 1976; Carvalho, 1984) and 
hence predation pressure. Daphnids are on average larger in lakes with high than 
in lakes with low turbidity (McCabe and O'Brien, 1983; Zettler and Carter, 
1986).  
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In 1999, sedimentation in the shallow area distal to the tributaries was lower 
compared to average years, which allows us to reject hypothesis 2 proposing 
that an elevated sedimentation prevented daphnids from hatching. The place 
where ephippia sink to the lake bottom is of great importance: in the area with 
high sedimentation and missing hatching stimuli (like changes in day length and 
temperature, see Gyllstrom and Hansson, 2004) the proportion of ephippia with 
eggs was significantly higher than in the area with low sedimentation and 
hatching stimuli present (Figure 4). Obviously, the sedimentation rate in shallow 
areas distal to the tributaries is not high enough to prevent daphnids from 
hatching the following spring. However, shallow regions in Lake Brienz are rare, 
92% of the lake area is deeper than 20 m. Ephippia with eggs that sink to these 
deep regions will most likely not hatch due to the reasons mentioned above. 
 
Our model calculations of the spring population growth of 1999 provide a 
plausible explanation for the collapse in 1999, i.e., a combined 
temperature/washout effect (Hypothesis 3). Due to the low water temperatures 
before, during and after the flood, and a high discharge for several weeks, the 
growth of the Daphnia population, limited by poor food conditions, could not 
compensate losses due to washout. The population size remained low and no 
individuals were detected in zooplankton samples until September. Assuming 
that all other factors, except discharge and temperature, were similar to an 
average year, it would have taken 8 days for the Daphnia population to recover 
from a 5 day period of extremely high outflow. From the beginning of May to 
the middle of June, the population size would have only increased by a total of 
40% compared to 600% in an average year with a daily net growth rate of 4%. 
The combined temperature/washout effect can have drastic consequences if we 
consider the low growth rate scenario (assuming a daily population growth rate 
of only 2%): the population would have decreased in density during the most 
extreme period of the flood for almost 5 weeks and grown only 2% in total 
during May and June. Total daphnid density would not have reached the 
detection level (44 ind. m-2) until July. Besides the fact that this scenario 
predicted the observed data the best, there is more evidence that it is the most 
realistic one for 1999: As mentioned above, Finger et al. (2007) found a 
significant reduction in primary production in 1999 and for the period of the 
flood. Moreover, the predation rate of whitefish in Lake Brienz can reach values 
of several percent per day. Although predation can be excluded as the main 
factor responsible for the population collapse, Müller et al. (2007b) found an 
elevated predation pressure in 1999 compared to average.  
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In contrast to spring 1999, the severe flood that happened at the end of August 
2005 had no negative impact on the Daphnia population of Lake Brienz. This is 
not surprising, as the circumstances of this flood were completely different. In 
August 2005, the Daphnia population had already established itself and >60% of 
the adult females had eggs. There were only 2 weeks of elevated outflow 
(compared to 9 weeks in 1999) and the higher water temperatures led to a higher 
birth rate compared to spring. Taking these facts into account, washout was not 
a significant factor since the birth rate could compensate for the washout losses. 
Moreover, a flood in summer is thought to transport more organic carbon than 
one in spring, an energy resource that the daphnids are likely to use (Gliwicz, 
1986). The timing of a flood therefore seems to be crucial.  
 
Implications for the future 
Recent analyses predict that the global hydrological cycle, due to global 
warming, will intensify in the future, likely resulting in more extreme and more 
frequent floods (Huntington, 2006). Moreover, water runoff peaks of rivers 
dominated by snow or ice melt are supposed take place earlier in the year 
(Barnett et al., 2005). A spring flood as in 1999, combined with intensive snow 
melting, is therefore likely to occur again and even more frequently in the future. 
Consequently, the probability of a collapse of the Daphnia population like in 
1999 will increase. Moreover, if spring growth rates decrease in the future as a 
consequence of the ongoing decline in nutrient input and primary production, 
the population will be even more susceptible to environmental factors such as 
high discharge. However, it is unlikely that the Daphnia population is going to 
disappear from Lake Brienz permanently, as the population can re-establish 
from diapausing eggs every spring, a strategy that will increase in significance 
in the future. 
 
Conclusions 
In this study, we showed that the temporary collapse of the Daphnia population 
that happened in 1999 in turbid and ultra-oligotrophic Lake Brienz was likely 
caused by a combined temperature/washout effect, based on poor food 
conditions. In general, Daphnia densities have decreased in the last 11 years as a 
consequence of declining primary production. Sediment analyses and a literature 
survey strongly suggest that daphnids were most likely absent from Lake Brienz 
before 1955. Considering additional data on production of different trophic 
levels (Finger et al., 2007; Müller et al., 2007a; Müller et al., 2007b), our results 
suggest that, after a modest period of eutrophication, Lake Brienz is returning to 
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its natural ultra-oligotrophic state, with a small Daphnia population and low 
fishing yield.  
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Abstract 
In large and oligotrophic lakes, winter represents a bottleneck for zooplankton 
populations because population growth rates decrease to negative levels as a 
result of low food concentration and water temperature. The filter-feeder 
Daphnia, a key species in the aquatic food web, has two strategies to overwinter: 
either by sexual reproduction that results in diapause until conditions ameliorate 
in spring, or by overwintering as asexual clones in the open water. If the latter 
clones survive winter they can have an advantage over sexually produced clones 
by an earlier onset of reproduction in spring. To investigate how different 
Daphnia taxa originating from lakes with different trophic levels survive under 
winter conditions, we performed a laboratory experiment under controlled 
conditions. We exposed D. hyalina and D. hyalina × galeata clones to low 
water temperature (5°C) and either no food or low food (<0.1 mg C l-1) 
conditions. We used clones from three pre-alpine lakes in Switzerland with 
contrasting trophic levels: ultra-oligotrophic Lake Brienz, mesotrophic Lake 
Constance and eutrophic Greifensee. Our results show that Daphnia clones can 
withstand starvation for an average of six weeks under low food concentration 
and for almost two weeks in the complete absence of food. Besides strong clonal 
variation we found a significant effect of food concentration and lake origin on 
lifespan. Moreover, clones differed in their response to the two food treatments 
depending on their lake origin. Population growth rate was significantly 
influenced by food concentration, but again response patterns depended on the 
lake origin. Not the clones from ultra-oligotrophic Lake Brienz, but from 
mesotrophic Lake Constance performed best in both food treatments. Our study 
indicates that adaptation to local winter conditions is a key factor in defining the 
clonal, but not necessarily the taxonomic composition of a Daphnia population 
in unproductive lakes. The high variation among clones in resistance to 
starvation provides the basis for evolutionary response to changes in trophic 
levels of lakes. 
 
 
 
 
 
Keywords 
Lake Brienz, Greifensee, Lake Constance, Daphnia hyalina × galeata species 
complex, ultra-oligotrophic, unproductive lakes, food concentration, low water 
temperature. 
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Introduction 
The cladoceran Daphnia, a key species in the aquatic food web, has two 
overwintering strategies (see e.g., De Meester et al., 2006). One strategy is 
sexually produced diapausing eggs that hatch when conditions ameliorate, for 
example in the following spring, and another is asexual females that survive the 
winter in open water. Although permanent large lakes favour asexual 
reproduction (Mort and Wolf, 1986), often both modes of reproduction are 
found (e.g., Jankowski and Straile, 2004; Keller and Spaak, 2004). Sexual 
reproduction forms new genotypes through recombination, but is energetically 
costly (Lynch et al., 1986) and requires the temporal and spatial co-occurrence 
of males and sexual females (Keller et al., 2007). Overwintering asexual clones 
have to cope with strong selection factors: low water temperature and, at least in 
unproductive systems, low food concentration. In oligotrophic lakes food 
concentration can drop below food threshold levels (Lampert, 1977, 1978; 
Gliwicz, 1990) for several consecutive months (e.g., Rellstab and Spaak, 2007). 
If overwintering asexual clones survive this period of starvation they can have 
an advantage over sexually produced clones in spring when conditions 
ameliorate. Variation in the ability of clones and taxa to survive periods of 
starvation under low water temperature conditions can thus affect the clonal 
composition of Daphnia populations and influence the dynamics of the whole 
food web. 
 
Several studies about the effect of starvation on Daphnia exist (e.g., Elendt, 
1989; Gliwicz, 1991; Epp, 1996), and many of these studies focus on short-time 
starvation (e.g., Plath, 1998) and subsequent refeeding (e.g., Bradley et al., 
1991). Although periods of low food levels often occur in winter, none of these 
studies used water temperatures typical for that season. Resistance of daphnids 
to starvation depends on the amount of energy reserves (i.e., lipids, Lemcke and 
Lampert, 1975) and the allocation of this energy into reproduction or survival 
(Tessier et al., 1983; Bradley et al., 1991; McCauley and Nisbet, 1991). In 
general, smaller species and individuals show lower survival under starvation 
than large ones (Gliwicz, 1991), and juveniles show lower survival than adults 
(Threlkeld, 1976). This is consistent with the size-efficiency hypothesis which 
states that larger-bodied species or individuals should be superior, as feeding 
rate increases faster than respiration rate with increasing body size (Brooks and 
Dodson, 1965). Maternal effects (Mousseau and Fox, 1998) play an important 
role in the ability to survive starvation, at least in early life stages (Lynch and 
Ennis, 1983), because lipids are passed from the mother to her offspring (Tessier 
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et al., 1983). Starvation resistance can differ among Daphnia species (Threlkeld, 
1976), but also intraspecific clonal variation has been shown (Epp, 1996). 
 
Temperature is an important factor influencing life-histories of Daphnia because 
it changes, for example, the processes of energy intake, assimilation and 
respiration losses (e.g., Burns, 1968; Yurista, 1999). Studies testing 
temperatures experienced in natural environments during winter are rare (but see 
Bottrell, 1975; Vijverberg, 1980; Goss and Bunting, 1983). Generally, there are 
is a negative relationship between temperature and life-history parameters such 
as instar duration (Vijverberg, 1980), number of instars to first reproduction 
(Goss and Bunting, 1983), or egg development time (Bottrell, 1975). A positive 
relationship with temperature could be shown for traits such as clutch size (in 
the lower range of temperature, Goss and Bunting, 1983) or growth rate 
(Vijverberg, 1980). Often these factors show an optimal response temperature 
which can be between 15-25°C depending on the Daphnia species. To our 
knowledge no study exists that investigates the effect of temperature 
experienced by Daphnia during winter on its lifespan under constant food 
concentration, but it is generally assumed that low temperature increases 
lifespan as a consequence of a lower "rate of living" (Pearl, 1928; discussed in 
Lynch and Ennis, 1983; Gliwicz et al., 2001). 
 
The pre-alpine lakes of Switzerland differ greatly in their trophic status and 
therefore present an ideal opportunity to study the effect of low food conditions, 
or the complete absence of food, on the performance of different Daphnia taxa. 
Large lakes with low phosphorus content are dominated by D. hyalina, whereas 
D. galeata prefers more productive habitats. D. hyalina × galeata hybrids are 
most frequent in lakes with the largest changes in magnitude of phosphorus 
content since the peak of eutrophication in the 1970s (Keller, 2006). D. hyalina 
has the tendency to overwinter asexually, whereas D. galeata relies more on 
resting eggs (Jankowski and Straile, 2004).  
 
In the present study we wanted to investigate how various clones from the D. 
hyalina/galeata species complex cope with low food concentrations and the low 
water temperatures typical for winter. In particular, we were interested in the 
survival and reproduction of Daphnia under these circumstances, to evaluate if 
overwintering asexual clones are able to compete with sexually produced clones 
that hatch in spring. We hypothesized that a) high mortality and no reproduction 
would be found at extremely low food conditions; b) D. hyalina clones would be 
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more resistant to starvation than D. hyalina × galeata hybrids; and c) clones 
originating from more oligotrophic lakes would be more resistant than clones 
from more productive systems. To test these hypotheses we performed a 
starvation experiment using D. hyalina and D. hyalina × galeata clones from 
lakes of contrasting productivity.  
 
Methods 
Studied lakes 
The Daphnia population of ultra-oligotrophic Lake Brienz (BRZ, Ptot = 3.0 µg l-1, 

SRP = 0.9 µg l-1), situated just north of the Swiss Alps, is dominated by D. 
hyalina, but also hybrids of D. hyalina × galeata and their backcrosses can be 
found (Rellstab et al., in preparation). In recent years, during the phase of sexual 
reproduction in autumn, sexual individuals (males, and females with ephippia) 
represented, on average, 4% of the population (C. Rellstab, unpublished). 60% 
of the recent ephippia found in the sediment do not contain eggs, most likely as 
a result of the low population density (Rellstab et al., 2007) reducing the 
chances of mating. Moreover, the high sedimentation rate and the great depth of 
the lake prevent hatching out of the diapausing eggs in most locations (Rellstab 
et al., 2007). Despite of the extremely low food concentration in winter (POC 
0.04-0.16 mg C l-1, Rellstab and Spaak, 2007) that does not allow any egg 
production or population growth, we have observed that daphnids in Lake 
Brienz also overwinter as asexual animals.  
 
Mesotrophic Lake Constance (CON, Ptot = 13 µg l-1, Stich, 2004) is situated at 
the border of Switzerland, Germany and Austria. All taxa of the D. 
hyalina/galeata species complex are present. D. galeata is the predominant 
taxon in summer and produces dormant eggs thereafter. The native species D. 
hyalina is most abundant in autumn and mainly overwinters asexually. Hybrids 
also occur throughout the year. Sexual stages in summer or autumn represent an 
average of 6-8% of the population (Jankowski and Straile, 2004).  
 
Eutrophic Greifensee (GRE, Ptot = 63 µg l-1, Wolinska et al., 2007), is situated in 
the Swiss lowland. It is dominated by D. hyalina × galeata hybrids, but parental 
D. galeata and D. hyalina can also be found, with the latter being rare (Spaak et 
al., 2001). Food conditions are sufficient for egg production throughout winter. 
During the phase of sexual reproduction the proportion of sexual stages reaches 
up to 6% of the population. This can happen up to three times a year, in spring, 
summer and autumn (P. Spaak, unpublished). 
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Experimental setup 
We performed a starvation experiment at 5°C, using a full factorial design with 
two food treatments and two taxa from each of the three lakes described above. 
Food treatments were: no food (complete absence of food), and low food 
(adding 0.1 mg C l-1 of chemostat-grown Scenedesmus obliquus two times a 
week). We chose clones from two taxa from each lake mentioned above: 
parental D. hyalina (P), and hybrids of D. hyalina × galeata or their backcrosses, 
hereafter referred to as hybrids (H). Allozyme electrophoresis was used for 
taxonomic classification (after Keller and Spaak, 2004). Individuals were 
assayed for the enzyme loci AO and AAT, which are diagnostic markers to 
distinguish between D. galeata and D. hyalina, and the PGI and PGM loci, 
which can be further used to identify multi-locus genotypes.  
 
We randomly chose three clones per taxon in each lake, with different multi-
locus genotypes (or a different sampling year, if this was not possible). An 
exception was parental D. hyalina of Greifensee, where we had only two clones 
available (see Table 1). Five replicates were used for each clone. This resulted in 
170 experimental units. Each unit consisted of a single neonate that was placed 
in a 100 ml jar. Mortality and fecundity (number of juveniles born) for all 
animals was recorded at least three times per week. If juveniles were born, they 
were separated from their mother and put into a no food treatment.  
 
Only 2nd and 3rd clutch juveniles born within 24 hours of adult 2nd and 3rd 
clutch females (originating from one single mother per clone) were used. These 
generations were reared at 12°C in filtered (0.45 µm) lake water, fed by adding 
1.0 mg C l-1 three times a week. Because the age at first reproduction fluctuated 
broadly between clones, lakes and taxa (16 to 24 days), the starting day of the 
experiment differed among clones. For each clone, initial body size (top of the 
eye to base of the spine) was obtained from ten juveniles that were not used in 
the experiment. 
 
To simulate winter conditions, we performed the experiment (including water 
exchange) in a walk-in growth chamber set at 5°C with a 8:16 hour light:dark 
photoperiod. We used filtered (0.45 µm) water taken from oligotrophic Lake 
Lucerne in December 2004, in order to have as little dissolved phosphorus as 
possible and so that none of the clones would have the advantage of using water 
from its lake of origin during the experiment. Water was changed once a week. 
The experiment lasted from 28 March to 3 August 2005. 
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Table 1: Overview of the clones used in the starvation experiment. 
Clone Lake Taxon AO AAT PGI PGM Sampling 

year 
Size day 1 
(mm ± SE) 

BRZ H1 Brienz Backcross to D. hyalina ss sf mm ff 2003 0.62 ± 0.01 
BRZ H2 Brienz Backcross to D. hyalina ss sf ss ff 2003 0.63 ± 0.02 
BRZ H3 Brienz D. hyalina × galeata F1 sf sf mm ff 2004 0.59 ± 0.01 
BRZ P1 Brienz Parental D. hyalina ss ss mm ff 2003 0.69 ± 0.01 
BRZ P2 Brienz Parental D. hyalina ss ss mm f+f+ 2005 0.66 ± 0.01 
BRZ P3 Brienz Parental D. hyalina ss ss sm ff+ 2005 0.66 ± 0.01 
CON H1 Constance D. hyalina × galeata F1  sf sf mm sf 2003 0.69 ± 0.01 
CON H2 Constance D. hyalina × galeata F1  sf+ sf mm ff 2003 0.66 ± 0.01 
CON H3 Constance D. hyalina × galeata F1  sf+ sf mm mm 2001 0.67 ± 0.00 
CON P1 Constance Parental D. hyalina ss ss mm ff 2001 0.66 ± 0.01 
CON P2 Constance Parental D. hyalina ss ss mm ff+ 2001 0.69 ± 0.01 
CON P3 Constance Parental D. hyalina ss ss mm ff 1998 0.70 ± 0.01 
GRE H1 Greifensee D. hyalina × galeata F1  sf sf mm sm 2002 0.54 ± 0.00 
GRE H2 Greifensee D. hyalina × galeata F1  sf sf mf mf 2002 0.64 ± 0.01 
GRE H3 Greifensee Backcross to D. hyalina ss sf mm ff 2003 0.62 ± 0.01 
GRE P1 Greifensee Parental D. hyalina ss ss mm ff 2003 0.63 ± 0.01 
GRE P2 Greifensee Parental D. hyalina ss ss mm sf 2003 0.62 ± 0.00 

Taxa were determined by allozyme electrophoresis using the two species specific markers AO 
and AAT. Alleles in AO, AAT, PGI and PGM: s = slow, m = medium, f = fast, f+ = very fast. 
 
Statistical analysis 
To evaluate differences in the body size of the neonates on day 1, we performed 
a three-way ANOVA with lake, taxon, and clone (nested within lake and taxon) 
as fixed factors. Pearson's r was calculated separately for both food treatments to 
test whether the average body size of the neonates correlated with the average 
lifespan and population growth rate r for each clone.  
 
Due to a lack of degrees of freedom it was not possible to test nested effects and 
interactions simultaneously, when looking at the effect of clone, taxon, lake, and 
food on the lifespan and r of Daphnia. First, we used a four-way ANOVA to test 
the effect of clone (nested within lake and taxon), taxon, lake, and food on 
lifespan and on r. Second, ignoring clonal effects, a three-way ANOVA with 
lake, taxon, and food (and their interactions) as fixed factors was performed. 
Analyses of lifespan were based on individuals, whereas analyses of r were done 
on a clonal level.  
 
The population growth rate r (intrinsic rate of increase) was calculated for each 
clone that reproduced (using the Euler-Lotka equation: ∑

=

−=
n

x

rx
xx eml

1
1  where lx 

represents the age specific survivorship of the clone, mx is the average number of 
offspring per surviving individual, and x is the age in days). In clones where no 
offspring were produced, we calculated an average population growth rate r by 
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using the following formula: r = (ln(Nx)/ln(N0))/t where Nx ≡ 0.01 (number of 
animals at the end of the experiment), N0 ≡ 5.01 (number of animals at the start 
of the experiment) and x the number of days until all animals of the clone had 
died. The constant value of 0.01 was added to N to make the calculation feasible. 
 
To test whether there was a correlation between the lifespan of the mother and 
its offspring, Pearson's r was calculated. All error values given in the text 
represent standard error. 
 
 
Results 
Body size of neonates 
The body size of neonates differed significantly (p <0.001) between lakes, taxa, 
and clones (nested within lake and taxon). Lake Constance neonates were the 
largest, followed by Lake Brienz and Greifensee (Table 1, Figure 1). Parental D. 
hyalina neonates were larger than hybrids. However, body size of neonates did 
not correlate significantly with lifespan of Daphnia in either the no food 
treatment (n = 17, Pearson's r = 0.451, p = 0.069) or the low food treatment (n = 
17, Pearson's r = 0.252, p = 0.329). There was a significant correlation between 
body size of neonates and population growth rate r in the no food treatment (n = 
17, Pearson's r = 0.483, p <0.05), but not in the low food treatment (n = 17, 
Pearson's r = 0.226, p = 0.383). 
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Figure 1: Body size of the 
neonates used in the experiment. 
Animals belong to two taxa and 
three lakes. Error bars represent 
standard error.  
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Lifespan 
The results of the four-way and three-way ANOVAs are presented in Table 2 and 
the average lifespan of the different clones are shown in Figure 2. There was a 
highly significant clonal effect (nested within lake and taxon) on the lifespan of 
Daphnia. The food concentration also had a highly significant influence on the 
lifespan of Daphnia: individuals without food had much shorter lifespans (12.2 d 
± 0.8) compared to those in the low food treatment (43.3 d ± 4.1). Overall, the 
lake from which the clones originated significantly influenced survival. Lake 
Constance animals lived the longest (37.6 d ± 4.9), followed by Greifensee (26.1 
d ± 4.2) and Lake Brienz (19.3 d ± 2.6). In the no food treatment (Lake 
Constance 17.2 d ± 1.7 > Lake Brienz 10.8 d ± 0.9 > Greifensee 7.9 d ± 0.4) the 
order of survival success was different than in the low food treatment (Lake 
Constance 58.0 d ± 8.2 > Greifensee 44.4 d ± 6.6 > Lake Brienz 27.9 d ± 4.6), 
confirmed by the significant interaction term of Lake × Food. Lake Brienz clones 
clearly showed the smallest reduction in lifespan between the low and no food 
treatment, compared to the clones of the other two lakes. The effect of the taxon 
and all other interactions were not significant in either analysis. 
 
Table 2: Results of the four-way (top) and three-way (bottom) ANOVA testing the effect of 
clone, taxon, lake, and food treatment on the lifespan (left) and population growth rate r 
(right) of Daphnia. 

Dependent variable: Lifespan  Dependent variable: Population growth rate r 
   

Effect df MS F p  Effect df MS F p 
Intercept 1 130625.3 235.1 <0.001 Intercept 1 0.601 120.002 <0.001
Clone  
(Lake × Taxon) 

13 2026.6 3.6 <0.001 Clone  
(Lake × Taxon)

13 0.007 1.381 0.267

Lake 2 5052.2 9.1 <0.001 Lake 2 0.011 2.261 0.137
Taxon 1 1087.3 2.0 0.164 Taxon 1 0.004 0.776 0.391
Food 1 41246.5 74.2 <0.001 Food 1 0.204 40.726 <0.001
Error 152 555.6 Error  16 0.005  
      
Effect df MS F p  Effect df MS F p 
Intercept 1 128051.3 196.1 <0.001 Intercept 1 0.599 114.657 <0.001
Lake 2 5067.4 7.8 <0.001 Lake 2 0.012 2.240 0.130
Taxon 1 1006.4 1.5 0.216 Taxon 1 0.003 0.655 0.427
Food 1 41537.0 63.6 <0.001 Food 1 0.218 41.749 <0.001
Lake × Taxon 2 708.7 1.1 0.340 Lake × Taxon 2 0.001 0.107 0.899
Lake × Food 2 2381.8 3.6 0.028 Lake × Food 2 0.026 4.909 0.017
Taxon × Food 1 853.7 1.3 0.254 Taxon × Food 1 0.001 0.147 0.705
Lake × Taxon  
× Food 

2 301.5 0.5 0.631 Lake × Taxon 
× Food 

2 0.001 0.102 0.904

Error 158 652.9 Error 22 0.005  
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Figure 2: Average lifespan of the different clones in the starvation experiment under no food 
and low food conditions. Clones belong to three different lakes and two different taxa. Error 
bars represent standard error. 
 
In both food treatments, the first juveniles died after four days. Greatest lifespan 
was 36 days (individual from CON P3) without food and 126 days (individual 
from CON H3) under low food conditions. In survival of the experimental 
animals over time, irrespective of the taxon and clone, Lake Brienz and 
Greifensee Daphnia showed high mortality in the no food treatment starting on 
day 5 - all animals finally died within 22 or 13 days, respectively (Figure 3). 
Lake Constance clones performed better under no food conditions - the first 
animal died on day 10. Mortality then increased strongly, but slowed down after 
day 14. In the low food treatment a consistent pattern can be seen for all lakes: 
high mortality on days 9-11, followed by low mortality, again a phase of high 
mortality from days 17-20, again followed by low mortality. Thereafter, Lake 
Constance and Greifensee animals did not show high mortality until around the 
period when some animals produced their first clutch (days 66 and 90, 
respectively). 
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Figure 3: Survival curves of Daphnia originating from three different lakes under no food 
(top) and low food (bottom) conditions. 
 
Reproductive success and population growth rate r 
No animals in the no food treatment produced offspring, whereas in the low 
food treatment a total of 25 neonates were born. No ephippia were produced in 
any treatment. Population growth rate r could only be calculated using the 
Euler-Lotka equation in the clones that reproduced (BRZ P2, CON H1, CON H3, 
GRE H2, GRE P2). No animals were able to produce a second clutch before 
they died. As a result of this fact and the low clutch size, r was only slightly 
positive in clones CON H3 and GRE P2. All other clones showed a negative 
population growth rate in both food treatments (Figure 4). All clones except 
BRZ H3 showed higher population growth rates in the low food treatment 
(average -0.05 d-1 ± 0.02) compared to conditions without food (-0.22 d-1 ± 0.02). 
Four-way and three-way ANOVAs revealed a highly significant effect of the 
food treatment on the population growth rate r of Daphnia (Table 2). Moreover, 
the interaction of Lake × Food was significant. Whereas Greifensee clones had a 
higher r in the low food treatment (-0.02 d-1 ± 0.03) than Lake Constance and 
Lake Brienz clones (-0.05 d-1 ± 0.03 and -0.09 d-1 ± 0.03, respectively), they had 
a lower r in the no food treatment (-0.30 d-1 ± 0.03) compared to Lake 
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Constance and Lake Brienz clones (-0.15 d-1 ± 0.03 and -0.20 d-1 ± 0.03, 
respectively). In contrast to lifespan, there was no significant effect of either 
clone (nested within taxon and lake) or lake origin.  
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Figure 4: Population growth rate r of the different clones in the starvation experiment under 
no food and low food conditions. Clones belong to three different lakes (left to right) and two 
different taxa (top and bottom). 
 
Age at first reproduction differed greatly between lakes. It took an average of 66 
days for the BRZ and GRE clones to produce neonates, while CON clones 
needed around 90 days. 
 
Offspring survival 
Offspring produced during the experiment were put into a no food treatment. 
Lifespans of these juveniles ranged between 2 and 25 days. Juveniles from Lake 
Constance lived the longest (16.3 d ± 2.3), followed by Lake Brienz (6.0 d ± 0.0) 
and Greifensee (4.9 d ± 0.5). There was a significant and strong correlation (n = 
25, Pearson's r = 0.742, p<0.001) between the lifespan of the mother and the 
lifespan of her offspring.  
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Discussion 
Our results showed that Daphnia can be resistant to starvation for long periods 
under low temperature, which indicates that they can successfully overwinter as 
parthenogenetic animals in oligotrophic lakes. The lake from which the 
daphnids originate, but not the taxon, plays an important role in their survival 
under winter conditions. Reproduction took place only under low food 
conditions, but was in the majority of cases not high enough to result in a 
positive population growth rate. The lifespan of the neonates that hatched during 
the experiment was significantly correlated to the lifespan of their mothers. 
 
Despite significant differences in size at birth at the start of the experiment 
(Figure 1) we found no correlation between body size and lifespan. However, 
larger neonates had a significantly higher population growth rate r in the no food 
treatment. Body size can affect the resistance of neonates to starvation (Tessier 
and Consolatti, 1989), following the predictions of the size-efficiency 
hypothesis (Brooks and Dodson, 1965). Another possible reason is that larger 
neonates contain more energy reserves (discussed in Tessier and Consolatti, 
1989). In contrast, Glazier (1992) found no correlation of the body size of 
neonates and the ability to survive starvation in D. magna. 
 
Daphnia in our experiment showed an average lifespan of twelve days 
(maximum 36 days) under no food conditions and 43 days (maximum 126 days) 
under low food conditions (Figures 3 and 4). This is higher than in other 
starvation studies, where a lifespan under complete absence of food was on 
average 6-9 days for juvenile daphnids (Gliwicz, 1991; Gliwicz and Guisande, 
1992; Perrin et al., 1992) and 5-11 days for adult daphnids (Lemcke and 
Lampert, 1975; Threlkeld, 1976; Elendt, 1989) of various Daphnia species. 
Only Epp (1996) reported lifespans of 28 days and more, using neonates of D. 
pulicaria in the complete absence of food. All of these other experiments were 
performed at 15-20°C, so the low water temperature in our experiment (5°C) is 
most likely responsible for the differences in lifespans. As we used filtered lake 
water (as most of the studies mentioned in this manuscript), it is also possible 
that the daphnids in the no food treatment had very low amounts of organic 
matter other than algae available, e.g. bacteria, which are known to be a 
potential food source (e.g., Kankaala, 1988). The lifespans at low food 
treatments, which represent realistic conditions for an ultra-oligotrophic lake in 
winter, show that it is possible for at least some Daphnia clones to overwinter 
successfully as parthenogenetic animals. In Lake Brienz, food is very scarce 
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(<0.1 mg C l-1) for 1-2 months around February. In March, when food 
conditions improve, the surviving clones could then have an advantage over 
clones that must establish themselves by hatching out of diapausing eggs. 
 
The food concentration and the lake from which the clones originated each had a 
significant effect on the lifespan of daphnids, whereas taxon did not play a 
substantial role. We also found a strong inter-clonal effect, meaning that clones 
showed different patterns in response to environmental conditions, as shown in 
Epp (1996). Surprisingly, it was not the clones from ultra-oligotrophic Lake 
Brienz, but the clones from mesotrophic Lake Constance that had the highest 
lifespans under no food conditions. Lake Brienz clones performed slightly better 
than clones from eutrophic Greifensee. Maternal effects, which can be 
environmental or genetic (see e.g., Räsänen and Kruuk, 2007), are most likely 
the cause of the variation in lifespan. These play an important role in the 
resistance to starvation because mothers transfer energy reserves like lipids to 
their offspring (e.g., Tessier et al., 1983; Cowgill et al., 1984), and produce 
neonates of different sizes (Gliwicz and Guisande, 1992). Especially in our no 
food treatment, neonates were depending only on the energy reserves received 
from their mothers. Prior to our experiment intra- and inter-clonal differences 
due to maternal effects resulting from different environmental conditions were 
eliminated, because several generations were treated exactly the same before 
their juveniles were exposed to the treatments. Still, as the mothers and 
grandmothers of our experimental animals were reared at the same relatively 
high food concentration, our results more likely represent the efficiency at which 
the mothers feed at high food concentration and transfer lipids to their juveniles. 
The strong correlation between the survival of Daphnia that reproduced in the 
low food treatment and the survival of its offspring in the no food treatment 
further supports the importance of maternal effects. 
 
By calculating the population growth rate r for each clone in both food 
treatments, we obtained a measure based not only on survival, but also for 
reproduction. Only two clones managed to produce enough offspring to have a 
positive population growth rate, all others were negative (Figure 4). With daily 
death rates of up to 36% under no food and up to 18% under low food, our 
results are similar to or slightly lower than death rates found in other studies 
(Lemcke and Lampert, 1975; Lynch, 1989; Rohrlack et al., 1999). Our 
ANOVAs showed a significant effect of food treatment and its interaction with 
lake origin on population growth rate r, but in contrast to lifespan, no significant 
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effect of clone and lake origin could be found. Because our population growth 
rates are also mostly derived from lifespan (we could calculated r using the 
Euler-Lotka equation in only five clones), this difference must come from the 
fact that the temporal distribution of deaths is not incorporated. It represents the 
average growth rate from the start of the experiment until the last individual of 
the clone had died. In a previous study on the growth rates of Lake Constance 
and Greifensee clones, significant effects of clone and taxon could be found 
under high food and room temperature conditions (Löffler et al., 2004). 
 
Assuming that variation in lifespan and growth rate is determined solely by 
maternal genetic effects, we can use the difference of the response to the two 
food treatments as a measure of resistance to starvation. Our ANOVAs showed 
a significant Lake × Food interaction for lifespan and r, meaning that the 
reduction in lifespan or population growth rate is different among lakes when 
comparing the low and no food treatment. If we look at lifespan, Daphnia clones 
from Lake Brienz show a remarkably smaller difference between the two food 
treatments (16.4 d) than do those from Greifensee (36.5 d) or Lake Constance 
(40.8 d, Figure 5 left). The reduction of population growth rate r is much higher 
in Greifensee clones (0.28 d-1) than in clones from Lake Constance (0.10 d-1) or 
Lake Brienz (0.10 d-1, Figure 5 right). This is an indication that, when looking at 
lifespan, Daphnia from Lake Brienz are better adapted to no food conditions at 
low temperature. In considering population growth rate, Daphnia from 
Greifensee are more poorly adapted. This corroborates with our original 
prediction that clones are adapted to their natural local conditions. 
 
Taxa of the D. hyalina/galeata species complex differ in many life history traits, 
including migration behaviour (Weider and Stich, 1992), timing and extent of 
sexual reproduction (Jankowski and Straile, 2004), genetic diversity (Jankowski 
and Straile, 2004; Keller and Spaak, 2004), parasite prevalence (Wolinska et al., 
2006), predation sensitivity (Spaak et al., 2000), and habitat preference (Keller, 
2006). We could not verify our hypothesis that parental D. hyalina, which are 
the dominant taxon in oligotrophic lakes (Keller, 2006), would perform better 
under starvation conditions than hybrids. Why could we not find an effect? 
Several reasons have possible importance. First, the taxonomic composition 
present in these lakes is not determined by the ability of a taxon to resist 
starvation in winter. Other selection factors, such as feeding efficiency under 
better food conditions or overwintering success in diapause could be more 
important. Secondly, the clones used in this experiment were not collected 
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specifically at the end of winter when we would expect the better adapted clones 
to be more abundant. Thirdly, using two species specific markers can lead to 
misidentification of taxa due to backcrossing of hybrids with the parental taxa. 
A part of parental D. hyalina clones could actually represent backcrosses to D. 
hyalina as is most likely the case in Greifensee (Keller and Spaak, 2004). In our 
experiment, Lake Brienz and Greifensee clones do not show an effect of taxon 
on lifespan under no and low food conditions, but in Lake Constance clones, 
parental D. hyalina performed better than hybrids (Figure 2). 
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Figure 5: Lake × Food interaction of average lifespan (left) and population growth rate r 
(right) of clones from the three lakes tested in the experiment. 
 
In conclusion, we showed that the response of Daphnia to realistic winter 
conditions is highly variable among clones, and is influenced mainly by food 
concentration and by the lake origin. The taxon of the clones did not play a 
significant role. The absolute performance of the different clones did not match 
our expectation that clones from unproductive systems would be better adapted 
to their local conditions. Still, the significant interaction of lake origin and food 
concentration indicates that these clones perform better if we look at the 
difference of the response to the two food conditions. Moreover, considering 
results found in the literature and from our experiment, there is evidence that 
maternal effects can play a major role, especially when neonates are exposed to 
the complete absence of food. Our results show that it is possible for Daphnia 
clones to withstand long periods of low food conditions (typical for ultra-
oligotrophic systems in winter), and short periods of complete starvation. 
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Reproduction increases population growth rate until conditions ameliorate, but 
does not necessarily result in positive growth, since clutch sizes are too small 
and egg development time is too long.  
 
Since the growth rates in our experiment are mostly negative it appears that it is 
the individual ability to withstand starvation in winter, rather than significant 
population growth, that permits clones to be present in spring. Thus, the 
probability of a female's offspring surviving the period of starvation must, at 
least in some years, exceed their probability of surviving through winter as 
diapausing eggs and then hatching successfully. As the trophic state of the lake 
changes, previous high-fitness life history strategies might become poorly 
adaptive. The clonal variation we showed may provide the basis for evolutionary 
response by Daphnia, but will depend upon the strength of selection and the 
available genetic variation (Kinnison and Hairston, 2007). In Lake Brienz 
oligotrophication has led to substantial declines in fish stocks (Müller et al., 
2007a; Müller et al., 2007b). Understanding how their major food resource 
survives and adapts to the stressful conditions of generally decreasing food 
conditions will be critical in evaluating how to manage the balance between 
improved water quality and the needs of the fishery. 
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Abstract 
The eutrophication of lakes in the 20th century has led to species shifts at all 
trophic levels. In originally oligotrophic lakes north of the European Alps the 
invading cladoceran Daphnia galeata reached high abundances starting in the 
1960s. It hybridized with the native species D. hyalina and is still present in 
many lakes, despite re-oligotrophication. At present, the hybrids produced 
during eutrophication are common or even predominant in most pre-alpine lakes. 
To investigate if such species shifts also happened in unproductive systems, we 
studied the past and present taxonomic composition of Lake Brienz and Lake 
Thun, two ultra-oligotrophic lakes that were relatively mildly affected by 
eutrophication. We sampled the present pelagic populations and the egg-banks 
of both lakes, and used allozyme and microsatellite markers for taxonomic 
identification. In less productive Lake Brienz no Daphnia population was 
established permanently before the 1950s, the beginning of eutrophication. 
Since then, the taxonomic composition of the population has been more or less 
stable. D. hyalina × galeata hybrids could be found in low frequencies in the 
past, but are no longer present today. In more productive Lake Thun, D. galeata 
appeared in the 1960s, hybridized with D. hyalina, and recently has disappeared 
again. The successful colonization of the northern pre-alpine lakes by D. galeata 
seems to be related to the process of eutrophication, but only if a lake has 
reached the trophic state necessary for D. galeata to establish a significant 
population size. Although Lake Thun is again close to its natural ultra-
oligotrophic state, the introgression of genetic material due to hybridization with 
the native D. hyalina has led to an apparently irreversible change of the 
taxonomic composition.  
 
 
 
 
 
 
 
 
Keywords 
Daphnia hyalina/galeata species complex, ultra-oligotrophic turbid lake, 
eutrophication, oligotrophication, colonization, hybridization, sediment cores, 
allozyme electrophoresis, microsatellite markers, genealogical class 
identification. 
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Introduction 
Most large lakes of Europe went through a pronounced phase of eutrophication 
and re-oligotrophication in the 20th century. Increased human activity (e.g., land 
use, introduction of sewer systems and the usage of phosphate rich laundry 
detergents) led to high levels of phosphorus (P), one of the key elements 
determining productivity in most lakes (Correll, 1998; Schindler, 2006). In 
general, productivity of these lakes increased with eutrophication and led in 
many cases to algal and cyanobacterial blooms, fish kills, and species shifts at 
all trophic levels (Correll, 1998). After the 1980s, the operation of sewage 
treatment plants with iron-induced P precipitation and the ban of P-containing 
washing agents led to a reduction in P-input and to subsequent re-
oligotrophication. This resulted in: a decrease of primary production (Jeppesen 
et al., 2005); lower zooplankton biomass (e.g., Manca and Ruggiu, 1998); and 
lower fish yields (as in Switzerland, Gerdeaux et al., 2006).  
 
The cyclical parthenogen Daphnia (Crustacea, Cladocera) is one of the most 
important grazers in lakes and is a major food source for many planktivorous 
fish. It can react quickly to changing food conditions. Daphnia often switch to 
sexual reproduction and produce diapausing eggs covered by an ephippium 
when conditions start to deteriorate, such as before a clear-water phase or before 
winter (Cáceres, 1998). As a result of recombination, new genotypes are formed. 
Ephippia can survive freezing, drying and even fish gut passage (Mellors, 1975; 
Bilton et al., 2001). They serve not only as resting stages for periods of poor 
conditions, but are also important for dispersal and colonization of new habitats 
(e.g., transport by birds, Green and Figuerola, 2005). 
 
Because ephippia and also other barely degradable cladoceran remains sink to 
the lake bottom, sediment cores present an ideal tool for the investigation of past 
Daphnia populations (Korhola and Rautio, 2001). Recently many studies have 
been published that investigate past changes in parameters such as population 
size (Yan et al., 1996; Manca et al., 2007), fish predation pressure (Jeppesen et 
al., 2002) or species shifts (Jankowski and Straile, 2003; Mergeay et al., 2004; 
Hairston et al., 2005). Because eggs can stay viable for several decades or more, 
genetic analysis of the egg banks can be either done on the hatchlings (Weider et 
al., 1997; Hairston et al., 1999; Jankowski and Straile, 2003) or directly on the 
resting eggs (Duffy et al., 2000; Reid et al., 2000; Cousyn et al., 2001; Limburg 
and Weider, 2002).  
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Colonization by a new Daphnia species or changes in the genetic composition of 
native Daphnia populations in the course of eutrophication has been shown in 
various studies using sediment cores (Weider et al., 1997; Hairston et al., 1999; 
Jankowski and Straile, 2003). In Lake Constance and Greifensee, D. galeata 
invaded the formerly oligo- to mesotrophic lakes in the period of eutrophication 
and produced hybrids with the native D. hyalina population (Jankowski and 
Straile, 2003; Sandrock, 2005). Today, both parental species and their inter-
specific hybrids are present in these lakes; the latter is even the most frequent 
taxa in Greifensee (Keller and Spaak, 2004). An analysis of the present Daphnia 
populations in 43 lakes north and south of the Swiss Alps revealed that D. 
hyalina is the dominant taxon in oligotrophic lakes, D. galeata is present in 
more productive systems, and the hybrid is most frequent in lakes that 
experienced a history of high anthropogenic phosphorus load (Keller, 2006).  
 
It is assumed that the improved food conditions that developed during 
eutrophication were the reason for the success of D. galeata in the northern pre-
alpine lakes of Europe, as that provided the basis for establishing a population 
(Weider et al., 1997). Until now this hypothesis lacked the support of studies on 
reference lakes, i.e. unproductive lakes that were not affected by an invasion of 
D. galeata as their trophic state during eutrophication was never on the level 
necessary for D. galeata to reach high abundances and establish permanently. 
Studies comparing the present and past taxonomic composition of oligotrophic 
lakes do not exist. To fill that gap of knowledge we investigated the present and 
past genetic structure of the Daphnia populations from two connected and 
proximate ultra-oligotrophic lakes and analysed their genetic composition and 
population structure using allozyme electrophoresis and microsatellite markers. 
We were mainly interested in the following questions: a) what is the genetic 
structure of the present populations in these lakes and does it change seasonally?; 
b) do we find any evidence for an invasion of a new species or for a change in 
the taxonomic composition in the course of eutrophication and re-
oligotrophication?; and c) if yes, could the new taxon establish itself in both 
lakes or does the trophic difference between the two lakes result in different 
patterns?  
 
Study systems 
Lake Brienz and Lake Thun are two connected lakes situated just north of the 
Swiss Alps (see Figure 1 in Anselmetti et al., 2007), in a deep valley which was 
eroded by the Aare glacier during the last glaciation. Lake Brienz (564 m asl) 
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has a volume of 5.1 km3, a surface area of 30 km2 and a maximum depth of 259 
m. It receives annually over 300,000 tons of glacial particles (Finger et al., 
2006), leading to turbidity that increases light attenuation (Jaun et al., 2007) and 
consequently decreases primary production (Finger et al., 2007). Only 3% of 
these particles are transported through the 5 km long Aare channel downstream 
to Lake Thun, the rest is deposited as sediment in Lake Brienz. Lake Thun (558 
m asl) is larger (17.5 km3 and 48 km2) but not as deep (217 m) or as rich in 
suspended particles as Lake Brienz. Total phosphorus concentration (TP) in both 
lakes decreased from the beginning of the 1980s until today (Figure 1) due to 
reduction of anthropogenic phosphorus input (Müller et al., 2007a). Today, 
because their TP content rarely exceeds 5 μg l-1, both lakes can be considered as 
ultra-oligotrophic (Lampert and Sommer, 2007). Although TP values are 
normally higher in Lake Brienz than in Lake Thun, Lake Brienz was and still is 
less productive than Lake Thun because a great part of the phosphorus is bound 
to inorganic glacial particles and therefore not available for biological 
production (for discussion see Müller et al., 2006; Müller et al., 2007a). The 
mean soluble reactive phosphorus (SRP) content of Lake Brienz is <1 μg l-1 (A. 
Wüest, unpublished). It is important to note that the detection limit of TP was 5 
μg l-1 until 1999 and thereafter changed to 1 μg l-1. TP concentrations from 1994 
to 1999 were mostly <5 μg l-1 in both lakes.  
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Figure 1: Total phosphorus (TP) concentration in Lake Brienz and Lake Thun from 1978 to 
2007 (Spring circulation values, data: GBL, Bern). Detection limit of TP was 5 μg l-1 until 
1999 and 1 μg l-1 thereafter. TP concentration from 1994 to 1999 was mostly <5 μg l-1 in both 
lakes.  
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The average population size of Daphnia in both lakes decreased from 1995 to 
2003 and then either stabilized at a low level (Lake Brienz), or even increased 
again (Lake Thun, Figure 2). The Daphnia population of Lake Thun is normally 
larger, in recent years it has reached about twice the size of the Lake Brienz 
population. In Lake Brienz, no Daphnia could be detected in the samples from 
January to August 1999. The growth of the Daphnia population was severely 
depressed, most likely due to low water temperatures and high outflow during a 
long lasting spring flood (Rellstab et al., 2007).  
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Figure 2: Average Daphnia density in Lake Brienz and Lake Thun from 1995 to 2006. Data 
from Rellstab et al. (2007) and GBL, Bern. No data available for 1995 in Lake Thun. 
 
Although copepods are the dominant zooplankton group in both lakes, the 
predominant whitefish feed mainly on Daphnia (Müller et al., 2007b). Fish yield 
has been decreasing in both lakes since the start of re-oligotrophication and is 
now at a low level (Gerdeaux et al., 2006; Müller et al., 2007b). 
 
 
Methods 
The sampling and subsequent genetic analyses are structured in three parts. First, 
we looked at the recent taxonomic composition of Lake Brienz and its temporal 
dynamics over more than two years using allozyme electrophoresis. Second, we 
compared the present taxonomic composition of the two lakes on three sampling 
dates using both allozyme electrophoresis and microsatellite markers. Finally, 
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we analyzed the past trophic history of the lakes, and looked at the past genetic 
structure of the two populations by applying microsatellite markers to 
diapausing eggs. 
 
Part 1: Lake Brienz 2003-2005 
The Daphnia population was sampled at least monthly from August 2003 to 
January 2006 using a single net with a mesh size of 250 µm at the depth range of 
70-0 m. Samples were cooled during transport to the laboratory and analysed 
within 24 hours to avoid selective mortality. For each sampling date, 80-100 
asexual females (when present) with a minimum body size of 1 mm (from top of 
the eye to the base of the spine) were randomly selected and prepared for 
subsequent taxonomic analyses by allozyme electrophoresis. Sampling dates 
with less than ten animals were pooled with successive sampling dates to obtain 
a minimum number required for statistical analyses.  
 
Part 2: Lake Brienz and Lake Thun 2006/2007 
Both lakes were sampled in autumn 2006 (Lake Thun: October; Lake Brienz: 
November), June 2007 and July 2007. Random samples were prepared as 
described above for later taxonomic analysis. We used both allozyme 
electrophoresis and microsatellite markers for taxonomic classification. 
 
Part 3: Past Daphnia populations of Lake Brienz and Lake Thun 
Sediment cores were taken with a gravity corer (diameter: 63 mm) at different 
dates and locations in both lakes (Table 1). Cores were kept at 4°C and dark 
until further processing. All cores were cut into slices and used for dating, 
nutrient measurements, counting ephippia, and taxonomic classification of the 
diapausing eggs. Dating of the cores was done by determining the 137Cs 
concentration of the sediment layers (Appleby, 2001). Total phosphorus and 
nitrogen concentration in freeze-dried sediment subsamples was determined 
employing peroxodisulfate oxidation using a Bran & Luebbe Autoanalyzer 3 
(Ebina et al., 1983; Müller et al., 2007a). Counting of ephippia was performed 
after sieving the wet sediment (mesh size 250 µm). Ephippia containing 
diapausing eggs were opened and individual eggs removed for further 
taxonomic classification by microsatellite markers. To collect as many 
diapausing eggs as possible we chose suitable coring locations with constant 
sedimentation rate and great depth (Sturm and Matter, 1972; Sturm, 1976; Sturm 
and Matter, 1978; Girardclos et al., 2007), so that ephippia had not been exposed 
previously to hatching stimuli. 
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Table 1: Overview of the sediment cores used for this study. 

Core  Lake Sampling 
date 

Sampling  
location 

Sampling 
depth (m) 

137Cs peaks 
1986/1963 (cm) 

Analysis 

BRZ3 Brienz 30/11/2004 near Brienz;  
between no. 8 and 
108 in Sturm and 
Matter (1978) 

190 20.5/41.5 - Total ephippial 
density 1930-2004 

BRZ4 Brienz 30/11/2004 see BRZ3 190 20.5/41.5 - Genetic analysis of 
diapausing eggs 

BRZ5 Brienz 30/11/2004 see BRZ3 190 20.5/41.5 - Genetic analysis of 
diapausing eggs 

BRZ6 Brienz 10/10/2006 
 

near Iseltwald;  
BR04-1A,B,D in 
Anselmetti et al. 
(2007) 

21.5 7.3/15.3 - Nutrient 
measurements  
1730-2005 

- Total ephippial 
density 1730-1930 

THU1 Thun 11/10/2006 Eastern basin; 
No. 21 in Sturm 
and Matter (1972) 

203 13.5/29.5 - 137Cs dating 
- Nutrient 

measurements  
1815-2005 

- Total ephippial 
density 1815-2005 

- Genetic analysis of 
diapausing eggs 

THU2 Thun 18/05/2007 see THU1 203 13.5/29.5 - Genetic analysis of 
diapausing eggs 

137Cs peaks represent the sediment depths with the 137Cs activity peaks of 1986 (Chernobyl 
accident) and 1963 (atmospheric nuclear tests). Dating of cores BRZ3 to BRZ6 after Rellstab 
et al. (2007). Ephippia density of BRZ3 is modified from Rellstab et al. (2007).  

 
Allozyme electrophoresis 
Allozyme electrophoresis was performed as described by Keller and Spaak 
(2004). Individuals were assayed for the enzyme loci AAT and AO (which are 
diagnostic markers to distinguish between D. galeata and D. hyalina) and the 
PGI and PGM loci (which can be further used to identify multi-locus genotypes). 
Results were compared with two reference clones (R) that originated from 
Tjeukemeer (D. galeata, Rgg) and Lake Constance (D. hyalina, Rhh). 
Specimens were assigned to six possible genotype classes: parental (P) species 
D. hyalina and D. galeata (Phh, Pgg), both generations of hybrids (F1 h×g, F2 
h×g) and first generation backcrosses (B) to D. hyalina and D. galeata (hhBg, 
ggBh), using the classification method described in Nason & Ellstrand (1993). 
The abbreviations in brackets are used throughout this paper. 
 
Microsatellite analyses 
For isolation of DNA we put a fourth of the Daphnia homogenate used for 
allozyme electrophoresis (2 out of 8 μl) into 50 μl H3 buffer (10 mmol l-1 Tris-
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HCl; pH 8.3 at 25°C, 0.05 mol l-1 potassium chloride, 0.005% Tween-20 and 
0.005% NP-40), and added 1 μl Proteinase K (Roche, 18.2 mg ml-1). Samples 
were incubated at 50°C for 14 h. Proteinase K was deactivated by heating the 
sample for 13 min to 95°C. For DNA isolation of diapausing eggs from the 
sediment we used only 40 μl H3 and added 1 μl Proteinase K. PCR reactions 
were performed in a reaction volume of 10 μl. 4 μl DNA were subjected to 6 μl 
PCR mastermix containing 1x PCR buffer (with 1.5 mM MgCl2, Qiagen), 150 
μM dNTP (Qiagen), 0.3 μM labelled forward primer (Applied Biosystems), 0.3 
μM unlabelled backward primer (Microsynth) and 0.5 Units HotStart Taq DNA 
Polymerase (Qiagen). PCR reactions were carried out on a Biometra 
TProfessional, MWG Primus 96plus and TECHNE Touchgene Gradient 
thermocycler using the following temperature cycling profile: a 15 min initial 
denaturing and HotStart activation step at 95°C followed by 30 cycles of each 1 
min at 95°C, 1 min at the specific annealing temperature of the primer (see 
below) and 1 min at 72°C. Final extension was at 72°C for 15 min. PCR 
products were analyzed on an ABI Prism® 3130xl Genetic Analyzer and alleles 
were identified using the GeneMapper software version 4.0 (Applied 
Biosystems). We used seven microsatellite markers which are potentially 
species specific for the Daphnia hyalina/galeata species complex (Brede et al., 
2006): SWI D1 (annealing temperature 53°C), SWI D4 (56°C), SWI D5 (59°C), 
SWI D7 (59°C), SWI D8 (54°C), SWI D10 (59°C), SWI D12 (55°C), and SWI 
D15 (53°C), following the nomenclature of Brede et al. (2006). 
 
Taxonomic classification 
The classification method of Nason and Ellstrand (1993) can lead to taxon 
misidentification due to the existence of later generation backcrosses. To reduce 
this misclassification in allozyme electrophoresis and to investigate population 
structure using microsatellite data, genealogical class identification was also 
done using the computer program NewHybrids 1.1β (Anderson and Thompson, 
2002) which uses Bayesian statistical methods to calculate the probability that 
an individual belongs to various hybrid categories. These include: parental taxon 
1 (P1), parental taxon 2 (P2), first and second generation hybrid (F1, F2), and 
backcrosses to P1 or P2 (B1, B2). The abbreviations in brackets are used 
throughout this paper. All analyses are based on at least 106 Markov Chain 
Monte Carlo simulation sweeps following a burn-in period of at least 106 sweeps, 
six genotype frequency classes, and no prior information. Data sets were 
analysed three times with different starting values, lengths of burn-in period and 
numbers of sweeps, as recommended by the authors. Individuals were assigned 
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to a taxonomic class if their average classification probability was ≥95%. 
Remaining individuals that could not be classified (probability <95%) most 
likely represent later generation backcrosses (hereafter referred to as 
"backcrosses").  
 
We applied NewHybrids to the following datasets: Allozyme data from Lake 
Brienz 2003-2005 (part 1), allozyme or microsatellite data (and both combined) 
from both lakes 2006/2007 (part 2), and microsatellite data from the diapausing 
eggs of both lakes (part 3). We considered only individuals where both species-
specific allozyme loci (AO and AAT) and/or individuals or eggs where at least 
four microsatellite loci had amplified. For the reconstruction of the past 
taxonomic composition of the lakes, we first pooled microsatellite data of the 
past and present (part 2 and 3). Secondly, we let NewHybrids calculate to which 
genealogical class individuals belong. Thirdly, we estimated the taxonomic 
composition of the resulting taxonomic classes by comparing them to the 
allozyme taxa (after Nason and Ellstrand, 1993) of those individuals that were 
subjected to both allozyme and microsatellite genotyping (i.e., from part 2). 
 
Other statistical analyses 
To illustrate genetic distances of different taxa from both lakes and the allozyme 
reference animals (part 2) we computed Nei's genetic distances based on 
microsatellite allele frequencies and performed 1000 bootstrap iterations to asses 
the performance of the unrooted Neighbor-Joining tree using PHYLIP 3.67 
(Felsenstein, 2005). To assess population structure (among lakes and among 
populations from different decades in part 3) we computed pairwise FST and 
determined the significance of the population differentiation using the log-
likelihood statistic G with Fstat 2.9.3.2 (Goudet, 2002). In contrast to other 
analyses, the G statistic does not assume populations to be in Hardy-Weinberg 
equilibrium. We calculated microsatellite allele frequencies and performed a 
principal component analysis (PCA) with Genetix 4.05.2 (Belkhir et al., 1996-
2004). Expected heterozygosity was calculated using Arlequin 3.1 (Excoffier 
and Heckel, 2006) and Hardy-Weinberg equilibrium tested with Genepop 3.4 
(Raymond and Rousset, 1995). All these analysis are based on microsatellite 
data. 
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Results 
Part 1: Daphnia population of Lake Brienz 2003-2005 
For the taxonomic identification using allozyme electrophoresis we sampled 
2850 asexual females over 41 different sampling dates (after pooling successive 
sampling dates with n<10). All six different taxa of the D. hyalina/galeata 
species complex could be found, using the classification of Nason & Ellstrand 
(1993). Parental D. hyalina (Phh) was dominant during the whole studied period 
(Figure 3). First generation hybrids (F1 h×g) and backcrosses to D. hyalina 
(hhBg) were generally present, but in small numbers. Only in spring 2004 did 
nearly 30% of the population consist of F1 h×g. The other taxa (second 
generation hybrids (F2 h×g), backcrosses to D. galeata (ggBh), and parental D. 
galeata (Pgg)) were extremely rare.  
 
In total 28 different multi-locus genotypes (MLGs) based on all four allozyme 
markers (AO, AAT, PGI, PGM) were found. The minimum number of MLGs 
per sampling date was four, the maximum number was twelve (Figure 3). The 
number of MLGs was lowest in winter and then increased at least in the first 
half of the year, although this pattern might be partially influenced by the 
differences in sample sizes. One MLG (Phh with PGI PGM alleles mm ff) was 
dominant over the whole period, generally representing half of the analyzed 
animals (Figure 3). Besides this, two other MLGs contributed substantially to 
taxonomic composition (Phh mmff+ and Phh smff). In the six most common 
MLGs, one first generation hybrid (F1 h×g mmff) and one backcross to D. 
hyalina (hhBg mmff) occurred. Like the taxa, MLGs showed a remarkably 
constant composition over the whole time period, except for spring 2004 when 
the most common hybrid MLG reached frequencies of up to 30%. When looking 
at allele frequencies a similar and constant pattern was evident in all four 
allozyme markers: one allele normally reached a frequency of 90% (s in AO and 
AAT, m in PGI, f in PGM); another around 10% (f in AO and AAT, s in PGI 
and f+ in PGM); and furthermore there were some extremely rare but repeatedly 
detected alleles. 
 
NewHybrids classified all individuals of Phh as one parental species (P1), 
representing 90.4% of all individuals sampled. The rest could not be classified 
(at p ≥0.95) and most likely represent later generation backcrosses.  
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Figure 3: Population survey of Lake Brienz from October 2003 to December 2006. Top: 
Number of allozyme-based multi-locus genotypes. Grey circles indicate dates with rather low 
sample size (10<n<30 after pooling sampling dates with n<10). Bottom: Frequencies of the 
six most frequent multi-locus genotypes. Name stems from the following order: Taxon (after 
Nason and Ellstrand, 1993), PGI allele, PGM allele.  
 
Part 2: Daphnia population of Lake Brienz and Lake Thun 2006/2007 
Both allozyme electrophoresis and microsatellite analysis was used for 
taxonomic identification. When looking only at allozyme data, Lake Brienz 
showed the same pattern in 2006/2007 as in the years 2003-2005: Phh was 
dominant on all three sampling dates and about 10% hhBg could be found 
(Figure 4). Again, the taxonomic composition did not significantly change over 
time. In Lake Thun the taxonomic composition was more variable in 
composition and over time (Figure 4). Phh reached frequencies of up to 50%, 
but hhBg and F1 h×g were also present in significant abundances. Because the 
locus AO in Lake Brienz was monomorphic (ss), the three remaining loci were 
not sufficient for a reasonable taxonomic classification using NewHybrids: no 
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individual could be assigned. In Lake Thun two of 130 animals were classified 
as one parental species (P1), the rest belonged to the group of later generation 
backcrosses.  
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Figure 4: Taxonomic composition of Daphnia in Lake Brienz and Lake Thun from autumn 
2006 to summer 2007. Allozyme electrophoresis was used for taxa determination. Taxa 
classification after Nason & Ellstrand (1993). 
 
Applying microsatellite markers to the same animals as described above, we 
found 37 alleles in seven loci. Of those alleles, 21 were found in both lakes, five 
only in Lake Brienz and eleven only in Lake Thun. The two populations were 
only slightly differentiated from each other (pairwise FST 0.027) and loci SWI 
D1, D8, D10 und D15 contributed more to this difference than did the other 
three loci.  
 
Applying NewHybrids to the microsatellite data resulted in poorly interpretable 
results in the case of Lake Brienz, because the highly variable locus SWI D1 
dominated the analysis. When we excluded SWI D1 from the dataset, all but one 
individual were classified as the same parental taxon. In Lake Thun we found 
two parental taxa (P1, P2) using NewHybrids: P1 (44% of all individuals) 
represented mostly by the allozyme taxa Phh, hhBg and F2 h×g (after Nason and 
Ellstrand, 1993), and P2 (14%) represented mostly by F1 h×g. Unclassified 
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backcrosses represented 42% of the population. Combining microsatellite with 
allozyme data resulted in nearly the same classifications for both lakes. 
 
We analyzed the genetic distances of the taxonomic groups (after Nason and 
Ellstrand, 1993) of both lakes including a virtual population (n=8) of each the 
allozyme reference clones for D. hyalina and D. galeata (Rhh, Rgg). We used 
Nei's genetic distance based on microsatellite data. An unrooted neighbour-
joining tree (Figure 5) shows that Phh and hhBg in both lakes represent very 
closely related taxonomic groups. Whereas F2 h×g are closely related to these 
groups, F1 h×g represent a distant taxonomic group. Both Rhh and Rgg are 
substantially distant from all taxonomic groups, with Rhh being more closely 
related. 
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Figure 5: Unrooted neighbour-
joining tree based on Nei’s genetic 
distances of Daphnia taxa from 
Lake Brienz (BRZ), Lake Thun 
(THU) and the two allozyme 
reference clones for D. hyalina and 
D. galeata (Rhh, Rgg). Distances 
are based on microsatellite data, 
taxonomic groups are based on 
allozyme electrophoresis classified 
after Nason and Ellstrand (1993). 
Numbers show percentage of 
support from 1000 bootstrap 
iterations. 

 
Part 3: Past Daphnia populations of Lake Brienz & Lake Thun 
Our nutrient analyses in different depths of the sediment show that Lake Brienz 
and Lake Thun have both gone through a pronounced phase of eutrophication 
and re-oligotrophication in the 20th century, but at different levels of magnitude. 
Both total phosphorus (TP) and total nitrogen (TN) concentrations started to 
increase weakly around 1900 and more strongly in the 1950s, peaked in the 
1970s to 1980s, and then decreased again (Figure 6). Nutrient concentrations of 
both lakes are not as low now as they were in the 19th century. We collected 
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nutrient data for Lake Brienz back to 1730 but only values back to 1800 are 
shown in the figure – previous concentrations were at the same level as in the 
19th century. TN concentration in Lake Thun is typically twice as high as in 
Lake Brienz. TP of Lake Brienz is substantially higher than in Lake Thun, but 
note that it is difficult to predict how much of the phosphorus is actually 
bioavailable (see Methods section). The non-anthropogenic background (TP 
concentration before the 19th century) is higher in Lake Brienz. The increase of 
TP during eutrophication is greater in Lake Thun (240 µg mg-1) than in Lake 
Brienz (180 µg mg-1). 
 
In Lake Brienz no ephippia could be found in the sediment from 1730 until 
around 1955 (data shown only from 1800, Figure 6). Thereafter ephippial 
density increased strongly, then reached its peak in the 1970s, and decreased 
again in the 1980s. Recent sediment layers contained ephippia, but only few. 
Lake Thun showed the same pattern, but ephippial density was normally higher 
and ephippia could be found back to at least 1845 (in low abundances). The 
proportion of ephippia containing eggs was normally very low. Only one egg 
from sediment layers before 1950 was found (Lake Thun).  
 
Diapausing eggs from each lake were pooled into decades (1950s to 2000-2006) 
and analyzed using microsatellite markers. Sample sizes are low before the 
1960s in Lake Thun and after the 1980s in both lakes (see Table 2, which 
excludes the 1990s because we found only two eggs in each lake). In total we 
found 53 alleles in seven microsatellite loci: 38 were present in both lakes, eight 
only in Lake Brienz, and seven only in Lake Thun. 35 of these alleles were only 
present in the diapausing eggs and not in the present lake population (see part 2). 
Three rare alleles from the present lake population could not be found in the 
diapausing eggs of the sediment cores. 
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Figure 6: Nutrient concentration and ephippial density in Lake Brienz and Lake Thun derived 
from sediment cores. TP: total phosphorus; TN: total nitrogen in µg per mg freeze-dried 
sediment. Ephippial density 1930-2004 of Lake Brienz from Rellstab et al. (2007). 
 
Pairwise FST values comparing the populations between different decades were 
low in Lake Brienz (Table 2). In Lake Thun the FST value was quite high when 
comparing the population of the 1960s with that of the 1970s. FST values 
between the two lakes during the same time period increased in the course of 
eutrophication and decreased again thereafter, reaching the highest value in the 
1970s. Table 2 also shows that significant population differentiation among 
decades and among lakes could only be found between the 1960s and the 1980s.  
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Table 2: Pairwise FST values (lower triangle of the table) and significant population 
differentiation at the 5% nominal level (upper triangle) between Daphnia populations from 
different decades in Lake Brienz and Lake Thun. 

 Lake Brienz Lake Thun 

 1950-59 1960-69 1970-79 1980-89 2000-04 1950-59 1960-69 1970-79 1980-89 2000-06 

 n = 34 n = 33 n = 52 n = 31 n = 6 n = 5 n = 43 n = 98 n = 18 n = 7 

Brienz           

1950-59  ns ns ns (ns)     (ns) 

1960-69 0.011  ns * (ns)    *  

1970-79 0.004 0.008  ns (ns)   *   

1980-89 0.035 0.048 0.026  (ns)  ns    

2000-04 (0.004) (0.024) (0.016) (-0.003)  (ns)     

Thun           

1950-59 (-0.016)      (ns) (ns) (ns) (ns) 

1960-69  0.044    (0.021)  * ns (ns) 

1970-79   0.188   (0.208) 0.076  ns (ns) 

1980-89    0.110  (0.132) 0.024 0.024  (ns) 

2000-06     (0.019) (0.130) (0.013) (0.064) (0.018)  

Numbers in brackets represent analyses based on low sample sizes (n<10) in at least one of 
the compared populations. ns: not significant (corrected for multiple tests); n: sample size. 
Years 1990-99 not shown due to extremely low sample sizes. 
 
Except for locus SWI D1, we found a consistent pattern in allele frequencies of 
all microsatellite loci (Figure 7). Whereas in Lake Brienz allele frequencies 
stayed more or less stable, major changes were found in Lake Thun over time. 
For each locus, the allele that was most frequent in Lake Brienz was also most 
frequent in Lake Thun at the beginning of the period studied (1950s/1960s). Its 
frequency decreased in Lake Thun until the 1970s and after that increased again. 
At the same time, one or two new alleles increased in frequency in Lake Thun 
until the 1970s and thereafter decreased again. The allele that showed a constant 
temporal frequency in Lake Brienz but shifted over time in Lake Thun is the 
predominant allele in the allozyme taxa Phh and hhBg of the present lake 
populations (part 2, classified after Nason and Ellstrand, 1993). Those alleles 
that first increased and then decreased in frequency in Lake Thun are either no 
longer found in the present lake populations (in loci SWI D5 and SWI D8), or 
are predominant in the allozyme taxon F1 h×g (all other loci except SWI D1). 
We could assign some alleles (black symbols in Figure 7) to the potentially 
species-specific alleles proposed by Brede et al. (2006). For example, allele 128 
of locus SWI D5, a potential D. hyalina allele, remained in the same high 
frequency in Lake Brienz but experienced a decrease and increase in Lake Thun 
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during the study period. Allele 90 of locus 15 (a potential D. galeata allele) was 
never present in Lake Brienz, but it appeared in Lake Thun in the 1960s, showed 
the highest frequency in the 1970s and decreased again to zero in the present 
pelagic population. All other assigned alleles were also D. galeata alleles that 
changed in frequency over time. For both lakes, the allele frequency pattern of 
the present lake population is similar to the pattern in the diapausing eggs found 
after 2000 in both lakes, although the latter is based on low sample sizes. 
 
For the reconstruction of the past genetic composition in both lakes, we 
combined all microsatellite data (parts 2 and 3, both lakes) and let NewHybrids 
calculate to which taxonomic class individual genotypes belong. Using 
NewHybrids two parental species (P1, P2) and one hybrid (F2) were classifiable. 
Depending on the decade, up to 23% of the individuals could not be classified. 
These most likely represent later generation backcrosses or even another rare 
parental species. Over time, the taxonomic composition of Lake Brienz stayed 
mostly constant (Figure 8): P1 represented 65 to 85% of the past populations, F2 
5 to 15%, and P2 was never present. There was a slight decrease in the 
frequency of P1 from the 1950s to 1980s (accompanied by a slight increase of 
F2), followed by an increase. The present lake population consists of 98% P1. In 
Lake Thun, the taxonomic composition experienced major shifts over time. P1 
was dominant in early years, then decreased in frequency until the 1980s and has 
became the predominant taxon again in more recent times. In the 1960s P2 
appeared, reached its frequency peak in the 1970s, and can no longer be found in 
the present lake population. F2 appeared in the 1970s and is still present.  
 
 
 
 
 
 
Figure 7: Allele frequencies of the seven microsatellite loci of Lake Brienz and Lake Thun. 
Diapausing eggs from the sediment (1950-2006) and present pelagic populations. Only the 
four most frequent alleles with a maximum frequency >20% in one of the two lakes are 
shown. Alleles are named after the number of basepairs of the microsatellite repeat. Black 
symbols: potentially species-specific alleles after Brede et al. (2006); Phh: D. hyalina allele; 
Pgg: D. galeata allele. For sample sizes see Table 2. Years 1990-99 not shown due to 
extremely low sample sizes. 
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Figure 8: Taxonomic composition of the past (diapausing eggs 1950-2006) and present 
pelagic populations of Lake Brienz and Lake Thun using NewHybrids. P1, P2: parental 
species. F2: second generation hybrid. Backcrosses represent not significantly classifiable 
individuals. Years 1990-99 not shown due to extremely low sample sizes. 
 
For the individuals of the present lake populations (part 2), both allozyme and 
microsatellite data were available. Combining these two datasets showed that P1 
(defined by microsatellites using NewHybrids, Figure 8) consisted of 75% Phh, 
20% hhBg and some F1 h×g and F2 h×g according to the allozyme taxa after 
Nason and Ellstrand (1993, Figure 9). F2 represented 80% F1 h×g and some Phh, 
F2 h×g and ggBh. P2 could only be found in the sediment cores; therefore no 
allozyme taxon could be assigned to it. It represents a second parental species 
that appeared in Lake Thun in the 1960s and then disappeared again after 2000. 
Expected heterozygosity in the groups defined in Figure 8 is higher in the hybrid 
group F2 (0.62 ± 0.09 SE) than in P1 (0.34 ± 0.09) and P2 (0.47 ± 0.13). 
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Figure 9: Allozyme 
taxonomic composition (after 
Nason and Ellstrand, 1993) of 
the taxonomic classes (P1, F2) 
defined by NewHybrids in 
Figure 8. P2 is only present in 
the sediment; therefore no 
allozyme taxa could be 
attributed. Lake Brienz and 
Lake Thun data are combined. 

 
Information about the taxonomic position of P2 can be derived from a PCA 
including all animals shown in Figure 8. We added a virtual population (n=8) of 
allozyme reference clones D. hyalina (Rhh) and D. galeata (Rgg). P2 seems 
distinct from Rgg but this is based solely on axis 2 explaining only 6% of the 
variance. Considering only axis 1, which has much the highest explanatory 
power, P2 is at the position of Rgg, P1 at the position of Rhh, and the hybrids F2 
lie in between. There is no overlap between the F2 and P1 taxa, but overlap does 
exist between P2 and F2. Later generation backcrosses are present in all three 
groups. 
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Figure 10: PCA plot of all individuals shown in Figure 8 including two virtual populations 
of the allozyme reference clones for D. hyalina and D. galeata (Rgg, Rhh). Combined 
microsatellite data of Lake Brienz and Lake Thun. One outlier of P2 is not shown.  

 
 
Discussion 
In ultra-oligotrophic Lake Brienz the present Daphnia population consists 
almost completely of D. hyalina. Taxonomic and multi-locus genotype 
compositions were remarkably stable for more than two years. In Lake Thun, 
which is more productive, we find a greater variety of taxa and more temporal 
variation in the taxonomic composition. D. hyalina, D. hyalina × galeata 
hybrids, and their backcrosses are present in changing frequencies. We found 
strong evidence for the appearance of D. galeata in oligotrophic Lake Thun after 
the start of eutrophication in the 1960s. This invasive species hybridized with 
the native D. hyalina population and disappeared during re-oligotrophication. 
Nevertheless, some of its genes are still present in the population. In less 
productive Lake Brienz, no such an invasion was detected. In the past, the 
hybrid D. hyalina × galeata was present in the egg bank; however, it can not be 
found in the present pelagic population. 
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D. hyalina is the predominant taxon in the present Daphnia population of Lake 
Brienz. The remarkable stability of the taxonomic and genetic composition of 
this lake shows that different genotypes show the same response patterns to 
selection factors important for population growth (Figure 3). There is no 
evidence for clonal erosion (De Meester et al., 2006) during the growing season. 
The low taxonomic and MLG richness is, moreover, most likely a result of the 
low genetic diversity and little sexual reproduction. The Daphnia population of 
Lake Brienz did not experience a major taxonomic shift or species introduction 
in the past, resulting in low genetic diversity. The amount of sexual reproduction 
is most likely low due to the low population density (which reduces the chance 
of mating). Moreover, D. hyalina is known to invest little in sexual reproduction 
(Jankowski and Straile, 2004). The great depth and high sedimentation rates in 
most locations of the lake prevent the hatching of many successfully produced 
diapausing eggs (Rellstab et al., 2007), as they never experience hatching stimuli 
(Hairston and Kearns, 2002; Gyllstrom and Hansson, 2004). De Meester et al. 
(2006) state that not only the instability of the habitat (Hebert, 1974a, 1974b; De 
Meester, 1996), but also the size of the egg bank, the length of the growing 
period, and the strength of clonal selection (leading to clonal erosion) are all 
positively correlated with the clonal diversity of a Daphnia population. In the 
case of Lake Brienz this framework fits quite well; since the stability of the 
environment leads to little sexual reproduction, the egg bank size is rather small 
(due to the reasons mentioned above) and the strength of clonal selection weak. 
 
In contrast to Lake Brienz, there are several Daphnia taxa present in Lake Thun 
(including the F1 hybrid D. hyalina × galeata) and the taxonomical composition 
is not as constant over the season (Figure 4). Environmental conditions in Lake 
Thun are slightly different compared with Lake Brienz; the bioavailable 
phosphorus content is higher, and the turbidity is lower due to a lower 
concentration of glacial particles. We therefore find greater primary productivity 
and better food availability for daphnids in Lake Thun. Clonal erosion in the 
asexual period and the importance of sexual reproduction seems to be greater in 
Lake Thun. Shared taxa of both lakes are very closely related (Figure 5); the 
small differentiation between the two pelagic populations is based mainly on 
different taxonomic compositions and indicates that regular gene flow between 
the two populations takes place. As the two lakes are connected by the 5 km 
long Aare channel, there is a permanent transport of living animals from Lake 
Brienz to Lake Thun. During periods of high discharge the Daphnia density in 
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the channel has been shown to reach up to 5% of the density in upstream Lake 
Brienz (C. Rellstab, unpublished). 
 
In some cases, the application of NewHybrids (Anderson and Thompson, 2002) 
to our datasets led to results that are difficult to interpret, especially in Lake 
Brienz. First, the allozyme locus AO was monomorphic in Lake Brienz during 
2006/2007, leading to an odd taxonomic classification based only on three 
remaining loci. Secondly, analyses based on microsatellite data in Lake Brienz 
were dominated by the large variation we found at locus SWI D1 (this did not 
occur Lake Thun). Thirdly, the pelagic populations were analysed using 
NewHybrids on a limited taxon range, as the second parental taxon (D. galeata) 
is not found in the present pelagic population. For example, when analysing the 
combined allozyme/microsatellite data of Lake Thun 2006/2007, two parental 
species were defined by NewHybrids - the first consisting of the allozyme taxa 
Phh, hhBg and F2 h×g (classification after Nason and Ellstrand, 1993), and the 
second had only primarily F1 hybrids included. It is therefore important that we 
interpret classifications using NewHybrids relative to the original dataset. This is 
not very problematic in our case, because we have species specific allozyme 
markers available which help us to understand the outcome. However, a recent 
study showed that the efficient detection of F1 hybrids by NewHybrids requires 
12-24 loci, depending on the FST between hybridizing parental populations, and 
at least 48 loci for the separation of backcrosses from parental taxa (Vähä and 
Primmer, 2006). Even if we combine allozyme and microsatellite data in our 
study, we do not reach such a high number of loci. Lastly, not all of our 
populations were in Hardy-Weinberg equilibrium - some loci exhibited a 
significant heterozygote deficiency.  
 
The use of NewHybrids nevertheless gave us important information about the 
structure of the two populations: in Lake Brienz, the individuals that were not 
classified as parental D. hyalina (using the classification of Nason and Ellstrand, 
1993) are most likely later generation backcrosses. The rare presence of other 
taxa (hhBg, F1 h×g, F2 h×g, ggBh and Pgg) is therefore a result of 
misclassification, as we have only a limited number of species-specific markers 
available. In Lake Thun, as described above, F1 hybrids were defined as the 
second parental taxon and therefore represent a distinct group, confirmed also by 
the analysis of genetic distances (Figure 5).  
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Our results also show that it is possible to link allozyme and microsatellite data. 
The genealogical classes defined by NewHybrids based on microsatellite data 
normally represented a composition of very closely related taxa after Nason and 
Ellstrand (1993). Moreover, if we look at the microsatellite allele frequency 
patterns of different allozyme taxa, Phh, hhBg and F2 h×g share the same alleles 
(basically the most frequent alleles of Lake Brienz shown in Figure 7), but F1 
h×g includes different alleles. In some cases we could with great confidence 
attribute these alleles to the potentially species specific alleles proposed by 
Brede et al. (2006) who used RFLP of the ITS region (Skage et al., 2007) on a 
limited number of clones. Nevertheless, all taxa found in the present pelagic 
populations are genetically distant from the reference animals used for allozyme 
electrophoresis (Figure 5). Further microsatellite analyses of various D. galeata 
(and also D. hyalina) reference animals from nearby lakes are needed to 
determine more precisely the genetic structure of both lakes. 
 
Past nutrient levels showed a clear pattern in both lakes (Figure 6). The trophic 
state increased slightly at first, starting in 1900, and then more strongly after 
1950. The nutrient content reached a peak around 1975 and thereafter decreased 
again, but not back to the values of the 19th century. Although total phosphorus 
(TP) is a good parameter for the trophic state in most lakes (Correll, 1998; 
Lampert and Sommer, 2007), it is more difficult to interpret in our case, at least 
when comparing the two lakes. Lake Brienz receives the greatest part of its P 
directly from the glaciers, bound to inorganic particles, and therefore not 
available for primary production (Müller et al., 2006). Lake Thun sediments 
show significantly lower TP values, but this lake is also less rich in glacial 
particles. The increase compared to the historical values before 1900 is a much 
more reliable measure for both lakes, because it represents the additional 
anthropogenic input (Müller et al., 2007a). Total nitrogen (TN), typically not the 
limiting nutrient in lakes (Correll, 1998), shows a much clearer pattern, because 
it is not influenced by inorganic particles. Lake Thun has not only more 
bioavailable nutrients in general, it also experienced a higher increase during 
eutrophication, compared to Lake Brienz which was only mildly affected. 
 
The ephippial density in both lakes is around 10-100 times lower than in meso- 
to eutrophic lakes (Hairston et al., 1999; Keller et al., 2002; Jankowski and 
Straile, 2003; Hairston et al., 2005). A direct comparison to other studies is 
difficult because most studies do not present the yearly density of ephippia - 
which is necessary as sedimentation rates among lakes and thickness of core 
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slices among studies differ. In both lakes, the ephippial density increased 
strongly after 1950, peaked in the 1970s/1980s, and then decreased sharply 
again (Figure 6). Ephippial density in Lake Thun was normally as much as three 
times higher than in Lake Brienz, most likely as a result of higher Daphnia 
abundance and different taxonomic compositions. In contrast to Lake Thun we 
were not able to find any ephippia in Lake Brienz from 1730 to 1955. This 
indicates that Daphnia was not present, or at least not permanently established 
in the period before eutrophication (for discussion see Rellstab et al., 2007). 
Historic literature repeatedly reports the absence of Daphnia in Lake Brienz 
(Lutz, 1878; Burckhardt, 1900; Flück, 1926; Wuhrmann and Corti, 1947), but 
not in Lake Thun. Nevertheless, the reconstruction of the past lake population 
size from the past ephippia density in the sediment is difficult; for example, in 
the 1990s we find almost no ephippia, although Daphnia were present in 
relatively high abundances in both lakes. Reasons for why egg-banks do not 
always represent the pelagic population are discussed below.  
 
The combined use of sediment cores, genetic markers, and genealogical class 
identification software presented an ideal tool to reconstruct past changes in the 
population structure and taxonomic composition of the two lakes. Whereas 
allele frequencies (Figure 10) in all loci and the taxonomic composition (Figure 
11) stayed more or less constant for over 50 years in Lake Brienz, major shifts 
were found in Lake Thun. In the 1960s we found an additional parental taxon 
that appeared in the lake, reached its peak in the 1970s/1980s, and disappeared 
again thereafter. Allelic patterns show clear introgression of typical D. galeata 
or non-D. hyalina alleles (according to our allozyme classification and Brede et 
al., 2006) during that time period. The lagged appearance of a hybrid taxon 
(defined as F2 by NewHybrids) indicates that the new taxon hybridized with the 
native D. hyalina. This hybrid is still present in the lake and can be clearly 
attributed to the F1 h×g taxon of the present lake population. In Lake Brienz, the 
new parental taxon was never found. Interestingly we can clearly show that the 
hybrid was present in low frequency in all layers where ephippia occurred, but it 
it no longer occurs in the present pelagic population. The hybrids in the egg 
bank of both lakes share the same alleles but have different genotypes. This is 
strong evidence that the invading D. galeata hybridized with the native D. 
hyalina population in both lakes, but that the new parental species could not 
persist in Lake Brienz. 
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Some restrictions concerning our dataset should be mentioned. Sample sizes are 
low in some sediment layers (see Table 2). So, we do not know if the new 
species actually invaded Lake Thun in the 1960s or if it had already been present 
before. We were only able to find one diapausing egg from the 1940s and five 
eggs from the 1950s (all showing typical D. hyalina alleles). Moreover, results 
derived from egg banks of Daphnia should be treated with caution, because the 
production of ephippia is influenced by factors such as environmental stimuli 
(Kleiven et al., 1992), fish predation pressure (Cousyn and De Meester, 1998), 
taxa or clone specific investment into diapause (Jankowski and Straile, 2003; 
Keller and Spaak, 2004), and their interactions (Tessier and Cáceres, 2004). The 
structure of the population found in the sediment therefore does not always 
reflect the past pelagic population (Jankowski and Straile, 2003; Brede et al., 
2007). For example, D. galeata is known to produce significantly more ephippia 
than D. hyalina (Jankowski and Straile, 2004); the genetic composition of D. 
galeata, but not of D. hyalina, is normally well represented in the ephippial 
record (Weider et al., 1997; Jankowski and Straile, 2003; Keller and Spaak, 
2004). Consequently, frequencies of different taxa shown in Figure 8 most likely 
represent a biased picture of the pelagic population. Still, it proves the presence 
of certain alleles and taxa. Lastly, the comparison of taxonomic compositions of 
the past and the present should be treated carefully, as we are comparing 
sexually produced diapausing eggs with the asexual pelagic population. In spite 
of this concern and the low sample size of diapausing eggs from 2000-2006, we 
find a remarkable similarity between the taxonomic composition (and allele 
frequencies) of the recently produced diapausing eggs and the present lake 
population. 
 
Daphnia can reach new habitats by the transport of ephippia or living animals, 
through such vectors as wind, rivers, birds and humans (Havel and Shurin, 
2004). The colonization success of an individual or species depends on 
performance under the present environmental conditions. Local genotypes are 
buffered against invaders by a large population size (large egg bank) and local 
adaptation (De Meester et al., 2002) but the disturbance of local populations 
(e.g., by the change in trophic state of their habitat) can result in ill-adapted 
populations with decreased fitness under the altered conditions. Colonization by 
Daphnia species is certainly not a unique event. In the case of Lake Brienz we 
know that Daphnia were present in the lake in the year 1897 (Heuscher, 1901). 
However, several other references (see above) and the complete absence of 
ephippia in several sediment cores before eutrophication (Rellstab et al., 2007) 
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indicates that they could never have established a population of reasonable size. 
The increase in nutrient content in the 1950s enabled the permanent 
establishment of a Daphnia population in Lake Brienz, just as it facilitated the 
establishment of D. galeata in Lake Thun. Because the two lakes are situated in 
close proximity, we can assume that the colonization probability is equal for 
both lakes. It is therefore evident that the invasive success of D. galeata is 
somehow correlated with eutrophication or the general trophic state. 
 
The phosphorus curves of Lake Brienz, Lake Thun, Greifensee and Lake 
Constance all have the same shape in the 20th century, but with different levels 
of TP (Keller et al., 2002; Jankowski and Straile, 2003). However, it is only in 
Lake Brienz that D. galeata did not become established. In the other three lakes 
the establishment of a significant D. galeata population most likely occurred at 
the same time (1960s) although P-levels were substantially different: in Lake 
Thun TP concentration rose from <3 μg l-1 in the 1940s to at least 17 μg l-1 at the 
peak of eutrophication, in Lake Constance from <10 to 87 μg l-1 (Jankowski and 
Straile, 2003), and in Greifensee from 40 to 535 μg l-1 (Keller et al., 2002). The 
(rare) presence of D. hyalina × galeata hybrids in Greifensee before the 1940s 
indicates that D. galeata was already present before eutrophication but could not 
reach high abundances (N. Brede, personal communication), although TP levels 
were higher than, for example, Lake Thun ever showed. The successful 
colonization of the lakes north of the Alps (formerly dominated by D. hyalina) 
by D. galeata seems therefore to be related to the process of eutrophication, but 
only if a lake reached the necessary trophic state for D. galeata to establish a 
significant population. The latter was obviously not the case in Lake Brienz. The 
presence of F1 hybrids in the egg-bank of Lake Brienz suggests that this taxon 
could handle the low food concentration in Lake Brienz. It was shown before 
that D. hyalina × galeata hybrids show intermediate responses to environmental 
conditions compared to their parental species (Weider and Wolf, 1991; Weider, 
1993; Löffler et al., 2004). 
 
One question remains: is the new taxon (P2, Figure 8) present in the 
eutrophication period really D. galeata? Figure 10 shows that the invading taxon 
(P2) is very closely related to the D. galeata reference clone if we consider only 
the axis with the greatest explanatory power, but quite distinct if we also 
consider the second axis. However, because we used only one clone for each 
reference animal it is hard to tell where these taxonomic groups would be 
located if we genotyped more reference animals, and therefore included genetic 
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variation in these reference clones as well. Heterozygosity values are lower in 
the two parental species than in the hybrid and backcross group, indicating that 
P2 represents D. galeata. Moreover, the genetic distances between taxa of the 
2006/2007 populations (Figure 5) and the classification of those individuals of 
NewHybrids using microsatellite data (but not when using allozyme data) show 
that F1 hybrids from Lake Thun are a distinct group. In summary, we found 
evidence that the new taxon is D. galeata, but the application of mtDNA 
amplification (Schwenk et al., 1998), or other techniques like RFLP of the ITS 
region (Skage et al., 2007) need to be applied to confirm our findings. 
 
In conclusion, the combined application of conventional sampling, sediment 
cores, genetic markers, and genealogical class identification software present 
ideal tools to characterize the present and past genetic structure of Daphnia 
populations in lakes that have experienced human-impacted ecological changes. 
Our results clearly show that changes in species composition were a result of 
anthropogenic eutrophication, depending on the general trophic state of the lake. 
The improved food conditions in more productive Lake Thun was the basis for 
the success of the invasion of D. galeata, but not in Lake Brienz which exhibited 
only a mild trophic change. Although both lakes are again close to their natural 
ultra-oligotrophic state (and D. galeata is not present anymore), the 
introgression of genetic material due to hybridization with the native taxon led 
to a most certainly irreversible change of the taxonomic composition.  
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The crux of oligotrophication 
The effects of anthropogenic changes on freshwater lakes, such as 
eutrophication and oligotrophication, have received a lot of attention in the past. 
Not only because lakes represent diverse and ecologically important ecosystems, 
but also due to economical interests of tourism and fisheries, as well as the use 
of lakes as a source of drinking water. Eutrophication in the 20th century has 
been accompanied by many far-reaching negative effects such as cyanobacterial 
blooms, fish kills, or the complete collapse of food-webs (Correll, 1998; 
Schindler, 2006; Lampert and Sommer, 2007). On the other hand, fish yield has 
generally increased as a consequence of higher primary productivity, a welcome 
and economically valuable side effect. Beginning in the 1970s/1980s, various 
measures have been undertaken to reduce phosphorus input to lakes, resulting in 
a return to almost natural oligotrophic states, and consequent lower productivity 
at all trophic levels (Jeppesen et al., 2005; Gerdeaux et al., 2006). The 
decreasing fish yield in Switzerland has raised a discussion about the necessity 
of an ongoing oligotrophication of unproductive lakes, since the minimal 
requirements set by the Federal law are fulfilled (e.g., minimal oxygen 
concentration, natural development of fish eggs, Gewässerschutzverordnung, 
1998). However, the water protection laws include various aspects other than the 
impact on fisheries that have to be taken into account, such as the conservation 
of natural habitats, the quality of drinking water, and the use of lakes for 
recreational purposes (Gewässerschutzgesetz, 1991). The discussion on how to 
handle oligotrophication in the future is a political debate - natural science has to 
supply the relevant data for future decisions.  
 
The present thesis concentrates on the Daphnia population of Lake Brienz, a 
lake which has experienced substantial anthropogenic impacts (eutrophication 
and re-oligotrophication, hydropower operation in its catchment) since the 
beginning of the 20th century. Although not always specifically testing the effect 
of trophic changes directly, this thesis can contribute to the ongoing discussion 
on the effects of oligotrophication. First, we investigated different aspects of 
Daphnia populations (persistence of the population, taxonomic composition; 
Chapters 3 and 5) in two habitats that were only mildly affected by 
eutrophication. Secondly, we present data on important factors (glacial particles, 
food concentration, overwintering success, genetic structure; Chapters 3-6) that 
influence the population dynamics of Daphnia in a lake at the low end of the 
trophic scale. As many lakes are now returning back to their original 
oligotrophic states, Lake Brienz (and Lake Thun) can be used as reference 
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systems in the discussion of how to manage the balance between the various 
interests. 
 
Persistence of Daphnia populations at the lower end of the trophic scale 
In Lake Brienz, the degree of eutrophication and subsequent oligotrophication 
was smaller in magnitude than in other in Central European lakes. Nevertheless, 
it has left its mark on the lake. Our data and historic literature both show, that 
before eutrophication in the 1950s, no permanent Daphnia population was 
present in Lake Brienz (Chapters 3 and 5). However, Heuscher (1901) confirms 
the presence of Daphnia in 1897. Moreover, ephippia can be found back to at 
least 1845 in the sediments of Lake Thun (although in low abundances and not 
regularly before 1900), just 5 km away. Because the colonization probability of 
both lakes can be assumed to be equal, it must be the trophic state of the lake 
that was the key factor for the establishment of a permanent Daphnia population 
in Lake Brienz. Today, as a result of low nutrient content and high turbidity, 
factors that limit primary productivity, Lake Brienz is the most unproductive 
large lake in Switzerland and its Daphnia population is probably at a minimum 
size. Its nutrient content is back at the level of the 1950s - but not on the natural 
low level that was present before 1900.  
 
There are other examples of ultra-oligotrophic lakes which show that an 
extremely low food concentration can result in an unstable Daphnia population. 
In Castle Lake (USA), the pelagic D. pulicaria population has been appearing 
and disappearing repeatedly, most likely due to a combination of low food 
concentration and varying predation pressure (Larson et al., 2007). In Lake 
Tahoe (USA), the D. rosea population, which persisted before eutrophication, 
disappeared when the lake was invaded by the omnivorous opossum shrimp 
Mysis relicta. It did not appear again until the peak of eutrophication when 
Daphnia was then able to coexist with this exotic species (Richards et al., 1975; 
Byron et al., 1986). These two examples help to show that the persistence of a 
Daphnia population is not necessarily dependent on simple food-growth 
relationships alone, but also on the interaction of food availability and other 
factors such as predation, competition, or invasion of an exotic species.  
 
Due to the low food concentrations and low water temperatures typical for ultra-
oligotrophic lakes near mountain regions, population growth rates are 
extraordinary low. Any factor that increases the death rate or decreases the birth 
rate (such as predation, washout, or parasites), also reduces the population 
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growth rate. In the case of Lake Brienz, we have evidence that the birth rate was 
significantly decreased by extraordinary low water temperatures before and 
during a long lasting spring flood in 1999 (Chapter 3). Due to the high washout 
during this flood, the death rate increased to levels that led to negative 
population growth rates, which resulted in undetectable Daphnia densities. As a 
consequence, the whitefish yield dropped to 10% of that of the previous years 
(Müller et al., 2007). 
 
Long lasting floods like those in the spring of 1999 in Lake Brienz are short-
term events that nevertheless can have a drastic impact on the Daphnia 
population and the entire food web (Finger et al., 2007; Müller et al., 2007). In 
the long run, the major bottleneck for the Daphnia population is winter, when 
food is extremely scarce. The low water temperature leads to a lower population 
growth rate in general, but it is also beneficial for the overwintering success of 
asexual clones, as the energy demand of the individual (and its predator) is 
lower (e.g., Burns, 1968; Yurista, 1999). We showed in Chapter 4 that Lake 
Brienz clones have most likely adapted to the local winter conditions, and that 
individuals are able to withstand several weeks of starvation. However, any 
anthropogenic or natural process that lowers primary production or increases 
water temperature (climate change, hydropower operation, and oligotrophication) 
also reduces the chances of the Daphnia population to successfully overwinter 
and start a population the following spring. Due to their ability to produce 
resting stages, Daphnia have an alternative strategy to survive the harsh winter 
period. However, a deep ultra-oligotrophic lake with a high load of glacial 
particles does not offer ideal conditions for successful sexual reproduction and 
overwintering as diapausing eggs. The low Daphnia density reduces the chances 
of mating (Keller et al., 2007). Moreover, sexual reproduction is energetically 
costly (Lynch et al., 1986). Due to the great depth and high sedimentation rates 
in most locations, the majority of diapausing eggs most likely never experience 
any hatching stimuli (Gyllstrom and Hansson, 2004). Although we were unable 
to quantify the ratio of successfully overwintering asexual and sexual clones in 
Lake Brienz, genetic data (Chapter 5) show evidence that sexual reproduction 
plays a minor role in the overwintering strategy of the population. Nevertheless, 
if the process of oligotrophication continues, the chances of successfully 
surviving the winter will decrease regardless of the strategy. 
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Population dynamics and genetic structure of Daphnia in ultra-oligotrophic 
and turbid lakes  
Studies of Daphnia populations in ultra-oligotrophic (and even oligotrophic) 
lakes are rare (but see, e.g., Zettler and Carter, 1986; Stockner and Shortreed, 
1989; Koenings et al., 1990). One of the reasons is that these lakes impose a 
major challenge to every limnologist: low sample sizes. In our study we were 
confronted with extremely low sample sizes in winter (sampling the lake 
population) and in times with low nutrient concentration (looking for viable 
diapausing eggs in sediment cores). For example, in March 2005 we were able 
to collect only a single Daphnia, after performing 13 net tows from 70 to 0 m. 
Daphnia density of Lake Brienz and Lake Thun (in average 15,000 and 30,000 
individuals m-2, respectively) are comparable to other ultra-oligotrophic to 
oligotrophic lakes. For example, Lake Vrana (Croatia, TP 6.0 µg l-1) and Castle 
Lake (USA) have an average density of 60,000 ind. m-2 (Ternjej and Tomec, 
2005; Larson et al., 2007). Stockner & Shortreed (1989) report of on average of 
15,000-20,000 ind. m-2 in lakes with a TP content of 1.5-2.7 µg l-1. In Lake 
Tahoe (USA), Daphnia density decreased from 12,000 to 300 ind. m-2 in the 
course of re-oligotrophication (Richards et al., 1975; Byron et al., 1986). In 
these types of lakes, a sufficient sample size for statistical analysis can often 
only be reached by an extraordinary sampling effort, or by pooling data into 
broader (e.g., temporal) categories, which in return leads to a poorer resolution 
of the analysis. 
 
Suspended glacial particles present in Lake Brienz do not reduce the fitness of 
the local Daphnia population (Chapter 2). Also, predation by whitefish rarely 
leads to significant top-down control (Müller et al., 2007). In contrast, food 
concentration and temperature are the key factors for population growth all year 
round (Chapter 3, 4). In many aspects Lake Brienz is a typical unproductive and 
turbid lake with pronounced bottom-up control (Jeppesen et al., 2003; Müller et 
al., 2007), a copepod-dominated zooplankton population (Adalsteinsson, 1979; 
Villalobos et al., 2003; Ternjej and Tomec, 2005), and rare clear water phases 
(Sommer et al., 1986; Balvay et al., 1990).  
 
Our survey of the Daphnia population of Lake Brienz over more than two years 
using allozyme markers revealed a remarkably stable genetic composition 
(Chapter 5). The number of multi-locus genotypes did not substantially change 
over time, indicating a low strength of clonal selection due to the stable 
environmental conditions (De Meester et al., 2006). Daphnia in Lake Brienz 
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seem to invest little energy into sexual reproduction, as is often found for 
populations in large permanent lakes (Mort and Wolf, 1986). Moreover, the 
stable genotype frequencies indicate that the fitness differences between 
genotypes are small, probably as a consequence of low genetic diversity 
resulting from little sexual reproduction and low hatching success of sexually 
overwintering clones (see above). If clones showed substantial differences in the 
response to the conditions in the lake, the best adapted genotype would increase 
in frequency. The low water temperatures present in Lake Brienz additionally 
slow down selection processes, as generation time is negatively correlated with 
temperature (e.g., Bottrell, 1975). 
 
 
Taxonomic shifts as a result of eutrophication 
The colonization success of D. galeata in the northern pre-alpine lakes and the 
introgression of its genes into the local population (Weider et al., 1997; 
Jankowski and Straile, 2003; Sandrock, 2005; Keller, 2006) is a consequence of 
anthropogenic impacts. Increased human population size and activity in the last 
century promoted the introduction of new species (for examples see Havel and 
Shurin, 2004) and increased the nutrient state of the lakes (eutrophication). In 
Chapter 5 we show that the establishment of D. galeata during eutrophication 
required a certain trophic lake level. Today, lakes with pure D. hyalina 
populations are not likely to be present anymore (Keller, 2006). Even in the case 
of Lake Brienz, where D. galeata could never establish a significant population, 
we found a temporally restricted persistence of D. hyalina × galeata hybrids 
during the eutrophication period. At present, over 90% of the pelagic population 
consists of D. hyalina, the rest of backcrosses. The fact that D. galeata 
disappeared from Lake Thun in the course of re-oligotrophication (the same 
happened to the hybrid in Lake Brienz) additionally corroborates our finding of 
a minimum trophic state needed for that species to persist.  
 
Whereas many field studies can show clearly that D. galeata acheives high 
abundances in food rich environments, and D. hyalina is predominant in 
unproductive lakes or time periods (e.g., Weider et al., 1997; Jankowski and 
Straile, 2003; Jankowski and Straile, 2004; Sandrock, 2005; Keller, 2006), most 
experimental studies have so far failed to show differences in adaptation of both 
species. In nearly all experiments, D. galeata shows a higher population growth 
rate than D. hyalina and hybrids are often intermediate in response (Weider and 
Wolf, 1991; Weider, 1993; Löffler et al., 2004; von Elert, 2004; Wolinska et al., 
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2006). From these studies, only Weider (1993) tested specifically for different 
food concentrations. He could also show that D. galeata has the larger niche 
breadth, i.e., can cope with a broader range of food concentrations compared to 
D. hyalina and D. hyalina × galeata hybrids. Only Stich and Lampert (1984) 
present evidence that D. hyalina shows higher fitness under migration 
conditions (high food/temperature during day and low food/temperature at night) 
and D. galeata under non-migrating conditions (constant high food/temperature). 
In contrast to D. hyalina, the larger D. galeata performs a weaker diel vertical 
migration (Weider and Stich, 1992), a behavioural response to predation 
pressure (Lampert, 1989; De Meester et al., 1999). It seems that D. hyalina and 
D. galeata exhibit two contrasting strategies: whereas D. galeata is optimizing 
its population growth by the increase in birth rate (while at higher temperatures, 
better food conditions), D. hyalina tries to reduce its death rate (with diel 
vertical migration, smaller size). In summary, food concentration is obviously 
not the only factor influencing the success of either species in a lake; the 
interaction with other factors (food quality, predation, and life-history strategies) 
seems also important. 
 
It is important to note that the sediments of Lake Brienz and Lake Thun still 
contain the potential to re-introduce D. galeata (Lake Thun) and hybrids (Lake 
Brienz). Given a disturbance of the sediment by any human impact or a mass 
movement of the sediment as happened in Lake Brienz in 1996 (Girardclos et al., 
2007), ephippia could be released from the sediment, receive the necessary 
hatching stimuli and populate the open water again. Combined with an increase 
in the trophic state (though this is not likely in the near future), these taxa could 
establish again, as it was evidently the case for D. exilis in Onondaga Lake, New 
York (Hairston et al., 1999), and the copepod Diaptomus sanguineus in Little 
Bullhead Pond, Rhode Island (Hairston and De Stasio Jr, 1988). In general, such 
processes are a way of maintaining biodiversity (both species richness and 
genetic variation) which can serve as a basis for the response to future 
environmental changes (Hairston, 1996). 
 
 
Recommendations for future research 
When testing the effect of suspended particles on the fitness of Daphnia 
(Chapter 2), we observed that a low concentration of particles actually increased 
fitness, when combined with low concentrations of food. Although several other 
studies found similar effects (e.g., Robinson, 1957; Kirk and Gilbert, 1990; Hart, 



Chapter 6 Conclusions 

- 129 - 

1992), the mechanism behind this is still unknown. Some hypotheses are:  
a) adsorption to inorganic particles makes dissolved organic matter available for 
assimilation; b) retardation of the intestinal transit rate exposes algae longer to 
the digestive enzymes; c) mechanical grinding of the algae leads to improved 
digestion. Finding the causes for the beneficial contribution of inorganic 
particles to fitness could add to the understanding of the impact of these 
particles on population growth, especially in lakes with low food conditions. 
 
Our model calculations in Chapter 3 showed that washout at the outflow of a 
lake can significantly contribute to the death rate of a Daphnia population. 
Measurements in the outflow of Lake Brienz in summer 2006 showed that the 
density of Daphnia in the Aare was up to 5% of the density in Lake Brienz when 
discharge was high (C. Rellstab, unpublished). Washout has shown to be an 
important factor in many smaller lakes (mostly reservoirs, e.g., Zurek and 
Dumnicka, 1989; Campbell et al., 1998; Seda and Machacek, 1998), but rarely 
on large and deep lakes (but see Dirnberger and Threlkeld, 1986). We think that 
washout has been mostly ignored as an important factor influencing population 
size in large lakes and should be investigated in more detail. Important aspects 
include: a) the contribution of washout to death rates; b) the differences of 
different zooplankton species and their stages in sensitivity to washout; and c) 
the chances of animals to survive the transport to a downstream lake, as in the 
case of Lake Brienz and Lake Thun (Chapter 5). Moreover, it would be 
interesting to see how surviving animals of the upper lake could contribute to 
the size and genetic structure of the population in the lake downstream. 
 
Oligotrophication leads to small Daphnia populations that are, additionally, due 
to their low birth rates, susceptible to external factors like predation or washout. 
As a consequence, fishing yield is low, and sometimes even collapses (Müller et 
al., 2007). To support the ongoing discussion about how far oligotrophication 
should go, we propose to explore the minimal productivity needed for 
maintaining a permanent Daphnia population. Results could be derived from a 
large comparative study among lakes of different trophic states and the analyses 
of past population sizes within lakes, using cladoceran remains. 
 
The warming of lakes due to global climate change (Blenckner et al., 2007) can 
have major impacts on their biota. For examples, it shifts the onset of 
stratification (and consequently spring phytoplankton growth) to an earlier time 
of the year, which could lead to an uncoupling of phytoplankton and 
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zooplankton population growth (Straile, 2005). Moreover it is predicted that 
climate change will result in an increase of floods (Huntington, 2006) and an 
earlier onset of snow melt (Barnett et al., 2005). Eutrophication and 
oligotrophication processes can override climate signals (Manca et al., 2007). 
Lake Brienz presents an interesting and challenging system to study the 
interaction of climate change, oligotrophication and hydropower operation. The 
impacts of oligotrophication and hydropower operation on the dynamics at all 
trophic levels have been intensively studied in the Lake Brienz Project (see 
Chapter 1). Climate change is thought to strongly influence Lake Brienz due to 
its proximity and direct connections to the retracting glaciers. Melting of the 
glaciers could increase the transport of glacial particles and lower the water 
temperature in the lake (contrary to most other lakes). Summer turbidity has 
increased slightly since 1996 (A. Wüest, personal communication). Mean annual 
water temperature in 0-30 m depth shows a tendency to decrease from 1994 to 
2005 (Ch. Rellstab, unpublished; data from GBL, Bern). Investigations of the 
effects of climate change on the different trophic levels of this ultra-oligotrophic 
and turbid lake, eventually masked or enforced by oligotrophication and 
hydropower operation, could serve as a case study to show the complexity of 
different anthropogenic impacts occurring in parallel. 
 
Finally, we also propose to experimentally test hypotheses which could explain 
the dominance of D. hyalina in unproductive lakes, or, vice versa, the inability 
of D. galeata to show high fitness under low food conditions in the field (see 
also above). Many field studies (including Chapter 5 of this thesis) show that D. 
hyalina can persist, and that D. galeata is mostly absent in oligotrophic lakes (or 
at periods of low productivity). All experimental studies (except Stich and 
Lampert, 1984) have so far failed to find conditions under which D. hyalina 
shows higher fitness than D. galeata or D. hyalina × galeata hybrids. Future 
investigations should include parameters like temperature, food quality, 
predation, competition, and life-history strategies.  
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