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How have all those exquisite adaptations of one part of the 
organisation to another part, and the conditions of life, and of one 
distinct organic being to another being, been perfected ? 
 
 
…….Owing to this struggle for life, any variation, however slight and 
from whatever cause of proceeding, if it be in any degree profitable 
to an individual of any species, in its infinitely complex relations to 
other organic beings and to external nature will tend to the 
preservation of that individual, and will generally inherited by its 
offspring….. 
 
Charles Darwin – The origin of species, (3) Struggle for existence 
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1 – General Introduction 

 

 

Chapter 1   

 

 

General Introduction 

  

Resting egg production in aquatic environments 

Aquatic environments, particularly stagnant water bodies as pond and lakes, represent 

restricted, often isolated, habitats for their biotic community. Fluctuating environmental 

conditions, non-permanence, and predator-prey interactions make well adapted life strategies 

necessary for the community’s organisms. The production of resting stages is such life 

strategy and enables survival of dry periods, periods of unfavorable environmental conditions, 

dispersal, and escape from strong predation pressure. 

The water flea Daphnia (Crustacea: Anomopoda: Cladocera) is a zooplanktonic key-stone 

herbivore in most lakes and ponds, and represents a crucial link between primary and 

secondary production in aquatic food webs. Daphnia is an unselective filter-feeder, which 

often dominates the lake zooplankton community. Due to its high abundances Daphnia is able 

to control algal growth. On the other hand daphnids serve as important food source for 

plankton-feeding fish species. Most Daphnia are cyclical parthenogenetic organisms, 

combining the advantages asexual (parthenogenetic) reproduction, i.e. a fast population 

growth, with periods of sexual reproduction, what enables recombination of genes and thus 

genetic diversity (e.g. Maynard Smith 1978). Accordingly, Daphnia populations usually 

consist of a range of genetic distinguishable clones, which differ in their life history traits, as 

e.g. somatic growth rates and population growth rates (e.g. Dudycha and Tessier 1999; 
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1 - General Introduction  

Brzeziński and Von Elert 2007). The production of resting stages in Daphnia is usually 

coupled with the sexual part of their life cycle and requires additionally the production of 

males (Fig. 1). However, some lines (clones) of Daphnia spp. lost sexuality by mutation and 

are able to produce even the resting eggs asexually (e.g. Maynard Smith 1978; Innes and  

Hebert 1988; Innes et al. 2000; Omilian et al. 2006). 

 

Switch between reproductive modes
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Fig. 1: Reproductive cycle of Daphnia. Asexual (parthenogenetic) reproduction under

favourable environmental conditions is represented on the left hand site. Resting egg

production and sexual reproduction, presented on the right hand site, are initiated when

environmental conditions deteriorate. Haploid males are produced parthenogenetically.

The resting eggs are released encased in the ephippium with next molt. From these

resting eggs only parthenogenetic offspring hatches. 
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The resting stages of Daphnia consist of a robust chitin structure, made of a part of their 

carapax, which encases up to two resting eggs. This ephippium is released with the next molt 

and the enclosed resting eggs are able to survive several decades (Weider et al. 1997; Hairston 

et al. 1999; Hairston and Kearns 2002; Jankowski and Straile 2002).  

Due to their changes in reproductive modes and the occurrence of asexual lines, Daphnia 

became a model organism for studies on the evolution and maintenance of sexuality (e.g. 

Lynch et al. 1989; Paland and Lynch 2006; Omilian et al. 2006). However, most of the studies 

using Daphnia were conducted on an ecological or ecotoxicological background, due to their 

important role in lake ecosystems. 

 

The induction of resting egg production in Daphnia 

Sexual reproduction and also asexual resting egg production in Daphnia is initiated by 

specific environmental cues, indicating deteriorating conditions for growth and subitaneous 

parthenogenetic reproduction. Such cues can be changes in photoperiod, a high population 

density, a decreasing food supply, kairomones indicating predation or combinations of these 

factors (e.g. Stross and Hill 1965; Kleiven et al. 1992; Slusarczyk 1995; Alekseev and 

Lampert 2001; LaMontagne and McCauley 2001). Although the induction of resting egg 

production in Daphnia was studied intensively in laboratory studies, it is not clear how 

Daphnia in nature manages the optimal timing of this important life history event. Some field 

studies revealed the seasonal characteristics of resting egg production in diverse Daphnia 

populations (e.g. Cáceres 1998; Cáceres and Schwalbach 2001; Jankowski and Straile 2004). 

The optimal point of time for switching from parthenogenesis to sexual reproduction and/or 

resting egg production is particularly critical, as starting too early might lead to low numbers 

of resting stages, which decreases the chance of survival. In sexual lines additionally mating 

is more presumable at higher densities. On the other hand, starting too late with sexual 

reproduction and/or resting egg production might lead to extinction before the resting stages 
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are released. Hence, there should be some more precise cues for Daphnia, which control the 

switch between reproductive modes and help the animals to fine-tune their reproductive cycle. 

Thus, Daphnia should be able to balance their reproductive investment between both 

reproductive modes by taking all factors in account which affect growth and reproduction, 

either negatively or positively. In nature it is likely, that even when one cue for induction of 

resting egg production, e.g. fish predation, a high population density or a specific photoperiod 

is present, other surrounding environmental conditions might still support population growth. 

Despite of the large amount of studies concerning the induction of resting egg production, 

only very few studies were conducted on the interaction between factors supporting growth 

and subitaneous reproduction and factors which induce resting egg production.  

Interactions were shown recently only for a high food quality and a strong decrease of food 

supply (Abrusán et al. 2007) and a high food quantity and infochemicals indicating fish 

predation (Slusarczyk 2001).  

In this thesis I investigated mainly the interaction between a high population density and a 

high food quality. The studies presented in chapter 2, 3 and 4 were conducted to evaluate 

potential effects of food quality on the reproductive mode and elucidate the biochemical 

background of such effects. Chapter 5 excludes food quality effects and discusses the 

influence of resting egg production on the fitness of different Daphnia clones with respect to 

the long term persistence of populations. Thereby a combination of long and short term 

experiments connected the life history traits population growth rates and juvenile somatic 

growth rates, which were used in chapter 2, 3, and 4 to describe food quality effects, with 

long term dynamics in a microcosm system.  

 

Daphnia in Lake Constance 

The idea of the present work was born by studying the Daphnia population in Lake 

Constance. Lake Constance is a large and deep pre-alpine lake in the south-west of Germany 
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(47° 39’ N, 9° 18’ E). The Daphnia population of Lake Constance consists of two Daphnia 

species, D. hylina and D. galeata and their hybrids (Weider et al 1997; Jankowski and Straile 

2004). All of them are in general able to produce ephippia. The parental species, D. galeata 

and D. hyalina, however, differ in their preferred time of sexual reproduction, which is early 

summer for D. galeata and autumn for D. hylina, the hybrids show ephippia production in 

both periods (Jankowski and Straile 2004). D. galeata is not found in the zooplankton fraction 

during winter (Jankowski 2002; Jankowski and Straile 2004) and is thus assumed to recruit 

their population in early spring from resting stages. Indeed, most of the ephippia found in 

 sediment cores of Lake Constance belong to D. galeata (Weider et al 1997; Jankowski 2002; 

Brede et al. 2007; personal observations). Accordingly ephippia production seems to be an 

essential life history trait for D. galeata in Lake Constance. The peak of ephippia production 

of D. galeata in Lake Constance is in early summer, usually between May and June, just after 

the peak of the spring algae bloom, when population densities are high, and before clear-water 

phase, when food becomes strongly limited. However, during the early summer time period, 

not only  population densities and food quantity change, but also food quality (Wacker and 

Von Elert 2001). This is most presumably due to the succession of phytoplankton species 

(Sommer 1985), which differ in their quality as food for zooplankters. 

 

Potential effects of food quality on resting egg  production of Daphnia 

Food quality is a main environmental condition affecting growth and reproduction. Daphnia 

as non-selective filter-feeder ingests mainly phytoplankton, but also in smaller extents 

detritus, bacteria and protozoa (e.g. Peters and Bernardi 1987). The plant-herbivore interface 

is the most variable part of food chains, and organic carbon (energy) is often transferred 

inefficiently from primary producers to higher trophic levels. In aquatic environments the role 

of food quality on the primary producer – herbivore interface was under strong investigation 

during the last decade, particularly with respect to Daphnia and their key role in the food web. 

 9



1 - General Introduction  

It was shown that the content of phosphorus, nitrogen, fatty acids and sterols in algae are able 

to constrain Daphnia growth and subitaneous reproduction (e.g. Ahlgren et al.1990; Sterner 

and Elser 2002; Von Elert 2002; Müller-Navarra et al. 2000; Becker and Boersma 2003; 

Martin-Creuzburg 2005, 2008). The production of resting stages requires a particular high 

amount of essential nutrients, what is assumed to increases the fitness of the hatchling e.g. by 

high growth rates (c.p. Alekseev et al. 2008; Abrusàn 2007; Arabačiauskas 2004). This 

nutrient requirement makes the production of resting eggs in Daphnia sensitive for limitation, 

an it is likely that their production is influenced by food quality. Abrusàn et al. (2007) indeed 

showed, that the production of resting eggs in Daphnia can be constraint by the availability of 

a essential fatty acid. However, this study was the only one concerning the role of food 

quality in Daphnia resting egg production and it was conducted using strong  food limitation 

as inductor for resting egg production in Daphnia.  

In this thesis I present further evidences for the importance of food quality on the switch 

between reproductive modes in cyclical and obligate parthenogen Daphnia. 
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Abstract 

Cyclic parthenogenesis (heterogony) is a widespread reproductive mode found in diverse taxa 

such as digenean trematodies, gall wasps, gall midges, aphids, cladocerans and rotifers. It is 

of particular interest as it combines the advantages of asexual reproduction (rapid population 

growth) and sexual reproduction (recombination). Usually sexual reproduction is initiated 

when or slightly before environmental conditions deteriorate and often results into production 

of resting stages. The optimal timing of diapause induction must thus be under strong natural 

selection. Using the cladoceran Daphnia as a model system, we show here for the first time 

that the switch from parthenogenetic to sexual reproduction in a cyclical parthenogenetic 

organism can be influenced by chemical food composition. Under crowding conditions 

Daphnia reproduced parthenogenetically with subitaneous eggs when fed the algal species 

Cryptomonas sp., but started the production of resting eggs when fed with the green algal 

species Scenedesmus obliquus. Supplementation experiments with lipids and especially 

proteins showed that the induction of resting egg production in two clones belonging to 

different Daphnia species was due to a dietary deficiency in the green alga. Hence, the low 

food quality induced a switch in the reproductive mode that may contribute to optimal timing 

of the sexual reproduction of Daphnia in nature. Furthermore, our results have two other 

major implications: first, they suggest that protein compounds should be added to the list of 

diet constituents potentially limiting or influencing Daphnia reproduction. Second, we show 

that the role of food quality goes far beyond the up to now documented effects of food quality 

on somatic growth and trophic transfer efficiency of herbivores: due to its effects on sexual 

reproduction and the production of resting eggs, food quality might influence genetic 

diversity and long-term persistence of Daphnia in lakes. 
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2 – Food quality triggers the reproductive mode 

Introduction 

Within sexually reproducing species and populations the production of male gametes results 

into a two-fold fitness cost, in the meaning of a factor two reduction of fitness, as males 

themselves do not produce offspring, but require energetic resources for their production (see 

Maynard Smith 1978). Cyclical parthenogenetic animals evolved a reproductive mode that 

largely overcomes this cost while maintaining the benefits of sex, i.e. genetic reshuffling 

(Peck et al. 1999). In many cyclical parthenogenetic organisms sexual reproduction confers an 

additional benefit: the production of resting eggs. For example, sexually produced eggs of 

aphids are able to resist freezing (Simon et al. 2002) and hence are of key importance for the 

persistence of aphid populations within colder regions. In the key herbivore Daphnia, 

sexually produced resting eggs (ephippia) are resistant to freezing and desiccation (Schwartz 

and Hebert 1987). Additionally, ephippia can survive for several decades and hence are 

important for dispersal in space (Louette and De Meester 2005) and time (Hairston and 

Kearns 2002).  

As most other cyclical parthenogenetic animals Daphnia often start to reproduce sexually 

when environmental conditions deteriorate (Stross and Hill 1965; Hobæk and Larsson 1990; 

Kleiven et al. 1992). During most of the season Daphnia reproduces parthenogenetically with 

subitaneously developing eggs, and sexual reproduction is restricted to specific times of the 

year, e.g. during short periods in early summer or autumn and winter (Cáceres 1998; 

Jankowski and Straile 2004). This indicates that the high costs associated with sexual 

reproduction and resting egg production have favoured the evolution of an inducible rather 

than a fixed switch from parthenogenetic to sexual reproduction. Accordingly, sexual 

reproduction in Daphnia has been shown to be inducible by a multitude of environmental 

factors such as population density, food concentration, photoperiod and fish kairomones 

(Stross and Hill 1965; Hobæk and Larsson 1990; Kleiven et al. 1992; Slusarczyk 1995), as 

well as by maternal environmental conditions (Alekseev and Lampert  2001; LaMontagne and 
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McCauley 2001). This ensures that the onset of sexual reproduction is coupled to 

deteriorating abiotic and biotic environmental conditions for parthenogenetic reproduction.  

The role of food quality in determining the reproductive mode in cyclical parthenogenetic 

organisms is not well understood. However, in the polymorph rotifer Asplanchna it is shown 

that the presence of dietary α – tocopherol (vitamin E) leads to the production of mictic 

female morphotypes (Gilbert and Thompson 1968; Gilbert 1981), which in turn produce 

resting eggs. Hence, in this system, the influence of food quality on the reproductive mode is 

indirect, as resting egg production depends on the female morphotype, which development is 

vitamin E dependent (Gilbert 2007). In aphids food quality has also been suggested to be 

important for the reproductive mode. However, up to now strong evidence for a role of food 

quality in producing resting eggs could not be found (Dixon and Kundu 1998, Dixon et 

al.1993). 

A major factor that determines growth and reproduction of Daphnia in nature is the 

composition of its food, which undergoes pronounced seasonal changes due to the succession 

of algal species and seasonally varying ratios of algal to detritus biomass (Sommer 1985). In 

early spring, lakes and ponds develop an algal maximum composed of small diatoms and fast 

growing flagellates, i.e. Cryptomonas sp. that are of high food quality for Daphnia, while in 

summer other phytoplankton taxa, among them green algae, occur and lead to a lower food 

quality. During early summer, i.e. during the clear-water phase, food quality seems to be 

especially low (Wacker and Von Elert 2001), what is presumably due to a low contribution of 

algae to seston relative to detritus (Straile, unpublished). Early summer is a preferred time of 

Daphnia sexual reproduction (Jankowski and Straile 2004). This has been suggested to be due 

to high Daphnia densities (e.g. Stross and Hill 1965; Hobæk and Larsson 1990; Kleiven et al. 

1992) and/or declining food availability (LaMontagne and McCauley 2001). Up to now, food 

quality has not been considered as a cue contributing to the decision of Daphnia to switch its 

reproductive mode in early summer. However, the strong change in food quality observed 
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during this time period (Wacker and Von Elert 2001), suggests that a decrease in food quality 

may at least contribute to ensure the proper timing of the switch from parthenogenetic to 

sexual reproduction. To test the influence of the biochemical composition of food algae on 

Daphnia’s reproductive mode, we fed two clones belonging to two different Daphnia species 

(D. galeata and D. pulex) in laboratory experiments with two algal species that are known to 

be of minor (Scenedesmus obliquus) and superior (Cryptomonas sp.) food quality for Daphnia 

(Ahlgren et al. 1990; Weers and Gulati 1997).  

 

Material and Methods 

Experimental animals and set up 

The study was conducted with one clone of Daphnia galeata and one clone of D. pulex, both 

with a high allocation to ephippia production. The D. galeata clone is a sexual clone 

established from an ephippium, which was taken from a sediment core sampled in Lake 

Constance, a large and deep pre-alpine lake in central Europe. The obligate parthenogenetic 

clone of D. pulex was originally isolated from a pond in northern Germany. Both Daphnia 

clones were cultured for many generations under laboratory conditions. The selected clones 

are particularly suitable for experiments on induction of resting egg production as they 

produce high amounts of ephippia even under slight crowding conditions, making additional 

treatments to enhance the usually very low ephippia production unnecessary. Experiments 

were run under continuous dim light at 20 °C and with non-limiting food concentrations (2 

mg C L-1) in jars with 200 ml of filtered (0.45 µm membrane cartridge, Sartorius) lake water, 

including ten animals each, to simulate moderate crowding conditions. Previous experiments 

have shown that this density results in ephippia production in both clones. Mothers of the 

experimental animals were cultured under non-limiting food conditions (Scenedesmus 

obliquus, 2 mg C L-1) for at least two generations. Each treatment was run in (3) 4 replicates. 

Experimental animals were collected within 12 h after birth. Only third clutch individuals 
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were used. Ephippia production experiments lasted from birth to an age of 16 days. During 

this time period, the animals could produce three parthenogenetic / subitaneous or two 

ephippial broods. During the experiment, the animals were fed in different treatments with the 

following types of food: Scenedesmus obliquus (2 mg C L-1); Cryptomonas sp. (2 mg C L-1); 

Scenedesmus obliquus (2 mg C L-1) + protein beads (30 µl 200 ml-1), Scenedesmus obliquus  

(2 mg C L-1) + protein beads (30 µl 200 ml-1) loaded with Cryptomonas sp. lipid. The animals 

were transferred daily into fresh medium (food suspension), whereby released ephippia and 

neonates were counted and separated from the experimental animals. This excludes the 

possibility of ephippia fertilization by males, and results into empty ephippia for the sexual 

clone. Allocation to sexual reproduction / resting egg production was measured as number of 

released ephippia. Allocation to parthenogenesis / subitaneous eggs was measured as total 

number of released neonates. In the following we use “parthenogenesis” for subitaneous 

developing offspring numbers and “ephippia production” for resting egg numbers of both 

clones. Male production was not recorded, as it could only be expected in the D. galeata 

clone. Furthermore, the induction of males is reported to be presumably induced by levels or 

combinations of cues slightly different from those inducing ephippia production (Hobæk and 

Larsson 1990). Hence, the role of food quality for male production in Daphnia needs 

additional study.  

 

Algae cultures 

The green alga Scenedesmus obliquus (Stammsammlung für Algen, Göttingen, Germany, 

SAG 276-3a) was grown in batch culture in Cyano medium (Jüttner et al.1983) (20 °C, 

illumination 146 µmol quanta s-1 m-2). The cryptophyte Cryptomonas sp. (SAG 28.80) was 

grown in semi continuous culture (dilution 0.2 d-1) in WC medium with vitamins (Guillard 

1975). Phosphorus supply for algae in both media was non-limiting, thus preventing the 

possibility of P – limitation of Daphnia. 
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Algae sedimentation and hence a potential food limitation in the jars after 24 h was analysed 

once in a test using a CASY particle counter. These measurements suggested that food 

limitation at the end of the 24 h period, if any, was only minor. In fact, only large D. pulex in 

combination with sedimentation were able to suppress food availability at the end of the 

experiment below 0.5 mg C L-1. However, D. pulex as a pond species is likely to feed also on 

sedimented algae. Hence, besides crowding, all other known stimuli for resting egg 

production were excluded, i.e. strong food limitation, fish kairomones or changes in 

photoperiod.  

 

Supplementation experiments 

To get more information about the chemical nature of the substance preventing the switch to 

ephippia production, we supplemented Scenedesmus obliquus with extracted Cryptomonas sp. 

lipid attached to protein (bovine serum albumine, BSA) beads (6µm in diameter, Micromod, 

Rostock, Germany), according to Von Elert and Wolffrom (2001). For lipid extraction, 30 mg 

C of Cryptomonas sp. algae were filtered onto precombusted glass fibre filters (Whatman 

GF/F). Lipids were extracted with dichlormethane/methanol (2:1; v:v), dried and dissolved in 

10 ml absolute ethanol for storage. Protein beads were stored as stock solution in absolute 

ethanol (20 mg ml-1). For supplementation with pure protein beads, 30 µl jar-1 of the stock 

solution were diluted in 30 ml absolute ethanol, dried and suspended in filtered lake water 

prior to the addition to algal food suspension. For protein beads loaded with Cryptomonas sp. 

lipid, 30µl jar-1 of BSA beads were diluted in 30 ml absolute ethanol, 400 µl of the 

Cryptomonas sp. lipid extract (equal to the lipid amount of 1.2 mg C of Cryptomonas sp.) 

were added and both dried and dissolved in filtered lake water.  

 

 

 

 17



2 – Food quality triggers the reproductive mode 

Estimation of Daphnia growth rates 

Daphnia performance on the different diets was further analysed by determining juvenile 

somatic growth rates g, and population growth rates r, calculated with Euler-Lotka equation. 

The latter provides a reasonable estimation of fitness for Daphnia (Stearns 1992) and will be 

influenced directly by food quality but also indirectly due to switches in reproductive mode, 

i.e. from parthenogenetic to resting egg production. The juvenile somatic growth rate g is 

often used as a surrogate for r (Lampert and Trubetskova 1996), but it will only be influenced 

directly by the food quality as it is determined before reproductive decisions take place.  

The juvenile growth rate g was calculated from standardized experiments (Wacker and Von 

Elert 2001) using the equation:  

g = [ln (W5 ) – ln (W0)] t-1   

where W0 is the individual dry mass at the beginning of the experiment and W5 is the 

individual dry mass after a growth period of 5 days. Dry masses were estimated as mean 

values of 10 – 15 individuals weighed on an electronic microbalance (Mettler UMT 2) and 

recorded to the nearest 0.1 µg. 

The population growth rate r was calculated using the Euler – Lotka equation:  

rx
xx

n

0x
eml1 −

=
∑=

 with age specific survival probabilities and fecundities, lx and mx.  

Data were analysed using one-way analysis of variances (ANOVA) with post hoc 

comparisons (Tukey’s HSD), and Repeated measures ANOVA. Normality of data was 

checked using the Shapiro-Wilk and homogeneity of variances using Cochran and Bartletts 

test. As numbers of ephippia produced per individual were not normally distributed we used 

in this case ANOVA on ranks (e.g. Conover and Iman 1981). 

Finally, we conducted a literature research using the ‘Web of Science’ data base (© Thomson 

Cooperation) to determine the food quality applied in earlier experimental work on Daphnia 

ephippia induction. For details see Supplementary Material Appendix S1 (p. 28).  
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Results  

Population growth rates of Daphnia fed with the high quality food Cryptomonas sp. were 

increased significantly for both Daphnia species compared to Scenedesmus obliquus (Fig. 1 a, 

c; Tukey’s HSD p < 0.001, following one-way ANOVA, F3,11 = 49.956; p < 0.001 for D. 

galeata, and Tukey’s HSD p < 0.001, following one-way ANOVA, F3,10 = 88.771; p < 0.001 

for D. pulex). This was, through to a smaller extent, also reflected in the juvenile somatic 

growth rates g (Fig. 1 b, d; Tukey’s HSD p < 0.05, following one-way ANOVA, F3,8 = 

47.044; p < 0.001, for D. galeata, and Tukey’s HSD p < 0.001, following one-way ANOVA, 

F3,12 = 16.054; p < 0.001 for D. pulex). 

However, the estimation of fitness according to the Euler-Lotka equation is based on 

parthenogenetic or subitaneously developing offspring and is hence sensitive to switches from 

parthenogenetic to sexual reproduction i.e. resting egg production: low population growth on 

Scenedesmus obliquus coincided with substantially reduced numbers of parthenogenetic 

offspring for both Daphnia species when compared to animals fed Cryptomonas sp. (Fig. 2 b, 

d; Tukey’s HSD p< 0.001, following one-way ANOVA, F3,12 = 37.484; p < 0.001 for D. 

galeata. Tukey’s HSD p < 0.001, following one-way ANOVA, F3,11 = 32.744; p < 0.001 for 

D. pulex). Overall offspring numbers were higher for D. pulex due to its larger size. The 

reduction of parthenogenetic offspring by the low-quality food Scenedesmus obliquus was 

due to the onset of resting egg production: Daphnia fed with Cryptomonas sp. did not produce 

any ephippia, whereas ephippia production on Scenedesmus obliquus was high for both 

Daphnia species (Fig. 2 a, c; Tukey’s HSD p < 0.001, following one-way ANOVA, F3,12 = 

28.941; p < 0.001 for D. galeata. Tukey’s HSD p < 0.001, following one-way ANOVA, F3,10 

= 22.966; p < 0.001 for D. pulex). Hence, Daphnia’s reproductive allocation depended 

strongly on algal species, i.e. food quality. In order to confirm that the induction of resting 

egg production in Daphnia by Scenedesmus obliquus was due to the absence of a compound 
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that was a constituent of Cryptomonas sp. and that was responsible for the higher fitness of 

both Daphnia species on Cryptomonas than on Scenedesmus obliquus, we supplemented 

Scenedesmus obliquus with protein (bovine serum albumine) beads, and for additional lipid 

supplementation, with protein beads that had been loaded with Cryptomonas sp. lipids. 

 

 

Fig. 1: Population growth rate (r) and somatic juvenile growth rate (g) for the two

experimental clones belonging to Daphnia galeata and Daphnia pulex on four food

treatments: Cryptomonas sp (C); Scenedesmus obliquus (S); Scenedesmus obliquus +

protein + Cryptomonas sp. lipid (SPL); Scenedesmus obliquus + protein (SP), means of 4

replicates ± SE.  Average population growth rate r of D. galeata on Scenedesmus obliquus

was negative (-0.2, bar not shown).  Bars labelled with different letters are significantly

different based upon Tukey’s HSD, at least p < 0.05, following ANOVA.  

 

In both Daphnia species the supplementation of Scenedesmus obliquus with protein lead to a 

substantial reduction of ephippia production (Fig. 2), demonstrating that a dietary deficiency 
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and not the presence of toxins or inhibitors in Scenedesmus obliquus induced ephippia 

production.  

 

Fig. 2: Parthenogenetic reproduction (expressed as neonate production) and ephippia

production in the two experimental clones belonging to Daphnia galeata and Daphnia

pulex on four food treatments: Cryptomonas sp (C); Scenedesmus obliquus (S);

Scenedesmus obliquus + protein + Cryptomonas sp. lipid (SPL); Scenedesmus obliquus +

protein (SP), means of 4 replicates ± SE.  Neonate and ephippia numbers are shown as

sum per individual over 16 days after birth.  First reproduction was on day 7 or 8.  Bars

labelled with different letters are significantly different, based upon Tukey’s HSD, at least

p < 0.05, following ANOVA. 

 

 

 

However, only when the low quality food Scenedesmus obliquus was supplemented with 

both, protein and Cryptomonas sp. lipids, the same reproductive allocation as on pure 
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Cryptomonas sp., e.g. only parthenogenetic reproduction was observed (Fig. 2; Tukey’s HSD 

p < 0.001, following one-way ANOVA, F3,12 = 28.941; p < 0.001 for D. galeata. Tukey’s 

HSD p < 0.001, following one-way ANOVA, F3,10 = 22.966; p < 0.001 for D. pulex, 

comparison to Scenedesmus obliquus). In addition, protein supplementation caused a 

significant increase in juvenile somatic growth rate g in D. galeata (Tukey’s HSD p < 0.05, 

following ANOVA, F3,8 = 47.044, p < 0.001), whereas this effect was less clear in D. pulex. A 

similar difference between the two species, respectively clones, was observed in respect to 

population growth rate. Furthermore, the two species / clones differed also in the effect of 

lipid supplementation on r: only supplementation of lipid but not of protein significantly 

enhanced r in D. galeata.    

Fig. 3 shows the time course of reproduction in both Daphnia species. On a Cryptomonas sp. 

diet both species produced three parthenogenetic clutches during the experiment. On 

Scenedesmus obliquus the first clutch of both species consisted of an ephippium. While D. 

galeata continued ephippia production throughout the experiment, most D. pulex switched to 

parthenogenetic production after releasing one ephippium. Hence, the much stronger 

reduction in population growth rate of D. galeata relative to D. pulex (Fig. 1) results from D. 

pulex’  but not D. galeata’s switch in reproductive mode with age (RM ANOVA: Time x 

treatment x species interaction: p < 0.001). Supplementation with proteins caused a strong 

reduction of ephippia numbers, i.e. of ephippial females already for the first clutch in both 

Daphnia species. Some D. galeata still produced an ephippium also with their 2nd clutch. The 

numbers of parthenogenetically produced neonates remained however low in both clutches 

for D. galeata and D. pulex. Additional supplementation of lipids increased neonate numbers 

and resulted in a complete switch towards parthenogenetic reproduction in both Daphnia 

species. Thus reproductive decision of Daphnia depended on a clonal-specific complex 

interplay between age and food quality.  
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Fig. 3: Parthenogenetic reproduction (expressed as neonate production) and ephippia

production (number released per individual) in the two experimental clones belonging

 

D

to Daphnia galeata and Daphnia pulex on four food treatments: (a, b) Cryptomonas sp

(C); (c, d) Scenedesmus obliquus (S); (e, f) Scenedesmus obliquus + protein +

Cryptomonas sp. lipid (SPL); (g, h) Scenedesmus obliquus + protein (SP), means of 4

replicates ± SE.  Axes on the left side are neonates per individual; axes on the right

side are ephippia per individual. 
iscussion 
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The role of food quality for Daphnia growth and consequently for the trophic coupling 

between phytoplankton and the key herbivore of many lake ecosystems is of considerable 

theoretical and applied interest (Müller-Navarra et al. 2000). Up to now, polyunsaturated fatty 

acids (Müller-Navarra et al. 2000; Von Elert 2002), sterols (Von Elert et al. 2002) and the 

mineral (phosphorus) content (Urabe et al. 1997) of algae have been considered as important 

facets of biochemical food quality for Daphnia. 

The algal species used in this study, Cryptomonas sp. and Scenedesmus obliquus are known to 

differ in their food quality for Daphnia. This food quality differences were thought to be 

particularly due to the fatty acid composition (Ahlgren et al. 1990) especially to the higher 

content of eicosapentaenoic acid (C20:5ω3) in Cryptomonas sp.. However, there is evidence 

that the cryptophyte Rhodomonas sp., a close relative to Cryptomonas shows also a higher 

total content of amino acids compared to Scenedesmus obliquus (Ahlgren et al. 1992). The 

importance of lipids for Daphnia is also evident in our experiments: especially in D. galeata 

lipid supplementation strongly increased neonate production and accordingly population 

growth rate. However, our results suggest that additionally proteins can be important for 

Daphnia somatic and population growth and also for its persistence in ecosystems: while 

previous studies did not report an effect of proteins (BSA) on Daphnia somatic growth rate g 

when supplemented to a cyanobacterial diet (e.g. Von Elert and Wolffrom 2001), we present 

evidence that proteins can increase g at least when supplemented to Scenedesmus obliquus. 

The effect of BSA supplementation on g was especially evident in D. galeata while no clear 

effect could be demonstrated for D. pulex. However, somatic growth rate of D. pulex on 

Scenedesmus obliquus was only slightly below its g on the high quality food Cryptomonas sp. 

suggesting that D. pulex in contrast to D. galeata was hardly affected by the lower food 

quality in Scenedesmus obliquus. Consequently, protein + lipid supplementation did further 

increase population increase in D. galeata but not in D. pulex. However, additional 

experiments with several D. galeata and D. pulex clones are needed to test if the differences 
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observed are indeed differences at the species level or just clonal ones. Nevertheless, protein 

supplementation in both species / clones clearly resulted in a reduced ephippia and increased 

neonate production, i.e. in a switch between reproductive modes.  

The food quality mediated switch from subitaneous to resting eggs due to the protein content  

will clearly decrease Daphnia population growth and consequently also trophic transfer from 

algae towards higher trophic levels. On the other hand, this switch may increase Daphnia 

genetic diversity, secure Daphnia long-term survival within a lake or increase dispersal 

between lakes. All other things being equal, our results predict higher rates of Daphnia sexual 

reproduction in lakes and ponds with a low food quality. This would increase the chance for 

microevolutionary adaptation to low food quality, which has been suggested to have occurred 

in Lake Constance during eutrophication (Hairston et al. 1999). Likewise, increased ephippia  

production in lakes with low quality food would increase the possibility for dispersal into 

better food quality habitats. Altogether, this suggests that the role of proteins as a component 

of Daphnia food quality may be as important for lake functioning and Daphnia population 

dynamics as the food quality components considered up to know (see above). Clearly, there is 

an urgent need for more detailed studies on the specific components responsible for the 

protein effect in this study.  

In nature only a few percent of female Daphnia carry ephippia – even during times of 

maximal ephippia production. Hence, we choose crowding conditions and two Daphnia 

clones, which invest strongly in ephippia production to enhance the incidence of ephippia in 

our experiments. Crowding conditions often prevail in situ, when Daphnia produce ephippia 

(Cáceres 1998; Jankowski and Straile 2004), and there is genetic variability in the propensity 

of Daphnia clones to invest into sexual reproduction (Deng 1996). Possibly, this variability 

arises at least partially from clonal variability in the sensitivity to food quality. One of our 

clones, the D. galeata clone, originates from an ephippium collected in deep and large pre-

alpine Lake Constance. In this lake, the seasonal period of D. galeata sexual reproduction 

 25



2 – Food quality triggers the reproductive mode 

coincides with the seasonal minimum of food quality (compare Wacker and Von Elert 2001 

with Jankowski and Straile 2004). This suggests that this clone’s parental clones were indeed 

adapted to use food quality as a trigger for their change in reproductive allocation. In contrast, 

our D. pulex clone was isolated from a pond. The similar induction of resting egg production 

upon low food quality in D. pulex suggests that food quality may be also an important trigger 

for obligate parthenogens in pond ecosystems. 

It should be noted that although Scenedesmus obliquus clearly is of lower food quality than 

Cryptomonas sp., Scenedesmus obliquus also is a rather high quality food for Daphnia. In 

fact, many studies use Scenedesmus obliquus as a standard food when studying the 

physiology or life history of Daphnia. Not surprisingly, Scenedesmus obliquus was also used 

in the majority of studies analysing resting egg production in Daphnia: a literature review 

revealed that 59.4 % of all studies retrieved (n = 32) used Scenedesmus obliquus as food. 

Furthermore, an additional 31.2 % used other green algae leaving only 6.25 % for non-green 

algae or mixtures of different alga species, whereas only one recent study (3.1 %) used 

Cryptomonas sp. or other cryptomonads (see Supplementary Material, Appendix S1 for 

methods and references). This suggests that the vast majority of studies on Daphnia resting 

egg production was conducted with a hidden treatment, i.e. low food quality. Thus it is 

unclear if the quantity and quality of cues used to induce ephippia production in these studies 

would be sufficient to also induce ephippia production when Daphnia would have been fed a 

better food quality, e.g. Cryptomonas sp.. Consequently, the results of these studies in regard 

to the rate of ephippia production in response to other biotic and abiotic stressors should be 

re-evaluated. Only one study within our literature research used besides Scenedesmus 

obliquus, also Cryptomonas sp. as a food source (Abrusán et al. 2007). The results of this 

study show that also polyunsaturated fatty acids (PUFAs), especially eicosapentaenioc acid 

(EPA), are important for the formation of resting eggs. Using strongly limiting food 

concentrations as inductor for resting egg formation Abrusán et al. (2007) showed that 
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supplementation with EPA or even a Cryptomonas sp. diet of mothers enhanced ephippia 

production in the offspring generation compared to a pure Scenedesmus obliquus diet. This 

suggests that under severe food limitation EPA acts as a resource still enabling the production 

of resting eggs, whereas with higher food availability, proteins act as a cue inducing a switch 

towards resting egg production. Hence, food quantity might cause a reversal in the food 

quality effect on ephippia production in Daphnia.  

Nevertheless, our study and numerous other ones using Scenedesmus obliquus as a food 

source (see Fig. S1) show that under less severe food limitation, the quality of Scenedesmus 

obliquus is clearly sufficient to produce resting eggs. This suggests that Daphnia do not 

postpone resting egg production in situ until periods of severe food limitation, but instead use 

environmental cues such as density, photoperiod, and also food quality to initiate resting egg 

production in time.  

In conclusion, our study suggests that food quality can trigger the reproductive mode in 

Daphnia. Supplementation experiments demonstrated that the absence of lipids and especially 

proteins triggered the switch to sexual reproduction or resting egg production. The 

observation that periods of minimal food quality coincide with the time of preferred ephippia 

production (sexual reproduction) in natural habitats suggests that a change in food quality is a 

major trigger for the onset of sexual reproduction / resting egg production in Daphnia in 

nature and enables Daphnia to fine-tune the optimal timing of sexual reproduction / resting 

egg production. The timing of sexual and resting egg production must be under strong natural 

selection, as diapause is an essential component of the life-cycle in Daphnia and many other 

animals and plants.  
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Appendix S1, Supporting Material 

 

A literature survey of food algae used in Daphnia resting egg induction 

experiments 

 

We searched the ‘Web of Science’ database for studies examining the induction of Daphnia 

resting egg production. Two different queries were used to identify the relevant literature: 

1.) General search: “Daphnia AND resting egg OR ephippia OR ephippium” 

  211 results found 

2.) Cited reference search: Stross RG and Hill JC (1965) 

  82 results found 

Both queries revealed many studies which did not experimentally address resting egg 

production in Daphnia. Therefore, we screened all results and finally retained 25 (Numbers 1-

25; chronological order) studies reporting experimental work of Daphnia resting egg 

induction. Our data base revealed an additional 6 studies (Number 26-31; chronological 

order) that were not found with the two queries. Hence, we report here on the food used in 32 

studies of Daphnia resting egg induction.  

In the majority (59.4 %) of studies Scenedesmus was used as food algae (Fig. S1). An 

additional 31 % percent of studies used other green algae species, i.e. Chlamydomonas, 

Chlorella or Selenastrum. In 6.25 % of the studies Daphnia were fed with mixtures of various 

algal and bacteria species or non-algal food. Only in one study (3.1 %) Cryptomonas or 

another cryptophyte was used as food source. 
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Abstract 

The life cycle of invertebrate herbivores is often characterized by the specific ability to form 

resting stages and thus to cope with unfavorable environmental conditions, e.g. predation, 

extensive seasonal temperature fluctuations or decreasing food supply. The switch between 

reproductive modes is thereby a critical life history event, which has to be timed carefully. 

Using the aquatic keystone herbivore Daphnia (Crustacea, Anomopoda, Daphnidae) we 

combined two encompassing fields of food web research, the shift between reproductive 

modes and effects of food quality, and investigated how Daphnia balances the switch between 

subitaneous reproduction and resting egg production. The present study was particularly 

addressed to the question if the availability of single, potentially essential, amino acids is able 

to adjust the timing of resting egg production. Here we show, that a shift from density induced 

resting egg production to ongoing parthenogenesis in Daphnia pulex can be triggered by the 

presence of a single amino acid, arginine. As almost nothing is known about the influence of 

essential amino acids on Daphnia reproduction we were additionally able to show for the first 

time that histidine and a mixture of ten amino acids increased numbers of subitaneous 

offspring.  
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Introduction 

The production of resting stages is an important life history trait of many invertebrates, 

enabling them the survival of periods of unfavourable environmental conditions such as low 

temperature, increased predation, desiccation or starvation (e.g. Slusarczyk 1995; Alekseev 

and Lampert 2001; Schwartz and Hebert 1987). Additionally they facilitate dispersal from 

restrictive habitats (Panov et al. 2004; Louette and De Meester 2005), such as aquatic 

ecosystems. Thus, the production of resting stages significantly affects population dynamics 

and food web interactions of many invertebrates. 

Cladocerans of the genus Daphnia are key species in aquatic ecosystems, which control algae 

growth and serve as important food source for planktivorous fish species. The life cycle of 

most Daphnia sp. is characterized by cyclical parthenogenesis, whereby asexual 

(parthenogenetic) reproduction alternates periodically with sexual reproduction. Thereby the 

production of resting stages (ephippia, including up to two resting eggs) is usually connected 

to sexual reproduction (e.g. Maynard Smith 1978). However, as in most other cyclical 

parthenogens (Maynard Smith 1978), some lines (clones) of Daphnia spp. lost sexuality by 

mutation and are able to produce resting eggs asexually (e.g. Innes and Hebert 1988; Innes et 

al. 2000; Omilian et al. 2006). In the field, Daphnia populations consist most of the time of 

parthenogenetic females reproducing via subitaneously developing eggs. The production of 

resting stages (ephippia) is restricted to short time periods and initiated by deteriorating 

environmental conditions.  

Environmental cues known to induce resting egg production in Daphnia are a high population 

density (‘crowding’), day length (photoperiod), food deprivation, or infochemicals indicating 

fish predation (Stross and Hill 1965; Kleiven et al. 1992; Slusarczyk 1995; Alekseev and 

Lampert 2001; LaMontagne and McCauley 2001). In spite of decades of research on the 

induction of resting egg production in Daphnia, there is a lack of information about the 

interaction between inducing environmental conditions for resting egg production and 
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environmental conditions which support growth and reproduction, particularly the quality of 

food. The importance of considering effects of food quality for Daphnia resting egg 

production, is given by the high requirements of specific nutrients for resting egg production 

(Abrusán et al. 2007; Alekseev et al. 2008). Recently, it was shown that there is a strong 

interaction between food quality and resting egg production under high individual densities 

(crowding) (Koch et al. 2008, Chapter 2).  

In contrast to its impact on Daphnia resting egg production, effects of food quality on the 

parthenogenetic part of life cycle of Daphnia have been studied extensively. Generally, it is 

accepted that growth and parthenogenetic fecundity of Daphnia is impaired by a dietary 

deficiency in phosphorus (Sterner and Elser 2002), polyunsaturated fatty acids (Müller-

Navarra et al. 2000; Von Elert 2002) and/or sterols (Martin-Creuzburg et al. 2005, 2008).  

However, until now the importance of dietary amino acids for Daphnia growth and 

parthenogenetic reproduction have not been considered. Some studies on copepods suggest 

the importance of dietary amino acids on the development of subitaneous eggs (Kleppel et al. 

1998; Guisande et al. 1999). This lack of information may depend on the assumption that 

Nitrogen (N) is not the main limiting nutrient in freshwater ecosystems (Anderson et al. 

2004). Indeed, in terrestrial and marine environments, where N is assumed to be the most 

limiting nutrient, also large consumer - prey imbalances were reported for essential amino 

acids (Anderson et al. 2004). Despite of a mostly non-limiting N supply in freshwater 

ecosystems, essential amino acids, which can not be produced by the animal itself, may also 

be limiting. In concurrence with other animals amino acids in crustacea are required for a 

multitude of different physiological processes, e.g. for muscle generation, the synthesis of 

enzymes and peptide hormones, as precursors for neurotransmitters, and for vitellogenesis 

(Harrison 1990; Lafont 2000). Evidences for amino acid limitation in cyclical parthenogens 

and its impact on life history are shown in studies on aphids (e.g. Dixon et al. 1993; Simpson 

et al. 1995) 
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Previously, we have demonstrated that under conditions of crowding dietary proteins affected 

the reproductive mode of Daphnia, i.e. resting egg production was suppressed by protein 

supplementation (Koch et al. 2008, Chapter 2). Due to its ecological relevance, there is an 

urgent need to identify the specific components underlying these observed effects. The 

previous results  raise the question if the observed effects are mediated by single amino acids, 

which are the structural building blocks of proteins. In supplementation experiments with ten, 

amino acids, presumably essential for Daphnia, we tested the hypothesis that single amino 

acids have the potential to control the switch between subitaneous and resting egg production 

of Daphnia.  

The present study was based on a system described previously (Koch et al. 2008, Chapter 2), 

using crowding conditions as inductor of resting egg production in D. pulex, and two different 

algae as different food qualities: Feeding on the green algae Scenedesmus obliquus led to a 

high investment in resting egg production in crowded D. pulex, whereas crowded D. pulex 

feeding on the flagellate Cryptomonas sp. reproduced exclusively subitaneously. The present 

study followed the aim to elucidate the previous found effect, and specify potential nutritional 

constrains in Daphnia in the switch between reproductive modes. 

 

 

Material and Methods 

Algae cultures   

Two pure algae treatments were used as references for the supplementation experiments: 

Cryptomonas sp. and Scenedesmus obliquus. The green alga Scenedesmus obliquus 

(‘Stammsammlung für Algen’, Göttingen, Germany, SAG 276 –3a) was grown in semi-

continuous culture in the ‘Cyano medium’ (Jüttner et al. 1983) at 20 °C (dilution  

0.25 d-1, illumination 146 µmol quanta s-1m-2) and the flagellate Cryptomonas sp. (SAG 

28.80) in semi-continuous culture (dilution 0.25 d-1) in WC medium with vitamins (Guillard 
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1975). Potential effects of vitamins, essential for the growth of Cryptomonas sp., on ephippia 

production of Daphnia have been previously tested by adding them to Daphnia medium, 

while the animals fed on S. obliquus, grown in Cyano medium. No changes in ephippia and 

subitaneous neonate production due to the addition of vitamins to S. obliquus were found 

(Koch unpublished data).  

 

Experimental animals   

We used an obligate parthenogenetic Daphnia pulex clone characterized by a naturally high 

allocation to ephippia production, inducible with crowding conditions of 35-50  

individuals L-1. The low density at which ephippia production in such clones is started renders 

them particularly suitable for experiments on food quality effects and for Daphnia resting egg 

production because food competition and individual obstruction should be low. Besides 

crowding, all other known stimuli for resting egg production were excluded, i.e. food 

limitation, fish kairomones or changes in photoperiod. All experiments and pre-cultures were 

conducted under continuous dim light and 20 °C in a climate chamber. The selected Daphnia 

pulex clone was cultured for many generations under well-controlled laboratory growth 

conditions. The pre-experimental daphnids were maintained under saturating food conditions 

(S. obliquus, 2 mg C L-1) and constant densities for at least two generations to reduce  

maternal effects. Only female offspring from the third clutch, collected within 12 h after birth, 

were used in the experiments. 

 

Experimental set-up   

All experiments lasted 16 days and were run with saturating food concentrations (2 mg C L-1) 

in jars, each filled with 200 ml filtered (0.45 µm membrane cartridge, Sartorius) lake water, 

under continuous dim light at 20 °C. All treatments were run in 4 replicates. Each replicate 

contained ten animals to simulate crowding conditions and to induce ephippia production. 

 39



3 – Amino acids control the switch between reproductive modes 
 

During the experiment Daphnia were able to produce in maximum three subitaneous or two 

ephippial broods, respectively. The animals were transferred into fresh medium (food 

suspension) daily, whereby released ephippia and neonates were counted. Ephippia are 

released while molting, usually 4 days after last reproduction, whereas subitaneous 

reproduction could occur every second day. Allocation to resting egg production was 

measured as number of released ephippia. Allocation of subitaneous reproduction was 

measured as the total number of released neonates. 

 

Supplementation of amino acids  

We used the green alga S. obliquus as the sole food source in the supplementation 

experiments. Amino acids (AA) were added as a solution in ultra-pure water. The amino acids 

stock solutions were stored frozen in sterile tubes. We provided the following ten amino acids 

(essential L-amino acid kit LAA1, Sigma), known to be essential for vertebrates and 

presumably also for crustaceans (Cowey and Forster 1971; Peters and Bernardi 1987): 

arginine (arg), histidine (his), isoleucine (ile), leucine (leu), lysine (lys), methionine (met), 

phenylalanine (phe), threonine (thr), tryptophane (try), valine (val).  

In the first experimental set we supplemented a mixture of all ten amino acids to S. obliquus 

at a concentration of 25 µM per amino acid, and tested for potential effects on crowding 

induced ephippia production and subitaneous fecundity. Threshold levels for ephippia 

production were assessed by using different concentrations of the ten amino acid mixture (25, 

12.5, 6.25, 3.125 and 0 µM per amino acid).  

In a second experimental set the amino acids were tested separately in a concentration of 25 

µM per amino acid. An additional experimental set was designed with the most effective 

amino acids (arginine and histidine), which we selected and tested at two different 

concentrations (25 and 50 µM) separately and in combination.  
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For all experiments the population growth rates (r) were estimated iteratively using the Euler-

Lotka equation:  

rx
xx

n

0x
eml1 −

=
∑=  

with age (x), specific survival probabilities (lx) and fecundities (mx). lx was determined as 

relative mortality rate for each day during the experiments.  

 

Analysis of particulate combined amino acids  

For the analysis of particulate combined amino acids, ca. 1 mg particulate organic carbon 

(POC) of each Cryptomonas sp. and S. obliquus were concentrated on precombusted GF/F 

filters (Whatman, 25 mm) and stored frozen at –80 °C until analysis. Prior to analysis the 

samples were hydrolyzed with 6 M HCl at 155 °C for 1 h and neutralized with 6 M NaOH. 

Filtered aliquots were derivatized with o-phtaldialdehyde (OPA) and analyzed with a high 

performance liquid chromatography (HPLC, HP1000, Agilent) system with a fluorescence 

detector (Grossart et al. 2007). The absolute amounts of POC were measured using an NCS-

2500 analyzer (Thermo-Quest GmbH) as described in  Martin-Creuzburg et al. (2008).  

 

Statistical analyses  

For statistical analyses we summed the number of produced ephippia and neonates, 

respectively. One-way analyses of variance (ANOVA) with post hoc comparisons (Tukey’s 

HSD) were used for the first experimental test with amino acid addition. A simple regression 

was used to analyze dose-response effects of the amino acids mixture on ephippia production 

and subitaneous reproduction. Pair-wise comparisons using one-way ANOVAs were used to 

compare the single amino acid treatments to S. obliquus and Cryptomonas sp. treatments. 

Dose response effects of the two most effective amino acids (arginine and histidine) were 
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analyzed using multiple regressions between the concentration of both amino acids and 

ephippia production or numbers of neonates, respectively. 

 

Results 

Amino acid composition of food sources  

The two food sources S. obliquus and Cryptomonas sp. differed considerably in their total 

amino acid content. The content of methionine was 8-fold higher in Cryptomonas sp. 

compared to Scenedesmus obliquus. All other measured amino acids were increased by a 

factor of 2 – 3 in Cryptomonas sp. (Tab. 1). 

 

Tab. 1 Amino acid composition of Cryptomonas sp. and Scenedesmus obliquus. Data are 

expressed in µmol mg C-1 (± SD, n = 3). For abbreviations of amino acids see methods. 

 

 Cryptomonas sp. Scenedesmus obliquus 
 

Mean  
[µmol mg C-1] SD Mean  

[µmol mg C-1] SD 

His 0.574 0.072 0.211 0.021 

Arg/Cit 0.709 0.087 0.252 0.021 

Thr 0.711 0.095 0.306 0.028 

Met 0.723 0.078 0.309 0.025 

Val 0.788 0.088 0.186 0.009 

Phe 0.641 0.113 0.073 0.005 

Ile 1.078 0.130 0.498 0.026 

Leu 0.748 0.084 0.366 0.023 

Sum 0.932 0.117 0.391 0.016 

 

 

 

 

 

 

 

 

 

Ephippia production and population growth  

Supplementation of  the S. obliquus food suspension with a mixture of ten potentially 

essential amino acids (25 µM of each amino acid) inhibited ephippia production and 

accordingly increased the production of subitaneous offspring (Tukey’s HSD, p < 0.05, 
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following ANOVA p < 0.001: for ephippia production, F2,9 = 39.5; for subitaneous offspring, 

F2,9 = 32.8; Fig. 1 a). It should be noted that the number of produced ephippia and the number 

of subitaneously produced offspring are interdependent traits and could not be separated in 

our experimental set-up. The production of resting eggs is more time-consuming than the 

production of subitaneously developing offspring, mothers producing resting eggs in our 

experiments could not produce subitaneous offspring during the developmental time of the 

ephippium.  

 
Fig. 1 Effects of a mixture of ten amino

acids (25 µM of each amino acid, AA)

supplemented to a Scenedesmus

obliquus (Scen) food suspension on

ephippia production and subitaneous

reproduction (neonates) of Daphnia

pulex. Cryptomonas sp. (Crypto) was

used as a reference. Data indicate the

cumulative number of ephippia and

neonates produced within 16 days.

Significant differences are labeled with

different letters (Tukey’s HSD, p <

0.05 following ANOVA).  
 

 

 

To assess threshold levels of amino acids at which ephippia production is suppressed, the 

mixture of ten amino acids was added to S. obliquus in a dose-dependent manner. The data 

revealed that ephippia production decreased with increasing amounts of added amino acids 

whereas numbers of subitaneously produced offspring increased (Fig. 2 a). Significant results 

were obtained for both, cumulative numbers of ephippia produced and of subitaneous 

offspring (neonates) in a dose-dependent manner (simple regression between amino acid 

concentration and sum of ephippia or neonates; F1,18 = 5.7; p < 0.05 for ephippia production 
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and F1,18 = 39.05, p < 0.001 for numbers of subitaneous offspring). The threshold level for 

ephippia production in this experiment equaled 6.25 µM per single amino acid and no 

ephippia were produced in concentrations above the threshold. Above the threshold level, the 

number of subitaneous offspring produced continued to increase with increasing amino acid 

concentrations (Fig. 2 a). Population growth rates showed a saturation function with a large 

incremental increase, due to the decreasing number of mothers switching to ephippia 

production and to the continually increasing numbers of neonates.  

 

 

Fig. 2 Concentration

dependent effects on

reproduction in Daphnia

pulex using a mixture of ten

amino acids (µM AA-1)

added to the Scenedesmus

obliquus food suspension.

Data indicate the cumulative

number of ephippia and

neonates produced within 16

days (a) and the population

growth rates r (b). 
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To examine whether the observed effects on the reproductive mode and subitaneous 

reproduction were due to single amino acids, we added each of the ten amino acids in separate 

treatments. Among all tested amino acids, arginine and histidine were the most effective ones 

in reducing ephippia production and increasing neonate numbers (Fig. 3). Pair wise 

comparisons using one-way ANOVAs of the single amino acid treatments with the pure S. 

obliquus treatment revealed significant effects for both amino acids (F1,6 = 6.5, p < 0.05 for 

ephippia production and F1,6 = 7.6, p < 0.05 for subitaneous neonate production in the 

arginine treatment; F1,6 = 11.8, p < 0.05, for ephippia production and F1,6 = 15.9, p < 0.05 for 

subitaneous neonate production in the histidine treatment).   

 

 

 

 

 
Fig. 3 Effects of single amino acids (concentration 25 µM) added to the S. obliquus

(Scen) food suspension (see methods for abbreviations of amino acids). Arrows

point to the most effective amino acids. Data indicate the cumulative number of

ephippia and neonates produced within 16 days. 
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To assess the potential of arginine and histidine in triggering a shift from induced resting egg 

production towards parthenogenesis and improving fecundity of D. pulex, S. obliquus was 

supplemented with different concentrations of the respective amino acids, either separately or 

in combination. Statistical analysis using multiple regressions between the added arginine and 

histidine concentrations (0, 25 and 50 µM) and numbers of ephippia or neonates produced 

revealed a significant effect on ephippia production for arginine but not for histidine (p < 

0.001; histidine: p = 0.2; Fig. 4 a). Production of subitaneous offspring was affected 

significantly by both amino acids (p < 0.001; Fig. 4 b). Highest numbers of subitaneous 

offspring in the supplementation experiments were obtained when arginine and histidine were 

supplemented in combination. Effects of amino acids on subitaneous reproduction were 

reflected in population growth rates (Fig. 4 c). 

 

Discussion 

Ephippia production in Daphnia is initiated by environmental cues, such as crowding, 

photoperiod or food deprivation. In natural ecosystems Daphnia experiences a multitude of 

environmental conditions simultaneously and such environmental factors which impart 

deteriorating conditions for growth to Daphnia, as crowding, may occur contemporaneously 

with conditions supporting growth and reproduction. In this case the animals have to balance 

their investment in either resting egg production or ongoing subitaneous reproduction. We 

tested here the interaction between a very high food quality and a high population density, 

whereby the latter is known to be an important cue for induction of resting egg production 

(Stross and Hill 1965; Kleiven et al. 1992; Lürling et al. 2003), but the first, the quality of 

food, is known to highly impact subitaneous reproduction and somatic growth (Müller- 

Navarra 2000; Sterner and Elser 2002; Von Elert 2002; Martin-Creuzburg 2005, 2008). This 

scenario can be assumed to be important in nature, as it was shown that Daphnia produces 

resting stages often at highest population densities, which occur usually just after the peak of 
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the spring algae bloom, where food quality is usually high (c.p. Sommer 1985; Wacker and 

Von Elert 2001; Jankowski and Straile 2001; Cáceres 1998) 

 

 

 

The supplementation experiments revealed that 

affects strongly the production of resting eggs in D

Thereby an increased amino acid supply led to a d

production. This dose dependent effect was partic

were supplemented to the food source S. obliquus.

 

Fig. 4 Dose-dependent effects of

supplemented arginine (arg) and

histidine (his) to S. obliquus (Scen)

on ephippia production, subitaneous

offspring (neonates) and population

growth rate (r). Data indicate the

cumulative number of ephippia and

neonates produced within 16 days.

Cryptomonas sp. (Crypto) was used

as a reference. 
 

the availability of essential amino acids 

. pulex under crowding conditions. 

ecrease in mothers switching to resting egg 

ularly observed when arginine or histidine 

 Arginine, however, was more effective in 
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reducing crowding induced ephippia production than histidine. An additive effect was 

observed, when arginine and histidine were added simultaneously. This additive effect was 

characterized by a more pronounced decrease in ephippia producing mothers as well as an 

increase in subitaneous offspring produced, compared to the treatments when arginine and 

histidine were supplemented in separate treatments to S. obliquus. 

An positive effect on numbers of subitaneous offspring could be demonstrated when a 

mixture of all ten amino acids was supplemented to S. obliquus in different concentrations. At 

a threshold level of 6.25 µM per single amino acid, and above this concentration, none of the 

mothers reproduced with ephippia and all reproduced subitaneously. Generally numbers of 

subitaneous neonates increased in the presence of increasing amino acid concentrations, what 

corresponded with increasing population growth rates. At concentrations below the threshold 

level, i.e. where ephippia production occurred, this effect, was mainly caused by the decrease 

in ephippia producing mothers. At concentrations above the threshold-level, however, when 

all mothers reproduced parthenogenetically and no ephippia production occurred the addition 

of amino acids also increased numbers of subitaneously produced offspring. This indicates 

that the availability of amino constrains even subitaneous reproduction of Daphnia, and 

suggests that besides dietary phosphorus and nitrogen (Sterner and Elser 2002), fatty acids 

(Müller-Navarra et al. 2000; Von Elert 2002) and sterols (Von Elert et al. 2003; Martin-

Creuzburg et al. 2005, 2008), also amino acids are able to constrain Daphnia food quality. A 

potential importance of such a nutritional constraint is shown by the differences in the amino 

acid content of planktonic algae, a major food source of Daphnia (Tab. 1; see also Ahlgren et 

al. 1992, 2003). The protein content of Daphnia species ranges between 29 – 78 % of dry 

weight (Peters and De Bernardi 1987), therefore it is likely that dietary amino acids can also 

determine the quality of Daphnia food sources, besides the well studied nutrients phosphorus, 

fatty acids and sterols (Müller-Navarra et al. 2000; Sterner and Elser 2002; Martin-Creuzburg 

et al. 2005, 2008). As nitrogen as mineral is mostly not the main limiting nutrient in 
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freshwater ecosystems, such a constraint can be assumed by the specific availability of 

essential amino acids from the algae food (e.g. Anderson et al. 2004). Studies considering 

essential amino acids as food quality determinants for zooplankton are scarce. It is assumed 

that amino acids, which are essential for vertebrates, are also essential for Daphnia and other 

crustacea (e.g. Peters and De Bernardi 1987; Guisande 1999). Gardener and Miller (1981) 

demonstrated that the free amino acid pool of D. magna was dominated by histidine, alanine, 

arginine, and glutamic acid. The total amino acid content, however, was not dominated by a 

single amino acid (Gardener and Miller 1981). Supporting our suggestion that besides other 

biochemicals also amino acids are important nutrients in zooplankton, a study with the 

calanoid copepod Acartia tonsa (Kleppel et al. 1998) revealed a correlation between the 

content of specific amino acids in different algal food sources with (subitaneous) egg 

production. Generally, amino acids in crustaceans are required for a multitude of different 

physiological processes, e.g. muscle generation, for synthesis of enzymes and peptide 

hormones, as precursors for neurotransmitters, for embryogenesis and vitellogenesis (e.g. 

Harrison 1990; Lafont 2000; Rosa et al. 2005; Rosa and Nunes 2005). However, most 

information about the role and function of amino acids in crustacea, exist for marine species. 

In the present freshwater study we showed that differences in the dietary amino acid content 

of planktonic algae (Cryptomonas sp. and Scenedesmus obliquus) can affect the reproductive 

mode of Daphnia pulex. Daphnids fed with Cryptomonas sp., which contains high amounts of 

amino acids reproduced subitaneously even under crowding conditions, whereas in daphnids 

fed with S. obliquus food, which is characterized by a lower amino acid content, crowding led 

to a high investment in resting egg production. The experimental assessed threshold levels 

demonstrated a dose-dependent reaction of crowded Daphnia to amino acid 

supplementations. Thus, in the field, amino acids might be involved in controlling the optimal 

timing of resting egg production in this keystone herbivore. However, there were some 

differences in the threshold between the arginine-histidine experiment and the treatment 
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wherein a mixture of ten amino acids was supplemented to S. obliquus. It might be that one or 

more of the other added amino acids can be converted by the daphnids into arginine, what 

would explain the lower threshold for arginine in the mixture experiment. Another possible 

explanations is that in this case synergistic effect occur. 

The results of the supplementation experiments demonstrated that the added dissolved free 

amino acids were available to Daphnia. Thus, it can be assumed that dissolved free amino 

acids are taken up by Daphnia directly from the surrounding water. However, the added 

amino acids may also be ingested attached to algal surfaces or via uptake of algal cells. The 

first assumption is supported by a study, conducted with Artemia fransiscana nauplii 

(Tonheim et al. 2000) demonstrating that the addition of dissolved free methionine to culture 

water increased the animals’ methionine content, suggesting that small crustaceans are able to 

take-up dissolved free amino acids from the surrounding water. The same authors also 

showed that supplementation with methionine-containing liposomes improved the 

provisioning of A. salina with the same amino acid, indicating that particle-bound amino 

acids can more easily be assimilated. We have also used liposomes in a preliminary 

experiment to provide D. pulex with amino acids (Koch unpublished data), but a direct 

addition of dissolved free amino acids was even more effective, rendering the use of 

liposomes unnecessary. Another study (Kamjunke and Tittel 2008) showed that Scenedesmus 

sp. is able to take up the amino acid leucine from the water. Most presumably is a combined 

uptake of the amino acids by the experimental Daphnia, directly from the water and with the 

algae cells.  

Another possibility for explaining our result that specific amino acids suppressed the 

induction of resting egg production under crowding conditions is, that these specific dissolved 

free amino acids act as infochemicals, which trigger the switch between reproductive modes. 

Dissolved free amino acids are released into the water column as photosynthetic extracellular 

products particularly during the early phase of the spring algae bloom (Rosenstock and Simon 

 50



3 – Amino acids control the switch between reproductive modes 

2001) when Daphnia populations are establishing. In a study conducted in Lake Constance  a 

high food quality for Daphnia during algae spring bloom was detected (Wacker and Von Elert 

2001). The high food quality is presumably due to a high share of cryptophytes, such as 

Cryptomonas sp., in the spring phytoplankton (Sommer 1985). During the clear water phase, 

when daphnids (D. galeata) start the formation of ephippia (Jankowski and Straile 2004), 

more protein-bound amino acids occur in the water column (Rosenstock and Simon 2001). 

Both above mentioned studies were conducted in the same ecosystem, in Lake Constance. 

Possibly amino acids are released while Daphnia graze on high quality algae, as cryptophytes, 

which are rich not only in fatty acids, but also in amino acids, convey Daphnia the 

information of favorable condition for growth, despite of a crowded population. It has been 

shown previously for aquatic invertebrates, that dissolved free amino acids can act as 

infochemicals. A study on the marine ciliate Favella sp. (Strom et al. 2007), revealed that 

specific dissolved free amino acids cause feeding inhibition. In the marine copepods 

Erythemora herdmani and Arcatia hudsonica, swarming and feeding are induced by a mixture 

of 18 amino acids (Poulet and Ouellet 1982). In addition to dissolved free amino acids, small 

proteins or peptides may also act as infochemicals, although they may act more as inductors 

for resting egg production and sexual reproduction. Sexual reproduction of cyclical 

parthenogenetic rotifers is initiated through a chemical signal consisting of a small protein, 

which they produce and that accumulates to threshold levels at high population densities 

(Snell et al. 2006). Similarly, daphnids are known to react to conditions of crowding which 

are assumed to be mediated by a so far unknown chemical cue (Berg et al. 2001; Lürling et al. 

2003). Hence, it is possible that even specific amino acids act as infochemicals for Daphnia. 

An ongoing population growth under high food quality conditions, would lead to a higher 

population density when resting egg production is started. A decrease in the amino acid 

availability might start ephippia production, when food quality and quantity decreases. The 

resulting higher population density would lead to higher mating rates and more resting eggs 
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produced for the next season. Thus, the production of resting eggs would be delayed through 

the presence of specific amino acids, particularly arginine, which serve as controller for the 

optimal timing of the start of resting egg production.. 

Our data suggest that the population growth rate, which is a common proxy for fitness, of the 

aquatic key herbivore Daphnia can be influenced by two factors linked to the availability of 

amino acids: 1.) the number of females switching to resting egg production, which is 

mediated specifically by the availability of arginine, 2.) the number of neonates produced by a 

single parthenogenetic female can be enhanced by an increasing availability of essential 

amino acids, in particular histidine.  

In conclusion, the present study indicates the importance of amino acids in the trophic carbon 

transfer in freshwater ecosystems, as they can impact the most variable part of the food chain, 

the plant-herbivore interface. As trigger for a shift between reproductive modes, amino acids 

might be particularly important for the long-term persistence and population dynamics of the 

key-stone herbivore Daphnia. 

 

 

Acknowledgement. We thank Cathleen Koppe for analyzing amino acids samples; Christine 

Gebauer, Petra Merkel, Silvia Ballert, Cornelia Kolb, Frederick von Netzer for technical and 

experimental assistance. Karl-Otto Rothhaupt and Sonja Raub provided valuable comments 

on an earlier draft of this manuscript. The project was partially funded by the ‘Umwelt und 

Wohnen’ foundation, the Leibniz foundation and University of Constance. 

 

 

 

 

 

 52



4 – Impact of dietary amino acids in green algae 

 

 

 

Chapter 4 

 

 

Differences in the amino acid content of four green algae and their 

impact on the reproductive mode of Daphnia pulex. 

 

 

Ulrike Koch, Dominik Martin-Creuzburg, Hans-Peter Grossart, Dietmar Straile

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 53



4 – Impact of dietary amino acids in green algae 
 

Abstract 

Resting egg production in Daphnia (Crustacea: Cladocera) was recently shown to be 

influenced by the quality of food: the flagellate Cryptomonas sp. and the green alga 

Scenedesmus obliquus, fed as mono-algal cultures, caused in a previous study high 

differences in crowding induced production of resting eggs in two Daphnia species. These 

differences were expressed by the occurrence of resting egg production only on Scenedesmus 

obliquus food, whereas on Cryptomonas sp. food ongoing parthenogenesis led to high 

numbers of subitaneous offspring. The same effect, ongoing parthenogenesis under crowding 

conditions, could be caused by the presence of single dietary amino acids, particularly 

arginine and histidine, in supplementation experiments.  

The present study was conducted to evaluate how differences in the availability of dietary 

amino acids in edible green algae affect life history and resting egg production of Daphnia 

pulex. D. pulex was fed alternatively with Ankistrodesmus falcatus, Chlamydomonas 

klinobasis, Chlorella vulgaris and Scenedesmus obliquus, all of them frequently used as food 

in Daphnia life history experiments. Resting egg production, subitaneous reproduction, 

population growth rates, and juvenile somatic growth rates were determined under crowding 

conditions and related to the content of potentially essential amino acids in the algae food. In 

general, D. pulex fed a diet low in amino acids, showed a high investment in resting egg 

production, whereas D. pulex fed a diet high in amino acids showed a low investment in 

resting egg production and more individuals reproduced subitaneously. The number of 

subitaneously produced neonates was positively correlated with the amino acid content of the 

algae. Ephippia production was correlated only with the dietary provisioning of histidine. Our 

results support the previous suggestion that the availability of dietary amino acids is an 

important food quality constraint, which significantly affects the life history of the keystone 

herbivore Daphnia. 

 

 54



4 – Impact of dietary amino acids in green algae 

Introduction 

Cladocerans of the genus Daphnia are non-selective filter-feeders and thus particularly 

sensitive to changes in the biochemical composition of their food. Primarily, Daphnia feeds 

on phytoplankton; a food source which is subject to high seasonal changes, not only in 

quantity, but also in quality, due to the succession of species (Sommer 1985). It was shown 

that phytoplankton species differ in their biochemical composition and accordingly also in 

their quality as food for Daphnia (e.g. Ahlgren et al. 1990; Ahlgren et al. 1992; Von Elert 

2002; Martin-Creuzburg et al. 2008). Differences in the food quality of single algae or lake 

seston for Daphnia have been related to C:P and C:N ratios (e.g. Sterner and Elser 2002), to 

polyunsaturated fatty acids (e.g. Ahlgren et al. 1990; Wacker and Von Elert 2001; Müller-

Navarra et al. 2000; Von Elert 2002; Kainz et al. 2004) and to sterols (Martin-Creuzburg et al. 

2005, 2008). However, potential effects of amino acids on the performance of Daphnia were 

up to now largely neglected. Moreover, food quality research has almost exclusively focused 

on parthenogenetic reproduction of Daphnia, therewith neglecting the production of resting 

stages, another important life history trait of Daphnia. Daphnia is a cyclical parthenogenetic 

animal, switching seasonally between asexual and sexual reproduction, whereby the 

production of resting eggs is usually combined with the sexual part of their life cycle (e.g. 

Maynard Smith 1978). The resting stages of Daphnia sp. consist of one or two resting eggs, 

encased in a robust chitin structure, the ephippium. Within the ephippium, the resting eggs 

stay viable throughout several decades (Hairston et al. 1999; Hairston and Kearns 2002). The 

ephippium protects the included resting eggs against harsh environmental conditions, such as 

desiccation and freezing (e.g. Schwartz and Hebert 1987), and permits dispersal from 

restricted habitats, e.g. by air transport, in the gut of fishes or in the plumage of birds (c. p. 

Louette and De Meester 2005; Alekseev et al. 2007). The production of resting eggs in 

Daphnia is initiated by specific environmental cues, which indicate deteriorating conditions 

for growth and survival. Known cues are e.g. a high population density (‘crowding’), a 
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specific day length (photoperiod), food deprivation or infochemicals indicating fish predation 

(e.g. Stross and Hill 1965; Kleiven et al. 1992; Slusarczyk 1995; Alekseev and Lampert 

2001). In the last decades, the induction of resting egg production as well as effects of food 

quality on growth and parthenogenetic reproduction of Daphnia were intensively 

investigated. In contrast, food quality effects on resting egg production and associated life 

history consequences have been considered only recently (Abrusán et al.2007; Koch et al. 

2008, Chapter 2). 

Previously (Koch et al. 2008, Chapter 2 and 3), we provided evidence that amino acids impact 

life history traits of Daphnia, in particular the production of resting eggs. We found that 

crowded Daphnia feeding on high amounts of either of the flagellate Cryptomonas sp. or the 

green alga Scenedesmus obliquus produced resting eggs only on S. obliquus, whereas on 

Cryptomonas sp. food all animals produced high amounts of subitaneous offspring.We could 

show that the observed effects on the reproductive mode of Daphnia are due to the 

provisioning with dietary proteins, rather than to the provisioning with dietary lipids (Koch et 

al. 2008, Chapter 2). Continuative studies revealed that crowding induced ephippia production 

is suppressed by supplementation of S. obliquus with single specific amino acids, namely 

arginine and histidine, suggesting that these amino acids were also present in the unspecific 

protein supplement used before (Koch et al. 2008; Chapter 2 and 3). In the present study, we 

compared the amino acid composition of S. obliquus with that of three other green algae, 

Ankistrodesmus falcatus, Chlamydomonas klinobasis, Chlorella vulgaris, all frequently used 

in Daphnia experiments. The goal of the study was, to assess whether the amino acid 

composition of S. obliquus is a characteristic feature of green algae in general, or whether 

potential differences in the amino acid composition affects the reproductive mode of Daphnia 

pulex under crowding conditions.  

 

 56



4 – Impact of dietary amino acids in green algae 

Material and Methods 

Experimental animals  

We used an obligate parthenogenetic Daphnia pulex clone, which is characterized by a 

naturally high allocation to ephippia production, inducible with slight crowding conditions 

(35-50 individuals L-1). This clone was used previously (Koch et al. 2008, Chapter 2 and 3). 

The low density under which ephippia production is started, makes this and similar clones 

particularly suitable for experiments on food quality effects on Daphnia resting egg 

production, because food competition and individual obstruction is low. Besides crowding, all 

other known stimuli for resting egg production were excluded, i.e. strong food limitation, fish 

kairomones or changes in photoperiod. The used D. pulex clone was cultured for many 

generations under well-controlled laboratory growth conditions. To reduce maternal effects 

the pre-experimental daphnids were maintained under saturating food conditions 

(Scenedesmus obliquus, 2 mg C L-1), constant densities and continuous dim light for at least 

two generations. 

  

Algal cultures  

All algae were grown in semi-continuous cultures in WC medium with vitamins (Guillard 

1975) with a dilution of 0.2 d-1, at 20°C, and illumination at 120 µmol quanta s-1 m-2. We used 

the following four green algae, all of them frequently used as standard food in Daphnia 

experiments: Scenedesmus obliquus (Stammsammlung für Algen, Göttingen, Germany, SAG 

276 –3a); Chlorella vulgaris (Algae Cultures Collection of the Limnological Institute 

Constance); Ankistrodesmus falcatus (SAG 202-2); Chlamydomonas klinobasis (SAG 11-

18a). 
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The experiments  

Experiments on ephippia production lasted 16 days and were conducted under saturating food 

concentrations (2 mg C L-1) in jars, filled with 200 ml of filtered lake water (0.45 µm 

membrane cartridge, Sartorius), and under continuous dim light in a 20 °C climate room. A 

density of ten animals simulated crowding conditions and was known from previous 

experiments to induce ephippia production. All treatments were run in 4 replicates. As 

experimental animals we used synchronized third-clutch neonates collected within 16 h. The 

animals were transferred daily into fresh medium (food suspension), whereby released 

ephippia and neonates were counted. During the experiment, Daphnia were able to produce in 

maximum three subitaneous or two ephippial broods, respectively. Allocation to resting egg  

production was measured as number of released ephippia. Allocation to subitaneous eggs was 

measured as total number of released neonates. Ephippia are released while moulting, usually 

4 days after last reproduction. 

Population growth rates (r) were estimated iteratively from numbers of subitaneous neonates 

using the Euler-Lotka equation:  

rx
xx

n

0x
eml1 −

=
∑=  

with age (x) specific survival probabilities (lx) and fecundities (mx). lx was determined as 

relative mortality rate for each day during the experiments. 

Juvenile somatic growth rates (g) were estimated from separate experiments, started at the 

same date as the ephippia production experiments, with the same set-up as described above, 

but finished on day six. At the end of the experiment all animals of a replicate jar were 

carefully washed with deionisated water and transferred to pre-weighed aluminium boats, 

dried overnight at 50 °C, weighed on an electronic microbalance (Mettler UMT 2) and 

recorded to the nearest 0.1µg. Initial dry weight at day zero was estimated from a sub-sample 
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of 15 newborn animals. Individual dry masses were calculated as mean values. Juvenile 

somatic growth rates (g) were calculated using the equation:  

g = [ln(Wt) – ln (W0)] t-1   

where W0 is the individual dry mass at the beginning of the experiment and Wt  is the 

individual dry mass at the end of the experiment, after the experimental time t.  

 

 Amino acid analysis  

We analysed the content of the following 13 amino acids: aspargine (asp), glutamine (glu), 

histidine (his), serine (ser), arginine/citrulline (arg/cit), glycine (gly), threonine (thr), alanine 

(ala), tyroxine (tyr), methionine (met), valine (val), phenylalanine (phe), isoleucine (ile), 

leucine (leu). For amino acid analysis, 3 (for A. falcatus only 2) replicates of approximately 1 

mg particulate organic carbon (POC) of each algae (S. obliquus, A. falcatus, C. klinobasis and 

C. vulgaris) were concentrated separately on pre-combusted glass fibre filters (Whatman 

GF/F) and stored frozen at –80 °C until analysis. Prior to analysis the samples were 

hydrolysed with 6 M HCl at 155 °C for 1h and neutralized with 6 M NaOH. Filtered aliquots 

were derivatized with o-phtaldialdehyde (OPA) and analysed with a high performance liquid 

chromatography (HPLC) system with a fluorescence detector (according to Grossart et al. 

2007). Arginine/citrulline could not be divided from each other with the used method and 

analysing-system. In the results amino acids measurements were therefore given as: (a) total 

amino acid content, in the meaning of the sum of all measured amino acids in our study (b) 

content of arginine/citrulline (c) content of sum of arginine/citrulline and histidine (d) content 

of histidine. The absolute amount of POC was estimated using an NCS-2500 analyser 

(Thermo-Quest GMBH).  
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Statistical analyses 

For statistical analyses we summed numbers of produced ephippia and neonates, respectively. 

Data were analysed using one-way analysis of variances (ANOVA) with post hoc 

comparisons (Tukey’s HSD). Homogeneity of variances were tested using Cochran and 

Bartletts test. To analyse potential correlations between the algal content of specific amino 

acids and reproductive parameters of Daphnia we conducted Spearman rank order 

correlations on the means of amino acid measurements and means of experimental replicates. 

Spearman rank order correlation between neonate numbers or ephippia produced, 

respectively, and the amino acid content of the algae were conducted separately for the 

following data: sum of all measured amino acids, arginine/citrulline and histidine as single 

amino acids and sum of both. 

 

Results  

Amino acid analyses  

The four green algae, Ankistrodesmus falcatus, Chlamydomonas klinobasis, Chlorella 

vulgaris and Scenedesmus obliquus differed significantly in their amino acid contents: the 

summed (total) amino acid content was lowest for S. obliquus, highest for C. klinobasis, and 

intermediary for A. falcatus and C. vulgaris (Tukey’s HSD, p < 0.05, following one-way 

ANOVA, F3,7 = 115.32; p < 0.001; Tab.1, Fig. 1 a). The arginine/citrulline content decreased 

in the order C. klinobasis, C. vulgaris, A. falcatus, S. obliquus (Tukey’s HSD, p < 0.05, 

following one-way ANOVA, F3,7 = 79.26; p < 0.001; Tab. 1, Fig. 1 b). Moreover, S. obliquus 

had a comparatively low histidine content, whereas the histidine content of C. klinobasis was 

significantly higher compared to all others (Tukey’s HSD, p < 0.05, following one-way 

ANOVA, F3,7 = 25.58; p < 0.001; Fig. 1 d). In the sum of arginine/citrulline and histidine, C. 

klinobasis showed highest contents compared to the other tested algae, and S. obliquus the 
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lowest content (Tukey’s HSD, p < 0.05, following one-way ANOVA, F3,7 = 57.84; p < 0.001; 

Fig. 1 c). 

 

 

Tab 1: Amino acid content of the four green algae used to feed Daphnia pulex. For 

abbreviations of amino acids please see methods.  

 

 

 Chlamydomonas 
klinobasis 

Ankistrodesmus 
falcatus 

Chlorella  
vulgaris 

Scenedesmus 
obliquus 

 Mean 
[µmol 
mgC-1] 

SD 
Mean 
[µmol 
mgC-1] 

SD 
Mean 
[µmol 
mgC-1] 

SD 
Mean 
[µmol 
mgC-1] 

SD 

Asp 1.418 ±0.059 0.840 ±0.043 0.759 ±0.145 0.535 ±0.055 

Glu 1.966 ±0.073 1.128 ±0.061 1.260 ±0.074 0.904 ±0.089 

His 1.299 ±0.096 0.790 ±0.015 0.681 ±0.228 0.330 ± 0.068 

Ser 0.874 ±0.097 0.192 ±0.118 0.105 ±0.018 0.192 ±0.027 

Arg/Cit 1.190 ±0.063 0.844 ±0.051 1.130 ±0.060 0.556 ±0.048 

Gly 2.694 ±0.142 1.969 ±0.105 2.076 ±0.118 1.464 ±0.178 

Thr 1.263 ±0.053 0.831 ±0.012 0.954 ±0.057 0.699 ±0.056 

Ala 2.002 ±0.048 1.168 ±0.118 1.334 ±0.119 1.089 ±0.086 

Tyr 0.451 ±0.037 0.290 ±0.005 0.391 ±0.008 0.181 ±0.034 

Met 0.048 ±0.006 0.320 ±0.073 0.431 ±0.046 0.079 ±0.023 

Val 0.682 ±0.039 0.349 ±0.034 0.447 ±0.061 0.371 ±0.025 

Phe 0.814 ±0.022 0.500 ±0.025 0.596 ±0.054 0.494 ±0.051 

Ile 0.575 ±0.025 0.628 ±0.028 0.402 ±0.054 0.337 ±0.028 

Leu 1.146 0.054 0.628 0.076 0.798 0.096 0.670 0.061 

Sum 16.422 0.466 10.150 0.374 11.366 0.598 7.901 0.721 
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Fig. 1 Amino acid content of green algae used to feed D. pulex, sum of all

measured amino acids (see Tab.1) (a), arginine/citrulline (b), arginine/citrulline

+ histidine (c), histidine (d). Significant differences are labelled with different

letters (Tukey’s HSD, p < 0.05 following ANOVA).  

 

 

 

 

Growth rates and ephippia production 

Significant differences between the single algae food treatments were detected in all measured 

parameters, e.g. juvenile (somatic) growth rate, population growth rate, ephippia production 

and subitaneous reproduction. It should be noted that the number of produced ephippia and 

the number of subitaneously produced offspring (neonates) are interdependent traits and 

cannot be separated from each other in our experimental set-up, as the production of resting 
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eggs is more time-consuming than the production of subitaneously developing offspring and 

each experimental mother producing a resting egg could not produce subitaneous offspring 

during the developmental time of the ephippium.  

Juvenile somatic growth rates were higher on C. klinobasis and C. vulgaris compared to S. 

obliquus and A. falcatus (Tukey’s HSD, p < 0.05, following one-way ANOVA, F3,12 = 83.86; 

p < 0.001; Fig 2 a). 

 

 

 

 

 

 

 

 

Fig. 2 Growth and reproduction of D. pulex fed with different green algae under

crowding conditions. Data indicate juvenile somatic growth rates g (a), population

growth rates r (c), subitaneous reproduction (b), and ephippia production (d).

Numbers of ephippia and subitaneous neonates are shown cumulative over the

experimental time of 16 days. Significant differences are labelled with different

letters (Tukey’s HSD, p < 0.05 following ANOVA). 
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On all food sources ephippia were produced. Significant differences were detected in the 

cumulative number of produced ephippia between algal species: S. obliquus as food source 

caused significantly higher investment in ephippia production and accordingly a lower 

number of subitaneously offspring produced in D. pulex than the other green algae. (Tukey’s 

HSD, p < 0.05, following one-way ANOVA, F3,12 =11.32 for ephippia production, and F3,12 = 

14.17 for numbers of subitaneous neonates; p < 0.001; Fig 2 b). 

We calculated the population growth rates of D. pulex from numbers of neonates and thus 

they represent only subitaneous reproduction. In the S. obliquus treatment D. pulex showed 

significantly lower population growth rates compared to the C. vulgaris and C. klinobasis 

treatments (Tukey’s HSD, p < 0.05, following one-way ANOVA, F3,11 = 7.31; p < 0.001; Fig 

2 c). The population growth rates of D. pulex feeding on A. falcatus and S. obliquus did not 

differ (p = 0.14).  

Over the experimental time ephippia production and the number of subitaneously offspring 

produced differed between treatments (Fig. 3): in the first brood, daphnids fed with C. 

klinobasis, C. vulgaris and S. obliquus predominantly produced ephippia. In the second and 

third brood, daphnids fed with C. klinobasis and C. vulgaris reduced their investment in 

ephippia production and increased their investment in subitaneous reproduction. In the A. 

falcatus treatment ephippia production in D. pulex started later (day 11 and 12) and increased 

on day 15 and 16. Daphnia feeding on S. obliquus continued investment in resting egg 

production, shown by a high second peak. As most animals produced ephippia, numbers of 

subitaneous offspring produced on S. obliquus were marginal during the whole experiment. 

Subitaneous offspring in the A. falcatus, C. klinobasis and the C. vulgaris treatments showed 

two to three peaks, remarking two to three parthenogenetic broods. D. pulex produced in three 

parthenogenetic broods high numbers of neonates on C. klinobasis. On A. falcatus food, 

subitaneous reproduction was delayed, resulting in only two subitaneous broods and a lower 

number of total neonates.  
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Correlation between reproduction and amino acid content

A significant positive correlation was found for numbers o

the total amino acid content of the algae (sum of 

 

Fig. 3 Reproduction over time, 

ephippia production ( and 

dotted line), numbers of 

subitaneous offspring (● and solid 

line). (a) Chlamydomonas 

klinobasis, (b) Ankistrodesmus 

falcatus, (c) Chlorella vulgaris, 

(d) Scenedesmus obliquus.  
 of algae 

f neonates in all four tests, i.e. with: 

all measured amino acids), sum 
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arginine/citrulline + histidine, arginine/citrulline, histidine. Ephippia production, however, 

correlated significantly negatively only with the histidine content (Tab. 2, Fig. 4).  

 

Tab. 2 Results of spearman rank order correlations between the two reproductive parameter, 

numbers of subitaneous offspring and ephippia production, and the content of specific amino 

acids in the food of Daphnia pulex. * remark significant correlations. 

 

 Content of amino acids vs.  
number of subitaneous offspring Spearman R p 

Arginine 0.703353 < 0.05 * 

histidine 0.679100 < 0.05 * 

Arginine + histidine 0.703353 < 0.05 * 

Sum of all measured amino acids 0.703353 < 0.05 * 

Content of amino acids vs.  
number of  ephippia   

Arginine -0.425691 > 0.1 

Histidine -0.595968 < 0.05 * 

Arginine + histidine -0.425691 > 0.1 

Sum of all measured amino acids -0.425691 > 0.1 

 

 

 

 

 

 

 

 

 

 

Discussion 

Despite of decades of research on, either the induction of resting egg production, or the role of 

food quality in subitaneous growth and reproduction in the freshwater herbivore Daphnia, 

there is a lack of studies combining both, i.e. which investigated the role of food quality in the 

induction of resting egg production of Daphnia. The nutritional inadequacy of algae for 

Daphnia can be due to morphological properties, toxicity and/or to the lack of essential 

biochemicals (e.g. Arnold 1971; Ahlgren et al. 1990, 1992; Müller-Navarra et al. 2000; Von 

Elert 2002;  Martin-Creuzburg et al. 2005, 2008). Previously, we demonstrated that the 

reproductive strategy of D. pulex under crowding conditions, fed either with the flagellate 
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Cryptomonas sp. or with the green alga Scenedesmus obliquus, depended highly on the food 

source: when fed with Cryptomonas sp. the daphnids reproduced parthenogenetically via 

subitaneous eggs, but strongly invested in resting egg production when fed with S. obliquus 

(Koch et al. 2008, Chapter 2). Continuative studies revealed that single, presumably essential  

amino acids, particularly arginine and histidine, are able to trigger the switch between 

reproductive modes (Koch et al. 2008, Chapter 3). In the present study we tested on D. pulex 

whether the effect found on S. obliquus food, i.e. a high investment in resting egg production 

under crowding conditions, is a general effect of green algae. However, we found that under 

the same crowding conditions and high food quantities, frequencies of ephippia produced 

differed between the provided food source. In all food treatments, A. falcatus, C. klinobasis, 

C. vulgaris and  S. obliquus, D. pulex produced ephippia, but resting egg production was 

highest in the S. obliquus treatment. According to the high percentage of ephippia producing 

animals during the whole experimental time, numbers of subitaneous produced offspring were 

very low in the S. obliquus treatment. On C. klinobasis, C. vulgaris and A. falcatus 

investment in resting egg production was generally lower and showed only one high peak in 

the first adult instar. The late start of reproduction and the low juvenile somatic growth rate 

found on A. falcatus might be due to morphological characteristics of the alga. S. obliquus, C. 

klinobasis and C. vulgaris are small (cells < 10 µm in diameter; Arnold 1971) mostly single-

celled algae, which  can easily be ingested by D. pulex. A. falcatus, however, is of a larger 

size (crescent-shaped, 2.5 x 40-50 µm, Arnold 1971) and may possess mechanical 

interference with the filtering process of D. pulex, particularly for the small juveniles in the 

first days of the experiments. However, Arnold (1971) reported Ankistodemus sp. as a good 

quality food source which is well ingested and assimilated by adult D. pulex, causing high 

survival and reproduction. 
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68
Fig. 4 Means of  the two reproductive parameters ephippia production and

cumulative numbers of subitaneous developing offspring in Daphnia pulex in

dependency of the content of specific amino acids in the green algae. * remark

significant spearman rank order correlation (see also Tab. 2). 
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We therefore assume that the lower juvenile growth rate of D. pulex fed with A. falcatus and 

the delay in reproduction is due to morphological properties rather than to its biochemical 

composition. Indeed, A. falcatus, showed a significantly higher total amino acid content, 

arginine/citrulline and histidine content than S. obliquus. 

For S. obliquus, C. klinobasis and C. vulgaris, which were all well ingestible, even for the 

juveniles, our data suggest that the obtained differences in the investment in resting egg 

production are mainly due to differences in amino acid composition of the green algae, 

particularly to arginine and histidine. C. klinobasis was comparatively high in its total amino 

acids content (Fig 1 a), including arginine/citrulline and histidine (Fig 1 b, c, d). According to 

our hypothesis, that a high content of arginine leads to a lower number of mothers switching 

to resting egg production under crowding conditions, and a high over-all content of 

potentially essential amino acids enhances somatic growth and numbers of subitaneous 

offspring (Koch et al. 2008, Chapter 3), Daphnia feeding on C. klinobasis showed high 

population growth rates due to a low number of mothers switching to resting egg production 

and high numbers of subitaneous offspring. Even juvenile somatic growth rates were on C. 

klinobasis higher than to S. obliquus. As we were previously able to show that even numbers 

of subitaneous offspring can be enhanced by the availability of amino acids (Koch et al. 2008, 

Chapter 3), the high numbers of subitaneous offspring on a C. klinobasis diet can be assumed 

to be, at least in part, caused by the high amino acid availability. Although the content of all 

measured amino acids, as well as the sum of arginine/citrulline and histidine, in A. falcatus 

and C. vulgaris was lower compared to C. klinobasis, ephippia production in all three 

treatments was in the same dimension. Possibly this finding can be explained by the fact that 

we were methodically not able not separate arginine from citrulline, which proportion might 

differ between the algae, disguising the real arginine content. The use of a more precise 

method might lead to more detailed results.  
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However, S. obliquus was remarkably lower in the total amino acid content, as well as content 

of arginine/citrulline and histidine, compared to the other green algae tested (Fig. 1). We 

suggest that this low content in, presumably essential, amino acids and particularly in arginine 

and histidine, which were shown to suppress the crowding induced switch to resting egg 

production in Daphnia under crowding conditions (Koch et al. 2008, Chapter 3), is 

responsible for the high reproductive investment in resting egg production in this treatment, 

and accordingly for the low numbers of subitaneous offspring.  

Despite of the low number of data, Spearman rank order correlation revealed for numbers of 

neonates and the amino acid content of the food algae significances in all tests, i.e. sum of all 

measured amino acids, sum of arginine/citrulline and histidine, as well as arginine and 

histidine as separates. In our experimental design, total numbers of neonates produced are 

mainly influenced by numbers of mothers reproducing subitaneously and therefore high 

neonate numbers indicate accordingly low allocation in resting egg production. Therefore, it 

can be concluded that investment in ephippia production is influenced by the amino acid 

content of the food algae. However, for direct measurement of ephippia production only a 

significant correlation with histidine was found. Possibly a greater number of green algae 

would lead to more valid correlations. 

We only used algae of the same taxonomic group, the green algae, what implies another 

experimental advantage, which is due to biochemical composition of the algae: Green algae, 

at least the used species do not differ marginally in their fatty acid content and composition 

(Ahlgren et al.1990), what makes it easier to study only the effects of amino acids and 

distinguish them from potential effects of fatty acids. Growth and subitaneous reproduction in 

Daphnia is often reported to be constraint by the availability of polyunsaturated fatty acids 

(PUFAs) and/or sterols (e.g. Müller-Navarra et al. 2000; Von Elert 2002; Martin-Creuzburg et 

al. 2005, 2008). In a previous study (Koch et al. 2008) we used Cryptomonas sp. and S. 

obliquus as food sources, which were shown to differ in their amino acid content, but are also 
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known to differ in their fatty acid composition (e.g. Ahlgren 1990). Nevertheless, all green 

algae tested here were used often and successfully in Daphnia experiments and are known to 

support growth and reproduction, even when used as sole food (see references in Koch et al. 

2008, ESM Literature research, Chapter 2; and e.g. Sterner 1993, Lampert and Trubetskova 

1996). It needs further research to get more information about how both food quality 

constraints, i.e. fatty acids and amino acids, are related to each other. However, it was shown 

that proteins are more important to suppress crowding induced resting egg production and to 

support subitaneous reproduction as lipids (Koch et al. 2008, Chapter 2). The juvenile somatic 

growth rate, which is often used as a proxy for fitness of Daphnia, and the population growth 

rate, usually calculated using the Euler-Lotka equation, are reported to correlate well 

(Lampert and Trubetskova 1996). However, this correlation is only found, when resting egg 

production is excluded, as resting eggs are an investment in future and do not increase recent 

population density (Koch et al. 2008, Chapter 2; see also Capter 3 and 5). Thus the population 

growth rates in our experiments do only reflect subitaneous reproduction and the low 

population growth rate on S. obliquus should not be interpreted as a low fitness. 

It can be concluded that the investment of crowded D. pulex in resting egg production 

depends on the food source and that amino acids play an important role in triggering the 

reproductive mode. The present study supports the results of previous studies (Koch et al. 

2008, Chapter 2 and 3) and emphasizes the role of amino acids in Daphnia food. We show 

that even algae of the same taxonomic group, the green algae, caused differences in amounts 

of ephippia produced by D. pulex. However, the previously found difference between the 

flagellate Cryptomonas sp. and S. obliquus were more pronounced, than the differences 

between single green algae. This might be an evidence that differences in the amino acid 

content between taxonomic groups are still more pronounced than differences between single 

alga of the same taxonomic group. Due to the succession of phytoplankton (Sommer 1985) 

 71



4 – Impact of dietary amino acids in green algae 
 

differences in the amino acid content of algae groups and species can be assumed to impact 

the reproductive mode of Daphnia in nature. 

Trophic interactions between the keystone herbivore Daphnia and its algal prey significantly 

affect the carbon transfer in freshwater food webs, as the autotrophy - herbivore interface is 

the most variable part of the food chain. Here we demonstrate evidences for a new aspect of 

food quality effects on the Daphnia-algae interface, the shift between reproductive modes, 

caused by the availability of amino acids.  
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Abstract 

Life history traits, especially the population growth rate and reproductive investment are often 

used for assessment of organisms fitness. However, in a seasonally changing environment, 

particularly when populations are intermittent, organisms fitness depends also on other 

characteristics, e.g. the production of resting stages. The relative fitness of Daphnia 

(Crustacea: Anomopoda: Cladocera) clones is often inferred from differences between, either 

population growth rates, estimated by the use of the Euler-Lotka equation, or between 

juvenile somatic growth rates. Nevertheless, the persistence of Daphnia populations often 

depends on the production of resting stages, particularly when populations are intermittent. 

Since the production of resting eggs in cyclical parthenogenetic Daphnia clones is combined 

with sexual reproduction and recombination, clonal investment in resting egg production is an 

important fitness factor for these animals.  

In this study we compare five clones of Daphnia galeata from an intermittent great lake 

population, which were known to differ partly in their juvenile somatic growth rates, in a set 

of long-term and short-term experiments on population growth and dynamics, with particular 

respect to resting egg production. The clones showed differences in all measured life history 

traits, i.e. juvenile somatic growth rates, population growth rates, investment in resting egg 

production and long-term populations dynamics. However fitness assessed by one life history 

trait, did not predict fitness assessed by another life history trait in most cases. Particularly, 

when the production of resting eggs is included in fitness estimation, due to a trade-off 

between both reproductive modes, we found strong differences between fitness estimated by 

population growth rate and fitness estimated by resting egg production as proxy for long-term 

persistence. Hence, for clones differing strongly in ephippia production, juvenile growth rate 

may be a good predictor for population growth and reproductive investment, but not for 

population persistence. 
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Introduction 

Since Darwin (1859, 1871) fitness is a fundamental ecological and evolutionary concept. 

Although the assessment of fitness is obviously important, a practical definition of fitness 

seems not easily to obtain and is highly dependent on the context (Stearns 1992; Brommer 

2000; Brommer et al. 2002, and citations therein). Individual or genotype fitness is most 

accurately described by the extent to which an individual’s genes are represented in future 

(Brommer 2002). An important tool to assess fitness is the investigation of life history traits, 

whereby particularly life-history traits, which allow a direct interpretation regarding fitness 

are considered, e.g. population growth and reproductive investment (Stearns 1992). However, 

the assessment of overall fitness by only one single life history trait is presumably biased, as 

several life history traits face each other in trade-off situations (Stearns 1992; Brommer 

2002). Thus an approach on organisms fitness might be better when it includes the whole life-

time and as many life history traits as possible (Brommer 2002, citations therein).  

Daphnia (Crustacea: Cladocera) is a keystone herbivore, that often dominates the zooplankton 

community in lake ecosystems and develops large populations via subitaneous 

parthenogenetic reproduction. As a cyclical parthenogen organism, Daphnia combines the 

advantages of asexual and sexual reproduction, which are mainly a fast population growth and 

recombination (Maynard Smith 1978), both important fitness parameters (Stearns 1992).  

Due to their parthenogenetic reproduction Daphnia is a clonal organism and fitness is usually 

assessed for the clone and not for the individual. An additional difference to obligate sexual 

organisms is that population growth and sexual reproduction can be distinguished.  

The relative fitness of Daphnia clones in the laboratory is often measured by the life history 

traits population growth rate or juvenile somatic growth rate (e.g. Stearns 1992; Lampert and 

Trubetskova 1996). Thereby the juvenile somatic growth rate (g), which shows how effective 

energy can be metabolised into body mass, is often used as a proxy for the population growth 

rate (r) (Lampert and Trubetskova 1996). These parameters reflect typically subitaneous or 
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parthenogenetic fitness of Daphnia clones in periods of exponential growth. However, due to 

the seasonally changing environment in the habitat clonal and population fitness particularly 

depends on long term dynamics and persistence of the population. Not only in temporary 

pools (Innes 1997; Innes and Singleton 2000), but also in great lakes the production of resting 

eggs is often essential for species survival under harsh environmental conditions, and thus an 

important and critical fitness parameter for Daphnia species (e.g. Hairston et al. 1999, 2001; 

Hairston and Kearns 2002; Jankowski and Straile 2004). Hence, resting egg production 

should be taken into account for fitness measures of Daphnia clones. Some earlier studies 

discussed differences in allocation to sexual reproduction and resulting clonal fitness in 

Daphnia, Innes and Singleton (2000) estimated fitness of Daphnia clones “as number of 

diapausing eggs that each clone has contributed to the end of the season either as male or as 

female parent” and Korpelainen (1987) measured reproductive fitness of Daphnia clones as 

intensity of reproduction, including both sexual and asexual eggs.  

The resting stages of Daphnia consist of one or two resting eggs encased into a robust 

ephippium, wherein they stay viable dormant for several decades (e.g. Hairston et al. 1999). 

Protecting the enclosed resting eggs against dryness, freezing and gut passages of fishes 

Daphnia ephippia are additionally important stages for dispersal (e.g. Panov et al. 2004; 

Louette and De Meester 2005; Alekseev et al. 2007). Sexual reproduction and resting egg 

production in Daphnia is only initiated when environmental conditions deteriorate, indicated 

through stimuli as changes in photoperiod, high population densities, decrease of food 

quantities or predator kairomones (Stross and Hill 1965; Hobæk and Larsson 1990; Kleiven et 

al. 1992; Slusarczyk 1995). Recombination in Daphnia leads to lake populations consisting of 

many genotypes (clones), which differ in their life history and compete intra-specifically (e.g. 

Lynch 1983; Korpelainen 1986 a; Hebert et al. 1988; Dudycha and Tessier 1999; Innes and 

Singleton 2000; Antunes et al. 2003; Tessier and Cáceres 2004; Wolinska and Lively 2008). 

The life history of single clones is influenced by environmental conditions and genotypes 
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characteristics, which interact with each other (Deng 1996). Consequently, clones of the same 

Daphnia species were shown to differ in their reaction to crowding conditions, temperature, 

low food or photoperiod (Carvalho and Hughes 1983; Korpelainen 1986 b; Yampolsky 1992; 

Epp 1996; Innes and Singleton 2000; Fitzsimmons and Innes 2006; Wolinska and Lively 

2008).  

The balance between both reproductive modes, resting egg production and subitaneous 

reproduction, may decide on the reproductive success of a genotype: if too few individuals of 

a population switch to sexuality, they might not be successful in mating. Additionally the risk 

of loss of fertilized resting eggs through sinking or passive transport in non-aquatic 

environments is high (e.g. Jankowski 2002). On the other hand, high energy allocation in 

costly resting egg production and sexuality may lead to lower parthenogenetic reproduction 

and intrinsic population growth. Although, sexual reproduction, resting egg production and 

the estimation of fitness were under strong investigation, there is a lack of information on how 

fitness parameters as juvenile growth rates and population growth rates correlate with resting 

egg production how resting egg production impacts population growth.  

This study deals with the interaction between single life history traits and potential trade-offs 

using clones of Daphnia galeata from an intermittent great lake population. For a set of five 

D. galeata clones whose juvenile somatic growth rates have been measured previously, we 

conducted a set of long-term and short-term experiments. Therein we evaluated the life 

history traits juvenile somatic growth, population growth rates, investment in resting egg 

production, as well as clonal population dynamics. Two specific fitness parameters, the 

population growth rates and investment in resting egg production, were estimated from both, 

long-term and standardized short-term experiments, with the goal to compare the results of 

the different methods. We compared the outcomes of these experiments with population 

dynamics in a microcosm system. A main question addressed by the present study was 
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whether differences in juvenile somatic growth rates or population growth rates in Daphnia 

can be used to make conclusions about clonal fitness over large time scales.  

 

Material and Methods 

The study site 

In the chosen ecosystem, the large and deep European pre-alpine Lake Constance (47° 39’ N, 

9° 18’ E), Daphnia galeata is known to build intermittent populations, which are unable to 

survive winter conditions and recruit each year newly from ephippia (Jankowski 2002; 

Jankowski and Straile 2004). D. galeata in Lake Constance hatches in early spring, reaches 

highest abundances in early summer and start ephippia production between May and June 

before food quantities becomes strongly limiting and population densities decrease during 

clear-water phase (Jankowski and Straile 2004).  

 

Experimental animals 

We compared five clones of D. galeata (named A, D, E, F and O) from Lake Constance 

established from ephippia laid during the same time period. Therefore the ephippia were 

isolated from the surface layers of a datable sediment core sampled in 220 m depth, which 

remarked the time period between 2000-2002. From previous experiments (Koch unpublished 

data) it was known that the used clones differed partly in their juvenile somatic growth rates. 

All clonal strains were kept in the laboratory for many generations. Before use in the 

experiments daphnids of all clones were synchronized and for at least two generations pre-

cultured under experimental conditions, i.e. 20 °C and continuous dim light. Culture medium 

for all experiments and pre-cultures was filtered lake water (0.45µm membrane cartridge, 

Sartorius). The pre-cultures started with generation 0, consisting of well fed egg bearing 

mothers, isolated in jars (10-20 animals each) filled with 1 liter filtered lake water. After 24h 
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the newborns were removed into fresh jars. From this first generation only synchronous 

newborns from the third brood were used for further culturing. Third brood individuals from 

at least the second generation of each clone were used in the experiments in order to diminish 

maternal effects.  

 

Cultures of food algae 

As food source for all experiments and the pre-cultures Scenedesmus obliquus at a 

concentration of 1 mg carbon per litre (1mg C L-1) suspended in the daphnids medium was 

used. The green alga S. obliquus (Stammsammlung für Algen, Göttingen, Germany,  

SAG 276–3 a) was grown in batch cultures with Cyano medium (Jüttner et al.1983) at 20°C 

and an illumination of 146 µmol quanta s-1 m-2. 

 

Long-term population growth experiment 

The long-term experiments on clonal population dynamics lasted 56 days (8 weeks) and were 

conducted in microcosms (1.5 liter jars, Fa. Weck; Germany) filled with 1.3 liter of filtered 

lake water. On the beginning 5 well fed, 6 days old, egg bearing females were introduced in 

each jar. Each clone was run in 4 replicates, except clone D, in which very low numbers of 

neonates enabled the start of only two jars. Food suspension (1 mg C L-1 S. obliquus) was 

added daily. Once per week animals were transferred into fresh culture medium (filtered lake 

water) and thereby numbers of individuals and released ephippia were counted. Individuals 

were optically divided into “juveniles” (white, small, and without brood chamber) and adult 

females with brood chamber or ephippia. Males could this way not be differentiated from 

juveniles. 

For statistical analysis we extracted three key characteristics of the population development in 

the replicate jars: initial population growth; maximum densities and density at the end of the 

experiment. Initial population growth rates (r) were estimated as the slope of the regression 
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line of log-transformed densities versus time within the first three counts of the experiment 

(day 0-14).  Maximum densities were means of each clones peak-densities in the respective 

replicates. End-densities were means of each clones abundances of the last three counting 

dates (day 42, 49, 56). 

 

Short-term experiments 

Short-term experiments under standardized conditions were conducted for estimating juvenile 

somatic growth rates, population growth rates and ephippia production. The experiments 

determining juvenile somatic growth rates and ephippia production were conducted parallel to 

the long term experiment, the life table experiment was conducted separately. 

 

Juvenile growth rate 

The experiments were run in jars filled with 1 liter filtered lake water, containing 20 

juveniles. Replicate numbers depended on numbers of newborns and were as followed: A: 6; 

D: 3; E: 4; F: 6. Because of the very low numbers of newborns in clone O only one jar could 

be run. Medium and food suspension were renewed daily. At the end of the experiment on 

day six, all animals of a replicate jar were sampled, carefully washed with deionisated water, 

transferred to pre-weighed aluminium pans and dried overnight at 50 °C. Dry masses were 

estimated as mean values of all individuals weighed on an electronic microbalance (Mettler 

UMT 2) and recorded to the nearest 0.1µg. Initial dry weight at day zero was estimated from a 

sub-sample of 15 newborn animals from each clone. 

The juvenile somatic growth rate g was calculated using the equation   

 

g = [ln(Wt ) – ln (W0)] / t ,  
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wherein W0 is the dry mass at the beginning of the experiment and Wt is the dry mass after a 

growth period t of 6 days. 

 

Life table experiment and calculation of population growth rates 

The life table experiments were conducted using single individuals kept in 100 ml jars and fed 

daily by adding 1 mg C L-1 of S. obliquus. Medium was first changed on day 4, which was 

known to prevent high mortality in the first days after birth (Koch, unpublished data), and 

thereafter with each new brood, usually in an interval of two days, at least every third day.  

Age at reproduction was noted and numbers of neonates for the first three broods counted. 

The population growth rate r’ was calculated using the Euler – Lotka equation: 

rx
xx

n

0x
eml1 −

=
∑=  

, with age specific survival probabilities and fecundities, lx and mx.  

Only subitaneous reproducing females were included in the calculation. 

 

Standardized ephippia production 

In order to measure ephippia production of Daphnia clones under more standardized 

conditions than in the long-term experiments, we designed a short-term ephippia production 

experiment using equal densities and constant food conditions. The experiment lasted two 

weeks and was conducted in 100 ml jars including ten animals each. Ephippia production was 

induced with “crowding water” (e.g. Tessier and Cáceres 2004; Hobæk and Larsson 1990), 

consisting of water taken from high density cultures (>100 ind L-1) of the same Daphnia 

clone. From these “crowded” cultures every third day half of the medium (filtered lake water) 

was taken out, filtered through 30 µm gauze and used in the experiments. Afterwards the 

“crowded” cultures received the same volume of fresh medium back in order to refill the 

vessels. The ephippia production experiment was started with 4 day old juveniles. The culture 
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medium consisted of 50 % filtered lake water and 50 % “crowding-water” and was changed 

every third day. Newborn neonates were removed during change of medium. Number of 

replicates differed between 3 and 15 (Tab. 1). Released ephippia were counted and removed 

every third day, and summed afterwards over the experimental time. 

 

Statistical analyses 

Data were analyzed using one-way analyses of variance (ANOVA) with post hoc 

comparisons (Tukey’s HSD). Homogeneity of variances was tested using Cochran and 

Bartletts test. ANOVA on ranks (e.g. Conover and Iman 1981) was used in the short-term 

ephippia production experiment, because variances were not homogeneous. For comparison 

of ephippia production in long- and short-term experiments we used Spearman rank order 

correlations on means of non-transformed data for both experiments. Spearman rank order 

correlations using means were used for comparison of different growth rates. Fitness 

parameters estimated in the long term experiments were analysed by Spearman rank order 

correlation over all replicates.  

 

Clone 
Ephippia  
per  
individual 

SE 

N 
replicates 
with 
ephippia 
production

N 
replicates

O 1.774 0.215 5 5
A 0.111 0.044 7 15 
F 0.011 0.011 1 9 
D 0.000  0 6 
E 0.000  0 5 
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Tab. 1: Ephippia production

(ephippia ind-1) in the short-term

experiments measured as the

average ephippia production per

individual over 14 days

(experimental time). SE = standard

error.  
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Results 

Juvenile growth rate 

Juvenile growth rates differed between 0.25 d-1 (clone E) and 0.43 d-1 (Clone F). Clone F 

showed a significantly higher juvenile growth rate than all other clones (Tukey’s HSD, p < 

0.05, following one-way ANOVA, p < 0.001, F3,15 = 22.23; Fig. 1 a). Clone O was not 

included in statistics, as no replicates could be run.  

 

Long term population growth experiment 

All clonal populations in the microcosms started with a strong increase in abundances (initial 

population growth) culminating in a peak density on day 28 for clones D, E, F and O, for 

clone A on day 35. Afterwards, population densities decreased and showed no strong changes 

during the last three counting dates (Fig. 2 a). Replicates did not differ markedly, i.e. all 

clonal populations developed in a similar way. 

Differences between clones were detected in all phases of the experiment (Fig. 2 a). Clone F 

was characterized by the highest initial population growth rate (Tukey’s HSD, p < 0.05, 

following one-way ANOVA, p < 0.001, F4,13 = 19.69; Fig. 1 b; Tab. 2, mean-values) and 

developed the highest maximum density (Fig. 2 a and 3 b; Tab. 2). Tukey’s HSD on 

maximum densities showed significant differences between F and E, D, O, but not between F 

and A (Tukey’s HSD, p < 0.05, following one-way ANOVA, p < 0.001, F4,13 = 24.08; Fig. 3 

b). In the last period of the experiment, clone A showed highest end-densities (Tukey’s HSD, 

p < 0.05, following one-way ANOVA, p < 0.001, F4,13 = 8.13; Fig. 3 c; Tab. 2). 
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Fig. 1 Growth rates of five Daphnia

galeata clones in comparison: Initial

population growth rate r, estimated from

the long-term experiment (a); population

growth rate r’ estimated from a short-

term life table experiment using Euler-

Lotka equation (b); and juvenile somatic

growth rate g (c).  

 

 

Ephippia production 

First ephippia production occurred at day 21 (except clone O, which produced one ephippium 

at day 14) and was highest at maximum population densities (Fig. 2 a, b). No ephippia were 

produced by clone E. Clones F and D showed one peak at day 21 and thereafter numbers of 

released ephippia decreased rapidly (Fig. 2 b). Clone A produced more ephippia than clone F 

and D and ephippia production occurred over a longer time period (Fig. 2 b). However, by 

comparison of the summed total ephippia production in the long term experiment only clone 

O produced significantly more ephippia than all others (Tukey’s HSD, p < 0.05, following 
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one-way ANOVA, p < 0.001, F4,13 = 27.54; Fig. 3 a; Tab. 2). Clone O thereby continued 

producing ephippia in a high percentage of its population until the end of the experiment (Fig. 

2 b, Tab. 2).  

 

Distribution of the age classes 

All five clones started with high percentages of juveniles (Fig. 2 c). Differences between 

clones in percentage juveniles became apparent after population abundances started to decline 

and were most pronounced at the end of the experiment. During the last three counts (day 42, 

49, 56) clone E and A showed a significantly higher proportion of juveniles (Tukey’s HSD, p 

< 0.05, following one-way ANOVA, p < 0.001, F4,13 = 18.95) compared to the other clones. 

In clone D, F and O the proportion of juveniles decreased strongly after the peak population 

density and stayed low during the last weeks of the experiment. 

 

Correlation of single fitness parameter estimated from the long-term experiment. 

Spearman rank order correlation revealed some significant correlations between single fitness 

parameters estimated from the long term experiment (Tab. 3, significance levels and statistical 

information; Fig. 5). The initial population growth rate r correlated significantly with the 

maximum density (Fig. 5 a; Tab. 3). The maximum density correlated significantly with the 

density at peak of ephippia production (Fig. 5 d; Tab. 3) and density at peak of ephippia 

production was correlated with the initial population growth rates (Fig. 5 g; Tab. 3). End 

densities correlated significantly with either maximum density or density at peak ephippia 

production (Fig. 5 f, h; Tab. 3).  

 

Short-term experiments and correlation between short and long term experiments 

In the short-term ephippia production experiments clone O produced significantly more 

ephippia than all others (Tukey’s HSD, p < 0.05, following one-way ANOVA on ranks, p < 
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0.001, F4,35 = 13.78; Fig. 3 d; Tab. 1). Ephippia production in clones clone A and F was low, 

Clone E and D produced no ephippia (Tab. 1). Spearman rank order correlations on means of 

ephippia production per clone revealed a significant correlation between the long and the 

short term experiment (Spearman rank order correlations: p= 0.005,  Spearman R: 0.975). The 

calculation of population growth rates from life table experiments using Euler-Lotka equation 

showed that the population growth rates r’ differed significantly between single clones: Clone 

F (0.276 d-1) grew fastest and significantly faster than clone E and O, whereby clone O’s 

growth rate (0.173 d-1) was lowest (Tukey’s HSD, p < 0.05, following one-way ANOVA on 

ranks, p < 0.001, F4,19 = 8.71; Fig. 1 c). Spearman rank order correlations between the 

different growth rates showed a significant correlation only for population growth rate r and 

r’ calculated from long and short term experiments, respectively ( p < 0.05; Spearman R: 0.9, 

Fig. 4 a).  

 

 

 

 

 

 

 86



5 – Clonal fitness and differences in resting egg production 

 

D
ur

at
io

n 
of

 
ep

hi
pp

i a
pr

od
uc

tio
n 

(w
ee

k 
be

fo
re

 
co

un
tin

g 
da

te
) 

da
y 

21
- 4

9 
5 

w
ee

ks
 

da
y 

21
- 2

8 
2 

w
ee

ks
 

- da
y 

21
-3

5 
 3 

w
ee

ks
 

da
y 

14
-5

6 
 7 

w
ee

ks
 

SD
 

36
.7

 

17
.4

 

- 65
.1

 

10
7.

2 

D
en

si
ty

 
m

ax
im

um
 

ep
hi

pp
ia

 
pr

od
uc

tio
n 

(p
er

 
lit

er
) 

49
7.

9 

30
0.

0 

- 59
1.

9 

27
0.

4 

SD
 

72
.0

 

17
.4

 

- 65
.1

 

47
.9

 

D
en

si
ty

 
st

ar
t 

ep
hi

pp
ia

 
pr

od
uc

tio
n 

(p
er

 
lit

er
) 

31
2.

9 

30
0.

0 

- 59
1.

9 

10
4.

2 

SD
 

22
.4

 

0.
5 

0 11
.6

 

11
6.

2 

To
ta

l 
n 

ep
hi

pp
ia

 
pr

od
uc

ed
 

(p
er

 
lit

er
) 

25
.8

 

1.
2 

0 11
.3

 

35
0.

0 

SD
 

80
.6

 

5.
8 

81
.8

 

26
.2

 

12
.7

 

En
d 

de
ns

ity
 

(p
er

 
lit

er
) 

42
2.

1 

22
5.

4 

23
1.

2 

26
5.

8 

23
4.

4 

SD
 

50
.6

 

50
.0

 

71
.0

 

75
.5

 

97
.9

 

M
ax

im
um

 
de

ns
tiy

 
(p

er
 li

te
r)

 

56
9.

4 

33
7.

7 

29
3.

7 

68
4.

2 

27
0.

4 

SD
 

0.
01

 

0.
01

 

0.
01

 

0.
00

 

0.
01

 

In
iti

al
 

po
pu

la
tio

n 
gr

ow
th

 
ra

te
 

r 0.
20

9 

0.
20

3 

0.
19

9 

0.
23

6 

0.
19

2 

C
lo

ne
 

A
 

D
 

E F O
 

 
T

ab
. 2

 F
itn

es
s 

pa
ra

m
et

er
s 

es
tim

at
ed

 fr
om

 lo
ng

 te
rm

 e
xp

er
im

en
ts

: i
ni

tia
l p

op
ul

at
io

n 
gr

ow
th

 ra
te

 r
, m

ax
im

um
 d

en
si

tie
s 

(p
er

 li
te

r)
 a

nd

en
d-

de
ns

iti
es

. E
nd

 d
en

si
ty

 a
re

 m
ea

ns
 (p

er
 li

te
r)

 o
ve

r r
ep

lic
at

e 
m

ea
ns

 o
f t

he
 la

st
 th

re
e 

co
un

ts
 (d

ay
 4

2,
 4

9,
 5

6)
.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 87



5 – Clonal fitness and differences in resting egg production 
 

 

 

 

 

 

 

 88
Fig. 2: Population dynamics of

five D. galeata clones (A, D, E, F,

O) in the long term experiment

(56 days): (a) Means of

individual abundances; 4 (clone

D, 2) replicates ± SE. (b) Relative

ephippia production; data are

logarithms (LOG(X+0.001)) of

the proportion of total numbers of

individuals / numbers of released

ephippia per counting date; means

over 4 (clone D, 2) replicates ±

SE. The log-scale was used,

because of the high differences in

total amounts of ephippia

produced, particularly concerning

the differences to clone O. (c)

Proportion of juveniles (and/or

males) to adults. 
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Tab. 3: Spearman rank order correlations for single fitness parameters in the long term 

experiment. 

 

Fitness parameter correlated N Spearman R p-level 
Initial population growth rate r &  
Maximum density (Ind L-1) 18 0.722 < 0.001* 

Initial population growth rate r &  
End density (Ind L-1) 18 0.461 0.054 

Initial population growth rate r &  
Total n ephippia (L-1) 18 -0.180 0.474 

Maximum density (Ind L-1) &  
Total n ephippia (L-1) 18 -0.090 0.723 

Initial population growth rate r &  
Density peak ephippia (Ind L-1) 14 0.886 < 0.001* 

Maximum density (Ind L-1) &   
Density ephippia start (Ind L-1) 14 0.330 0.249 

Maximum density (Ind L-1) &   
Density peak ephippia (Ind L-1) 14 0.964 < 0.001* 

Total n ephippia (L-1) &  
Density peak ephippia (Ind L-1) 14 -0.270 0.350 

Total n ephippia (L-1) &  
Density ephippia start (Ind L-1) 14 -0.402 0.154 

Density peak ephippia (Ind L-1) & 
End density (Ind L-1) &  14 0.600 0.023 * 

End density (Ind L-1) &  
Maximum density (Ind L-1) 18 0.499 0.035 * 

 

 

Discussion 

We estimated fitness of Daphnia clones by the measurement of the life history traits 

population growth rates, juvenile somatic growth rates, long-term population dynamic and 

investment in resting egg production. Generally, an important question in estimating fitness is 

how effective energy can be assimilated from the food and metabolised into body mass, as the 

energy-uptake affects directly growth and reproduction. A proxy for these processes is given 

by the juvenile somatic growth rate g, a life history trait commonly used in studies on 

Daphnia, particularly on metabolism and nutritional constrains (e.g. Ahlgren et al. 1990; 

Urabe et al. 1997; Wacker and Von Elert 2001; Martin-Creuzburg et al. 2005; Koch et al. 

2008). Lampert and Trubetskova (1996) postulated, that the juvenile somatic growth rate g 

 89



5 – Clonal fitness and differences in resting egg production 
 

can be used as a proxy for population growth rates r since both were highly correlated. 

However, not much is known about potential correlations with clonal investment in resting 

egg production and long-term population characteristics. The juvenile somatic growth rate g 

in our experiment was highest for clone F, indicating a high effectiveness of energy up-take 

from food and thus a high fitness related to juvenile somatic growth rates. All other clones 

differed not significantly from each other, indicating for this specific fitness parameter similar 

fitness. The population growth rates r and r’, estimated from the long-term and short-term 

experiment, respectively, correlated significantly with each other, demonstrating that both 

estimations of population growth rates led to similar results. However, in our experiments no 

significant correlation was found between either g and r or g and r’. This result is caused by 

the comparatively high g but low r and r’ of  clone O, from which, however, only one value 

for g was available. We compared only five clones, thus further researches including more 

clones and replicates will allow a more clear conclusion in this case.  

Some earlier studies on resting egg production suggested that both reproductive modes should 

be included when estimating fitness of Daphnia clones (Korpelainen 1987; Innes and 

Singleton 2000; Berg at al. 2001). The long term experiment, demonstrating clonal population 

dynamics, offered the ability for the evaluation of additional life history characteristics, as 

maximum densities, timing of resting egg production and investment in resting eggs.  

A critical point in Daphnia life history is the timing of ephippia production, which in our 

experiment was associated with the peak abundances of the clone. The latter differed 

significantly between clones and ephippia production started a few days before maximum 

densities were reached. All clones started ephippia production nearly synchronically in the 

third week (counting days 14-21), but at different densities. 
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Fig. 3: (a, b, c) Comparison of 

the different fitness parameters 

extracted from the long-term 

experiment: (a) Cumulative 

ephippia production over the 

experimental time of 56 days. 

(b) Maximum densities. (c) End 

densities as means over the last 

three counts (day 42, 49, 56). (d) 

Cumulative ephippia production 

in the short-term experiment 

 

 

As we excluded photoperiod, by using continuous dim light, and changes in temperature, the 

inducing factor must have originated from the experimental environment. Thus crowding 

and/or food depression (e.g. Kleiven et al. 1992; La Montagne and McCauley 2001) can be 

assumed for induction of ephippia production in the long-term experiment. Both, the level of 

chemical cues released from conspecifics (e.g. Lürling et al. 2003) and the decrease in 

available food, depends on population density. Lynch (1983) found for a natural D. pulex 
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population that clones reacted with ephippia production only on their own clones highest 

abundances. It can be assumed that different genotypes react to different, clone-specific 

population densities with starting ephippia production. It was shown that crowding as single 

cue is able to induce ephippia production in Daphnia (Lürling et al. 2003; Fitzsimmons and 

Innes 2006). The synchronization of ephippia production found in the long term experiment 

for our experimental clones might be useful in nature to enhance genetic exchange between 

clones. Although the start of ephippia production was found to be synchronized, we found 

differences in the period of ephippia production and this seemed to be more important for the 

total number of ephippia produced than peak abundances. In clones A, D and F ephippia 

production was a short event, which started just before peak densities and stopped afterwards, 

when population density decreased. Another pattern was found in clone O, where ephippia 

producing continued, and in the last three counting dates about 30% (day 42), 49% (day 49) 

and 56 % (day 56) of the population had produced ephippia. Clone E did not produce any 

ephippia in our experiment. Possibly, inducing factors were slightly different for this 

genotype, have to be stronger, or the clone lost the ability to produce resting eggs.  

As only clone O produced one ephippium until day14, there was no (or hardly any) influence 

of mothers inversing in resting egg production on the estimated population growth rate r in 

the first three counting dates (0, 7, 14).  

The peak abundances (maximum densities) seemed to be driven by the initial population 

growth rates, whereby high growth rates coincided with high maximum densities and both 

parameters were correlated. Although the density at peak ephippia production was correlated 

with the initial population growth rate r, the total number of ephippia produced was neither 

correlated with the maximum density nor with the initial population growth rate, showing that 

the investment in ephippia production or the number of animals switching to resting egg  

production, respectively, is an independent fitness parameter and depends on the genotype. 
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This means that clones showing a high population growth rate, due to high numbers of 

subitaneous offspring must not be characterized by additional high investment in resting 

stages. Moreover, highest population densities did not cause highest numbers of ephippia 

produced. This trade-off was most pronounced between clone F, which was characterized by 

very high population growth rates, high maximum densities, but a low investment in resting 

eggs, and clone O, which showed lower population growth rates and a lower maximum 

density than clone F, but a very high overall investment in ephippia production.  

A high investment in subitaneous reproduction would be particularly adaptive under 

favourable environmental conditions over long time periods, whereas high investment in 

resting egg production should be more of advantage, when environmental conditions change 

fast.   

In the present study we concentrated only on resting egg production and were unable to count 

male production, which is another important reproductive parameter for long term persistence 

in cyclical parthenogen Daphnia lines. Indeed clonal differences were also shown for male 

production, whereby a high genotype specific allocation in males must not coincide with a 

high genotype specific proportion in ephippial females (Innes and Dunbrack 1993; Innes and 

Singleton 2000; Fitzsimmons and Innes 2006).  

In the short-term experiment on ephippia production we used crowding water from the same 

clone as inductor for the start of ephippia production. Such “crowded water” was utilized 

previously in diverse studies (e.g. Hobæk and Larsson 1990; Kleiven et al. 1992; Tessier and 

Cáceres 2004) and is known to induce sexual reproduction in Daphnia. As strong food 

shortness was excluded in the short-term experiment, only the crowding cue was assumed to 

induce ephippia production. 
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Fig. 4: Correlation analysis of

the various growth rates,

estimated in different

experimental set-ups, for 5

clones of D. galeata: Means of

juvenile somatic growth rates g

(dry weights, short term

experiment); initial population

growth rate r (long-term

experiment) and population

growth rate r’ (life table

experiment, Euler-Lotka

equation). “*“ Indicates

significant Spearman rank order

correlation (see also methods). 
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Fig. 4: Selected correlations of the fitness parameters in the long term experiment.

Significances ( * ) result from Spearman rank order correlations (see also methods

and Tab. 3). 
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Although ephippia production in the short-term experiment was overall not high (Tab. 1) the 

results from the short-term and the long-term experiment correlated significantly, i.e. the 

order of clones concerning to their allocation to ephippia production was the same in both 

experiments and the total number of ephippia produced decreased in the order O, A, F, D and 

E, whereby D only in the long term experiment produced ephippia.  

Two conclusions can be made from these findings, first, crowding is an important 

environmental cue for induction of ephippia production, what concurs with results of earlier 

studies (shown by Stross and Hill 1965; Innes and Singleton 2000; Berg et al. 2001; Lürling 

et al. 2003; Fitzsimmons and Innes 2006) and second, the use of “crowding water” in 

standardized short term experiments on induction of ephippia production leads to similar 

results as found in long term microcosm experiments, making this to an useful experimental 

set-up for such experiments. Additionally, the results of the short term experiments 

demonstrate that effects of food limitation occurring in the long term experiments did not 

change the rank order of the clonal investment in ephippia production, as this factor was 

excluded in the short term experiments.  

We used Daphnia galeata clones originating from ephippia sampled in Lake Constance, i.e. 

in an intermittent great lake population. Between spring and summer the natural D. galeata 

population in Lake Constance shows similar population dynamics as found in the long-term 

experiment, i.e. a strong increase in spring when available food quantities per animal are high, 

a maximum density and coinciding start of ephippia production, and afterwards, a decrease of 

the population density, due decreasing food supply per animal (c.p. Jankowski and Straile 

2004; Jankowski 2002; Sommer 1985). The long-term experiment mimics the situation in the 

lake, what possibly was driven by the availability of food. In the long-term experiment food 

was added daily, and thus food supply per individual was high in the beginning but decreased 

with increasing population density. However, in nature not only the quantity of food, but also 

its quality affects growth and reproduction (Müller-Navarra et al. 2000; Wacker and Von 
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Elert 2001; Sterner and Elser 2002), what was recently shown even for the production of 

resting eggs (Koch et al. 2008). Excluding environmental factors as temperature, photoperiod, 

inter-specific competition, predation and differences in food quality, the long term experiment 

revealed the differences between D. galeata clones as response only to the food quantity.  

The pronounced differences in all estimated life-history traits indicated high differences in 

fitness between the experimental clones of D. galeata. However, each genetic distinct 

characteristic of a life history trait is influenced in its expression and importance by the 

environmental conditions. This is specifically important for the switch to resting egg 

production, which is mediated by environmental cues. Investment in sex, in our experiment 

indicated through the production of ephippia, is known to be due to an interaction between 

environmental factors and genotype characteristics (Deng 1996). The similar development of 

a lake population in situ and a clonal experimental microcosms leads to the assumption that 

the main environmental factors that influence population dynamics and resting egg production 

in both, nature and experimental populations, are the same, i.e. both are strongly density 

dependent. In nature, however, competition and the ability to cope with the given 

environmental conditions act as additional selective factors on Daphnia clones. Due to the 

pronounced differences in life history found in the five tested clones, it would be interesting 

to compare a larger number of randomly sampled Daphnia clones, either from lakes 

zooplankton or newly hatched from ephippia, with respect to different life history traits. 

In conclusion the present study shows that overall fitness of a Daphnia clone is determined by 

a variety of fitness parameters, i.e. life history traits. Thus, it depends on the environmental 

conditions that an animal experiences, which fitness determining characteristic of a genotype 

is important at a specific point of time. For the long-term persistence of a Daphnia 

population, and in cyclical parthenogenetic strains even for genetic variance, the production 

of resting eggs and combined sexual reproduction is an important fitness parameter, which, 

however, can not be predicted by the measurement of parthenogenetic reproduction and 
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population growth rates. Hence, the trade-off between both reproductive modes is a 

characteristic, which strongly influences the fitness of Daphnia clones.   
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Chapter 6 

 

Concluding remarks and perspectives 

 

Lake ecosystems are often dominated by the cladoceran Daphnia, a keystone herbivore, 

which develops high abundances, able to control phytoplankton growth, and thus represents a 

crucial link between the trophic levels of primary producers and subsequent consumers. 

The present work concerns the long-term survival of Daphnia populations, with particular 

respect to the production of resting eggs. During the last decades it was well shown that the 

quality of its food is main factor determining Daphnia growth and reproduction. Here I 

provide evidence, that even the biochemical composition of the food source can influence the 

timing of resting egg production in Daphnia, and thus the often connected sexual 

reproduction. The production of resting eggs in Daphnia, either in sexual or asexual strains, is 

a costly life history event and has to be timed carefully. Starting to early might lead to lower 

mating success and lower numbers of resting eggs produced, both reducing the possibility 

 of population survival. This problem of optimal timing might be increased by the fact that 

only two resting eggs are produced in one brood in maximum. For their long-term viability 

resting eggs have to be supplied with a high amount of specific, mostly essential nutrients 

(Alekseev et al. 2008; Abrusán et al. 2007), and the production of an ephippium, from one 

moult to the next, when it is released, is more time consuming than parthenogenetic 

reproduction. The energy costs of resting egg production has been assessed by Lynch (1983) 

with nine neonates equaling the dry mass of one ephippium, including the resting eggs, by a 
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Daphnia pulex mother of 2 mm length. Another point, making resting egg production costly is 

a high loss of Daphnia resting stages, which need light for the initiation of the hatching 

process, due to sinking to deep sediments or transport to dry areas (Peters and De Bernardi 

1987; Jankowski 2002, citations therein). Accordingly hatching success might be low and it 

should be adaptive for Daphnia to produce as much resting eggs as possible under the given 

environmental conditions. Taking all of these arguments in account, it should be 

advantageous for Daphnia to react not only to the quantity of food, but also to its quality and 

start resting egg production ideally at the highest population densities enabled by the food 

conditions. Lots of studies investigated the conditions, when resting egg (or ephippia) 

production is started in Daphnia (Stross and Hill 1965; Hobæk and Larsson 1990; Kleiven et 

al. 1992, Slusarczyk 1995; Alekseev and Lampert  2001; LaMontagne and McCauley 2001) 

and showed that deteriorating environmental conditions are the cue for the induction of 

resting egg production. However, the seemingly most important cue, a high populations 

density (“crowding conditions”) is additionally a necessary condition for successful mating in 

sexual Daphnia strains. Most of these studies were conducted in the laboratory, were 

conditions can be controlled and thus inducing factors can be identified more easily. Now, on 

the knowledge of these previous studies it is the logical next step to include more, and not 

only disadvantageous, environmental factors in laboratory studies to get closer to the field 

conditions. In my thesis I followed this aim, whereby I concentrated on the interaction 

between induction of resting egg production by crowding conditions and the quality of food, 

with respect to specific genotype characteristics. Chapter 2 shows thereby for the first time 

that food quality serves as a trigger for resting egg production, whereby a high food quality 

led to ongoing parthenogenesis even under crowding conditions which induced resting egg 

production, when food quality was only moderate. In this and the following chapter (2 and 3) 

I tested particularly the effects of a very good food quality (mostly represented by the 

flagellate Cryptomonas sp.) in comparison to a moderate food quality (the green algae 
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Scenedesmus obliquus, a standard laboratory food for Daphnia cultures). The main result, that 

a very good food quality supports parthenogenesis even under crowding conditions was 

studied more in detail, wherefore supplementation experiments should elucidate the 

biochemical background of the found reaction of Daphnia (Chapter 2 and 3). In chapter 2 first 

results led to the assumption, that additional protein supply was more important for the 

ongoing parthenogenesis and/or the lower number of mothers switching to resting egg 

production, than the high content of polyunsaturated fatty acids provided with the high quality 

food Cryptomonas sp.. According to this results, chapter 3 concentrated on the potential role 

of essential amino acids, the structural building blocks of proteins, on the reproductive mode 

of Daphnia under crowding conditions. In chapter 4 I show that even algae of the same 

taxonomic group, the green algae, differ in their amino acid composition and accordingly in 

their impact on the investment in resting egg production under crowding conditions. 

Until now it is unknown which roles essential amino acids play in the Daphnia metabolism. 

This lack of knowledge on essential amino acids in Daphnia might be caused by the results of 

recent food quality researches, which were nearly exclusively done referring to the 

parthenogenetic part of Daphnia life cycle. Parthenogenesis in Daphnia leads to the high 

population growth rates, which make these animals to a keystone species in lake ecosystems. 

The production of resting eggs, however, is responsible for their long-term persistence. As 

reported previously in this thesis the main food quality components, which limit somatic 

growth and parthenogenetic reproduction in Daphnia are the mineral phosphorus (Sterner and 

Elser 2002), which seems generally to be the most limiting nutrient in freshwater ecosystems 

(Sterner and Elser 2002), nitrogen, the biochemicals polyunsaturated fatty acids (Von Elert 

2002; Müller-Navarra et al. 2000) and sterols (Von Elert et al. 2003; Martin-Creuzburg 2005, 

2008). All of these nutrients can be assumed to be also important for the supply and 

production of resting eggs (Alekseev et al. 2008; Abrusan et al. 2007). However, the impact 

of food quality on resting egg production in Daphnia was mostly neglected, and only 
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considered in very few studies (see Alekseev et al. 2008, but also Abrusán et al. 2007). 

Chapter 2, 3 and 4 indicate that there is a strong effect of food quality on resting egg 

production in Daphnia, whereby the also strongly neglected essential amino acids play a 

major role. Chapter 3 shows that the presence of a single amino acid, arginine, highly impacts 

the shift between reproductive modes, as its presence led to ongoing parthenogenesis under 

crowding conditions. The found effect was dose-dependent in the supplementation 

experiments, what was demonstrated by the number of mothers switching to resting egg 

production under crowding conditions, which could be continuously decreased, with 

increasing concentrations of arginine added. In chapter 3 and 4 experiments with different 

algae species, characterized by different amino acid contents, showed correlations between 

the number of mothers switching to resting egg production under crowding conditions and the 

content of specific amino acids in the food. Thus it can be concluded that amino acids, either  

dissolved and free in the surrounding water, or especially as component of the food source of 

Daphnia are able to influence the investment in resting egg production under crowding 

conditions.  

In conclusion two new aspects of food quality effect and life history characteristics of the 

cladoceran Daphnia could be presented in this thesis: first, food quality is able to impact the 

switch between reproductive modes, whereby a very good food quality suppresses resting egg 

production and supports ongoing parthenogenesis under crowding conditions which induced a 

shift to resting egg production, when food quality is only moderate. Responsible for this effect 

of food quality are specific amino acids, whereby arginine plays a major role in controlling 

the switch between reproductive modes under crowding conditions. The role of arginine as 

controller between reproductive modes, as well as the impact of histidine and other possibly 

essential amino acids on Daphnia population growth, reproductive mode and subitaneous 

offspring numbers (Chapter 2, 3 and 4) represent the second important result of this study, as 

until now the role of amino acids in the metabolism of Daphnia were strongly neglected.  
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All food quality studies on the induction of resting egg production were conducted with 

Daphnia clones with a genotype-specific high investment in resting egg production. A natural 

Daphnia population, however, is composed of a wide variety of genotypes (e.g. Hebert et al. 

1988; Lynch 1983, 1989; Mort and Wolf 1986). Chapter 5 concerns clonal diversity in life 

history traits and particularly in resting egg production on the background of fitness. 

In Chapters 2  I used two clones of Daphnia, a sexual D. galeata clone and an obligate 

parthenogenetic D. pulex clone, to get first information about differences between asexuals 

and sexuals, as well as great lake species and pond species. We found that both clones/species 

reacted in the same way in the experiments, suggesting that the found effect is a general 

mechanism in Daphnia. However, to confirm this suggestion in further studies more species 

and clones should be tested. Both clones, used in Chapter 2 were characterized by a genotype-

specific strong investment in resting egg production, whereby both clones reacted to a 

comparative low density when starting resting egg production.  

In chapter 5 clone O, the D. galeata clone used also in the study presented in chapter 2 could 

be compared in its life history characteristics with 4 other clones, all hatched and established  

from ephippia from Lake Constance’s deep sediment surface. It can be seen that the clones 

differed particularly in the investment in resting egg production and in their densities at which 

resting egg production is started. Clones with a natural high investment in resting egg 

production are particularly suitable for experiments on the mechanisms of alternation between 

the reproductive modes of Daphnia in laboratory experiments. In natural populations, 

however, due to their high abundances, it is sufficient for the production of high amounts of 

resting eggs, when only a small percentage of the population switch to resting egg production. 

Chapter 5 concerns an intermittent great lake population of D. galeata and evaluates clonal 

differences in fitness determining life history traits and population dynamics. It demonstrates 

that a low population growth rate, due to a low investment in subitaneous reproduction must 

not be an indication for a low fitness, when clonal investment in resting egg production is 
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high. Such clones with high investment in resting egg production might be more important for 

population persistence, than clones with high population growth rates due to high amounts of 

subitaneous developing offspring, which in turn do not invest strongly in resting eggs. The 

trade-off between reproductive modes should thus be considered when estimating clonal and 

population fitness of Daphnia. In conclusion, Daphnia clones with strong investment in 

resting egg production can be assumed to be important for the persistence of Daphnia 

populations, particularly if they are intermittent. However, further researches on the topic 

might include a higher clonal variability to get more information about this trade-off situation 

in nature.  

Conclusion 

The present study fills a gap in knowledge about Daphnia reproduction. I was able to show 

that besides the well known aspects of food quality in Daphnia, there is another class of 

presumably essential nutrients, the amino acids, have an major impact on Daphnia life 

history. The availability of amino acids was shown to constrain population growth and 

parthenogenetic reproduction. However, the strongest impact of amino acids was found in  

the switch between reproductive modes. These presented results may help for a better 

understanding of food web interactions on the Daphnia – phytoplankton interface, on the role 

of amino acids in Daphnia metabolism and may now open new perspectives of research. The 

production of resting stages is an important and critical point in the life cycle of the aquatic 

key herbivore Daphnia, which represents in many lakes the main food source for plankton 

feeding fishes. Due to the key role of Daphnia in lake ecosystems the presented results of the 

impact of amino acids on the reproductive mode, should not only be seen from a purely 

populationbiologistic point of view, but should also be considered when thinking about 

human impact, particularly on factor of the often unknown cocktail of chemicals introduced in 

lake ecosystems. 
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In conclusion the present study shows that in intermittent Daphnia populations the switch 

between reproductive modes is an important fitness factor for long-term survival, which can 

be controlled by single, most presumably essential, amino acids. 
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Abstract 

Abstract 

 

The production of resting stages in aquatic environments is an important, but often neglected 

fitness factor. Resting stages represent, in the restricted habitats of lakes and ponds, often the 

only possibility for dispersal or for coping with unfavourable conditions as dryness, strong 

seasonal temperature fluctuations, predation, and decreasing food supply.  

Daphnia (Crustacea: Anomopoda: Cladocera) is a non-selective filter-feeder and keystone 

species in lake ecosystems, which often dominates the zooplankton fraction. The high 

abundances and fast population growth, which Daphnia characterizes, are enabled by the 

ability to reproduces via parthenogenesis. Its long-term persistence in most permanent lakes 

and particularly in non-permanent pools, however, is due the ability switch to resting egg 

production when environmental conditions deteriorate. Daphnia resting eggs production is 

thereby induced directly by specific environmental conditions, as changes in photoperiod, 

high population abundances (‘crowding’), decreasing food supply and /or predation, and is 

mostly combined with sexual reproduction. Only few lines (clones) lost sexuality by mutation 

and show an obligate parthenogenetic life cycle with asexual resting egg production, instead 

of cyclical parthenogenesis. In both life cycles the most critical life history event is the switch 

from subitaneous developing to resting egg production, as resting eggs are energetically 

costly and need specific nutrients for their long-term viability. In case of sexual reproduction 

viable resting eggs need additionally fertilisation by previous produced males. Thus, this 

important life history event has to be timed carefully.   

In the present laboratory study I investigated the switch from parthenogenesis to resting egg 

production in Daphnia from two points of view, both concerning the amount of resting eggs 

produced in a Daphnia population: first I evaluated the role of food quality on the number of 

mothers investing resting egg production, and secondly I investigated the role of genotype 
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characteristics in the investment in resting egg production and potential correlations or trade-

offs between resting egg production and other life history traits. 

The role of food quality in aquatic food webs, particularly on the algae-Daphnia interface was 

under strong investigation during the last decades. Nevertheless, there is not much known 

about the impact of food quality on the production of resting eggs in Daphnia.  

Here, I show that the quality of food has a major impact on the production of resting eggs in 

Daphnia. Using an asexual pond species, D. pulex, and a great lake species D. galeata, both 

known to build intermittent populations in which resting egg production is absolutely 

essential, I demonstrate that the number of mothers switching to induced resting egg 

production under crowding conditions depends highly on the quality of their food. I show that 

potentially essential amino acids are able to control the density induced switch from 

parthenogenesis to resting egg production. 

Differences between Daphnia clones in the investment in resting egg production and the 

impact of resting egg production on fitness of Daphnia clones was tested on D. galeata.  

I show that subitaneous reproduction and resting egg production are connected in a trade-off 

situation, and the investment in resting egg production can not be predicted from other life 

history parameters, as subitaneous growth rates or juvenile somatic growth rates.  

Differences between single clones were high in all measured life history traits, indicating high 

differences in fitness.  

Hence, for long term persistence of Daphnia in intermittent populations, investment in resting 

egg production and an optimal timing of the switch between reproductive modes is an 

important fitness factor, which can be controlled be the presence of single amino acids. 

. 
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Zusammenfassung 

 

Die Produktion von Dauerstadien in Süßgewässern ist ein sehr wichtiger, aber häufig 

vernachlässigter Fitness Faktor. In den begrenzten Habitaten von Seen und Tümpeln stellen 

Dauerstadien oft die einzige Möglichkeit zur Verbreitung dar und ermöglichen es ungünstigen 

Umweltbedingungen, wie Trockenheit, starken Temperaturschwankungen, Prädation, und 

verringertem Futterangebot zu entfliehen.  

Daphnia (Crustacea: Anomopoda: Cladocera) ist eine „Keystone“- Spezies (Art mit 

Schlüsselstellung im Ökosystem), die oft in stehenden Gewässern die Zooplankton-Fraktion 

dominiert. Diese Schlüsselstellung wird Daphnia vor allem durch ihren Fortpflanzungzyklus 

ermöglicht, der durch einen Wechsel von subitaner, parthenogenetischer Reproduktion 

(Jungfernzeugung) und der, zumeist sexuellen, Dauerstadienproduktion charakterisiert ist. Die 

zyklische Parthenogenese (Heterogonie) verbindet dabei die Vorteile der parthenogenetischen 

Reproduktion, die sich durch hohe Populationswachstumsraten auszeichnet, mit denen der 

sexuellen Reproduktion, der Rekombination und daraus folgenden genetischen Diversität. 

Der Wechsel von der parthenogenetischen, subitanen Reproduktion zur 

Dauerstadienproduktion wird bei Daphnia durch spezifische Umweltbedingungen induziert. 

Diese sind vor allem eine Veränderung der Photoperiode, hohe Populationsdichten 

(„Crowding“), eine Verringerung des Futterangebotes und/oder Prädation. Während die 

Umweltfaktoren, welche die Dauerstadienproduktion bei Daphnia induzieren, gut untersucht 

sind, ist wenig bekannt über Wechselwirkungen zwischen diesen induzierenden Faktoren, die 

eine Verschlechterung der Umweltbedingungen anzeigen und solchen die weiterhin 

Wachstum und Reproduktion fördern.  

In dieser Arbeit wurde der Wechsel von subitaner, parthenogenetischer Reproduktion zur 

Dauerstadienproduktion unter zwei Gesichtspunkten untersucht, die beide die Menge an 

produzierter Dauerstadien und damit die Überlebenswahrscheinlichkeit der Population 
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betreffen: In drei Einzel-Studien untersuchte ich die Auswirkung der Futterqualität auf die 

Anzahl der Tiere, die Dauerstadien produzieren. In einer weiteren Studie wurde die durch den 

Genotyp bedingte Investition in die Dauerstadienproduktion untersucht und potentielle 

Korrelationen oder trade-offs mit anderen „life-history“ - Merkmalen 

(Lebenszyklusmerkmalen) aufgedeckt. Obwohl die Rolle der Futterqualität in aquatischen 

Futternetzen, insbesondere zwischen Daphnien und ihrem Algen-Futter, in den letzten 

Jahrzehnten intensiv untersucht wurde, ist wenig bekannt über ihre Auswirkung auf die 

Dauerstadienproduktion. In dieser Studie zeige ich, dass die Futterqualität einen wichtigen 

Einfluss auf die Produktion von Dauerstadien bei Daphnia haben kann. Anhand von Daphnia 

Klonen die den Arten D. galeata und D. pulex zugehören, konnte ich zeigen, dass die Anzahl 

an Individuen, die unter „Crowding“ Bedingungen in Dauerstadien investieren, von der 

Qualität des Futters abhängt. Es zeigte sich, dass die Verfügbarkeit einzelner potentiell 

essentielle Aminosäuren, insbesondere Arginin, die Dichte-induzierte Dauerstadienproduktion 

unterdrücken, und so den Wechsel zwischen den Reproduktionsmodi kontrollieren kann. 

Die klonalen Unterschiede in der Investition in Dauerstadienproduktion, und der Einfluss der 

Dauerstadienproduktion auf die Fitness von Daphnia Klonen wurde anhand von D. galeata 

Klonen untersucht. Hier zeigte sich, dass sich die Dauerstadienproduktion und die subitane 

Reproduktion in einer trade-off Situation gegenüber stehen. Die Dauerstadienproduktion 

konnte dabei nicht durch andere life-history Merkmale, wie das subitane, parthenogentische 

Populationswachstum oder die juvenile somatische Wachstumsrate, vorrausgesagt werden. 

Die Unterschiede zwischen den einzelnen Klonen waren für alle gemessenen life-history 

Merkmale sehr ausgeprägt, woraus man auf große Unterschiede in der klonalen Fitness 

schließen kann. 

Schlussfolgernd zeigt sich, das die Investition in Dauerstadien und die zeitliche Optimierung 

des Wechsels zwischen den Reproduktionsmodi bei Daphnia ein wichtiger Fitnessfaktor ist, 

der durch die Präsenz von einzelnen Aminosäuren gesteuert werden kann. 
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Supplement I: Essential Amino Acids 

Aminosäure Abkürzung Buchstabe Molmasse Formel 

Arginin * Arg* R    174.20 

 

Threonin* Thr* T 119.12  

 

Methionin* Met* M 149.21  

 

Valin* Val* V 117.15  

 

Tryptophan* Try* W 204.23  

 
 

Phenylalanin* Phe* F 165.19  

 

Isoleucin* Ile* I 131.17  CH3-CH2-CH(CH3)-CH(NH2)-COOH 

Leucin* Leu* L 131.17  

 

Lysin* Lys* K 146.19  

 

Histidin* His* H 155.16  

 

 
* essentiell 
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Supplement II: 

Reproductive modes of D. pulex 

 

D. pulex mit parthenogenetischen Eiern 

D. pulex with parthenogetically developing eggs 

 
© ukoch 

 

D. pulex mit Ephippium, kurz vor der Häutung 

D. pulex with ephippium, short before release 

 

 © ukoch 
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The offspring, also, will thus have a better chance of surviving, …. 

 

..for, of the many individuals of any species which are periodically  born,  
ut a small number can survive. 

Charles Darwin – The origin of species (3) Struggle for existence 
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